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Abstract 

Geomagnetic exploration techniques largely determine the subsurface geometry and spatial distribution of rock magnetization 

and have been used to delineate the geometry and potential zones for economic mineralization. This study used outcrops and 

ground magnetic data collected over parts of Hawal Massif, northeastern Nigeria to determine the subsurface spatial distribution 

of rock magnetization and potential bearing zones for local mineralization. The geological investigation shows that the Hawal 

Massif is predominantly underlain by the Precambrian Basement rocks that include granites, gneisses and diorites. These rock 

units are largely affected by tensile and shear fractures. The latter largely trends in the NE-SW and NW-SE directions. The results 

also demonstrate that the geometry and potential targets for local mineralization consistently correlate with positive local maxima 

in total magnetic intensity (TMI) anomalies - those recording residual magnetic values between 180 nT and 350 nT. These zones 

of local total magnetic intensity (TMI) maxima occurred around Chicago, Jalingo Maiha and Dumo areas and thus represent 

potential target zones for local mineralization. Consequently, recognizing the effectiveness of ground magnetic data is crucial, 

as it provides information on the geometry and potential bearing zones for local mineralization, a parameter directly affecting 

selection of sites for detailed geological mapping, mineral resource assessment and mining activities. 
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1. Introduction 

Rocks-related mineralization such as rare earth elements 

(REEs) and precious metals is critical to present technological 

development. Localization of these mineralization zones are 

diverse and complex and have been one of the main targets of 

the mining industry. However, geomagnetic exploration tech-

nique provides the means to delineate magnetic contacts and 

mineralization zones of the earth's crust that are characterized 

by unusual (anomalous) magnetizations [17, 18, 23]. These 
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anomalous zones might be associated with local mineraliza-

tion or to the subsurface structures that have a bearing on the 

location of mineral deposits [6, 7, 9]. 

Hawal Massif falls within the northeastern sector of the Ni-

gerian Basement Complex (Figure 1a). The Massif is bounded 

by the Cenozoic Chad Basin to the north, to the south and west 

by the Mesozoic Yola arm sequence of the Upper Benue 

trough and the Cameroun Republic to the east (Figure 1a). 

This Massif comprises metamorphic rocks, intruded by Pan 

African granitoids [10]. The latter evolved during the Pan Af-

rican orogeny (600 ± 150 Ma). which involved intrusion, up-

lift, fractionation, faulting and high-level magmatism result-

ing in granitic intrusion [19]. Tertiary volcanic rocks such as 

basalts and pyroclastic materials linked to the Cameroun Vol-

canic line are also common but not mappable in the Hawal 

Massif. 

Magnetic anomalies are always broader than the body caus-

ing them, this creates problems of anomaly interference and 

makes delineation of the individual sources difficult. Also, an 

anomaly due to a deep, large body can “mask” a shallow, less 

magnetic body. The solution is to calculate anomaly deriva-

tives such as the vertical (VDR) and horizontal (XDR) deriv-

atives of the magnetic fields to isolate and/or separate these 

anomalies for interpretation [11, 18]. Therefore, this paper 

uses outcrops and high-quality ground magnetic data acquired 

over parts of Hawal Massif, NE Nigeria to investigate the ge-

ology and potential bearing zones for local mineralization. 

 
Figure 1. Simplified geological map of Nigeria showing the major rock units and location of the study area (Blue square) in the Hawal Massif, 

NE Nigeria. b) Regular gridded topographic map of the study area showing coordinates and localities. 

2. Data and Methods 

2.1. Ground Magnetic Field Mapping 

Ground magnetic field mapping over the parts of Hawal 

Massif was carried out using a G856AX Proton procession 

magnetometer, silver compass, GPS and a regular grided topo-

graphic map of the study area (Figure 1b). The grided topo-

graphic map and compass/GPS were used to locate sampling 

points and navigate the study area. Whereas the G-856AX 

Proton procession magnetometer was used to measure the To-

tal Magnetic Field Intensity (TMI) along the regular gridded 

points on the topographic map of the study area. 

