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Abstract
The present study investigated crustal structures and geological bodies in parts of the crystalline basement of Nigeria using 
high-resolution airborne magnetic data and a Very Low-Frequency Electromagnetic survey. The purpose is to provide pre-
liminary insight into the lead mineralization identified for the first time in parts of the crystalline basement, as well as to 
find new promising areas for follow-up mineral investigations. Aeromagnetic anomaly data were interpreted across the study 
area using standard geophysical techniques consisting of horizontal gradient magnitude, pseudo-gravity transformation and 
source parameter imaging. The horizontal gradient magnitude anomalies reveal a considerable component of the studied 
area hosting the lead mineralization. The pseudo-gravity transformation identified a few northwest-southeast geological 
features which are characterized by high pseudo-gravity anomalies and surrounded on both sides by linear low anomalies 
that signify a structural deformation. The source parameter imaging shows more closely the geological formation hosting 
a known lead mining site. To precisely map the extension and trend of the lead mineralization within the geological forma-
tion, five very low-frequency electromagnetic survey profiles were established in a northeast-southwest direction covering 
parts of the geological formation. The results showed northeast and north-northeast extensions of the lead mineralization 
within the geological formation. Our overall assessment demonstrates the integration of magnetic and Very Low-Frequency 
Electromagnetic methods as powerful tools for mapping lead deposits.
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Introduction

Lead was discovered in Nigeria in the 1950s when it was 
first attributed to a magmatic emplacement of mafic igne-
ous intrusions in the Nigerian rift basin known as the Benue 
trough (Farrington 1952; Olade and Morton 1985). How-
ever, subsequent studies found that the origin of lead in the 
trough was more hydrothermal than magmatic (Offodile 
1980; Olade and Morton 1985; Akande and Mücke 1989, 
1993; Maurin and Benkhelil 1990; Oha et al. 2017; Adebiyi 
et al. 2020). The studies equally identified an association 

with minor to significant amounts of zinc, copper, baryte 
and silver, where they occur as lodes filling fractures within 
the sedimentary sequence (Farrington 1952; Offodile 1980; 
Olade and Morton 1985; Akande and Mücke 1989; Maurin 
and Benkhelil 1990; Oha et al. 2017). Since the discovery 
of lead in Nigeria, it has been widely assumed that it can 
only be found in the Benue trough (Olade and Morton 1985; 
Akande and Mücke 1989; Oha et al. 2017). However, we 
recently identified the metal in parts of the Nigerian base-
ment complex which is underlain primarily by crystalline 
rocks. This, nevertheless, contradicts the widespread belief 
that lead mineralization in Nigeria is restricted to the Benue 
trough. To pave the way for a rigorous geological mapping, 
we carried out a preliminary geophysical investigation to 
identify any regional tectonic structure that may be asso-
ciated with the mineralization and also to outline possible 
extensions of the metal beyond the current mining location. 
A geophysical investigation consisting of high-resolution 
airborne magnetic and Very Low-Frequency Electromag-
netic (VLF-EM) methods was deployed. The magnetic 
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method was used because of its effectiveness in delineat-
ing geological structures such as fractures and boundaries 
of different rock formations (Nabighian et al. 2005). The 
VLF-EM method, on the other hand, was chosen because of 
its capability to precisely identify metallic deposits where 
they are trapped within fractures or rock boundaries (Sharma 
et al. 2014; Upadhyay et al. 2020).

Location and geological setting

The study area falls mainly within Kwara State in west-
central Nigeria, while a small part fall in Niger State in 
north-central Nigeria. The study area is underlain mainly 
by the reactivated Archaean basement rocks comprising the 
migmatite-gneisses, orthogneisses, paragneisses, fragments 
of silicified quartzite-schist belts, and Pan-African granitoid. 
An abridged geological map adapted from (Thiéblemont 
et al. 2018) shows the study area to be intersected by the F3 
splits of the Anka-Yauri-Iseyin (AYI) shear zone (Fig. 1a) 
whereas the geological map of Kwara State by the Nige-
rian Geological Survey Agency shows detailed geological 
information of the study area (Fig. 1b) (NGSA 2006). The 

geological map of the study area, derived from the geologi-
cal map of Kwara State, shows the shear zone area to be 
underlain mainly by quartzite rock whereas the mining area 
is shown to be underlain by migmatite rock (Fig. 1c). The 
regional fracture cutting through the study area exhibits 
mainly NNE-SSW structural alignment (Adepelumi et al. 
2008; Awoyemi et al. 2017; Adebiyi et al. 2022).

