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The aeromagnetic data of Nsukka area was interpreted qualitatively and quantitatively. Standard Euler 
deconvolution, Source Parameter Imaging (SPI), Forward and Inverse modeling techniques were 
employed in quantitative interpretation with the aim of determining depth/thickness of the sedimentary 
Basin, magnetic susceptibilities and type of mineralization prevalent in the area. Oasis montaj 6.4.2 
software and potent Q 4.10.07 software were employed in the data analysis. Forward and inverse 
modeling estimated depths for profiles 1, 2, 3, 4 and 5 were 1644, 2285, 1972, 2193 and 1200 m 
respectively, with respective susceptibility values of 0.0031, 0.0073, 1.4493, 0.0069 and 0.0016 which 

indicate dominance of iron rich minerals like limonite, hematite,pyrrhotite and pyrite, and forms lateritic 

caps on sandstones. Results from SPI estimated depth ranges from 151.6 m (outcropping and shallow 
magnetic bodies) to 3082.7 m (deep lying magnetic bodies). Depths of shallow magnetic sources 
resulting from lateritic bodies in the outcrops within the study area as estimated by Euler depths for the 
four different structural index (SI = 0.5, 1, 2, 3) ranges from 7.99 to 128.93 m. 35 to 150 m depth are good 
potential water reservoirs for Nsukka and environs. Depths of 1644 to 3082.7 m show sufficiently thick 
sediments suitable for hydrocarbon accumulation. 
 
 Key words: Aeromagnetic data, Nsukka area, Source Parameter Imaging (SPI), Euler deconvolution, forward 
and inverse modeling, anomalous source. 

 
 
INTRODUCTION 
 
The search for mineral deposits and hydrocarbon has 
been a major business challenge in Nigeria since the pre-
colonial era and the 1960’s respectively. The bedrock of 
Nigeria’s economy before the discovery of oil had been 
the solid minerals and agricultural sectors, but currently, it 
is  the  oil  and  gas  sector.  Over  80%  of  the  country’s 

revenue comes from export and domestic sales of oil and 
gas. As the hydrocarbon potentials of the prolific Niger 
Delta becomes depleted or in the near future may be 
exhausted due to continuous exploitation, attention needs 
to be shifted to other sedimentary Basins. The lower 
Benue  Trough,  Nsukka  in  particular,  is  one   of   those
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Figure 1. Map showing Nsukka area (Nwachukwu, 1972). 

 
 
 
Basins being suspected to have high hydrocarbon 
potential, besides other economic mineral deposits 
concentration. The Benue Trough of Nigeria is a major 
tectonic feature in West Africa. It is an elongated rifted 
depression that trends NE-SW from the south, where it 
merges with the Niger Delta, to the north, where its 
sediments are part of the Chad Basin successions. The 
Benue Trough attains an approximate length of 800 km. It 
has a width of 130 to 150 km and is filled with Cretaceous 
sediments whose ages range from Middle Albian to 
Maestrichtian. Their thickness varies from about 6 km in 
the Lower Benue to about 5 km in the Upper Benue. The 
origin and evolution of the Benue Trough of Nigeria is 
fairly documented (Wright, 1976; Petters, 1978; Ofoegbu, 
1985). Generally, the Benue Trough is believed to have 
been formed when the South America separated from 
Africa (Petters, 1978). The major component units of the 
Lower Benue Trough include the Anambra Basin, the 
Abakaliki Anticlinorium and the Afikpo Syncline. 

The Nsukka area is a sedimentary Basin within the 
Anambra Basin which is part of the lower Benue Trough. 
There was a speculation in 2007 that a part of Nsukka 
area (Towns within Uzo-Uwani, Opi Agu and Eha- 
Ndiagu, Figure 1) has a good quantity of oil. An Oil 
company visited the area  and  carried  out  a  preliminary 

survey work. Though their report is not yet made known 
to the public, but some geoscientists believe that the area 
contains more gas than oil. 

There are some published works in the lower Benue 
Trough based on aeromagnetic data interpretations 
which employed different methods (Ofoegbu, 1984; 
Okeke, 1992; Onwuemesi, 1997; Ugbor and Okeke, 
2010; Onu et al., 2011; Onuba et al., 2011; Ugwu and 
Ezema, 2012; Adetona and Abu, 2013; Igwesi and 
Umego, 2013; Ugwu et al., 2013; Ezema et al., 2014). 
The publications are based on the depths to 
basements/magnetic source bodies over the Lower 
Benue Trough and Anambra Basin in which Nsukka and 
environs falls, though no specific work had been carried 
out on Nsukka area. Ofoegbu (1984) interpreted the 
aeromagnetic anomalies over the Lower and Middle 
Benue Trough in terms of basic intrusive bodies which 
may occur either within the Cretaceous rocks or within 
the basement or both. He obtained a depth ranging from 
0.5 to 7 km in the lower and middle Benue Basin and 
concluded that, although some of the observed 
anomalies could be attributed to the basement 
underneath the Benue Trough, the magnetic anomalies 
could not be satisfactorily interpreted fully in terms of a 
basement of variable topography. Such  an  interpretation  



 
 
 
 
leads to a basement of too high a magnetization, 
basement outcrops and too thick a sedimentary cover in 
places not in agreement with the known geology of the 
area. The results of his study suggested that the 
magnetic anomalies over the Lower and Middle Trough 
are in the main caused by sizeable intrusive bodies of 
basic composition which can either lie within the 
sedimentary rocks or within the basement or both. The 
magnetic anomalies over the Lower and Middle Benue 
Trough are therefore due to the combined effect of a 
basement of variable thickness and topography and basic 
intrusive bodies. 

