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ABSTRACT

The utility of the electrical resistivity (ER) method of geophysics for delineating tantalite-rich
zones is demonstrated. To avoid negative environmental consequences, the local authority
refused the use of trial-and-error method by the artisanal and small-scale miners. 2D ER
method was applied to delineate the locations and dimensions of the tantalite-rich zones.
Data were acquired along nine profiles in the study area at predetermined locations, after
reconnaissance field mapping, using SuperSting R8/IP Earth Resistivity Metre, 84 electrodes,
and the full accessories. Each profile was 249 m long with 84 electrodes coupled to the ground
at 3 m intervals on a straight line following the dipole-dipole electrode array. Data acquired
were processed to obtain tomographic images of the subsurface. The results revealed low
resistivity anomalies (1-60 Qm) corresponding to tantalite-rich quartz veins that intruded into
the high-resistive migmatite-gneisses-schist complex. The tantalite-rich zones were located at
depths ranging from near-surface to about 45 m, their lengths and thicknesses range from 40
to 220 m and 3 to 32 m, respectively. A pit dug along profile six confirmed the low resistivity
structures to be tantalite-rich quartz veins. Findings from the study are useful for economic
evaluation of similar deposits, determining the extent of excavation required for mining, and
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planning land reclamation.

1. Introduction

Artisanal and Small-scale Mining (ASM) activities
have been going on in southern Kaiama for many
years. The mineral commonly found in the areas
include Gold, Cassiterite, Wolframite, and Tantalite
hosted in weathered pegmatites and quartz veins at
shallow depths up to about 6-7 m. In 2015, Tantalite
mineralisation was discovered in the central part of
Kaiama through a hand-dug well that was originally
planned for groundwater exploitation near some
incomplete buildings in the new residential area. The
pits in the area revealed that the tantalite-rich veins are
located at about 12 m depth. Because of the proximity
of the site to the towncenter, ASMs were refused
permission to explore and mine tantalite in the area.
This is because the ASMs activities (trial-and-error
exploration) are characterised by large-scale sand
excavation, air and water pollution, land degradation,
erosion, and other environmental concern. However,
the local authority is interested in mining the mineral
for economic reasons, with minimal negative environ-
mental consequences.

To avoid indiscriminate soil and rock excava-
tions and other environmental concerns that fol-
low the trial-and-error exploration method used
by ASMs, the Electrical Resistivity method was
applied to explore the subsurface for Tantalite

minerals in the study area. This study aimed to
delineate tantalite-rich zones in order to deter-
mine the average size and depth of tantalite ore
bodies and recommend the appropriate mining
method. Tantalite is a metallic mineral. Metallic
minerals are electronic semi-conductor whose pre-
sence, even in small quantities, can influence the
bulk resistivity of geologic materials hosting them.
Their presence is usually indicated by a low resis-
tivity anomaly compared to the country-rock.
Therefore, Electrical Resistivity, ER, method of
geophysics can be used to measure the inherent
properties  of  tantalite ore hosted in
a metamorphic basement rock provided the host
rock has a contrasting resistivity property. ER is
a non-invasive environmentally friendly technique
that is suitable for subsurface exploration in built-
up and undeveloped environments. The method is
operationally simple, and cost-effective (Abubakar
et al. 2014) compared to the labour-intensive
environmentally degrading trial-and-error
exploration practiced by ASMs. Two-dimensional
(2D) ER survey is particularly suitable for mineral
exploration because of its capacity to reveal the
approximate dimension of the mineral deposit and
the depth of the mineralised zones, thereby allow-
ing pre-drill in-situ evaluation of mineral deposits.
ER method has been successfully used for mineral
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exploration in different parts of the world (Goh
et al. 2006; Park et al. 2009; Arifin et al. 2019;
Akanbi et al. 2017) and groundwater exploration
in similar geological terrain (Raji 2014; Aromoye
et al. 2019).

Park et al. (2009) applied electrical resistivity survey
to identify gold-rich zones in Yongjang mine in South
Korea. The results of the study showed that the gold-
rich veins are associated with low resistivity regions
and indicated that the veins have thicknesses ranging
from 2 to 40 m and lengths that range from 100 to
260 m. Arifin et al. (2019) used ER and induced
polarisation survey to delineate gold-rich veins in
Kelantan, east coast of Malaysia. The study showed
that gold-rich veins have resistivity values that are
lower than the host rock. The study was used to
propose forty (40) drilling locations for the exploita-
tion of the gold deposit. Akanbi et al. (2017) used ER
imaging to map cassiterite bearing faults in Jos,
Nigeria. They found out that the cassiterite-rich zone
is lying between 10 and 11.5 m. Arising from the
success recorded in the above-cited studies among
others, electrical resistivity method is applied for the
exploration of tantalite-rich zones in Kaiama, Nigeria.

