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SURFACE AND SUBSURFACE STRUCTURAL MAPPING OF LOKOJACENTRAL 

NIGERIAUSING AIRBORNE MAGNETIC AND REMOTE SENSING DATA 

 

Abstract 

Themain goal of this research is to evaluate the surface and subsurface structural framework of 

Lokoja and its surroundings using airborne magnetic and Shuttle Radar Topographic Mission 

(SRTM) data by applying image processing techniques. To explicate our aim, the residual 

magnetic intensity (RMI) data was reduced to a magnetic pole (RTP) to centre the anomalies 

above their causative source after which, the data was subject to the first vertical derivative filter 

and 3D Euler deconvolution method with structural index (SI =1)where the subsurfacestructures 

were delineated, usingOasis Montaj software.Four (4) shaded relief images were created with 

light sources emanating from four different directions to identify linear terrain features in the 

SRTM data at a solar azimuth of 0
°
 and a solar elevation of 45

°
. Others 90

°
, and 135

°
 followed 

bycreating acomposite shaded relief image of all four. The PCI Geomatica edge detection 

algorithm was applied to the composite shaded relief image produced. After thresholding and 

filtering processes, structural lineaments were extracted from the edges of the image by 

subjecting it to the line algorithm of PCI Geomatica.  ArcGIS v10.7.1 was used to assign 

geometry to both magnetic and SRTM structures delineated. The resulting structural lineaments 

were subjected to Rockworks wherea rose diagram that depictsstructural trends within the study 

area was produced. The lineaments delineated allow us to decipher that the area is dissected by 

numerous subsurface and surface linear structuresand these lineaments trend predominantly in the 

NE-SE, WSW-ENE, NW-SE, and NNE-SSW directions.Overlying the lineaments drawn from the 

pair of data sets showed several sites of structural coincidence that are thought to be structural 

continuation locations where subsurface fluidssuch as water will migrate directlyto the surface. 

 

Keywords: Structural lineaments, aeromagnetic, RTP, SRTM, and Edge detection 

 

Introduction 

 

Geological structures (surface and subsurface) play a crucial role in groundwater exploration 

especially in the basement complex as water is hosted within the secondary structures (Faults, 

joints, and fractures), in dam design, the knowledge of the structural framework of a place 

provided by geoscientists to the engineers can provide them with a clue on how the dam is to be 

designed (Tawey et al., 2021; Netshithuthuni & Zvarivadza 2018). Also, these geologic structures 

are conduits that allow fluid to flowinto host rocks as such, they can host water, oil and ore 

minerals (Olivier et al., 2011; Netshithuthuni & Zvarivadza 2018). Two sets of data have been utilized 

to delineatethe surface and subsurface geologic structures within the study area.These are 
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topographic and airborne magnetic data. Hillshade maps produced from Shuttle Radar 

Topography Mission (SRTM), digital elevation model (DEM) has been used in several published 

research papers to delineate surface structures which are reflections of subsurface geologic 

structures(Maulana et al., 2023; Rauf et al., 2022; Manyoe & Hutagalung, 2022; Siombonea et 

al., 2022;Tawey et al., 2021; Agbebia & Eges, 2020; Fajri et al., 2019; Manjare & Pophare, 2019; 

Akinalu et al., 2018; Nugroho & Tjahjaningsih, 2016; Papadaki et al., 2011). 

Airborne magnetic surveys are a very important first step in geophysical exploration because they 

make it possible to find ambient magnetic fields produced by subsurface magnetic minerals 

(Gaafar, 2015), most of these magnetic minerals are associated with geologic structures as such, 

airborne magnetic data is the most widely used in the delineation of subsurface geologic 

structures for minerals (Telford et al., 1990;Murphy, 2007). Integrating magnetic data and other 

methods has provided subsurface evidence of mineralisation or associated structures/alteration 

zones (Mohanty et al., 2011; Chaturvedi et al., 2013; Patra et al., 2013; Gaafar, 2014, 

2015).Works have been published employing airborne magnetic data for structures and 

mineralization (Tawey et al., 2020a; Tawey et al., 2021). Several other works have also been 

published employing the integration of airborne magnetic and remote sensing data for structural 

delineations(Ayuba & Nur, 2018; Faruwa et al.,2021; Ogunmola et al., 2015;Ebele&Nur, 2020; 

Taweyet al., 2020b). 