Fourteen (14) north-south parallel profile lines at 1.8 km 

interval and another nine (9) east-west parallel profile lines at 

1.8 km interval were spread across the study area, giving a 

regular gridded survey area of 1.8 km by 1.8 km (Figure 1b). 

Therefore, the survey covered a total area of about 23.4 km by 

14.4 km (337 km2), falling between Latitudes 10000'00’’N–

10008'00’’N and Longitudes 13000'00’’E - 13013'00’’E of the 

Hawal Massif (Figure 1b). 

Magnetic base stations readings were established at the first 

station of each profile lines and revisited after every 1.0 hour 

to make a loop during the survey exercises. At each station 

point along the profile lines, total magnetic field intensity 

(TMI), time and geological elements such as structures and 

lithologies were recorded across the study area (Figures 2 to 

4). 

2.2. Magnetic Data Processing 

Magnetic Anomaly = Tobs − Tth − Ttv         (1) 

Where: 

Tobs is the absolute value of geomagnetic total field meas-

ured during the survey exercise using Proton Magnetometer. 

Tth is derived from public domain software mathematical 

model. Inputs are latitude, longitude, height and date of the 

observation point. Full field components are outputted from 

the International Geomagnetic Reference Field (IGRF) and, 

Ttv  The transient variations, which are removed by recording 
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their effects at based stations using Proton Magnetometer of the same sensitivity as used to measure Tobs. 

 
Figure 2. Structural features and trends on the mapped Gneisses. a) Banded Gneisses, approximately trending in the NNE-SSW direction. b) 

Banded Gneisses with dominant N-S axial fold trends. c) Open folded banded Gneisses, striking 76
0 

SW with N-S axial trend. d) Isoclinal 

folded Gneisses, striking at 80
0 

NE with NNE-SSW trends. 

 
Figure 3. Structural features and trends on the mapped rock units. a) Quartzo-Feldspartic vein trending approximately in the E-W direction 

with 2 cm wide on gneisses. b) 30 cm wide of Pegmatite dyke cross-cutting Gneisses and approximately trending in the NE-SW direction. c) 10 

cm wide of Pegmatite vein cross cutting Granites, approximately trending in the NW-SE direction. d) Pegmatite veins cross-cutting Granites 

in the N-S and E-W directions. 
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Therefore, the magnetic field data collected were subjected 

to drift correction. The International Geomagnetic reference 

field (IGRF) was computed using March 2012 as at the date 

the data were acquired from the field. These were carried out 

by subtracting the IGRF values from the magnetic field data. 

Finally, the total magnetic field intensity (TMI) recorded 

along the gridded survey area were contoured as shown in Fig-

ure 5a. 

The total magnetic intensity map acquired in Figure 5a was 

subjected to both regional and residual separation. The re-

gional magnetic fields are due to deep seated structures pass-

ing through the study area. Whereas the residual magnetic 

field is due to the localized structures in the study area and 

thus can be expressed as the Total field minus the regional 

field. It should be noted that similar studies have been con-

ducted in other regions of the world. Using the local compo-

nent of the geomagnetic field, buried magmatic bodies are be-

ing identified and their spatial positions determined in the in-

termontane basins of Azerbaijan [15, 26]. 

Furthermore, the resultant residual data in Figure 6b was 

subjected to first horizontal Eqn. (2) and first vertical Eqn. (3) 

derivatives (Figures 7 and 8). These transformations enhance 

or isolate features better prior to qualitative and quantitative 

analysis [11, 18]. 

XDR = ⌊
∂T

∂x
⌋                (2) 

Where: XDR is the horizontal gradient derivative, x is the 

distance along profile, T is horizontal Total Magnetic Inten-

sity (TMI) measured in the field. 

VDR = ⌊
− ∂T

∂z
⌋               (3) 

Where: VDR is the vertical gradient derivative, z is the 

depth along profile, T is horizontal Total Magnetic Intensity 

(TMI) measured in the field. 

The vertical derivative (vertical gradient) is a good method 

for resolving anomalies over individual structures in total 

magnetic intensity data and importantly suppresses the re-

gional content of the data (Fairhead et al., 2004). It also makes 

anomalies smaller in width and matches more closely to the 

causative body (Figure 8). 