2. Geology of the study area

The study area falls with latitude 9° 30’ and 9° 45'N
and longitude 3° 45" and 4° 00'E in Kaiama, Kajama
local government area of Kwara State, Northcentral
Nigeria. Kaiama lies within sheet 158 of the Federal
Survey Map of Nigeria. Kaiama town is close to the
international boundary between Nigeria and Benin
Republic. The climate of the study area is divided
into two major seasons: the rainy season which usually
ranges from April to September and the dry season
which usually ranges from October to March. The
daily temperature ranges between 26° and 34°, while
the mean annual rainfall ranges from 78 to 110 mm.
Geologically, Kaiama falls within the basement com-
plex terrain of southwestern Nigeria which is Pre-
Cambrian to lower Palaeozoic in age. The four main
lithological groups in the basement complex are the
migmatite gneiss complex, the schist (meta-
sedimentary or meta-volcanic); the older granite; and
the undeformed acid to basic dykes (Oyawoye 1964;
Rahaman 1976; Obaje 2009). The Nigeria basement
complex is a polycyclic assemblage of heterogeneous
migmatite-gneisses, metasediments, and granites that
have undergone complex orogenic cycles of deforma-
tion, metamorphism, and remobilisation (Olade and
Elueze 1979).

The meta-sediment and meta-volcanic schist belt
intruded by igneous rocks are the mineral-bearing
zones in the basement complex terrain of southwes-
tern Nigeria. The schist belt lithologies consisting of
fine-grained clastic, pelitic schist, marbles, banded
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iron formation, tantalite, columbite, and amphibolites
host most of the economic minerals in the basement
complex terrain of Nigeria. The most prominent
structural trend is approximately north-south direc-
tion. Kaiama is situated in the Nigerian schist belt
between the Pharusian belt of northwest Africa and
borborema province of Brazil (Dada 1982). The main
rock types in Kaiama include granite, schist, migma-
tite, amphibolite, and quartzite. Pegmatites and quartz
veins host metallic minerals, rare earth minerals, and
gemstones in southwest Nigeria. The mineralisation
control is the approximate north-south trending
transcontinental fault that is related to the Pan
African Orogeny which took place about 600 Ma.
The orogeny was later followed by widespread intru-
sion of granitoid whose late phase is enriched in peg-
matites. The pegmatites and quartz veins host the
tantalite, columbite, cassiterite in Kaiama. Other
metallic minerals in the area include gold, cassiterite,
and columbite. A geological map of Nigeria showing
the location of Kaiama is presented in Figure 1(a),
while the topographic map of the study area is
shown in Figure 1(b) with the 2D ER profiles.

3. Material and methods
3.1. Data acquisition

Geological field mapping and preliminary geophysical
investigations were conducted to study the rocks in
the area. Outcrops in the area were mapped, and the
strike and dips of the planar features were measured.
The pits enriched with tantalite mineralisation were
examined to know the trend, depth, and approximate
thickness of the mineralised veins in the area. From
field observations and pit examinations, some geophy-
sical survey parameters including electrode array,
optimum electrode spacing, and the profile length
required to penetrate the maximum depth of the
mineralised veins were selected. Consequently,
a preliminary geophysical survey was undertaken,
and the results were used to adjust the acquisition
parameter of the actual survey. Finally, nine (9) 2D
ERS surveys were estalished at selected locations.

The equipment used for data acquisition is
a SuperSting R8/IP multi-electrode earth resistivity
meter comprising 84 metallic electrodes, a multi-
channel switch box, a D.C. battery, 12-channel cables,
hammers, and measurement tapes. Each channel cable
is 70 m long and consists of seven metallic clips to
connect seven electrodes. On each profile, eighty-four
(84) electrodes were coupled to the ground on
a straight line at intervals of 3 m. A group of the
nearest seven electrodes was connected using the
channel cables and the clips, and the whole electrode
arrangements were connected to the resistivity meter
using the multi-channel switch box. The resistivity
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Figure 1. (a) Geological map of Nigeria showing the location of the study area (Obaje 2009). (b) Topographic map of Kaiama

