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ABSTRACT: A coal mining site at Odagbo area located in Kogi State, Nigeria, was investigated using resistivity data to
detect unconsolidated zones, majorly caused by the mining of coal seam deposit. The resistivity measurement was carried
out with the aid of ABEM Terrameter SAS 4000 and electrode selector equipment (ES 464). The resistivity data was
acquired along three (3) profile lines at an equal interval of 50 m apart. The electrode array that was used for data
acquisition was dipole-dipole array at electrode spacing of 5 m. The data acquired along the three (3) profiles were inverted
with RES2DINV software. The inverted models were able to map-out air-filled/water-filled voids and showed the boundary
between the unsaturated and water-saturated zone. The air-filled/water-filled voids have high (553 - 4000 Om) and low (3
- 70 Om) resistivity values with an average thickness of 11 m respectively. The unsaturated zone is 7 m thick and mostly
consists of materials with resistivity values ranging from 195 to 4018 Qm. The weathered zone is 17 m thick and is majorly
dominated by water-saturated materials. The study shows that the unconsolidated zones in the subsurface of the study
area lies within the weathered layer. These zones are the cause of environmental hazard and might even affect the
probable potential coal resources of the study area.

Keywords: Air-filled void, dipole-dipole, hazard, resistivity data, unconsolidated zones, unsaturated zone, water-filled
void, water-saturated zone.

INTRODUCTION

Mining activities have been identified by some researchers
as a major cause of different forms of environmental
hazards, which ranges from ground instability (Dimovski et
al., 2017), the rapid rise of groundwater level
(Krishnamurthy et al., 2009) and surface water inflows
among others (Dimovski et al., 2017). It creates changes
in geotechnical and hydrogeological conditions in the
subsurface. Surface mining and underground mining are
employed depending on the viability and geology of the
area (Hartman, 1992; Hartman and Mutmansky, 2002).
Old mine workings can be damaged/weather in natural
wear and tear process and filled with mud/moist debris and
air. In the study area, miners dig through walls of an
opencast old mine workings in search for coal (Figure 1a),
with little or no knowledge of the subsurface framework, as

a result, creating underground galleries for surface water
inflow which can in-filled subsurface rock, increases the
degree of unconsolidated (weak) zones with subsurface
rock formations. Furthermore, the actions of these miners
might even create geohazards to the area (Figure 1b) and
even affect the probable potential coal resources of the
study area. These prompted the need for geophysical
research to be carried out in the area.

Geophysical techniques have been used in providing
vital information about the physical properties of the earth
and have been employed for various prospecting purposes
(Olayinka et al., 2019a). These techniques apply the
principles of physics to differentiate the physical properties
of the subsurface and provide detailed information about
the near-surface geology (Dimovski et al., 2007). These
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Figure 1. (a) Surface water surrounding the Old mine working (b) Surface water inflow through existing underground mining gallery.

techniques ranging from gravity, magnetics, seismic,
resistivity, ground penetrating radar (GPR), radiometric to
electromagnetic, are distinctively sensitive to a contrast in
the physical property of the subsurface (Chalikakis et al.,
2011). Electrical resistivity technique is a popular
geophysical technique that have been used widely, for the
subsurface characterization in environmental and
engineering investigations (Metwaly and AlFouzan, 2013;
Martinez-Pagén et al., 2013; Singh, 2013; Singh et al.,
2016; Martinez-Moreno et al., 2014; Bharti et al., 2016;
Dimovski et al., 2017). This is because it is cost-effective
(Olayinka and Eshimiakhe, 2020), simple with automated
data-acquisition and user-friendly inversion processes.
This technique utilizes the variation in electrical properties
of the subsurface to obtain subsurface geoelectric section
along a survey line (Loke, 2000), thus, has a major role in
determining subsurface fluid condition in the underground
mine area.

An investigation by Das et al. (2017) revealed water-
filled cavities (WFC) having low resistivity values from
about 13 Wm up to more than 118 Wm and air-filled
cavities (AFC) having high resistivity values more than
1014 Wm. Dimovski et al. (2017) reported near-surface
section changes in a relatively narrow range from about 30
Wm up to more than 120 Wm. The zones of low resistivity
are in the range from 30 Wm up to 80 Wm and
characterized by different degree of unconsolidation,
water-permeability and water-saturation. Dimovski et al.
(2017) reported areas characterized by different degree of
water-saturation with resistivity values from about 5 Wm
up to more than 100 Wm. In addition to Das et al. (2017)
and Dimovski et al. (2017) findings, Cardarelli et al. (2006)
and Eshimiakhe et al. (2018) also reported that low
resistivity values show the presence of water-
accumulation on surrounding minerals and high resistivity
values as air-filled cavities in mine workings.