Onwuemesi (1997) evaluated the depth to the 
basement (sedimentary thickness) in the Anambra Basin 
which is part of the lower Benue Trough to vary from 0.9 
to 5.6 km. In the work of Igwesi and Umego (2013), they 
interpreted the aeromagnetic anomalies over some part 
of lower Benue Trough, using Spectral analysis which 
indicated a two layer source model with depth for deeper 
magnetic source ranging from 1.16 to 6.13 km with 
average of 3.03 km and depth to the shallower magnetic 
source ranging from 0.016 to 0.37 km with average of 
0.22 km. Onu et al. (2011) estimated that the depths to 
the magnetic source bodies in the lower Benue Trough 
and some adjoining areas vary from 0.518 to 8.65 km 
with a mean depth of 3.513 km (for deeper magnetic 
source bodies) and 0.235 to 3.91 km with a mean depth 
of 1.389 km (for shallower magnetic source bodies). 
Onuba et al. (2011) interpreted the aeromagnetic 
anomalies over Okigwe area (Okigwe is within the Lower 
Benue Trough) and estimated the depth to basement 
using slope methods. They established two depth models 
varying from 2.18 to 4.91 km for deeper sources while the 
shallower sources vary from 0.55 to 1.82 km. However, 
they did not recommend hydrocarbon exploration in the 
area since the area has low thickness of sediments on 
the average. Adetona and Abu (2013) estimated the 
thickness of sedimentation within the Lower Benue Basin 
and Upper Anambra Basin. They employed spectral 
depth analysis which used the radial average energy 
spectrum to obtain a depth of 7.3 km and source 
parameter imaging to obtain a depth of 9.847 km. Also, 
Ezema et al. (2014) used forward and inverse modeling 
(potent software) to interpret the aeromagnetic data of 
Abakaliki which showed maximum depths of 4.96 to 9.8 
km with minimum depths ranging from 0.12 to 0.17 km. 
These studies were carried out within the Lower Benue 
Trough in which Nsukka area falls, but none of the 
studies was carried out specifically in Nsukka area. This 
prompted our carrying out this work in Nsukka area, 
hence the first of its kind in that area. 

The purpose of this study is to interpret qualitatively 
and quantitatively the aeromagnetic data of Nsukka area 
in southeastern Nigeria, using the standard Euler 
deconvolution, source parameter imaging (SPI) and 
forward and inverse modeling methods. These will 
include the determination of: (i) the susceptibilities of rock  
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types in the area, (ii) the depth of the anomalous bodies, 
(iii) the dip, plunge and type of body causing the 
magnetic anomaly, and (iv) possible mineralization in the 
area. The results of this study will be compared with the 
results of previous works carried out in the lower Benue 
Trough and it will throw more light to the knowledge of 
subsurface structure in Nsukka area. 
 
 
Geology and stratigraphy of the study area 
  
The Nsukka sheet (covering the aeromagnetic data of 
Nsukka area) lies between latitudes 6°30΄ and 7°00ʹ 
North and longitudes 7°00ʹ and 7°30ʹ East. It covers a 
total surface area of approximately 3,961 km

2
. Nsukka is 

a sedimentary Basin within the Anambra Basin underlain 
by rocks which range in age from Coniacian to 
Paleocene. Anambra Basin consist of six major rock 
formations namely Enugu shale, Agwu shale, Mamu 
formation, Ajali formation, Nsukka formation and Imo 
shale formation. These rocks are grouped into four 
formations namely: Mamu formation, Ajali Sandstone, 
Nsukka Formation, and Imo Shale Formation (Nwajide 
and Reijers, 1995; Onwuemesi, 1995). Sediments 
deposited within this time interval occur in four distinct 
physiographic provinces, namely the Cross River plains, 
the Escarpment, the Plateau and the Anambra Plains. It 
was discovered that over 3,965 m of sediments 
comprising shales, sandstones, limestone and coal, were 
deposited in the area. Their environment of deposition 
varied from marine, through brackish water to entirely 
continental. Some of these sediments are of considerable 
economic importance and contain reserves of coal, 
natural gas, glass sands and considerable prospects for 
liquid hydrocarbon. The soil is rich and sustains a virile 
rural agriculture. The highest point in the area is about 
590 m above datum plane but the lowlands generally 
have heights below 250 m above sea level. There are 
several elongated and conical hills separated by dry and 
wet valleys.  

The geology of Nsukka area and environs is composed 
mainly of Imo Formation of Paleocene, Nsukka 
Formation, Ajali Formation of Maastichtian, Mamu 
Formation (Nwajide and Reijers, 1995; Onwuemesi, 
1995). Figure 2 shows the geologic map of Nsukka Area.  
 
 
Source of data 
 
Data covering the Nsukka sheet was acquired from the 
Nigerian Geological Survey Agency. This survey was 
conducted in three phases between 2005 and 2010 as 
part of a major project known as the Sustainable 
Management for Mineral Resources by FURGO Airborne 
surveys. The survey has a Tie-line spacing of 500 m, the 
flight line along East-West direction with 100 m spacing, 
altitude of 80 m and terrain  clearance  of 100 m.  Nsukka  
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Figure 2. Geological map of the study area. 

 
 
 
data was recorded in digitized form (X, Y, Z text file) after 
removing the geomagnetic gradient from the raw data 
using International Geomagnetic Reference Field (IGRF), 
2010, with intensity of 33095 nT (nanoTesla), angles of 
inclination and declination of -13.988° and -1.902°, 
respectively. The X and Y represent the longitude and 
latitude of Nsukka in meters respectively, while the Z 
represents the magnetic field intensity measured in 
nanoTesla.  
 
 
METHODS AND DATA ANALYSIS 

 
Qualitative as well as quantitative interpretations were employed in 
this work. Qualitative interpretation of the field data was first carried 
out by inspecting the total magnetic intensity (TMI) grid of the study 
area. The total magnetic intensity map of the area was produced 
into maps which are in colour aggregate. Source Parameter Imaging 
(SPI), standard Euler deconvolution and Forward and Inverse 
modeling methods were employed in quantitative interpretation. 

The initial stages of quantitative magnetic data interpretation 
involved the application of mathematical filters (reduction to pole, 
upward-downward continuation, first vertical derivative and 
horizontal derivative) to observed data. The specific goals of these 
filters vary, depending on the situation. The general purpose is to 
enhance anomalies of interest and to gain some basic information 
on source location or magnetization. The upward projection 
(upward continuation) operation smoothen the anomalies obtained 
at the ground surface by projecting the surface mathematically 
upward above the original datum (Revees, 2005). By 
implementation of reduction to pole on both the amplitude and 

phase spectra of the original TMI grid, the shapes of the magnetic 
anomalies were simplified so that they appeared like the positive 
anomalies located directly above the source expected for induce 
magnetized bodies at the magnetic pole where the angle of 
inclination is 90° and zero declination.  

