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ABSTRACT ARTICLE HISTORY
The Middle Benue Trough (MBT) in Northcentral Nigeria is a geo- Received 18 January 2024
logically significant area with vast mineral resource potential. Accepted 1 April 2024

Employing airborne magnetic and radiometric data, this study uti-
lized the Centre for Exploration Targeting on enhanced total mag-
netic intensity data to reveal geologic structures, lithological units data; geologic structures;
and mineralization zones. Lineaments predominantly trended in centre for exploration ’
NE-SW direction, with noteworthy orientations in NNE-SSW and targeting; Middle Benue
E-W. Radiometric anomalies correlated with distinct lithological Trough

units, pinpointing granitic gneiss, alluvium, shale, siltstone and

sandstone. A magnetically concentrated and potassium-rich area

indicated potential polymetalliccmagnetic mineralization. The 2D

model illustrated igneous intrusions influencing prevalent geo-

logic structures, such as sediment baking and doming. Thorough

analysis, including source parameter imaging, standard Euler

deconvolution and 2D forward modelling, revealed sediment

thicknesses below 1500 m. This research enhances understanding

of the MBT's geological features, offering valuable insights for

mineral exploration and resource assessment in the region.

KEYWORDS
Magnetic data; radiometric

Introduction

The development of the Nigerian Benue Trough and Basement Complexes were viewed in
the light of global tectonic and tectonothermal events respectively (Burk and Dewey
1974). Over time, geologic structures in the Precambrian regions were triggered by the
younger granites (Woakes et al. 1987). Likewise, the Cretaceous Benue Trough was mas-
sively invaded by the Santonian-Recent basic and intermediate igneous intrusions
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(Benkhelil 1987; Ekwok et al. 2019). These tectonic events caused to the creation of differ-
ent geologic structures, chemical processes and hydrothermal alterations of the host rocks.
Several researchers have investigated the metallogeny of the Nigerian basement (Orajaka
1973; Olade 1980; Woakes et al. 1987; Haruna 2017), the occurrence of coal, limestones,
ironstones (Oladapo and Adeoye-Oladapo 2011; Ene et al. 2012) and the coexistence of
brine fields alongside barite veins and lead-zinc (Uma 1998) in the Benue Trough. The
mineral belts are linked to deeply buried geologic structures possibly extending down to
the upper mantle (Haruna 2017). The geologic structures serve as pathway for hydrother-
mal fluid (rich in gold, copper, lead and zinc) movement and deposition (Dill et al. 2010,
2013; Mineral Resources of the Western US 2017). The application of potential field
methods and improved edge detection procedures in an integrated programs have been
effective in the delineation of buried geologic structures and location of new zones of
mineralisation (Woakes et al. 1987).

The Middle Benue Trough, situated in Northcentral Nigeria, represents a region of
huge geological significance with the potential for diverse mineral resources (Adekeye and
Yakubu 2016). The Middle Benue Trough (MBT) which is a segment of the larger Benue
Trough, is a major sedimentary basin resulting from the separation of the West African
and Congo Cratons during the Mesozoic era (Reyment 1965; Ugwu et al. 2015; Osuji
et al. 2018). The rift basin has a complex tectonic history, making it a favourable environ-
ment for the formation of various rift mineral deposits, including metallic ores and indus-
trial minerals (Obaje 2009; Carruth 2011; Akpan et al. 2014; Adeyemo et al. 2018).
Mineral explorations in the MBT involving ground geophysical surveys, geological field
mapping, geochemical sampling and drilling, have been stalled by numerous challenges,
like high costs, low spatial coverage due to remote and rugged terrains, thick sedimentary
cover, complex structural framework and the lack of comprehensive geological informa-
tion (Obaje 2009; McClenaghan 2017; Adeyemo et al. 2018; Mihalasky et al. 2018).
Presently, airborne geophysical surveys have gained prominence as effective tools for min-
eral exploration due to their ability to rapidly cover large areas and provide valuable
information about subsurface geology (Dentith and Mudge 2014; McClenaghan 2017;
Mihalasky et al. 2018; Araujo et al. 2019).

