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Abstract

Depth determination of magnetic sources is fundamental to understanding basement configuration and
sedimentary thickness in hydrocarbon-bearing basins. In this study, Source Parameter Imaging (SPI) and
two-dimensional (2D) magnetic forward and inverse modelling were integrated to estimate basement
depths and evaluate hydrocarbon prospectivity in part of the Upper Benue Trough, Northeast Nigeria.
Total Magnetic Intensity (TMI) data reveal magnetic anomaly values ranging from —74.04nT to 214.16nT,
reflecting the combined effects of regional and local magnetic sources. Residual magnetic anomaly analysis,
with amplitudes between —118.4nT and 156.6nT, highlights structurally controlled magnetic features and
guided the selection of modelling profiles. SPI results indicate basement depths ranging from approximately
270.72m to 4,783.79m, revealing significant lateral variation in sedimentary thickness across the study
area. To further constrain basement geometry, 2D magnetic modelling was performed along three north—
south profiles (AA', BB', and CC'). The models delineate a non-magnetic sedimentary cover overlying a
magnetic crystalline basement, with basement depths varying from about 200m to over 5,500m. The close
correspondence between SPI-derived depths and those obtained from 2D modelling confirms the reliability
of the applied depth-determination techniques. The interpreted basement architecture is characterized by
alternating basement highs and fault-controlled basement depressions. The identified deep-seated basement
troughs are interpreted as sedimentary depocentres capable of accommodating thick sedimentary
successions necessary for hydrocarbon generation and accumulation. These results demonstrate that the
study area possesses favourable geological conditions for hydrocarbon prospectivity and highlight the
effectiveness of integrating SPI and 2D magnetic modelling as reconnaissance tools for hydrocarbon
exploration in the Upper Benue Trough.
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INTRODUCTION

The search for mineral deposits and hydrocarbon (0il and gas) has been a major business
challenge in Nigeria since colonial times and following the discovery of commercial quantities of
oil in the 1960s. Since the discovery of oil, attention has been diverted from other sectors, such as
solid minerals, to crude oil because of its high profitability. More than 80 percent of the country’s
revenue comes from export and domestic sales of oil and gas, on which about 230 million
Nigerians depend (Nweze & Edame, 2016). Unfortunately, Nigeria faces a looming energy crisis
due to a growing population straining existing crude oil reserves. This situation necessitates
increased exploration for new hydrocarbon deposits, particularly in Nigeria's upper basins, to
bolster the country's energy supply and mitigate the potential crisis. This proactive approach is
crucial for ensuring long-term energy security and supporting sustainable economic
development in Nigeria. The current state of exploration technology in the oil and gas industry
is highly advanced and continually evolving. The cutting-edge technology involves magnetic
surveys, seismic surveys, etc, that have proven efficient in mapping the presence of hydrocarbon
deposits (Epuh et al., 2020a; Osinowo et al., 2023; Osinowo & Abdulmumin, 2019).

In trying to simplify exploration activities over a large area coverage, traditional seismic
surveying methods have not been economical. Aeromagnetic surveys are now a primary tool for
providing uniform coverage of a geophysical parameter over large areas (Pratt & Shi, 2004). The
consistent coverage allows Geophysicists to interpolate sparse outcrop and drilling data over
large areas through the use of appropriate geological models. Magnetic surveying is a
geophysical technique that investigates the subsurface based on magnetic susceptibility
variations (Adagunodo et al., 2015). Primarily, the magnetic survey is adopted for reconnaissance
purposes, where the cost of a survey with active methods like seismic and borehole logging is a
consideration (Salem et al., 2014). When adopted in oil exploration, magnetic surveying provides
information on the basement surface beneath sediments holding the oil. It is also used for other
applications such as mineral prospecting, archaeological studies, environmental assessments, and
active fault zone studies. In general, the interpretation focuses on the available information from
the shallowest magnetic sources that occur below the regolith or depositional cover (Pratt & Shi,
2004).

In this research, the two depth estimation methods used is the source-parameter imaging (SPI)
and 2-D modelling using Oasis-Montaj software for the interpretation of aeromagnetic data
within the study area. Hence, the applications of these techniques have made the procedure of
magnetic data interpretation significantly (Rustan et al., 2019). The use of these depth estimation
methods are widely used to enhance the reliability of estimating magnetic depth solutions.

