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Abstract 

Over the years, there has been significant increase in population and urbanization in Kogi 
State as a result of rural - urban migration. This has become a major threat to soil 

sustainability which is a natural non-renewable resource. The aim of this research is to carry 
out magnetic susceptibility mapping on the surface and subsurface soil of Kogi State using 

environmental magnetism techniques and geochemical analysis. The susceptibility test on 
rock samples and background soil samples within the study area shows an average of about 

112.0 × 10�� ��. The magnetic susceptibility measurement on soil from Kogi State shows 

magnetic susceptibility enhancement of about (450.0 − 700.0) × 10�� ��. These values 
were dominant along the major towns, road pavements and commercial areas at the surface to 

a depth of about 50.0 �� in soil profiles. The 2D spatial distribution of magnetic 

susceptibility with depth reveals that theses magnetic grains are distributed in the subsurface 
as a result of anthropogenic loading. The frequency-dependence of magnetic susceptibility 

(χfd%) values are very low (2 − 10.0 %) in most of the areas on the surface soil. This values 
indicate that the magnetic properties are predominantly contributed by the coarse multi - 
domain (MD) and stable single domain (SSD) grains of anthropogenic origin.  Atomic 

Absorbtion Spectrometer (AAS) analysis of these soil samples indicates the presence of Lead 

(300.0 − 900.0) ��/� and Cadmium (20.0 −  60.0) ��/� in large concentration at the 

surface soil in most part of the Kogi State. While Chromium show relatively low 
concentration on the surface soil. From the statistical correlation analysis, Lead and Cadmium 
show high positive correlation with magnetic susceptibility. These results suggests that the 

high enhancement of magnetic susceptibility on the surface and sub-surface soil in most part 
of Kogi State arise from anthropogenic activities rather than lithological and pedogenic 

processes and most likely cause by high concentration of Lead and Cadmium. 
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I. INTRODUCTION 

he recent rise in urbanization and increased in population 
growth has become a threat to soil sustainability which is 

a natural non-renewable resource [1]. The introduction of 
pollutants on the soil, most especially the topsoil causes it to 
lose its input of organic matter and nutrients; therefore it can 
eventually lead to desertification [2]. This has important 
implications for agriculture and thus food security.  
Topsoil forms at a rate of approximately 10mm of soil per 
100 to 400 years [3], while natural or geological erosion of 
the soil occurs at approximately the same rate. Soil 
degradation due to anthropogenic factors, known as 'man-
accelerated' erosion, is at a rate higher than that of soil 
formation [4]. The soil also plays an important role in the 
evolution of the subsurface and the exchange of matter 
between the bedrock and the atmosphere and, as such, the 
understanding of its properties is a prerequisite in numerous 
fundamental problems and environmental applications [5]. 
Reconstructing the past history of deposition and erosion of a 
given soil, for example, is useful for the reconstruction of 
past climates [6-7].  To assess this history of a given soil or 
its ability to store, release or transmit pollutants, some 
knowledge of its physical and chemical properties is needed. 
Unfortunately, the introduction of pollutants especially 
metallic pollutants in the soil affect its physical properties 
greatly and therefore make it a complex and difficult to 
characterize and even model. It is therefore essential that we 
recognize topsoil as a resource in Nigeria and develop 
methods that are both easy to applied, as well as efficient and 
unambiguous to investigate the nature of spread of these 
pollutants. This might be of great help, in particular in a 
context of the planet’s threatened soils [8]. The aim of this 
research is to carried out magnetic susceptibility mapping on 
the surface and subsurface soil of Kogi State using 
environmental magnetism techniques and geochemical 
analysis, as this will expose the pollution implications of 
heavy metals due urbanization over time. 

A. Study Area 

Kogi State is located in North Central Nigeria and 
bounded between latitude 7°30'N and 7°50'N and longitude 
6°42'E and 6°70'E. It has a landmass of 29,833 Square 
Kilometres. The State is popularly called the confluence state 
because of the confluence of River Niger and Benue at its 
capital Lokoja which happen to be the first administrative 
capital of modern Nigeria [9]. 

