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Abstract

This study evaluates the mineral and hydrocarbon potential of Jigawa State, Nigeria, by analyzing its
subsurface geology, leveraging the region’s distinct geological setting: the western parts of the study area
lies within the schist belt of northwestern Nigeria, while the northeast extends into the resource-rich
sedimentary portions of Bornu Basin. As a pioneering integrated geophysical assessment of the state, the
research employs advanced methodologies to bridge critical knowledge gaps. Gravity and magnetic
anomalies were mapped using total magnetic intensity (TMI), residual-reduced-to-equator (RTE-RES),
and Bouguer anomaly data. Shallow geological structures were identified via analytic signal (AS), first
vertical derivative (FVD), and horizontal tilt derivative (TDX), while deeper structures were resolved
using windowed standard Euler deconvolution (WSES) upward-continued to 1-3 km (structural indexes
S.1. = 1-3), 3D Euler deconvolution (3-ED), and gravity tilt angle derivative (0TAD) upward-continued
to 4 km. Depth analysis, constrained by source parameter imaging (SPI) and 2D forward modeling,
revealed significant basement variations: the deepest zones (868.58-1300 m) occur in the eastern,
northeastern, and southeastern regions, contrasting with shallow basement uplifts (112.74-198.25 m) in
central and southwestern areas. Linear structural features (lineaments) were mapped using center for
exploration target (CET) overlays, rose diagrams, and hybrid composites (e.g., CET on FVD, HG maps on
TAD), identifying four dominant orientations: NE-SW, E-W, NW-SE, and NNE-WSW. Spectral analysis
with a Butterworth bandpass filter detected magnetic hydrocarbon aureoles, indicative of hydrocarbon
microseepage. This integrated approach provides the first comprehensive subsurface framework for Jigawa
State, linking structural architecture to resource distribution.
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INTRODUCTION

Jigawa State is situated in the northwestern region of Nigeria, spanning latitudes 11.00°N to
13.00°N and longitudes 8.00°E to 10.15°E, covering a total land area of about 22,410 square
kilometers or 8,940 square miles (Adamu et al., 2018). The region is notable because its western
section falls within the schist belt of northwestern Nigeria, while the northeastern portion lies
within the resource-rich sedimentary area of the Bornu Basin. This study holds considerable
importance as it represents one of the first—if not the very first—comprehensive geophysical
investigations aimed at exploring both the mineral and hydrocarbon potential of the state. The
research focuses on macro-seepage areas and identifies new economically promising mineral
zones based on anomalous patterns detected in gravity and magnetic data.

Previous geophysical research in the study area includes contributions from Ibrahim & Musa
(2020), Ndikilar et al. (2019), Adamu et al. (2018), Hamidu et al. (2017), and Danbatta (2010), among
others. These studies have offered valuable insights into groundwater formations and potential
in certain parts of the state. Danbatta (2010), in particular, provides a detailed geological
perspective and evolution of the Kazaure schist belt, enhancing our understanding of the
geological history of the state's western regions. However, critical aspects such as depths, edges,
lineaments, and hydrocarbon indicators remain unexplored. Additionally, the identification of
edges and geological structural controls in mineralized zones has not been documented.
Similarly, the origins of macro/micro seepages and associated anomalies have not been
investigated. These gaps in research could significantly hinder our comprehension of both local
and regional geology, as well as the economic mineral potential of the state. Consequently,
understanding the geometry and distribution of subsurface features—such as folds, faults,
fractures, intrusions, and stratigraphic traps like unconformity traps, pinch-out traps, and reef
traps —is essential for interpreting tectonic events, evaluating mineral prospects, and identifying
hydrocarbon reservoirs (Elkhateeb ef al., 2021).

