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Abstract

The study aims to provide new insights into the subsurface crustal and thermal structures of the
Gongola Basin, NE Nigeria, using airborne magnetic and gamma-ray spectrometric datasets for hy-
drocarbon prospecting. The total magnetic field, reduced to the magnetic equator (TMI-RTE), un-
derwent various enhancement techniques and depth estimation methods, including vertical derivative
(VD), Rose diagram (RD), source parameter imaging (SPI), and 2D magnetic depth modelling to
distinctly map the subsurface geological structural elements, basement architecture, and the depth to
the top of the magnetic basement. Conversely, the radiogenic heat production (RHP) and regions
favourable for hydrocarbon maturation and accumulation were determined via thorium normalisation
techniques (TNT) from the concentration of radioactive elements (K, eTh, and eU). The FVD, SVD,
and RD indicate that the dominant structures within the study area trend northeast-southwest, north-
northeast-south-southwest, and northwest-southeast, which may serve as migratory pathways or traps
for hydrocarbon accumulation. Additionally, the SPI and the 2D magnetic depth models reveal that
the thickness of the sedimentary beds ranges from over 1000 m to over 5000 m. Depths between
3000 m and 5000 m can be found in the central, eastern, southeastern, and northeastern parts of the
study area. These areas correspond to Alkaleri, Akko, Gombe, Futuk, Yuli, and Debar Fulani, re-
spectively. The depth range of 3000 m to 5000 m is sufficient for hydrocarbon maturation and accu-
mulation. The positive DRAD values indicate zones of probable hydrocarbon potential. The esti-
mated total RHP rates for the study area range from 289.4 to 1477.6 pwkg™'. The RHP values ex-
ceeding 797.87 Wkg™' obtained in the Keri-Keri Formation (Kst) and Pindiga Formation (Psh are
attributable to clay, limestone, shale, and sandstone. This falls within the moderate RHP range (750—
1500 pWkg™), which is adequate for hydrocarbon maturation and accumulation in the study area.

Keywords: Gamma-ray spectrometry, hydrocarbon prospecting, radiogenic heat production, tho-
rium normalisation techniques, subsurface crustal
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1 Introduction

Among the many techniques used to ex-
plore hydrocarbon resources are geo-
physical techniques, which have proven
useful and effective in targeting produc-
tive basins as well as delineating litho-
logical units, geological boundaries,
structures, and heat flux within these ba-
sins during both the early and post stages
of exploration (Wang et al., 2019). The
integration of these techniques effec-
tively determines the nature of the sub-
surface crust and structures, providing an
estimate of the thermal model of the
Earth’s crust for petroleum and mineral
exploration (Elkahateeb and Abdellatif,
2018; Adewumi et al., 2021a; Adewumi
et al., 2023).

Hydrocarbon exploration in the
Earth’s crust can be enhanced through
combined geophysical approaches such
as magnetic and gamma-ray spectromet-
ric (GRS) methods. The magnetic
method has proven useful for identifying
subsurface geological structures that
may serve as migratory paths or traps for
hydrocarbons, as well as for assessing
crustal thickness and the thickness of
sedimentary cover relevant to hydrocar-
bon maturation and accumulation in a
sedimentary basin (Araffa et al., 2018;
Adewumi et al., 2023). The characteris-
tic signatures of these methods in oil and
gas deposits reveal various lithological
and structural factors that are crucial in
hydrocarbon exploration. Furthermore,
the GRS has been employed in litholog-
ical differentiation (Ademila et al., 2018;
El Qassas et al., 2020), determining geo-
chemical characteristics (He et al.,
2016), radiogenic heat production (RHP)
(Ehinola et al., 2005; Ali and Orazulike,
2010; Oyebanjo et al., 2020; Akingboye
et al.,, 2021, 2022; Adewumi et al.,
2023), and evaluating the hydrocarbon

potential of the Earth’s crustal for-
mations (Saunders et al., 1993; Al-Alfy
etal. 2013; Walker et al. 2018; Adewumi
et al., 2021b). In this study, these meth-
ods will provide a detailed account and
understanding of the subsurface geolog-
ical architecture controlling the hydro-
carbon potential in the study area.

This study, therefore, employs the air-
borne magnetic and GRS datasets of the
Gongola basin in the Upper Benue
Trough (UBT) to map the shallow-to-
deep structural elements and thermal
structures using analytic techniques such
as vertical derivatives, total horizontal
derivative, Rose diagram, source param-
eter imaging, 2D magnetic depth model-
ling, thorium normalisation method, and
RHP, which will contribute to the litho-
structural and depth characterisation and
the thermal model for hydrocarbon ex-
ploration in the study area.