In this study, the aeromagnetic data of some parts of the Upper Benue Trough (UBT) are used to
map basement depth and topography with the aim of determining the prospect of the region for
oil and gas exploration. Four (4) sheets of aeromagnetic data with combined dimensions of 1° x 1°
were obtained from the Nigerian Geological Survey Agency (NGSA) and were interpreted.

Location and Geology of the Study Area

The study area (Figure 1) is located in the Upper Benue Trough, Northeast Nigeria. The Benue
Trough is a large tectonic deformation zone in Africa with a lateral dimension of about 700km
long and 100-150km wide (Epuh et al., 2020b; Obaje, 2009). Its development is commonly
attributed to regional horizontal movements along a series of NE-SW trending fractures
accompanied by basement fragmentation, subsidence, and rifting during the Early Cretaceous
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opening of the South Atlantic Ocean (Epuh et al., 2020b; Epuh & Joshua, 2017). The trough is filled
with sediment whose ages range from middle Albian to Maestrichtian, and whose thickness
decreases from the lower and middle Benue to the upper Benue region (Ayuba & Ahmed, 2019;
Ofoegbu, 1985). The sediments are made up of sandstones, shales, limestone, and are underlain
by Precambrian basement (granites and gneisses). The earlier (Albian-Santonian) sediments in
the trough are mainly marine in character and their deposition was terminated by the episode of
deformation in the Santonian (Emeka & Joshua, 2023). It has a heterogeneous assemblage
comprising migmatites, orthogenesis, paragneisses, and a series of basic and ultrabasic
metamorphosed rocks.
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Figure 1. The map of Nigeria shows: (a) Benue Trough and basic geology (b) the local geology of the study area and
towns (NGSA).
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MATERIALS AND METHODS

Aeromagnetic Data

The composite aeromagnetic data for the Upper Benue Through used in this study were acquired
by the NGSA. The data was acquired by flying at a nominal altitude of 80 meters along north-
south flight lines spaced 500 meters apart. The data was re-interpolated, and the new spacing was
200 m, ensuring higher resolution. It is corrected for diurnal effect, tie line, and micro labeling.
The inclination and declination of the area were estimated using the International Geomagnetic
Reference Field (IGRF) 2005 model to be -1.8° and -1.0°, respectively (Machina et al., 2025). The
UTM coordinate system is combined with the WGS 84 datum for spatial referencing. The
processed data were presented as Total Magnetic Intensity (TMI) maps (Figure 2).
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Figure 2: Total magnetic Intensity (TMI) map of the study Area.

Source Parameter Imaging (SPI)

The first step taken in processing the TMI data was to reduce the data to the equator (RTE) since
the research area is closer to the equator than the pole. This procedure re-centers the magnetic
anomalies over their respective bodies, minimizing displacement that typically affects magnetic
data near the equator (Fantah ef al., 2022; Oni et al., 2020). Upward continuation at 2000 m was
then applied to the Reduction to Equator (RTE) Data to suppress magnetic noise and enhance
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deeper, regional features. First-order polynomial fitting was used on the RTE data for the
isolation of the residual field and regional anomaly.
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Figure 3: Upward Continuation Map to 2000 m of the Study Area.

Source Parameter Imaging (SPI) was applied to the residual magnetic anomaly data to estimate
the depth to magnetic sources and to delineate basement topography. Knowledge of basement
relief is a critical prerequisite for evaluating the hydrocarbon potential of sedimentary basins, as
it controls sediment thickness, basin architecture, and structural development (Bem et al., 2025).
To implement SP], the pre-processed residual magnetic grids were used as input datasets. SPI is
a rapid and robust depth-estimation technique that has demonstrated an accuracy of
approximately +20% when tested against datasets constrained by borehole information. This level
of accuracy is comparable to that of Euler deconvolution; however, SPI offers the advantage of
producing a more continuous and coherent distribution of depth solutions (Thurston & Smith,
1997).

