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Mapping and Depth Estimation of Magnetic Sources of the Chad Basin, Nigeria Using
High Resolution Aeromagnetic Data
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ABSTRACT

The Chad Basin is an intracontinental basin originated from the actions of a
number of peripheral uplifts making a periodic study of this basin imperative. On
this background, an acromagnetic data of the Chad Basin was used to identify
some magnetic anomalies and determine the depth of the magnetic sources. The
residual map obtained from the application of first order polynomial fitting to the
total magnetic intensity data, revealed two magnetic anomalies. The low
frequency anomalies emanated from the deep seated bodies with thicker sediments
and perceived to be the magnetic basement while the high frequency anomalies
resulted from shallower geologic bodies regarded as the sediments cover. The
lineaments map showed that the long regional trends that lie in the directions
ENE-WSW, WNW-ESE and E-W control the subsurface structure beneath the
studied area. The magnetic field amplitudes vary from a maximum of 223 nT to a

Keywords: minimum of 96 nT depicting varying magnetic highs and lows as possible
Aeromagnetic, indication of undulating basement surface and magnetic traps. The depth to the
Magnetic Anomalies, basement range from about 0.5 km in the south to 3.0 km and deepens towards the
Lineament, north. The energy power spectrum estimated an average depth to the top of

Depth to Source,
Power Spectrum.

regional sources is about 7 km while the shallow sources have an average depth
of about 1.5 km to their magnetic sources.
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INTRODUCTION

In the last five decades, a very large number of both
ground and airborne geophysical techniques have been
developed and executed to assist in subsurface structural
mapping for environmental, mineral/hydrocarbon and
groundwater purposes (Feder, 1962; Lattman, 1963;
Rydstrom, 1967; Hood and Ward, 1969; Smith et al.,
2004; Meng et al., 2006; Cox et al., 2012; Auken et al.,
2017; Noh et al., 2020; Biswas and Sharma, 2020; Liang
et al., 2021). Ground and airborne magnetic surveys are
used at just about every conceivable scale and for a wide
range of purposes such as detailed mapping of some
geological features e.g., faults, shear zones, folds,
alteration zones and other structures (Olson, 1970;
Nabighian, 1972, 1974, 1984; Kearey et al., 2002;
Sharma, 2002; Rajaram, 2009; Nabighian et al., 2005;
Raimi et al., 2014). The use of ground geophysical
techniques are usually more effective when used to
explore targets already identified by the airborne
methods in an integrative approach. In this regard,
airborne methods are usually the most cost-effective

tools available for both large regional reconnaissance
surveys and employed as aids not only in geological
mapping but also in locating target areas for a more
detailed follow-up (Palacky, 1981; Reeves, 2005;
Christensen et al., 2015).

Airborne magnetic in particular can detects the subtle
variations in the earth’s magnetic field arising from the
presence or absence of ferromagnetic minerals such as
magnetite (Fe;0,), maghemite (Fe,03), pyrrhotite (FeS)
and ilmenite (FeTi03) (Styles, 2012). These minerals are
commonly associated with stream-bed deposits and are
often associated with subsurface drainage paths
(paleochannels) that may serve as conduits for
groundwater flow (Srivastava, 2002; Joel et al., 2016;
Djamel, 2017; Okpoli and Akinbulejo, 2022).
Furthermore, these minerals are common in many
igneous rocks, both as primary and secondary minerals,
and can often be used to depict and delineate geological
structures (e.g. faults, dykes) in the subsurface from
discontinuities seen in the airborne images (Rambabu
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and Sinha, 1986; Kivior and Boyd, 1998; Osinowo et al.,
2013; Akinlalu et al., 2018).

Furthermore, aeromagnetic surveys have continued to aid
in the discovery of hydrocarbon reservoirs, radioactive
elements such as uranium, titanium, base and precious
metals (Reford and Butt (1983); Genik (1992); Elliott and
Laharia (2008); Innocent et al. (2008); Ogah and
Abubakar (2024)). This can effectively be carried out if
the resolution of the acromagnetic data which depends
upon the distance between the traverse line spacing, the
distance between the aircraft and the ground, the
magnetic signature of the aircraft itself, and variations in
the diurnal activity is given priority among other factors
(Reeves, 2005).