The goal of the present study is to carry out surface and subsurface structural mapping of Lokaja 

(sheet 247). 

The objectives of the study are toProduce the first vertical derivativeand 3D Euler deconvolution 

maps of the area for subsurface structural delineation, produce a hillshades map of the study area 

for surface structural delineation carry out statistical structural analysis of the study area and 
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produce a combined structural map showing areas of structural overlap between surface and 

subsurface structures. 

LOCATION, GEOLOGY AND TOPOGRAPHY OF THE STUDY AREA 

The study area is bounded by longitude6
°
30

´
E toLongitude 7

°
Eand Latitude 7

°
30

´
N to Latitude8

°
N 

and it is located within southcentral Nigeria, with the Nigeria confluence town (Lokoja), almost 

at the centre of it (Figure 1).  Tectonically, it is situated within theTogo - Benin-Nigeria swell that 

is adjacent to the Togo belt, all of which are a product of the Pan African Orogenyand is bordered 

by the Volta Basin to the west, the Sokoto Basin that is the continuation of Iullemeden Basin in 

the north, the Chad Basin in the northeast and the Benue trough in the east (Figure 1). The 

geology of the area is partly basement to the west and sedimentary to the east. Rocks within this 

area as displayed on the geologic map of the study area (Figure 1)areBanded gneiss/Biotite 

gneiss, Migmatite, Granite Gneiss, Undifferentiated older granite, River Alluvium, 

Undifferentiated Schist, False bedded sandstone, Coal, sandstone and shale, Mudstone and shale, 

Feldspathic sandstone and siltstone, Undifferentiated older granite, and Charnockitic Rocks 

(NGSA, 2006). The topographic variation across the study area ranges from 38 m low to 540 m 

high, above the main sea level (Figure 2).  
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Figure 1: Location and Geologic map of the study area (modified from NGSA, 2006 and  

Wright, 1985) 

 
Figure 2: a. Digital elevation map (DEM) of the study area. Source (Modified from USGS 

website,https://earthexplorer.usgs.gov/ 

https://earthexplorer.usgs.gov/
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Figure 3: 3D Digital elevation map (DEM) of the study area. 

 

 

Material and Methods 

 

Sources of Data Magnetic data 

 

The Nigerian Geological Survey Agency (NGSA), Abuja, provided the airborne magnetic data 

that was utilised in this investigation. The Fugro airborne surveys were responsible for the 

collection and processing of the data and the data were recorded for magnetic measurements at an 

interval of 0.1 s (~7.5 m)for magnetic data recording interval, 80 meters for sensor mean terrain 

clearance, 500 meters for flight lines, 5000 meters for tie lines, 135
°
 for flight lines, and 45

°
 for 

tie lines. 

Sources of Remote sensing data 

 

The Digital elevation model (DEM) by the Shuttle Radar Topographic Mission (SRTM) with 

serial number (n07_e006_1arc_v3.tif) was downloaded from the USGS website 

(https://earthexplorer.usgs.gov/) and has a spatial resolution of 30 m. 

Methodology 

The magnetic data was processed using Oasis Montaj software. This was done by first reducing 

the Residual magnetic intensity data to the pole (RTP) using inclination and declination angle 
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values of (-9.45
°
and-2.15

°) 
with Amplitude inclination correction of -90

°
. The first vertical 

derivative filter was then applied to the RTP for magnetic structural delineation. Also, the RTP 

data was subjected to Euler deconvolution with a structural index equal to 1 for structural depth 

and trend delineation. Hillshade maps using four distinct solar azimuths of 0
°
, 45

°
, 90

°
, and 135

°
 

followed bythe creation of a composite shaded relief image that combined the four images 

produced (Figure 3). The PCI Geomatica edge detection algorithm was applied to the composite 

shaded relief imagethat wasproduced. After thresholding and filtering processes, structural 

lineaments were extracted from the edges of the image by subjecting it to the line algorithm of 

PCI Geomatica.  ArcGIS v10.7.1 was used to assign geometry to both magnetic and SRTM 

structures. The resulting structural lineaments were subjected to Rockworks wherea rose diagram 

that depictsstructural trends within the study area was produced for both surface and subsurface 

structures. 