The SPI method is based on the complex analytic signal, A(x,z), and estimates source parameters
from gridded magnetic data under the assumption of either a 2D sloping contact or a 2D dipping
thin-sheet model (Ndikum et al., 2024). In this study, SPI depths were computed in the Oasis
Montaj environment by applying first vertical derivatives and horizontal gradients to the residual
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magnetic data (Thurston & Smith, 1997). This approach simplifies the interpretation process and
provides reliable depth estimates for individual magnetic anomalies.

The depth (Z) to the magnetic source was calculated using Equation (1).
, (1447, (447’ o .
- (& + 7 W
max
Where:

_ . L. . dal? | [dal?) .
Z = Depth of the magnetic source; A = tilt derivative; K = [E] + [d—y] , is the local

wavenumber over the step-source. SPI algorithm computes for A and K, then it finds maximum
values.

D forward and inverse modeling

Two-dimensional (2D) magnetic modelling involves the construction of simplified subsurface
geological models to simulate variations in the Earth’s magnetic field. This approach facilitates
the interpretation of observed magnetic data by relating measured anomalies to underlying
geological structures. The modelling process assumes specific source geometries, depths, and
magnetic properties for potential causative bodies. By comparing the calculated magnetic
response of the model with the observed magnetic data, key parameters such as the size, depth,
location, and magnetic susceptibility of the causative bodies, particularly basement depth
variations along selected profiles, can be reliably estimated (Barka & Nur, 2020).

In this study, both forward and inverse magnetic modelling were carried out using the GM-SYS
module within the Oasis Montaj software environment. GM-SYS is a widely used program for
computing magnetic and gravity responses from two-dimensional geological cross-sections.
Initial magnetic susceptibility contrasts were assumed based on regional geological knowledge
and subsequently refined during the modelling process. The 2D forward and inverse modelling
results delineated the basement topography and quantified the thickness of the overlying
sedimentary cover across the study area (Abdelaal et al., 2024).

To constrain the subsurface geometry, three profiles AA', BB', and CC' (Figure 3), primarily
oriented in the north-south direction, were extracted from the residual magnetic anomaly map
and subjected to 2D modelling. The modelling procedure involved iteratively fitting the
calculated magnetic responses of hypothetical subsurface models to the observed data by
minimizing the misfit between them. Once a satisfactory fit consistent with the regional geology
is achieved, the resulting models enabled meaningful geological interpretations (Adewumi et al.,
2022). These interpretations include estimates of depth to magnetic sources, geometry and
dimensions of anomalous bodies, magnetic susceptibility contrasts, and the identification of
structural and geological features responsible for the observed magnetic anomalies.

RESULTS

The Total Magnetic Intensity Map

The Total Magnetic Intensity (TMI) map (Figure 2) shows magnetic anomaly values ranging from
—-74.04nT to 214.16nT. Positive magnetic anomalies, with amplitudes between 4.26nT and
214.16nT (green to purple colours), are predominantly concentrated in the central part of the
study area. In contrast, negative anomalies, ranging from —74.04nT to —-4.26nT (deep blue
colours), occur mainly around these magnetic highs. The TMI map highlights significant spatial
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variations in magnetic intensity and wavelength, reflecting the combined effects of both regional
and local magnetic sources (Kiani et al., 2023).

The residual magnetic anomaly map (Figure 4) exhibits a pattern closely comparable to that of
the TMI map (Figure 2), This similarity is expected, as the regional-residual separation was
performed using a polynomial fitting method, which typically preserves much of the original
magnetic character. The residual magnetic field values range from —118.4nT to 156.6nT. Positive
residual anomalies, with amplitudes between 1.0nT and 156.6nT (light blue to magenta colours),
are observed interspersed within zones of negative anomalies, which range from -118.4nT to
—3.6nT (deep blue colours). These residual anomalies emphasize the contribution of near-surface
and shallow subsurface magnetic sources, which are critical for subsequent structural and
basement-depth interpretation (salako, 2014).
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Figure 5: Regional Map of the Study Area.

