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Abstract 
High-resolution aeromagnetic (HRAM) data covering the Naraguta area was analyzed to map structural 
features that may influence the formation of hydrothermal mineral alteration in the area. The 
aeromagnetic data was filtered by applying enhancement algorithms like first vertical derivative (1VD), 
analytical signal (AS) and horizontal gradient magnitude (HGM) to delineate the boundaries of linear 
geological structures and identify potential mineralization zones. Spectral analysis method was used 
to determine the depth to magnetic sources in the area. Aeromagnetic signatures of the study area 
showed variations in high and low anomalies trending in the NE – SW, NW – SE, N – S and E – W 
directions. These anomalies aligned with the trends of the interpreted lineaments from the filtered 
maps. The AS and HGM maps delineated the edges of rounded, sub-rounded and elliptical source 
bodies interpreted to represent porphyritic ring dyke complexes that intruded the Precambrian 
Basement rocks underlining the study area. Estimated depths for shallow and deeper magnetic sources 
was 0.28 km and 2.86 km, respectively. Lineaments mapped in this study may have acted as conduits 
for the flow of hot mineralized hydrothermal fluids, and may therefore represent potential target zones 
for ore mineral exploration. 
Keywords: Structural analysis; Aeromagnetic data; Naraguta area; Hydrothermal mineralization. 

1. Introduction

The study area (Fig. 1) is located within the northcentral part of Nigeria on longitude 8°30'
E - 9°00' E and latitude 9°30' N - 10°00' N, with an aerial coverage of about 3025 km2. The 
area is characterized by rugged topography defined by high relief features with elevation rang-
ing from 550 m to more than 1300 m. The area has attracted interests from the solid mineral 
sector, following the increase in demand for lithium, cassiterite, columbite and other critical 
elements needed in the production of batteries for electric vehicles (EVs). These minerals 
which are hosted in basement complex rocks like those of northcentral Nigeria, have been 
illegally exploited by local miners and artisans over the years [1-6].  

Several researchers have carried out studies in attempt to characterize the structural dis-
position of the Naraguta area and environs, using various geological and geophysical tech-
niques. [7] analyzed the structural trend and spectral depth of the area using residual magnetic 
field data. They observed several magnetic closures of different sizes trending in the NE – SW 
direction, which may be linked with the occurrence of younger granite rings in the study area. 
[8] carried out magnetic basement depth re-evaluation of the Naraguta and environs north-
central Nigeria using 3D Euler deconvolution. They concluded that the area has potentials for
solid mineral exploration due to the presence of several lineaments controlling ore deposits.
[9] conducted mapping and analysis of the density of lineaments of the Younger Granite com-
plexes of Jos and environs, northcentral Nigeria. They showed that the main structural trends
of the lineaments are in the NE – SW, NW – SE, N – S, and E – W directions.
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In this study, detailed structural analysis of high-resolution aeromagnetic data over the 
Naraguta area and environs, northcentral Nigeria was carried out to map lineaments and iden-
tify areas with high potentials for hydrothermal mineral exploration. 

 
Fig. 1. Topographic map of the study area. 

2. Geology of the area 

The Naraguta and environs is underlain mostly by the Basement Complex rocks of north-
central Nigeria, including the Migmatite-Gneiss Complex, the Younger Granite and the Basalts 
(Fig. 2.). The Migmatite-Gneiss complex occupies the northern part of the study area; the 
Younger Granites Ring Complexes are mostly found at the northeastern and southeastern 
parts, while the Basalts dominates the southwestern and central portions of the study area. 

The Migmatite-Gneiss Complexes have been subjected to multiple episodes of deformation, 
including the Eburnean Orogeny (2000 ±200 Ma), Kibaran (1100 ±150 Ma) and Pan-African 
(600 ±150 Ma) orogeny. These tectonic episodes resulted in the emplacement of the Older 
Granites [8,10]. 

Petrologically, the Younger Granites constitute mostly of distinctive crystalline granitic ig-
neous rocks. Different Younger Granite Complexes of varying sizes have been mapped and 
given type names after their type localities. Each of the Younger Granite Rings maintain its 
distinct topographic characteristic, and form a range of plateau with elevation between 300 - 
1100 m above the surrounding basement rocks. The rocks are composed mainly of four dis-
tinct lithologies, including Hornblende-Pyroxene-Fayalite granite, Hornblende-Biotite granite, 
Biotite granite and Riebeckite granite [11]. 
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Fig. 2. Geological map of the study area (after NGSA, 2004). 

3. Materials and method 

3.1 Aeromagnetic data 

The Naraguta area and environs is covered by aeromagnetic data sheet 168. Th data was 
obtained from the Nigerian Geological Survey Agency (NGSA) for this study. Acquisition of the 
data was carried out by Fugro for NGSA as part of the nationwide airborne surveys conducted 
between 2004 and 2009. The data was processed using software tools including Oasis Montaj, 
Surfer, MS Excel, and Matlab. 

