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A B S T R A C T   

This study analysed high-resolution aeromagnetic data over part of Chad Basin, Nigeria to determine the im
plications of geological structures and heat flow on the geothermal and hydrocarbon potential of the basin. Curie 
Point Depth (CPD) analysis, Curvature analysis and Source Parameter Imaging (SPI) were applied in this study. 
The estimated CPD and heat flow range from 11 to 19 km and from 75 to 125 mW/m2 respectively. The geological 
structures in the area predominantly trend in the E-W direction, followed by the ENE-WSW direction. Other 
prominent structural trends include NE-SW and WNW-ESE. The depths to the magnetic sources range from about 
0.1 km to over 5 km. A large number of shallow-seated magnetic structures, believed to be intra-sedimentary 
intrusive bodies, were mapped in the southern and northwestern parts of the study area. The estimated heat 
flow in Chungul Buturi and Gumsa areas was found to be sufficient for the economic exploitation of geothermal 
energy. The results of this study showed that the basin is thermally matured for hydrocarbon generation. 
However, high magnitudes of heat flow and the presence of a large number of intrusive bodies in parts of the 
basin might have been the reason behind the unsuccessful attempts to find hydrocarbon in commercial quantities 
in the basin. The results also showed that the basin has a higher potential for gas accumulation than oil. Future 
exploration for commercial hydrocarbon accumulation in the basin may be successful if the exploration sites are 
narrowed down to the regions where moderate heat flow, high sedimentary thicknesses with few shallow seated 
magnetic sources (intrusives), and elongated geological structures were mapped in this study.   

1. Introduction 

The magnetic signature of the crust is observed as anomalies in the 
magnetic field of the Earth. These anomalies are exploited in the mag
netic method of geophysics to investigate the Earth’s subsurface. The 
magnetic method is used as a tool for locating mineral deposits, studying 
basin structure and its hydrocarbon potential, mapping geological fea
tures, and identifying geothermal resources, among others (Nabighian 
et al., 2005). In the search for geothermal energy and hydrocarbon 

fluids, the magnetic method involving the use of high-resolution aero
magnetic data (HRAD) helps in determining the geothermal and hy
drocarbon potential of a basin by providing reconnaissance information 
on the geological structures, and as well as the thermal structure, of the 
Earth’s crust. 

The global call for clean and renewable energy to ensure a healthy 
energy-nature loop has necessitated the regional-scale search for alter
natives to fuel-fired energy production. The increasing energy demands 
of human beings and the carbon-induced climate irregularities direct 
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energy demands towards geothermal energy, which is a natural energy 
of the Earth. A carbon-free energy future could be achieved through the 
exploitation of geothermal energy. However, identifying the suitable 
region for geothermal exploitation requires information about the 
thermal structure of the crust. Several studies have attempted to esti
mate the thermal structure of the Chad Basin Nigeria from near-surface 
heat-flow measurements. Nwankwo et al. (2009) estimated a heat flow 
range of 63.6–105.6 mW/m2 from well log data acquired from 14 oil 
wells. Nwankwo and Ekine (2009) estimated the thermal gradients to be 
within the range of 30–44 ◦C/km with a mean value of 34 ◦C/km using 
temperature data from 21 oil wells. Also, Kwaya et al. (2016), using oil 
and water well data, estimated thermal gradient values ranging from 
28.1 to 58.8 ◦C/km, with a mean value of 37.1 ◦C/km. Near-surface 
geothermal measurements, which have been the conventional method 
for estimating the crustal thermal structure, suffer some setbacks as they 
may be contaminated by local thermal anomalies; are rarely distributed 
geographically evenly; and are usually insufficient to define regional 
geothermal structures (Tanaka et al., 1999; Ross et al., 2006). Several 
studies have shown good correlations between the known thermal 
structures and those estimated from the depth to the bottom of magnetic 
sources (DBMS) which were determined from spectral analysis of 
aeromagnetic data (e.g. Tanaka et al., 1999; Ross et al., 2006; Okubo 
et al., 1985; Okubo and Matsunaga, 1994; Li et al., 2017). The DBMS, 
although may represent petrological/compositional boundary, is used 
synonymously with Curie point depth (CPD) due to the non-magnetic 
behaviour of the crust below the CPD. The CPD is the depth at which 
magnetic minerals in rocks attain their Curie temperature. Below the 
CPD, the rocks are non-magnetic due to increasing temperature. The 
CPD helps in understanding the crustal thermal structure under the 
assumption of vertical temperature gradient in the lithosphere. The 
thermal structure can be used to evaluate the geothermal resource and 
hydrocarbon potentials of a sedimentary basin. In this study, the CPD is 
assumed to be the depth to the deepest level in the crust containing 
minerals that produce anomalies in the magnetic field of the Earth. 