The subsurface geology of the Chad Basin requires
periodic investigations to be carried out with a view to
updating our better our understanding of the dynamics of
the basin. However, considering the state of insecurity
especially in the northeastern Nigeria, the acquisitions of
land geophysical data has been hampered by the
nefarious activities of some groups or sects thus making
the use of airborne magnetic technique as an alternative
mode of data gathering in the area of study. Hence, this
study was aimed at the identification of some magnetic
anomalies of the observed acromagnetic data of Chad
Basin in order to achieve the following objectives (i) map
the orientations of structural features within the Basin (ii)
delineate the basin geometry or configuration (iii)
determine the depth to magnetic basement sources.

Description and Geology of the Study Location
The study area is bounded by Latitudes 12° 00' — 13° 00'
N and Longitudes 13° 00' — 14° 00' E in Northeastern
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Nigeria (Figure 1) with an area of approximately 27,500
square kilometers. It is so large that it covers about nine
Local Government Areas which are Mafa, Konduga,
Jere, Dikwa, Gazamala, Kukawa, Marte, Monguno, and
Nganzai as shown in Figure 2. The Bornu Basin is a
Nigerian sector of the Chad Basin representing about
one-tenth of the total area extent of the Chad Basin. The
Chad Basin belongs to the African Phanerozoic
sedimentary basins whose origin is related to the dynamic
process of plate divergence. Notable exceptions,
however, are the deformed basinal sequences of the
Paleozoic fold belts of Morocco and Mauritania which
resulted from the Hercynian convergent motion and
collision of Africa and North America, and the Tindouf
and Ougarta basins which are Paleozoic successor basins
(Burke, 1976; Petters, 1982). It is an intracratonic inland
basin covering a total area of about 2,335,000-kilometer
square with Niger and Chad Republics sharing more than
half of the basin. The basin belongs to a series of
Cretaceous and later rift basins in Central and West
Africa whose origin is related to the opening of the South
Atlantic (Obaje et al., 2004). Geographical evidence
suggests that the Cretaceous rocks occupy broad troughs
in the Basement Complex (Cratchley et al., 1984). The
Kerri-Kerri  Formation which composed of basal
conglomerate, grit, sandstone, siltstone and clay
sediments is formed during the Paleocene age. These
sediments are unfolded and are warped gently to the
north-east beneath the Chad Formation. The youngest
deposits are the river alluvium and deltaic and lagoon
clay flats which blanket wide areas to the south and
south-west of Chad (Grove and Pullan (2017); Carter et
al. (1963)).
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Figure 2: Map of the Study Area, Showing the Various Local Government Areas

T

LEGEND/KEY

120°E 130F 14oE

I L A L I !

.E"—\
e

LANH?U‘“&)
B

~ 13"0'N

Chad Formation

Kern Kerni Formation
Voicanic Rocks

Gombe Sandstone

12°0°N
Basement Rocks

Geological Boundary Exact

Geological boundary Approxmate

Geological Boundary Inferred

Geological Boundary Transitional
———\Volcanic Plugs&Pipes

Major FaultsFractures

Fractures(inferred)

~ 11N Riages
® s international Boundary

State Boundary
Roads

E —— Raitwvay
Rivers
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Geological Survey Agency (NGSA, 2006)
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MATERIALS AND METHODS

Data Collection

Aeromagnetic data of the Chad basin was obtained from
the National Geological Survey Agency, Nigeria. The
data consists of profiles or flight lines plotted on
continuous strip chart. The aeromagnetic data was
collected at a nominal flight altitude of 152.4 m along
north—south flight lines (nearly perpendicular to predicted
geological strikes), spaced approximately 2 km apart and
the component of the magnetic field measured was the
total magnetic field intensity. The study area covered
eleven aeromagnetic sheets with sheets numbers: 202,
203, 204, 205, 206, 207, 208, 225, 226,227 and 228. The
magnetic data were digitized as text file of the form (X,
Y, Z) with X and Y representing the Longitude and
Latitude of the study area in Universal Transverse
Mercator (UTM) in meters respectively while the Z
represents the Total Magnetic field Intensity (TMI)
measured in NanoTesla (nT) and then merged. The
combined data sets were pre-processed, analysed and
interpreted both qualitatively and quantitatively.
Qualitative interpretation of the field data was carried out
by visual inspection of the total magnetic intensity (TMI)
map. The quantitative interpretation which involved all
numerical analytical functions applied on the potential
field data was considered a backbone for all the
interpretation methods. The initial stages of quantitative
magnetic data interpretation involved the application of
mathematical filters to the observed data. The purpose of
filtering was to enhance magnetic anomalies of interest
and to gain some basic information on source locations.
The upward continuation operation smoothen the
anomalies obtained at the ground surface by projecting
the surface mathematically upward above the original
datum (Revees, 2005). By implementation of reduction to
pole on both the amplitude and phase spectra of the
original total magnetic intensity (TMI) grid, the shapes of
the magnetic anomalies were simplified so that they
appeared like the positive anomalies located directly
above the source expected for induce magnetized bodies
at the magnetic pole where the angle of inclination is 90°
and zero declination.