The Nigerian Geological Survey Agency has been in charge of large-scale acquisition of
airborne geophysical data and geological mapping. These data provide a valuable base for
further detailed geoscience investigations. Delineation of prominent and subtler geologic
structures is possible because of the availability of improved filters as well as high speed
and robust computer program (Elkhateeb and Eldosouky 2016; Oha et al. 2016). Airborne
geophysical techniques (mostly magnetic and radiometric surveys) have emerged as valued
tools for regional-scale mineral assessment (Nabighian 1972; Dentith and Mudge 2014;
McClenaghan 2017; Ebbing et al. 2019; Reid et al. 2019). The blend of magnetic and
radiometric methods offers significant advantages in mineral exploration (Adekeye and
Yakubu 2016; Ayodele et al. 2018; Blinman et al. 2018; Marshall 2021). These methods
permit multidimensional interpretation, providing vital information about lithological dis-
parities, structural controls and probable mineralization targets in different geological set-
tings (Dare et al. 2017; McClenaghan 2017; Blinman et al. 2018; Arora et al. 2019;
Marshall 2021). On the whole, the exploration of mineral resources in the MBT has been
significantly advanced by the application of potential field and radiometric surveys. For
instance, aeromagnetic data have been used to identify potential areas rich in ferrous min-
erals, map heavy mineral concentrations (like copper, lead and zinc) and assess the uran-
ium potential (Kasidi and Ndatuwong 2017; Anudu et al. 2020; Emeka and Usman 2020;
Salawu et al. 2020).
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Magnetic and radiometric techniques have been carried out by geoscientists to define
hydrothermal alteration zones and regions characterized by magnetic and gamma-ray sig-
natures (Ekwok, Akpan, and Kudamnya 2020). The investigation of anomalies that are
associated with polymetallic and Copper-Uranium mineralization have been done (eg
Geological Survey of Canada 1992; Shives et al. 1995; Boadi et al. 2013). However, poly-
metallic minerals were observed in zones with the highest coincident of potassium and
magnetic strength (Boadi et al. 2013; Dill et al. 2013; Ekwok, Akpan, and Kudamnya
2020). Studies by Shives et al. (1995) involving magnetic, radiometric and VLF-EM tech-
niques to investigate polymetallic-magmatic hydrothermal deposits at Lou Lake revealed
the occurrence of lead, zinc, copper, silver and gold. Additionally, a variety of volcanically
associated gold, massive sulphide and base metals are often connected to potassium altera-
tions in the form of sericite (Shives et al. 1997). Alterations related to potassium feldspar
in volcanic zones are usually associated with massive sulphide, base metal, gold and sev-
eral other kinds of deposits that are shear-hosted (Offler and Whitford 1992).

The aeromagnetic method is a useful tool for detecting anomalous geological struc-
tures, as well as mapping the regional geology of the basement (Beckett 2003; Ekwok
et al. 2019; Ekwok, Akpan, Ebong, and Ece 2021; Ekwok, Akpan and Ebong 2021).
Furthermore, the magnetic method is often employed in mineral explorations (Ekwok,
Akpan, and Kudamnya 2020), the outlining of regional surficial geologic boundaries and
mapping of geologic structures (Ekwok et al. 2019; Ekwok, Akpan, Kudamnya, and Ebong
2020; Ekwok, Akpan, Achadu, et al. 2021; Ekwok, Akpan and Ebong 2021; Ekwok,
Achadu, et al, 2022; Ekwok, Akpan, Achadu, and Ulem, 2022; Ekwok, Eldosouky,
Achadu, et al. 2022). It can be engaged in archaeological studies, geothermal exploration
(Ben et al. 2022, 2023; Abdelrahman et al. 2023; Alfaifi et al. 2023), reconnaissance hydro-
carbon investigations (Telford et al. 1990), detection of unexploded ordnance (UXO),
(Essa and Elhussein 2018) among others. Over time, there has been a tremendous upgrad-
ing in the many procedures for filtering, modelling and interpretation of magnetic data.
Yet, the solution is unstable and non-unique because of the inverse problem that is often
related to magnetic data (Essa and Elhussein 2017). However, having sufficient geological
knowledge and applying the right advanced techniques for data reduction, enhancement,
modelling and interpretation, dependable can generate a dependable solution (Essa and
Elhussein 2018).

Gamma-ray surveys, which have previously helped identify uranium, thorium and
potassium (Shives et al. 1997), can be used in multi-element studies (Ekwok, Eldosouky,
Ben, et al. 2022; Eldosouky et al. 2022, 2023; Ekwok et al. 2023). Additionally, the method
can be used to investigate natural and man-made radionuclides and enhance geological
characterizations, especially in regions with complex geology (Lee et al. 2001;
Abdelrahman et al. 2006). Likewise, it can be useful in environmental monitoring pro-
grams (Shives et al. 1997; Lee et al. 2001; Paoletti and Pinto 2004). Nevertheless, a thor-
ough knowledge of geochemistry, petrology, bedrock and surficial geology, plus
complementary geophysical technique(s), is required for the proper interpretation of
gamma-ray spectrometric anomalies (Shives et al. 1997).

In this research, airborne magnetic and radiometric data collected over the MBT were
employed. This study provides an extensive analysis of the application of Centre for
Exploration Targeting (CET) on enhanced magnetic data involving filters like ASIG, FVD,
TAD and THD. As well, image analysis was applied to the radiometric data while the SPI,
SED and 2D modelling were applied to the magnetic data. These procedures have aided
the delineation of geologic structures, mapping of areas with coextensive high
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magnetization and potassium concentration, generation of important information on the
lithology and locations of radioactive minerals.