Interest in sedimentary basins arises from the fact that they are 
usually potential hosts for oil, gas, minerals, and groundwater. It has 
been established that the Chad Basin in Nigeria has some favourable 
critical criteria for high hydrocarbon prospect (Reyment, 1965; Matheis 
and Kogbe, 1976; Agagu and Ekweozor, 1980; Petters, 1981; Avbovbo 
et al., 1986; Okosun, 1995; Palumbo et al., 1999; Obaje et al., 1999; 
Adekoya et al., 2014). Also, significant oil discoveries in commercial 
quantities have been made in neighbouring basins, such as Termit Basin 
in the Niger Republic and Doba Basin in the Chad Republic, whose 
source rocks and rift system are similar to those observed in the Nigerian 
sector of the Chad basin (Obaje et al., 2004; Mijinyawa et al., 2013; 
Aderoju et al., 2016). However, efforts made by the Nigerian Govern
ment through the Nigerian National Petroleum Corporation (NNPC) to 
find commercial oil and gas accumulation in the basin have not been 
successful despite intensive 2D and 3D seismic surveys and drillings 
(Obaje et al., 2004; Aderoju et al., 2016; Nwankwo et al., 2012). Most 
wells acquired by the NNPC were dry, with a few having some gas or oil 
shows with no evidence of commercial quantity (Aderoju et al., 2016). 
There is therefore the need to interpret the available geophysical data 
that can help to suggest, at a regional scale, the possible cause of many 
dry wells in the basin and areas that are favourable for successful hy
drocarbon exploration in the basin. Hence, this study aimed at analysing 
and interpreting the HRAD over the area to provide reconnaissance in
formation that will serve as a guide in the ongoing prospecting for hy
drocarbon in the area, as well as, in assessing the geothermal potential of 
the basin. 

2. Geology and tectonic settings of Chad Basin Nigeria 

The Chad Basin is an inland basin that was created when Gondwana 
split and the South American and African plates were separated (Ader
oju et al., 2016). The basin straddles into Chad Republic, Nigeria, 

Cameroon, Niger and the Central African Republic, with Chad and Niger 
sharing more than a half of it (Obaje, 2009). The Nigeria’s portion of the 
Chad Basin (locally referred to as Bornu Basin) is situated in the 
north-eastern region of the country and covers nearly a tenth of the 
entire Chad Basin. Fig. 1 shows the Chad Basin Nigeria as one of the 
major geological units in the country. The basin’s epochs of sedimen
tation range from Albian to Quaternary (Avbovbo et al., 1986) and the 
majority of the sediments were deposited during the Cretaceous period. 
The basin consists of six stratigraphic units (see Fig. 2), namely, the Bima 
Sandstone at the bottom, followed by the Gongila Formation, Fika Shale, 
Gombe sandstone, Kerri–Kerri Formation and Chad Formation. The 
oldest stratum (Bima Sandstone) is from Albian to Cenomanian ages. It 
comprises continental, fossiliferous, thin to thick beds of coarse to 
fine-grained, feldspathic sandstones, which lie unconformably on the 
Pre-Cambrian basement (Avbovbo et al., 1986; Okosun, 1995). It also 
includes thin shales and intercalations of sandstone with a thin band of 
clay and siltstone (Okosun, 1995; Ahmed et al., 2022). The earliest 
deposition of marine sediments in the basin occurred during the Turo
nian age. The Gongila Formation rests conformably on the Bima Sand
stone. It represents a transition from continental to marine sediments. It 
consists of interbedded shale, sandstone, layers of volcanic intrusive 
bodies occurring as diorite sills, and fossilized and non-fossilized lime
stone (Okosun, 1995; Ahmed et al., 2022). The Fika Shale consists of 
Turonian to Santonian marine sediments, which are mainly locally 
gypsiferous marine blue-black shale with thin limestone intercalations. 
Volcanic intrusive, which occurred as diorite sills, are emplaced at 
several horizons in the Fika Shale. The Gombe Sandstone is present only 
in some parts of the Chad Basin. It is a deltaic/lacustrine sedimentary 
formation that occurred during the Maastrichtian. It consists of inter
bedded sandstone, shale, siltstone, and clay. The Gombe Sandstone is 
overlain by the continental deposits (Kerri-Kerri Formation) of Paleo
cene age. The Kerri-Kerri Formation comprises thin and thick beds of 
grit, sandstone and gritty clay. The Chad Formation, which is the 
youngest stratigraphic unit in the basin, is made up of continental 
(lacustrine) and Quaternary sediments consisting of sandy strata inter
layered by clay. The petroleum source rocks in the basin are believed to 
exist within the Fika Shale and Gongila Formation (Moumouni, 2009). 

Tectonically, the framework and evolution of the basin are charac
terized by four stages: Pan African Crustal Consolidation (750–550 Ma), 
Early Rift (130–98 Ma), Late Rift (98–75 Ma) and Post Rift stages (66–0 
Ma). Major basement structures, including the NE–SW trending fault 
system of the basin, were created during the Pan African crustal 
consolidation (Obaje, 2009). The rift system that resulted in the creation 
of the basin occurred during the Early Rift stage. The tectonic activities 
of the Late Rift produced geological structures that include NW-SE 
trending faults and folds. The majority of the faults in the basin resul
ted from movements along the basement faults (Okosun, 1995). The 
basin’s significant tectonic events ended before the Post Rift stage. 
Hence, the Tertiary and Quaternary strata have no notable faulting or 
significant folding. 

