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Abstract

This research uses geophysical techniques such as magnetic and electrical resistivity tomography to image the lat-
eritic bauxite bearing zones in Orin Ekiti, Southwestern Nigeria. The high-resolution aeromagnetic data were utilized
for generating the total magnetic intensity (TMI) map. Different filtering techniques such as Euler deconvolution and
total horizontal derivative were also carried out to enhance better understanding of bauxite deposit, with the genera-
tion of different maps therein. Low magnetic intensities were observed over charnockitic rock which is a host material
for bauxite occurrence. Magnetic low trending NE-SW was observed in the study area. The (EUD and THDR) maps were
then superimposed on the geologic map to geo-reference areas that have dominant charnockite. The depth extent and
structural signature interpreted from magnetic interpretations show that significant deposit in the study area is at shal-
low depth which tallies with the geology of bauxite as being a supergene enrichment (surficial deposit). 2D ERT results
obtained from five traverses with inter-traverse separation of 45 m and traverse length of 100 m each, established in the
NW-SE direction to image the lateritic bauxite deposit based on the prospect shown from the aeromagnetic analysis.
The images display the constant resistivity regimes beneath the traverses with different colour bands. The 2D ERT profiles
and 3D inversion results show bauxitic zones to be of high resistivity which ranges from 154 to 3814 Q) m, the migmatite
gneiss and granitic rocks (unaltered parent rocks) are of considerably lower resistivity than the weathered charnockitic
rock and by extension bauxitic zones. These different techniques used in this study have however shown that the area
of interest for bauxitic deposit in Orin Ekiti trends in the NE-SW direction with a dominant concentration in the north-
eastern (NE) part. By the same token, this research has been able to substantiate the fact that bauxite deposits occur as
supergene enrichment.
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1 Introduction

The solid mineral sector has been the driving force for
economic growth in most country of the world includ-
ing Nigeria. Minerals are the constituent of rocks, ores
and meteorites, and with a few exceptions, they are the
most stable chemical elements known to man [1]. Solid

mineral development has been known to be associated
with a lot of difficulties and challenges ranging from loca-
tion accessibility, availability of surveying and analyzing
equipment, to cost and stress of collecting, processing and
interpreting data. Among several mineral deposits in Nige-
ria, bauxite deposits are found mainly in four states of the
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federation and they are Plateau, Ondo, Ekiti and Adamawa
states [2].

Bauxite is a naturally occurring material that is made of
diverse composition that is relatively rich in aluminium.
It contains 40-60 per cent aluminium oxide (Al,O;), 9-18
per cent iron oxide (Fe,0;), 2-9 per cent titanium oxide
(TiO,) and 1.5-4.5 per cent silicon oxide (SiO,). The major
minerals found in bauxite are boehmite (Al,05-H,0), gibb-
site (Al,05:3H,0) and diaspora, plus a minor quantity of
iron oxides [goethite (FeO (OH)) and haematite (Fe,0;)]
with trace amounts of silica (SiO,) and anatase (TiO,) [3].
Bauxite is an important raw material of aluminium, the
metal used for soft drink cans to jumbo jets, non-metal-
lurgical operations for the manufacture of refractories,
abrasives, alumina chemicals and cement industry. It also
found usefulness in cement and chemical industries, and
in the production of dishwashers, it can also be used as a
raw material in the commercial production of aluminium
metal and alumina (Al,O;) [4]. Therefore, given the huge
economic importance of bauxite as enumerated above
and researches that have been conducted to establish
the occurrence of lateritic bauxite deposit in Orin Ekiti by
different authors [4-6], this study is aimed at imaging the
subsurface settings of lateritic bauxite deposit in Orin EKkiti,
Southwestern Nigeria, using aeromagnetic and electrical
resistivity tomography (ERT) techniques and also delineate
other potential zones in the area for further studies.

2 Site description and geology of the study
area

Orin Ekiti is about 38.8 km from Ado Ekiti (Fig. 1) and
lies on latitude 7°45'0.00”-7°55'0.00 N and longitude
5°10'0.00"E-5°200.00" E with terrain that is gently undu-
lating. The topographic elevation of the area ranges
between 535 and 644 m above sea level. Its climate is
characterized by dry and wet season which the dry, which
come up around November and March; and December and
January, respectively. The peak rainfall is recorded in July
and September. The average annual rainfall is 1333.2 mm,
the annual temperature is 33 °C while the minimum is
18 °C. The main rock types in the study area are granite
gneiss, banded gneiss, granite, migmatite and charnockite
(Fig. 2). Largely, the study area is rugged with outcrops of
charnockite in some locations [4].

