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Abstract

The present study aims to provide a new insight into the subsurface geological structures and the depth estimates of the sedi-
ments aiding hydrocarbon maturation and accumulation within the Bornu Basin, NE Nigeria, via 2D magnetic structural and
depth modelling. The total magnetic field anomaly map was reduced to the magnetic equator (RTE-TMI) to align the mag-
netic anomalies over their causative bodies. The resulting RTE-TMI map and the first- and second-order vertical derivative
maps distinctively mapped the intra-sedimentary volcanic rocks and shallow to deep-seated structures. On the other hand,
the source parameter imaging (SPI) and 2D depth constrained magnetic anomaly models determined the depths of these
geologic features. The dominant structures within the study area trend NE-SW, NNE-SSW, ENE-WSW, ESE-WNW and
NW-SE. SPI model indicated that the thickness of sedimentary beds ranges from 1.02 to 5.55 km, with a maximum thickness
of > 3.0 km obtained in the central, central eastern, southwestern, northeastern, eastern and western parts of the study area,
corresponding to Gubio, Gadayi, Nafada, Marte, Dikwa and Gabdam, respectively. The 2D magnetic depth models from the
seven profiles taken on the RTE-TMI map in N-S and SE-NW across significant anomalies revealed lithological boundaries
and the thickness of sediments ranging from 1.0 km to a maximum thickness of 11.5 km. The thickness of sediments of 3.0
to 11.5 km is sufficient for hydrocarbon maturation and accumulation in Bornu Basin (a typical rift basin), with the deline-
ated embedded structures serving as migratory paths or traps for the generated hydrocarbons.

Keywords 2D magnetic depth modelling - Bornu Basin - Hydrocarbon accumulation - Magnetic anomaly derivatives -
Source parameter imaging (SPI) - Sedimentary basin

Introduction
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Responsible Editor: Santanu Banerjee . . K .
tively used in the mapping of subsurface geological struc-

5<| Taiwo Adewumi tures for mineral exploration (Adewumi and Salako 2018;
taiwo.adewumi @science.fulafia.edu.ng; Ekwok et al. 2020; Eldosouky et al. 2021; Elkhateeb et al.
tydondreal @yahoo.co.uk 2021), potential paths for hydrocarbon migration (Selim
Adeyinka Kazeem Salako and Aboud 2012; Anudu et al. 2014), basement architec-
s kazeem @futminna.edu.ng ture and topography (Razavi Pash et al. 2021; Nabilou
Nordiana Mohd Muztaza et al. 2022; Saada et al. 2022), heat flow for geothermal

mmnordiana@usm.my sources (Melouah et al. 2021; Adewumi et al. 2021; Awoy-

Department of Physics, Faculty of Science, Federal emi et al. 2022) and thickness of sediments for hydrocar-

University of Lafia, Lafia, Nigeria bon prospecting (Salako and Udensi 2015; Adewumi et al.
2 Department of Geophysics, School of Physical Science, 2017, Arog.undade et al. 2020). Delineation of the edges
Federal University of Technology, Minna, Nigeria and geologic deep-to-shallow structures from potential
3 School of Physics, Universiti Sains Malaysia (USM), field sources such as magnetic data provides a fundamental
Penang 11800, Malaysia tool for interpreting geological structures (Eldosouky et al.

@ Springer


http://orcid.org/0000-0002-5936-4285
http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-022-10818-8&domain=pdf

1521 Page 2 of 18

Arab J Geosci (2022) 15: 1521

2022). The characterisation of magnetic anomalies in oil
and gas deposits reveals various lithological and structural
factors imperative in hydrocarbon exploration. Subsurface
geological structures (faults, lineaments, salt diapirs, etc.)
and sediment thickness estimation are critical in hydrocar-
bon exploration because they control oil and gas migration
and hydrocarbon maturation within sedimentary basins,
respectively. The search for hydrocarbon prospectivity in
an area using magnetic methods is aimed at delineating
favourable geological structures and the thickness of sedi-
ments that might support the generation, accumulation and
migration of hydrocarbons in a sedimentary basin (Tal-
wani and Walter 2003).

The Bornu Basin, the study area, is one of the sedimen-
tary basins in Nigeria thought to have hydrocarbon poten-
tial due to some favourable geological factors that corre-
late with the contiguous Termit Basin, and the mega Chad
Basin in the Niger and Chad Republics, where hydrocar-
bons (oil and gas) have been discovered and exploited in
commercial quantities (Genik 1993). To increase Nigeria’s
hydrocarbon reserves, the Nigerian government has drilled
at least 23 dry exploratory wells in the Bornu Basin (a
sub-basin of the Chad Basin), which have yielded little
or no result in terms of commercial exploration of oil and
gas. The source rock evaluation carried out along the wells
(Wadi and Kinasar) in the Fika shale and Gongila forma-
tion at the depths of 1290 m, 1670 m, 2180 m, 2280 m and
2935 m comprised of siltstones and mudstone character-
ized with variable organic matter shows the low content
of organic matter in some of the wells. These features
reduced hydrocarbon exploitation in commercial quantity
(Ola 2018; Ogungbesan et al. 2020), hence the need to
further investigate the basin using geophysical methods
to map the subsurface crustal architecture to ascertain the
hydrocarbon potentiality in the study area.

