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Abstract

Spectral analysis of high-resolution airborne magnetic data of part of Benue Trough was used to
estimate the depths of anomalous magnetic sources within the study area. This paper was aimed at
the determination of sedimentary thickness of the study area and to infer favourable areas for possible
petroleum exploration. Several data enhancement techniques were used to digitally enhance the data
to improve the signal-to-noise ratio. The total magnetic intensity was subjected to regional - residual
separation using polynomial fitting of the first order, with the residual field revealing magnetic intensity
values ranging from -79.8 to -16.5nT. Several clusters of circular magnetic anomaly closures with very
clear amplitudes which occur especially in the northern and mid part of the area revealed edges of
intrusive bodies. The structures observed within the location from the residual maps revealed dominant
trends in the NE-SW and N-S direction. The result of 2D spectral analysis revealed a two-depth model,
with the depth to the first layer (D1) varying from 0.135 km to 0.200 km with an average depth of
0.158 km while second layer depth (D) varies from 2.585 km to 4.878 km with the average depth of
3.415 km. This result therefore, indicates that the average basement depth of the study area as
deduced from power spectrum inversion is about 3.415km. The mean sedimentary thickness of
3.415km obtained and the near absence of intrusive bodies especially in the northern part of the study
area thus reveal favourable conditions for hydrocarbon exploration.
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1. Introduction

The magnetic method is one of the most common geophysical techniques that is well established
and commonly applied for geological mapping, hydrocarbon, and mineral exploration [*-2], The
magnetic method generally measures variations in the Earth’s magnetic field and investigates
the subsurface geology based on anomalies in the geomagnetic field which are the resultant
effects of the magnetic properties of the underlying rocks. It is applied in estimating the depth
to magnetic source bodies, sedimentary thickness and to delineate subsurface structures. It
is also useful for locating buried magnetic ore bodies due to their magnetic susceptibilities [31,
Aeromagnetic survey is one of the most frequently used airborne geophysical survey and has
been recognized as a principal mapping tool for geological bodies that are strongly magnetized [4],

Previous scholars have demonstrated that basement depth and structure can be accurately
delineated using airborne magnetic data [5-8]. Spectral analysis is a well-established technique
and generally applied in magnetic and gravity surveys for estimating depths to anomalous
bodies [5-81, This is based on the principle that a magnetic force exerted at the surface of a
magnetized body produces magnetic signatures at all points. Application of 2-D spectral in-
version to the interpretation of potential field data is now usually applied for basement depth
determination established [°1. Different studies have therefore carried out magnetic basement
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estimation using spectral inversion method [10-171, Ekwok et al. [10] assessed the depth to
shallow and deep magnetic sources in some parts of southeastern Nigeria, using high resolu-
tion airborne magnetic data. Depth estimation methods such as standard Euler deconvolution,
source parameter imaging, spectral depth analysis and two dimensional (2-D) forward mod-
eling were also used in the study. The basement depths estimated by Ekwok et al. [19] using
the different techniques correlated strongly with one another within the study area. Oha et al. [18]
estimated the depth of magnetic sources and mapped structural features in parts of the south-
ern Benue Trough using high resolution aeromagnetic data. Their study revealed that the
study area has very high potential of base ore mineralization and less suitability for hydrocar-
bon exploration. This finding is based on the abundance of intrusive bodies in the study area.

This study therefore intends to further investigate the sedimentary thickness of the study
area and the effects of the observed intrusive bodies on hydrocarbon formation and accumu-
lation using the spectral inversion of high resolution aeromagnetic data.

2. Location and geology of the study area

The study area shown in Figure 1 is part of the Benue Trough, Nigeria and is located in the
study area defined by latitudes 6° 00!- 8° 00N and longitudes 7° 30%- 9° 30!'E. The Benue
Trough is a known rift basin in Africa, with an approximate length of 180km and width 130-
150km [19], The trough is divided into three which include the Lower, Middle and Upper Benue
trough [2°], The Lower Benue is at the southern portion, the Middle Benue Trough at the central
parts while the Upper Benue Trough is located at the northern region. The Lower Benue Trough
is classified as a sedimentary basin and consists of a thick sedimentary sequence with the
oldest formation been the Asu River Group which are dominantly shales with localized sand
stones, silt stones, and limestone [21],
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Figure 1. Location map of the study area