A derivative helped to sharpen the edges of anomaly and 
enhanced shallow features (Revees, 2005). This includes first and 
second vertical derivatives, and horizontal derivative. Computation 

of the first vertical derivative in an aeromagnetic survey is 
equivalent to observing the vertical gradient with a magnetic 
gradiometer with advantages of sharpening the edges  of  magnetic  
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Figure 3. Total magnetic intensity (TMI) map of the study area. 

 
 
 
anomalies, enhancing shallow magnetic sources, suppressing 
deeper magnetic sources and giving a better resolution of closely-
spaced sources. Horizontal derivative was also calculated in the x 
and y directions. 

Source parameter imaging, standard Euler deconvolution, 
forward and inverse modeling were used to evaluate the depths of 
magnetic source bodies. Source parameter imaging (SPI) method 
calculated source parameters for gridded magnetic data. The 
method assumes either a 2D slopping contact or a 2D dipping thin-
sheet model and is based on the complex analytic signal. The SPI 

depth of magnetic data was determined using Oasis Montaj 
software and employing the first vertical derivatives and horizontal 
gradient. SPI method made the task of interpreting magnetic data 
significantly easier. This model was displayed on an image and the 
correct depth estimate for each anomaly determined. 
The Euler deconvolution utilizes Euler’s homogeneity relation 
proposed by Thompson (1982) and (Reid et al., 1990). It is a 
valuable tool for locating the position and depth of anomalous 
sources. OASIS MONTAJ software was employed in computing the 
Euler-3D image and depth. 

Potent Q 4.10.07 software was used for the modeling and 
inversion of the anomalies after getting preliminary information 
about anomaly causative sources. Potent is a program for modeling 
the magnetic and gravitational effects of subsurface. It provides a 
highly interactive 3-D environment that, among other applications, 
is well suited for detailed ore body modeling for mineral exploration. 
The main concepts in potent Q 4.10.07 include: Observation, 
inversion, model, visualization and calculation. Interpretation of 
magnetic field data using potent software started with observation 
of the image of the observed data. The first step in  interpreting  the 

observed data was to take profiles on the field image. In interpreting 
the observed data, five profiles were taken along different parts of 
the field image. 

 
 
RESULTS  
 
The total magnetic intensity map of Nsukka area was 
produced into map (Figure 3) from the qualitative 
interpretation, which is in different colour aggregate. The 
magnetic intensity of the area ranges from -74.72 nT to 
147.24 nT. The area is marked by the high (pink colour) 
and low (blue colour) magnetic signatures. The variation 
in magnetic intensity could be as a result of degree of 
strike, variation in depth, difference in magnetic 
susceptibility, difference in lithology, dip and plunge. 

The total magnetic intensity data was projected 500 m 
above the original datum plane. The upward continuation 
of the total magnetic field intensity (TMI) map is shown in 
Figure 4. The magnetic intensity of the area ranges from 
a minimum value of -65.82 nT to a maximum value of 
137.95 nT as shown in the upward continuation map 
(Figure 4). 

Figure 5 shows the reduction to pole of the upward 
continuation of the TMI grid. The magnetic intensity of the 
area ranging  from  -136.13  to  227.73 nT  was  obtained
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Figure 4. Upward continuation (UC) map and legend of the study area. 
 

 
 

 
 
Figure 5. Reduction to pole (RTP) map and legend of the study area. 
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                          (a)                                                                    (b) 

                                                  
                                                                                            (c)                         
 

 

 

 
 
Figure 6. First vertical derivative maps (a) x-direction, (b) y-direction and (c) z-direction. 

 
 
 
after reducing the upward continuation (UC) TMI map to 
magnetic pole. The filtered TMI grid was used for 
quantitative interpretation of depths to magnetic 
anomalies.  

In computing the SPI depth of magnetic data, Oasis 
Montaj software was employed. Using the first vertical 
derivatives and horizontal gradient, the SPI depth was 
computed. Different magnetic depths and susceptibilities 
contrast within the study area are indicated by the 
gridded SPI depth map and legend. Figure 6 (derivative 
grids) shows that the magnetic bodies  are  not  restricted 

to a particular location. In Figure 7, the negative depth 
values shown in the SPI legend depicts the depths of 
buried magnetic bodies, which may be deep seated 
basement rocks or near surface intrusive while the 
positive values depicts outcropping magnetic bodies. The 
pink colour generally indicates areas occupied by shallow 
magnetic bodies, while the blue colour depicts areas of 
deep lying magnetic bodies ranging from -379.43 to -
3082.7 m. SPI depth result generally ranges from 151.6 
m (outcropping and shallow magnetic bodies) to -3082.7 
m (deep lying magnetic bodies).  
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Figure 7. SPI depth map and legend of the study area. 

 
 
 

In computing the Euler depth and to produce the Euler 
depth map and legend, Standard Euler deconvolution 
(Euler 3-D) interpretation was carried out in three 
dimensions by employing Oasis montaj software. For four 
different stuctural index (SI = 0.5, 1, 2, 3), four Euler 3D 
maps were generated as shown in Figure 8(a, b, c, d). 
There is no Euler solution (depth) for the particular 
structural index used as indicated by the areas in the 
maps without magnetic signatures or colour (depth). The 
pink colour indicates shallow magnetic bodies, while the 
blue colour indicates deep lying magnetic bodies (Figure 
8). Depths to lateritic bodies and outcrops in the study 
area that are magnetic because they contain ironstone 
are signified by positive depth values, while the negative 
depth values are depths of shallow magnetic bodies 
below the datum plane 

The Euler 3D depth grid for structural index 0.5, 1, 2, 
and 3 is shown in Figure 8. Depth ranges for SI = 0.5 is 
from 9.47 to 124.02 m; for SI = 1, depth ranges from 
22.51 to 125.29 m; for SI = 2, depth ranges from 39.05 to 

120.30 m; and for SI = 3, depth ranges from 7.99 to 
128.93 m. The Euler depths were estimated using vertical 
derivatives in three dimension (x, y, z). Vertical 
derivatives enhances shallow magnetic bodies. Hence, 
depths of shallow magnetic bodies or anomalies for 
different structural index are displayed by Euler method.   