The search for hydrocarbons in the Bornu Basin began
several years ago with the use of magnetic and gravity
data, employing enhancement techniques such as spec-
tral depth imaging, source parameter imaging, wavelet
analysis and Euler deconvolution, to determine the depth
to the top of the geologic sources, sediment thickness and
geologic structures for possible hydrocarbon maturation
and accumulation (Isogun 2005; Anakwuba et al. 2011;
Anakwuba and Augustine 2012; Ajana et al. 2014; Salako
2014; Lawal et al. 2015; Salako and Udensi 2015; Aderoju
et al. 2016; Akiishi et al. 2019; Arogundade et al. 2020;
Akanji et al. 2020; Awoyemi et al. 2022; Ekwok et al.
2022). Therefore, this study attempts to delineate subsur-
face litho-structural architecture controlling hydrocarbon
maturation and accumulation within the Bornu Basin
using 2D structural and magnetic depth modelling via a
rose diagram and vertical derivatives of aeromagnetic data
compared to previous studies.
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Location and geologic settings of the study area

The study area is located in northeastern Nigeria, within
the southwestern part of the Chad Basin, locally known as
the Bornu Basin, and its environs, bounded by longitudes
11.00°E to 14.00°E and latitudes 11.00°N to 13.00°N
(Fig. 1). The basin falls within the Cretaceous sedimentary
terrain (Fig. 1). It occupies one-tenth of the Chad Basin
and is bordered to the north, northeast and east by the
Republic of Niger, Chad and Cameroon. The Bornu Basin
is separated from the other interior basins in Nigeria by
the Zumbuk ridge (Okpikoro and Olorunniwo 2010) and
the Dumbulwa-Bage High (Obaje et al. 2004; Zaborski
et al. 1998). To the south, the Benue Trough is marked by
strong magmatism linked with the Gulf of Guinea’s entry
(Guiraud et al. 1992; Emujakporue et al. 2012) and has a
geometry similar to the Cameroon Volcanic Line (Guiraud
et al. 1992; Emujakporue et al. 2012). The Bornu Basin
and its adjoining Benue Trough have significant stratum
sequence differences (Obaje et al. 2004; Abubakar 2014;
Isyaku et al. 2016).

Various studies have described the geology of the Bornu
Basin as vast sediment-filled subsidence in the northeast-
ern section of Nigeria and bordering areas of the Republic
of Chad (Okosun 1992, 1995; Olugbemiro et al. 1997,
Obaje 2009; Olabode et al. 2015). In the southern region
of the West African Rift System, the Bornu Basin is an
intracratonic rift basin. It is one of the basins in the West
Central African Rift System (WCARS), which includes
the West African Rift Subsystem (WARS) in Algeria,
Niger, Nigeria and Chad, as well as the Central African
Rift Subsystem (CARS) in Chad, Cameroon and the Cen-
tral African Republic (Genik 1992; Okosun 1995; Ahmed
et al. 2022). Rift basins worldwide are quite important for
hydrocarbon exploration (e.g., Dasgupta and Mukherjee
2017 2019; Dasgupta et al. 2022; Kar et al. 2022; Biswas
et al. in press). The lower Cretaceous to Neogene sedi-
ments with a thickness of 3—-12 km settled in the fluvial,
lacustrine and marine environment of the Bornu Basin (a
Cretaceous-Tertiary rift basin) (Genik 1992, 1993; Zan-
guina et al. 1998). In the Bornu Basin’s Cretaceous-Ter-
tiary rifts, the average depth to the top of the basement for
oil windows is between 2500 and 4000 m.

The study area comprises different formations (litho-
logical units) (Figs. 2 and 3). The Chad Formation (CF)
is the predominant and youngest formation with a Quar-
ternary sediment sequence of fine to coarse-grained sand
clay, occupying the northern and eastern parts of the
study area. It overlies formations such as the Keri-Keri
Formation (KF) in the southern and southwestern parts,
which overlies the Yolde Formation (YF) in the south-
ern part. The Pindiga Formation (PF) in the southwestern
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Fig.1 a Nigeria’s regional geological map and b the detailed regional geological map of Nigeria showing the Southwestern Basement Complex

(modified after Woakes et al. 1987)

part conformably overlies the YF and the Bima Forma-
tion (BF). In contrast, the Gombe Formation (GF) in the
southwestern part unconformably lies on the PF. The YF
and BF unconformably underly the PF in the southern part
of the study area (Fig. 2).

