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A New Insight into the Structural Framework of a Crystalline Formation and the Adjoining
Sedimentary Terrain in Parts of the Precambrian Basement Complex of Nigeria
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Abstract—The present study investigates geological structures
in parts of the crystalline basement and the adjoining middle Niger
Basin of Nigeria using high-resolution airborne magnetic and
radiometric data. The purpose is to provide additional insights into
the contrasting structures of the magnetic basement within the
crystalline and the sedimentary terrain. The magnetic and radio-
metric data of the study area were subjected to standard
interpretation techniques. The results obtained showed the entire
crystalline basement to be overprinted by younger igneous rocks at
extremely shallow depths. The sedimentary basin on the other hand
is marked by basement subsidence and volcanic intrusions. Two
major shear zones traverse the crystalline basement and the
adjoining sedimentary basin. The shear zones cross-cut the entire
study area in a NNE direction and exhibit three major dipping
contacts, namely, vertical-, north-western- and south-eastern-dip-
ping contacts in specific locations. The shear zones exhibit multiple
surface faults mostly within the crystalline basement and are
characterized by linear magnetic highs that indicate magnetic
minerals precipitate in specific areas. Some parts are characterized
by a low-amplitude magnetic anomaly that coincides with high
potassium and fairly low thorium concentrations that indicate the
presence of younger volcanic rocks and possibly gold mineraliza-
tion in the shear planes. The zones are parallel to the trans-current
Ifewara—Kalangai—Zungeru shear zone already linked to the South
Atlantic transform fault system. The structural architecture of the
study area and perhaps the entire basement complex displayed a
positive prospect for economic minerals in specific locations.
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1. Introduction

The Nigerian formation is made up of the exposed
crystalline basement and the sedimentary basins. The
exposed crystalline basement occupies three parts,
namely the south-western, south-eastern and north-
central half of Nigeria, while the sedimentary basins
unconformably overlie the crystalline basement in the
Benue Trough, middle Niger Basin, Sokoto Basin,
Chad Basin, Dahomey Basin and the Niger Delta
Basin—which is a prolongation of the Atlantic sedi-
ments (Adebiyi et al., 2020; Haruna, 2017; Odeyemi,
1976; Oluyide, 1988; Rahaman, 1976). The crys-
talline lithologically
divergent. This gives credit to the general under-
standing that the earth crust is made up of structures
and rocks of extensively diverse ages. The presence
of several prominent structures such as the shear
zones, fold belts among others in Nigeria and other
orogenic provinces showed that plate tectonics
is significant in the development of continental crust
(Alessio et al., 2017; Dada, 1998; Grant, 1969, 1978;
Wright et al., 1985). The study area is part of the
Precambrian basement complex of Nigeria. It is
overlain by the crystalline rocks in the western part
and by cretaceous sediments in the eastern part. The
transition from crystalline basement in the western
part to the sedimentary basin in the eastern part
presents the main structural complexity for the
exploration of the recognized mineral deposits in the
study area. The map of Africa (Fig. 1a) shows the
location of Nigeria in West Africa. The map high-
lights two major rivers in Nigeria, namely the Niger
and Benue rivers. The study area lies between the
present Kwara and Niger States (Fig. 1b) and is

basement of Nigeria is
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Figure 1
a Map of Africa showing the location of Nigeria in West Africa; b political map of Nigeria showing the present Kwara and the Niger states;
¢ location map showing the study area (green) between the present Kwara (red area) and the Niger (black area) states

highlighted in green in Fig. lc. It extends from lon-
gitude 4° 00’ 00" E to 5° 00’ 00” E, and latitude 9° 00/
00” N to 10° 00° 00” N, covering approximately
48,400 km? on land. It is drained mainly by the Niger
River and minor tributaries (highlighted in blue on
the map). The mining activities in the area involve
indiscriminate excavation of suspected mineralized
structures in parts of Jebba, Kainji, Sabongida and
Borgu, among others. The general geology of the area
shows primarily the crystalline basement rocks of
west-central Nigeria and are contiguous with the
middle Niger Basin in the eastern study area. The
study area and most parts of the Nigerian basement
complex are presumably rich in minerals such as
gold, lead, tin and copper. However, the lack of
sufficient information as regards the structural dis-
position of many areas has affected the choice of
exploration of many of the minerals. This is further
complicated by rugged and fairly inaccessible terrain
that hinders ground surveys. The present study aims

to provide new insights into the geological frame-
work of the study area through the recognition of
appropriate structures that will further guide the
exploration of economic minerals in the area. To
achieve this, we carried out both qualitative and
quantitative interpretation of high-resolution aero-
magnetic data using standard geophysical tools such
as the first-order vertical derivative, total gradient
magnitude, horizontal gradient magnitude, Euler
deconvolution and source parameter imaging. We
equally interpreted airborne radiometric data to
complement the aeromagnetic data. We present
simplified two-dimensional (2D) sections of the
subsurface morphology from the interpreted maps to
aid the visual interpretation of notable geological
structures in the study area. The study, in general, is
based on the effectiveness of the magnetic data in
delineating the location, strikes, dip, shape, lateral
and depth extent of subsurface structures and in
sedimentary basins for estimating sedimentary
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thickness and mapping of volcanic intrusions
(Nabighian et al., 2005). The study equally utilized
the complementary power of the radiometric
data regarding the delineation of chemical alteration
in rocks and structures of tectonic origin (Gunn et al.,
1997).