Using a single component data (TMI) for multiple 
bodies, the inversion procedure was performed. The 
geographic coordinates (X, Y and Z) at which the 
software (Potent Q) calculated the field due to the model 
were provided by the data points in the sample of 
observed data. They further provided the observed field 
values against which the calculated field values were 
compared. The root mean square (RMS) difference 
between the observed and calculated field values was 
attempted to be minimized by the inversion algorithm. At 
the end of the inversion, the RMS value was displayed. 
The RMS value decreased as the fit between the 
observed and calculated field continues to improve, until 
a reasonable inversion  result  was  achieved.  Less  than
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                        (a)                                                                    (b) 

                                 
                           (c)                                                                (d) 
 

 

 
 
Figure 8. Euler 3D depth grid and legend (a) SI=0.5; (b) SI=1; (c) SI=2 and (d) SI=3. 

 
 
 
5% of root mean square value was set as an acceptable 
error margin. 

Five profiles were taken in this modeling and each 
profile was expected to have a degree of strike, dip and 
plunge where the observed values matched well with the 
calculated values. The blue curves in Figure 10 (a, b, c, 
d, e) represent the observed field values while the red 

curves represent the calculated field values. The forward 
modeling being a trial and error method, the shape, 
position and physical properties of the model were 
adjusted in order to obtain a good correlation between 
the calculated field and the observed field data. Using 
potent software, the field of the model was then 
calculated. Five bodies were modeled and using the
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Figure 9. Upward continuation TMI contoured map showing five profiles. 
 

 
 

 
 
Figure 10a. Subset of profile 1. 

 
 
 

upward continuation TMI dataset, inversion method was 
performed. The potent software used geographic 
coordinates x, y and z provided by the TMI grid with the 
field values of the observed field to compare the 
calculated field values. The difference between the 
calculated and observed field values is represented by a 
root mean square value (RMS) which is displayed  at  the 

end of each inversion. The RMS value is less than 5% in 
the inversion model which helped in getting an improved 
result and match between the observed and calculated 
field. The five model profiles taken from the upward 
continuation TMI grid (Figure 9) are shown in Figure 11 
(a, b, c, d, e). The shape of the body causing the 
anomaly is a sphere and its measurement was given in
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Figure 10b. Subset of profile 2. 

 
 
 

 
 
Figure 10c. Subset of profile 3. 

 
 
 

 
 
Figure 10d. Subset of profile 4. 

 
 
 
terms of radius (3610 m) as shown in the model profile in 
Figure 11d. Therefore, its ambiguous values of length 

and height were not considered. The results of the 
forward and inverse modeling are summarized in Table 1. 



514          Int. J. Phys. Sci. 
 
 
 

 
 
Figure 10e. Subset of profile 5. 

 
 
 

 
 
Figure 11a. Model for profile 1. 

 
 
 

The susceptibility values obtained from the model 
profiles 1, 2, 3, 4 and 5 are 0.0031, 0.0073, 1.4493, 
0.0069 and 0.0016 respectively, with respective depths of 
1644, 2285, 1972, 2193 and 1200 m. Dominance of iron 
rich minerals like limonite, haematite, pyrrhotite and pyrite 
are indicated by the susceptibility values and are typically 
sandstones and ironstones or oxides of iron which are 
magnetic in nature. Table 2 shows the average magnetic 
susceptibilities of some mineral (Telford et al., 1990).  

DISCUSSION 
 
The depths estimated for shallow magnetic bodies and 
deep lying magnetic bodies using Standard Euler 
deconvolution, source parameter imaging (SPI) and 
forward and inverse modeling methods are within the 
same range. The depths deduced from the forward and 
inverse modeling are 1644, 2285, 1972, 2193 and 1200 
m for profiles 1, 2, 3, 4 and 5 respectively (Figure 11a,  b,  
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Figure 11b. Model for profile 2 

 
 
Figure 11b. Model for profile 2. 

 
 

 
 

 

  
 
Figure 11c. Model for profile 3. 

 
 
 

c, d and e). The susceptibility values obtained from the 
model  profiles  1,  2,  3,  4  and  5  are   0.0031,   0.0073, 

1.4493, 0.0069 and 0.0016 respectively. These 
susceptibility  values  indicate   dominance   of   iron   rich
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Figure 11d. Model for profile 4. 

 
 

 

 

Figure 11e. Model for profile 5 

 
 

Figure 11e. Model for profile 5.  
 

 
 

minerals like limonite, hematite, pyrrhotite and pyrite, and 
are typically sandstones and ironstones or oxides of iron 
which are magnetic  in  nature.  The  result  of  SPI  depth 

ranges from 151.6 m (outcropping and shallow magnetic 
bodies) to -3082.7 m (deep lying magnetic bodies). The 
depth for shallow magnetic materials  ranged  from  42.10  
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Table 1. Summary of Forward and Inverse modeling results. 
. 

Model X(m) Y(m) 
Depth 

(m) 

Dip 

(deg) 

Plunge 

(deg) 

Strike 

(deg) 

Body 

shape 

K value 

(SI) 
Possible mineral  

1 296142 771577 1644 -14.9 0.0 -106.4 Slab 0.0031 (sandstone) Quartzite  

2 327145 768950 2285 76.7 -164.0 118.5 Ellipsoid 0.0073 (ironstone) Hematite  

3 290310 750019 1972 2.5 -3.8 -124.7 Lens 1.4493 (ironstone) Pyrrhotite 

4 296421 734637 2193 0.0 0.0 -90.0 Sphere 0.0069 (ironstone) Hematite 

5 310791 747113 1200 80.4 157.5 -169.8 Ellipsoid 0.0016 (ironstone) Limonite, Pyrite 

 
 
 

Table 2. Magnetic susceptibilities of some mineral (Telford et al., 1990). 