The study carried out by Offodile [22], identified several sedimentary formations in the Mid-
dle Benue Trough which include the Asu River Group. The Asu River Group is the oldest sedi-
ment (Albian in age), is composed of shales, localized sandstone, siltstones and limestone [23],
Other formations are the Keana, Awe, Ezeaku, Awgu and Lafia Formations (Figure 2). The
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stratigraphic successions in the Benue Trough and the Nigerian sector of the Chad Basin are
presented in Table 1.
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Figure 2. Geologic map of the study area

Table 1. Stratigraphic successions in the Benue Trough and the Nigerian sector of the Chad Basin
(Adapted from [241)
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3. Materials and method
3.1. Data

The high-resolution aeromagnetic data used for the present study are part of the digital
airborne magnetic data acquired between the years 2005 - 2009. The maps were digitized
along flight lines with a spacing of 500m and 80m terrain clearance. The acquisition of the
data for the study area was done by Fugro Airborne Surveys with the processing and initial
interpretations of the data carried out by Paterson, Grant & Watson Limited (PGW). Part of
the nationwide grid for the entire study area was made available in Geosoft .xyz format by
the Nigerian Geological Survey Agency (NGSA).

The high-resolution aeromagnetic survey for most of the Benue Trough was flown along
the NW - SE direction (i.e. perpendicular to the axis of the basin). The geomagnetic gradient
was removed from the data using the International Geomagnetic Reference Field (IGRF) for-
mula.,2005. In the present study the interpretation of the digital aeromagnetic data was car-
ried out using the Oasis Montaj Software package. The total magnetic intensity map of the
study area was generated by merging the sixteen (16) different aeromagnetic data sheets.
The merged aeromagnetic sheet was divided into 32 overlapping sections using a 27.5km x
27.5km spectral window. Regional-Residual separation was carried out using polynomial fit-
ting. Multi-regression least square analysis was used to remove the regional gradient by fitting
a plane surface to the data. The expression obtained for the regional field across the study is
T(R) was given as
T(R) = 7612.158 + 0.371x - 0.248y (1)

where x and y are units of spacing of the magnetized data. The regional field values were
subtracted from the observed data to obtain the residual magnetic values.

3.2. Method
3.2.1. Spectral analysis

Spectral analysis was employed in the present study to estimate magnetic basement depths
across the study area. Spectral inversion typically aids in the estimation of the depths to the
magnetic basement and shallow anomalous magnetic bodies [25-271, The technique involves
applying Fourier transform to digitized aeromagnetic data to estimate the energy/amplitude
spectrum which is later plotted on a logarithmic scale against frequency thus giving line seg-
ments which decreases in slope with increasing frequency. This decrease in slope shows the
depth to the magnetic sources [28],

Therefore, given a residual magnetic anomaly map of dimension LxL dimensions digitized
at equal intervals, the residual intervals, and total intensity anomaly values can be expressed
in terms of double Fourier series expansion which is given by:

T(x,y) = Zhoy Ty Picos () (nx + my) + Qiysin [(5F) (nx + my)| (2)
Where L is the dimension of the spectral block;, P"m and Q"m are Fourier amplitude and N, M
are the number of grid points along the x and y directions respectively.

Equation (2) can be combined into a single partial wave to give:

Prcos [(ZTH) (nx + my)] + Q) sin [(ZT”) (nx + my)] = Clcos [(ZTH) (nx + my)] — &7 (3)
where  (PR)? + (Qh)* = (CR)? (4)
and 67, is the appropriate phase angle.

Each(Cl}) is the amplitude of the partial wave. The frequency of this wave is given byE!! =
vn? + m? and is called the frequency of the wave. Similarly, using the complex form, the two-
dimensional Fourier transform pair may be written as shown in equation 5&6 [251:

GU,V) = [7, g(x,y)e /O dxdy (5)
9@y) =[50, 1, GU, Ve T+ dxdy (6)
where u and v are the angular frequencies in the x and y directions respectively.
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However, this technique is associated with some technical challenges. Some inherent prob-
lems in the application of the Discrete Fourier Transform (DFT) includes the phenomenon of
aliasing, truncation effect or Gibb’s phenomenon and the problem associated with even and
odd symmetries of the real and imaginary parts of the Fourier transform. Kearey et al. [3],
stated that aliasing can be overcome by having the sampling frequency of the digitized mag-
netic field interval to be at least twice as high as the highest frequency component present in
the sampled function. The truncation effect can be reduced by applying a cosine taper to the
observed data before Fourier Transform. In this study, the software used in the analysis took
into consideration these effects and resolved the stated challenges.