2. Geological Setting

2.1. The Crystalline Basement

The crystalline basement rocks that form the
study area display a poly-orogenic sequence of a
reworked Archaean migmatite—gneiss complex com-
prising mainly granite gneiss, migmatite, medium- to
coarse-grained biotite and hornblende granite, and
minor fine-grained flaggy quartz-biotite gneiss, por-
phyritic granite, undifferentiated schist with banded
gneiss, quartz schist, and fine-grained biotite granite
(Fig. 2). It is part of the Precambrian basement
complex that lies within the Trans-Sahara mobile belt
between the West African Craton, the Gabon-Congo
Craton and the Sahara meta-craton within the frame-
work of the late Proterozoic and early Paleozoic
Gondwana amalgam (Adebiyi et al., 2021; Ajibade
et al., 1987; Dada, 2008; Salawu, Fatoba, et al.,
2020). The crystalline basement and the adjoining
middle Niger Basin have been identified with a NNE-
trending Ifewara—Kalangai—Zungeru
shear zone with a link to the South Atlantic transform
fault system (Adepelumi et al., 2008; Anifowose
et al, 2010; Awoyemi, Ajama, et al., 2017;
Awoyemi, Hammed, et al., 2017; Odeyemi et al.,
1999; Salawu, Fatoba, et al., 2020; Udensi et al.,
2003). This mega-structural shear zone has been
recognized as a possible crustal suture at the time of
the Pan-African orogeny (Ajibade & Wright, 1988;
Awoyemi, Hammed, et al., 2017; Awoyemi, Ajama,
et al., 2017; Dada, 2008; Garba, 2000; McCurry &
Wright, 1977; Salawu, Fatoba, et al.,, 2020;
Wright et al., 1985).

transcurrent

2.2. The Sedimentary Terrain

The sedimentary terrain is part of the middle
Niger Basin (See Fig. 2). The basin is presumably a

north-western extension of the Anambra Basin and is
subdivided into the northern and the southern arms
(Kogbe, 1989; Rahaman et al., 2018). The portion of
the middle Niger Basin that formed part of the
present study area falls within the northern part and
has mainly the Sakpe formation. The basin fills
consist of a NW-trending belt of Upper Cretaceous
(Campano-Maastrichtian) sediments which resulted
from rifting, basement fragmentation, block faulting,
drifting subsidence, and deposition of the latter
material and subsequent opening of the South
Atlantic Ocean (Obaje, 2009; Salawu, Fatoba, et al.,
2020). Several studies conducted in many parts of the
basin uphold the observation that the basin was,
perhaps, a product of rifting. A study by Kogbe
(1981) involving the interpretation of geophysical
data, Landsat images and borehole logs identified
structures typical of a rift basin. Similar studies by
Kogbe et al. (1983) and Ojo and Ajakaiye (1989)
using gravity data linked the basin evolution to a rift.
However, the maximum depth for the various parts of
the basin has been the centre of many discussions for
years. Earlier studies suggest depth values between
34 and 6.1 km (Adeniyi, 1985; Ojo, 1984, 1990;
Olaniyi et al., 2012; Udensi & Osazuwa, 2004), while
the more recent studies suggest maximum depth
values of not more than 1 km (Megwara & Udensi,
2014; Salawu, Fatoba, et al., 2020). Also forming an
important part of the discussions is the observation
that the basin has no volcanic intrusion within the
sedimentary unit (Kogbe, 1989; Ojo & Ajakaiye,
1989; Rahaman et al., 2018). The volcanic intrusions
are believed to be restricted within the basement (Ojo
& Ajakaiye, 1989; Whiteman, 1982).

3. Data

3.1. Topography Data

The topography data in this study is the remotely
sensed Shuttle Radar Topographic Mission (SRTM)
digital elevation model (DEM) downloaded from the
website of the United States Geological Survey
(USGS, 2017). The original data was converted from
raster to grid to help visualize subtle variation in the
topography of the study area (see Fig. 3). The DEM
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a Simplified geology map of Nigeria and environs showing the study location (Salawu, Fatoba, et al., 2020; Salawu, Orosun, et al., 2020;
Thieblemont, 2016); b geology map of the study area (NGSA, 2006a)

with the airborne magnetic data was used for the
elevation correction on the 2D subsurface models.
The traverses and directions of four cross sections A—
A’, B-B/, C—C’ and D-D’ used for the subsurface
models are shown on the DEM map (Fig. 3). We
identified on the map two suspected mega-structural
fractures through the study area (shown as white
broken lines). Similarly, the boundary of the crys-
talline basement and the sedimentary terrain was
identified with a yellow broken line. The DEM map
(Fig. 3) shows the course of the Niger River through
the study area. The river flows southward from the
north through a narrow path that is surrounded on
both sides by hard crystalline rocks that rise abruptly
above the river mean elevation. The crystalline
basement on the western part of the study area has
an elevation almost everywhere above 300 m, while

the sedimentary terrain on the eastern study area has
elevation measuring up to 280 m only in specific
areas. One interesting topographic feature is the
overall partitioning of the study area into the western
crystalline basement and the eastern sedimentary
terrain by the Niger River.