(modified after Alimi et al. 2019) showing the 2D ER Profiles.

meter was connected to a D.C. battery for power
supply. Then the resistivity meter was initialised to
take measurements following the dipole-dipole elec-
trode array. Each profile was 249 m long.
A topographic map showing the elevations and the
arrangement of the 2D ER profiles is shown in Figure 1
(b). The measurement was serially automated such
that electrodes 1, 2, 3, and 4; 2, 3, 4, and 5; 3, 4, 5,
and 6, and so on, and finally, 81,82, 83, and 84 were
selected sequentially for resistivity measurement at the
first level, n = 1 % a. This implies that there are 81 (i.e.
84-3) measurements and potential points at level,
n=1%a. Where n is the separation between the
dipoles and a is the dipole separation. A description
of the dipole-dipole electrode array, the spacing, and
relationships between a and » are described in some
geophysics literature including Raji et al. (2020).
dipole
n=2,3,4,5,6. The process is repeated at every profile

Measurements continue at separation

until the 9th profile is completed.

3.2. Data Processing

Raw data were plotted graphically to allow visual
inspection of the data for quality control purposes,
and to properly identify data corrupted with noise
and instrumental errors. The data were pre-
processed to remove noise and attenuate spikes using
a MATLAB-based script (Raji and Adeoye 2017).
Then the pre-processed data were prepared for tomo-
graphic inversion. Apparent resistivity data were for-
ward modelled using finite difference techniques and

the acquisition parameters. Resistivity model inver-
sion was performed wusing the smoothness-
constrained finite difference approach (Loke and
Barker 1995). The inversion is based on the principle
of geophysical tomography where the theoretically
calculated data and the field data are compared itera-
tively until the minimum possible RMS error is
obtained or the maximum iteration number is
reached. At the end of every iteration, the misfit
between the calculated and the observed (field) data
is used to improve the field data, then the improved
field data is input into the tomographic process for the
next level of iteration (Loke and Barker 1996; Raji et al.
2018). The difference between the calculated and
observed data is believed to be the error in the field
measurements and noise in the data.

The inversion process can be mathematically
defined (Loke and Barker 1996) as:

JJ+uF)d =]"g.
J is the partial derivatives of apparent resistivity with
respect to the model parameters and J7 is the trans-
posed of the Jacobian matrix; p is the damping factor
constraining the range of values the model perturba-
tion vector can take; F is an identity matrix, describing
the geologic structure at subsurface; d is the discre-
pancy vector between the measured raw data and
calculated data; and g contains the difference between
the logarithms of the measured and the calculated
apparent resistivity values. To improve the inversion
results and optimise the convergence time, d was
defined as a Marquardt-Levenberg modification that
minimises a combination of the magnitude of the



discrepancy vector and the parameter change vector.
The forward modelling and the inversion processes
were performed using EarthImager2D software (AGI
2010). The final objective of apparent resistivity tomo-
graphy is to obtain the best earth model that produced
the apparent resistivity data acquired on the field. The
earth model that produced the calculated data is
known but the earth model that produced the mea-
sured data is not known. So, the earth model that
produced the data that best-match the calculated
data is believed to be the earth model that produced
the field data, if instrumental errors and noise were
not present. The resistivity models inverted from the
data collected along the nine (9) profiles are shown in
Figures 2 and 3.

4. Interpretations and discussion of results

Rocks, soils, and tantalite ores have different electrical
properties that characterised the electrical conductiv-
ity of their constituent materials and the nature of the
fluids in the rock. Rocks that are rich in metallic
minerals usually have lower resistivity/higher conduc-
tivity than others. The difference in resistivity
accounts for the presence of metallic ore. This
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difference may constitute a local resistivity anomaly
that may be detected through resistivity measurement.
The tantalite ore is hosted in quartz veins and pegma-
tites that intruded the country rock in the study area;
therefore, areas rich in tantalite are expected to have
low resistivity (high conductivity) in contrast to the
country-rock. Figures 2 and 3 show the tomographic
resistivity images of the subsurface beneath the nine
profile lines in the study area. Figure 2(a-d), show the
resistivity tomograms beneath profile lines 1, 2. 4 and
5, respectively while Figure 3(a—e) showed the resis-
tivity tomograms of profile lines 6, 3, 7, 8, and 9,
respectively.

