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Abstract: The use of electromagnetic conductivity and electrical resistivity geophysical techniques has been em-
ployed in this study to investigate the occurrence, thickness, and spatial distribution of bitumen deposit around 
Makun-Omi in the Ijebu Waterside area of southwestern Nigeria. Subsurface apparent conductivity distribution 
data obtained using Geonic 34-3 equipment along fifteen traverses which sounded from different depths of 7.5, 
15, 30 and 60 m at inter-coil separation of 10, 20 and 40 m in vertical and horizontal coupling modes and ground 
resistivity distribution measurements, obtained using Geopulse Tiger Allied resistivity meter at fourteen Vertical 
Electrical Sounding (VES) stations, were processed and employed to characterize the subsurface in terms of tar 
sands distribution. The conductivity and resistivity distribution in the form of a 3D earth model, iso-depth maps, 
2D sections generated from the processed conductivity and resistivity data indicate relatively low conductivity 
<20 mS/m and high resistivity >1300 Ωm values around tar/bitumen impregnated sands which mostly occurred 
in the southern part of the study area. Clearly defined conductivity and resistivity anomalies which delineate the 
lateral and vertical occurrence of tar impregnated sands underscore the efficacy of integrating electromagnetic 
and electrical resistivity geophysical techniques to identify occurrence of economic deposits of tar sands in parts 
of southwestern Nigeria. 
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INTRODUCTION

In Nigeria, hydrocarbons are one of the main en-
ergy resources and major income generators. Con-
ventional crude oil has been greatly explored, and 
exploitation is still ongoing. In recent years, how-
ever, the need for an alternative or additional ener-
gy source has arisen amid declining hydrocarbon 
reserves. Nigeria has the second largest reserve 

of bitumen, after Alberta in Canada, projected to 
have between 30 to 40 million barrels of heavy oil 
in place with prospect recovery as high as 3,654 
× 106 billion barrels (Adegoke et  al. 1981). Bitu-
men deposits is a useful mineral resource in road 
construction. It comprises sand, clay and asphalt, 
which fill the pore spaces between the grains. Ni-
gerian tar sand deposits, first discovered through 
field mapping in 1900, has been reported to occur 
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along a belt that stretches about 120 km in length 
and 4 km wide from Epe through Ijebu Ode to 
Okitipupa, Benin and Lagos, within the Nigerian 
sector of the Dahomey Basin in southwestern Ni-
geria (Enu 1985). The nature and the occurrence 
of the Nigerian tar sands have been well described 
by Enu (1985, 1990) to contain up 84, 17, 4 and 
2% of sand, bitumen, water and mineral clay, re-
spectively. Tar sands or bituminous sand deposits 
have been reported to result from biodegradation 
of crude oil at low temperature. The process con-
centrates high molecular weight hydrocarbons as 
well as hetero-atomic compounds of resins and as-
phaltenes (Whiteman 1982). Omatsola & Adegoke 
(1981) reported that the deposits mostly occur at 
the edge, especially the shallow layers within the 
Dahomey Basin.

In this study, we employed the combined sub-
surface illuminating strength of frequency do-
main electromagnetic (FDEM) and electrical re-
sistivity (ER) geophysical techniques and most 
especially employed the discriminating ability of 
subsurface conductivity/resistivity distribution to 
delineate zones of tar impregnated sands which 
often present characteristically low conductivity/
high resistivity signatures. Soil resistivity direct-
ly relates to various geological parameters, such 
as the mineral composition of the rock matrix, 
fluid type, concentration and saturation, as well 
as the soil porosity and permeability. Direct Cur-
rent electrical resistivity (DC-R) investigation 
involves the injection of artificially generated 
electric current into the ground via two current 
electrodes. In comparison, the potential differ-
ence generated between the current electrodes 
is measured through two potential electrodes. 
Ground resistivity distribution, which reflects the 
degree of ground resistance to the flow of elec-
tric current within the subsurface, is determined 
by incorporating the geometric factor of the elec-
trode configuration used during measurement to 
the measured ground resistance. The distribution 
of ground resistivity is not homogenous due to 
the occurrence of anomalous zones, which may 
result due to variations in lithological composi-
tion, structures, fluid concentration/saturation, 
impregnation with hydrocarbon, among others. 
The electrical resistivity method has found use-
ful applications for mapping the spatial distribu-
tion, depth of occurrence as well as thickness of 
tar sands deposits.