Location and geology of Middle Benue Trough

The MBT, a subset of the larger Benue Trough, is a key geological basin located in the
central part of Nigeria. The study area (Figure 1) has a complex geological history charac-
terized by tectonic events, sedimentary deposition and structural development (Reyment
1965).
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Figure 1. Geologic map of the study area.
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The tectonic history of the MBT is basically connected to the rifting of the African
Plate in the Cretaceous period (Ajayi 1976). This rift phase led to the creation of a gra-
ben-like structure, which later evolved into a passive margin in the Cretaceous, marked
by sedimentary buildup in lacustrine, fluvial and deltaic environments (Obaje 2009).
Subsequent tectonic phases involved compression in the Neogene, resulting in numerous
faults, folds and unconformities in the MBT (Ajayi et al. 2008). These structures have a
significant influence on the distribution of mineral resources within the trough, including
limestone, gypsum and lead-zinc deposits (Okunlola et al. 2015).

Stratigraphically, the MBT comprises an assorted series of sedimentary rocks like shale,
sandstone, limestone and conglomerates, which represent diverse geological epochs and
environmental settings (Reyment 1965). The lowermost units comprise basement rocks,
primarily composed of Precambrian gneisses, schists and granite (Reyment 1965).
Overlying these are sedimentary sequences of the Cretaceous and Neogene periods, exhib-
iting disparities in lithology and fossil content (Ajakaiye 1976).

Data acquisition and method

The reduced magnetic and radiometric datasets used in this study were acquired by Fugro
Airborne Services, Canada, from 2005 to 2010. These data were measured using the Flux-
Adjusting Surface Data Assimilation System with tie line space of 500 m, flight-line space
of 100 m and terrain clearance ranging from 80 to 100 m.

Aero-radiometric studies are founded on the measurement of gamma rays caused by
the decay of natural potassium (K), thorium (Th) and uranium (U) in near-surface soil/
rock (Ranjbar et al. 2001). An assimilated system with components of an Advanced
Digital Spectrometer (ADS model RS-500) for every crystal in the detector box was fixed
on a Cessna Caravan fixed-wing aircraft. The ADS which is a high-resolution (1024 chan-
nel) gamma spectrometer, was used for measurement at mean terrain clearance of 80 m.
Studies by Wemegah et al. (2015) and others have shown that gamma-rays are immensely
reduced with depth as most of the radiations emanate from near the surface of the Earth,
with about 90% of the acquired gamma-rays originating from the overburden materials
(30-45cm) with a density of 1.5g/cm’. Also, relative radiometric correction was applied
to diminish atmospheric and other unanticipated disparities amongst numerous images
by altering the radiometric properties of target imageries to suit the base image. The mag-
netic and radiometric datasets used in the study were obtained from the Nigerian
Geological Survey Agency.

In this study, enhancement operations enhancement techniques like the ASIG, FVD,
TAD and THD, were applied to the total magnetic intensity data (Figure 2). The magnetic
data was filtered by applying procedures that heighten the structures emanating from geo-
logic bodies (Milligan and Gunn 1997). The enhanced magnetic maps (Figure 3) were fur-
ther filtered using CET in order to generate structural maps.

Maximum responses directly over magnetic anomalies are produced using the ASIG
(Nabighian 1972, 1984). This method is widely used at low magnetic latitudes due to the
typical difficulty involved with the reduction-to-pole procedure. Roest et al. (1992) applied
three orthogonal derivatives of the magnetic data to describe the amplitude of the ASIG:

|ASIG | = (6—A>2+ oA 2+<6—A>2 (1)
e Ox Oy 0z

the measured magnetic data defined by A in Equation (1).
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Calculating the FVD in magnetic data filtering is similar to directly detecting the verti-
cal gradient with a magnetic gradiometer, magnifying shallow magnetic sources and
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enhancing the resolution of the magnetic bodies (Pal and Majumdar 2015). The nth
derivative is given as:

Flo) =" (2)

The TAD is less sensitive to noise than other filtering operations that apply higher-
order derivatives. It works as a marker for the borders of geologic structures that consti-
tute magnetic anomalies. The TAD is defined as the anomalies’ vertical derivative divided
by their horizontal derivative. The formula is as follows:

aZ_A
0=tan ' =22 3
T THD, )

The THD, which is well-defined as follows, is a widely employed edge detection filter

(Blakely 1995). The THD is mathematically defined as:

(aA)2 04\
%) ()
where & and %—}Tl are the two orthogonal horizontal-derivatives of the magnetic data, and
the magnetic anomaly is A.

The procedures involved in CET analysis comprise of structural complexity, lineation
detection, texture analysis and lineation vectorization processes. These programs can be
applied in a number of tasks, including grid texture analysis, edge detection, thresholding,
lineament recognition and detecting structurally complex areas (Kovesi 1991; Lam et al.

1992; Kovesi 1997) (Figure 4). The exhaustive trend detection menu was developed specif-
ically for the detection of borders in potential field data. Entropy and standard deviation

1
2

(4)

THD(X,),) ==

CET
Grid
analysis

!