Data and methods

Magnetic data

High-resolution aeromagnetic anomaly data of the study 
area were acquired and analysed. The acquisition of the 
data was done by Fugro Airborne Survey for the Nigerian 
government. The survey orientation was NW–SE at a mean 
barometric flight altitude of roughly 80 m. The data were 
acquired at a regular profile spacing of 500 m and tied at 
every 2000 m (Reford et al. 2010). Essential corrections and 
data improvements were implemented by Fugro Airborne. 
The data were griddled at 100 m spacing utilizing the Mini-
mum Curvature technique (Briggs 1974) and shown as a 2-D 

Fig. 1   a Abridged geological 
map showing two splits of the 
AYI shear zone (Thiéblemont 
et al. 2018) b Detailed geologi-
cal map of Kwara State (NGSA 
2006) c Geological map of 
study area showing the artisanal 
lead pit in part of Kwara State 
(NGSA 2006)
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map of residual magnetic intensity (Fig. 2). The artisanal 
mining pit in the area was geolocated on the aeromagnetic 
anomaly map. Similarly. the Anka-Yauri-Iseyin (AYI) shear 
zone was inferred from discontinuities in the aeromagnetic 
anomalies in sheared fault area. This allowed us to estimate 
the distance between the artisanal mining pit and the shear 
zone. The estimated distance is 7.8 km. The Niger River was 
equally geolocated on the aeromagnetic anomaly map and is 
approximately 1.7 km east of the mining pit.

Magnetic methods

Magnetic methods are mathematical tools or models used 
for analysing magnetic data (Nabighian et al. 2005). In this 
study, the aeromagnetic anomaly data of the study area was 
analysed using magnetic methods such as horizontal gra-
dient magnitude (HGM), pseudo gravity transformation 
(PGT), and source parameter imaging (SPI). The methods 
were effectively utilized to show the location, depth and 
orientation of various geological features underlining the 
studied area. The magnetic methods used in this study are 
as follows:

Horizontal gradient magnitude

Horizontal gradient magnitude (HGM) is one of the math-
ematical models for interpreting magnetic data (Phillips 
2000). Because the amplitude of a yet to be interpreted 
magnetic data is not always centred on the edges of the 
causal body, it is difficult to delineate  with certainty the 

location or boundary of the causal body (Thurston and 
Brown 1994; Blakely 1995; Phillips 2000; Beamish 2016). 
However, when the HGM model is used, the data ampli-
tude systematically align with the edges of the causal body 
enabling the description of the location and boundary of 
the causal body (Phillips 2000; Beamish 2016). In terms 
of resolution, HGM method has the highest resolution 
among all the edge detection methods  (Pilkington and 
Tschirhart 2017). The method, nevertheless, is sensitive to 
the direction of the inducing magnetic field and the dip of 
the causal body (Verduzco et al. 2004; Pilkington 2007). 
The dependence of the method on the magnetization direc-
tion, however, can be reduced by subjecting the original 
data to a mathematical model known as a reduction to the 
magnetic equator or most importantly the pseudo-gravity 
transformation analysis (Baranov 1957; Verduzco et al. 
2004; Panepinto et al. 2014; Mashhadi and Safari 2020). 
The expression for the HGM model for gridded magnetic 
data is shown in Eq. 1. 

where �F
�x

 and �F
�y

 are the first-order partial derivatives of the 
residual magnetic intensity field F in x and y horizontal 
directions respectively. Further details of the HGM are avail-
able in the published work of (Blakely and Simpson 1986; 
Thurston and Brown 1994). In this study, the HGM model 
was implemented on the reduced to-magnetic equator 

(1)|HGM(x, y)| =

√
(
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�x

)2

+
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Fig. 2   Aeromagnetic anomaly 
map of the study area showing 
the location of the artisanal 
mining pit and the boundary 
of the shear zone through the 
study area
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airborne magnetic data and also on the pseudo-gravity 
anomaly map to reveal the locations and structural align-
ments of magnetic source bodies.