4. Results and discussion

Total Magnetic Intensity Map (TMI) of the study area was generated from the aeromagnetic
data using the Oasis Montaj Software version 8.4HJ] version. The TMI exhibits the effects of
the underneath basement as well as the effects of near surface structures within the study
area. Figure 3 which is the TMI map of the study area shows the magnetic intensity values
ranging from -89.5 nT -112.0 nT. The study area is characterized by low magnetic intensity
values ranging from -89.5 nT to -22.9 nT and high magnetic intensity values ranging from
91.9nT -112.0 nT.
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Figure 3. Total Magnetic Intensity (TMI) image of the study area

Several clusters of magnetic closures were observed in the study area which were generally
circular and with the NE-SW trends representing intrusive bodies in the area were mapped on
the total field map. The several clusters of circular magnetic anomaly closures with very de-
fined trends and amplitudes which occur in parts of the study area revealed edges of mafic/ul-
tramafic intrusive bodies [51. Across the study area, sections having high magnetic intensities
(pink colour) and low (blue colour) magnetic intensity values are spatially displayed on the
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map. This spatial variation may be because of several factors which include magnetic suscep-
tibility difference, depth variation, extent of strike and change in lithology. The circular clo-
sures mapped out in the study area are areas of basic intrusive and are often associated with
ore bodies. Magnetic highs were observed around Ankpa, Oturkpo, Markudi while magnetic
lows were observed around Ejekwa, Ogoja, Gboko, Katsina-ala.

4.1. Reduction to equator

Reduction to equator is usually employed in the low magnetic latitudes to place the peaks
of magnetic anomalies over their sources and resolve problems associated with low latitude
magnetic data. In low-latitude areas, pole reduction is difficult since some bodies have no
detectable magnetic anomaly at zero magnetic inclination [2°1, This enhancement becomes
vital in other to correct for the effect of latitude and realign the anomalies to have their peaks
symmetrically centered over their corresponding sources since the study area is located within
the magnetic low latitude area. The RTE map of the study area is characterized by high, me-
dium and low magnetic anomalies depicted by red, green and blue colors respectively. Figure 4
showed the RTE (inverted image) which appears to be a better enhancement image. The RTE map
showed positive magnetic intensity values as high as 584.439 nT which dominated the western
and southeastern parts of the study. However, towards the northeastern and northwestern
portions, it is characterized by low magnetic intensity values of -406.877 nT (marked by bluish
to green colours). In a low latitude magnetic region specifically below the equator, which the
study area falls into, a low magnetic peak value represents typical anomalous signatures.
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Figure 4. RTE_inverted image of the study area

The first-degree residual is shown in Figure 5. Very low residual magnetic intensity values
ranging from -79.8 to -16.5nT were observed around Katsina- ala, Ndeaboh, Abakiliki, Ejekwe,
Ogoja, Gboko. These areas coincided with the areas underlain by the Asu River Group, Eze
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Aku Group, Biotite Granite. These areas of low residual magnetic intensities can be qualita-
tively interpreted as zones of low magnetization, which implies the non-existence of underlying
shallow to near surface magnetized bodies. The major magnetic highs in the study area were
however observed around Oturkpo, Nkalagu and Markudi areas and coincided with the under-
lying Nkporo and Eze Aku Groups. These areas are depicted with purple coloration and have
residual magnetic intensity values between 37.5 to 66.0nT. These areas of high residual mag-
netic intensities can therefore be qualitatively interpreted as zones of high magnetization,
which may indicate the existence of underlying shallow to near surface magnetized bodies.
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Figure 5. First Residual magnetic intensity map of the study area

The lineaments extracted across the study area from ASTER images revealed two groups
of linear features trending in the NE-SW, NW-SE directions with the prevalent structural trends
being in the NE-SW direction. This agrees with the findings of [39], that areas affected by the
Pan African Orogeny are characterized by NNW-SSE to NNE-SSW trending structures with
varying degrees of intrusive bodies, while the lower Cretaceous area of Nigeria are character-
ized by NE-SW oriented shear zones and fractures controlled by volcanism. The interpreted
lineaments of the study area are presented as a lineament map (Figure 6 & 7). The study area
shows that more lineament traces were identified in areas where basement outcrops are closer
to the surface. The lineament trends were observed to have corresponded to the positions and
directions of the paleo-toceanic fracture zones within the study area, which includes the St
Paul’s and Romanche Fracture Zones. Lineaments with longer lateral extension revealed
trends in the NE-SW, which indicates the direction of the last regional tectonic phase.