The derivatives (i.e., first, second vertical derivatives and
horizontal derivative) helped to sharpen the edges of
anomaly and enhanced shallow features (Revees, 2005).
The application of the first vertical derivative in an
aeromagnetic data equates to observing the vertical
gradient with a magnetic gradiometer in order to sharpen
the edges of magnetic anomalies, enhancement of the
shallow magnetic sources, suppress the deeper magnetic
sources and to give a better resolution of closely-spaced
sources computation. Hence, the enhancement processes
of Oasis Montaj™ (Geosoft Inc., 2012) in Magmap were
used for pre-and post-processing stages. The enhanced
data was used to produce total magnetic intensity (TMI)
map of the study area, performed vertical derivative of the
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TMI data to enhance shallow geological features and
horizontal derivative to identify geology boundaries in the
profile data. Then, the Euler deconvolution module was
executed to calculate and determine the spectral depth to
buried magnetic rocks within the study area as well as the
Source Parameter Imaging (SPI) run to further evaluate
the depth. The Centre for Exploration Technology (CET)
grid and CET porphyry analyses through textural
analyses, lineation detection and vectorization were
employed to obtain the lineament and structural
complexity analysis of the basin. The CET reveals zones
of discontinuity associated with ridges.

Data Processing

Both the qualitative and quantitative approaches were
applied to the digitalized aeromagnetic dataset through
the following steps: separation of magnetic data,
generation of magnetic anomaly maps, and analysis of
magnetic anomaly data. Furthermore, the following
filtering techniques were applied to remove any possible
spurious noise so that attention was placed only on the
magnetic anomalies of interest all using the Oasis Montaj
software.

Regional- Residual Separation using the Fast Fourier
Transform

The Fast Fourier Transform (FFT) was applied to the
magnetic data to evaluate the energy spectrum curves and
estimate the residual (shallow) and regional (deep)
sources. This filter was based on the cut-off frequencies
that pass or reject certain frequency values and pass or
reject a definite frequency band. The radially averaged
power spectrum method was used to determine the depths
of intrusive bodies, depths of the basement complex and
the subsurface geological structures (Bhattacharyya,
1966).

Edge Detection Methods

The Source Edge Detection (SEDE) function locates
edges of geological contacts or peaks from potential field
data by analysing the local gradients. The SEDE function
estimated the location of abrupt lateral changes in
magnetization of upper crustal rocks. The purpose was to
identify maxima on a grid of horizontal gradient
magnitudes.

Tilt Angle Derivative

Tilt angle derivative (TADR) filter is useful for mapping
shallow basement structures and for mineral exploration
targets (Miller and Singh, 1994; Verduzco et al., 2004).
In magnetic data, the TADR is introduced to enhance
structural features or contacts of magnetic sources. TADR
is an edge detection filter that is common in potential field
methods because it provides insight into the boundaries of
the magnetic source especially the potential of
intrabasement magnetic intrusions (Miller and Singh,

116

NJP VOLUME 35(2)

njp.nipngr.org



NIGERIAN JOURNAL OF PHYSICS

Mapping and Depth Estimation of Mag...

1994). Positive values are located directly above the
sources while negative values are located away from the
sources (Ibraheem et al., 2018)

Standard 3D-Euler Deconvolution

The use of 3D Euler Deconvolution (3D-EUD) has
become widely spread because it has been automated and
rapidly interpreted either as a profile or grid data (Reid et
al., 1990, Klingele et al., 1991, Marason and Klingele,
1993, Harris et al., 1996). The 3D-EUD requires three
orthogonal gradients (i.e., two horizontal gradients and
vertical gradient) of the magnetic data to calculate
anomaly source locations (Keating and Pilkington, 2004).
This filter was introduced in the potential field methods
to estimate the positions of structural lineament in so
much that no prior source magnetization direction is
required. Accordingly, 3D-EUD requires four sets of
grids as input data; the total magnetic field, first
horizontal derivative in x, y and vertical derivative in z-
direction. The depth estimated depends on the choice of
the corrected structural index (SI) and adequate sampling
of data. So, the choice of the SI and used of optimum
criteria for selecting solutions are fundamental
requirements for successful application of this method. To
compute the Euler depth and to produce the Euler depth
map, the Standard Euler deconvolution interpretation was
carried out in three dimensions by employing Oasis
montaj software.

