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Abstract 

VLF-EM geophysical technique was employed to delineate potential cassiterite mineralization 
at Rafin Bareda, Dutsen-Wai, Kubau Local Government area of Kaduna state, North Western, 
Nigeria. A total area of 3.025 km2 was covered along eleven (11) traverses separated by 25m 
with a measurement interval of 10m taken in the East-West direction. The response of the in-
phase component revealed various anomalous zones while Fraser-filtered plots of the in-phase 
peaked over the anomalous zones and the Karous-Hjelt filtered response of the in-phase 
correlates quite well with the results of the Fraser filtered data. In order to achieve the aim of 
the investigation, and since the VLF data was collected in the magnetic mode, enhancement 
procedures such as reduced to equator and analytical signal techniques were applied to the 
Fraser Filtered response of the In-phase component and correspondingly, Center for 
Exploration Targeting (CET), Source Parameter Imaging and Euler Deconvolution algorithms 
of the Oasis Montaj were successively employed to delineate potential mineralization zones 
and best locations for drilling productive cassiterite in the study area. Enhanced maps show 
linear features trending in the NE-SW and NW-SE directions with minor traces in the N-S 
direction. Most of the delineated zones of high analytical signal signature were either 
intercepted or flanked by the extracted lineament which is indicative of positive correlation 
between the extracted lineament and the high amplitude response of the analytical signal and 
also, validated the occurrence and positioning of the cassiterite mineral deposits is greatly 
controlled by the lineament system across the study area and the development of conductive 
zones of high apparent current with positive values reflects inferred subsurface structural 
fractures and/or mineralized zones. Depths evaluation analysis from the Euler Deconvolution 
(ED) technique using structural index of 1, ranged from 5 m to 15 m while depths varying from 
4.9 m to 13.7 m were obtained from the Source parameter imaging technique. 
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I. INTRODUCTION 

igeria is endowed with vast but untapped solid economic 
minerals such as gold, cassiterite, columbite, Tantalite 

etc., consequently, a lot of mining activities (formal and 
informal) is being carried out over many years in the study 
area [1, 2]. Cassiterite (SnO2) is the sole source of tin and 
about 80% of tin ore in Nigeria are from secondary deposits 
found in downstream (tin placer deposit) derived primarily 
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from tin lodes or veins and granitic rocks [3]. Reference [4] 
referred to the Younger Granite Tin Province as Younger Tin 
field of Nigeria and the Younger Granite provinces in Nigeria 
include Dutsen-Wai, Nok, Kudaru, Jama’a, Richi, Pankshin, 
Amo, Keffi, and Jos in the North Western and North central 
parts of Nigeria. The most active tin mining in Nigeria 
especially Rafin Bareda (Dutsen-Wai) have being carried out 
by the using trial and error means with the aim to meet 
individual financial needs not minding the environmental 
degradation impact on the host community (Fig. 1). The Very 
low frequency electromagnetic (VLF-EM) geophysical 
method is known for quick mapping of subsurface 
structures/conductors and also more reliable [5] and can be 
simultaneously used for environmental and minerals 
exploration investigation. The VLF-EM method has been 
successfully applied for detection of basement fractures 
favorable to uranium mineralization [6, 7] and mapping of 
suspected gold mineralization [8]. The aim of the present 
study is to delineate cassiterite mineralization zones in the 
study area through the application of Very Low Frequency 
(VLF-EM) method. 