 

Rocks Average  magnetic suceptibility  (SI) 

Dolomite 0.00012 

Lime Stone 0.00031 

Sands Stone 0.00038 

Shale 0.00063 

Amphibolite 0.00075 

Schist 0.00126 

Quartzite 0.00440 

Slate 0.00628 

Granite 0.00281 

Olivine – Diabase 0.02513 

Diabase 0.05655 

Porphyry 0.06283 

Gabro 0.07540 

Basalt 0.07540 

Diorite 0.08797 

Peridotite 0.16336 

Acidic Igneous 0.00817 

 
 
 
to 79.10 m with an average depth value of 60.6 m and for 
deep lying magnetic material, depth ranged from 233.95 
to 3082.73 m with an average depth value of 1658.34 m. 
Depth/thickness obtained from modeling results (1200  to 
2285 m) and SPI (3082.73 m) show thick sediment that is 
sufficient for hydrocarbon accumulation which agrees 
with the work of Wright et al. (1985) that the minimum 
thickness of the sediment required for the 
commencement of oil formation from marine organic 
remains would be 2300 m (2.3 km).  

Euler depths for the four different structural index (SI = 
0.5, 1, 2, 3) ranges from 9.47 to 128.93 m which are 
depths of shallow magnetic sources resulting from 
lateritic bodies in the outcrops within Nsukka area and is 
within the range of depth for shallow magnetic source 
bodies as estimated using SPI method. Depths of 35 to 
150 m as obtained in this work are good potential water 
reservoirs in Nsukka area. This is consistence with the 
assertion of Anomohanran (2013), and Ezeh and Ugwu 
(2010) that the depth of fresh and good quality aquifer 
reservoirs in Nsukka area is from 33 to 150 m. 

Comparison with some aeromagnetic studies carried 
out in the Lower Benue Trough 
 
Comparing the results obtained in this work with the 
results obtained by other researchers in the Lower Benue 
Trough, Onwuemesi (1997) evaluated the depth to the 
basement (sedimentary thickness) in the Anambra Basin 
to vary from 0.9 to 5.6 km. His depth is slightly higher 
than the depths obtained from this study. Igwesi and 
Umego (2013) obtained a two layer source model with 
depth for deeper magnetic source ranging from 1.16 to 
6.13 km with average of 3.03 km and depth to the 
shallower magnetic source ranging from 0.016 to 0.37 km 
with average of 0.22 km. Their estimated depth agrees 
with the depth estimated from this study especially within 
the shallow source. Onu et al. (2011) estimated that the 
depths to the magnetic source bodies in the lower Benue 
Trough and some adjoining areas vary from 0.518 to 8.65 
km with a mean depth of 3.513 km (for deeper magnetic 
source bodies) and 0.235 to 3.91 km with a mean depth 
of  1.389 km  (for  shallower   magnetic   source   bodies),  
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which are greater than the depth estimated from this 
work. Onuba et al. (2011) estimated the depth to 
basement over Okigwe areas and established two depth 
models varying from 2.18 to 4.91 km for deeper sources 
while the shallower sources vary from 0.55  to 1.82 km. 
However, they did not recommend hydrocarbon 
exploration in the area since the area has low thickness 
of sediments on the average. Adetona and Abu (2013) 
estimated the thickness of sedimentation within the 
Lower Benue Basin and Upper Anambra Basin by 
employing spectral depth analysis and obtained a depth 
of 7.3 km and source parameter imaging to obtain a 
depth of 9.847 km. This result is also greater than our 
result. Ezema et al. (2014) estimated maximum depths of 
4.96 to 9.8 km and minimum depths of 0.12 to 0.17 km 
over Abakaliki area. Their estimated depth agrees with 
our depth for the shallow source. The results of some of 
these works agree with the results of the present study 
especially within the shallow source. It should be noted 
that none of these works were carried out in Nsukka and 
its environs, but in other parts of Lower Benue Trough.  
 
 
Conclusion 
 

Interpretation of aeromagnetic data of Nsukka area has 
been done qualitatively and quantitatively. Source 
parameter imaging (SPI), standard Euler deconvolution 
and forward and inverse modeling methods were 
employed in quantitative interpretation. The estimated 
depths from the forward and inverse modeling method 
are 1644, 2285, 1972, 2193 and 1200 m for profiles 1, 2, 
3, 4, 5 (Figure 11a, b, c, d and e) respectively. The 
susceptibility values obtained from the model profiles 1, 
2, 3, 4 and 5 are 0.0031, 0.0073, 1.4493, 0.0069 and 
0.0016 respectively which indicate dominance of iron rich 
minerals like limonite, hematite, pyrrhotite, and pyrite and 
forms lateritic caps on sandstones. Depth result from SPI 
ranges from 151.6 m (outcropping and shallow magnetic 
bodies) to -3082.7 m (deep lying magnetic bodies). 
Sediment thickness of 1644 m to 3082.7 m is sufficient 
for hydrocarbon accumulation. This agrees with the work 
of Wright et al. (1985) which asserts that the minimum 
thickness of the sediment required for the 
commencement of oil formation from marine organic 
remains would be 2300 m (2.3 km). From Euler depth 
results, the depth of contact body ranges from 9.47 m to 
124.02 m for SI = 0.5; depth of dyke, silt and thin sheet 
body ranges from 22.51 m to 125.29 m for SI = 1; depth 
of line source body ranges from 39.05 m to 120.30 m for 
SI = 2; and the depth of spherical and compact body like 
ellipsoid ranges from 7.99 m to 128.93 m for SI = 3. 
Depths of shallow magnetic sources resulting from 
lateritic bodies in the outcrops within the study area 
ranges from 9.47 to 128.93 m (Euler depth for the four 
different structural index) and is within the range of depth 
for shallow magnetic source bodies as estimated using 
SPI method. 35 to 150 m depths are good potential water  

 
 