The development of mineral resources has been a crucial driver of sustainable economic growth
in past and present decades, and it is expected to remain vital for future generations. As such,
accurate geophysical data presented in the form of geological and mineral potential maps, is
essential for the exploration and development of these resources (Eldosouky et al., 2024). When
considering seepage formations within the study area, it is important to note that researchers
classify seepages into two types: macro and micro seepages. Macro seepages refer to visible
accumulations of hydrocarbons on the surface, while micro seepages are invisible concentrations
of hydrocarbons that can be detected through surface stains or odors (Boruah et al., 2022). A
global-scale study by Ciotoli et al. (2020) on geological methane emissions reveals that
approximately 81% of seepages occur within petroleum fields, while the remaining 19% are
associated with minor petroleum pools or result from long-distance fluid migration from source
rocks.

This research work is motivated by the need to thoroughly investigate the subsurface geologic
architecture beneath the recently acclaimed macro seepage formation areas presumably of
hydrocarbon origin within the vicinities of Birniwa, Guri, Kiri-kasamma, Sule Tankarkar and
Babura local government areas in order to find a substantive scientific explanation regarding the
seepages and other economic mineral potential areas in the state. To tackle these objectives, the
research involved meticulous processing and analysis of Six (6) high-resolution aeromagnetic
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(HRAM) datasets and XGMe_2019 satellite gravity data. This approach aimed to examine both
deep and shallow subsurface structures, determine the depths and edges of anomalous bodies,
map lineaments, and identify magnetic hydrocarbon indicators (aureoles) within the study area.

The Geology of the Study Area

The basement complex is situated in the southern region of Jigawa state, while the sedimentary
rocks of the Chad formation are located in its northeastern areas. The northwest and southern
parts of the state are underlain by granites, schist, and gneisses of the basement complex (Adamu
et al., 2018). The state's topography features undulating terrain with sand dunes of varying sizes,
extending across several kilometers in certain regions. The geological evolution of the Bornu
Basin began during the Upper Cretaceous (likely the uppermost Albian), when over 1,000 meters
of continental sediments, primarily the Bima sandstones, were deposited unconformably over the
Precambrian basement. These sedimentary layers are mainly confined to the southwestern edge
of the basin (Cratchley, 1960). The Chad formation consists of lacustrine clays interspersed with
occasional sands, which dip gently toward the lowest point in the northeastern corner of the
basin. These sands form artesian aquifers, especially in northeastern Nigeria, to the south and
west of Lake Chad. Much of the current understanding of this formation and the rocks beneath it

comes from geological surveys and borehole explorations conducted to locate artesian water
(Cratchley, 1984).
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THEORITICAL BACKGROUND

The Tilt Derivative (TDR)

In aeromagnetic geophysical data, the Time-Domain Tilt Derivative (TDR) is utilized to delineate
the boundaries of causative bodies, explore mineral-rich regions, and interpret shallow basement
structures (Salem et al., 2008). Initially introduced by Miller and Singh (1994), the tilt filter has
been further developed by various researchers, including Salem et al. (2008), and has gained
considerable attention due to its simplicity in both theory and application. The TDR is calculated
by taking the arctangent of the ratio of the vertical derivative to the horizontal derivative (Miller

and Singh, 1994; Salem et al., 2008):
_1 VDR (1)
THDR

TDR = tan

Here, VDR represents the vertical derivative, and THDR stands for the total horizontal
derivatives. In mathematical terms, the TDR is expressed as:
of
TDR = | —2=— 2)
af\%  (9f\?
(5%) +(@)

Here, f denotes the magnetic or gravity field, while 6f/6x, 6f/8y and 6f/6z represent the first
derivatives of the field f in the X, y, and z directions, respectively. This methodology holds
promise for its efficacy in analyzing potential field data and has proven relevance for applications
in various geological regions.