 
Fig. 1 Local Separation of the Cassiterite from the gravel 

sand 

A. Geology and location of the study area 

The study area is Dutsen-Wai (Fig 2.) situated in the northern 
part of Kaduna state bounded by Latitude 100 51'.480", 
10051'.500" N and Longitude 8012'.50", 8013'.20" E. The study 
area is 6.3km2 within the Younger Granite Ring and has a lot 
of natural resources such as iron ore, tin ore etc. The study area 
is accessible by road from neighboring states. The origin of 
the Younger Granite Ring complex in Nigeria is often referred 
to as being an orogenic [9]. The Basement complex in the 
study area is intruded into homogenous amphibiotic grade 
basement composed of migmatite and granite gneisses [10]. 
Three basic igneous units (Volcanic, Biotite granite and Albite 
riebeckite granite in sequential order) common to the younger 
granite suite make up the exposure and exhibit sharp mutual 

contacts [11, 12]. The biotite granite is the main source of the 
tin deposits mined on a very small scale in the area and it is 
highly heterogeneous in appearance but with the same 
formation except in the degree of late stage albitization [12]; 
contact with the basement rocks to the east are poorly defined 
and the sequence of extrusive and intrusive igneous events in 
the province are well documented [13]. In Dutsen-Wai 
complex in particular, the emanated outcrop limits give the 
probable extent of the associated initial ring fracture. Ring 
fracture followed by cauldron subsidence is considered to be 
the major mode of intrusive emplacement for the younger 
granites and is thought to give rise to plutons roughly circular 
in plan with generally steeply dipping contacts [11], [13] and 
[12]. Also, Older Basalts, laterized older Basalts and newer 
Basalts preserve alluvial cassiterite deposits [14, 15]. 

 
Fig. 2 Major younger granite localities in Nigeria [9] 

II. MATERIALS AND METHODS 

A. Materials 

VLF-EM data in the East-West direction were collected 
along eleven traverses in the study area with the Scintrex 
ENVI System equipment to measure magnetic components. A 
transmitter located at Rosny, France operating at a frequency 
of 19.1 kHz with coordinates N460 42'.26", E001014'.89" was 
used as suitable frequency because it provides the EM field 
which approximates parallel to the traverse direction of the 
strike of the envisaged geological structure beneath the ground 
surface. The Universal Transverse Mercator (UTM) 
coordinate system was used and the lengths of the profiles 
range from 1000 m to 1040 m. The in-phase and quadrature 
data were presented as single profiles. 

B. Methods 

1) VLF-EM Measurements 
The VLF method which the present work adopted allows for 
mapping of electrical conductors without contact with the 
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ground and it is conveniently used for investigation over wide 
area and has been often used to help in mapping of geological 
structures for the past four (4) decades [16]. The techniques 
utilize the incoming signal radiating from military navigation 
radio transmitter operating at cut-off frequencies of 15-30 
kHz. The VLF method generally yields considerable EM 
anomalies, even over poor conductors such as sheared 
contacts, fracture zones, and faults, hence, this method has 
been the most popular tool for the rapid mapping of near-
surface geological structures [17], [18], [19] and [20]. The 
principle of VLF-EM survey is based on the fact that the ratio 
of the secondary vertical magnetic component to the 
horizontal primary magnetic field is a measure of 
conductivity/resistivity contrast since this tipper component is 
of internal origin of the anomalous body [21]. The magnetic 
component of the VLF wave is mainly used for field 
measurement. According to the basic EM theory, the primary 
EM field is shifted in phase when encountering a conductive 
body and the conductive body then becomes the source of a 
secondary field. The VLF instrument detects the primary and 
secondary fields, and separates the secondary field into in-
phase and quadrature components based on the phase lag of 
the secondary field. These two components of the secondary 
field are sometimes referred to as the tilt (in-phase) and 
ellipticity (quadrature). When the VLF-EM method is used for 
geophysical survey, the in-phase response is sensitive to metal 
or good conductive bodies. The quadrature response, on the 
other hand, is sensitive to the variation of the earth electrical 
properties [22].  To locate the anomalies, measured data were 
processed using Fraser filtering while current pseudo depth 
sections were produced through the Karous–Hjelt filtering 
procedure for semi-quantitative interpretation. The linear 
filtering technique developed by [23] transforms non-
contourable in-phase data to contourable form. The filtering 
process simply involves running a four-point weighted 
average using the weights of -1, -1, +1, -1. This simple digital 
filter operator passes over the in-phase component and when 
plotted generally peaks over the top of the conductor. This 
alteration of the raw data can be summarized in two 
statements: (a) the filter phase shifts all spatial frequencies by 
900, i.e., it turns crossovers into peaks or troughs; and (b) it 
exhibits a band pass response, in other words, it greatly 
diminishes either sharp irregular responses (noise) or long 
rolling responses. At the same time, it accentuates responses 
which are the nearest to the filter’s shape [24]. The Karous–
Hjelt filter technique is a more generalized and rigorous form 
of the Fraser filter but is directly derived from the concept of 
magnetic fields associated with current flow in the earth. The 
filter provides a pictorial indication of the depths of various 
current concentrations and hence the spatial distribution of 
subsurface geological features [25]. Over conductors, the in-
phase part of the equivalent current distribution has only 
positive values. Negative parts on both sides of the conductor 