Methodology
Airborne magnetic data

The airborne magnetic dataset used in this study was acquired
from the Nigerian Geological Survey Agency (NGSA). The
airborne geophysical surveys were conducted between the
years 2005 and 2009 by Fugro Airborne Survey on behalf of
NGSA (NGSA 2005). The magnetic datasets were collected
using a 3X Scintrex CS3 Cesium Vapour Magnetometer using
acquisition parameters including an acquicsition. Data were
collected at an interval of 0.1 s at an altitude of 100 m along a
flight line spacing of 500 m in NW-SE, a sensor mean terrain
clearance of 80 m, a tie line spacing of 2 km and a flight line
trend of 125°. For a half-degree sheet, the maps were created
on a scale of 1:100,000. Using the International Geomagnetic
Reference Field (IGRF) of 2005, the geomagnetic gradient was

eliminated from the aeromagnetic data. The following steps
were employed to achieve the aim and objectives of this study.

(i) Assembling and knitting of the twenty-four aeromag-
netic data sheets covering the study area to produce
the total magnetic intensity (TMI) map using Oasis
Montaj software.

Reduction of the TMI map to the magnetic equator
(RTE) to position of the anomalies observed in the
area over their causative bodies.

Delineating the geological structures serving as
migratory paths/traps for hydrocarbon accumulation
within the study area using vertical derivatives and
rose diagram and also map the basement architecture
and topography from 2D aeromagnetic modelling
Mapping the depth to top of the magnetic basement
for depth constraint for the modelling using source
parameter imaging.

(ii)

(iii)

@iv)

Geological structural mapping
Vertical derivative

In regions with a lack of rock exposures and poor accessi-
bility, such as the study area (Bornu Basin), different orders
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Fig.2 Study area’s geological map (digitized from the regional geological map of Nigeria)

(first and second orders) of vertical derivative (VD) filtering
are effective tools for mapping intra-sedimentary volcanic
rocks and geological structures (Anudu et al. 2014). Verti-
cal derivatives generally highlight the borders of anomalies
and improve the physical representation of shallow causa-
tive geological formations. VD also narrows anomaly widths
and precisely recognises or detects geological body contacts/
boundaries (Cooper and Cowan 2004). Hence, it is used
in this study to delineate geological structures that might
serve as migratory paths/traps for hydrocarbon accumulation
within the study area. The first- and second-order vertical
derivatives are defined as follows (Anudu et al. 2014):

FVD =—("/5,) (1)

SVD = ( T/ ) 2)

@ Springer

where FVD is the first vertical derivative, SVD is the second
vertical derivative and T is the total magnetic field.

Basement architecture, topography and estimation
of depth to basement

Source parameter imaging (SPI)

The source parameter imaging (SPI) technique, also known
as the local wavenumber method, was developed based on the
complex analytic signal, which computes source parameters
from pre-processing (dx, dy and dz) grids of magnetic data
(Thurston and Smith 1997; Thurston et al. 1999 & 2002). The
local wavenumber has maxima located over isolated contacts,
and depths can be estimated without assumptions about the
thickness of the source bodies (Smith et al. 1998). Solution
grids using the SPI technique can map the edge locations,
depths, dips and susceptibility contrasts. SPI maps resemble
geology more closely than the TMI and derivative maps. The
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depth obtained from SPI is used in oil exploration to determine
whether the thickness of sediments is sufficient for hydrocar-
bon maturation and accumulation. SPI assumes a step-type
source model. For a step, the following formula holds:

Depth = 1/Kmax (3)

where K|, is the peak value of the local wavenumber K
over the step source.

1
/2
0ANE  (0A\ (oA’
K= (—) +l =) +| = 4
(G (2 +(2)) @
dT
TiltderivativeA = tan™! dz (®)]

2D modelling of aeromagnetic anomaly

In the interpretation of magnetic field data, modelling is
one of the inverse ways models are generated from which

synthetic magnetic signatures are produced and statisti-
cally fitted to the observed data. The amount of infor-
mation (depth to a particular magnetic body, shape, size
and magnetisation) gained from the models developed is
determined by the quality and quantity of accessible data,
as well as the sophistication of the manual or computer
software utilised.