3. Results 

3.1. Lithologic Rock Units 

The geological outcrops and map in Figures 2 to 5a high-

lights the major structural features and rock distributions in 

the study area. The latter include granites, gneisses (com-

monly banded) and diorites (Figure 5a). The granites are 

widely spread and occupy more than 75% of the total mapped 

area. These rocks are highly weathered and fractured, with 

textures ranging from fine- to coarse-grained granites. How-

ever, some porphyritic textures are also observed on the gran-

ites. They are generally leucocratic, ranging in colour from 

greyish to pinkish (Figures 3c, d and 4a, b, d). 

Two major outcrops of gneisses occur in the southwest and 

eastern margins of the mapped area (Figure 5a). The gneisses 

are of high-grade metamorphism with medium to coarse 

grained textures. The rock shows clear leucocratic (light) and 

melanocratic (dark) bands (Figure 2c) but ill-defined in some 

parts (Figure 2a). The exposure of diorite occurs as pockets of 

intrusion toward the southern margin of the mapped area (Fig-

ure 5a). They are dark in colour with fine to medium grained 

texture. Pegmatites occur in the form of veins/dykes. The 

veins/dykes cut across both the granites and gneisses (Figure 

3). 

Pockets of unmappable basalts occur in the study area. They 

are dark in colour and mainly of pyroclastic materials, with 

vesicles filled with a variety of amygdals, giving amygdaloi-

dal structure which is characteristic of eruptive volcanoes and 

thus occur in small area overlaying the granites. The basalts 

are highly weathered, leading to laterization of the basalts. 

Laterites were observed at side of the road, close to a river 

channel. Large flakes of muscovite along with large crystals 

of quartz forming pockets in the pegmatites were also ob-

served in the mapped area. 

3.2. Structural Features 

The structural features observed in the mapped area include 

folds, faults, foliations, fractures and veins/dykes (Figures 2 

to 4). Isoclinal, open and symmetric folding were also ob-

served on the gneisses, with dominant axial trending in the 

NNE-SSW (Figure 2). Several numbers of faults and fractures 

were recorded that trend in the NE-SW and NW-SE directions 

on both the granites and gneisses (Figure 4c, d). Fractures with 

large opening (11.5cm) have been observed on the gneisses 

and trend in the NW-SE direction, and another trending in the 

NE-SW over granites (Figure 4c, d). 

Joints are also common and have irregular trends. Orthog-

onal joints occur mostly on granites and trending approxi-

mately in the NW-SE and E-W direction cross cutting each 

other (Figure 4b). Numerous veins and dikes have been 

mapped; these are fractures with space in between the fracture 

walls filled with minerals mostly quartz and feldspar forming 

quartz veins and quartzo-feldspathic veins and pegmatite vein 

and dikes (Figure 3). Pegmatite dykes are commonly found as 

intrusive into the gneiss. One of these dykes’ trends NE -SW 

direction and measures 30 cm wide (Figure 3b). 

Quartzo-feldspartic veins of about 2 cm wide have been ob-

served on the gneisses (Figure 3a). The dykes and veins mark 

the last phase of intrusive activities in the area. Therefore, the 

general structural trends in the study area are NNE-SSW and 

NE-SW, followed by E-W and NW-SE as shown in the insert 

generalized rose diagrams in Figures 2 to 4. 
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Figure 4. Structural features and orientation. a) E-W trending joint on Coarse grained granites. b) Orthogonal cross-cutting joints on Granites, 

striking in the NW-SE and E-W directions. c) NE-SW trending fracture with large opening of about 11.5 cm wide on Gneisses. d) Fracture on 

Granites with opening of 2 cm wide and approximately trending in the NE-SW direction. 

3.3. Rock Magnetizations 

Magnetic imaging shows that the Hawal Massif is charac-

terized by its anomalous/irregular spatial distribution of mag-

netizations (Figures 5a and 6). Three (3) major local zones (A 

to C), having well-defined positive magnetic anomalies were 

identified in the mapped area (Figures 5b to 8). 