3.2. Magnetic Data

Magnetic data used consist of four half-degree
sheets of high-resolution aeromagnetic data provided
by the Nigerian Geological Survey Agency (NGSA).
The data formed part of the regional high-resolution
airborne data of Nigeria acquired by Fugro Airborne
Surveys on a series of NW-SE trends (NGSA,
2006b). The flight line and tie-line spacing used to

acquire the data were 500m and 2000 m,
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Figure 3
Colour-shaded digital elevation model data of the study area. The map highlights four NW-SE 2D cross-sections A—A’, B-B’, C-C’ and D-D’

cutting across important geological structures and suspected faults.

The cross section B-B’ has two active mining sites where gold and lead

minerals are mined. The white broken lines represent the position of the shear zones through the study area. The boundary of the middle Niger
Basin to the east and the crystalline basement to the west is also outlined in a yellow broken line

respectively, at an average barometric flight height of
about 80 m. Necessary corrections including the
removal of the international geomagnetic reference
field (IGRF) from the magnetic data were carried out
by Fugro Airborne Surveys. The resulting data were
gridded at 100-m spacing using the minimum curva-
ture gridding algorithm (Brigs, 1974) and displayed
as a 2D residual magnetic intensity (RMI) map (see
Fig. 4). Four NW-trending cross sections, A—A’, B—
B’, C-C’ and D-D’ (black lines), were used to display
the 2D cross sections of the subsurface structures
within the crystalline basement and the adjoining
sedimentary terrain. The cross section B-B’ passes
through two known mining sites to provide additional
insights into the mineral prospect in the mining sites.
A yellow broken line in Fig. 4 is equally used to

show the boundary of the sedimentary basin and the
crystalline basement. Similarly, the strike and linear
extent of two suspected shear zones through the study
area is shown in white broken lines.

3.3. Radiometric Data

Radiometric data in this study consist of four half-
degree sheets of airborne radiometric data acquired at
the same time as the airborne magnetic data by
mounting a high-precision gamma-ray spectrometer
with the aircraft that also carried a proton-precession
magnetometer (NGSA, 2006b). The original data
were corrected for background radiation and other
necessary corrections by Fugro Airborne Surveys
Company. The resulting data were gridded at 100-m
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Figure 4
Colour-shaded residual magnetic intensity (RMI) map over the study area. The map highlights four NW-SE 2D cross sections, A-A’, B-B/,
C-C’ and D-D/, cutting across important geological structures and suspected faults. The white broken lines represent the position of the shear

zones through the study area. The boundary of the middle Niger Basin to
yellow

spacing using the minimum curvature gridding algo-
rithm (Brigs, 1974) and displayed as radiometric
grids comprising potassium (K), thorium (eTh) and
uranium (eU). The radiometric grids were converted
to maps and presented as Fig. Sa—c, respectively. The
sedimentary segment of the study area shows excep-
tionally low potassium concentration (Fig. 5a) and
fairly low thorium and uranium concentration
(Fig. 5b, c¢). The crystalline basement, on the other
hand, is characterized by fairly low to high radio-
Very large parts of the
crystalline basement displayed potassium concentra-
tion as high as 4.1%. Similarly, thorium and uranium
concentrations in many parts of the crystalline
basement are as high as 27.1 ppm and 5.9 ppm,
respectively. The radiometric concentration maps

metric concentration.

the east and the crystalline basement to the west is also outlined in

equally highlighted the Niger river course through
the study area.

4. Method

4.1. Magnetic Methods

Interpreting magnetic data in the present study
area and perhaps several other locations in Nigeria is
exceptionally complex because of the proximity to
the magnetic equator. The magnetic equator through
Nigeria is well documented (Akingboye & Ogunleye,
2018) where it seemingly divides the country into
three magnetic belts such that some locations lie on
the equator, while other locations lie north and south
of the equator. To effectively carry out the
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a Potassium concentration map; b thorium concentration map; ¢ uranium concentration map. The locations of the mines are shown on profile

interpretation of the magnetic data in Nigeria, the
understanding of the location of the study area
relative to the magnetic equator at the time of the
data acquisition is very paramountt. This gives the
interpreter an idea of the magnetic field direction in
the survey area. The magnetic field in the present
study area, at the time of the survey, was inclined at —
4.4° (NGSA, 2006b). The acquired data were inter-
preted using the first-order vertical derivative (FVD),
total gradient magnitude (TGM), horizontal gradient

magnitude (HGM), three-dimensional (3D) Euler
deconvolution and source parameter imaging (SPI).
The various methods used are notably complemen-
tary since all methods have their weaknesses.