The modelling technique employed in this work is two-
dimensional depth modelling produced using the gravity/
magnetic system (GM-SYM), an extension modelling
interface in Oasis Montaj. The application is an interactive
forward modelling programme that calculates the gravity
and magnetic response of a hypothetical geologic model
defined by the user. Modifying the model structures or
attributes eliminates any disparities between the model
response and the observed gravity and/or magnetic field
(e.g., density or susceptibility of model components). The
2D model can be seen as a series of tabular prisms with
axes perpendicular to the profile and blocks and surfaces
extending to infinity in the strike direction. These con-
straints are based on the assumption that the modelled
profiles do not change orientation along the length of the
model (GETECH 2007).

@ Springer
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Results

Total magnetic intensity (TMI) and reduced
to magnetic equator(RTE) maps

The TMI and TMI-RTE maps of the study area (Figs. 4
and 5) are characterised by varying magnetic signatures,
depicting three major anomalies: lithologic units, geologic
structures and authigenic minerals in sedimentary rocks
(Bird 1997). Figures 4 and 5 were produced in aggregate
of colours (red-pink, yellow and green—blue). The red
— pink colour depicts positive (high) magnetic anomalies
(HMA? ) suggesting basement reflection probably an intru-
sion into the sediments. The presence of this HMA at the
extreme southern and southwestern region of the study
area might be the response from the porphyritic granite
underlying the BF, KF and CF (Fig. 2). The portions on the
TMI map with yellowish colour signify moderate magnetic

anomalies (MMAs) suggesting alluvium deposition. While
the green-blueish colour depicts low magnetic anomalies
(LMAs) attributable to thick sedimentation which is pre-
dominant in the study area. The TMI and TMI-RTE values
range from — 151.07 to 159.03 nT and — 148.13 to 150.64
nT, respectively, and are characterised by long, medium
and short-wavelength anomalies. Short-wavelength anom-
alies dominate the southern flank as a result of the shal-
low basement. The prominent long-wavelength anoma-
lies in the central-eastern portion of the study area are
also conspicuous, reflecting deeper sedimentary piles in
CF (Talwani and Walter 2003; Minelli et al. 2018; Wang
et al. 2020). The dominant structural features delineated
in NE-SW (Figs. 4 and 5) are related to the Pan-African
trend (Okosun 1995; Aderoju et al. 2016). On the other
hand, the delineated minor structures also trend in ENE-
WSW, ESE-WNW, N-S and NW-SE, indicating the traces
of different episodes of orogeny in the past (Awoyemi et al.
2022; Okpoli and Akingboye 2020).
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Fig.4 Total magnetic intensity map of the study area
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Fig.5 Reduced to the equator TMI map of the study area

Discussion

The area under investigation comprises lithological units
that include AL (alluvium deposition), CF (Chad Forma-
tion), KF (Keri-Keri Formation), GF (Gombe Formation),
PF (Pindiga Formation), YF (Yolde Formation) and BF
(Bima Formation) (Figs. 2 and 3). The CF is the topmost
Pliocene fluviatile and lacustrine sediment, comprising thick
clay bodies that separate the three major sand bodies (Wright
1985). The CF dominates the northeastern, central, north-
western and southeastern parts of the study area, accounting
for approximately 80% of the study area. It is characterised
by high, moderate and low magnetic fields (Figs. 4 and 5).
The LMA might be attributable to the influence of Lake
Chad in the northeastern portion of the study area. Simi-
larly, the high responses from both magnetic fields could be
attributed to thick sediment piles in the study areas (Fig. 5a).

The GF underlies the KF and superimposes the YF in
the extreme southwestern region of the study area. The GF
comprises intercalations of siltstones, shale and ironstones,

responsible for the observed low magnetization. The PF
conformably overlies the YF in the southern part of the
study area. It is composed of carbonaceous shales and
limestones, intercalated with limestones, shales and minor
mudstones, hence responsible for the low to moderate mag-
netic response. The YF also conformably overlies the BF
in the southern part and comprises sandstones, limestones,
shales, clays and claystone. The underlying rock, typically
medium-grained sandstones intercalated with carbonaceous
clays, shales and mudstones, sits unconformably atop the BF
(Obaje 2009). The influence of basement rocks enhances the
magnetic responses observed in the basin.

Subsurface geological structures, architecture
and crustal thickness

Subsurface geological structures (faults, lineaments) are
crucial in hydrocarbon exploration as they help control the
migration of oil and gas from the source rocks. The FVD and
SVD of RTE-TMI anomalous maps effectively delineate the
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geological structures controlling the hydrocarbon accumula-
tion in the study area. The SPI map and the 2D models help
in determining the sedimentary thickness and the basement
architecture of the study area for hydrocarbon prospecting.