The total magnetic intensity (TMI) grid (Fig. 3) was reduced to the magnetic equator (RTE) 
to ensure that the anomalies are symmetrically centered over their causative sources. The 
RTE grid formed the basis for the application of different filtering techniques to delineate the 
contacts of linear geological features that may control hydrothermal mineralization in the 
study area. 
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Fig. 3. Total magnetic intensity (TMI) map of the study area. 

3.2. Data processing technique 

Filtering techniques applied to the RTE data to enhance the edges of subsurface linear 
features in the study area include the first vertical derivative (1VD), analytical signal (AS) and 
horizontal gradient magnitude (HGM) [12-15]. Lineaments mapped from the filtered aeromag-
netic grids were analyzed to obtain their structural trends using rose diagram plot. Determi-
nation of depth to the magnetic basement was achieved using the spectral analysis method. 
The routines adopted in this study are briefly described in the next paragraphs.  
First vertical derivative (1VD) 

The first vertical derivative filter estimates the vertical rate of change in the magnetic 
anomalies. It is a good filter for detecting shallow-seated geological features that exhibit short-
wavelength anomalies [16]. It is mathematically given by the equation: 

1𝑉𝑉𝑉𝑉 = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (1) 

Analytical signal (AS) 
This filter performs well at low latitudes, where it easily detects the contacts of steep dip-

ping features at shallow depths [15,17]. It is given by the expression [12]:  
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where |A (x, y)| is the amplitude of the analytical signal at (x, y), T is the observed magnetic 
field at (x, y) and dT/dx, dT/dy and dT/dz are the first derivative of the total magnetic field. 
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Horizontal gradient magnitude (HGM)  
This is a common edge detection filter for identifying shallow linear structures like faults 

and fractures. It is defined as [18]: 

𝐻𝐻𝐻𝐻𝐻𝐻 = ��
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�
2

 (3) 

where (∂M/∂x) and (∂M/∂y) are the horizontal derivatives of the magnetic field.  
Spectral analysis (SA) 

The basic principle of the spectral analysis method is by considering the integral of a mag-
netic field measurement at the surface from all depths. This can be performed by using the 
Discrete Fourier Transform - a mathematical tool for spectral analysis of aeromagnetic data. [19] 
proposed the use of the power spectrum method to analyze potential field data, while [20] 
deployed the technique to determine the depth to anomalous source bodies in the subsurface. 
The power spectrum derived from Fourier Transform of the magnetic field data can be used 
to estimate the average depths to magnetic source ensembles. The complex form of the two-
dimensional Fourier transform pair is given by [19]: 
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where u and v are the angular frequencies in x and y directions respectively.  
G(u,v) can be separated into its real and imaginary parts by using the expression: 

𝐺𝐺(𝑢𝑢, 𝑣𝑣) = 𝑃𝑃(𝑢𝑢, 𝑣𝑣) + 𝑖𝑖𝑖𝑖(𝑢𝑢, 𝑣𝑣) (6) 
Then, the energy spectrum is given by the equation, 

𝐸𝐸(𝑢𝑢, 𝑣𝑣) = [𝐺𝐺(𝑢𝑢, 𝑣𝑣)]2 = (𝑃𝑃2 + 𝑄𝑄2) (7) 
[20] showed the energy spectrum can be expressed in polar form as follows: 
if 𝑟𝑟2 = (𝑢𝑢2 + 𝑣𝑣2) and 𝜃𝜃 = 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡 �𝑢𝑢

𝑣𝑣
�, the energy spectrum E (r, θ) could be given by: 

(𝐸𝐸(𝑟𝑟, 𝜃𝜃)) = 4𝜋𝜋2𝑀𝑀2𝑅𝑅𝐺𝐺2(𝑒𝑒−2ℎ𝑟𝑟)((1 − 𝑒𝑒−𝑡𝑡𝑡𝑡)2)(𝑆𝑆2(𝑟𝑟, 𝜃𝜃))�𝑅𝑅𝑝𝑝2(𝜃𝜃)� (8) 
where, 〈E(r,θ)〉 indicates the expected value;  𝑟𝑟2 = (𝑢𝑢2 + 𝑣𝑣2) is the magnitude of the frequency 
vector and 𝜃𝜃 = 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡 �𝑢𝑢

𝑣𝑣
� is the direction of the frequency vector. M is magnitude of the mo-

ment/unit depth; h is the depth to top of the prism; t is the thickness to top of the prism; S 
is the factor for the horizontal size of the prism; 𝑅𝑅p is the factor for the magnetization of the 
prism and RG is the factor for geomagnetic field direction. 