3. Materials and methods 

The HRAD sheets covering Latitudes 11◦00′

− 13◦00′N and Longi
tudes 11◦30′

− 14◦00′E in the Chad Basin Nigeria were used. The data 
are parts of the nationwide HRAD acquired in 2006 and 2007 by Fugro 
Airborne Surveys (FAS). The aeromagnetic surveys were carried out on 
behalf of the Nigerian Geological Survey Agency (NGSA). The magnetic 
sensor was flown at a nominal altitude of 80 m, and data were collected 
every 0.1 s along a set of NW-SE flight lines, spaced 500 m, with a tie-line 
spacing of 2000 m in the NE-SW direction. All necessary data correc
tions, including the International Geomagnetic Reference Field (IGRF) 
removal, were performed by FAS. 

The HRAD is presented as Total Magnetic Intensity (TMI) anomaly 
map in Fig. 3a. The study area is in low geomagnetic latitudes (i.e., 
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latitudes with magnetic inclinations of less than 15◦) where the reduc
tion of data to the geomagnetic pole is generally unstable. The effect of 
the geomagnetic inclination on the study area was, therefore, corrected 
by reducing the TMI anomaly map to the equator. The reduced to 
equator (RTE) anomaly map (Fig. 3b) produced is an enhanced TMI 
anomaly map in which the anomalies are centred over their causative 
bodies, thereby, making the anomaly interpretation easier and more 
accurate. 

3.1. Determination of CPD and heat flow 

The well-established centroid approach to CPD estimation (Tanaka 
et al., 1999; Okubo et al., 1985; Bansal et al., 2011) was used in this 
study. The centroid method, which is the most currently used method 
(Quintero et al., 2019), gives more reliable depth estimates compared to 
other CPD estimation methods such as forward modelling and spectral 
peak method (Ravat et al., 2007). The centroid method computes the 
CPD (Zb) using the relation (Okubo et al., 1985): 

Zb = 2Zc − Zt (1)  

where Zc and Zt are the centroid and top depths of the deepest magnetic 
body. The values of Zt and Zc are estimated from the power spectral 
density (P(k)) of magnetic data using the relations (Bansal et al., 2011): 

ln
(
kβ P(k)

)
=A1 − 2|k|Zt (2)  

and 

ln
(

kβP(k)
k2

)

=A2 − 2|k|Zc (3) 

respectively; where k is the wavenumber, A1 and A2 are constants, 
and β is a scaling exponent used to correct the spectrum to allow for 
fractal distribution of sources (Bansal et al., 2011, 2013). The value of β 
depends on the lithology and heterogeneity of the subsurface. The 
conventional centroid method (Tanaka et al., 1999; Okubo et al., 1985) 
assumes that the source distribution is random and uncorrelated, while 

the Modified Centroid Method of (Bansal et al., 2011, 2013) assumes 
that the distribution of sources is fractal, i.e. random and correlated, in 
nature. These two centroid methods were considered in this study. If β is 
taken to be zero in Equations (2) and (3), the equations are applicable to 
the conventional centroid method. However, if β > 0, the equations are 
for the Modified Centroid Method. Using the Modified Centroid Method, 
the value of β must be chosen carefully, since the estimation of the 
scaling exponent from inversion method produces unrealistic values 
(Bansal et al., 2013). Using high value of β must also be avoided because 
it may lead to overcorrection of the spectrum. According to Ravat et al. 
(2007), estimating depths by correcting the power spectrum with the 
scaling exponent set to a fixed value of 3 overcorrects the power spec
trum. Bansal et al. (2011) suggested that the value of β must be ≤ 2 
otherwise the spectrum will be overcorrected, while Bansal et al. (2013) 
stated that a value of β > 1.5 also results in overcorrection. Quintero 
et al. (2019) and Bansal et al. (2013) considered β = 1 for correcting the 
power spectrum. This value (i.e. β = 1) was tried for the study area, and 
at posteriori, it was appropriate. With this value, the low wavenumber 
segments of the power spectrum from which depth information was 
obtained were well defined and the estimated depths were realistic 
when compared with estimations from oil well data. 

CPD provides a proxy for calculating temperature-at-depth, and 
invariably the heat flow through the crust. The geothermal gradient and 
heat flow were estimated under the assumptions that there is constant 
vertical temperature gradient and the layer between the surface and the 
CPD has no heat sources/sinks (Tanaka et al., 1999). Following this 
assumption, the geothermal gradient is the ratio of the difference be
tween the Curie temperature and surface temperature to the CPD 
(relative to the surface). The heat flow is given by: 

Q= k
(

dT
dZ

)

= k
(

θc − θs

zb

)

(4)  

Where (dT/dz) is the geothermal gradient, θc is the Curie temperature, θs 
is the surface temperature and k is thermal conductivity. The annual 
mean surface temperature of the Chad Basin Nigeria is 28◦C (Tyoh et al., 
2021). Studies have shown that the Curie temperature of the dominant 