The main aim of this research is to detect
unconsolidated zones (i.e. zones that contain loosely
materials) in the subsurface of coal mining area using
resistivity data obtained from electrical resistivity survey

with the objectives of mapping out air-filled/water-filled
voids, which might cause geohazards to the area and even
affect the probable potential coal resources of the study
area and determining the boundary between the
unsaturated zone and the water-saturated zone in the coal
mining area.

MATERIAL AND METHODS
Location and geology of the study area

The study area falls within Odagbo, which is located in
Ankpa Local Government Area of Kogi State, North-central
Nigeria (Figure 2). Odagbo lies between latitudes 7°28'30"
N to 7°29'00" N and longitudes 7°43'30" E to 7°44'00" E at
an altitude of about 275 m above mean sea level and is
positioned on the North-eastern part of the Anambra Basin
(Omali and Egboka, 2014). It is underlain by two geological
formations, the Mamu Formation and Ajali Formation
(Umeji, 2005) as shown in Figure 3. The Mamu Formation
consists of siltstones, mudstones, grey carbonaceous
shales, sandstones and coal seams at several horizons
(Ameh, 2013). With the shales and mudstones alternating
with thin bands of siltstones. Ajali Formation overlies the
Mamu Formation and constitutes mainly unconsolidated
coarse-fine grained, poorly cemented; mudstone and
siltstone (Kogbe, 1989).

Methods

Electrical resistivity data were acquired along three parallel
profile lines of 200 m lengths each with electrode spacings
of 5 m. Each of the profile lines was 50 m apart. The
layouts of the three electrical resistivity profile lines carried
out in the study area are shown in Figure 4. The three
profile lines were oriented in the West-East direction of the
study area. The direction of the profiles was perpendicular
to underground tunnels made from mining activities. The
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Figure 2. Location of the study area.

choice of profile direction was to map subsurface
conditions within and away from the mining site in the
study area. The electrode configuration that was used to
carry out the resistivity survey was the dipole-dipole array.
This array was preferred to other arrays because it has
higher sensitivity to horizontal changes with depth, and
also, is the most sensitive array to resistivity changes
below the electrodes in each dipole pair (Zhou and
Greenhalgh, 2001). Thus, in the mapping of vertical
structures such as dykes and cavities, the most preferred
array is dipole-dipole (Olayinka and Eshimiakhe, 2020).
The measured resistivity data of each of the profile were
processed using computer program RES2DINV adopting
the Blocky-constrained nonlinear least-square modelling

g
[ Ixocistare
[ Jniceria

algorithm. Prior to data inversion, the raw resistivity data
were first filtered to remove bad datum points in
accordance with the suggestion of Loke (2006), and an
inversion was carried out on the corrected data. The
program then calculates apparent resistivity and optimize
the result to reduce the misfit between the calculated and
measured apparent resistivity values by iteration. A
measure of this misfit is given by the Root-Mean-Squared
(RMS) error. The inversion process continues iteratively
until a model is generated when the RMS error does not
change significantly. The generated model contains
resistivity model representing possible anomalies of the
true subsurface (deGroot-Hedlin and Constable, 1990).
Resistivity mode | suffers from non-unigueness, which
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Figure 3. Geological map of Anambra basin showing study area (modified from Bankole et al., 2016).
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Figure 4. Google Earth Imagery with profiles layout in the study area.

can be minimized by additional data usually from the model to an acceptable range for different lithological
geological controls and borehole data of the study area information (Loke, 1999; Dahlin, 2001; Olayinka et
(Figure 5), to constrain the resistivity values obtained from al., 2019b).
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Figure 5. Stratigraphic column of study area (modified from Umeji, 2005).

RESULT AND DISCUSSIONS

The results obtained from the inverted resistivity models
(Figures 6, 7 and 8) showed cross-sections of the true
resistivity model of the subsurface soil within the area of
study. The RMS errors for these models range from 11.4
to 24.3. The values of the resistivity within the study area
range from <3 to >4000 Qm, indicating variation in the
subsurface based on soil type, water content, clay content
of the soil, porosity, and permeability. Also, air-filled
cavities are characterized by higher resistivity values
usually more than 1000 Qm depending on the conductivity
of the surrounding host materials and geometry of the void
(Cardarelli et al., 2006). While, water-filled cavities show
lower resistivity values usually less than 100 Qm at shallow
depth (Eshimiakhe et al., 2018). The observed resistivity

anomalies are well correlated with the geologic information
and a stratigraphic column of the area (Figure 5)
interpreted by Umeji (2005).