Vertical derivatives (VDs) and the rose diagram maps

The FVD (Fig. 6a) and SVD (Fig. 6b) are crucial in hydro-
carbon exploration as they explicitly delineate geologic
structures responsible for the migration of oil and gas from
the source rocks. Edge-enhancing magnetic derivative anom-
aly filters greatly enhanced the high amplitude and short-
wavelength (high wavenumber) anomalies associated with
the surface to deep-seated intra-sedimentary volcanic rocks
(Saada et al. 2021; Pham et al. 2020; Eldosouky et al. 2020).
Thus, the occurrences and extents/lateral boundaries of the
rock formations within the study area were recognised and
mapped. Compared with other sections of the study area, the
Aba Goderi, Masu, Marte and Ayaba to Dikwa are charac-
terised by high amplitude CF sediments attributable to the
absence of magnetic structures (Fig. 6a). This noticeable
feature is characteristic of sedimentary rocks because high
magnetic signatures are common for thick sedimentary beds
and those with intrusive rocks. However, Fig. 6b shows a few
structures at a deeper depth, suggesting a thick sedimentary
burial.

The major geological structures delineated in the VD
maps (Fig. 6a, b) are categorised into four major parts:
the NE-SW, NNE-SSW, ENE-WSW and ESE-WNW, as
explicitly shown by the RD (Fig. 6¢). The minor structural
features, on the other hand, are oriented N-S, WNW-ESE,
NW-SE and NNW-SSE. The trends of these geological
structures suggest that the area of study might have wit-
nessed several phases of tectonic deformation at different
geological times, as explained by Genik (1992) and Okosun
(1995). Lesser structures characterise the northeastern and
a part of the central portion compared with the remaining
parts of the area. This could indicate different burial depths
and episodes of structural deformations. These remaining
sections, as described above, are probably associated with
shallow to moderate depths with interspersed subtle deeper
depths from penetrative fractures. Interestingly, the struc-
tural trending agrees with the dominated NE-SW trending
fault system (Ajakaiye et al. 1986, Avbovbo et al. 1986, and
Benkhelil 1988). These structures identified are good migra-
tion mechanisms for hydrocarbon in the study area.

Source parameter imaging (SPI) map
The SPI map of the RTE-TMI of the study area is shown
in Fig. 7. The SPI map is characterised by shallow (SD),

moderate (MD) and deeper depths (DD). The red-pink
colour signifies SD due to a shallow basement, suggesting
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insufficient sedimentation for hydrocarbon accumulation
and maturation in a sedimentary terrain. The SD ranges
from 168.4 to 749.6 m and occupies some areas in the mid-
southern, central, southeastern and northwestern regions of
the study area, corresponding to the following towns: Yaba,
Maza, Doksa, Gwagwari, Goniri, Amindori, Benisheikh,
Kumala, Bolori, and Ajiri; Mutube, Gwonari, Bama, Urga,
Konduga and Shigaba; Gashua, Kuruawa, Gaska, Mugrum,
Marumari, Goniri man, Dobiri, Biri and Lajere, respectively.
Likewise, the MD sources ranging from 911.9 to 1554.9 m
are attributed to the AL deposition. While the DD sources
ranging from 1692.4 to 5554.6 m, signifying thick sedi-
mentation source of about 4500 m, can be observed in the
southwestern part (Nafada, J.Kuka, Kadi, Bulako, Fika and
Maiduwa). In the mid-eastern part (Hassanari, Aba Goderi,
Gaske, Gubio, Gadayi and Masu) and the northeastern
part (Monguno and Kukawa), depth sources of 5250 m
and 3000 m were obtained, respectively. One of the factors
responsible for hydrocarbon generation in a rift basin is the
thickness of sediments of 3000 m and above. The thickness
of sediment deposits of over 5000 m obtained and discussed
above is sufficient for hydrocarbon maturation and accumu-
lation: a good indicator for hydrocarbon prospectivity in the
study area. These results agree with some previous studies
on parts of the study area (Isogun 2005; Lawal et al. 2007,
Chukwunonso et al. 2012; Anakwuba and Augustine 2012;
Lawal and Nwankwo 2014; Ajana et al. 2014; Aderoju et al.
2016). The pronounced long-wavelength anomalies in the
central flank of the study area observed in Figs. 5 and 6 can
clearly be observed on the SPI map (Fig. 7), representing a
thick sedimentary pile.

2D models of the aeromagnetic anomalies

A 2D model of the aeromagnetic anomalies of the study area
was performed to map the subsurface structures, basement
topography and basement depth. Seven profiles, A-A, B-B’,
C-C', D-D', E-E', F-F' and G-G', were carefully selected
across significant structures on the TMI-RTE map (Fig. 5).
Other data used alongside Fig. 5 were Shuttle Radar Topog-
raphy Mission (SRTM) for topography enhancement and
Fig. 7 for depth control. The terrain clearance used was
100 m, which was added to the SRTM data to obtain the
magnetic elevation. Profiles AA'-FF' (Fig. 8a—f) are 224 km
long in the N-S direction, while profile GG' (Fig. 8g) is
365 km long in the SE-NW direction. Table 1 presents the
summarised results of the 2D magnetic anomaly modelling
with respective lithological units, rock compositions and
depth to the top of the magnetic basement.