Source Parameter Imaging (SPI)

The Source Parameter Imaging (SPI) map reveals significant spatial variation in source depths
across the study area, indicating strong subsurface heterogeneity. The SPI depths range
approximately from 270.72m to 4783.79m, suggesting the presence of both shallow and deep-
seated magnetic sources (Taufiq et al., 2020). Shallow magnetic sources (blue-green colours)
dominate portions of the eastern and southeastern sectors, particularly around Gombe and
Kumo, indicating near-surface magnetic bodies or shallow basement relief. These zones are likely
associated with thin sedimentary cover or basement highs. Moderate depths (yellow-orange
colours) are widely distributed across the central parts of the area, reflecting intermediate
basement depths and structurally controlled magnetic sources. Deep magnetic sources (pink-
purple colours) form prominent linear and curvilinear trends, especially across the northwestern,
central, and southwestern regions, extending through areas such as Zange, Bara, and Marambu.
These deep-seated sources are interpreted as major basement depressions, fault-controlled
structures, or deep intrusive bodies (Yusuf Hazo et al., 2025).
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2-D Forward and Inverse Modeling

Three (3) profiles taken along the research area, cutting across the major trends on the residual
map (Figure 3), namely: profile AA’, profile BB’, and profile CC’, were used to carry out the 2D
forward and Inverse modeling of the basin. All the profiles run from north-south (N-S).
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Figure 7: Observed-calculated magnetic responses and corresponding 2D basement models along profiles AA’, BB/,
and CC'.

The 2D magnetic models along profiles AA’, BB', and CC' consistently delineate a non-magnetic
sedimentary sequence (S = 0) overlying a magnetic crystalline basement (5=0.002 SI). Basement
depths vary laterally from approximately 1.5 km to over 6.0 km, indicating alternating basement
highs and fault-controlled basement lows.

Profiles AA" and BB' show well-defined basement depressions in their central segments, while
profile CC' reveals a broader and more complex basement low. These basement depressions
correspond spatially with broad positive magnetic anomalies and deep SPI solutions, confirming
their deep-rooted nature. The sharp basement offsets observed along the flanks of these
depressions suggest the presence of faults and fracture systems, which play a key role in basin
development (Salem & Ali, 2016).

DISCUSSION

The residual magnetic anomaly map, with values ranging from —118.23nT to 155.91nT, comprises
a combination of high (positive), moderate, and low (negative) magnetic anomalies. High
magnetic anomalies are generally associated with crystalline basement rocks and/ or near-surface
intrusive bodies, indicating shallow basement relief. These high-amplitude anomalies are
predominantly observed in the western, eastern, and southeastern parts of the study area. Such
zones have previously been interpreted as mineralized regions with potential for economically
important ore deposits (Okpoli, 2019).

Source Parameter Imaging (SPI) results indicate sedimentary thicknesses ranging from
approximately 270.72m to 4,783.79m (Figure 6), reflecting significant lateral variation in basement
depth across the study area. The SPI map highlights the most prospective zones for hydrocarbon
accumulation within areas characterized by deeper magnetic sources, notably around Marambu,
Bara, Bogude, and Dukku, corresponding to the central, southwestern, northwestern, and
northeastern sectors of the study area. Furthermore, the 2D magnetic forward modelling results
(Figure?7) reveal basement depths varying from approximately 200m to 5,500m. The close
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correspondence between the maximum depth estimates of 4,783.79m derived from SPI and
5,500m obtained from 2D modelling demonstrates strong agreement between the applied depth-
estimation techniques (Tablel), thereby reinforcing the reliability of the interpreted basement
architecture.

Table 1: Comparison of depth estimation results from SPI, and 2D Modelling

Comparison of Depth Estimation

Method Depth Range (m) Key Features/Interpretation Hydrocarbon Implication
The Central, SW, NW, and NE . . .
Source Parameter displays a deeper magnetic Thick sediments in deeper zones
. 270.72 - 4783.79 ysacd . are favorable for hydrocarbon
Imaging (SPI) source in pink, suggesting a

. otentials
thick basement zone. p !