3 Methodology

Two geophysical methods were employed for this study;
the magnetic and the electrical resistivity methods. The
magnetic method involved the use of high-resolution
aeromagnetic data (HRAD), while the electrical resistivity
method employed the use of electrical resistivity tomog-
raphy (ERT) involving Wenner array.

Aeromagnetic data were acquired by a company known
as Fugro Airborne Survey Limited as a direction by the
Nigerian Geological Survey Agency (NGSA) between 2003
and 2009 which was aimed at promoting and assisting
with mineral prospecting in Nigeria. The data acquisition

Fig. 1 Map showing the study
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was carried out by aircraft covering 235,000 line kilome-
tres with terrain clearance of 80 m and a flight spacing of
200 m. The direction of the flight was in NW-SE with a tie-
line spacing of 200 m and tie-line direction of NE-SW. The
data were corrected regionally based on the international
geomagnetic reference field (IGRF) model 1984. Gridding
of the data was also carried out using cell sizes of 1000 m.

The aeromagnetic data sheet 244 from NGSA is fed into
the Oasis Montaj software where the TMI map will be gen-
erated from the given data. The data have to be reduced
to the equator (Nigeria being in low magnetic latitudes) to
centre the peaks of magnetic anomalies over their sources.
This enhanced the data interpretation without losing any
geophysical meaning, after which regional and residual
separation is carried out. The residual map produced was
then worked on to perform the necessary filtering tech-
niques such as EUD [7], with structural index (SI) of 0.5 [8]
to generate the depth to the anomaly.

The total horizontal derivative (THDR) [9] and lithologic
contact between different rock types in the study area
were established using EUD, to narrow the area of inter-
est for future lateritic bauxite exploration.

The (EUD and THDR) maps were then superimposed on
the geologic map to geo-reference areas with dominant
charnockite.

Ground investigation base on the aeromagnetic inter-
pretations was carried out using ERT, adopting Wen-
ner electrode array configuration with the aid of ABEM
SAS1000 equipment. The coordinates of measurement sta-
tion were taken using Garmin GPS. Five (5) traverses were

established at 45 m inter-traverse separation (Fig. 3) and
100 m traverse length. This separation and traverse length
were adopted due to the ruggedness of the terrain and the
inaccessibility of most of the survey area. Traverses were
laid in the NW-SE direction to image the lateritic bauxite
deposit found in the study area. ERT data were processed
in both 2D and 3D using Res2DInv and Res3DInv software.
Both the 2D and 3D data were inverted using the least
squares method. The 3D data set was generated by merg-
ing the entire orthogonal set of 2D lines established to
form a single one. This was carried out by collating the
measured apparent resistivity values in XYZ format that
can be read by the RES3DInv software to produce a 3D
model of the subsurface. Generally, interpretation was
done qualitatively and quantitatively. Qualitative inter-
pretation involves visual inspection of pseudo-section and
maps. Quantitative interpretation involves the diagnosis of
parameters and values obtained from the pseudo-section
and maps.

4 Results and discussion

4.1 Qualitative and quantitative interpretation
of aeromagnetic map

4.1.1 Total magnetic intensity (TMI) map

The TMI map (Fig. 4) shows low magnetic zones (deep
blue colour-coded which range from — 938.1 to — 116.1
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Fig. 3 Survey map of the study area

nT) appearing in the north-eastern part of the study  study area, which correspond with the magnetic high/
area, light blue/green to yellow colour (which range  magnetic high to intermediate region (which range
from — 86.3 to 48.0 nT) observed, also show magnetic from 54.7 to 460.7 nT) as observed in Fig. 4, denoting
low to intermediate magnetic dominated areas majorly  areas of high concentration of lateritic bauxite.

in the south-western and the north-western part of the
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Fig.4 TMI map of the study area

4.1.2 Reduction to the equator (RTE) map

The RTE analysis was done on the extracted magnetic
anomaly data by using an assumed declination, D, of
—1.301 and inclination, /, of — 10.2950 using the interna-
tional geomagnetic reference field (IGRF) calculation. The
TMI comprises near-surface noise (cultural noise); this was
removed using RTE. It is observed that RTE map appears
smoother (Fig. 5) when compared with TMI map (with
a significant difference in the low magnetic zones from
—938.1 to — 908.7 and high zones which ranges from 460.7
to 689.5). The magnetic anomalies removed from the RTE
map vary in amplitude from — 908.7 to 689.5 nT, with the
magnetic high occurring over granite gneiss, migmatite
gneiss and magnetic low were noticed over charnockitic
rock which shows the area of interest for lateritic bauxite
occurrence. In this study, RTE was done on the magnetic
data to sustain the low angle of inclination at the equator
which converts the magnetization source to horizontal
[10]. Reduction to the pole (RTP) analysis was not carried