Kogi state consists of twenty-one Local Government Areas 
(see Fig. 1) and is the only state which shares boundaries 
with ten other states and thus serves as a link route to other 
parts of the country. 

 

 
Fig. 1 Map of Kogi State showing the local Government 

Area and the boundaries [9]. 

B. Geology of Kogi State 

The geological setting of Kogi State (Fig. 2.) is unique in 
view of the occurrence of the two major components of 
Nigerian geology (Basement Complex and Sedimentary 
Basin). Approximately, half of the State is covered by 
crystalline Basement Complex while the other half is covered 
by Cretaceous to Recent sediments. The Basement Complex 
are predominantly underlain the western flank of the State. 
They are made up of Migmatite Gneiss Complex, and the 
Pan-African Older Granites [10]. The eastern flank of the 
State lies within the Anambra Basin and form part of 
Cretaceous to Recent sediments of Nigeria [11]. It is mainly 
made up of different Formations of Nkporo, Mamu, Ajali 
and Nsukka [9]. These Formations are inter-bedded with 
sandstones, siltstones, carboniferous-shale, coal, sandstones 
of fluvial marine nature with distinct across beddings and 
laterite. 

 
Fig. 2 Geological Map of Kogi State by Local Government 

Areas [9]. 

T
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II. MATERIALS AND METHODS 

A. Collection and Preparation of Samples 

The sampling strategies used in this study include a 
combination of design features that have shown to work 
successfully in other studies [12, 13,14,15,16,17,18,19 and 
20]. Samples were collected random from 120 locations 
(bearing in mind reasonable spacing) using a stainless spoon 
at the surface after clearing the loose soil and also at a depth 
of 50.0 �� using a 3.0 cm diameter stainless pipe to drill the 
hole at each sampling point across the state (Fig. 3). The 
samples are dried and package in a polythene bags and taken 
to Advance Chemical Laboratory, Ahmadu Bello University, 
Zaria for analysis. 

 
Fig. 3 Sample location of were measurements were carried 

out in Kogi State (Points reduced for clarity) 

B. Magnetic Susceptibility 

Magnetic susceptibility is one of the parameters used in 
environmental magnetism investigation and involves the 
application of rocks and minerals magnetic techniques to 
situations in which the transport, deposition or 
transformation of magnetic grains are influenced by the 
environmental processes in the atmosphere, hydrosphere and 
lithosphere [21].  Magnetic susceptibility (MS) is a powerful 
tool, which is being applied increasingly on environmental 
studies especially in paleoclimate, sedimentology, 
paleoceanography, archaeology and more recently in 
particulates pollution especially in anthropogenic pollution 
studies [22, 23]. Magnetic susceptibility is independent of 
the earth’s magnetic field at any point, and is largely a 
function of the volume of magnetic minerals [24]. The 
measurements are designed to measure the response of 
natural materials to a range of artificially applied magnetic 
field. These non-naturally remanent characteristic (also 
called non-directional magnetic measurements) is the 
foundation of this branch of geophysical [25]. 

C. Magnetic Susceptibility 

Magnetic Measurements of magnetic susceptibility were 
performed using the Bartington MS2 magnetic susceptibility 
meter connected to a Bartington MS2B dual frequency 
susceptibility sensor. Measurements were taken at low 
frequency (0.47 kHz; (χlf)) and high frequency (4.65 kHz; 
(χHF)). Both low and high frequency susceptibilities were 
measured (χlf and χhf) to allow frequency dependent 
susceptibility to be calculated (χfd %) using (1). 

���(%) =
�������

���
× 100    (1) 

The concentration of metals in the sample was performed 
using Perkin-Elmer Atomic Absorption Spectrometer on 78 
samples collected [26]. 