The average depth h to the ensemble, enters only into the factor: 

{𝑒𝑒−2ℎ𝑟𝑟} =
𝑒𝑒2ℎ𝑟𝑟sinh (2𝑟𝑟∆ℎ)

4𝑟𝑟∆𝑡𝑡
 (9) 

The energy spectrum will then consist of two parts; the low frequency part related to the 
deeper magnetic source and which decays rapidly, and the high frequency part which is asso-
ciated with shallower magnetic sources dominance. Straight line slopes are often fitted to the 
radial spectrum to approximate the depths of the possible layers [20]. As shown by [21], the 
average depth to magnetic sources can be calculated as follows: 
ℎ(𝑓𝑓) = 𝑀𝑀

4𝜋𝜋
𝑀𝑀 × 0.08 cycles/unit distance (10) 

ℎ(𝑓𝑓) = 𝑀𝑀
2
𝑀𝑀 × 0.5 radians/unit distance (11) 

where, 𝑀𝑀 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝐸𝐸
𝑓𝑓

 is the gradient and 𝐸𝐸(𝑓𝑓) = 𝑒𝑒−2ℎ𝑓𝑓 is the energy spectrum and Log E is the vari-
ation of the logarithm of the power spectrum in the interval of frequency. 

The procedure described above for spectral analysis was adopted in this study to determine 
the depths to magnetic sources. The RTE data was sub-divided into 25 blocks (Fig. 4), and 
each of the blocks were analyzed to obtain the radial average power spectrum (Fig. 5) using 
the Fast Fourier Transform (FFT) technique. Straight-line slopes were fitted to obtained 2D 
power curves to estimate the depths to magnetic source bodies in the study area.  
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Fig. 4. RTE map of the study area showing the spectral blocks. 

 
Fig. 5. Radial averaged power spectrum of Blocks 4 and 11. 
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4. Results and discussion 

4.1. RTE map of the study area 

The reduced to the equator magnetic intensity map (Fig. 4) of the study area showed al-
ternations in high, low and intermediate magnetic anomalies representing the varying nature 
in magnetic susceptibility of the subsurface rocks. The anomaly variations trend mostly in the 
NE-SW, NW-SE, N – S and E – W directions respectively. High anomaly values ranging between 
-4.2 – 98.6 nT dominate the northern and southern portions of the RTE map, while the central 
part of the map is dominated by intermediate to low anomalies between -128.2 and -8.7 nT. 
The observed magnetic signatures in the study area are characterized by sharp magnetic 
boundaries, emanating from vertical or high-angle dipping faults and fractures. The aeromag-
netic signatures follow the trend of subsurface geological features responsible for the observed 
anomalies. 

4.2. Lineaments interpretation and structural trend 

Subsurface linear geological features that may control mineralization were delineated on 
the 1VD and HGM maps of the study area obtained by applying edge enhancement filtering to 
the aeromagnetic data. The first vertical derivative map (Fig. 6) showed anomaly values rang-
ing between -0.214 – 0.198 nT. The map revealed cluster of lineaments at the central part of 
the study area. These linear features trend in the NW – SE direction, with their conjugate NE 
– SW oriented features. Other highlighted structural contacts trend in the N – S and E – W 
directions. The features described above were highlighted by the HGM map (Fig. 7), which 
also delineated the trend of intrusive rocks in the study area. The map showed magnetic 
anomalies ranging from 0.003 to 0.286 nT.  

The identified lineaments in the study area show major trends in the NE – SW, NW – SE, N 
– S and E - W directions, as observed from the rose diagram plot (Fig. 8). These trends 
conform with major structural orientations in the Nigeria Basement Complex terrain and the 
Benue Trough [8,22-23]. 

 
Fig. 6. 1VD map of the study area. 
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Fig. 7. HGM map of the study area 

 
Fig. 8. Lineament map of the study area, with rose diagram showing the main structural trends. 

[24] and [25] have shown that the Nigerian Basement Complex is characterized by NE - SW 
trending lineaments that could be correlated to the Romanche and Chain Fracture Zones in 
the Gulf of Guinea. The NE – SW trends, with their conjugate NW – SE lineaments represents 
younger tectonic episodes that affected the basement, and obliterated the older, deeper E – 
W and N – S tectonic trends, which were reactivated from crustal zones of weakness in the 
basement as a result of the late Phanerozoic plate tectonic event [26]. 

Magnetic depth to basement maps of the study area revealed that the lineaments occur at 
depths closer to the surface (Fig. 9 and Fig. 10), with an average depth of 0.28 km to shallow 
basement sources (D1) and an average depth of 2.86 km to deeper sources (D2) (Table 1).  
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Table 1. Estimated depths to shallow (D1) and deeper (D2) magnetic sources in the study area. 