Euler Deconvolution Method

The Euler Deconvolution technique is one of the most widely used methods for determining the
location and depth of potential field sources. Thompson (1982) applied Euler's homogeneity
equation to analyze magnetic profile data. Reid et al. (1990) expanded this approach by
implementing the Euler operator on gridded data sets, enabling a three-dimensional
representation of the data. A function m defined in a Cartesian coordinate system (x,y,z) is
considered homogeneous of degree m if it satisfies the following condition:

m(tx,ty, tz) = t".m(x,y,2) ©)]

Equation (3) can be rewritten in the following form:

om om aom
XE +yE+za—Z—nm (4)

Equation (4) is known as Euler’s equation with the degree of homogeneity n. Deliberating
Potential field data, Euler’s equation can be re-expressed as follows:

a 0 a
(x—x0)5; + (=Yoo, +(Z—20) 5, =NB-T) ()

Where (xq,yy, Zo) are the coordinates of a magnetic source, the total field T is measured at (x, y,
z), B is a base level, and N indicates the Structural index (SI) which is related to the geometry of
the source. Performing Euler Deconvolution include some parameters that should be considered
such as structural index, window size, and maximum % depth tolerance.
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Horizontal Gradient Magnitude (HGM)

The horizontal gradient method is a key technique for detecting linear structures, such as contacts
and faults, from potential field data. The boundaries or faults are identified at the points where
the horizontal gradient reaches its maximum values. This method involves computing the two
first-order horizontal derivatives of the field. The mathematical formulation of this approach was
provided by Cordell and Grauch (1985) as:

oty = ) + (@) 0

Where m is the reduced to pole magnetic field, Z—TZ and Z—T; are the horizontal derivatives in x and

y directions.

Source parameter imagining (SPI):
Developed by Thurston and Smith (1997), this method utilizes the extension of the complex part
of the analytic signal (A.S) method for sole use to estimate depth to the source of magnetic and
gravity anomalies (Susceptibility, density, dip, contrast, and geometric shapes).
The SPI technique is based on the examination of the peaks in the local wavenumber which carries
the information of the source depths, and this is determined by taking the inverse of the
wavenumber (k). In addition, for some source geometries, SPI enhances some valuable insights
into the dip and susceptibility contrast. This is based on the principle that, for vertical contact, the
peaks of the local wave number define the inverse of depth. Mathematically, SPI is given by
Thurston and Smith, (1997) as;

Depth = —— = L (7)

K aTilt aTilt
max ( G 6(W)2>
max

aT

Tilt = arctan dz (8)

ey )

Analytical Signal (A.S) Technique

A key advantage of the analytic signal is its independence from rock magnetization when
determining magnetic parameters from aeromagnetic data. High concentrations of iron minerals,
often linked to significant analytic signal (AS) amplitudes, are commonly found in mineral
deposits such as gabbroic rocks, ophiolitic basic and metavolcanic rocks, and ophiolitic
serpentinite rocks (Eldosouky et al., 2024). This demonstrates that the amplitude of the analytic
signal (AS) depends on the magnetizing intensity of the causative body (Roest et al., 1995). As
shown in Equation (9), the 3D AS is calculated as the square root of the sum of the squares of the
derivatives in the x, y, and z directions. The analytic signal amplitude is a valuable tool for
mapping the boundaries of rock units and identifying underlying structural features. For the 3D
case, the Analytic Signal is expressed by Roest ef al. (1995) as:

asee) = |(5) + (o) + () ©
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METHODOLOGY