The lineaments in the study area were observed to cross-cut each other while some run
parallel to each other thus representing cross conjugate systems associated with wrench tec-
tonics. This implies that the faults and fractures are products of extensional, trans-tensional
and trans-pressional movements along oceanic fracture zones as African and South American
Plates separated [31-321, It thus revealed that these regions have undergone serious tectonic
activities associated with subsequent sedimentary and magnetic basement emplacement [33],
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Figure 7. Azimuth Frequency diagram of the lineaments

over the study area

the lineaments. The rose diagram
revealed lineament trend directions
of NE - SW, NW - SE, N-S and E -
W with the dominant structural
trend being in the NE - SW which

corresponds to the major lineament trend of the study area. The E-W, NW-SE, and N-S, reflect
the old and deeper tectonic trends, why the NE-SW trend reflects the younger tectonic events,
because the younger events are more pronounced and tends to obliterate the older events.
Spectral analysis was carried out using the USGS Potential Field software and Spectrum
module on Matlab 7.6. To determine the depths of the anomalous magnetic sources, the study
area was divided into 32 overlapping sections. The locations of these sections are computed
in Table 2. X1, .X2 give the limiting longitude values while Yi, Y2 give the limiting latitude
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values. Each of these sections covers a square area of about 27.5km x 27.5km of the data
sheet. The spectral plots presented as spectral energies versus frequency plots obtained
across the study area are shown in Figure 8. Each of these graphs presents two clear segments
due to deeper and shallower sources. The logarithm of the energy spectrum plot produces a
straight-line graph with a resultant slope which gives a value of 2z.
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Figure 8. Sample Spectral plots of the aeromagnetic data of the study area

The average depths to magnetic causative sources were estimated from the slopes of the
graphs to be D1 and D2 as shown in (Table 2). The depth (D) is the first depth segment(layer)
and corresponds to the shallow magnetic sources while the depth (D2) is the second depth
segment and corresponds to the magnetic basement. Figures 9 and 11 indicates contours of
D1 and D2 depths which gave the spatial variation of basement depth values across the study
area. Basin architecture and basement morphology of the study area were inferred through
the use of the 3 —-D contour maps of the shallow magnetic depth (D1) and the magnetic base-
ment depth map (D2) respectively as shown in figures 10 and 12. The depth to the first layer
(D1) in the study area varies from 0.135 km to 0.200 km with an average depth of 0.158 km
while second layer depth (D2) varies from 2.585 km to 4.878 km with the average depth of
3.415 km.
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Table 2. Depth to the Top of Basement (Sedimentary Thickness) of the study area estimated from spec-
tral analysis

S/N Spectral Longitude Latitude Depth(M)
Blocks X1 X2 Y1 Y2 D1 D2
1 BLK1 7930 8900 6000 6015 0.136 2.660
2 BLK?2 8900 8030 6000 6015 0.175 4.878
3 BLK3 8030 9000 6000 6015 0.135 2.585
4 BLK4 9000 90 30 6000 6015 0.177 4,135
5 BLKS5 7930 8900 6015 6° 30 0.136 2.616
6 BLK6 8000 8030 6015 6930 0.177 4.380
7 BLK7 8030 9000 6015 6930 0.177 4.308
8 BLK 8 9000 9030 6015 6° 30 0.136 2.770
9 BLK9 7930 8900 6030 6045 0.175 3.400
10 BLK10 8900 8030 6030 6045 0.136 2.657
11 BLK11 8030 9900 6030 6045 0.136 2.812
12 BLK12 9000 90 30 6030 6045 0.135 2.784
13 BLK13 7930 80900 6045 7900 0.138 3.000
14 BLK14 8200 8030 6045 70900 0.136 2.851
15 BLK15 8030 9000 6045 7900 0.136 4.653
16 BLK16 9000 9030 6045 7900 0.136 2.871
17 BLK17 7930 8000 7900 7915 0.176 3.626
18 BLK18 8900 8030 7900 7015 0.177 3.526
19 BLK19 8030 9000 7900 7015 0.136 2.655
20 BLK20 9000 90 30 7900 70915 0.200 2.618
21 BLK21 7930 80200 7015 7930 0.175 3.325
22 BLK22 8200 8030 7015 7030 0.177 4.426
23 BLK23 8030 9000 7015 7930 0.136 2.756
24 BLK24 9000 90 30 7015 7930 0.136 2.934
25 BLK 25 7930 8900 7930 7045 0.176 3.513
26 BLK 26 8900 8030 7930 7045 0.177 4.255
27 BLK 27 8030 9900 7930 7045 0.177 3.620
28 BLK 28 9000 90 30 7930 7045 0.136 3.022
29 BLK 29 7930 80900 7045 8000 0.176 3.968
30 BLK 30 80900 8030 7045 8000 0.180 4.802
31 BLK 31 8030 9000 7045 8900 0.176 4.020
32 BLK 32 9000 9030 7045 8900 0.177 2.865
Average 0.158 3.415