out on the magnetic data since the study location falls
within a low latitude region in which there is instability
in RTP transformation [10, 11]. The RTE image presented
(Fig. 5) is compared to the TMI map of the study area
(Fig. 4) due to the low angle of inclination of the area.
Figure 5 shows important magnetic zones were delin-
eated from the magnetic intensity. The northern, north-
western and the north-eastern parts are characterized
by high amplitude magnetic anomalies similar to mafic
rocks, while the southern part has low magnetic amplitude
anomalies diagnostic of poorly magnetized felsic rocks.

4.1.3 Residual magnetic anomaly (RMA) map

This map shows the variation in the magnetic intensity of
the different rocks across the study area (Fig. 6). Residu-
alization was performed on the magnetic data to remove
the effect of the regional field by upward continuation to a
height of 2000 m and the result from the values observed
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Fig. 5 Reduction to the equator (RTE) map

was removed to leave the near-surface effects which are
the target for bauxitic mapping.

The resultant magnetic anomaly map obtained from
residualization (Fig. 6) revealed that the main low mag-
netic anomaly trends are majorly in the NE-SW direction
with values from - 921.4 to 97.2 nT. Magnetic highs were
observed in low magnetic zones at different section within
the study area. From the observed low magnetic latitude
in the NE-SW region of the study area, these magnetic
lows suggest rocks with comparatively low magnetic sus-
ceptibility. Magnetic highs with intensity value between
655.1 and 106.3 nT are in the northern, north-central and
the southern parts (as depicted by pink colour-code) and
this suggests the occurrence of rocks with relatively high
magnetic susceptibility diagnostic of crystalline basement
rocks (granite and migmatite gneiss). On the other hand,
the north-eastern and north-western parts are controlled
by the low magnetic intensity with equivalent magnetic
intensity value between — 921.4 and 7.9 nT indicating the
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presence of relatively poor magnetic susceptibility mate-
rial (weathered material, for example, laterite) overlying
the basement rocks.

4.1.4 Total horizontal derivative (THDR) map

THDR filtering technique is an active instrument in dis-
covering limits of magnetized structures [12, 13] and
it also amplifies near-surface (shallow) anomalies. Fig-
ure 7 shows that THDR map above the lateritic bauxite
deposit in Orin Ekiti has gradients between 0.000213 and
1.842315 nT/m. The function gives the highest point of
anomaly above the contacts for magnetic anomalies
[14]. The map shows peaks in the total horizontal gra-
dient (THG) anomalies which are indicative of geologic
structures which when overlaid on the geologic map of
the area depicts charnockitic region/area of interest of
bauxite deposit. The observed THG patterns (depicted
with pink to red colour-code in Figs. 7 and 8) suggest
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Fig. 6 Residual map

that the lateritic bauxite deposit in the area is a surfi-
cial deposit and the THG crests are the probable loca-
tion of bauxitic occurrence. More so, some continuous
peaks of semi-regional to regional trend (identified with
white thick lines in Fig. 8) observed over the THDR map
are noted to coincide with rock contacts on the geo-
logic map. These were taken to be boundaries between
rock units in the study area. These boundaries were
mapped out so that rock units associated with bauxite
deposits can be isolated and the area can be focused
on for detailed follow-up exploration work. Other peaks
(denoted with black short lines, Fig. 8) of local to semi-
regional scale not vividly associated with rock or litho-
logic boundaries were also observed on the THDR map.
These were taken to be an expression of fractures (joints/
faults) and stress patterns on the immediate subsurface.

4.1.5 Euler deconvolution (EUD) map

Lineaments (Fig. 9) were generated from EUD, which was
correlated with the geologic map. Structural index (SI) of
0.5 windows 5 was adopted in the calculation of depth to
magnetic sources (DMS) using EUD technique. The struc-
tural index used indicates contact as a geologic model
(Table 1). The EUD of the aeromagnetic data at Sl of 0.5
reveals close-fitting clusters of solution characteristic of
features between two rock contacts. Values between <150
and >300 m were projected as depth to these features
(Fig. 9).