Data Acquisition

The data used in this research comprised of high resolution aeromagnetic data (HRAM), and
XGMe-2019 satellite gravity data. Six (6) HRAM data sheets numbers (37, 38, 39, 59, 60, and 61)
were acquired from Nigeria Geological Survey Agency (NGSA) which covered longitudes 9.00°
to 10.30°E and latitudes 12.00° to 13.00°N. Measurements were acquired at an altitude of 80 meters
using a flight path configuration with 500-meter spacing aligned northwest-southeast and 2000-
meter tie-line intervals. The resulting maps, formatted as half-degree sheets, feature contour lines
primarily spaced at 10-meter increments and are rendered at a 1:100,000 scale. To account for
geomagnetic variations, the International Geomagnetic Reference Field (IGRF) was applied to
remove the geomagnetic gradient from the dataset. Subsequently, the digitized total magnetic
intensity (TMI) data was subtracted from the calculated regional magnetic field, yielding a
residual magnetic field that emphasizes localized geological structures. The satellite gravity data
was obtained from the International Centre for Global Earth Models (ICGEM) via their online
platform (accessible at http://icgem.gfz-postdam.de/), which is managed by the German
Research Centre for Geosciences (GFZ). ICGEM maintains the most comprehensive repository of
global gravitational field models, encompassing historical records from the 1960s through the
1990s as well as contemporary datasets. These models integrate data from specialized satellite
missions such as CHAMP, GRACE, and GOCE, processed using sophisticated techniques
alongside supplementary sources like satellite altimetry and terrestrial gravity measurements.

Methods
The methodologies adopted from this research are depicted in the flowchart (Figure 3.1) below;

RESULTS AND DISCUSSION

The results (Analytic signal, first vertical derivative, horizontal gradient, tilt angle derivative,
horizontal tilt derivative, Standard Euler solution, 3D-Euler deconvolution, center for exploration
target, rose diagram, 2D forward modeling, source parameter imaging) are presented below;

Total Magnetic field Intensity, Bouguer, Residuals (RTE and Bouguer) Maps
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Figure 4.1: (a) Total Magnetic field Intensity map; (b) Residual-Reduced to magnetic Equator map; (c) Total Bouguer;'
(d) Residuals Bouguer.

The magnetic field intensity in the research area ranges from a minimum of 32,834.473 nT to a
maximum of 33,155.911 nT, with residual magnetic intensity varying between -124.635 nT and
113.277 nT. Additionally, the total Bouguer gravity anomaly values span from a minimum of -
61.515 mGal to a maximum of -22.346 mGal, while the residual Bouguer values range from -14.635
mGal to 15.397 mGal. The study area is characterized by varying magnetic and gravity intensities,
which are represented by high, moderate, and low signatures (depicted in blue, yellow, and pink,
respectively). These fluctuations may result from differences in strike, dip, depth, lithology,
density variations (due to porosity and permeability of the surrounding rocks), and magnetic
susceptibility (influenced by chemical composition, temperature, and pressure changes over
time) (Abdellatif and Alkhateef, 2019). The map reveals broad anomalies, a high gradient, and
short-wavelength magnetic responses with relatively strong intensities over the East, South West,
and North Western sedimentary cover (Figures 4.1a and 4.1b). In contrast, low magnetic
signatures and long-wavelength anomalies are primarily observed in the north-eastern and
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south-western regions of the study area. Above the sedimentary rocks in the north-eastern
portion, the anomalies become narrow and weak. The south-eastern basement rocks exhibit a
strong, positive magnetic anomaly, with pockets of low magnetic signatures scattered across the
area. These anomalies appear to originate from structurally controlled sources, with their long
axes (strike) often aligned in the NE-SW, NW-SE, and E-W directions.

In Figures 4c and 4d, the subsurface distribution follows a distinct pattern, with low or weak
density anomalies (shown in blue and light blue) mainly concentrated in the NE and SW regions,
while the highest density anomalies are predominantly located in the south-eastern portion,
trending in the NE-SW direction. Both magnetic and gravity anomaly data correlate well,
providing critical insights into the subsurface architecture of the study area. These findings will
be further explored using additional techniques proposed in this research investigation.

Edge Detection and Structural Analysis

Shallow Seated Structures

The visual examination of anomalous magnetic signatures on the analytic signal (AS), first
vertical derivative (FVD), tilt angle derivative (TDR) and Tilt horizontal derivative (TDX)
provides a great deal of information about the shallow subsurface structural elements of the
studied region.
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Figure 4.2: (a) Analytic Signal map; (b) First Vertical Derivative map; (c) Tilt Angle Derivative; (d) Horizontal Tilt Angle
Derivative map.