can be caused either by the length of the filter or by the 
decrease in current density due to current gathering which is 
not present in 2-D structures [26]. A number of filters with 
various lengths and shapes can be developed, however, the 
optimized Hjelt filter [27] is expressed as: 

∆
𝐼 (0) = 0.102𝐻 − 0.059𝐻 + 0.561𝐻 −

         0.0561𝐻 + 0.059𝐻 + 0.102𝐻    (1)         

Where 𝐼 (0) = 0.5 𝐼 ∆𝑥
2 + 𝐼 − ∆𝑥

2  and 𝐻 , 𝐻  

etc., are measure data at consecutive stations.  ∆𝑥 is the data 
point interval and 𝐼  is apparent current density value. The 
estimated depth to the top of the subsurface geological 
structure. 

2) Reduction to Magnetic Equator (RTE) 
In order to remove any possible cultural noise as well as 

interpretation ambiguity associated with low latitude effect 
which makes the peaks of anomalies to be wrongly or 
improperly positioned over corresponding sources and 
skewed along a particular direction in addition, reduction to 
magnetic equator filter (RTE) was applied to the Fraser 
filtered of the In-phase component since the study area is 
situated in low latitude. This method uses the Geosoft Oasis 
Montaj magma tool® to apply the RTE filter with calculated 
declination and inclination of -0.20 and -1.90 respectively. 

3) Analytical Signal (AS) 
For the delineation of edges of similar magnetic responses 

which may coincide with lithological boundary, the analytical 
signal filtering was performed. It is a vector sum of the three 
orthogonal derivatives (horizontal gradient (HDR) in the x-
direction and in y-direction, and vertical gradient (VDR) as 
stated in (2) (where T is the total magnetic field) and its 
amplitude peaks over magnetic boundaries. 

|𝑨(𝑥, 𝑦)| =
(∆ )

+
(∆ )

+
(∆ )

 (2) 

4) Source Parameter Imaging (SP) 
The use of Source Parameter Imaging or SPI technique in 

the determination of depth to magnetic sources is known [28]; 
[29]; and [30]. It is a profile or grid-based method for 
estimating magnetic source depths, and works for two models: 
a dipping thin dike and a sloping contact. The local 
wavenumber (k) has maxima located over isolated contacts 
and depths can be estimated without assumptions about the 
thickness of the source bodies. Solution grids using the SPI 
technique show the edge locations, depths, dips, and 
susceptibility contrasts. The method utilizes the relationship 
between source depth and the local wavenumber (k) of the 
observed field, which can be calculated for any point within a 
grid of data via horizontal and vertical gradients. For the 
dipping contact, the maxima of k are located directly over the 
isolated contact edges and are independent of the magnetic 
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inclination, declination, dip, strike and any remnant 
magnetization. The depth as reported by [31] is estimated at 
the source edge from the reciprocal of the local wavenumber, 
as follows: 

Depth(   ) = 1
𝑘     (3) 

Where 𝑘  is the peak value of the local wave number k 
over the step source. One more advantage of this method is 
that the interference of anomaly features is reducible, since the 
method uses the second order derivatives. The theory of SPI 
method for depth estimates can be found in [26] and [29]. 