4.1.1 First-Order Vertical Derivative

The first-order vertical derivative (FVD) is often
applied to magnetic data to interpret shallow-seated
magnetic structures and rocks such as geological
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contacts, fractures, volcanic intrusions, mineral por-
phyry among others (Nabighian et al., 2005).
Interpretation of the FVD map is wholly qualitative
and involves visual inspection of linear and isolated
magnetic anomalies on the map. The result is
independent of magnetic inclination and therefore
able to detect, very precisely, several shallow-seated
magnetic source bodies. Equation 1 shows the first-
order vertical derivative of the residual magnetic
intensity F.
dF

FVD = —
v dz (1)

4.1.2 Total Gradient Magnitude Interpretation

Total gradient magnitude (TGM) is effective for
interpreting magnetic data for 2D source bodies. The
method, for 3D magnetic source bodies, is sensitive
to the direction of magnetization, magnetic rema-
nence, dip angle, top and bottom depths of magnetic
source bodies (Huang & Guan, 1998; Li, 2006).
Barring the aforementioned limitations, the TGM is
an excellent qualitative method for visual inspection
of a magnetic anomaly (MacLeod et al., 1993).
Furthermore, an offset of the horizontal gradient
magnitude (HGM) maxima from the TGM maxima is
used to infer the dip direction of the magnetic
structure (Philip, 2000; Awoyemi, Ajama, et al.,
2017). Equation 2 shows the expression for TGM
interpretation for gridded magnetic data.

| TGM (x,y)| = \/@Dz + @5)2 + (2?)2 (2)

where %—i and %{ are the first-order partial derivatives
of the residual magnetic intensity field, F in x and y
horizontal directions, respectively, while %—F is the
first-order partial derivative of the residual rﬁagnetic
intensity field,F in a z vertical direction. Further
information relating to TGM interpretation is avail-
able in the published works of Verduzco et al. (2004)
and Nabighian (1972), while a modified version is
contained in the published work of Li (2006).
Application of TGM interpretation to geological data
is available in the published works of Adebiyi et al.
(2020), Salawu, Orosun, et al. (2020) and Salawu

et al. (2019).

Pure Appl. Geophys.

4.1.3 Horizontal Gradient Magnitude Interpretation

The horizontal gradient magnitude (HGM) method
involves finding the magnitude of the first-order
horizontal derivatives of the field (Cordell & Grauch,
1982). To implement HGM interpretation, the expres-
sion in Eq. 3 is applied to magnetic data that has been
corrected for diurnal variation, the international
geomagnetic reference field (IGRF) and, where
applicable, reduced to the magnetic equator or pole.

IHGM(x, )| = \/ (aa—F) " (Z—’;) o)

%—’: are the first-order partial derivatives

where %’; and
of the residual magnetic intensity field, F' in x and y
horizontal directions, respectively (Cordell &
Grauch, 1982). The method can be used as an
approximation of the total gradient magnitude over a
non-dipping contact for zero inclination and decli-
nation (Awoyemi, Ajama, et al., 2017). The method
is used, generally, to detect linear structures such as
contacts and faults from potential field data. This is
based on the assumptions that the magnetic field and
source magnetization are vertical, the contact is ver-
tical and the sources are thick (Philips, 2000). To
satisfy the first two assumptions, it is necessary to
apply a standard phase shift to the data known as a
reduction to the equator for low-latitude magnetic
data or to the pole for high-latitude magnetic data
using a Fourier transform. Provided that the
assumptions are satisfied, the method is effective in
mapping lineaments that may correspond to basement
faults and contacts. The HGM method is less sus-
ceptible to noise in the data (Fedi & Florio, 2001;
Moritz, 2009) and, therefore, very reliable for inter-
preting low-latitude magnetic data, especially, the
equatorial data.

4.1.4 Three-Dimensional Euler Deconvolution
Interpretation

Three-dimensional Euler deconvolution is a quanti-
tative method used mainly for interpreting magnetic
data. It is used for interpreting the depths and shapes
of idealized magnetic source bodies such as contacts,
dykes, sills, vertical pipes, horizontal cylinders and
spheres (Reid et al., 1990; Thompson, 1982). It can
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also be used to estimate the horizontal position of the
source and the base level at which the magnetic
anomaly lies. Three-dimensional Euler deconvolution
requires correct estimation of the structural index but
does not require magnetic data to be corrected for a
regional field. The method exploits a moving window
and calculates the first-order derivatives of x, y and z
(Eq. 4).
oF oF

(X7X0)a+(y*yo)a‘F(Z*Zo)%—Z:N(B*F)
(4)

where F is the total field, B is the background level,
(x,y,z) is the observation point, (xo,Yg,20) is the
source location and N is the structural index. (%—f),
(%), (%—f) are the partial derivatives of F in the x, y and
z directions, respectively. N is the structural index
that generally assumes the values 0.0, 1.0, 2.0 and 3.0
to locate and calculate depths of magnetic contacts,
dikes/sills, vertical pipes/horizontal cylinders and
spheres, respectively (Reid et al., 1990, 2011). The
method is not dependent on the magnetic field
direction and so is highly effective for precisely
mapping geological structures. Table 1 shows the
structural indices of known geological models.

4.1.5 Source Parameter Imaging Interpretation

Source parameter imaging (SPI) interpretation often
estimates depth values from the local wave number in
Eq.5 (Reid et al, 1990; Thurston & Smith,
1997a, 1997b).