III. RESULTS AND DISCUSSION 

A. Background Test 

Magnetic susceptibility mapping and geochemical analysis 
were successfully carried out on soil samples within Kogi 
State, North central, Nigeria.  From the geological mapping 
carried out, the study area falls within the basement complex 
of North Central and part of the sedimentary basin of the 
middle Benue trough. The rocks within the area are 
predominantly igneous rocks with magnetic susceptibility 
ranging between 65.0 − 250.0 × 10�� ��, with an average 
value of 112.5 × 10�� ��. The mean susceptibility value of 
112.0 ×  10�� �� is an indication that the magnetic 
susceptibility is controlled by paramagnetic minerals. The 
background magnetic susceptibility values are in agreement 
with the rock magnetic susceptibility values obtained from 
the geological mapping. This result serves as the control for 
our interpretation. This is in conformity with previous works 
carried out within the area [26, 27 and 28]. In other to 
evaluate the magnetic susceptibility values obtained in this 
work, we consider the average magnetic susceptibility of the 
parent rocks and the soil as the natural background 
susceptibility of the area and the susceptibility classification 
in Table I which assigned soil neutral to severe impact on the 
environment. 

Table I Classification of magnetic susceptibility effect on the 
Environment [29]. 

 

B. Magnetic Susceptibility Data 

From the 2D spatial contour maps at surface and at a depth 

of 50.0cm, high magnetic susceptibility of about 400.0 −

600.0 × 10−5
 �� is clearly observed at the surface map (Fig. 

4a). The high magnetic susceptibility enhancement occurred 

mostly at the boundaries of the various road networks, 
commercial areas and major towns within Kogi State. In the 
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Eastern part of the state, low magnetic susceptibility are 
observed, in Idah, Ibaji, Igalamela and Olamoboro areas, the 

low magnetic susceptibility values observed are attributed to 
the terrain of the area which is sloppy and hence most of the 
magnetic grains deposition are easily transported to a nearby 

River Niger in the area and also it falls within the 

sedimentary basin. At the depth of 50.0 �� (Fig. 4b), it is 

clearly observed that magnetic susceptibility decreases with 

depth, although some places still indicate high values, but 
conclusively, the decreases in magnetic susceptibility with 

depth is due to the fact that magnetic pollutants have less 
penetrating factor and also most of them are easily 
transported and deposited either in the river, lakes etc. 

According to [29], the surface soil of Kogi state is considered 
to have moderate to severe effect on the environment. 

 

Fig. 4 Magnetic susceptibility of Kogi State (a) at Surface, (b) at 50 �� depth 

Measurements made at these two frequencies are generally 

used to detect the presence of ultrafine (<0.03 µm) super 
paramagnetic (SP) minerals in samples. Samples where SP 

minerals are present will show slightly lower values when 
measured at high frequency; samples without super 
paramagnetic minerals will show identical magnetic 

susceptibility, χ, values at both frequencies [30]. Table II 
shows values of χfd % indicating the presence of SP particles 

in the sample. 

Table II Interpretation of χfd % values [30, 31] 

 

Fig. 5 depicts areas within Kogi State have frequency 

dependent susceptibility above 3.0. With 70 % of the area 
falling within the basement complex, this clearly indicates 

the presence of super paramagnetic minerals or mixture of 
SP and coarser grains. These grains are known to be of 

anthropogenic origin rather than lithogenic and pedogenic 
origin [31]. 

 

Fig. 5 Frequency dependent magnetic susceptibility at the 
surface 

C. Results from Geochemical Analysis 

Microscopy reveals Cr, Cd, Zn and Pb as anthropogenic 

magnetic grains predominantly found on Kogi State soil. 
From Fig. 6a, shows the spatial concentration of Lead (Pb) 
on the surface soil of Kogi State. Places with high 
commercial activities like Lokoja the state capital, and the 
central part of the state shows high concentration of lead on 
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the surface soil (600 − 900) ��/�. While the eastern and 
western part of the state shows low concentration of lead on 

the surface. From the susceptibility results, it is clear that the 
high concentration of lead on the surface correspond to high 

magnetic susceptibility values obtained. 