 
Figure 4: a. SRTM DEM of the study area with asolar azimuth of b. 0°, c. 45°, 

d.90° and 135° hillshade maps and F. the combined hillshade map 
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THEORY OF THE METHODS 

 

Reduction to magnetic pole (RTP) 

Magnetic anomalies in low and middle latitudes, unlike gravity anomalies, exhibit polarity, 

confounding interpretation. Magnetic anomalies take on this form due to the inclination of the 

induced field vector or magnetization vector (Yaoguo and Douglas, 2001). Baranov (1957) 

introduced RTP, a transformation operation devised by Bhattacharya (1965), which allows for 

the reorientation of magnetic anomalies above the causal source to counteract this 

skewness.According to Li (2008), RTP is an important effective operation that converts a 

total magnetic anomaly caused by a source into the anomaly produced by the same source if it 

was situated at the pole and magnetised solely by induction. When the Earth's field is 

inclined, induction-based magnetic anomalies have patterns or forms that are unevenly 

comparable or linked to their sources; when the inducing field is vertical, the induced 

anomalies are consequently over their sources (Milligan and Gunn, 1997). 

The RTP operation in the wavenumber domain can be expressed as: 

𝑀𝑝 𝑢, 𝑣 =  
𝑀𝑐𝑀𝑝  𝑢 ,𝑣 

 sin  𝐼 +𝑖 cos  𝐼 cos  𝐷−𝛩  2        (1) 

where: 

𝑀𝑝 𝑢, 𝑣  is the Fourier Transform of these observed magnetic data,  

𝑀𝑐 𝑢, 𝑣  is the Fourier Transform of the vertical magnetic field,  

I and D is the inclination and declination of the core field,  

 𝑢, 𝑣  is the wavenumber corresponding to the  𝑥, 𝑦  directions respectively and 𝜃 =

𝑎𝑟𝑐𝑡𝑎𝑛  
𝑢

𝑣
 (Luo et al., (2010). 
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Vertical derivatives 

Vertical derivative filters are commonly appliedon magnetic grids via fast Fourier transform 

(FFT) filters. They improve short-wavelength components of the magnetic field (Foss, 2011), 

which may be accomplished by increasing the field's amplitude spectra by a factor. 

 1

𝑛
  𝑈2 + 𝑉2 

1

2 
𝑛

          (2) 

where n is the order of the vertical derivative, and (U, V) is the wavenumber corresponding to the 

(x, y) directions respectively.  

3D Euler Deconvolution 

Reid et al. (1990) define Euler deconvolution as a boundary and depth estimator. It retrieves data 

from grids based on Thompson's (1982) homogeneity relationship. This connection may be 

written in the following way:  

 𝑥 − 𝑥0 
𝛿𝑇

𝛿𝑥
+  𝑦 − 𝑦0 

𝛿𝑇

𝛿𝑦
+  𝑧 − 𝑧0 

𝛿𝑇

𝛿𝑧
= 𝑁(𝐵 − 𝑇)     (3) 

where  𝑥0,𝑦0𝑧0 is the position of a magnetic source whose total field T is detected at (x, y, z). B 

is the regional field value, and the degree of homogeneity interpreted as the structural index (SI) 

which is a measure of the rate of change at field distance is represented by N, and this structural 

index was chosen based on prior knowledge of the source geometry. Reid et al. (1990), also put 

forward that, structural index (SI) ranges from zero (0) to three (3) for distinct bodies (N= 0 for 

contacts, 1 for sill/dyke/fault, 2 for pipe/horizontal bodies, and 3 for spherical bodies). 