Table 1

The magnetic structural index

Geological Number of infinite Magnetic structural
model dimension index

Sphere 0 3.0

Pipe 1(2) 2.0

Horizontal 1x-y) 2.0

cylinder

Dyke 2 (z and X — y) 1.0

Sill 2(x-y) 1.0

Contacts 3(x,Y,2) 0.0

*FOF | O’FOF | O’FOF

_ Ox0z Ox ' 0ydz Oy 0z2 0z
T an2, (oF\ L (oF)’ ®)
(&) +(E) +(&
where K., is the maximum value of the local wave
number (K) above the step-type source body. The

depth estimates, therefore, are obtained from the
reciprocal of the local wave number given in Eq. 6.

(6)

Depth,—g =

max

The result obtained from the SPI interpretation is
very reliable for estimating the depths to tops of 2D
magnetic structures. The SPI depth map is very easy
to analyse and often gives a good explanation of the
subsurface topography.

4.2. Radiometric Method

The method of interpreting radiometric data is
qualitative and involves finding the ratio of the
channel data to obtain desirable features. The original
data or the ratio maps can equally be combined to
form a red—green—blue (RGB) ternary map.

4.2.1 Radiometric Ratios

The relative concentration of radio-elements in a
given formation can be used as a benchmark for
identifying different lithotypes and for identifying
areas of preferential radio-element enrichment or
depletion for mapping minerals precipitated in faults
(Dentith & Mudge, 2014). For instance, a high
potassium concentration accompanied by thorium
depletion can be used to identify a shear zone where
hydrothermal fluid accompanied the ejection of a
volcano leading to hydrothermal alteration (Dentith
& Mudge, 2014; Hafeez et al., 2015; Ohioma et al.,
2017; Shives et al., 2000). This radiometric signature
is often associated with linear and fairly broad
magnetic lows (Gunn et al., 1997).

4.2.2 Ternary Radiometry Map of Principal
Elements and Their Ratios

Another subtle way to visualize the relative abun-
dance of radio-elements in a geological setting is to
display, using an RGB colour combination, the
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Figure 6
Colour-shaded map of the first-order vertical derivative. Four 2D cross sections on the map cut the major structures at fairly right angles. The
shear zones through the study area have widths of several kilometres

principal element with its respective ratios such as K
with K/eTh and K/eU, eTh with eTh/K and eTh/eU,
and eU with eU/K and eU/eTh (Dentith & Mudge,
2014). Either way, the regions where the principal
element is abundant appear white when the other
radio-elements are low or appear red where both
radio-elements have high concentrations (Dentith &
Mudge, 2014). Areas where the three radio-elements
have high concentrations appear red, while the parts
depleted in the three radio-elements appear as cyan.
Similar results will be obtained when the ternary
radiometric maps of eTh, eTh/K, eTh/eU and eU, eU/
K and eU/eTh were derived. However, the regions
where thorium is slightly depleted compared to
potassium and uranium often appear yellow. This
can be used to identify mineral-bearing faults.

5. Results and Discussion

5.1. First-Order Vertical Derivative

The FVD filter was implemented to enhance
shallow-seated magnetic intrusions and faults
throughout the study area. The filter was imple-
mented on the residual magnetic intensity data since
it is not affected by inclination. The result obtained
highlights numerous shallow-seated isolated mag-
netic bodies and a host of linear magnetic structures
that can be interpreted as magnetic intrusions and
faults, respectively (Fig. 6). Visual inspection of the
map shows two prominent NNE-trending linear
magnetic structures through the study area (high-
lighted as white broken lines on the maps). The strike
length measured at different parts of the structures
shows values greater than 5 km in specific locations.
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Figure 7
Colour-shaded total gradient magnitude (TGM) map of the study area. The map highlights magnetic structures throughout the study area

Ball (1980) and Thieblemont (2016) identified a few
mega-structural faults in the crystalline basement
complex of Nigeria and up to the boundary of the
Dahomey Basin. Odeyemi et al. (1999), Adepelumi
et al. (2008), Anifowose et al. (2010) and a host of
others emphasized the possibility of a link between
one of the faults known as the Ifewara—Kalangai—
Zungeru trans-current fault and the  South
Atlantic transform fault system. However, the struc-
tures identified in the study area are not only mega-
structural faults but also zones of intense mechanical
shearing involving brittle surface and possibly inter-
nal ductile deformations. The shear zones show
positive prospects for mineral exploration, though
there is presently no active mining activity on the part
through the study area. The result also highlights the
boundary between the crystalline basement and the
adjoining middle Niger Basin (shown as yellow bro-
ken lines on the maps). The basin shows pockets of

magnetic anomalies, even though several previous
studies identified it as a non-volcanic basin (Kogbe,
1989; Rahaman et al., 2018).