Texture analysis
(Entropy/standard deviation)

v

Phase symmetry (Ridges/valleys)

\ 4

Amplitude thresholding

A 4

Skeletonization (line thinning)

\ 4

Skeleton of vector

Figure 4. The flow chart of the Cet algorithm applied to magnetic data.
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are two different procedures (ie ridges and edges in the texture) for approximating trends
that are built-in in this menu (Kovesi 1991; Lam et al. 1992; Kovesi 1997).

In the localized windows of a dataset, the entropy plugin provides a measurement of
the textural information. It quantifies the data into discrete bins in an attempt to define
the total number of discrete values that resulted from that quantization (Holden et al.
2008, 2010). This analysis is applied to define the statistical randomness of neighbourhood
data values. Allocated a definite number of bins, n, for a particular cell I in a k x k sized
neighbourhood, for a histogram and calculate the entropy as follows (Holden et al. 2008,
2010):

E=- Zpl lngi (5)
i=1

where the histogram of n bins has been normalized to produce the probability p.

The standard deviation offers an estimate of the local data discrepancy. For each grid
cell, the standard deviation of the nearby data values is determined. When compared to
the background signal, important features often display great fluctuation. For a window
with N cells and a mean value of i, the standard deviation of & of the cell values xi is:

(6)

The SPI characteristically creates the outputs of imageries from which depth to mag-
netic bodies can be observed (Smith et al. 1998). Based on Smith et al. (1998), this tech-
nique analyses the qualities of the analytic signal and second vertical-derivative responses.
The analysis can offer an appropriate geologic model and unlike the SED (Smith et al
1998), the depth approximation is not dependent on any assumptions made on the geo-
logic model. Also, it is unnecessary to subject the input grid to a reduction-to-pole pro-
cedure as the estimated depth values are non-reliant on the angle of the inclination and
declination of the magnetic field. When one has a full understanding of the geology of
the study location, magnetic data analysis becomes remarkably simpler (Thurston and
Smith 1997). The wavelength of the ASIG is characteristically where the SPI approxima-
tions of depth come from. The ASIG based on Nabighian (1972), A(x, z) is given as:

OM(x,z) . OM(x,z)

Alne) = i,

j is the imaginary number, x and z are Cartesian coordinates for the horizontal and the
vertical directions perpendicular to the strike, respectively, and M(x, z) is the magnitude
of the anomalous total magnetic field,.

The Euler homogeneity equation provides apparent depth to the magnetic bodies. This
technique connects the magnetic field and its gradient components to the location of the
magnetic anomaly, with the degree of homogeneity described as a structural index (SI).
The Euler’s homogeneity equation for magnetic data can be stated as:

oT oT oT

(x—xo)a—i—(y—yo)a—y(z—zo)gzN(B—T) (8)

(7)

where (%o, Vo, Zo) is the location of the magnetic source whose total field (T) is observed
at (x, y, z). N, a measurement of the magnetic field fall-off rate, can be taken to be the SI,
and B is the local magnetic field. The method involves selecting a suitable SI value and
determining the equation for the best xo, yo, zg and B by means of least-square inversion.



GEOCARTO INTERNATIONAL 9

Furthermore, a square window size that describes the number of gridded data cells to be
applied in the inversion at each chosen solution must be provided.

Two-dimensional (2-D) forward modelling using the GM-SYS tool of Oasis Montaj
was employed to evaluate sediment thicknesses, map tectonic structures and basement
topography. The forward modelling technique requires making a hypothetical geologic
model and computing the magnetic responses centred on Talwani and Hiertzler (1964)
and Talwani et al. (1959) and using the algorithms defined by Won and Bevis (1987). The
gridded database for modelling was obtained from two N-S oriented profiles on the mag-
netic gridded data (Figure 2). The profile locations which ran perpendicular to the mag-
netic sources with E-W orientation, were determined after magnetic enhancement maps
(Figure 3) were generated.

The radiometric data analysis involves correcting the raw data for any distortions or
biases. This includes adjustments for atmospheric effects, sensor noise and angle of inci-
dence. To eliminate any apparent residual errors concomitant with the airborne radiomet-
ric data, the grid and image tool in Geosoft® software was used and the total count
images were generated after micro-levelling the whole dataset. Generally, the total count
represents the sum of all detected radiation over a specific period or area and can indicate
the presence of certain materials like uranium, potassium or thorium in geological sur-
veys. Converting radiometric measurements into actionable information often involves
comparing observed data to known standards or models. Analysing the variability and
distribution of total counts (like potassium, thorium or uranium) can provide insights
into the underlying processes that can be useful in estimating mineral concentrations.
Radiometric data are generally displayed as a map, with colours signifying sample values.
Usually, red areas in the maps show high gamma ray counts and the blue areas indicate
low counts. A different way to display radiometric data is to join three datasets on the
one picture using a red-green-blue ternary ratio. Unlike the other airborne geophysical
methods, there are no mathematical models that will permit us to compute the theoretical
radiometric response of a specific source (Grasty 1979). Interpretation of radiometric data
is, hence, more like interpreting the results of a conventional geological survey. It is gen-
erally necessary to relate the results of geological and/or geochemical sampling with, for
example, the colour patterns in a radiometric ternary map to attain a full understanding
of the consequences of the map. Nevertheless, an understanding of how radiometric sur-
veys can be employed to exploration problems needs us to consider the geological sources
of radioactivity.