5) Euler Deconvolution 
Euler deconvolution technique used to determine depth and 

location of features that represent structures, is based on 
Euler’s homogeneity equation; 

(𝑥 − 𝑥 ) + (𝑦 − 𝑦 ) + (𝑧 − 𝑧 ) = −𝑁𝑀 (4) 

Where  ,  and  represent first order derivative of 

the magnetic field along x, y and z directions respectively. N 
is the structural index which is related to the geometry of the 
magnetic source. N = 1 which represent a dyke was used as 
the structural index. The homogeneity equation relates 
magnetic field to the location and depth of its sources with the 
equation. The VLF-EM data collected were subjected to the 
Euler deconvolution method to locate the source of the 
cassiterite mineralization field based on both amplitude and 
gradients employing the Oasis Montaj software®. 

III. RESULTS AND DISCUSSION 

Fig. 3 shows the raw data of both In-phase and Quadrature 
components as well as the Fraser filtered response of the in-
phase component along profile A. The in-phase data varies 
from -11.6 % to 11.4 % and shows several cross-overs with 
the horizontal axis, with two prominent negative peaks at the 
490 m and 810 m profile distance with peak-peak amplitude 
of -15.8 % and 11.6% respectively. The Quadrature 
component at these cross-overs shows negative inflection with 
amplitude of 9.9 % and 11.6 % respectively which may 
indicate a good conductor in a weakly conductor [35]. The 
quadrature component varies from -14.5% to 12.5%. The 
Fraser filtered of the In-phase component shows a high 
amplitude signal which is symmetrical at profile distance 
500 𝑚 suggestive of an anomalous body of large dimension 
and steeply dipping source. The asymmetry of the Fraser 
responses at other profile distances suggest that the conductive 
structures are also from dipping sources. The broad amplitude 
with low frequency (14.4 % at 410 𝑚) indicates deeper 
sources. The Karous-Hjelt plot (Fig.4) reveals the pictorial 
view of the spatial distribution of current density with pseudo-
depth and it can be seen that the points of positive peaks in the 
Fraser filtered response correspond to the positive current 
densities while the negative peaks revealed negative current 
densities. This observed trend was exhibited by most of the 
remaining profiles B to K (Figures 5, 6, 7 and 8). 

 
 
 
 
 
 

 
Fig. 3 In-phase, Quadrature and Fraser Filtered of In-phase components along profile A 

 

Fig. 4 Current density cross-section plot of real component along profile A 
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Fig. 5 Stacked map Profiles B-G

 
Fig. 6 Stacked map of Profiles H-K

Fig. 9 is the map of the raw data of the in-phase components 
of the 11 traverses in the study area depicting both positive 
and negative values in a bipolar way ranging from +0.876 to 
+19.93 % and -30.84 to -0.029% respectively. Fig. 10 show 
both the reduced to equator (RTE) response of the Fraser 
filtered of the in-phase component (a) and the Karou-Hjelt 
filter (b) of the study area with striking similarities and 
exhibiting linear features trending in the NE-SW and NW-SE 
directions with variable amplitudes which correspond to the 
structural trends of the basement complex of Nigeria [36] and 
[37]. These linear features (covering magenta, red, deep 
yellow and green colors) delineating different features of 

varying degrees of conductivity correspond with the cross 
overs observed in the In-phase component and are inferred 
fractures and/or mineralized zones in the study area. The 
broader and thin anomalies observed both in the Fraser filtered 
and the Krous-Hjelt filtered responses could be attributed 
either to the fact that the quartz vein is not continuous or it is 
inclined as a result of the depths being controlled by the depth 
of the conductive body to the surface and the attitude of the 
study area. According to [8], the negative real component 
value anomaly is usually associated with massive barren 
quartz vein with no gold mineralization. 
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Fig. 7 Staked map of Karous-Hjelt (B-F) profiles 

 

 
Fig. 8 Staked map of Karous-Hjelt (G_K) profiles 
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Fig. 9 Raw In-phase component of all the traverses 