Fig. 1. The Nigerian Geological Map showing the study area within the Chad (Bornu) Basin (Adapted from Obaje et al., 2006).  
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mineral in deep continental crustal rocks that produces magnetic 
anomalies of long-wavelength is about 580◦C (Frost and Shive, 1986; 
Stacey, 1977), hence, thermal gradients were computed from the CPD 
using Curie temperature value of 580◦C. The average thermal conduc
tivity for igneous rocks is 2.5 Wm− 1C− 1 (Stacey, 1977). For the 

sedimentary section, the average thermal conductivity value of the 
major formations of the Nigerian Chad Basin is assumed. According to 
Dieokuma et al. (2013), the average thermal conductivity values of the 
Bima, Gongila, Fika and Chad formations are 2.879 Wm− 1C− 1, 2.470 
Wm− 1C− 1, 2.432 Wm− 1C− 1 and 2.397 Wm− 1C− 1 respectively. This 

Fig. 2. Generalized lithostratigraphy of the Chad Basin Nigeria (After (Avbovbo et al., 1986; Adegoke et al., 2015)).  

Fig. 3. (a) TMI anomaly map and (b) RTE anomaly map.  
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implies that the average thermal conductivity of the Basin is 
∼ 2.5 Wm− 1C− 1, which is similar to that of the basement rock. Hence, 
heat flow values were computed using k = 2.5 Wm− 1C− 1.

The study area has a dimension of about 275 km× 220 km. The 
average CPD of the study area was estimated from the power spectra of 
the entire RTE anomaly data using the conventional centroid method 
(Fig. 4a) and the modified centroid method (Fig. 4b). The CPD values 
were first computed relative to the data elevation (RDE) and then, 
relative to the ground level (RGL). 

In order to obtain more CPD samples that could show the variation of 
CPD across the study area, the RTE anomaly data was subdivided into 
twelve parts with 110 km × 110 km 50% overlapping blocks (Fig. 5a). 
Larger window sizes were avoided considering the limited size of the 
study area and the fact that they could include contributions of different 
geological and tectonic environments (Bansal et al., 2011, 2013; Quin
tero et al., 2019; Ravat et al., 2007). Prior to the subdivision, the data 
were upward continued to 2 km to suppress the effects of near-surface 
and intra-sedimentary sources. Filtering for removal of the regional 
field was avoided for the reason that it may alter the low wavenumber 
portion of the power spectra and as well, the CPD estimates (Ravat et al., 
2007). The IGRF (Degree 13) model used for the compilation of the 
dataset is enough for separating the crustal field from the geomagnetic 
field (Ravat et al., 2007). The power spectral densities of the blocks were 
computed in the Fourier domain. The power spectra and the respective 
CPD estimates for two blocks (blocks 9 and 10) are presented as exam
ples in Fig. 5b for the conventional centroid method and Fig. 5c for the 
modified centroid method. The presented spectra are just up to a 
wavenumber of 2.5 rad/km. The estimated CPDs, computed relative to 
the earth surface, for all block locations are shown in Fig. 6. 

Different authors (e.g. Nwankwo and Ekine, 2009; Kwaya et al., 
2016; Shirputda, 2019) have estimated different but close values of the 
geothermal gradient of Chad basin Nigeria from corrected Bottom Hole 
Temperature (BHT) data collected from oil exploration wells. The re
ports by the authors are summarised in Table 1. 

In this study, the geothermal gradients derived from the estimated 
CPD values based on the conventional centroid method and modified 

centroid method are shown in Fig. 7a and b respectively. The average 
value of the geothermal gradients for each oil well in Table 1 is indicated 
on the maps (Fig. 7a and b) to determine the centroid method whose 
estimates are closer to the values obtained from the oil wells. As shown 
in Fig. 7, the modified centroid method produced closer geothermal 
gradient values and was therefore considered more reliable and used to 
produce CPD and heat flow maps of the study area. 

3.2. Mapping of geological structures 

Geological structures were automatically interpreted from the RTE 
anomaly data using curvature analysis (Phillips et al., 2007). The algo
rithm automatically extracts maxima with strike directions from a spe
cial function grid of potential field data whose maxima directly 
coincides with the locations of source edges. The special function used in 
this study was the 3D Analytic Signal Amplitude (ASA) (MacLeod et al., 
1993). The ASA was applied to the RTE anomaly data at different up
ward continuation heights (100 m, 1 km, 3 km and 5 km) to map 
structural features ranging from shallow to deep depths. The upward 
continuation enhances the effect of deep-seated magnetic sources. The 
higher the upward continuation height, the more the geological struc
tures at deep depths are revealed, and the more the effects of geological 
structures at shallow depths are suppressed. Integrating the lineaments 
of geological structures inferred at various upward continuation heights 
(in increasing order) reveals the continuity of the geological structures 
with depth and helps in differentiating the structures that are limited to 
shallow depths from those that extend to deep depths or are deep-seated. 
Fig. 8 shows the analytic signal maps corresponding to the upward 
continuation heights of 100 m, 1 km, 3 km and 5 km. The black lines on 
the maps indicate the lineament extracted from the ridges (linear set of 
maxima) of the analytic signal grids. The extracted lineaments were 
integrated to form a composite map that depicts the geological struc
tures in the study area and the continuity of the structures with depth. 