Block X Y D1 (km) D2 (km) 
1 454143 1059514 0.31 3.34 
2 463428 1059454 0.24 2.67 
3 472469 1059399 0.22 2.51 
4 481709 1059399 0.27 2.59 
5 490795 1059508 0.35 1.64 
6 454234 1068648 0.32 1.71 
7 463483 1068703 0.33 3.42 
8 472263 1068648 0.22 3.12 
9 481763 1068648 0.28 1.26 
10 490958 1068648 0.34 1.95 
11 454288 1077788 0.24 4.26 
12 463374 1077788 0.27 3.6 
13 472263 1077897 0.24 3.06 
14 481763 1077897 0.37 3.43 
15 490903 1077843 0.38 4.03 
16 454342 1087038 0.24 2.75 
17 463483 1087038 0.24 2.94 
18 472569 1087038 0.22 2.99 
19 481709 1087092 0.23 2.77 
20 490849 1087038 0.28 4.3 
21 454342 1096287 0.31 2.69 
22 463483 1096341 0.27 2.77 
23 472569 1096341 0.27 2.04 
24 481654 1096287 0.18 2.22 
25 490903 1096287 0.41 3.37 
 Average  0.28 2.86 

Areas with high concentration of longer lineament lengths possess high potentials for hy-
drothermal mineralization. These areas were mostly observed to coincide with zones where 
the Younger Granite Ring complexes occurred in the study area [27]. The lineaments may have 
acted as flow pathways for hot hydrothermal fluids from the deeper parts of the earth [28-29].  

 
Fig. 9. Depth to shallow magnetic basement sources (D1). 
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Fig. 10. Depth to deeper magnetic basement sources (D2). 

4.3. Identification of potential mineralization zones in the study area 

The analytical signal (AS) map (Fig. 11) revealed high amplitude anomalies ranging be-
tween 0.036 – 0.429 nT in the central part of the study area.  

 
Fig. 11. Analytical signal map of the study area. 
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The trend of these anomalies was observed to coincide with the lineament directions. The 
AS filter clearly delineated the edges of rounded, sub-rounded and elliptical source bodies that 
represents dykes and porphyritic ring dyke complexes that intruded the basement rocks. 
These appeared as clusters of high amplitude peaks that were distributed in the central portion 
of the study area. The structures reflect the various tectono-deformational events that have 
impacted the basement, leading to different metamorphic grades and variations in magnetic 
susceptibilities of the underlying rocks.  

High AS amplitude anomalies have been linked mineralized pegmatite fields in the parts of 
the Precambrian Basement Complex of southwestern Nigeria [6]. The high amplitude zones 
identified on the AS map represents potential mineralization zones in the study area. These 
areas are known to be associated with the occurrence of ore deposits like cassiterite, tin and 
columbite [27]. The interconnected longer lineaments lengths may have served as conduits for 
the flow of hot hydrothermal solutions and therefore control mineralization in these areas.  

The structural framework of the study area reflects polycyclic and polyphase deformational 
episodes that promoted the enrichment of hydrothermal minerals. For instance, the linea-
ments around the Kagoro Hill, Ganawuri Hill, and Barakiniadi area, have high density and cuts 
across each other (Fig. 8). Areas with high lineament density have great potentials for hydro-
thermal mineralization and groundwater prospecting [28-29]. The lineaments were observed to 
occur mostly in area where the Younger Granites intruded and were uplifted closer to the 
surface, suggesting that they are products of past tectono-stress episodes and magmatic ac-
tivities that affected the basement rocks in the area [11]. 

5. Conclusions 

Structural analysis of high-resolution aeromagnetic data over the Naraguta area northcen-
tral Nigeria, have been attempted in this study. The reduced to the equator (RTE) aeromag-
netic data showed alternations in high and low magnetic signatures, reflecting variations in 
the magnetic susceptibility of the subsurface rocks. Structural enhancement filters applied to 
the RTE grid highlighted the edges of lineaments trending in the NE – SW, NW – SE, N – S 
and E – W directions. Spectral depth estimations revealed that these causative magnetic 
sources occur at shallow depths. Analytical signal filtering detected high amplitude peaks dis-
tributed in the central portion of the study area. These anomalous zones follow the main 
structural trends in the study area and thus, indicate potential zones of hydrothermal miner-
alization. The rounded, sub-rounded and elliptical shapes of the source bodies suggested that 
the anomalies emanated from porphyritic ring dyke complexes that intruded the Precambrian 
Basement rocks. The lineaments and dykes mapped in the study area may have served as 
pathways for the flow of hot mineralized hydrothermal fluids, and therefore represent potential 
targets for ore mineral exploration.  
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