The first vertical derivative (FVD) map (figure 4.2b) revealed sharpened edges of anomalies and
shallow features, trending NE-SW and NW-SE. The sedimentary infill, characterized by either
high or low magnetic anomalies, is uniformly distributed across the map. Like the residual map,
the FVD map highlights shallow features with minimal noise, particularly prominent in the
Northeast, Northwest, and the far corners of the Southeast and Western parts of the study area.

The structural variations align with those seen on the residual map but differ from the smoother
and broader structures visible on the regional map. The analytic signal (AS) transformation
accurately positions anomalies directly above their causative sources by calculating the gradient
of the total regional field in three perpendicular directions at each measurement point. The
analytical signal map (Figure 4.2a) reveals high analytical amplitudes in the northeastern,
southwestern, and northwestern regions. Areas with such high amplitudes may often coincide
with significant minerals deposits. Adamu et al. (2022) suggest that sedimentary formations with
high analytic signal characteristics, particularly in the mineralized areas of the northwestern
Nigerian sedimentary basin, are likely to host or form extensive molted clay deposits with
sandstone intercalations and ironstone. Conversely, low analytical signals are mainly observed
in the southwest and southeast parts of the study area, very low magnitude amplitude also
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appears as isolated pockets in the northeastern regions of the map (Figure 4.2a). These low signals
are likely attributed to anomalous responses from sedimentary in-fills.

Tilt derivatives map (Figure 4.2c) identifies faults, contacts, and the boundaries of magnetic
sources. It pinpoints the edges of geological formations, particularly at shallow depths, by
utilizing zero contours that mark the margins of the source body (Miller and Singh, 1994). Figure
4c (Tilt angle derivative map) reveals a dominant high gradient (shallow sources) trending NE-
SW majorly situated at East, South east, and southwestern parts with a minority appearance of
deeper sources revealed as pockets in the North east and upper portions of the south eastern parts
of the study area. Conversely, to compensate for some of the setbacks posed by the interpretation
of tilt angle derivative (TAD) map, Figure 4d (Horizontal tilt angle derivative) reveals the
existence of major deep fault and deeper sources (Blue and elongated blue colours) which were
not visible from the TAD map, which were accompanied by the Fault and/or fracture systems
(elongated red and pink colours) trending NE-SW, and E-W with the majority of the deep sources
appearing as a pockets in the North east and Eastern portions of the study area.

Deep Seated Structures

To investigate the deep seated structures, we leverage the integrated use of windowed standard
euler solutions with a structural indexes (S.Is = 0, 1, 2) representing contact, dyke and pipe
respectively in order to delineate subsurface geologic structures (Figure 4.3a - 4.3c). These
structural indexes were upward continued to 1.0 Km, 1.5 Km, and 2.0 Km. A 3D euler
deconvolution (Figure 4d) significantly improve the interpretation, were it reveals varying
Magnetic susceptibility values at different depths which complement the 2D display effect of the
deconvolution. In the other hand, tilt angle derivative (TAD) was applied to the gravity data
(Figure 4.3e & 4.3f) in order reveal edges and faulting systems, and to reveal the deeper geologic
structures and analyze the variation effect of the lithologic depositions.
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Figure 4.3: (a) windowed standard Euler solution (S. I = 0 for contact) upward continued to 2km; (b) windowed
standard Euler solution (S.I =1 for dyke) upward continued to 1km;

(c) Windowed standard Euler solution (S. I = 2 for pipes) upward continued to 3km (d) 3D-Euler deconvolution map;
(e) Bouguer (Residual) TAD; (f) Bouguer (Residual) TAD upward continued to 4km.
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It could be observed that, positive gravity values were dominantly observed in the south eastern
portions (figure 4.3e), a 4 km upward continuation filter reveals the extent of the gravity values,
the gradual decrease in gravity values were observed as the map continued to be upward
continued until the weakest gravity anomaly values were observed at 4 km which signifies the
vertical transition of gravity strength and/or effect at depths.