GEOLOGY OF THE STUDY AREA

The study was carried out within the Dahom-
ey Basin in southwest Nigeria (Fig. 1). The basin 
is a  marginal pull-apart basin (Klemme 1975) 
formed during the Early Cretaceous tectonic event 
when South American plate separates from Afri-
can plates (Ogbe 1972, Whiteman 1982). The Da-
homey Basin is an extensive sedimentary wedge 
basin consisting of over 3000 m Cretaceous sed-
iments which thickens from onshore (at less than 
200  m) seaward (offshore at >3000  m) (Okosun 
1990). The basin is bounded and separated from 
the Niger Delta Basin by the Okitipupa ridge/Be-
nin hinge line while in the west it is bound by the 
Romanche Fracture zone (RFZ) and associated 
structures (Omatsola & Adegoke 1980). The ba-
sin consists of Cretaceous to Tertiary sedimentary 
sequences and forms an arcuate belt which runs 
roughly parallel to the ancient coastline (Fig. 2) 
(Adegoke et al. 1976b, Whiteman 1982). The Ni-
gerian tar sands deposits which occur within the 
Nigerian bitumen belt that stretches about 120 km 
in length and 40 km in width occur predominant-
ly in loosely consolidated Creataceous Afowo sand 
units which itself is capped by the Maastrichtian 
Shales of the Araromi Formation (Enu 1985). The 
bitumen impregnated sand units occur in two 
main horizons. The upper horizon, commonly re-
ferred to as X horizon is a sandstone with inter-
beds of shales and siltstone that ranges in thick-
ness from 10–22 m. The lower (Y) horizon, which 
is separated from the upper unit by 8 m thick oil 
shales unit (may be unsaturated with hydrocar-
bon), is a predominantly quartz grain, upwardly 
fining sequence that ranges in thickness between 
3–26  m. The units have been recorded to have 
a mean hydrocarbon saturation of 12% in the two 
horizons (Enu 1985, 1990). A number of wells con-
structed by the consultant unit of the then Univer-
sity of Ile-Ife, now Obafemi Awolowo University 
(OAU) indicate that the two tar sands horizons 
are overlain by variably thick overburden which 
ranges in thickness from 3 m in the north to about 
50–80 m in the south. The overburden is mainly 
comprised of shales, siltstones, interbedded lime-
stones and lateritic top soil which often vary in 
thickness (Adegoke et al. 1976a, 1976b, Enu 1985). 
Figure 3 presents a representative borehole litho-
facies and hydrocarbon/bitumen saturation logs 
drilled within the Nigerian Bitumen Belt.



219

Geology, Geophysics and Environment, 2021, 47 (4): 217–226

Frequency domain electromagnetic and electrical resistivity geophysical investigation of tar sands deposits in the Ijebu Waterside area...

Fig. 1. Map of the Dahomey Basin showing the Nigerian bitumen belt, some bitumen blocks and the study area in Makun in 
Ijebu Waterside (Milos 2015)

Fig. 2. Geological framework of the eastern Dahomey Basin (NGSA 2009). Inserts are: the map of Nigeria and the geological 
map of Ogun State, southwestern Nigeria
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Fig. 3. Lithofacies (LITHOLOGY) and bitumen saturation (%HC) borehole log of a well drilled within the Bitumen Belt of south-
western Nigeria (modified after Geological Consulting Unit (GCU) of OAU Ile-Ife, Adegoke et al. 1976a)

MATERIALS AND METHODS

The study began with a reconnaissance and geo-
logical field mapping exercise which includes set-
ting up the area to be surveyed, observing the 
geological and hydrological features within the 
area and planning out the layout and traverses 
for geophysical survey. Two geophysical investi-
gation techniques, electromagnetic and electri-
cal resistivity traversing, were integrated to bet-
ter delineate and satisfactorily resolve the spatial 

distribution of the tar sand deposit within the 
study area. The two techniques complement each 
other. While the ER evaluated the upper 25 m of 
the subsurface, the FDEM was able to probe up to 
60 m depth across the study area.