Zone A occurs toward the northwest margin of the study 

area around Chicago, having high positive residual magneti-

zations between 160 nT and 320 nT (Figure 6b). The zone can 

be traced on the TMI map for at least 4.5 km along strike, de-

veloping a positive magnetic anomaly with up to 320 nT in 

relief, thus revealing high magnetization zone (Figure 6). This 

zone covers at least 1.9 km by 2.0 km and forms a linear NW-

SE trend (Figure 6b). Zone B extends outside of the study area 

towards the northern margin around Dumombaigi (Figure 6). 

On the TMI map, the zone can be trace for at least 1.8 km by 

0.9 km in the mapped area, developing a positive magnetic 

anomaly of 340 nT in relief (Figure 6b). 

Zone C occurs toward the eastern side of the mapped area 

around Maiha Jalingo village, having high positive residual 

magnetizations between 180 nT to 340 nT (Figure 6b). 

The zone can be traced on the TMI map for at least 3.6 km 

along strike, developing a positive magnetic anomaly with up 

to 340 nT in relief, thus also revealing high magnetization 

zone (Figure 6). This zone covers at least 3.6 km by 2.2 km 

and forms a linear E-W trend (Figure 6b). Compared to Zones 

A and B, it comprises a much broader, longer amplitude (Fig-

ures 6b and 10). 

In the TMI and residual maps, the maximum amplitudes 

range between 180 to 350 nT. Residual magnetic map in Fig-

ures 6b, 7a and 8a shows contour lines with negative magnetic 

lows of about -180 nT and positive magnetic high of about 

+350 nT. Intermediate magnetic residual anomalies are found 

in the central part of the study area. Areas of occurrence of 

zero or negative anomalies are more prominent in the north-

eastern and northwestern regions (Figures 6b, 7a and 8a). 

  
Figure 5. a) Geological map of the study area showing rocks distributions that include Granites, Gneisses and Diorites, b) Total Magnetic 

Intensity (TMI) map associated with spatial distributions of rocks magnetization in the study area, with high magnetizations anomalies around 

Zones A to C. 
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Figure 6. a) Total Magnetic Intensity (TMI) and b) Residual magnetic maps of the study area associated with geometry and spatial distributions 

of rocks magnetization. Areas of high magnetizations rocks were identified as Zones A to C 

 
Figure 7. a) Residual magnetic and b) horizontal derivative maps of the study area associated with spatial distributions of rocks magnetization. 

Zones A to C are identified as local areas of high rock magnetizations. 

 
Figure 8. a) Residual magnetic and b) vertical derivative maps of the study area highlighting the spatial variations of rocks magnetization. 

Zones A to C are identified as zones of high rock magnetizations. 

4. Discussion 

4.1. Geological Settings of Hawal Massif 

Hawal Massif consists of high-grade metamorphic and ex-

tensive igneous rocks with pockets of Tertiary magmatism 

(volcanic rocks) [16] (Figures 1b to 4). The volcanics are be-

lieved to be the extensions of the Cameroon volcanic line into 

Nigeria [12-14, 20]. Gneisses are the oldest rock units in the 

Hawal Massif. The gneiss is strongly foliated and banded, and 

in some places, they give impressions of quartzo-feldspathic 

and pegmatitic dykes and veins (Figures 2 and 3). The 

gneisses show imprints of shearing, folding and faulting [2, 3] 

(Figures 2 and 4). Whereas pegmatites commonly occur as in-

trusive cross-cutting the gneisses (Figure 3). The gneisses are 

intruded by granites of pan-African orogeny [2, 3]. Granites 

consist of fine to coarse grained and porphyritic texture (Fig-

ure 4). Extensive shearing and faulting affected the granites 

and also intruded by pegmatitic veins (Figure 3c, d). Tertiary 

basalts occur as extensive flows within the granites. The bas-

alts are unconformably overlaying the Basement rocks [3, 4]. 
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Field, Landsat, SLAR, and aerial photographic studies in-

dicate that the structural features in the Hawal Massif primar-

ily resulted from the NW-SE compressional forces, with dom-

inant structures striking in the NNE-SSW directions. However, 

most of these structural features have been overprinted or 

obliterated by later events [8]. [19, 24, 25] revealed that the 

dominant structures in the Nigerian Basement Complex were 

developed during the pan-African orogeny when the pre-ex-

isting structures were obliterated. [22] showed that the most 

prominent structural grains in the Nigerian Basement Com-

plex are N-S planer structures with relicts of E-W, NE-SW 

and NW-SE preserved. 