Pseudo gravity transformation

A pseudo-gravity is an assumed gravity anomaly observ-
able when a magnetization contrast is replaced by an equiva-
lence density contrast (Baranov 1957; Murthy 1969; Bilim 
and Ates 2004; Panepinto et al. 2014; Mashhadi and Safari 
2020). Due to the dipolar nature of magnetic sources and 
the fact that the magnetization of a body can point in any 
direction, magnetic responses are far more complicated than 
gravitational ones. Luckily, pseudo-gravity transformation 
is an anomaly simplifier, making the analysis of magnetic 
data considerably simpler. Pseudo-gravity transformation 
possesses fascinating features that reduce the stronger effect 
of shallow magnetic sources and increase the dominance 
of magnetic anomalies from deeper sources. The relation-
ship between the magnetic potential and gravitational field 
established by Poisson leads to the pseudo-gravity transfor-
mation (Blakely 1995; Panepinto et al. 2014). The magnetic 
and gravitational scalar potentials of a body with uniform 
magnetization and density in volume v are given by Eqs. 2 
and 3 respectively (Baranov 1957; Panepinto et al. 2014)

where q is the data observation point, r is the source dis-
tance, M is the magnetization distribution, G is the gravita-
tional constant and � the source density. Using Eqs. 2 and 3 
we obtained Eqs. 4, 5 and 6

where gM = ∇qU (5)

From Poisson’s relation, gM refers to the component of 
gravity in the magnetization direction. The pseudo-gravity 
operator converts the magnetic anomaly into a gravity-like 
response as if the body's magnetism were replaced with the 
same density distribution, where density and magnetic sus-
ceptibility have a perfect linear association (Baranov 1957; 
Blakely 1995; Panepinto et al. 2014). The pseudo-gravity 
transformation was applied to the aeromagnetic anomaly 

(2)V(q) = −M∇q∭ V

1

r
dv

(3)U(q) = G�∭ V

1

r
dv

(4)V(q) = −
1

G�
M∇qU

(6)V(q) = −
1

G�
MgM

data in the current study area to locate deep-seated geologi-
cal bodies.

Source parameter imaging analysis

The source parameter imaging (SPI) model was developed 
by (Smith et al. 1998). The model is based on a complex 
analytic signal that computes source parameters from grid-
ded aeromagnetic data. It is also referred to as the local 
wavenumber technique. This method estimates depths over 
isolated contacts without making assumptions about the 
source thickness (Smith et al. 1998). Edge positions, depths, 
dips, and susceptibility contrasts are all displayed on SPI 
solution grids. The local wavenumber map is more similar 
to geology than the original magnetic map or its derivatives 
(Thurston and Brown 1994; Smith et al. 1998; Salako 2014). 
To estimate the depth values using the source parameter 
imaging (SPI) model, the local wavenumber in Eq. 7 is used 
(Thurston and Smith 1997; Smith et al. 1998).

where Kmax is the maximum value of the local wavenumber 
(K) above the step-type source body. The depth estimates are 
thus calculated using the reciprocal of the local wavenumber 
given in Eq. 8.

The SPI model was used to delineate the boundary and 
depth of the geological formation suspected to host the lead.