Simulates basement
2D Modelling 200 - 5500 morphology with alternating ~ Thick sediment reservoirs.
highs in the basement bedrock

The result in this research correlates relatively well with the depth estimation results obtained by
Achadu et al. (2022) in the Upper Benue Trough. The pattern of the curves indicates multiple
block faults within the basement, and widespread invasion of igneous intrusions into overlying
Cretaceous sediments (G. Z. Abdelaal et al., 2024). Geologic structures formed by intrusions in
such regions are the potential pathway for fluid migration and mineralization in rift
environments like the Bornu Basin (Achadu et al., 2022). These geological features enhance fluid
movement, creating traps for hydrocarbons within basins. The complex interplay of these
formations is crucial in understanding and locating potential hydrocarbon reservoirs. Studies
have demonstrated an improvement in the host rock porosity around contact zones of intrusive
structures, which is interpreted to represent fracturing of the host rock sediments (Mark et al.,
2024).

The aeromagnetic results provide critical constraints on basin architecture and sediment
thickness, which are fundamental parameters in hydrocarbon exploration (Okoro et al., 2021). The
identified deep basement depressions are interpreted as sedimentary sub-basins or depocentres,
capable of accommodating thick sedimentary successions necessary for hydrocarbon generation
and accumulation. In particular, the central basement troughs observed along profiles BB' and
CC' likely represent structurally controlled depocenters formed through extensional tectonics
(Lacombe & Mouthereau, 2002). Such features are favourable for hydrocarbon prospectivity
because they allow sufficient burial depth for thermal maturation of source rocks, provide
accommodation space for reservoir and seal development, and are commonly associated with
fault systems that can act as migration pathways for hydrocarbons (Pang et al., 2015). The
basement highs identified toward the margins of the profiles may function as structural highs or
paleo-highs, which are important targets for hydrocarbon trapping, especially in combination
with adjacent depocentres (Khafizov et al., 2022). Faults bounding these highs may further
enhance trap formation through fault-assisted closures.

The consistency between SPI depths and 2D magnetic modelling confirms the presence of deep
sedimentary basins and structurally controlled depocentres, indicating that the study area
possesses favourable geological conditions for hydrocarbon generation, migration, and
accumulation.

K. Y. Hazo, et al, DUJOPAS 12 (3a): 427-441, 2026 437



Depth Determination Using Source Parameter Imaging and 2-D Modeling of Part of the Upper Benue Trough,
Northeast Nigeria- Implications for Hydrocarbon Prospect

CONCLUSION

This study employed integrated aeromagnetic techniques, including Total Magnetic Intensity
(TMI) analysis, residual magnetic anomaly mapping, Source Parameter Imaging (SPI), and 2D
forward and inverse magnetic modelling, to delineate basement architecture and assess
hydrocarbon prospectivity within the study area. The TMI and residual magnetic anomaly maps
reveal distinct magnetic highs and lows associated with basement rocks, intrusive bodies, and
structurally controlled features, reflecting significant subsurface heterogeneity.

SPI depth estimates indicate sedimentary thicknesses ranging from approximately 270.72 m to
4,783.79 m, while 2D magnetic modelling along profiles AA', BB', and CC' reveals basement
depths varying from about 200 m to over 5,500 m. The strong agreement between SPI and 2D
modelling results confirms the robustness of the depth estimations and the reliability of the
interpreted basement geometry. The models consistently delineate a non-magnetic sedimentary
sequence overlying a magnetic crystalline basement characterized by alternating basement highs
and fault-controlled basement depressions.

The deep basement troughs identified, particularly along profiles BB' and CC', are interpreted as
structurally controlled depocentres formed through extensional tectonics. These depocentres
provide sufficient sediment thickness for thermal maturation of source rocks and are commonly
associated with fault and fracture systems that can serve as hydrocarbon migration pathways.
Basement highs along the margins of these depressions may act as structural or paleo-highs,
offering favourable conditions for hydrocarbon trapping through fault-assisted and structural
closures.

The integrated aeromagnetic results confirm the presence of deep sedimentary basins and
structurally controlled depocentres within the study area, indicating favourable geological
conditions for hydrocarbon generation, migration, and accumulation. The study demonstrates
the effectiveness of aeromagnetic methods as a cost-effective reconnaissance tool for basin
evaluation and hydrocarbon exploration, particularly in areas with limited seismic coverage.
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