5.2. Total Gradient Magnitude

The TGM method was implemented to map
mainly 2D magnetic source bodies and edges
of linear magnetic structures such as the shear
zones and other minor fractures in the study area.
The method was implemented directly on the residual
magnetic intensity dataset. The result obtained shows
the distribution of the magnetic structures within the
crystalline basement and the adjoining sedimentary
terrain (Fig. 7). The map equally highlighted several
minor fractures and the two shear zones. The shear
zones are characterized by linear and fairly broad
magnetic anomalies in specific locations. The mag-
netic anomalies, in different parts of the shear zones,
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Colour-shaded horizontal gradient magnitude (HGM) map of the study area. The map highlights magnetic structures throughout the study area

show values ranging from high to low amplitudes.
These explain why a shear zone is a zone of complex
magnetic structures and geological bodies. The TGM
interpretation, like FVD, highlights the widths of the
shear zones at different locations. The shear zones are
bounded by a high-amplitude magnetic anomaly in
specific areas. The width of the shear zones is
measured between successive crests. The various
rock types identified around the zones include
hornblende syenite, porphyroblastic gneiss, med-
ium-grained schist, undifferentiated schist and many
others.

5.3. Horizontal Gradient Magnitude

The HGM map (Fig. 8) was derived from the
residual magnetic intensity map that has been
reduced to the magnetic equator. The purpose is to
correct the dependence of the method on the

geomagnetic inclination and centre the HGM maxima
on the edges of the causative bodies. The HGM
interpretation highlights edges of magnetic struc-
tures and rocks in different parts of the study area.
Notably, the HGM shows pockets of magnetic source
bodies in some parts of the sedimentary basin. The
strikes of the magnetic source bodies are revealed in
the lineament map derived from the HGM anomaly
map (Fig. 9). The predominant geological strikes of
most magnetic source bodies in different parts of the
study area are NE-SW, ENE-WSW and E-W re-
spectively, while the shear zones exhibit mainly
NNE-SSW geological strikes. The minor fractures
spread throughout different parts of the study area.
The younger rocks and a few minor faults have been
identified as sites of important mineral deposits,
especially the NE-trending ones. The gold deposits in
the study area are concentrated in minor linear
magnetic source bodies, while the lead deposits are
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Lineament map derived from the HGM anomaly map. The map highlights the two major shear zones and minor faults throughout the study
area. Parts of the major faults identified as D1, D2, D3, D4, D5, D6, D7 and D8 are points where the dip directions were determined

associated with younger volcanic rocks intruding the shear zones and the associated minor faults, the
the magnetic basement close to the shear zone in the offsets of the HGM maxima from the TGM maxima
eastern study area. To understand the dip direction of at different parts of the two shear zones through the
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The dip directions obtained for various parts of the mega-structural shear zones are presented. The geomagnetic field, inclination and

declination are 33,766.3 nT, —4.4° and —1.3°, respectively. Note that the maxima of the TGM may not necessarily coincide with the edges of

the shear zones. a Vertical non-dipping contact D1 on the eastern shear zone in part of A—A’; b vertical non-dipping contact D2 on the western

shear zone in part of A—A’; ¢ vertical non-dipping contact D3 on the eastern shear zone in part of B-B’; d north-western-dipping contact D4 on

the western shear zone in part of B-B’; e north-western-dipping contact D5 on the eastern shear zone in part of C—C’; f north-western-dipping

contact D6 on the western shear zone in part of C—C’; g south-eastern-dipping contact D7 on the eastern shear zone in part of D-D’; h south-
eastern-dipping contact D8 on the western shear zone in part of D-D’

study area were determined. The offsets of the
HGM from the TGM give the approximate dip
direction, while zero offsets represent vertical non-
dipping contacts (Philip, 2000; Awoyemi, Ajama,
et al., 2017). The parts identified as D1, D3, D5 and
D7 in Fig. 9 are points on the shear zone through the
eastern parts of the study area where the dip direction
for the structure was determined, while the parts
labelled D2, D4, D6 and D8 represent points on the
shear zone through the western parts of the study area
where the dip direction for the structure was also
determined (Fig. 9). The results for each part are

presented in Fig. 10. Three dipping contacts, namely,
vertical non-dipping contact, north-western (NW) and
south-eastern (SE)-dipping contacts, were identified
on the shear zones through the area. The eastern shear
zone exhibits mainly a vertical non-dipping contact
(Fig. 10a, c). To the north, the eastern shear zone
rotates clockwise and subsequently dips north-west-
erly (Fig. 10e). At the extreme north, the dip
direction reversed to south-easterly (Figs. 10g). The
western shear zone exhibits fairly the same dip
directions as the eastern counterpart. The observed
transformation in the dip directions from one part of
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Figure 11
Map of the present-day crustal sedimentary thickness highlighting the coastlines (white lines), Saint Paul, Romanche and Chain fault zones
(FZ) associated with the mid-Atlantic ridge system, the intra-sedimentary fault through the Nigeria Benue Trough and the two regional shear
zones trespassing the study area. The study area is the red square outline. The two shear zones passing through the study area are shown. The
Ifewara—Zungeru fault is to the east of the study area

the shear zones to another is a reflection of the
dynamic nature of the Pan-African deformation that
affected the area.

Figure 11 highlights the present-day crustal sed-
imentary thickness, the coastlines and the main
oceanic transform faults, namely Saint Paul,
Romanche and Chain fault zones associated with
the mid-Atlantic ridge system (Miiller et al., 2018;
Seton et al., 2012). The map shows the study area and
the shear zones in the Nigeria basement complex. The
possible extension of the shear zones across the
Dahomey Basin to link with the Romanche transform
fault was highlighted on the map (Fig. 11). The
middle Niger Basin appears to stem from the Benue
Trough, even though both basins are structurally
different. The basement faults and other overprinted
structures provide evidence for the structural control
of many economic mineral deposits in Nigeria.
Unlike the Benue Trough, the middle Niger Basin
is connected to a few regional faults crosscutting the
basin at oblique angles (see Fig. 11).