The 3D Euler deconvolution has shown to be a reliable interpretation tool for magnetic data since 

it requires no prior knowledge of magnetic source geometry. Another benefit of this approach is 
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that it does not require knowledge of vector magnetisation (Thompson, 1982). It may thus be 

used in places where the causal magnetic source is buried, and the geology of the site is unknown. 

RESULTS AND DISCUSSION 

 

Residual Magnetic Anomaly(RMA) Map 

 

Figure 5 shows the RMAmap, which reflects the shallow short-wavelength high-frequency 

anomalies after removing the regional long-wavelength low-frequency anomalies. These 

remaining anomalies are the focus of resource prospecting. The residual anomaly map shows 

different anomaly trends with a dominant NE-SW trend in mostpartsof the map with a 

predominant high-frequency anomaly havingE-W trendsobserved between Latitude 7
°
40

´ 
Nand 

Latitude 7
°
45

´ 
N at the western end of the map toward its centre. The exhibitionof NW-SE trend 

by the anomalies which reflect subsurface structures isconcordant with Olasehinde et al. (1990) 

who analysed aeromagnetic data over central Nigeria’s basement complex and showed that the 

Nigerian basement complex’s structural and tectonic framework comprises NE-SW and NW-SE 

lineaments superimposed over a dominant N-S trend. 

Residual Magnetic AnomalyReduced to the Pole (RTP) Map 

The RMA data was reduced to the pole before further processing to correct for the effect of 

latitude, to realign the anomalies and to have their peaks symmetrically centred over their 

corresponding sources because the study area is very close to the equator. This was achieved with 

a geomagnetic inclination of -9.45
°
and a geomagnetic declination of-2.15

°
 of the central point of 

the study area to get the actual position of themagnetic anomalies without losing any geophysical 

meaning. The RTP map (Figure 6) when compared with the RMA (Figure 5), shows a slight 

variation in their magnetic  
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Figure 5: Residual Magnetic Anomaly (RMA)Map 

 

intensities. The RTP map hasa magnetic anomaly that varies from a range of -120.791 nT 

minimum to 76.057 nTmaximumcompared to the RMA map where the magnetic anomaly values 

within the area range from -113 nT minimum to 81.504 nT maximum.   
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Figure 6:  Residual Magnetic AnomalyReduced to the Pole (Map) Map 

 

However, the RTP map has repositioned the magnetic anomalies in comparison to the RMA map 

(Figure 5), that is, portions overlain by low magnetic anomalies on the RMA map are the 

segments covered by high magnetic anomalies on the RTP map and vice versa. There are 

observed similarities between the two maps (Figures 5 and 6) concerning the displayed anomaly 

in terms of anomaly trends, especially their symmetry, strike, extension, and width.The 
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differences between the two maps are so obvious, especially the reverse in magnetic anomaly 

values which was higher on the RMA map and is now showing low on the RTP map. 

As pointed out by Reeves, (2005), and Tawey et al.,(2020), portions  (especially, the western half) 

on the maps (Figures 5 and 6) having an alternating ridge and furrow-like occurrence of highs 

and lows anomaly are attributed to faults/highly fractured nature of the area as oxidation in 

fractured zones during weathering processes commonly leads to the destruction of magnetite 

which often allows such zones to be picked out on anomaly maps as narrow zones with markedly 

less magnetic variation than in the surrounding rocks. 

First Vertical Derivative (FVD) map 

The FVD filter (Figure 7), has aided in revealing near-surface magnetic structures that trend NE-

SW. The map showed that the area is made up of the basement and sedimentary regions with a 

clear boundary separating the basement and the sedimentary portions, especially around Kuroko, 

Oke, Mozum Okume, west of Amdi and the area around Zagi. The basement occupies the 

western portions while the sedimentary takes the eastern half portion of the area of study. One of 

the significant applications of the first vertical derivative is identifying magnetic structures (Foss, 

2011) and it can delineate or demarcate the border between lithological units. The structural 

trendas observed on the FVD map (Figure 7) is in the northeast-southwest direction, especially 

within the western basement portion of the study area.   