Very low‑frequency electromagnetic (VLF‑EM) 
method

A high-powered military radio transmitter operating in the 
frequency range of 5 to 30 kHz generates the VLF-EM sig-
nal (Gürer et al. 2009; Sharma et al. 2014). The signal propa-
gation is vertical at first, but over long distances, it becomes 
horizontal, allowing it to penetrate the earth and induce 
secondary electromagnetic fields in subsurface conductors 
(Sharma and Baranwal 2005; Sharma et al. 2014; Zakaria 
et al. 2021). The induced fields have two components—the 
in-phase and out-of-phase which are the real and imagi-
nary components respectively. The goal of the VLF-EM 
surveys is the acquisition of the in-phase and out-of-phase 
components. The data acquired are thus subjected to fur-
ther analysis to identify the location and depth of the causal 
bodies. Two well-established mathematical models are often 
used for this purpose, they are the Fraser and Karous-Hjelt 
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filtering techniques. Equations 9 and 10 show the models for 
the Fraser and Karous-Hjelt filters respectively (Fraser 1969; 
Karous and Hjelt 1983). The raw data are shifted by 900 as 
a result of the filtering, so that the crossover and inflexion 
points become peaks centred on the causal bodies (Reynolds 
1997; Bosch and Müller 2001). The Karous-Hjelt filter gen-
erates two-dimensional subsurface sections to visualise the 
position and depth of the causal bodies (Karous and Hjelt 
1983; Bosch and Müller 2001).

where D represents each data and i stands for the serial num-
ber of each data beginning from 1, 2, 3, 4,………..n.

In the study area, we established five VLF-EM profiles 
in a northeast-southwest direction over the geological for-
mation to determine the extent and orientation of the lead 
mineralization. The data were acquired with the aid of an 
ABEM WADI VLF-EM device. The coordinates of the data 
points were simultaneously acquired using a handheld GPS 
device. Figure 3 shows the layout of the VLF-EM survey in 
the studied area.

Results and discussion

Detection of source edges

Horizontal gradient magnitude anomaly map

The high-resolution airborne magnetic data of the studied 
area was first reduced to the magnetic equator and the HGM 
magnetic model was applied. The purpose of reducing the 
original data to the magnetic equator was to reduce the effect 
of the inclination and declination on the HGM analysis. The 
result obtained shows a significant number of shallow-seated 
geologic bodies and linear structures underlining the stud-
ied area (Fig. 4). The HGM map shows the orientation and 
boundaries of the north-northeast trending AYI shear zone 
to the west of the mining area. The map equally identified 
with the high amplitude of the HGM analysis a few northeast 
trending structures while the mining area is located within 
the low amplitude of the HGM map (Fig. 4). The distance of 
the lead mining pit from the AYI shear zone as we have ear-
lier measured is 7.8 km. Considering this great distance, we 
could not have possibly linked the lead mineralization to the 
shear zone. Nevertheless, a few northwest-trending struc-
tural alignments are evident in the HGM analysis, particu-
larly in parts of the study area covered by the Niger River. 

(9)Fi =
(
Di+2 + Di+3

)
− (Di + Di+1)

(10)
Fi = 0.102Di − 0.059Di+1 + 0.561Di+2

− 0.561Di+4 + 0.059Di+5 − 0.102Di+6

Although the HGM analysis revealed the structural align-
ments of many shallow-seated geological features, it could 
not reveal the deep-seated geological features throughout 
the study area since the analysis is only sensitive to shallow-
seated geological features.

Pseudo‑gravity transformation anomaly map

To reveal regional deep-seated geological features which 
are not visible in the HGM analysis in Fig. 4, we applied a 
pseudo-gravity transformation (PGT) to the aeromagnetic 
anomaly map. The PGT, as an integral method, possesses a 
unique ability to suppress shallow geologic features while 
enhancing deep-seated regional features. The PGT analy-
sis reveals, in addition to the already established structural 
alignments, new northwest-trending regional features that 
extend from the mining area to the Niger River area (Fig. 5). 
The mining pit is shown on the PGT map (Fig. 5) to be 
located in a part of the study area defined by low gravity 
anomalies that indicate an association with magnetically 
quiet geological formation. Consequently, the pseudo-grav-
ity analysis suggests a link between lead mineralization and 
the northwest-trending geological feature. The pseudo-grav-
ity transformation results in this study are highly significant 
as it reveals the geodynamic nature of the tectonic events in 
the studied area.