Figure 5 depicts the inversion model result of electrical
resistivity measurement along profile line 1. The result
obtained from the inversion model shows that the
electrodes placed at the profile line 1 probe to the
maximum depth of 28.7 m. The upper part of the model
has the highest values of electrical resistivity in the model
and these values range from 195 to 4000 Qm. This part of
the model is consolidated and majorly formed the
unsaturated zone (USZ) of the section. The thickness of
this layer is about 7 m thick, although varies in some part
of the model. The layer is interpreted as the topsoil which
constitutes laterites, silt and shale. Underlying this layer is
a highly weathered basement rock, which spans from the
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Figure 6. 2D resistivity inversion model for profile 1.
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Figure 7. 2D resistivity inversion model for profile 2.
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Figure 8. 2D resistivity inversion model for profile 3.

depth of about 7 to 24 m. Coal seam (lignite) was
intercepted within this layer, as clearly seen at the
horizontal distance of 110 to 145 m with resistivity values
of 70 to 200 Qm. The coal seam was mined-out to become
water-saturated zone (WSZ) and also caused water-filled
void (V), which can be seen as a very low resistive
anomaly with resistivity values ranging from about 3 to 70
QOm and thickness of about 10 m. It consists of silty-shale,
carbonaceous black shale and lignitic coal. Below this
layer is high resistivity layers of resistivity values greater

WSZ: Water-Saturated Zone

Unit electrode spacing 5.00 n.

V: Void

than 531 Qm possibly to be sandstone to carbonaceous
sandstone.

The inversion model of the electrical resistivity
measurement of profile line 2 is shown in Figure 6. The
maximum depth of penetration of the electrodes in line 2 is
also approximately 28.7 m. The subsurface constitutes the
topsoil with resistivity values greater than 2700 Qm from
the top to a depth of about 7 m, although varies deeply in
some part of the model. The earth materials that made-up
the topsoil are laterites, silt and shale. As a result of the



high resistivity value of the topsail, this zone was revealed
to be unsaturated (USZ) and is highly consolidated.
Underlying this topsoil layer is a low resistive section with
resistivity values ranging from about 10 to 115 Qm. This
layer was encountered between the lateral distance of 50
to 90 m and 110 to 130 m and ranges from a depth of about
7 to 25 m along the profile. This low resistive section might
be indicative of void in-filled with water and clayey sand.
However, probable coal seam mined-out at the lateral
distance of 90 to 110 m might have caused void in-filled
with air (V), which has resistivity values varying from about
553 to 1300 Qm and thickness of 13 m. This zone is highly
saturated with water and air. Below this layer is high
resistivity layers of resistivity values greater than 1000 Qm
likely to be sandstone to carbonaceous sandstone.

The electrical resistivity inversion model obtained along
profile line 3 is as shown in Figure 7. The maximum depth
of penetration along this line is 28.7 m. Generally, in profile
line 3, the resistivity model depicts two major layers, which
are topsoil and weathered layer. The topsoil and
weathered layers are consolidated and unconsolidated
respectively. The consolidated zone consists of
unsaturated (USZ) earth materials with high resistivity
values ranging from about 563 to 4018 Qm, and these
earth materials are laterite, silt and shale. The thickness of
this layer is about 12 m thick. In addition to this layer, void
in-filled with air (V) can be clearly seen at four different
horizontal distance ranging from 45 to 60 m, 80 to 95 m,
110 to 120 m, and 140 to 150 m and resistivity value of
about 1500 to 4000 Om with an average thickness of 10
m. This might have been caused by the coal seam mined
out from the region. Lastly, the unconsolidated zone which
lies in the weathered layer is dominated with earth
materials that are highly saturated with water. This layer
has resistivity values ranging from 129 to 600 Qm with a
thickness of about 17 m. This layer probably composed of
silty-shale, carbonaceous black shale and lignite.

Conclusion

The electrical resistivity tomography (ERT) has proven to
be an appropriate and effective method for the detection
of unconsolidation zones in coal mining site at Odagbo
area in Kogi State. The results obtained from the electrical
resistivity model have assisted in providing the information
needed on air-filled voids and water-filled voids which
might affect the probable potential coal resources of the
study area and also caused geohazards to the area.
Moreover, the boundary between the unsaturated zone
and the water-saturated zone was determined. The air-
filled void and water-filled void was characterized by high
resistivity values and low resistivity values with an average
thickness of 11 m respectively. The high resistivity value of
air-filled void ranges from 553 to 4000 QOm and low
resistivity value of water-filled void range from 3 to 70 Qm.
Furthermore, the unsaturated zone (USZ) was found
majorly at the topsoil layer and water-saturated zone
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(WSZ) dominated the weathered layer in the study area.
The weathered layer was saturated with water as a result
of a coal seam that was mined-out from this layer. Water-
saturation zone on each profile has average resistivity
values ranging from 3 to 70 QOm. Resistivity response of
the water is due to the dissolving process of a small
amount of mineral from surrounding rocks in the fluid,
making the water to be electrolytic. While coal seam shows
high resistivity response ranging from 49 to 184 Qm since
coal forming material is an inorganic, thus, not-conductive.
From the interpretation result of each line, it can be
concluded that subsurface condition at the topsoil layer is
unsaturated zone and the weathered layer is a water-
saturated zone. Hence, the unconsolidation zone in the
subsurface of the study area using resistivity data lies
within the weathered layer. However, there is a need for
more research to be carried out in the study area to
determine the percentage of water clarity levels.
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