Figure 8 represents the FVD map with delineated magnetic subsurface structures overlayed on it 

in the black strike. From Figures7 and 8, sedimentary portions can be distinguished from the 

basement portion of the map based on the structural occurrences within those portions.  Structures 
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have been observed to occur majorly within the basement part of the study area in the western 

half of the study area.On overlaying the FVD structures on the RTP map (Figure 9), 

 
Figure 7: First Vertical Derivative Map of the Area 
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Figure 8: First Vertical Derivative Map of the Area with Structures 
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Figure 9: RTP map Overlay with FVD Structures 

the structures were observed to fall in place directly on the edges of the RTP anomalies within the 

study area especially the basement portions around Ajaokuta, directly towards the north of the 

area. 
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3D Euler Deconvolution 

According to Reid et al., 1990, Euler deconvolution can be used to estimate both the source 

boundary and its depth. The 3D Euler depth solutions for the location of the basement rock 

structural using the structural index of 1 for fault, represented by (Figure 10) have been classified 

into four groups, those below 200 m, 200 m to 400 m, those between 400 m to 600 m and those 

above 600 m respectively and on the map, structures between 200 m to 400 m and 400 m - 600 m 

depths dominates.The 3D  Euler solution map (Figure 10) also agrees with the FVD maps 

(Figures 7 and 8), as it also reveals the sedimentary and basement portion of the study area. From 

Figure 10, we could infer that the basement or shallow depth to the basement occurs within the 

west while deeper depth to sources occurs within the west, particularly in the northeast and 

southeast.  Also, when the structural map from the FVD was overlaid on the Euler solutions with 

a structural index of 1, (Figure 11), the FVD structures coincided with the Euler structures 

delineated and the resultant map showed that the two methods  (3D Euler deconvolution and 

FVD) can contribute in the delineation of the subsurface geological structures within the study 

area. 
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Figure 10: 3D Euler Deconvolution Map with SI = 1 
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Figure 11: 3D Euler Deconvolution Map with SI = 1 Overlayed with FVD Structures 

 

Hillshade and Surface structural Map of the area 

Figure 12 represents the hillshade map produced to magnify structural features within the study 

area while Figure 13 represents the delineated topography or surface structures overlayed on the 

hillshade map. From Figure 13, surface structures are observed to occur predominantly within the 
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southwest, northwest, and northeastern portions of the map. The surface structures are not 

predominant in the basement area like the sedimentary portion of the area. on comparing Figure 

13 to Figure 1, rocks with surface structural occurrences are undifferentiated Schist including 

Phyllites, banded Gneiss, Coal, sandstone, and shale (Figure 1). Within the feldspathic sandstone 

and siltstone in the north, surface structures are seen to be concentrated here. 

 

Figure 12: Combined Hillshade Map of the Area 



 

20 
 

 

Figure 13: Hillshade Map with Surface Structures 

Statistical Analysis of the Surface and SubsurfaceStructural Trend 

Surface andsubsurface structures (Figures 14 a &b) were analysed to extract further information 

on the distribution and nature of the structures and for this purpose, a conventional technique 
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called rose diagram was applied. A Rose diagram was used to display graphically different 

tendencies for structures like joints or fault planes representing the angular relationships of the 

structural lineaments. The purpose of this study is to analyse the spatial distribution of the 

structural lineaments extracted from combined shaded relief and aeromagnetic images according 

to their length and orientation to contribute to the understanding of the faults of the study 

area.Figures (14 c&d)arethe Roses diagram representation of the surface and subsurface 

structural trend of the delineated structures within the study area, by using a polar plot where the 

distance from the centre of the plot is proportional to the sum of the line lengths in that 

orientation. Structural lineament orientation or azimuth directions on the structural lineament map 

(Figure 14 c&d) were measured using (Arc Map version 10.7.1) and plotted as a rose diagram 

using rockworks software. The Rose (azimuth-frequency) diagram (Figure 14c) depicted that 

most of the surface structures extracted trends in the WNW- ESE, ENE-WSW, NE-SW, NW-SE, 

NNE- SSW and NNW-SSE directions. Statistical trend analysis of the surface structures using the 

rose diagram (Figure 14 c) showed that the largest petal which is 26.48 % of total delineated 

surface structures represents structural lineaments trending in the North-North-East to South-

South-West (NNE-SSW) direction. Also, 17.31% represented petal striking in the northeast-

southwest (NE-SW) direction with 10.18% of the structures striking West-North-West to East-

North-East (WNW-ESE) and another 20.77 % trending in the northwest-southeast (NW-SE) 

direction. Also, the North-North-East to South-South-West (NNE-SSW) trending structures 

accounted for 4.07 % while North-North-West to South-South-East (NNW-SSE) accounted for 

21.18 % of the total surface or remote sensing structures within the study area.  