 

 

Fig. 10 (a) Reduced to Equator of the Fraser filtered of In-phase component (b) Reduced to Equator of the Karou-Hjelt 
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Fig 11 shows the analytical signal map of the study area 
with high amplitude corresponding with the observed inferred 
fractures/mineralization zones in the reduced to equator of the 
Fraser Filtered response of the in-phase component 

From the standard deviation map (Fig. 12) which is 
computed as the output of the reduced to equator map of the 
In-phase Fraser filtered, high standard deviation value was 
displayed by discontinuities which are related to geological 
structures (Fractures/ dykes/shear zones and lithological 
boundaries) [38]. 

Fig. 13 is the vectorized structural map and it shows where 

the structure intersects or changes direction and the areas with 
high prospects of mineralization [34]. The inferred geologic 
structures corroborate the occurrence where the Fraser filtered 
peaks. It can be observed that the predominant structural trend 
is in the NW-SE and SW-NE directions with few structures 
trending in the N-S direction. These structures correlate 
excellently well with the anomalous zones in the standard 
deviation. The final generated (contact occurrence density) 
map derived from vectorized map (Fig. 14) shows the areas 
(in red) with high density favorable for hosting cassiterite 
mineralization in the study area.  
 

 
Fig. 11 Analytical Signal Map 

 
Fig. 12 Standard Deviation derived from the reduced to equator map 

 
Fig. 13 Vectorized structural map 
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Fig.15 shows the 2-D SPI depth estimates over the study 
area. The depth estimates range from - 4.9 m (shallow bodies) 
to – 13.7 m (deep bodies). The map shows depths > 15 m are 
mostly located around the southeast of the study area which 
corresponds to the thin conductor delineated by negative 
current density. 

The best clustering for Euler solutions was achieved with 
structural index of 1, which is diagnostic of fault/ dyke model 
to estimate source location and depth for targets with 
homogenous sources. Fig. 16 show the 3-D Euler depth 
estimates with depth ranges greater than 15 m corresponds to 
the thin dip seated anomaly defined in the current density 

maps found at 800 profile distances which correlate with the 
relatively weak conductor highlighted in the Fraser Filtered of 
the In-phase component (Fig 3). These inferred depths (15 m 
– 5 m) both from the source parameter imaging and Euler 
deconvolution correlate with the depths (> 9 m) reported by 
[1] as high cassiterite potential zones. Fig. 17 is the superposed 
lineament on the analytical signal map. The map shows the 
extracted lineament (blue) in the study area intercepts the 
delineated high amplitude zones which is interpreted as 
evidence of the occurrence and positioning of the cassiterite 
mineral deposits is greatly controlled by the lineament system 
across the study area. 
 
 

 
Fig. 14 High density map of the study area 

 

 

Fig. 15 2D Source parameter imaging depth map of the Fraser Filtered 
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Fig. 16 Euler deconvolution with structural index1 (dyke) 

 

 
Fig. 17 Lineament plotted on AS MAP 

 

IV. CONCLUSION 

VLF-EM data on eleven profiles separated by 25 m with a 
maximum length of 1040 m were collected and processed 
using the Fraser and Karous-Hjelt filters and the algorithms of 
Oasis Montaj. The results of application of these filters on the 
VLF-EM data show excellent correlation. The standard 
deviation, the vectorized structure and the contact occurrence 
density algorithms of the CET were exploited and successfully 
delineated inferred fractures/mineralization zones from the 
Fraser filtered and Karous-Hjelt responses as highly favorable 
density zones for drilling productive cassiterite in the study 
area. Both the depth estimation methods (SPI and Euler 
deconvolution) successfully delineated zones with high 
mineralization potentials and the best location for drilling 
productive cassiterite in the study area. The occurrence and 
positioning of the cassiterite mineral deposits is shown to be 
greatly controlled by the lineament system across the study 
area and the development of conductive zones of high 

apparent current with positive values reflects inferred 
subsurface structural fractures and/or mineralized zones. 
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