The tomographic images showed that the resis-
tivity values of the subsurface materials, which
comprised dry and saturated soil, rocks, quartz
veins, pegmatites, and tantalite ore range from 1
to 100,000 Om. Three distinct resistivity features
are recognised as follows (i) the low resistivity
regions (1 to 60 Qm, blue colour) which corre-
spond to the tantalite-rich zones, (ii) the region
with medium resistivity values (60 to 620 Qm,
green colour) which corresponds to the weathered
basement rocks and (iii) the high resistivity region
(>620 Qm, yellow and red colours). At depths
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Figure 2. Electrical resistivity images (tomograms) for profiles lines 1, 2, 4, and 5.
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Figure 3. Electrical resistivity images (tomograms) for profiles lines 6, 3, 7, 8, and 9.

greater than 10 m, the high resistivity features
were interpreted as un-weathered/fresh meta-
morphic and igneous rocks. At shallow depth,
the high resistivity features are interpreted as
dry, unsaturated sand and aggregates. The results
in Figures 2 and 3 also show that the tantalite ore
is concentrated within a depth interval of 2 to
45 m, and the mineralised vein is oriented in the
NE-SW direction (Figure 2).

A comparison of the tomograms from the nine
profiles shows that the tantalite-rich quartz veins
and pegmatites have varying lengths and thick-
nesses. Some of the images suggest the possibility
of a fault that post-dated the intrusion of the
quartz veins. The fault is more apparent along
profile 4 which corresponds to Figure 2(d), where
possible breakages, up-thrown and down-thrown of
the tantalite bearing veins were inferred. The tan-
talite-bearing veins appear to be continuous in
some profiles. Generally, the width of the tantalite-
rich zones ranges from 3 m to about 32 m while
the length varies from 40 m (Figure 3(d)) to 219 m
(Figure 2(a)). In Figure 3(d), the main mineralised
vein at the top right corner is 4.5 — 16 m thick and

about 70 m long. Figure 4 is an open pit that was
dug along profile 5, between 160 and 170 m hor-
izontal distance after the survey. The pit confirmed
the presence of tantalite-mineralised veins as pre-
dicted by the result of the ER survey. The augmen-
ted 3D view of the tomograms is shown in
Figure 5. The consistency in the structures and
similarities in the orientation of the tantalite-rich
veins suggests the appropriateness of the geophysi-
cal method used for tantalite exploration in the
environment, the data processing techniques, and
the interpretation of results.

Findings from the study as shown in Figures 2 and 3
provided important information that makes mining and
exploitation of tantalite mineral in the study area to be
less laborious, more economical, and environmentally
friendlier compared to the traditional trial-by-error
indiscriminate excavation practiced by the ASMs. This
is because the study was able to identify the approximate
location, depth, length, and thickness of the tantalite-
rich zones, thereby allowing the ASMs to know where to
dig and excavate. Further, the study is useful for plan-
ning the mining site: to select the location for road,
camps, and mineral washing point within the mine; to



Figure 4. The image of a pit dug to confirm the presence
tantalite-mineralised vein detected by resistivity survey.

predict the optimum position and depth of pits or wells
that will be used for mining; to do a rough estimation of
the reserve for making business decision; and for plan-
ning land reclamation process after mineral exploitation.
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5. Conclusion

The utility of the electrical resistivity method of
geophysics for the exploration of a metallic mineral
such as tantalite in a metamorphic basement com-
plex area has been demonstrated through
a carefully designed field survey in Kaiama,
Nigeria as a case study. The goal of the study was
to delineate and define the depth of the tantalite
mineralised zones. The tomographic images of the
subsurface obtained from 2D resistivity data
acquired in the study area revealed low resistivity
zones which correspond to tantalite mineralised
zones. A pit dug along profile 6 confirmed that
the low resistivity zones are tantalite-mineralised
veins. The 2D resistivity tomograms revealed that
the approximate length of the tantalite-rich veins
ranges from 40 to 220 m while their thickness
ranges 3 to 32 m. The mineralisation control and
the orientation of the mineralised vein are consis-
tent with the northeast-southwest trending fault
that is related to the Pan African Orogeny. The
method applied is non-invasive and environmen-
tally friendly compared to the indiscriminate exca-
vation trial-and-error method which has been the
practice in Kaiama. This study is important for pre-
investment economic evaluation of a mineral
deposit, identifying the best mining method, and

v

]

Figure 5. Augmented 3D of the electrical resistivity images across profiles 1-9.
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planning land reclamation after exploitation. The
study recommends open pit method for the exploi-
tation of tantalite mineralisation in the study area.
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