Analytic Signal (Total Gradient)

The analytic signal filter (ASF) is a useful tool in locating
the edges and estimation of depth of magnetic bodies
because it is formed when the horizontal and vertical
gradients of the magnetic anomalies are combined (Roest
et al., 1992; Hsu et al., 1996; Ansari and Alamdar, 2009;
Aisabokhae ef al., 2018). Its formation over a causative
body depends on the horizontal coordinate as well as
depth and not on the direction of magnetisation (Ndlovu
et al., 2015). The success of ASF hinges on its ability to
locate and determine depth of magnetic sources relying
on a few assumptions made about the nature of the source
bodies. For these source bodies, the shape of the
amplitude of the analytic signal is a bell-shaped
symmetric as it is located directly above the source body.
The analytic signal of the total magnetic field is expressed
in terms of amplitude, A, and it is estimated from the three
orthogonal derivatives of the total magnetic field (7). It is
defined as the square root of the squared sum of the
derivatives in the x, y and z directions of the magnetic
field (Roset et al., 1992).
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where A(x, y, z) is the amplitude of the analytic signal at
(x,y,z) and T is the observed magnetic field. The Z—Z, Z—;,

a — .
a_: are the first derivatives of the total magnetic field.

Source Parameter Imaging

Source Parameter Imaging (SPI) is also known as the
local wave number (k). It is a filter used for the estimation
of the depths of magnetic sources. The maxima of local
wave numbers (k) are situated directly above the isolated
contact edges and for a dipping contact, the maxima of the
local wave numbers do not depend on magnetic
parameters such as the inclination, declination, dip, strike
and remnant magnetization (Thurston and Smith, 1997,
Saada, 2016). The depth of the magnetic source is
estimated as the reciprocal of the local wave number
(Eq.3). The Source Parameter Imaging™ (SPI) function
of the Oasis Montaj™ extension automatically calculated
the depth of magnetic sources from a gridded magnetic
dataset. The local wave number (k) was determined from

the magnetic field, T as:
92T (9T 0%TaT
— m(ﬁ)_axz 0z (2)
T jam\? (oT\?
@) +@)
The depth was estimated at the magnetic source edge as
the inverse of the local wave number as:

Depth(x = 0) = —

kmax )
RESULTS AND DISCUSSION
The gridded data referred to as the Total Magnetic field
Intensity (TMI) in colour-shaded grid is presented in
Figure 4. The map reveals some positive magnetic
anomalies (red colour) which appear as circular shape
occupying the south to south western parts and associated
with negative magnetic anomalies observed in the north
and northwestern of the study area. The magnetic
intensity ranges from -98.0 nT (minimum) to 222.8 nT
(maximum). These variations in magnetic intensities
could be linked to degree of strike, variations in depth,
volcanic intrusions and changes in lithology or basement
topography in the area. Moreso, the positive anomalies
are attributed to relatively deep-seated low relief
basement structures and volcanic intrusions, suggesting
that the TMI anomalies have been strongly influenced by
regional tectonics.
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Figure 4: Total Magnetic Intensity Colour-shaded Grid Map of the Entire Study Area

Figure 5 is the lineament map of the study area. The map
shows the long regional trends which control the
subsurface structure beneath the studied area. The three
main dominant structural trends that affect the area are the
ENE-WSW, WNW-ESE and E-W. The relationships
between these trends suggest that the area has been
subject to a number of tectonic events. It is observed that
majority of the lineaments identified are located in the
northern portion and extends from the east to the west of
the area. Figure 6 is a rose diagram used to determine the
trend of geological structures in the study area. It shows
that the lineaments resulting from the tectonic events such

as faults, fractures and dyke intrusions trend in the E-W
and EN-WS directions. Figure 7 is a structural complexity
map showing the different degrees of deformity or shear
zones. It reveals areas of junction high density (red) in the
central part believed to be associated with the basement
rocks. The map further reveals that there is high lineament
density in the NE and SE parts of the area. Also, minor
lineaments intersect at the other parts of the area too but
very few were identified in the southwestern part. It is
believed that the geological structures had occurred
probably during the formation of the entire basin.
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Figure 6: Rose Plot Diagram Showing Major Structural Trend
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Figure 7: Structural Complexity Map of the Study Area