5.4. Three-Dimensional Euler Deconvolution

The interpretation of the 3D Euler deconvolution
was carried out using a structural index of 1.0. The

choice of 1.0 structural index is to map younger
volcanic intrusion along the shear zones and other
parts of the crystalline basement and sedimentary
terrain. The result obtained shows several parts of the
crystalline basement to be underlain by younger
volcanic rocks at very shallow depth (less than
300 m) (Fig. 12), though a small area at the centre of
the study area shows magnetic source bodies at a
depth greater than 1000 m. There are equally linear
solutions coinciding with the shear zones and other
minor faults. The solution of the 3D Euler deconvo-
lution in the shear planes shows magnetic rocks at
very shallow depth (mainly below 300 m). Similarly,
the depth solutions for the magnetic bodies within the
basin are from 300 m and above. Some magnetic
source bodies within the basin have depths between
300 and 600 m and are attributed to shallow-seated
younger volcanic rocks that are overprinted on the
magnetic basement that failed to subside (Braide,
1992). The second category of magnetic source
bodies have depths greater than 1000 m and indicate
the deep-seated younger volcanic rocks that are
overprinted on the subsided portion of the basement
below a thick sedimentary layer. A drape map of
Euler deconvolution and greyscale FVD interpreta-
tion (Fig. 13) highlights the shear zones, the minor
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Figure 12
Solutions derived from Euler deconvolution interpretation for a structural index of 1.0. The map highlights magnetic lineaments and structures
throughout the study area and specifically within the shear zones

faults and the adjoining sedimentary terrain of the
middle Niger Basin. The shear zones show mainly
NNE-trending geological strikes through the crys-
talline basement and the sedimentary basin.

5.5. Source Parameter Imaging

The depth distribution for the magnetic
source bodies throughout the study area was studied
using an SPI solution (Fig. 14). The result shows a
very large portion of the crystalline formation to be
underlain by shallow magnetic source bodies at
extremely shallow depths (below 300 m), except for
a small location at the centre of the study area. The
middle Niger Basin shows a depth up to 1000 m and
above. The SPI map equally highlights the

boundaries of the shear zones. The presence of
younger igneous intrusions and other similar crys-
talline rocks such as mylonites in the shear zones
suggests possible sites of economic mineral deposits
in the area.

5.6. Radiometric Ratio

The ratio of K/eTh was used to identify areas of
preferential potassium enrichment (Boyle, 1979)
(Fig. 15). This feature is seemingly notable in parts
of the shear zones, especially the western shear zone
where it appears as fairly broad linear structures. This
feature is associated with the younger volcanic rock
within the shear zones. Aside from the shear zones,
the minor faults equally exhibit potassium
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enrichment in specific locations. The gold mine
identified in a separate location in the study area is
marked by high potassium concentration to low
thorium concentration. These mineral signatures
indicate that some minor faults and parts of the shear
zones may be favourably rich in gold and other
associated minerals. In addition, the young igneous
rocks also display potassium enrichments, in most
cases accompanied by high uranium and low tho-
rium concentration. The transition zone between the
middle Niger Basin, especially where the sedimen-
tary formation directly interacts with the crystalline
rocks, can be a good location for targeting mineral
deposits such as gold, lead and copper. The contacts
of the crystalline basement and the middle Niger
Basin were precisely identified with the magnetic

data (yellow broken outline). The boundary of the
sedimentary basin indicated by the radiometric ratio
map (Fig. 15) departs slightly from that indicated by
the magnetic data (yellow broken line). This depar-
ture implies that the capability of radiometric data to
precisely map geological contact is low. However,
the radiometric data complement the magnetic data in
identifying the transition zone which is the area
between the magnetic and radiometric boundaries
(Fig. 15).

5.7. Ternary Radiometric Map of Potassium
Concentration and its Ratios

To visualize the abundance of potassium relative
to thorium and uranium, the potassium concentration
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Figure 14
Colour-shaded map showing depth distribution for magnetic rock derived from SPI interpretation. The map highlights magnetic lineaments
and the adjoining sedimentary formations in the study area

was assigned to red, while each of the ratios K/eTh
and K/eU were assigned to green and blue colours,
respectively, to form a ternary radiometric map
(Dentith & Mudge, 2014). The regions where potas-
sium is abundant and the other radio-elements are
low appear white and where both radio-elements
have high concentrations, the regions appear red.
Where the concentration of both radio-elements is
low, it appears black (Dentith & Mudge, 2014). The
result obtained in Fig. 16 further justified potassium
enrichment in areas previously identified. An overlay
of minor lineaments shows high lineament density
between the boundaries of many of the geological
formations. The high lineament density zones helped

identify the lithological boundaries, and also

helped distinguish fractured, fairly fractured and
non-fractured basement rocks. It equally helps iden-
tify the boundaries and widths of the shear zones
traversing the study area. The boundary is highlighted
by high lineament density, as the individual forma-
tion is distinguished by the radiometric colour
variation.