Identified rock contacts trend majorly NE-SW as
observed when the Sl solution was compared with the TMI
map. The suggested depth to bauxitic deposits submits
that lateritic bauxite deposit occurs at shallow depths.
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Fig. 7 Total horizontal derivative (THDR) map

4.1.6 Area of interest (AOI) map of Orin Ekiti

Figure 10 shows the lateritic bauxite potential map of
NE-SW part of Orin Ekiti produced from the 3D EUD,
THDR and geologic map. Zones, where the identified
contacts on the geologic map match with Euler analy-
sis on the structural index 0.5 in relation to zones with
peak anomalies on the THDR, are representative of baux-
itic zones. The bauxitic zones also show potential parts
where ore deposits can be assessed such as the NE, the
SE and the NW part of the area (Fig. 10). The depth extent
estimates and structural pattern (Fig. 9) inferred with
colour-code blue, green and red show cluster of blue
colour-code to be more in the south-western and north-
eastern part of the study area, with depth extent being
less than 150 m. This reveals that significant deposit in
the area lies at shallow depth which tallies with the geol-
ogy of bauxite as being a supergene enrichment (surfi-
cial deposit).

The superposition of the THDR map, EULER map, with
the geologic map of the area reveals that lateritic bauxite
deposit is grouped more with the charnockite than with
migmatite or granite gneiss rock types (Fig. 10).

SN Applied Sciences

A SPRINGERNATURE journal

se20"

TG0000E
he22"

0.008859
0.000213
nTim

4.2 2D electrical resistivity tomography (ERT)

ERI of the study area was conducted by concentrat-
ing on the charnockite-dominated region (Fig. 11) from
the AOI map (Fig. 10). The 2D resistivity imaging results
(Figs. 11-15) obtained from five (5) traverses established
in the study area show varying resistivity values beneath
the traverses with a different colour ensemble.

4.2.1 Traverse 1

This profile shows high resistivity zone which ranges from
506 to 1434 Q m depicted with colour red at station num-
ber 17-33.The high resistivity zone indicated the presence
of weathered material (laterite), hosting bauxite deposit.
The blue and green colour bands which have resistiv-
ity stretching from 120-245 to 363-536 Q) m, at stations
10-25 near the surface (to the depth of 3.75 m), stations
43-60 to the depth of 10 m, stations 66-85 to the depth
ranging from 1.25 to 12.5 m show that some parts of the
study area with low resistivities have a surficial manifes-
tation of migmatite gneiss and granitic rocks (unaltered
parent rocks) with considerably lower resistivity than the
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Fig.8 Total horizontal derivative (THDR) map showing lithologic contact

weathered charnockitic rock and by extension bauxitic ore.
The high resistive zone falls above the 1434 O m which
indicates up to a depth of 3.75-12.4 m. This also displays
surficial manifestation of bauxite occurrence although
with considerable deeper depth (Fig. 12).

4.2.2 Traverse 2

The bauxitic zone extended almost throughout the trav-
erse laid with a resistivity ranging from 546.5 to 1300 Q m
from station number 27 to 90 and a depth extent ranging
from 2.5 to 12.4 m. The manifestation of this high resistivity
zones was observed to thin-off. Zones with resistivity rang-
ing from 225 to 451 Q) m at stations 7-90 are an indication
of areas with fewer or no bauxite deposit (Fig. 12). Low
resistivity region at station number 7-25, 25-33 and 67-75
with green and blue colour band, respectively, showed
contact between different rock types.

4.2.3 Traverse 3

The high resistivity zones indicating lateritic bauxite with
the value range from 935 to 3814 Q m at station number

7-27,32-55,58-68 and 75-89 were observed in this trav-
erse. Also, a discontinuity at station number 27-30, 55-58
and 68-75 is an indication of weathering in the bedrock
along with a geologic structure that occurred between
the different rock types. These fractures resulted in narrow
weathered zones that extend deep into the bedrock. The
contracted weathered zones are largely composed of sap-
rolite and are known to commonly contain high bauxite
grades [16]. The bauxitic zones delineated (Fig. 13) are the
ferricate zone formed by the placement and crystallization
of surficial limonite in surface acidic condition. The ferri-
cate cap is very hard and shows high porosity, parched of
bound water, and is known to be highly electrically resis-
tive [17]. Imaging on this traverse, however, indicates the
exposure and the downward extension of the hard and
compact bauxite deposit. The depth of occurrence ranges
from the surface to as far as 12.4 m deep, which thin out
at station 16-27.