Results
Interpretation of short wavelength and CET maps

In order to evaluate near surface geologic features, great emphasis was laid on enhancing
short wavelength anomalies of the total magnetic intensity data. Figure 3 revealed com-
plex geological structures (represented by densely packed red to pink colour) situated at
the northern, northwestern and southwestern flanks of the study area. The rocks within
these segments of the study area are rich in magnetite and are considered to be respon-
sible for the high magnetisation. These observed short wavelength structures are caused
by near surface igneous intrusions and are usually related to rift mineralization (Ekwok
et al. 2019). Also, the maps (Figure 3) delineated shallow and intra-basin structures (rep-
resented by yellow to red colour) that trend in the NE-SW direction. Associated with the
observed anomalies are some deeper and broader structures (represented by blue colour).
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These observations validate previous findings of the existence of an axial structure (attrib-
uted to the joint effects of igneous intrusions and shallow basement) bordered by elon-
gated sedimentary troughs in the Benue Trough (Ofoegbu 1983, 1984a, 1984b; Ofoegbu
and Mohan 1990; Ofoegbu and Onuoha 1991).

The CET lineation maps (Figure 5(a-d)) resulting from the ASIG, FVD, TAD and
THD data (Figure 3(a-d)) were respectively used to produce the geologic structural maps.
The analysis eventually resulted in the generation of comprehensive structural maps,
which are very valuable for mineral investigations. The CET lineation map (Figure 5(a))
obtained from the ASIG magnetic grid (Figure 3(a)) displayed a predominant NE-SW
structural trend with minor NNE-SSW orientation of lineation. Figure 5(b) displays the
geologic structural map of the CET applied on the FVD grid (Figure 3(b)). The structural
orientation within the study location trends generally in the NE-SW direction with minor
E-W orientation. In addition, the application of the CET on the TAD (Figure 3(c)), shows
major and minor geologic structural trends of NE-SW and NNE-SSW and E-W (Figure
5(c)), respectively. Likewise, the CET-generated structural map (Figure 5(d)) from the
THD grid (Figure 3(d)) indicates major and minor trends in NE-SW and E-W directions,
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respectively. In general, an oval-shaped geologic structure situated towards the eastern
end of the investigated area was mapped by the CET-generated structural maps from the
ASIG, FVD and THD grids (Figure 5(a,b, d)). This is suspected to be post-depositional
igneous intrusions in the MBT (Ofoegbu 1984a; Ofoegbu and Mohan 1990; Ofoegbu and
Onuoha 1991) that are cylindrically shaped. The placement of this structure in this study
area matches the placement of an anticline on the geologic map (Figure 1). In general,
the leading geologic structural orientation of NE-SW revealed by the rose petals
(Figure 6) denotes the regional strike direction reported by previous studies (Ekwok,
Achadu, et al, 2022; Ekwok, Akpan, Achadu, and Ulem, 2022; Ekwok, Eldosouky,
Achadu, et al. 2022). The rifting of the African Plate in the Cretaceous (Ajayi 1976; Ajayi
et al. 2008) initiated the dominant NE-SW regional structural trend (Nwankwo and Ekine
2009) that is detected. The observed clusters and complex pattern of the structural maps
(Figure 5) reflect polyphase distortions of the MBT triggered by post-depositional tectonic
activities in the Neogene (Ofoegbu 1984a; Ofoegbu and Mohan 1990; Ofoegbu and
Onuoha 1991). These igneous-related distortions in the MBT have created different geo-
logic structures, like folds, faults, unconformities and shear zones, which have influenced
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Figure 6. Rose diagrams of CET generated structural maps from (a) analytic signal, (b) first vertical derivative, (c) tilt
angle derivative and (d) total horizontal derivative.
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the geometry of the rocks (Ajibade et al., 1987; Ekwok, Achadu, et al., 2022; Ekwok,
Akpan, Achadu, and Ulem, 2022).

Interpretation of radiometric maps

Gamma-rays released from the surface of the Earth relate with the mineralogy and geo-
chemistry of soils, saprolite, colluvial and alluvial sediments (Boadi et al. 2013). Suitable
knowledge of the responses from regolith and bedrock has proven to be invaluable in
understanding geomorphic processes and mapping regoliths (Wilford et al. 1997). The
distribution and concentration of radioelements are commonly altered by weathering
(Ekwok, Akpan, Achadu, et al. 2021).