Furthermore, [3] analyzed satellite imagery from the Hawal 

Massif and revealed that the structural features are dominantly 

trending in the NE-SW, NE, NW-SE and E-W directions. [4] 

carried out Digital filtering of geomagnetic maps to detect lin-

eament in the part of Hawal Massif and revealed several line-

aments to be trending in the NE-SW, NW-SE and N-S direc-

tions. 

 
Figure 9. a) Total Magnetic Intensity (TMI) map and b) a graph of the change in magnetization of rocks along profile A’-A. 

4.2. Localization of Potential Zones for 

Mineralization 

In general, fractures exhibit contrast in magnetic suscepti-

bility due to oxidation of magnetite or hematite and or in-fill-

ing of a fracture by intrusive bodies whose magnetic suscepti-

bility is different from that of the host rock [21]. The magnetic 

anomalies represent geological structures that appear as ellip-

tical closures on the total magnetic intensity (TMI) map (Fig-

ure 5b). 

In the study area, the total magnetic field intensity (TMI) 

and residual anomaly maps reveal three (3) regions that are 

characterized by significant positive magnetic anomalies (Fig-

ure 6). These regions are Zones A, B and C, which occur 

around Chicago, Dumombaigi and Maiha Jalingo respectively 

(Figure 6). The zones (A to C) developed a positive residual 

magnetic anomaly with up to 350 nT in relief, thus revealing 

high magnetization zones and potential target for local miner-

alization in the study area (Figure 6). 

Furthermore, these zones (A to C) with high magnetic 

anomalies between 180 nT and 350 nT can be related to the 

presence of basic rocks intrusions and represent potential tar-

gets for local mineralization (Figures 5 to 10). Region with 

low magnetic anomalies between 0 and -180 nT are linked to 

poor magnetic minerals and presence of acidic igneous rocks 

and thus represent poor target for local occurrence of magnetic 

minerals (Figures 5 to 10). Considering the regional geologi-

cal studies on the Nigerian northeastern and Northern Came-

roon Basement Complex, the presence of anomalous rock 

magnetizations is also linked to the occurrence of basalts, tra-

chyte’s and trachybasalts [1, 3, 5, 20]. Areas of occurrence of 

zero or negative residual anomalies are linked to the presence 

of granites and gneisses [3]. 

 
Figure 10. a) Total Magnetic Intensity (TMI) map and b) a graph of the change in magnetization of rocks along profile A’-A. 
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5. Conclusion 

The field geological mapping and ground magnetic survey 

over the parts of Hawal Massif, NE Nigeria resulted in the fol-

lowing conclusions: 

a) Outcrops studies show that the Hawal Massif is predom-

inantly underlain by the Precambrian Basement rocks 

that include granites, gneisses and diorites. These rocks 

are affected by joints and shear fractures that are oriented 

in the NE-SW, NW-SE, N-S and E-W directions. 

b) The Total Magnetic Field Intensity (TMI) over the parts 

of Hawal Massif produced clearest anomalies that shows 

the subsurface spatial distributions of rocks magnetization. 

An enigmatic feature of the magnetic anomalies is the 

consistent shape of their anomaly along strike lengths, of-

ten showing a consistent direction of magnetization. 

c) The positive and negative magnetic anomalies are due to 

the difference in lithological units, structural features and 

susceptibility variations. The positive magnetic anomalies 

are due to the presence of rocks magnetization. Therefore, 

the areas with positive magnetic anomalies such as Chi-

cago, Dumombaigi and Maiha Jalingo are potential target 

for magnetic mineral exploration. Recognizing the power 

of ground magnetic survey is crucial, as it provides infor-

mation on the geometry and localization of magnetic min-

erals, a parameter directly affecting the selection of mining 

sites for further economic investigations. 

Abbreviations 

TMII Total Magnetic Intensity 

VDR Vertical Derivative 

XDR Horizontal Derivative 

IGRFR International Geomagnetic Reference Field 

(IGRF) 
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