Also, the statistical trend analysis of the subsurface structures using the rose diagram (Figure 14 

d) showed that the largest petal which is 39 % of the total delineated subsurface structures 

represents structural lineaments trending in the West-North-West to East-North-East (WNW-
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ESE) directionwith12.6 % trending in the northeast-southwest (NW-SE) direction,7.4 % of the 

structures striking North-North-West to South-South-East (NNW-SSE) and another 35 % 

trending in the northeast-southwest (NW-SE) directionwhile the North-North-East to South-

South-West (NNE-SSW) trending structures accounted for 6 %of the total subsurface magnetic 

structures within the study area. 

 

Figure 14: a Combine HillshadeMap with Surface Structures b. Grayscale FVD Map with 

Structures c. Surface Structures Roses diagram and d. Subsurface Structures Rose diagram 
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The dominant subsurface structural trend based on the analysis is the West-North-West to East-

North-East (WNW-ESE) followed by the Northeast to Southwest (NE-SW) trend. This confirmed 

previous structural studies assertions within the Nigerian basement complex and the adjacent 

Benue Trough using aeromagnetic data (Tawey et al. 2020a, 2020b and 2023b Andrew et 

al.2018; Olasehinde et al. 1990; Ajakaiye et al. 1986). Also, points of structural overlap have 

been mapped out using a pinkish polygon (Figure 15), which are possible points of structural 

continuation where fluid from the subsurface can migrate or flow freely to the surface. 

 

Figure 15: Combine Surface (Topographic) Structures and Subsurface (Magnetic) 

Structures Showing Areas of Structural Overlap 
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Conclusion 

The use of the FVD filter has aided in the identification of near-surface magnetic structures and 

the determination of lithological unit boundaries.The subsurface geological structures as revealed 

by the FVD filter are predominant within the western half of the area.The result of the 3D Euler 

deconvolution solution forstructures and depth aligned with the FVD map result, also revealing 

sedimentary and basement portions with shallow depth to the basement in the west, while deeper 

depth to sources occurred in the northeast and southeast and this result has demonstrated that the 

two methods can contribute immensely in the delineation of the subsurface geological structures 

in the study area. 

The study area hillshade map has revealed surface structures that are predominantly in the 

southwest, northwest, and northeastern portions of the study area. Also, the surface structures 

were observed to bemore predominant inthe sedimentary portionsthan in the basement parts. 

The analysis of the spatial distribution of structures such as joints or faults has contributed to the 

understanding of the faults of the study area. Surface structures extracted trends in the WNW-

ESE, ENE-WSW, NE-SW, NW-SE, NNE-SSW, and NNW-SSE directions. The largest of them 

is 26.48%, representingsurface structures in the NNE-SSW direction, 17.31% in the NE-SW 

direction, and 21.18% in the NW-SSE direction.The study found that 39% of delineated 

subsurface structures are structural lines in the West-North-West to East-North-East direction, 

with 12.6% in the northeast-southwest direction, 7.4% in the North-North-West to South-South-

East direction, and 6% in the North-North-East to South-South-West direction. 
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The most predominant subsurface structural trend is the West-North-West to East-South-East 

(WNW-ESE) followed by the Northeast to southwest (NE-SW) direction.This confirmed 

previous structural studies assertions within the Nigerian basement complex and the adjacent 

Benue Trough using aeromagnetic dataon dominant magnetic structural trends within this 

area.Also, points of structural overlap have been mapped out and these are possible points of 

structural continuation where fluid from the subsurface can migrate or flow freely to the surface. 
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