The potassium map (Figure 7(a)) displays diverse potassium concentration levels that
coincide with various lithological units and variations in the research area. The main
source of potassium radiation is granite, or felsic igneous rock, which is rich in potash
feldspars (Gunn et al. 1997). Basalts and andesite, or mafic rocks, have modest concentra-
tions of K (Gunn et al. 1997). Also, alterations in the rock may cause an increase in
potassium concentrations (Wilford et al. 1997). Potassic clays (illite) being the only excep-
tion, K, which is extremely soluble in weathering conditions, degenerates with increased
weathering (Ramadass et al. 2015). The colours red-pink, orange-yellow and blue in
Figure 7(a) indicate high, intermediate and low potassium intensities, respectively. The
high concentration (red-pink colour) is thought to have emanated from shales, illite and
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Figure 7. Gamma spectrometric maps for (a) potassium (K) concentration, (b) thorium (Th) concentration, uranium (U)

concentration and (d) ternary image.
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post-depositional igneous intrusions (like granite, pumice, obsidian, gneiss, pegmatite,
greisen, schist, hornfels, slate, etc.) in the Benue Trough (Ofoegbu and Mohan 1990;
Ofoegbu and Onuoha 1991). The low-concentration portions (blue colour) match with
the locations of basalts (since they are known to have low K concentrations) and areas
with chalky or peaty soils (Gunn et al. 1997). Potassium deficiency in sediments can also
be caused by low soil pH, high calcium concentration, extreme liming, or lack of soil oxy-
gen (Gunn et al. 1997). Low Th concentration (Figure 7(b)) dominantly occurred at the
central, northern and northeastern portions of the investigated area. These areas of low
Th concentration (blue colour) suggest lithologic borders, mafic minerals, altered patterns
in distinct rocks or shears and faults that hosted hydrothermal fluid that leached Th
(Boadi et al. 2013; Ekwok, Akpan, Achadu, et al. 2021). High Th concentrations are
detected in the southwest, southern and southeastern flanks, indicating the prevalence of
felsic minerals (Boadi et al. 2013). The high concentration of Th in the Benue Trough
was reported by Ekwok, Akpan, Achadu, et al. (2021) it is mostly caused by shale, allu-
vium and other highly weathered colluvial sediments deposited in the lowlands.

The high and low Uranium (U) (Figure 7(c)) geographical distribution closely
matches that observed in Figure 7(b). In terms of locating the granitoid rocks in the
investigated area, the map depicts good characterization. While the western and north-
western portions of the investigated area are dominated by an intermediate intensity
(orange-yellow) with some scanty high U content, the central, northern and northeast-
ern areas display low U concentration described with blue colour. High U content (red-
dish-pink) predominates in the southern and southeastern flanks. The hydrothermal
fluid linked to post-depositional granitic intrusions (Dill et al. 2010; Mineral Resources
of the Western US 2017) and associated rock alterations, oxides, residual clay and acces-
sory minerals (Wilford et al. 1997) that are believed to be the cause of this high U
content.

The colours red, green and blue, respectively, define the collective intensities of the
K, Th and U concentrations on the ternary map (Figure 7(d)). Figure 7(d) shows a rela-
tively good correlation with the geology of the study area (Figure 1). High K content is
revealed by the granitoids or mafic rocks (with associated hydrothermal solutions) in
the northern and northeastern segments of the investigated area. These rocks are
located in the vicinity where there exist lithologic boundaries, faults, fractures and other
locations where silicification and other hydrothermal alterations are intense (Boadi et al.
2013). A green zone (high Th concentration) dominates the southern and southeastern
parts, while the remaining portions of the area have an inconsistent distribution of K,
Th and U with no single radiometric element clearly dominating. The diffuse litho-
logical borders (Figure 7(a-c)) which are situated at the northwestern and southwestern
flanks (and represented by AA’ and BB’, respectively) of the area were very prominent
in the ternary map (Figure 7(d)). The northwestern border coincides with the location
of granitic gneiss boundary with migmatite, while southwestern frontier is relatively
near the boundary between alluvium and shale, siltstone or sandstone (and somewhat
nearby to the location of a stream channel (Figure 1)).

Interpretation of 2D magnetic models, SPI and SED maps

Models developed from the two profiles (Figure 2) are presented as Figures 8 and 9.
Figure 8 curve is centrally jagged representing igneous intrusions characterized by a sus-
ceptibility of 0.005501. This intrusion is flanked by Precambrian crustal blocks with sus-
ceptibility of 0.003701 (left) and 0.003051 (left). The somewhat serrated pattern of
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e
Figure 8. 2D magnetic model of profile 1.
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Figure 9. 2D magnetic model of profile 2.

Figure 9 curve has igneous with susceptibility of 0.00775. Other crustal blocks have sus-
ceptibility values of 0.00515, 0.0069, 0.0061 and 0.004451. The observed serrated nature of
Figure 9 is suspected to be influenced by tectonic event. The intrusions and Precambrian
basement are capped sediments generally less than 1500 m.