From Fig. 6b, it is evident that Cadmium is distributed 
evenly in almost all the areas at the surface with 

concentration ranging from (2.0 − 60.0)��/�. Place like 

Lokoja, Dekina, Olamaboro, and Okehi have high 

concentration of cadmium at the surface (30.0 − 60.0) ��/

�. The high concentration at the surface is mostly attributed 
to anthropogenic pollution, as cadmium is major releases 

around road pavements due to wearing of tyres. Comparing 

the surface spatial distribution of Cadmium and spatial 
magnetic susceptibility distribution map, there is a 

correlation between them. This indicates that Cadmium is 
among the contributors to the magnetic susceptibility at the 
surface.  

Fig. 6c shows the 2D spatial concentration of Chromium 
on the surface soil map of Kogi State. The concentration of 

chromium is relatively low ranging from (2.0 − 32.0) ��/�. 
This indicates that most of the anthropogenic activities 
within Kogi State do not releases chromium to the 

environment and hence it does not contribute significantly to 
the magnetic susceptibility of the area. 

 

Fig. 6 Concentration of metals at the surface soil in Kogi State (a) Lead, (b) Cadmium and (c) Chromium. 
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The distribution of heavy metals across Kogi State surface 
soil can be generally attributed to anthropogenic activities 

within the area with Pb and Cd as the major contributors to 
the high magnetic susceptibility values obtained in the study 
area.  

The source of Cd in the surface may be attributed to the 
abrasive vehicular wear in particular brake linings, while Pb 
may be attributed to petroleum products [32]. From the 

correlation plots, (Fig. 7) a pronounced positive and 
significant coefficient was found between the concentration 

of heavy metal elements Pb and Cd and magnetic 
susceptibility of about of 0.9103 and 0.9566 respectively. 
There is a very weak correlation with Chromium and Zinc of 

0.6011 and 0.5513 respectively (Table III). From these 
results, it is evidence that magnetic susceptibility can be used 

as a guideline to find contaminated urban areas with high Pb 
and Cd values. 

 

Fig. 7Correlation plots between Magnetic Susceptibility and concentration of (a) Cd (b) Cr, (c) Pb and (d) Zn at the surface 
soil

Table III Correlation parameters of selected heavy metals 
with magnetic susceptibility measurements in Kogi State 

 

IV. CONCLUSION 

Previous studies [6, 31] showed that magnetic 
susceptibility variations are caused by differences in geology 
(lithogenic/geogenic), soil forming processes (pedogenesis) 
and anthropogenic input of magnetic material. The high 
magnetic enhancement in the top soil is attributed to 
anthropogenic inputs of magnetic minerals/grains. From the 
magnetic susceptibility results, it is observed that the soil of 
Kogi State has high magnetic susceptibility when compared 
with the background values and the parent rocks magnetic 
susceptibility. This indicates that anthropogenic activities 
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results in the increased of the magnetic susceptibility 
observed on the soil. Spatial distributions with depth can be 
very useful in delineating areas were the enhancement is as a 
result of anthropogenic pollution from those of lithogenic 
origin. Additionally, the spatial distribution with depth shows 
that the magnetic susceptibility at the top of soil is the most 
affected by anthropogenic pollutants.  

Frequency dependent susceptibility helps us to 
discriminant magnetic grains due to anthropogenic sources 
from those that originate from lithogenic processes. Mostly 
emission for vehicles and industries are ultrafine particle 
(Super-paramagnetic) in nature with diameter less the 
0.03µ�.  From the results obtained, it is clearly that the 
major contributor to the surface magnetic susceptibility in 
Kogi State aroused from the continuation deposition of 
magnetic grains from anthropogenic sources. The results 
from the geochemical analysis indicate the high 
concentration of Pb, and Cd at the surface soil. These 
concentration are more than the allow concentration and 
hence poses a risk to the environment. The positive and 
pronounced correlation between Pb and Cd make the 
magnetic susceptibility measurement a reliable tool in quick 
evaluation of contaminated areas by these metals. 
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