Fig. 4. Estimation of CPD from the power spectra of the entire study area based on (a) the conventional centroid method and (b) the modified centroid method.  
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3.3. Estimation of depths to magnetic sources 

The depths of magnetic sources in the area of study were estimated 
from the TMI anomaly data using Source Parameter Imaging (SPI) 
technique. The technique, developed by Thurston and Smith (1997), 
computes depths rapidly from the inverse of the peaks of the local 
wavenumber of the magnetic data without depending on magnetic pa
rameters such as inclination, declination and remanent magnetization, 
and geological parameters such as the strike and dip of the structures. 
The TMI anomaly data was upward continued to 100 m before the de
rivatives used for SPI depth estimations were computed. This was done 
to suppress the effects of possible near-surface non-geologic (cultural) 
sources in data. The SPI depth solutions were gridded and presented 
relative to the ground level as a magnetic source depth map. 

4. Results and discussion 

Fig. 3 reveals the magnetic anomalies of the study area. The anomaly 
values range from about − 162 nT to 212 nT on the TMI map, and from 
about − 155 nT to about 197 nT after reduction to the equator. The RTE 
anomaly map shows magnetic anomalies that are more centred over the 
causative bodies. The variation in the intensities of the anomalies is due 
to the differences in the susceptibilities, geological boundaries and 

Fig. 5. (a) Filtered RTE anomaly map with the centres of the twelve overlapping blocks labelled on it. The examples of spectra and the respective CPD (Zb) esti
mation for block 9 and block 10 based on (b) the conventional centroid method and (c) the modified centroid method. The lower and upper portions indicate the top 
depth (Zt) and centroid depth (Zc) respectively. 

Fig. 6. The estimated CPDs (relative to the ground surface) for all blocks based on (a) the conventional centroid method and (b) the modified centroid method. The 
CPD values are in km. The names and locations of the known oil wells in the study area are shown in red colour. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Geothermal gradients in ◦C/km obtained in recent studies from BHT data 
collected from oil wells.  

Well 
ID 

Well Nwankwo 
and Ekine 
(2009) 

Kwaya 
et al. 
(2016) 

Shirputda 
(2019) 

Average 

GAB GAIBU-1 – – 41 41 
KND KANADI-1 38 50.2 36 41.4 
KMR KEMAR-01 37 58.8 42 45.9 
KNS KINASAR-01 36 36.1 41 37.7 
KRT KRUMTA_1 34 30.8 34 32.9 
MSU MASU-1 35 36.7 36 35.9 
MRS MURSHE-01 30 29.9 33 31 
NGM NGAMMAEAST- 

1 
36 42.9 40 39.6 

NGR NGORNORTH-1 31 – 34 32.5 
SA1 SA-1 33 47.1 55 45 
TUM TUMA-01 34 31.4 39 34.8 
WAD WADI-1 32 37.4 41 36.8 
WSH WUSHE-1 – 33.4 36 34.7 
ZYE Ziye-1 30 32.8 33 31.9  
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depths of the underlying rocks. Visual inspection of the map revealed 
that the magnetic anomalies dominantly have E-W, ENE-WSW and NE- 
SW orientations. Qualitative interpretation suggests that the short 
wavelength anomalies that are notable in the southern portion of the 
map are due to the presence of shallow magnetic sources, while the long 
wavelength and high magnitude magnetic anomaly extending from the 

lower part of the north-eastern portion towards the central portion 
corresponds to deep-seated magnetic sources. 

The average CPD computed from the magnetic anomalies over the 
entire study area using the modified centroid method (Fig. 4b) is 16 km. 
This implies that the average geothermal gradient and heat flow in the 
area is about 35◦C/km and 87 mW/m2 respectively. The CPD values 

Fig. 7. The estimated geothermal gradients (in ◦C/km) for all blocks based on (a) the conventional centroid method and (b) the modified centroid method. The 
geothermal gradient values obtained from oil wells in the study area are shown in red colour. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 8. Analytic Signal maps of the RTE anomaly data upward continued to (a) 100 m (b) 1 km (c) 3 km and (d) 5 km. The black lines on the map indicate the lines of 
the Analytic Signal maxima. 