The SPI and SED procedures were applied to assess the spatial distribution of magnetic
bodies and their related depth. These techniques are suitable for outlining isolated as well
as multiple magnetic source geometries (Telford et al. 1990). The SPI (Figure 10(a)) depth
to shallow and deep magnetic bodies ranged from ~59.69 to ~145.35m (pink-yellow)
and ~145.35 to ~1414.33m (lemon green-blue), respectively. Likewise, the SED (Figure
10(b)) displays depth values of ~9.12 to ~216.66 m (blue-lemon green) and ~231.31 to
~1326.46m (yellow-pink) for shallow and deep magnetic bodies, respectively. The SPI
colour legend bar is defined by a negative sign indicating depth calculation from the sur-
face of the Earth downward (Thurston et al. 2000). The observed results (Figure 10), the
northwestern and the southeastern flanks are dominated by thin sedimentation. The
northwestern portion of the area is controlled by porphyritic granite and granitic gneiss
(Figure 1) while the southeastern portion is occupied by metasedimentary rocks. On the
whole, Figure 10 thick sedimentation exists around the central area and runs laterally in
the NE direction.
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Figure 10. Maps of (a) source parameter imaging and (b) standard Euler deconvolution.

Discussion

An integrated geophysical interpretation involving magnetic and radiometric data for
polymetallic-magmatic hydrothermal minerals have been carried out (Airo 2002;
Wemegah et al. 2015). Massive sulphide, base metals, shear-hosted gold and a lot of other
deposit sorts are normally connected with modifications relating to potassium feldspar in
volcanic regions (Offler and Whitford 1992; Dill et al. 2013). The MBT has witnessed
post-depositional tectonic episodes in the Neogene that generated several faults, folds and
unconformities (Ajayi et al. 2008). Also, these events created hydrothermal alteration
regions (Ekwok, Akpan, and Kudamnya 2020) and generated brine fields from igneous-
related hydrothermal fluid (Ekwok, Akpan, Achadu, Thompson, et al. 2022).

Recently, high precision edge detection methods like the tilt angle of total horizontal
gradient, the softsign function, and the improved logistic function were applied in the
Lower Benue Trough. Delineated geologic structures trend in the NE-SW, NW-SE,
NNE-SSW and NNW-SSE directions (Ekwok, Eldosouky, Ben, et al. 2022). Also, the ori-
entations of geologic structures mapped in the Southeast region of Nigeria indicated trend
in the NE-SW, NNE-SSW, N-S, E-W and NW-SE directions (Eldosouky et al. 2022).
Similarly, research by Ekwok, Achadu, et al. (2022) carried in the Obudu Basement
Plateau and Abakaliki Anticlinorium using both simulated and real data showed major
geologic structures trend of NW and NE, as well as minor NS directions. Recent research
in the Obudu Basement Complex involving the CET mapped geologic structures that
trend in the NE-SW, NNE-SSW, E-W and N-S directions (Ekwok et al. 2024). In add-
ition, the same study showed the dominant geologic structural orientations of NE-SW
and NNE-SSW reflect the regional strike orientation. Furthermore, the engagement of the
CET analysis has enabled the comprehensive delineation of geologic structures and the
mapping of favourable exploration targets in the MBT. The structural maps (Figure 5) of
CET obtained from ASIG, FVD, TAD and THD gridded data correlate strongly with each
other. The observed NE-SW dominant structural orientation (Figure 6) indicates the
regional strike trend of the Benue Trough which is interrelated to the Cretaceous rifting
of the African Plate (Ajayi 1976; Ajayi et al. 2008; Nwankwo and Ekine 2009). The exten-
sive post-depositional tectonic events in the Neogene (Ofoegbu 1984a; Ofoegbu and
Mohan 1990; Ofoegbu and Onuoha 1991) caused polyphase distortions and generation of
clusters and complex patterns of geologic structures (Figure 5). Hydrothermal and struc-
tural control associated with igneous intrusions are generally connected with mineraliza-
tion (Dill et al. 2013). It has been reported that polymetallic minerals including uranium,
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copper, gold, lead, zinc and brines in rift environments, such as the Benue Trough are
linked to deep-seated granite pluton (Gandhi et al. 1996; Mineral Resources of the
Western US 2017; Ekwok et al. 2019).

The spatial dissemination and placement of the radiometric anomalies from the potas-
sium, thorium and uranium concentrations correlate fairly with each other (Figure 7).
Figure 7(d) reveals noticeably the sub-geologic regions, high potassium and uranium con-
centrations plus the diffuse lithological boundaries positioned at the northwestern and
southwestern parts and marked as AA’ and BB’, respectively. The northwestern flank
coincides with the location of granitic gneiss dominated by migmatite, while the south-
western part is dominated by alluvium, shale, siltstone, or sandstone. On the whole,
hydrothermal rock modifications, felsic rocks and related minerals, the widespread shale,
oxides, residual clay and accessory minerals are the major sources of high potassium,
thorium and uranium concentrations detected in the investigated area.

Figure 11 connects the co-occurrence of high magnetization and potassium concentra-
tion between the analytic signal and the potassium and ternary maps. The region with
corresponding high magnetization and potassium concentration was noted using arrow
lines amongst the maps. Such regions with coexistent high potassium and magnetization
indicate a high potential for polymetallic-magnetic mineralization (Geological Survey of
Canada 1992; Schroeter 1995; Bierlein et al. 1996; Dill et al. 2013).