 
 
reservoirs (Anomohanran, 2013; Ezeh and Ugwu, 2010) 
within Nsukka area. The depths obtained in this work 
fairly agrees with the depths estimated by many previous 
researchers (Ofoegbu, 1984; Onwumesi, 1997; Onu et 
al., 2011; Onuba et al., 2011; Igwesi and Umego, 2013; 
Adetona and Abu, 2013; Ezema et al., 2014) in lower 
Benue Trough and Anambra Basin in which Nsukka area 
falls. Results from SPI and modeling techniques show 
that Nsukka area has sufficiently thick sediments suitable 
for hydrocarbon accumulation. This study is a case study 
which provides a good example of the use of 
aeromagnetic data for basinal studies in a structurally 
complex mineral rich Basin. 
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The density functional theory was employed in order to study the structural, electronic, and magnetic 
properties of the AlxV1-xN (x=0.25, 0.50, and 0.75) compound in the wurtzite-type structure. The 
calculations were executed using the method based on pseudopotential, employed exactly as 
implemented in Quantum ESPRESSO code. For the description of the electron-electron interaction, 
generalized gradient approximation (GGA) was used. The analysis of the structural properties shows 
that the lattice constant increases with the concentration of Al atoms, but the functional relations are 
not linear. The electronic density studies show that the Al0.25V0.75N and Al0.50V0.50N compounds exhibit a 
half-metallic behavior, while Al0.75V0.25N is metallic. This compound exhibits a ferromagnetic character 
with a magnetic moment of 2 µβ/atom-V. The ground-state ferromagnetic behavior essentially comes 
from the polarization of the V-3d that crosses the Fermi level. These compounds are good candidates 
for potential applications in spintronics and as spin injectors. 
 
Key words: Density functional theory (DFT), half-metallic ferromagnetism, structural and electronic properties. 

 
 
INTRODUCTION 
 
AlN stabilizes in the wurtzite (WZ) structure in bulk form 
(Nakamura et al., 1997). AlN, as the semiconductor 
material with the largest band-gap has many superior 
properties and thus is the best material for constructing 
devices in the violet region, and it is also used as an 
electronic packaging material, and is applied to optical 
disks and lithographic photo masks as well (Jonnard et 
al., 2004; Carcia et al., 1996; Carcia et al., 1997). 
Aluminium nitride exhibits stability at high temperatures, 
considerable thermal conductivity, low thermal 
expansion, and a high resistance to gases and chemicals 
(Beheshtian  et  al.,  2012).  Also,  wurtzite  AlN  has   the 

largest direct band gap, at 6.1 eV, as well as high 
acoustic velocity, which distinctly opens up the possibility 
of fabrication of various optical devices in the ultraviolet 
wave length region and different surface acoustic wave 
devices. Recently, Group III semiconductors such as AlN 
have received great attention because of their possible 
use as diluted magnetic semiconductors and their 
potential applications in the field of spintronics. For these 
applications, ferromagnetism at room temperature is a 
requirement. In recent years, high-temperature 
ferromagnetism has been reported by many researchers 
in   several    types    of    transition    metal    (TM)-doped
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semiconducting nitrides and oxides. Gonzalez et al. 
(2011) through theoretical studies, predict room-
temperature ferromagnetism in p-type Mn-doped GaN 
(Gonzalez et al., 2011), while Vargas et al. (2015) 
observed half-metallic ferromagnetism behavior in 
ZnxMn1-xO compounds. On the other hand, it has been 
reported that Sc-, Cr-, Co-, Mn-, Er-, Mg-, Ca- and Cu-
doped AlN are ferromagnetic (FM) (Lei et al., 2009; Wu et 
al., 2007; 2003; Frazier et al., 2003; Yang et al., 2007; 
Dridi et al., 2011; Wu et al., 2006; Zhang et al., 2008; 
Huang et al., 2007). But investigations of AlN:V systems 
are rare, be they theoretical or experimental. For this 
reason, in this paper the authors present a systematic 
theoretical study of the structural, electronic and 
magnetic properties of the AlxV1-xN compound. 
 
 
COMPUTATIONAL METHODS 
 

The calculations were carried out within the framework of density 
functional theory (DFT), as implemented in the Quantum 
ESPRESSO software package (Giannozzi et al., 2009). The 
exchange and correlation effects of the electrons were dealt with 
using the generalized gradient approximation (GGA) of Perdew, 
Burke, and Ernzerhof (PBE) (Perdew et al., 1997). Electron–ion 
interactions were treated using the pseudopotential method 
(Vanderbilt, 1990; Laasonen et al., 1993). The electron wave 
functions were expanded into plane waves with a kinetic energy 

cutoff of 40 Ry. For the charge density, a kinetic energy cutoff of 
400 Ry was used. A 6×6×4 Monkhorst-Pack mesh (Monkhorst and 
Pack, 1976) was used to generate the k-points in the unit cell. The 
calculations were performed taking into account the spin 
polarization. Self-consistency was achieved by requiring that the 
convergence of the total energy be less than 10

-4
 Ry. 

To calculate the lattice constant, the minimum volume, the bulk 
modulus, and the cohesive energy in the wurtzite structure, 

calculations were fit to the Murnaghan equation of state 
(Murnaghan, 1944) (Equation 1): 
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Where B0 is the bulk modulus, its first derivative is B'0, V0 is the 
equilibrium volume of the cell, E0 represents the ground-state total 
energy and V is the volume of the unit cell. 
 
 

RESULTS AND DISCUSSION  
 
Structural properties 
 
To determine the structural properties in the ground state, 
such as the lattice constant (a0), equilibrium volume (V0), 
bulk modulus (B0), and total energy (E0) of the binary 
compounds AlN and VN and of the three allowed ternary 
compounds, AlxV1-xN (x=0.25, 0.50, and 0.75), in the 
wurtzite structure, the total  energy  was  calculated  as  a  
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function of the volume. The results were fit to the 
Murnaghan equation of state (Equation 1). Additionally, 
the total energy variation was calculated as a function of 
the volume of the ferromagnetic (FM) and 
antiferromagnetic (AFM) phases in order to find the most 
favorable magnetic phase of the AlxV1-xN (x=0.25, 0.50, 
and 0.75) compounds. In order to calculate the most 
favorable AFM structure, the authors using various AFM 
configuration, for this purpose, the supercells of 1×1×1 
(for Al0.50V0.50N) and 1×1×2 (for Al0.25V0.75N and 
Al0.75V0.25N) were used to get even numbers of V atom for 
switching spin state up and down. Figure 1 shows the 
energy-volume curves for AlxV1-xN (x=0.25, 0.50, and 
0.75) compounds in the FM and AFM states. In the 
ground state, the total energy differences between the 
FM and AFM states (∆E=EFM -EAFM) were -0.11, -0.014, 
and -0.05 eV for x=0.25, 0.50, and 0.75, respectively. In 
all cases, the FM state was more energetically favorable 
than the AFM state.  