M.O. Awoyemi et al.                                                                                                                                                                                                                           



Journal of Petroleum Science and Engineering 213 (2022) 110388

8

(Fig. 6b) obtained from the 12 overlapping blocks (Fig. 5) were gridded 
(interpolated and extrapolated) over the bounds of the study area to 
produce the CPD map in Fig. 9a. Fig. 9b shows the heat flow map 
generated from the gridded CPD values using Equation (4). The contour 
lines on the heat flow map indicate the estimated geothermal gradients. 
As shown in Fig. 9a, the CPDs in the study area range from 11 to 19 km. 
The deepest CPD occur at Monguno and Marte areas in the northeastern 
part, while the shallowest CPD occur around Gumsa, Wariri and Chun
gul Buturi in the northwestern part. Previous studies (e.g. Lawal and 
Nwankwo, 2017) showed that the deepest CPD in the basin is located 
around Marte area, while Chungul Buturi and its environs are relatively 
shallow CPD regions of the basin. The geothermal gradients in the study 
area range between 30 and 49◦C/km, while the heat flow range from 75 
to 125 mW/m2. The heat flow values represent the background (or 
regional) heat flow in the area. The deviation of the BHT thermal 
gradient values from the estimated background values, as observed in 
Fig. 7b, might be due to reasons including the existence of secondary 
heat sources (intrusive/radiogenic) or sinks in the vicinity of the wells. 

The analytic signal maps from which lineaments were extracted 
using curvature analysis are shown in Fig. 8. The Analytic Signal peaks 
over magnetic source edges, which are interpreted as geological struc
tures. The composite map in Fig. 10 presents the distribution and net
works of geological structures in the study area. The lineaments in 
green, red, blue and black on the map indicate structures that were 
mapped at upward continuation heights of 100 m, 1 km, 3 km and 5 km 
respectively. The composite map reveals that the Chad Basin is affected 
by many structures at different depths. The map also shows geological 
structures that are limited to shallow depths from those that extend to 
deep depths or are deep-seated. The extension of a geological structure 
from shallow depth (green) to deep depth (black) is indicated by the 
continued presence of lineaments at increasing altitudes of upward 
continuation. The progressive shifts of lineaments from shallow to deep 
zones indicate the direction of the down-dip (Awoyemi et al., 2017). 
Some notable down-dip directions on the map are indicated by yellow 
arrowheads. The lineaments in green that show no extension downward 
are shallow-seated and are most likely indicative of intra-sedimentary 
structural features in the basin. Isolated lineaments in red might be 
intra-sedimentary contacts/fractures that have no direct relationship 
with the basement. Lineaments in red that show continuity downward 
are more likely intra-sedimentary faults that resulted from basement 
fault propagation. Basement fault propagation in some parts of the Chad 
Basin was reported by Awoyemi et al. (2016). The lineaments in blue are 
possibly deep intra-sedimentary structures or structures existing 
on/near the basement surface. The lineaments in black are deep-seated 
and are most likely associated with the basement. The lineaments that 
feature across all levels (i.e. from black to green) on the map are the 

major structural features in the study area. The existence of many 
elongated and interconnected structures in the area suggests the likeli
hood of structural traps and conduits for the flow of hydrocarbon and 
hydrothermal fluids in the area. 

The lineaments in the study area predominantly trend in the E-W 
direction, followed by the ENE-WSW direction. Other prominent struc
tural trends in the area include the NE-SW and WNW-ESE. The NW-SE 
trending structures are more notable among the deep-seated linea
ments (blue and black). The identified trends are in agreement with the 
previous works in the Chad Basin (e.g. Aderoju et al., 2016; Awoyemi 
et al., 2016). The E-W trend is one of the prominent trends in the geology 
of Nigeria. It is part of the dominant structural grain produced by the 
reactivation of the Late Precambrian to Cambrian basement terrain zone 
of weakness by the Pan-African Orogeny (Nwajide, 2013). There are also 
suggestions that the E-W trend represents the pre-Pan-African fault 
system (e.g. Emujakporue et al., 2018; Auduson and Onuoha, 2020). The 
NE-SW and NW-SE trends are the major structural pattern that the 
Nigerian Chad Basin share with the rest of the Mega Chad Basin. The 
NE-SW trending structures were produced during the Pan-African 
crustal consolidation (Okosun, 1995). The NE-SW and ENE-WSW 
trends have been linked to the precursor rift directions formed during 
the African Consolidation Stage (Nwajide, 2013; Genik, 1992). The 
lineament labelled “RS” indicate a regional-scale structure cutting 
through the entire study area from Damaturu area to Monguno area. 
Another notable feature on the map is the point labelled “P” at the 
Gajiram area, which indicates the intersection point of a possible 
intra-sedimentary conjugate fault system in the basin. The known oil 
wells in the basin are located exactly on or near the identified geological 
structural lines in the study area. 

Fig. 11 shows the depths to the magnetic sources in the basin. The 
depths were computed relative to the ground surface. In the absence of 
intra-sedimentary intrusives, the depths represent sedimentary thick
nesses. The source depth map shows the presence of magnetic sources at 
depths ranging from shallow (<120 m) to deep (>5 km) zones. Several 
shallow-seated sources were observed around Bama, Maiduguri, Gujeri, 
Benisheikh and Chungul Bulturi areas. This suggests the presence of 
intra-sedimentary intrusive bodies in the areas. The blue region labelled 
SB contains the largest piles of sediments in the basin. This might be a 
depocenter or large sub-basin in the Chad Basin. 