Depths Analysis and 2D Forward Modeling

The SPI map (Figure 4.4a) reveals varying depths to magnetic sources which ascertain the
undulating nature of the basement topography. A maximum depth values varies from 868.576 m
to 1300 m. these depths were predominantly observed in the east, north east, south east, central
portions were it deepens towards east, and few signatures appearing as pockets in the south
western parts of the study area. The shallower depths to magnetic sources varies between 112.742
m to 198.247 m which were observed to be predominant in the south, extreme south western
corner, and north western portions of the study area. In order to elucidate or reveal the volume
and spatial extent of geologic bodies and lateral variations magnetic susceptibility values we
undertook 2D-forward modeling of the reduced to equator residual (RTE-RES) data using Oasis
montaj GM-SYS software. Magnetic data were extracted along the profiles A-A’, B-B’, and C-C".
These 2D-forward profiles detected lateral faulted region and gradient zones, intra-basement
compositional magnetic variations. For this modeling, we assume an ambient magnetic field
strength of 33,000 nT, an inclination of 9.75 and declination of -12.45 and constant elevation of
80m. These three profiles were taking NE-SW directions traversing perpendicular to the
anomalous regions. Simplified magnetic models were constructed following the approach of
Talwani and Heirtzler, (1964) and Ghazala et al. (2018) by assigning susceptibility contrast
between layers and assuming no remanent magnetization to basement. We assumed that all
magnetization at the basement and crust is induced. Although, remanent magnetization is known
to be a significant contributor to magnetic anomalies, however, this simplification is necessary
given the uncertainty in the age of the igneous and sedimentary rocks. Like all potential field
models, the forward modeling presented here is non-unique and relies on simplifications
assumptions.
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Figure 4.3: (a) SPI map; (b) SPI upward continued to 2 km; (c) Profile AA’; (d) Profile BB’; (e) Profile CC’ both profiles
(c, d, and e) trend along NE-SW; (f) 3D-Euler deconvolution showing origins of the profile lines and some susceptibility
features at varying depths respectively

Lineament Analysis

Gravity and magnetic surveys are critical tools for analyzing the architecture and development
of sedimentary basins and their underlying basement complexes. Basement features may extend
upward into overlying sedimentary layers, altering fluid movement and the positioning of
hydrocarbon traps. Notably, hydrocarbon reservoirs often cluster along fault-related linear zones.
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Figure 4.4: (a) Lineament map; (b) Rose diagram; (c) Superposed lineament map on FVD. White arrows indicates the
faults source and geologic connectivity that exist between the lineaments and the fault controls, white elongated lines
indicate three (3) major fault systems (G1 - G2), R -R1,R2 (one origin of the fault source disjointed along the line due
to intrusion and/or uncomformity; as shown in profile AA” and CC’(figure 4.3c and 4.3d); (d) superposed horizontal
gradient map on TAD with displayed contour lines (high gradient alignment with contour lines indicates presence of
lineament free from local noise artifacts). White lines indicates two major lineaments (Faults or fractures) labeled J1 -
J2 and G1 - G2, white arrows indicate some distinctive pattern exhibiting fault control features controlling the faulting
pattern of the study area; (e) Superposed analytic signal and tilt derivative maps on horizontal gradient maps upward
continued to 200 meters; (f) standard deviation of the tilt angle derivative map upward continued to 2 km.
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Consequently, the basement's structural configuration plays a key role in shaping basin
development and resource distribution (Ali et al., 2014). Lineament analysis is aimed to map the
predominant structural orientations within the study area, investigate connections between
subsurface and near-surface geological features (including magnetic lineaments), and assess
reactivated structures within the Quaternary period and Cambrian-era crystalline basement. A
central focus involves evaluating how these structural elements influence mineralization
processes. By establishing correlations between mineral deposits and structural frameworks, the
research seeks to identify zones with high mineral resource potential, emphasizing the critical
role of structural dynamics in shaping geological and economic prospects.