The authors can see that the equilibrium lattice 
constant a0 of the binary AlN compound calculated in this 
paper are in very good agreement with the values 
reported theoretically and experimentally, since they 
differ by less than one percent. For the allowed ternary 
compounds of AlxV1-xN (x=0.25, 0.50, and 0.75), the 
structures are obtained by replacing Al atoms with V 
atoms in the AlN supercell. For x=0.25 and x=0.50, an Al 
atom is replaced by a V atom in supercells of 8 and 4 
atoms, respectively. For x=0.75, three Al atoms are 
replaced by three V atoms in a supercell of 8 atoms. 
Figure 2 shows the crystal structure of the allowed 
ternary compounds, AlxV1-xN (x=0.25, 0.50, and 0.75), 
obtained after the structural relaxation; in all cases, the 
space group obtained is the tetragonal structure p3 m1 
(N° 156).  

The authors observe that VN has a larger bulk modulus 
than the AlN, and the bulk modulus of the AlxV1-xN 
compound decreases as the concentration Al increases. 
However, the values of the bulk moduli of the allowed 
ternary compounds of AlxV1-xN (x=0.25, 0.50, and 0.75) 
shown in Table 1 are high, confirming that they are quite 
rigid, making them good candidates for possible 
applications in devices operated at high temperature and 
high power as well as in hard coatings.  

Table 1 shows that the equilibrium lattice constant 
value increases with an increase in the concentration of 
Al atoms. But the increase in the lattice constant is small, 
resulted from the minor difference in atomic radius 
between V (1.34 Å) and Al (1.43 Å). Figure 3 shows the 
variation of the lattice constant as a function of the Al 
concentration. It can be observed that the variation in the 
lattice parameter versus Al composition is nonlinear. A 
strong deviation from Vegard’s law is clearly visible for 
the equilibrium lattice constants a0, since there is an 
upward bowing. This deviation indicates a strong 
interaction between the ions of V and Al. A similar result 
was  found  by  Boukra  et  al.  (2010)  in  their   study   of
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Figure 1. Total energy as a function of volume for (a) Al0.25V0.75N, (b) Al0.50V0.50N, and (c) Al0.75V0.25N compounds. 

 
 
 

 
 
Figure 2. Unit cell of the allowed ternary compounds: (a) Al0.25V0.75N, (b) Al0.50V0.50N (c) Al0.75V0.25N. 
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Table 1. Lattice constant (a0), equilibrium volume (V0), bulk modulus (B0), and total energy (E0) of the binary 
compounds AlN and VN and of the three allowed ternary compounds, AlxV1-xN (x=0.25, 0.50, and 0.75), in the 
wurtzite structure. 
 

Compound a0 (Å) V0 (Å
3
) B0 (GPa) E0 (eV) 

VN 3.092 44.083 232.564 - 648.837 

Al0.25V0.75N 3.107 81.917 224.544 - 597.140 

Al0.50V0.50N 3.118 44.828 209.350 - 545.815 

Al0.75V0.25N 3.126 87.020 198.170 - 494.559 

AlN 3.130 42.217 193.450 - 443.331 

     

Other calculations     

VN 3.10
a
 - 209

a
 - 

AlN 

 

3.123
b 

3.111
c 

- 

- 

192
b
 

185
c
 

-
 

-
 

 

a (Gonzalez et al., 2007) theoretical, b (Warner et al., 2002) Theoretical, c (Schulz et al., 1997) Experimental 
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Figure 3. Lattice constant as a function of Al-concentrations. 

 
 
 
GaxMn1−xN ternary systems using DFT.  

In this case, the lattice constant of the AlxV1-xN (x=0.25, 
0.50 and 0.75) ternary compounds seems to obey a 
quadratic trend. To verify this dependence, the author 
carried out a fit to a quadratic polynomial and found that 
the relation between the lattice constant and the 
concentration x of Al is: aAlxV1-xN=xaAlN+(1-x)aVN–x(1-x)b, 
where aAlN and aVN are shown in Table 1, and b=-0.019 Å. 

In order to verify the relative stability of the AlxV1-xN 
(x=0.25, 0.50, and 0.75) compounds with reference to the 
terminal phases, the author calculated the corresponding 
formation energy, which  is  expressed  as the  difference 

between the total energy of the ternary AlxV1-xN phases, 

 and of the references states of wurtzite AlN, 

 and NaCl of VN,  (Zhang and Veprek, 

2007; Sheng et al., 2008): 
 

 
1

1
x x

phase wurtzita NaCl

f Al V N AlN VNE E xE x E


     

 
Table 2 shows the energy of formation values of the 
allowed ternary compounds of AlxV1-xN (x=0.25, 0.50, and 
0.75). The E0 energies of the binary compounds AlN and
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Table 2. Energy of formation of the allowed ternary 
compounds of AlxV1-xN (x=0.25, 0.50, and 0.75). 
 

Compound Ef (eV) 

Al0.25V0.75N 0.320 

Al0.50V0.50N 0.270 

Al0.75V0.25N 0.148 

 
 
 
VN in their ground states are negative (Table 1). 
However, according to the results of Table 2, the value of 
the energy of formation of each ternary compound is 
positive; therefore, the AlxV1-xN compounds (x=0.25, 0.50, 
and 0.75) are metastable. This finding implies that the 
compounds cannot grow under equilibrium conditions, 
and therefore it is necessary to supply energy in order to 
grow them (Zhang and Veprek, 2007; Sheng et al., 
2008). The results obtained for the energy of formation is 
important, because by knowing these values the growth 
conditions can be improved in order to enable one to 
grow good-quality AlxV1-xN compounds (x=0.25, 0.50, and 
0.75). 