4.1. Implications for geothermal energy in the study area 

Geothermal energy-rich zones, which are the primary target in 
geothermal exploration, are characterized by high geothermal gradient 
and high heat flow. The result of this study shows that the heat flow 
values in the study area range from 75 to 125 mW/m2. This implies that 
the magnitude of heat flow in the study area is above the global average, 

Fig. 9. (a) CPD map showing the DBMS of the study area below the ground surface. (b) Inferred heat flow map of the study area. The contour lines on the heat flow 
map indicate the estimated geothermal gradients of the study area. 
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which is 65 mW/m2 in continental crust (Pollack et al., 1993). The heat 
flow in areas such as Maiduguri, Magumeri and Benisheikh is moder
ately high (90–100 mW/m2), while the geothermal condition around 
Chungul Buturi and Gumsa areas is anomalously high (>100 mW/ m2). 
According to Kappelmeyer et al. (1979), the areas having heat flow 
values that are > 100 mW/m2 are suitable for the economic exploitation 
of geothermal energy. This implies that Chungul Buturi and Gumsa are 
promising areas containing sufficient geothermal energy. 

Geothermal exploration involves not only identifying high heat flow 
regions but also low density, cost-effective regions to drill and major 
geological structures such as fault or fracture networks within the sub
surface that probably control the flow of geothermal fluid. Geological 
lineaments such as fault lines delineated in geothermal rich zones are 
good indicators for geothermal exploration targets (Peng et al., 2019). 
Fault and fracture zones are often identified as prime drilling locations 
because they are weakness zones with densities much less than the 

Fig. 10. Composite map of inferred geological structures at different upward continuation heights.  

Fig. 11. SPI map showing the depths to magnetic sources in the study area.  
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surrounding rocks; and in addition, faults and fractures serve as hosts for 
hydrothermal fluids or conduits for their movement. The identified 
geological structures (Fig. 10) that are elongated and show both shallow 
(green or red) and deep (black or blue) expressions at or in between 
Chungul Buturi and Gumsa areas are major geological structures that are 
more likely to contain valuable geothermal resources that can be 
exploited easily by drilling. 

Apart from the transfer of energy from the crystalline basement into 
the overlying sedimentary column, intrusive rocks play critical roles in 
the distribution of geothermal energy in their regions of occurrence 
within the sedimentary basin. They have enhanced heat production 
from radioactive decay (Wright et al., 1985) which further reinforces the 
background geothermal energy. Due to their elevated heat production, 
they act as reservoirs (collection of hot rocks) from which heat can be 
drawn. The results obtained in this study (Figs. 10 and 11) show zones of 
concentrated shallow seated magnetic structures (at depths < 0.5 km), 
which are believed to be intra-sedimentary intrusive bodies, in Bama, 
Maiduguri, Benisheikh, Gujeri and Chungul Buturi areas. These intru
sive dominated zones may be considered for geothermal resource har
nessing in addition to the suggested geothermal rich zones of the Basin. 

4.2. Implications for hydrocarbon maturity in the study area 

The maturation of hydrocarbon in source rocks is driven by a number 
of factors. These include the type and organic content (kerogens) of the 
source rock; duration of sedimentation process; history of sedimentation 
and burial (depth); and temperature gradient (Palumbo et al., 1999). 
Information gathered from the literature has shown that the Chad Basin 
in Nigeria possesses some of these critical criteria, as well as other fac
tors that are essential for high petroleum prospect. These include the age 
of the basin (Burke, 1969), geochemistry of source rock (Petters and 
Ekweozor, 1982), sedimentary sequence (Reyment, 1965; Matheis and 
Kogbe, 1976; Petters, 1981; Okosun, 1995), potential traps (Agagu and 
Ekweozor, 1980; Avbovbo et al., 1986), and reservoir rocks (Avbovbo 
et al., 1986; Okosun, 1995). This information is insufficient to ascertain 
the presence of oil and gas in the basin, as other information about the 
heat flow variation and sedimentary thickness is needed to gain insights 
into the rate and extent of maturation of hydrocarbon in the basin. The 
results of this study provide useful information for assessing the hy
drocarbon maturity in the basin. The SPI map (Fig. 11) represents the 
sedimentary thickness map (in the absence of intra-sedimentary intru
sive), while the heat flow map (Fig. 9b) gives insight into the regional 
heat flow in various parts of the study area. High sedimentary thickness 
is generally favourable for hydrocarbon maturation and it is one of the 
key factors that determine the existence of oil and gas windows. 
Generally, oil window occurs at depths between 2500 ft (~760 m) and 
16,000 ft (~4880 m) and natural gas is formed below it (Congress Office 
of Te, 1989). The SPI map shows sedimentary thicknesses as high as 5 
km, and even more, in many parts of the study area (e.g. the southern 
parts of Gubio and Gajiram). This implies that the existence of oil win
dow within the basin is possible. 