Furthermore, we applied HGM analysis on the PGT map 
(Fig. 6) to further reveal the edges of northwest-trending 

Fig. 3   Base map showing the VLF-Em profiles and the artisanal min-
ing pit
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regional features that were not clearly shown in the origi-
nal HGM map (see Fig. 4). The new HGM result (Fig. 6) 
shows the mining area within the low amplitude of the 
HGM. The map further reveals the northwest-trending 
structural alignment as well as the north-northeast trend-
ing AYI shear zone. The region around the mining location 

and the parts occupied by the Niger River show positive 
prospects for large-scale lead exploitations.

Source parameter imaging map

The SPI analysis was used to complement the HGM tech-
nique since it is capable of delineating precisely dipping and 

Fig. 4   Horizontal gradient mag-
nitude (HGM) aeromagnetic 
anomaly map of the study area

Fig. 5   Colour-shaded pseudo-
gravity anomaly map of the 
study area
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non-dipping contacts. The SPI estimated the locations and 
depths of shallow, fairly deep, and deep magnetic sources, 
allowing for ground follow-up (Fig. 7). The shallow sources 
are less than 100 m deep, whereas the fairly deep and deep 
sources are more than 100 m deep. The AYI shear zone has 
a large area of deep-seated magnetic sources, though the 
southern and northern parts have mostly shallow magnetic 

sources. The mining area, on the other hand, has shallow 
and fairly deep sources. We identified from the SPI analysis 
a distinct geological formation hosting the artisanal mining 
pit. The length and width of the said geological formation 
are roughly 2300 m and 670 m respectively. We, therefore, 
concentrated our efforts on shallow sources because the 

Fig. 6   Horizontal gradient 
magnitude of the pseudo-gravity 
anomaly map

Fig. 7   Depth distribution for 
magnetic sources derived from 
SPI interpretation
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Lead exploration in the artisanal mining pit begins at barely 
10 m deep.

Very‑low frequency electromagnetic results

The Fraser and Karous-Hjelt filters were used to analyse 
the VLF-EM data. The filters were applied to in-phase data 
acquired along the five VLF-EM profiles. The Fraser filter 
results had peaks that coincided with the high conductivity 
areas of the Karous-Hjelt 2-D sections (Fig. 8). These high 
conductivity zones are considered to be weak zones with 

distinctive VLF-EM signatures emanating from the subsur-
face conductor, such as fractures or ore bodies (Michael et al. 
2013). The depth to the tops of the conductive causal bodies 
is 10 m (Fig. 8a, b and c), which matched well with the depth 
measured in the mining pit (Fig. 9). The results indicate the 
possibility of depths greater than 30 m below the subsurface. 
The VLF-EM filtered data were gridded to create a VLF map 
of the survey area (Fig. 10). The map shows a few conductive 
zones with a conductivity scale well over 7.9. The mining pit 
in the study area is located within one of the conductive zones 
(Fig. 10), indicating that the conductive zones are potential 

Fig. 8   Fraser and Karous-Hjelt results for a Profile 1 b Profile 3 c Profile 5
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areas for focusing lead exploitation in the study area. The 
strikes of the conductive zones are mainly NW–SE and NNW-
SSE. The widths vary from 10 to 30 m (Fig. 10). The VLF-EM 
results show a possibility for substantial lead mineralization 
beyond the current mining location.  

Conclusion 

The study of lead mineralization in parts of the crystalline 
basement complex of Nigeria shows that the mineraliza-
tion has a positive prospect for large-scale exploitation. The 
magnetic methods highlighted a few northwest-southeast 
geological structures that could be related to lead minerali-
zation. Similarly, the methods provided an estimation of the 
locations and depth of the geological formation suspected 
of hosting the lead, thereby allowing us to focus the ground 
geophysical survey on specific targets. Furthermore, the 
VLF-EM survey revealed the location, strike and depth of 
the lead within the geological formation. The results showed 
the lead mineralization to have mainly NW–SE and NNW-
SSE geological strikes. The width of the mineralized forma-
tions varies from 10 to 30 m, while the depth to the top of 
the deposits is 10 m and appears to extend more than 30 m 
below the surface. Finally, the NW–SE crustal deformation 
in the airborne magnetic data analysis is suspected to have 
a tight control on lead mineralization. Finally, a follow-up 
geological investigation is recommended to provide insights 
into the origin of lead mineralization in the studied area.
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