The MBT which is a fragment of the Benue Trough has been described as a region
that has experienced polyphase tectonic events (Cratchley and Jones 1965; Ofoegbu 1984a,
1984b; Ofoegbu and Mohan 1990; Ofoegbu and Onuoha 1991). From several published
investigations that applied different geophysical and depth estimation methods, depth sol-
utions within the Benue Trough were reported in the range of 1500-12,000m (Burke
et al. 1971; Ajayi 1976; Ofoegbu 1984a, 1984b; Reijers and Petters 1987; Ofoegbu and
Mohan 1990; Ekwok et al. 2019; etc.). The tilt depth method revealed depth to geological
contacts and basement in the range of ~500 to ~5000m in the Lower Benue Trough
(Eldosouky et al. 2022). Likewise, the depths of about 0-2100 m were observed in Ogoja
region dominated by Santonian intrusions related to the Abakaliki Anticlinorium (Ekwok,
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Figure 11. Placement of corresponding high magnetic magnetization and potassium/k/Th ratio concentration areas in
the (a) analytic signal and (b) potassium, (c) analytic signal and (d) k/Th ratio and (e) analytic signal and (f) ternary
maps.
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Eldosouky, Ben, et al. 2022). On the other hand, depth range of approximately 286 to
5974 m involving depth determination methods like source parameter imaging, standard
Euler deconvolution and 2D modelling in the Upper Benue Trough have been reported
(Ekwok, Achadu, et al, 2022). In the study area, the depth values observed from the 2D
models, SPI and SED (Figures 8, 9 and 10) which strongly correlate with each other, indi-
cate depth to basement of largely <1500 m. The observed thin sedimentation is caused by
the extensive occurrence of porphyritic granite, granitic gneiss and metasedimentary rocks
(Figure 1) (Ajayi 1976; Ajayi et al. 2008; Obaje 2009). Furthermore, the observed complex
geologic structures (Figure 5) are triggered by post-depositional intrusions mapped by the
2D models (Figures 8 and 9). These intrusions caused the baking, doming and fracturing
of the overlying sediments (Ekwok, Akpan, Kudamnya, and Ebong 2020). The igneous-
related hydrothermal fluids and associated dissolved minerals (like gold, copper, lead and
zinc) migrate and accumulate in these openings (Dill et al. 2010, 2013; Mineral Resources
of the Western US 2017).

Conclusion

In this study, the CET method was applied on the enhanced total magnetic intensity data
involving ASIG, FVD, TAD and THD. The CET-derived structural maps involving vari-
ous enhancement filters show a strong correlation with each other. It was noticed that the
geologic structures were dominantly oriented in the NE-SW direction with minor NNE-
SSW and E-W trends. The main NE-SW orientation indicates the major strike direction
of the Benue Trough, reflecting the regional strike of lineament linked to the Cretaceous
rifting of the African Plate. Radiometric maps delineated clearly high intensities of potas-
sium, thorium and uranium concentrations. The associated anomalies are indicative of
widespread shales, felsic minerals, residual clay, oxides and accessory minerals as well as
the altered hydrothermal rocks that constitute the regolith of the investigated area. The
equivalent high intensity of the analytic signal with potassium and ternary maps is a pos-
sible site for polymetallic-magmatic hydrothermal mineralization. Furthermore, igneous
intrusions that caused the complex geologic structural pattern, baking and doming of
sediments were delineated by the 2D forward models. Depth to basement involving SPI,
SED and 2D modelling methods in the investigated area was observed to be <1500 m. In
general, the joint magnetic and radiometric data created a relationship between geologic
structures, lithology and hydrothermal modification configurations. The relationship dem-
onstrates that the hydrothermal systems are structurally controlled and not restricted to
any specific geologic region. Generally, the observed near-surface geologic structures serve
as the migration paths and accumulation zones for hydrothermal minerals associated with
igneous intrusions and rifting.

Generally, lineaments trend in the NE-WS, NNE-SSW, NW-SE and E-W directions.
The high magnetic contrast between rocks along contacts indicates a potential pathway
for hydrothermal fluid migration and mineralization. Also, the tilt angle derivative map
showed a centrally placed deep-seated weak zone that trends in somewhat E-W direction.
Furthermore, the main sources of magnetism and anticlinal structures in the MBT were
detected with the aid of an analytic signal map. Gamma spectrometric imageries mapped
distinctly high potassium, thorium and uranium concentration zones. These radiometric
anomalies are caused by felsic minerals, hydrothermal rock alterations, widespread shale,
residual clay, oxides and accessory minerals that constitute the regolith of the area. The
geologic map of the study area seems inappropriate. However, the ternary map high-
lighted clearly the various lithological regions and boundaries. The coincident high
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magnetic and potassium intensities sites within the study area are feasible locations for
polymetallic-magmatic hydrothermal deposits. Generally, the combined magnetic and
radiometric dataset established connections between lithology, geologic structures and
hydrothermal alteration patterns. The relationship demonstrates that the hydrothermal
systems are structurally controlled and not restricted to any specific geologic region.
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