Four orientations were identified within the subgrouping of lineaments, figure (4.5b): NE-SW, E-
W, NW-SE, and NNE-WSW. The N60°E to N70°E and S250°W to S240°W are the predominant
lineament direction within the study area, this agrees well with the work of (Ibrahim & Musa,
2020), and (Danbatta, 2010). The second predominant lineaments directions are N70°E to N8O°E
and S260°W to S270°W. The N50°E to N60°E, N80°E to N90°E, S270°W to S260°W and S240°W to
5250°W are the NE-SW directions within the study area that correspond to the average direction
of all detected lineaments. The minor lineaments trends within the study area dwell within the
orientations S100°E to S110°E, N10°E to N20°E, N280°E to N290°E, and 5220°W to S230°W. The
results of the lineament analysis conducted in this research revealed that NE, NNE, SW and WSW
are the dominant lineaments (structural trend) while NNW, NW, SE, and SSW are the minor
structural trends within the study area. Lineament superposed on FVD reveals positive and
negative lineaments origins complementing our understanding of the geologic nature of the
anomalies. It also reveals discontinuities, or unconformities, and probable intrusions which may
results the formation of curvilinear features. In Figure (4.5d) the major lineaments and structural
features correspond to high gradient positive (extended linear or curve linear features) that align
well with the horizontal gradient positive peaks (red and Pink) and tilt derivative contour lines
(black). To enhance these structural features, these lineament structures were refined and filtered
(figure 4.5e) in order to have clear and preferable spatial view. Figure (4.5c) was constrained and
correlated with Figure (4.5d) based on this two major faults were mapped with high degree of
certainty. The origin of these faults and fractures were further classified in Figure (4.5f) were the
positive and negative anomalies are vividly displayed. These are critically achieved by upward
continuing standard deviation of the tilt angle derivative grid to 2 Km, this did not only give the
positive and negative derivative information, but enhances our understanding of the lateral
extent of the faulting pattern, and these could enable us to differentiate the effect arising from the
shallow and deep sources.

Magnetic Hydrocarbon Aureoles and Economic Potential Maps

It has been known for many years that entrapped hydrocarbons often coincide with shallow-
sourced micro-magnetic anomalies. Field studies (Stones et al., 2004; Ojo et al., 2009) have shown
that these usually sub nT amplitude anomalies are associated with near-surface magnetite
deposits generated predominantly from microbial alteration of hematite to magnetite in the
presence of hydrocarbon micro-seepage. Stones ef al. (2004) demonstrated that hydrocarbon traps
usually leak vertically as well as laterally. In the absence of significant cultural magnetic
interference or shallow volcanic magnetic signature, and with favorable ground conditions, a
high-resolution aeromagnetic survey can effectively locate seep-induced micro-magnetic
anomalies (Stones et al., 2004). Aderoju et al. (2017), Ojo et al. (2009), and Stones et al. (2004) their
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work confirms that, the analysis of high resolution aeromagnetic data can reveal characteristic
annular micro-magnetic anomalies (aureoles) that cluster along prospective high structures and
coincide with the hydrocarbon oil fields in Bornu basin, Niger Delta basin, and Sothern Sudan oil
fields respectively. Besides delineating exploration fairways, this method can be used to help
target non-structural hydrocarbon traps.