Figure 8a is the model of profile A-A!, cutting through
the northern AL, the central CF and the southern KF and
GF in the study area. It makes the best fit between the
calculated and observed anomalies with minimal error.
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Fig.6 a First vertical derivative
map of the study area, b second
vertical derivative map of the
study area and ¢ rose diagram of
geological structures within the
study area
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Fig.7 Source parameter imaging (SPI) map of the study area

Figure 8a reveals sedimentation of 1 km in the northward
region corresponding to Gashua within the AL. Also,
towards the central region, a depression of ~ 120-km distance
was observed with sedimentation piles of > 3.0 to 4.8 km,
corresponding to Fulatari, Gaske and Gabdam within the CF.
Towards the southern region, the basement uplifts into the
sediments limiting the sediment thickness to~ 1.0 km, cor-
responding to Jangadoli within the KF in the southwestern
part of the study area. Likewise, towards the extreme south-
ern region corresponding to GF, a slight depression was also
observed to a thickness of 3.0 km. Overall, the thickness of
sediments obtained from this model ranges from 1 to 4.8 km.
The maximum thickness of sediments of 3.0 to 4.8 km in the
central region of Figs. 7 and 8a, corresponding to Fulatari,
Gaske and Gabdam, is enough for hydrocarbon maturation
and accumulation. Figure 8a also reveals an undulated base-
ment topography and a contrast in magnetic susceptibility
and magnetization, with sediment having 0.0 magnetic sus-
ceptibility and basement rock having magnetic susceptibility
and magnetization of 0.003 and 0.002, respectively.

Figure 8b is the model of profile B-B! that cuts across
the AL, CF, PF and YF in the north, central and southern
parts of the study area, respectively. In the northern part,
the model (Fig. 8b) reveals a depth to the top of the base-
ment of 1.0 km. Likewise, 15 km away from the northern
region, a depression of 4.0-km depth was observed, which

@ Springer

continued towards the central part, maintaining the same
depth to about 120-km distance in the CF. Also, a shallow
basement of 1 km deep towards the southern part of PF was
observed. On the other hand, a slight depression of ~2.0 km
within the PF and YF was noticed. The highest sedimentary
thickness of 4.0 km towards the central region of the model
(Fig. 8b) corresponds to the following locations: Lantewa,
Biriri, Gabai, Alagarnoi, Garin and Basam, which is enough
for hydrocarbon maturation and accumulation to take place..

Similarly, the modelled profile C—C’ (Fig. 8c) cut through
the AL and CF in the northern to the central parts of the
study area, as well as the GF and underlying basement in
the south. Unlike Fig. 8a, b, this model (Fig. 8c) shows a
thickness of sediments of 2.0 km deep at a distance of 65 km
from the north to the central region, with a slight depres-
sion of about 20 km long and 2.6 km deep within the CF.
An undulating basement uplift into the sediments of about
80 km long and 1.0 to 1.8 km deep was observed towards the
southern region of the study area within the GF. The uplift
observed was a result of basement intrusion into the CF and
underlain by the GF, and this can be attributable to the pres-
ence of the underlying basement in the southern region of
the study area (Fig. 2).

Likewise, Fig. 8d represents the model of profile D-D’,
which cuts across the CF from the northern part to the cen-
tral part and, towards the southern region, enters into the
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Fig.8 Two-dimensional models
of profiles: a A-A"in N-S, b
B-B'in N-S, ¢ C—C’ in N-S,

d D-D’in N-S, e E-E’ in N-S,

f F-F'in N-S and g G-G' in
SE-NW directions generated
from the RTP-TMI map of the
study area
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Table 1 Summary of the 2D magnetic anomaly modelling with respective lithological units, rock formations and depths