Figure 8 is the tilt derivative (TDR) map which identifies derivative map indicated that there was a major source of
the shallow basement structures in the area. The TDR disturbance which trends in an approximately NE-SW
enhances geological features and detect the edge of the direction. Thus, this large disturbance could be a possible
causative body. It produces a zero value over or close to target for future exploration as it has very high magnetic
the source edges and, therefore used to trace the outline field anomaly.

of the edges Miller and Singh (1994). Inspection of the tilt
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Figure 8: Tilt Derivatives Map of the Study Area

Figure 9 is the 3D Euler Devolution solution map of the
study area. In the north-eastern part, the solutions are
situated at shallow depth with increasing depth, and in the
south-eastern part the solutions are located deeply at
depth of about 770 m. In the northwestern part, Euler plots
shows non-uniform depth distribution. The maximum

depth is greater than 770 m and it is prominent in the
southwestern part corresponding to or in consonance with
the highest amplitude of the magnetic field intensity.
Also, the Euler solution map reveals faults/fractures at
depth range of 828 m to 1606 m and dominated the
northeastern and northwestern parts of the area.
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Figure 9: Standard 3D-Euler Deconvolution Plotted on Shaded Color Map of TDR

Figure 10 is the Analytical Signal (AS) relief map of the interpretation directly over the magnetic sources (Roest et
area estimated from the reduction to pole map using the al., 1992). The AS values range from 0.0061nT/m which
FFT tool in the frequency domain. Analytical signal is is visible along the central and western parts to 0.0622
relevant in locating edges of magnetic source bodies and nT/m observed in the south and north-western regions.
for repositioning the detected magnetic anomalies during
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Figure 10: Analytical Signal Colour Shaded Relief Map of the Area Showing Anomaly

Texture, Discontinuities in Anomaly Pattern

The radially-average energy power spectrum estimated
from the RTP map is shown in Figure 11. From the power
spectrum curves, the regional, residual as well as noise
signals were determined. The first segment of the plot is
in the frequency range of 0.0 to 1.0 cycle/km, represents
the regional or deep seated sources with long wavelength.

The corresponding depth estimate chart was used to
calculate the average depths to the top of the deep and
shallow sources. The estimated average depth to the top
of regional sources is about 5.4 km while for the shallow
sources, the average depth is about 1.5 km.
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Figure 12 presents the source parameter index (SPI) map
of the study area with five representative profiles
superimposed across the entire map from which
variations in depths are estimated in Figs. 13 (a-e). The
negative depth values in the SPI image depict the depths
of buried magnetic bodies supposedly the deeply seated
basement rocks. The pink colour indicates areas of
shallow magnetic bodies the blue colour represents
deeply buried magnetic bodies ranging from -3383.8 to -
5400.3 m. The SPI depth result ranges from 285.6 m
(outcropping and shallow magnetic bodies) to -5400.3 m
(deep lying magnetic bodies). The SPI depth map shows
great similarity to the depth map produced using

analytical signal filter. The depth estimated along profile
1 (i.e. Y'-Y!) in Fig.13a has a maximum depth of 8 km
with less than 100 nT value on the TMI profile. On profile
2 (Y2-Y?), two peaks with depths of about 8 km each with
less than -100 nT value are observed (Fig. 13b). Along
profile 3 (Y3-Y?) in Fig.13c, an average depth greater than
10 km with TMI value of about 0 nT are estimated. In Fig.
13d, several peaks with approximate depth of 10 km and
TMI of 240 nT are estimated along profile 4 (Y*-Y*).
Profile 5 (Y-Y®) has two peaks with estimated depth
greater than 16 km and TMI values greater than 0 nT as
shown in Fig. 13e.
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Figure 12: Five Profiles Transacting Across the Source Parameter Imaging (SPI) Map for Depth Estimation
of the Study Area
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Figures 13: Variations in TMI and Depth Estimation Derived from the SPI Image Across Profiles
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CONCLUSION

In this study, the aeromagnetic data sets of the Nigerian
parts of the Chad basin have been interpreted, leading to
the mapping and detection of some magnetic structures.
Morphological differences in the lineament patterns were
detected through the CET approach. The existence of
lineaments was related to faulting associated with deep-
seated basement structures related to the rifting of the
continent. The depth to the top of the intrusive causative
targets estimated ranges between 256 m to 5.4 km. The
depth to the basement of the study area shows clearly that
the sedimentary cover deeps towards the western parts
and could be significant for favorable hydrocarbon
formation than the eastern parts associated with a thin
sedimentary cover. The analysis and interpretation of the
aeromagnetic data has delineated the lithological and
structural setting which may control the deposition of
hydrocarbon in the Chad Basin.
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