5.8. Two-Dimensional Subsurface Models of the 3D
Solutions

To wunderstand the extent of the struc-
tural and lithological deformations in the present
study area, four NW-trending 2D cross sections, A—

A’, B-B/, C-C’ and D-D’, were used for subsurface
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Colour-shaded map showing potassium enrichment for magnetic structures and rocks of tectonic origin derived from the K/Th ratio. The map
highlights possible mineralized areas in the crystalline basement and the adjoining sedimentary basin

models of the 3D grids (see Figs. 12 and 14). The
subsurface models were extracted from the SPI grid,
while the Euler solution for each model was extracted
from the 3D Euler grid using an in-house computer
application (see Fig. 17a, b). The first two models
through the cross sections A—A’ and B-B’ (Fig. 17a,
b) within the crystalline basement show the magnetic
basement (migmatite—gneiss complex) and the over-
printed younger volcanic rocks at shallow depth. The
volcanic rocks, in certain locations, can be distin-
guished from the outcropped metamorphic basement
by their cross-cutting, discordant and steeply dipping
altitude compared to the metamorphic basement
which is generally a low-lying concordant crystalline
rock (Pidgeon et al., 1976). The fresh basement,
unlike the outcrop weathered basement, appeared to

preserve many notable features of the Pan-African
orogeny such as the basement deformations, geolog-
ical strikes and dip of geological structures. The last
two models through the cross sections C-C’ and D-
D', (Fig. 17¢, d) highlight the basement topography
in parts of the middle Niger Basin and the crystalline
basement. The migmatite-gneiss basement underly-
ing a significant portion of the middle Niger Basin
rises and falls like crests and troughs in wave motion
(see Fig. 17d). The upward and downward displace-
ment of the basement is an indication that it has
suffered intense fragmentation and subsidence that
allowed sediments to accumulate. The depths to the
tops of the basement or, more specifically, the
sedimentary thicknesses, vary extensively. This is
because the crystalline basement below the
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Map showing potassium enrichment for magnetic structures and rocks of tectonic origin derived from RGB ternary radiometric map of K, and
ratios K/eTh and K/eU. The map highlights areas with potassium enrichment in the crystalline basement and the adjoining sedimentary basin

sedimentary sequences did not evenly subside. This,
therefore, gives rise to shallow and deeper depths
within the sedimentary basin. The depths to the top of
the shallow basement can be less than 500 m in
certain locations, while the depths to the top of the
deeper basement can be up to 3000 m. The sedimen-
tary thicknesses for the section covered in this study
showed the possibility of a depth up to 3000 m in
specific locations as the elevations of the sedimentary
sequences were not ignored (Fig. 17d). Note that the
activities that resulted in the basin fragmentation and
subsidence were dated back to its evolution (Mullan,
1979). The middle Niger Basin, unlike the Benue
Trough, did not have volcanic rocks within the
sedimentary units (Kogbe, 1989; Rahaman et al.,
2018). The observed magnetic anomalies in the
sedimentary area come from the younger volcanic

rocks that lie on and within the magnetic basement.
There is also the presence of ironstones in the
sedimentary terrane of the study area. The wave-
lengths of the magnetic field emanating from such
materials are far too short compared to the magnetic
field emanating from the deeper and highly magnetic
intrusions within the basement.

6. Conclusion

The study of the earth’s magnetic structures in
this study shows possible ways to characterize crustal
structures for understanding its tectonic and struc-
tural frameworks. The airborne magnetic and
radiometric data of the studied area identified linear
geological structures which include but are not
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Two-dimentional (2D) depth distribution for the magnetic basement and the overprinted younger volcanic rocks derived from the SPI and the
3D Euler deconvolution method respectively on the line cross-section through a A-A’. b B-B’. ¢ C-C'. d D-D’. The maps show the
positions and dips of important faults in the crystalline basement of the study area

limited to faults, joints and shear zones. We identi- that resulted in major structural deformation and
fied several igneous rocks within the metamorphic compositional differentiation of the Archaean base-
basement underlying a significant portion of the ment. We equally identified linear magnetic highs
middle Niger Basin, the crystalline basement terrane and a few linear narrow magnetic lows marked by a
and parts of the shear zones. The igneous intrusions high potassium-to-thorium ratio, indicating possible
in both the crystalline basement and the sedimentary hydrothermal alteration. This feature is recognized as
terrain provide evidence for the tectono-ther- the main minerals signatures responsible for the gold

mal stress regime during the Pan-African orogeny mineralization in parts of the study area and may be
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Figure 17

continued
used to guide the exploration gold in other parts of 300 m and up to 3000 m in the sedimentary terrain.
the studied area. A good number of the structures The transition zone between the crystalline basement
identified in the studied area exhibit NE-SW, ENE— and the sedimentary terrain exhibits basement depths
WSW and E-W geological strikes. The depth varia- that are far less than those of the basin but slightly
tion for tectonic structures and igneous intrusions greater than the crystalline basement.

within the crystalline basement is between 180 and
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