S/N  Profile name Profile directions Profile Lithological units Rock composition Depth to top of  Probable hydro-
distance the basement carbon potential
(km) (km) remarks
1 A-A’ N-S 224 km AL Sandstones >1.0km No
CF Thick clay 3.0-4.8 km Yes
KF Sandstones, clay and claystones > 1.0 km No
GF Siltstones, shale and ironstones 3 km Yes
2 B-B’ N-S 224 km AL Sandstones >1.0km No
CF Thick clay 3.2-4.0 km Yes
PF Limestones, shale, mudstones >1.0 km No
YF Sandstones, limestones, clay and >2.0 km No
claystones
3 c-C’ N-S 224 km AL Sandstones >2.0km No
CF Thick clay >2.6 km Yes
GF Siltstones, shale and ironstones <2.0km No
Basement rock Porphyritic granite 1.0 km No
4 D-D’ N-S 224 km CF Thick clay >2.6 km Yes
KF Sandstones, clay and claystones ~ <2.0 km No
BF Clay, mudstones and shale <2.0km No
Basement rock Porphyritic granite >1.0 km No
5 E-E’ N-S 224 km CF Thick clay >2.0-4.0 km Yes
KF Sandstones, clay and claystones  >2.0 km Yes
Basement rock Porphyritic granite >1.0 km No
6 F-F N-S 224 km CF Thick clay 2->4.0 km Yes
Basement rock Porphyritic granite >1.0 km No
7 G-G' SE-NW 365 km CF Thick clay >5.0-11.5 km Yes
AL Sandstones 2.0 km No

KF and BF. Similar to Fig. 8c, Fig. 8d shows a depth of
2.0 km at a distance of 65 km from the north towards the
central region within the CF. In the central portion corre-
sponding to Marguba, a slight depression of about 20 km

long and 2.6 km deep was also noticed within the CF. On
the other hand, an undulating uplift of the basement into
the sediments of about 80 km long and 1.0 to 1.8 km deep
was observed towards the southern region of the study area
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within the KF. This uplift might be due to the shallow base-
ment in the southern part of the study area. In general, the
thickness of sediments obtained from this model (Fig. 8d)
ranges from 0.00 to 26 km, suggesting a shallow basement.

Figure 8e, the model of profile E-E!, cuts across the CF
from the northern region to the central region of the study
area and enters into the KF and the underlying basement in
the southern part of the study area. This model comprises
two lithologic units: the sedimentary and the basement sec-
tion. A sediment thickness of 2.0 km was measured over
a distance of 54 km in the northern part of the CF, corre-
sponding to Gudumaoli and Gaijiram, and in the central part,
corresponding to Gadayi and Masu. Also, a depression of
4.0 km deep with a distance of 82 km long, a shallow base-
ment of 1.7 km and a distance of 15 km in the southern part
were recorded. Likewise, a slight depression was noticed
with a depth of 2.0 km and a length of 28 km correspond-
ing to Urga within the KF and then a shallow basement due
to porphyritic granite intrusion into the sediments in the
southern region of the study area. A sedimentary thickness
of 4.0 km obtained at the central part of this model (Fig. 8e)
is sufficient for hydrocarbon maturation.

Figure 8f presents the model of the profile F-F' that cuts
across the CF from the north through the central part and
towards the southern region before entering the underly-
ing basement (porphyritic granite) at the extreme southern
region of the study area. The model (Fig. 8f) produces the
best match between the observed and calculated anomalies
with the minimum error recorded. It reveals a mirror reflec-
tion of the basement topography. A depth to the top of the
basement of 2.0 to 3.0 km with a distance of 60 km was
recorded in the northern part of the study area corresponding
to Monguno and Ngelewa, and towards the central region of
the study area corresponding to Marte, Kariari and Lumda,
a depression of over 4.0 km deep and 85 km long was
observed. Also, an uplift to a depth of 2.0 km was observed
towards the southern region corresponding to Yamataji,
caused by the basement intrusion into the sediments attribut-
able to the porphyritic granite at the extreme southern part of
the study area. In the central region, a maximum thickness of
4.0 km was recorded, and it was shallow in the southern part
of the study area. This model shows a good correlation with
the geologic map of the study area. Magnetic susceptibility
of 0.0 was recorded for the sedimentary region and 0.004 for
the basement region.

The model (Fig. 8g) for profile G-G! was carefully taken
in a SE-NW direction across a very deep, profound anomaly
on the RTE-TMI map (Fig. 5) in the central-eastern part of
the study area. Figure 8g cuts across the CF in the eastern
part and the AF in the northern part of the study area. In the
extreme eastern part of the model corresponding to Dikwa,
a thick sedimentary pile of 5.5 km was observed. Also, in
the mid-eastern part corresponding to Mufio and Maiba, a
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very large depression of almost 11.5 km deep and 120 km
long was observed, and a basement depth of 5.0 km deep
and 100 km long was recorded towards the central northern
part of the study area corresponding to Gubio within the
CF. And finally, at the northern part of the AF, a depth of
2.0 km was obtained. So far, no depth of 11.5 km has been
recorded along the same anomaly using other depth estimat-
ing techniques such as the spectral depth method, SPI and
Euler deconvolution by different workers who have worked
in the area before (Isogun 2005; Lawal et al. 2007; Chukwu-
nonso et al. 2012; Anakwuba and Chinkwuko 2012; Lawal
and Nwankwo 2014; Ajana et al. 2014; Aderoju et al. 2016).
Even in this study, the SPI methods employed give the high-
est depth of 5.7 km along the same anomaly. Ramadas et al.
(2004) acknowledged the fact that some depth estimating
methods, such as the spectral depth method, SPI and Euler
deconvolution, suffer from various impediments because of
their inability to map the undulating basement accurately as
they only provide average depths. This clarifies why the 2D
forward modelling was employed to provide the thickness of
sediments and accurately mirror the basement topography in
this study. Hence, a thickness of almost 12 km was depicted
by the 2D magnetic models for this study (Fig. 8g). This cor-
relates to the thickness of sediments obtained at the Termit
basin in the southeastern part of Niger, which has similar
geological features to the study area (Genik 1993).