4.2.4 Traverse 4

The 2D images were interpreted vis-a-vis the textural fea-
tures and the earlier discussed colour regimes (Fig. 14).
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Fig.9 Euler deconvolution (EUD) map (SI=0.5, WIN 5)

Areas (stations 13-18 and 25-77) under green colour
bands within the upper and middle layers of the pseudo-
section constitute the topsoil/lateritic layer, while similar

Table 1 Structural indices for geologic models Source
:[15]

Structural index Geologic model

0(0.5) Contact

1 Sill

1 Dyke

2 Horizontal cylinder
2 Pipe

3 Sphere
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zones present to the depth of about 9.94 m represent the
lateritic bauxitic zones which extend from stations 35 to
67.The high resistive zones in this profile (342-2566), fur-
thermore, show the rate of the degree of weathering along
the established traverse and by extension the increase in
the presence of lateritic bauxite.

4.2.5 Traverse 5

The reddish colour band (Fig. 15) which thin out east-
ward from stations 55 to 85 in the vicinities of the purple
colour band is suggestive of the resistivity characteris-
tics of the granular bauxite ore [5]. Meanwhile, areas
under the yellowish/greenish colour bands especially
those beneath the depths of about 10 m and directly
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Fig. 10 Geologic map from Euler deconvolution analysis and THDR
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Fig. 11 2D pseudo-section along traverse 1

beneath the earlier identified granular bauxites are
suspected to emanate from the friable/stippled baux-
ite ore. The resistivity (with the range of 968-2566 Q m),
which depicts the bauxite zones at stations 55-85 at a
depth ranging from 1.25 to 11.5 m, showed very high
resistivity at the eastern part of the survey area.

d

Unit electrode spacing 5.00 m

4.2.6 3D electrical resistivity imaging (ERI)

Figure 16 shows the 3D model resistivity values in horizon-
tal depth slices in y—z direction. The 2D images of the five
(5) traverses (Figs. 11-15) agree with the inversion model
of the 3D inversion image. For example, stations 15-25 and
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Fig. 16 3D imaging showing resistivity distribution of the electrical resistivity survey

85-95 in traverse 1 correspond well with the same points
in layer 1 on the 3D image with a high resistivity. There is
an increase in the degree of consistency of the resistivity
distribution in both the 2D and 3D images, that is, both
2D and 3D images are complementary to each other. False
information that may be associated with 2D inversion has
been taken care of in the image displayed in 3D. The depth
extent in both 2D and the 3D image shows that bauxitic
deposits have surficial manifestation.

5 Conclusions

From the HRAD, raw TMI map was generated in which
different filtering techniques which were carried out to
enhance better understanding of the study area, with
the generation of different maps therein. Low magnetic
intensities were observed over charnockitic rock. Low
magnetic anomaly trending NE-SW exists. The EUD and
THDR maps generated from the HRAD were then super-
imposed on the geologic map to geo-reference areas that
have dominant charnockite which is a host material for
bauxite occurrence.

The AOI map generated for lateritic bauxite shows the
interest region to be NE-SW parts. The depth extent esti-
mates and structural pattern interpreted from magnetic
anomalies reveal that considerable deposit within the
area lies at shallow depth which tallies with the geology
of bauxite as a surficial deposit.

The overlay of the THDR map, EULER map, with the geo-
logic map of the area also suggests that lateritic bauxite
deposit is related more with the charnockite than with
migmatite or granite gneiss rock types.

The 2D and 3D resistivity imaging results obtained
from five traverses show that bauxite deposit is surficial

and the bedrock interface is not even. The images display
the unbroken resistivity regimes beneath the traverses
with a divergent colour ensemble. The 2D and 3D images
for traverse 1-5 show high resistivity zone which ranges
from 154-3814 to 371-2600 Q m, respectively, depicted
with the colour red to purple, thereby emphasized the
area of interest for lateritic bauxite manifestation. The
high resistivity zone indicated the presence of weath-
ered material (laterite), hosting bauxite deposit. The blue
and green colour bands which have resistivity stretching
from 53.8-290 to 124-279 Q metre, respectively, show
that migmatite gneiss and granitic rocks (unaltered par-
ent rocks) are of considerably lower resistivity than the
weathered charnockitic rock and by extension baux-
itic ore. The present study is essentially a near-surface
investigation in which a maximum investigation depth
of 16.9 m is reached as shown in the 3D inversion dis-
played. The different techniques used in this study have,
furthermore, shown that the area of interest for bauxitic
deposit in Orin Ekiti trends in the NE-SW direction with
a dominant concentration in the north-eastern part. By
the same token, this research has been able to open the
field of Orin for more research work on lateritic baux-
ite and also substantiate the fact that bauxite deposits
occur as supergene enrichment.
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