Another key factor that determines the maturation of hydrocarbon is 
geothermal energy. Geothermal energy plays important role in the for
mation of fluid hydrocarbon. The hydrocarbon maturation of potential 
source rocks involves a slow cooking (i.e. thermodynamic conversion) of 
kerogens into fluid hydrocarbon (oil and gas), which then preferentially 
flow into porous reservoir rocks (Palumbo et al., 1999). The maturation 
process is highly controlled by the large quantity of heat transferred 
from the basement into the overlying sedimentary column. This heat 
controls the phase changes that may take place in the subsurface during 
the process of hydrocarbon generation, migration and entrapment. 
However, a negative influence of heat flow may arise when the 
geothermal energy released to the source rock exceeds their geothermal 
temperature window. Consequently, the source rocks will become over 
matured and their kerogen content will be destroyed, which will 
invariably affect the quantity of hydrocarbon being generated. Also, 

when the temperature in an oil reservoir exceeds the boiling point of oil 
but still falls within the temperature window of gas, a phase transition 
from liquid state (oil) to gaseous state (gas) occurs. However, when the 
reservoir temperature is too high as a result of high geothermal heat flow 
through the reservoir, the trapped oil may be boiled off completely over 
a period of time, giving rise to a dry well. According to Selley (1998), 
significant crude oil generation occurs at temperatures between 60◦C 
and 120◦C, and considerable gas generation occurs at temperatures 
between 120◦C and 225◦C. The average geothermal gradient of the 
study area is 35◦C/km. With this average, the depth range corresponding 
to the oil window is 1.7 – 3.4 km. This implies that the basin is thermally 
matured for the generation of oil, with the possibility of gas being 
formed beneath it. However, the high magnitudes of background heat 
flow observed in the study area and the existence of a large number of 
intrusive bodies in many parts of the basin might have led to the 
occurrence of overheating during and after fluid hydrocarbon genera
tion and entrapment in many parts of the basin. The exposure of source 
rocks to excessive heat flow for millions of years could have led to rapid 
generation of hydrocarbon and evaporation of the accumulated hydro
carbon from the basin. This could have been the reason why the NNPC 
and other oil firms have been unsuccessful in their search for commer
cial hydrocarbon accumulation in the area. The oil wells drilled in the 
basin were mostly dry, while a few had insignificant oil or gas shows 
(Aderoju et al., 2016). The oil well (Ngammaeast-1) drilled near the 
anomalous geothermal environment identified in this study was 
completely dry (Aderoju et al., 2016). The presence of many intrusive 
bodies in a high geothermal energy environment also suggests that the 
basin has a higher potential for gas accumulation than oil as reported in 
earlier studies (Obaje et al., 2004; Petters and Ekweozor, 1982; Olug
bemiro et al., 1997). The wells that have gas show in the basin include 
Kinassar-1, SA-01, Ziye-1, Murshe-01, Krumta-1, and Wadi-01 (Aderoju 
et al., 2016). The Kanadi-01, Masu-01 and Tuma-01 wells, which have 
oil show (Aderoju et al., 2016), gives hope on the possibility of finding 
oil in commercial quantity in the basin. 

Future exploration in the Nigerian Chad Basin may be successful if 
the exploration sites are narrowed down to the areas where the heat flow 
is moderate for hydrocarbon maturation and thick sedimentary fill with 
few plutonic rocks were mapped. The region labelled “SB” in Fig. 11 is 
promising, as it contains high sedimentary thicknesses (about 5 km), 
moderately high heat flow (<100 mWm− 2), few shallow seated mag
netic bodies (i.e. intrusive), and some elongated geological structures. 
However, the well locations in Fig. 10 show that many wells have been 
drilled in the region without success. This might be due to the fact that 
most intra-sedimentary structures that were targeted in the region, as 
shown in Fig. 10, were not elongated, and some of the wells (e.g. SA-1 
and Tuma-01) were sited at intra-sedimentary intrusive locations. The 
elongated structure, labelled “RS” (Fig. 10), in the identified promising 
region is suggested for further investigation in the Nigerian sector of 
Chad Basin. 

5. Conclusion 

The geothermal and hydrocarbon potentiality of the selected part of 
Chad Basin has been determined from the geological structures, depths 
to magnetic sources and thermal structures inferred from the magnetic 
anomalies over the area. The Chungul Buturi and Gumsa areas of the 
basin are promising for economic exploitation of geothermal energy. 
Some zones containing a large number of shallow-seated magnetic 
sources in Bama, Maiduguri, Benisheikh, Gujeri and Chungul Buturi are 
suggested to be intrusive dominated zones that may also contain valu
able geothermal resources. The results obtained from this study shows 
that there is possibility of oil window and the existence of geological 
structures that could act as conduits and structural traps for the flow of 
hydrocarbon in the basin. However, the identified geothermal rich zones 
in the basin might not be favourable for the formation of fluid hydro
carbon. The dry wells encountered in the basin in the past could have 
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been the consequence of source rocks exposure to excessive heat flow. 
The most favourable areas for hydrocarbon accumulation in the study 
area are the regions where moderate heat flow, high sedimentary 
thicknesses with few shallow seated magnetic sources (intrusives) and 
elongated geological structures were mapped. 
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