In summary, this study reveals major geological struc-
tures in NE-SW, NNE-SSW, ENE-WSW and ESE-WNW
that might control the migration of oil and gas within the
study area. The thickness of sediments of over 5.0 km
obtained in the eastern part of the study area corresponding
to Dikwa is in contrast to the previous study carried out by
Anakwuba et al. (2011), where the thickness of sediments
obtained was 2.7 km in the same area. The 2D models reveal
a thickness of sediments ranging from 1.0 to 11.5 km. The
maximum thickness of sediments of 3.0 to 11.5 km obtained
in CF and GF is sufficient for hydrocarbon maturation and
accumulation in a rift basin. The potential hydrocarbon spots
of the area investigated are presented in the contour map in
Fig. 9, depicting sections with a thickness of 3.0 km and
above as good sources which might be rich in hydrocarbon
accumulation. These rich hydrocarbon spots are located in
the central, the west, the northeast, the southwest, the cen-
tral-eastern and the eastern parts, corresponding to Gubio,
Gabdam, Monguno, Nafada, Gadabayi and Dikwa areas.
Likewise, Fig. 10 shows the estimated depth to the top of
magnetic basement topography digitized from depth mod-
els (Fig. 8a—g). The 3D surface map (Fig. 10) revealed an
undulating basement and a subsidence in the eastern flank of
the study area confirming the deep-seated structure deline-
ated in Figs. 4 and 5. The common uplifts delineated on the
model AA'-FF! at latitude 11.25°N might be evidence of
the boundary between the Chad formation and its adjoining
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Fig. 9 Hydrocarbon prospectiv-
ity map showing the summary
of regions of high and low
hydrocarbon potential spots in
the study area

Fig. 10 Three-dimensional
surface map of depth to the top
of basement topography
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Gongola basin in the Upper Benue Trough, as explained by
Zaborski et al. (1998) and Salako and Udensi (2015). The
2D modelling and the SPI results are correlated to some
extent, apart from the central-eastern part with a thickness
of 11.5 km (Fig. 8g). The two results correspond with some
previous studies (Isogun, 2005; Lawal et al. 2007; Chukwu-
nonso et al. 2012; Anakwuba and Chinkwuko 2012; Lawal
and Nwankwo 2014; Ajana et al. 2014; Aderoju et al. 2016)
and the Termit basin in the southeastern part of the Niger
Republic with = 12 km sediment thickness (Genik 1993).
Similarly, the gravity modelling of the Chad basin shows
the extent and thickness of the Cretaceous-Tertiary rift basin
ranging from about 3 to> 12 km (Genik 1992 & 1993 and
Zanguina et al. 1998).

Conclusion

This study has successfully mapped the subsurface geo-
logical structures and thickness of sediments from vertical
derivatives, SPI and 2D magnetic modelling of magnetic
anomaly data of the Bornu Basin and its environs for pos-
sible hydrocarbon generation and accumulation. The results
revealed the varying lithological and shallow-to-deep struc-
tural (faults and lineaments) features and the trending of the
structures. These characteristic geologic features depicted
varying magnetic fields. The high anomalous field, with
a long wavelength observed in the central-eastern part
of the study area, suggests a thick sedimentary pile. The
FVD, SVD and RD show the major geological structures
migrating or trapping oil and gas trends in NE-SW, NNE-
SSW, ENE-WSW and ESE-WNW directions in the study
area. The SPI reveals a shallow depth of 168.4-749.6 m,
a moderate depth of 911.9-1554.9 m and deeper depths of
1692.4-5554.6 m. Also, the 2D magnetic anomaly model-
ling reveals an undulating basement underlying the sedi-
ments, with a depth range of 1.0 to 11.5 km. The thickness
of 3.0 km and above sediments obtained from this study falls
within the oil window in a Cretaceous-Tertiary rift basin in
the mega Chad Basin. Therefore, the study’s findings have
provided significant insights into the subsurface structural
architecture of the Bornu Basin for hydrocarbon prospecting.
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