This result therefore indicates that the average basement depth of the study area obtained
from spectral analysis is 3.415km. The depth to the shallow causative magnetic sources may
probably be because of tectonic activities that gave rise to basement rocks intruding into the
sedimentary formation. The deeper magnetic sources may be characterized by lateral inver-
sion and basement structural deformations for example faults and fractures [2:6:12:34,35]1 The
3D surface plot (Figure 10) clearly shows that the area is generally flat except the points
indicated by blue colour from the colour legend bar. The 3D depth to basement view (Figure 12)
shows also that the blue colour is the deepest point as indicated by the colour legend bar.

The thickest sedimentary cover occurred at the northern part of the map. The 3-D map
shown in Figure 12, thus revealed the basement morphology and the host of the sedimentary
fills. It is therefore advisable to undertake hydrocarbon exploration in the northern part of the
study area.
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Figure 9. Contour map of the Depth to shallower anomalies (D1)

Figure 10. 3D view of the shallow depth of the area
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Figure 11. Contour map of the Depth to deeper anomalies (D2)

Figure 12. 3D view of the deeper depth (depth to basement or sedimentary thickness) of the study
area
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4.2. Discussion

The results of the spectral depth determined in the present study agree with the results of
some previous researchers that had worked within the area of study. Igwesi and Umego [11],
analyzed aeromagnetic data of some parts of Lower Benue Trough using spectral analysis
technique to calculate the average depth of causative magnetic sources. The result for the
basement depth of the deeper magnetic sources vary between 1.16 km and 6.13 km with an
average depth of 3.03 km while, the shallow depth varies between 0.06 km and 0.37 km
having an average depth of 0.22 km. This indicates that magnetic intrusive bodies are present
within the sediments. Onwuemesi [36] using spectral analysis determined the sedimentary
thickness of the Anambra basin to be vary from 0.9km and 5.6km. Nur [37]1 analyzed the
sediment thickness over Yola arm of the Benue Trough, which ranges between 1500m to 2219
m for deeper source and range from 330m to 414m for shallow source. Alagbe and Sunmonu
[38] obtained using spectral analysis values for depth to magnetic basement ranging from
1.22km and 3.45km while the depth for shallow sources ranges from 0.01km and 1.49km.
Umeanoh et al. [3°1 deduced from spectral analysis the depth to magnetic sources which vary
between 3.472 km to 6.972 km for the deeper sources, with average thickness of 5.010 km
and 1.177 km to 1.834 km for the shallower sources, with an average of 1.047 km.

5. Conclusion and recommendation

Spectral analysis was employed on high resolution aeromagnetic data of parts of the Benue
trough with the purpose of estimating the depth to magnetic sources in the study area. The
result of the 2-D spectral analysis of the study area has effectively revealed a two-layer depth
model. The depth to the first layer (D1) in the study area varies from 0.135 km to 0.200 km
with an average depth of 0.158 km while second layer depth (D2) varies from 2.585 km to
4.878 km with the average depth of 3.415 km. This result therefore indicates that the average
basement depth of the study area as inferred from spectral analysis is about 3.415km. The
depth to the shallow causative magnetic sources may probably be as a result of tectonic ac-
tivities that gave rise to basement rocks intruding into the sedimentary formation. The deeper
magnetic sources may be characterized to lateral inversion and basement structural defor-
mations for example faults and fractures [6:12:28,34,40]1 The northern part is the most advisable
area to undertake hydrocarbon exploration since the area has a sedimentary thickness range
of 2.585 km to 4.878km and an average sedimentary thickness of 3.415 km thus making the
area thick enough for thermal maturation of the available source rocks.
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