Frequency domain electromagnetic 
(FDEM) survey
The Geonics EM 34-3 used in this study is a por-
table device, usually operated by two people. 
The device consists of two circular coils which 
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are connected to the transmitter (Tx) and receiv-
er (Rx) consoles of the device via flexible cables 
(Fig.  4A,  B). Ground conductivity measurement 
is possible in both horizontal dipole (HD) and 
vertical dipole (VD) modes, by aligning both the 
transmitter and the receivers’ coils in vertical or 
horizontal positions, respectively (Fig. 4C). Inter-
coil spacing of 10, 20, or 40 m enabled progressive 
apparent conductivity measurements with depth 
at 7.5, 15, 30 and 60 m in horizontal and vertical 
dipole coupling modes, respectively (Tab. 1) with 
the point of observation located at the midpoint 
between the transmitter and the receiver. The in-
strument is calibrated to read terrain conductiv-
ity in millisiemens per metre (mS/m). In vertical 
orientation, the instrument is most responsible to 
material at the surface and at depths down to one 
half the coil spacing. However, in the horizontal 

orientation, the instrument is most responsive 
to materials at depths of one- quarter and three 
quarters of the coil spacing (McNeil 1990). In-
creasing coil separation proportionately increas-
es the depth of penetration of the instrument in 
both coil coupling modes. Fifteen EM traverses 
which range in length from 180 to 500 m were oc-
cupied along NE-SW direction with the traverses 
running perpendicular to the general geological 
strike of the study area. 

Table 1
Investigation depth of Geonics EM 34-3

Intercoil 
spacing [m]

Explored depth [m] Frequency 
[Hz]HD VD

10 7.5 15 6.4
20 15 30 1.6
40 30 60 0.4

Fig. 4. FDEM and ER geophysical investigation equipment and field operations: A)  transmitter module, coil and connecting 
cable; B) receiver module and coil; C) geophysical crew carrying out FDEM survey using Geonics EM 34-3; D) Campus Ohmega 
resistivity meter, stainless electrodes and reels of flexible cables

A

C D

B
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Electrical Resistivity (ER) survey
Ground resistivity measurement was achieved by 
injecting an appropriate amount of current (I) 
into the subsurface via two current electrodes 
of distance AB, using Geopulse Tigre resistivi-
ty meter. The potential difference (dV) generat-
ed by the flow of injected current (I) within the 
subsurface is measured via two potential elec-
trodes to determine the resistance of the earth 
material to flow of electric current (Fig. 4D). 
Apparent ground resistivity (ra) is subsequent-
ly determined by incorporating the geometric  

factor (K) of Schlumberger electrode configura-
tion, employed in this study:

ra
KV

I
= 	 (1)

Vertical electrical sounding (VES) measurement 
technique was employed to determine variation in 
ground resistivity distribution with depth. Fourteen 
VES stations with current electrode separation (AB) 
from 1 to 100 m enabled the measurement of ground 
apparent resistivity from very close to the surface and 
progressively deeper as AB increases. The base map 
showing the survey layout is presented in Figure 5.

Fig. 5. Location map of the study area showing the FDEM profiles and VES data points

Data processing

Data quality check (QC), the first data process-
ing step carried on both the electromagnetic and 
the ER data, involves checking the two geophysi-
cal data sets for accuracy and consistency. Isolat-
ed spurious and outranged data, especially those 
without geological significance, were filtered. The 
measured apparent conductivity data from the 
Geonics EM-34-3 were filtered to reduce noise 
to the barest minimum (thus increasing signal to 
noise ratio (S/N)), and inverted to generate ground 

conductivity values at the measurement stations. 
Individual ground conductivity data were integrat-
ed using the GPS readings recorded at each sta-
tion during field measurement. The resultant data 
were visualized using Geosoft Oasis Montaj appli-
cation software. The VES data were also QC and 
subsequently plotted on log-log paper for partial 
curve matching using standard two-layer curves 
and auxiliary Cagniard Graph (Koefoed 1979). 
The plotted VES data curves were compared with 
standard curves and thus determined geo-electri-
cal parameters (thickness and resistivity values) of 
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each layer. The resultant layer parameters served as 
starting models for inversion of the field data using 
the model inversion software WinRESIST (Vender 
Velpen 1988) and WingLink geophysical applica-
tion algorithms, developed based on the modified 
Marquardt–Levenberg inversion algorithm (Mar-
quardt 1963, Ghosh 1971, Vender Velpen 1988). 

RESULTS AND INTERPRETATION

The results obtained from the FDEM survey are 
presented in the form of cross-section of 1D re-
sistivity profiles, 2D conductivity distribution 
sections, iso-depth subsurface conductivity dis-
tribution maps and 3D subsurface conductivity 
model across the study area. The iso-depth sub-
surface conductivity distribution maps, which 

show variations in layer conductivity distribution 
with depth, delineated three distinct conductivi-
ty distribution domains (Fig. 6). The first is the 
relatively high conductivity distribution pattern 
(30–35 mS/m) that characterizes the north-central 
part of the study area. The north central high con-
ductivity pattern is largely consistent with depth, 
though slightly decreases in extent at depth. The 
second is the relatively low conductivity distri-
bution pattern (20–24 mS/m) that dominates the 
southern part of the study area. The eastern and 
the western flanks displayed conductivity distri-
butions that vary with depth. The western flank 
displayed relatively low conductivity values that 
gradually increase with depth while high conduc-
tivity distribution in the eastern flank gradually 
decreases along the southern direction (Fig. 6).