According to the results of Table 2, the smallest value 
of the energy of formation corresponds to the Al0.75V0.25N 
ternary compound; therefore, this is the most 
energetically stable structure. Additionally, the moderate 
formation-energy values indicate that the compounds can 
easily be grown experimentally. The fact that Al0.75V0.25N 
compound has the lowest formation energy can be 
understood as follows; the ground state energy of the 
binary compound VN is smaller than the AlN, due that the 
VN has more electrons. For this reason, Table 1 shows 
the ground state energy of the  ternary compounds AlxV1-

xN increases with increasing the concentration of Al 
atoms and therefore the energy of formation of the 
Al0.75V0.25N ternary compound is the most lowest. 

 
 
Electronic properties 
 
Figures 4a, b, and c show the total density of states 
(TDOS) and partial density of states (PDOS) of the 
orbitals that contribute most near the Fermi level of AlxV1-

xN (x=0.25, 0.50, and 0.75) compounds, respectively. The 
TDOS of the allowed ternary compounds Al0.25V0.75N and 
Al0.50V0.50N (Figures 4a and b) shows that they are half-
metallic and ferromagnetic. This result occurs because in 
the valence band close to the Fermi level, the majority 
spins (spin-up) are metallic, and the minority spins (spin-
down) are semiconductors. These compounds have a 
spin polarization of 100% of the conduction carriers in the 
ground state, which is a requirement for spin injectors 
(Vargas et al., 2015). This finding suggests that these 
ternary compounds can be efficiently used as spin 
injectors. Figure 4c shows the TDOS of the Al0.75V0.25N 

compound. It is clear that this ternary compound does not 

exhibit half-metallicity. Since the valence and conduction 
bands cross the Fermi level, Al0.75V0.25N has a metallic 

character. 
As seen in Figure 4, for the ternary compounds in the 

valence band near the Fermi level, the spin-up density 
(the majority spins) is mainly dominated by the V-3d 
states, with a small contribution of the N-2p states, which 
cross the Fermi level. Therefore, the magnetic properties 
of the ternary compounds essentially come from the 
polarization of the V-3d orbital.  

In order to fully understand the mechanism by which 
the FM state in the AlxV1-xN (x=0.25, 0.50, and 0.75) 
compound is stabilized; the authors can explain it with the 
help of the density of states. It can clearly be seen that 
when the V atom occupies the position of the Al atom in 
the wurtzite-type supercell, it introduces new states in the 
energy gap of the AlN semiconductor, resulting in a half-
metallic character for Al0.25V0.75N and Al0.50V0.50N and a 
metallic one for the Al0.75V0.25N compound. The tetrahedral 

crystal field of the surrounding N ligands splits the fivefold 
degenerate V-3d states into two-fold degenerate low-

energy (  and ) and three-fold degenerate 

high-energy t2g (dxy, dxz and dyz) states. The electron 
configuration of the V atom in the AlxV1-xN (x=0.25, 0.50, 
and 0.75) compounds can be attributed to the V

3+
 

(Katayama et al., 2003). Therefore, V atoms have three 
valence electrons {[Ar]3d

3
}; two electrons occupy the 

doubly degenerate eg states and one electron and two 
holes the triply degenerate t2g state. Therefore, the major 
spin states of V-3d are not filled, because although the 
doubly-degenerate state is completely filled, the triply-
degenerate state is only one-third full. As a result, the 
three electrons produce a total magnetic moment of 
2μβ/atom-V. This implies that the magnetic moment has a 
value of µ=2 µβ for one V atom present in the compounds 
Al0.50V0.50N and Al0.75V0.25N, while µ=6 µβ for three V 
atoms in Al0.25V0.75N compound. 

Figure 5 shows the band structures of the AlxV1-xN 
(x=0.25, 0.50, and 0.75) ternary compounds. For x=0.25 
and 0.50 (Al0.25V0.75N and Al0.50V0.50N), Figures 5a and b 
confirm the half-metallic nature of both compounds, while 
Figure 5c confirms the metallic character of Al0.75V0.25N. 

In Figure 5, it can seen that the spin-up orientation of 
the Al0.25V0.75N, Al0.50V0.50N and Al0.75V0.25N compounds 
exhibits dispersed bands above Fermi level; this confirm 
that the majority spin-up of V-3d is partially filled, and 
therefore, the fact that there is high polarization of the
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Figure 4. Total and partial density of states of the allowed ternary compounds of AlxV1-xN. (a) x = 0.25 (b) x = 0.50, 

and (c) x = 0.75. 

 
 
 
conduction carriers is confirmed by the fact that the V 
atoms are coupling ferromagnetically and that there is a 
high presence of conduction carriers in the majority spin 
channel. For these reasons, these compounds can be 
potentially used in spintronics or spin injectors. 
 
 
Conclusions 
 
The authors report theoretical studies of the structural, 
electronic, and magnetic properties of AlxV1-xN 
compounds, with concentrations of Al atoms x=0.0, 0.25, 
0.50, 0.75, and 1.0, by means of first-principles 
calculations via the pseudopotential method, within the 
DFT framework and using the GGA approximation. It was 
found that the lattice constant increases with the 
concentration x of Al atoms, obeying a quadratic 
dependence. It was found that the values of the bulk 
modulus of AlxV1-xN (x=0.25, 0.50, and 0.75) are high; 
therefore, these compounds are rigid and are good 

candidates for application in devices that must function at 
high temperatures and under high power, and in hard 
coatings. In addition, it was found that the allowed 
compounds Al0.25V0.75N and Al0.50V0.50N exhibit a half-
metallic behavior with a magnetic moment of 2 µβ/atom-
V. The ground-state ferromagnetic behavior essentially 
comes from the polarization of the V-3d that crosses the 
Fermi level. These compounds are good candidates for 
potential applications in spintronics and as spin injectors. 
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