Research has long established that hydrocarbon accumulations frequently correlate with shallow
subsurface micro-magnetic anomalies. Studies by Stones et al. (2004) and Ojo et al. (2009) indicate
that these subtle anomalies that are typically below 1 nT in amplitude arising from near-surface
magnetite formations, primarily produced through microbial conversion of hematite to magnetite
triggered by hydrocarbon micro seepage. Stones et al. (2004) further revealed that hydrocarbon
reservoirs often exhibit both vertical and lateral seepage. Under favorable terrain conditions and
in regions devoid of significant cultural or volcanic magnetic noise.
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Figure 4.5: (a & b) Bougeur analytic signal map upward continued to 300m and first vertical derivative map upward
continued to 1 km respectively. Elongated white lines indicates lineament features, white arrows indicate low and high
magnetic mineral features. Labels A and B represents high (positive) and low (very low and negative) density anomaly
sub-regions respectively; (c) Butterworth band pass filter inferring micro-magnetic hydrocarbon aureoles. white boxes
represent lower amplitude and less coherent micro-magnetic hydrocarbon aureoles, black boxes represent micro-
magnetic hydrocarbon related aureoles; (d) shows prospective economic minerals locations, the white line indicate the
profile taken along the prospective locations; (e) shows the analytic signal map upward continued to 1.5 km, the cross-
hammers sign indicates areas location of low and high magnetic minerals within the study area (f) shows spatial
distribution of micro magnetic seep-related location within the study area. The red lines indicate possible alignment of
the lateral movement to the surface along migration pathways (Faults, and fractures as previously vindicated in Figure
4.4a - 4 .4f), the dotted red line is the boundary between the basement complex (southeastern parts) and the sedimentary
portion (Northern parts), the acronym HCPZ stands for hydrocarbon potential zones, while ESMPZ stands for
economic solid mineral potential zones.
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High-resolution aeromagnetic surveys can effectively detect these seepage-related magnetic
signatures (Stones et al., 2004). Analyses by Aderoju et al. (2017), Ojo et al. (2009), and Stones et
al. (2004) demonstrate that high-resolution aeromagnetic data can identify distinct ring-shaped
micro-magnetic anomalies (aureoles). These features cluster along elevated geological structures
and align with known hydrocarbon fields in regions such as the Bornu Basin, Niger Delta Basin,
and Southern Sudan oil fields. Beyond mapping exploration zones, this technique also aids in
identifying non-structural hydrocarbon traps, enhancing resource targeting strategies.

Prevalent low magnetic anomalies were dominantly observed in the southeastern parts of the
study area. It is keenly observed that the magnetic hydrocarbon aureoles displayed some distinct
repetitive pattern signifying some structural control alignment (Figure 4.6f) trending NE-SW
direction. Based on the analysis and interpretations thoroughly conducted within this research
work, northeastern and northwestern parts possess the highest prospect for hydrocarbon
pathways, generation, and/or accumulation.

CONCLUSION

This study conducts a pioneering integrated geophysical assessment of Jigawa State, subsurface
architecture, utilizing potential field techniques (TMI, RTE-RES, and Bouguer) anomaly maps to
map subsurface gravity and magnetic anomalies. Shallow structures were analyzed via analytic
signal (AS), first vertical derivative (FVD), and horizontal tilt derivative (TDX) methods, while
deep structures were resolved using windowed standard Euler deconvolution (WSES), 3D Euler
deconvolution (3-ED), and gravity tilt angle derivative (pTAD). Depth analysis, supported by
source parameter imaging (SPI) and 2D/3D modeling, revealed significant basement variations:
deep zones (868.58-1300 m) dominate eastern, northeastern, and southeastern regions,
contrasting with shallow uplifts (112.74-198.25 m) in central and southwestern areas. Structural
lineament analysis identified four key orientations (NE-SW, E-W, NW-SE, NNE-WSW), critical
for tectonic and fluid migration studies. Spectral analysis detected magnetic hydrocarbon
aureoles, indicative of micro seepage. As the first holistic geophysical evaluation of the region,
this research bridges knowledge gaps, offering a framework for targeting structural and non-
structural hydrocarbon/mineral traps. The findings provide actionable insights for sustainable
resource development, with implications for Nigeria's economic growth and energy security,
while prioritizing exploration zones to enhance efficiency and reduce risks.
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