Fig. 6. Orthomaps of conductivity distribution at different depths from FDEM
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The three-dimensional (3D) model was gen-
erated by combining all the filtered conductivity 
values of different georeferenced FDEM stations, 
including at different layers/depths, displayed con-
ductivity distribution across the study area from 
−7.5 to −60  m below the earth’s surface (Fig. 7). 
The model generally indicates that the study area 
is characterized by a relatively high apparent con-
ductivity distribution that ranges in value from 20 
to 34 mS/m with an average background value of 

25 mS/m. Isolated regions of higher conductivity 
value (30–34 mS/m), higher than background val-
ue, occurred in the north and southeastern parts 
of the study area. The southern end of the study 
area, especially at the south-central part present 
relatively low conductivity values (20–23 mS/m). 
The low conductivity distribution region coin-
cides with part of the study area where tar sands 
outcrops were observed to be exposed in the sur-
face (Fig. 8).

Fig. 7. 3D conductivity distribution model across the study area generated from FDEM method

Fig. 8. Bitumen/tar sands deposit outcrop (A) and asphalt oozing out from bitumen outcrop around the study area (B)

A B
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The VES survey defined a  three layered geo-
electric earth based on a vertical and lateral sub-
surface resistivity distribution model obtained 
from the inversion of the measured resistivity 
data. The resistivity method resolves the subsur-
face up to 24.1 m depth with resistivity values that 
generally range from 51 to 7844 Ωm. A 2D NW-SE  
trending resistivity profile/section reveals the 
topsoil, second/middle and the third/lower layers. 
The first layer (topsoil) is relatively thin (usually 
less than 2  m thick) and presents characteristic 
heterogeneous resistivity distribution that range 
in value from 204 to 3759 Ωm. The middle layer 
can be subdivided into low resistive (61–688 Ωm) 
brackish water-saturated sands or tar sands, and 
high resistivity (1435–7843 Ωm) tar/bitumen 
saturated sands. The third/lower layer presents 
background resistivity values. Figure 9 presents 
the subsurface resistivity distribution model gen-
erated by combining the fourteen resistivity logs, 
indicating the variation in the resistivity dis-
tribution with depth. The 2D resistivity section 

indicates low resistivity second/middle layer en-
countered at VES 13, 12, 11, and three stations, 
having resistivity distribution that range in value 
from 52 to 688.6 Ωm. On the other hand, a high 
resistivity value (1363–7844 Ωm) characterizes 
the middle/second layer at VES 16, 10, 9, 8, 6, 5, 
4 and 14 stations. The low resistivity VES stations 
appeared to be restricted to the southwestern part 
of the study area while the high resistivity ones 
occur in the northwest. Field observation indi-
cates tar sands deposit exposed at VES station 4 
(Fig. 9) with a characteristic high resistivity value 
(as high as 7843 Ωm). The low resistivity region 
in the eastern part of the field is close to the la-
goons and hence usually flooded with brackish 
water during the rainy season. The high resistiv-
ity values towards the southern part of the study 
area can be attributed to bitumen impregnation 
of the sand unit within the study area. The thick-
ness of the high resistivity bitumen impregnat-
ed layer ranges from less than 2 m to as much as 
10 m within the study area.

Fig. 9. Resistivity distribution section generated from VES data points aligned along NE-SW

CONCLUSION

Combining frequency domain electromagnet-
ic terrain conductivity and electrical resistivity 

distribution data has proved potent to illuminate 
the subsurface and delineate the spatial distribu-
tion and thickness of bitumen saturated deposits 
around Makun Omi in the Ijebu Waterside area of 
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southwestern Nigeria. The orthomaps (iso-depth) 
conductivity distribution maps and 3D conduc-
tivity earth model generated from the EM sur-
vey indicate low conductive regions attributed to 
the occurrence of bitumen impregnated sands/tar 
sands in the south-central part of the study area 
while relatively high conductivity values charac-
terize the fresh/brackish water-saturated sands in 
the north central part of the study area. The resis-
tivity distribution pattern complements and cor-
roborates the electromagnetic survey results as it 
delineates three resistivity layers, with the middle 
layer saturated with bitumen.
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