2 Geological Settings and Location
of the Study Area
The study area (Gongola basin), which is
one of the inland basins in Nigeria, falls
within the Upper Benue trough bounded
by Longitude 10.0°— 11.0°E and latitude
9.50°- 10.50°N with an estimated total
area of 12,100 sq.km (Fig. 1). The Gon-
gola basin (GB) is one of the arms of the
Upper Benue trough. It is an N-S trend-
ing arm of the 1000 km long Benue
Trough, which contains 5 km thick sedi-
ment accumulations (mainly Creta-
ceous) deposited under mutable environ-
ments (Epuh and Joshua, 2017). The sed-
iments have undergone several tectonic
phases, which account for the observed
folding, faulting, and fracturing of the
rocks. The GB is an adjoining basin link-
ing the Benue Trough with the Bornu
(Chad) Basin, forming part of the West
African Rift System (WARS).
Stratigraphically, the GB comprises
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the following formations: The Alluvium
deposition, Yolde Formation (Yls), Pin-
diga Formation (Psh), Gombe Formation
(Gst), and Keri-Keri Formation (Kst),
alongside crystalline rocks such as Gran-
ite Gneiss (GG), Porphyritic granite
(oGp), Charnockitic (Ch), Migmatite
(m), and Fine-grained granite (0Gf) (Fig.
2). The Pindiga Formation consists of
marine shales with limestones near the
base, which are fossiliferous and have
yielded a lower Turonian fauna age. The
contact between the Fika Shale and the
overlying Gombe Formation is not well
exposed but may be unconformable, jus-
tifying the placement of the Fika Shale in
the Pre-Santonian. The Gombe For-
mation is believed to rest unconformably
on older strata dated to the late Senonian.
The Keri-Keri Formation lies uncon-
formably on the folded Cretaceous sedi-
mentations of Palaeocene (Tertiary) age
(Amiewalan and Bamigboye, 2019)

3 Methodology
3.1 Airborne Geophysical Datasets

The airborne geophysical datasets used
in this study (magnetic and gamma-ray
spectrometry) were procured from the
Nigerian Geological Survey Agency
(NGSA). The geophysical surveys were
carried out between the years 2005 and
2009 by Fugro Airborne Survey on be-
half of the Nigerian Geological Survey
Agency (NGSA, 2017). The aeromag-
netic datasets were collected using a 3X
Scintrex CS3 Caesium Vapour Magne-
tometer. On the other hand, the acroradi-
ometric datasets were collected using
GR-820-3 with radiometric crystal GPX
1024/256. These airborne geophysical
data were collected at an interval of 0.1
sec at an altitude of 100 m along a flight
line spacing of 500 m in NW-SE, a sen-
sor mean terrain clearance of 80 m, and
a tie line spacing of 2 km, with a flight
line trend of 125 degrees. For a half-de-
gree sheet, the maps were created on a
scale of 1:100,000. The geomagnetic
gradient was removed from the aeromag-
netic data using the International Geo-
magnetic Reference Field (IGRF) of the
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Figurel. Location map of the study area.
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Figure 2. Geological map of the study area.

January 2005 model and referenced to
the 1984 World Geodetic System (WGS)
ellipsoid. The acquisition agency also
processed the GRS datasets to correct
background radiation arising from cos-
mic rays and aircraft anomalies due to al-
titude changes relative to the ground.
The corrected data provided the exact
measured elemental concentrations of K,
eU, and eTh.

The study area is made up of four (4)
half-degree by half-degree (55 by 55 sq.
km) data sheets of airborne magnetic and
radiometric datasets which were knitted
and used to produce the composite map
of the total magnetic field (TMI) and the
radioelement concentration maps (K,
eTh, and eU) of the study area, respec-
tively. All the datasets used for this study
were filtered, enhanced, and processed
using the Oasis Montaj™ software. The
TMI gridded data were reduced to the
magnetic equator to ensure proper place-
ment of the magnetic anomalies over
their causative bodies. Hence, the TMI
reduced to the equator (RTE-TMI) data

were further analysed to produce the ver-
tical derivative maps, rose diagram,
source parameter imaging (SPI), and 2D
magnetic depth modelling. Likewise,
the K, eTh, and eU were also used to pro-
duce the radiogenic heat production
(RHP) maps and delineation of radioac-
tive anomalies derivative map (DRAD)
from thorium normalisation techniques
(TNT). All the analysed maps were used
to delineate the shallow-deep structural
elements and thermal structures respon-
sible for hydrocarbon maturation and ac-
cumulation within the study area.

3.2 Litho-structural classification
3.2.1 First and Second Vertical
Derivatives (FVD and SVD)

Vertical derivatives (VD) filtering is are
effective tool useful for litho-structural
mapping, such as mapping intra-sedi-
mentary volcanic rocks and geological
structures, lineaments, trends, geological
contacts, and edge magnetic source bod-
ies (Anudu et al. 2014). VD generally
highlights the borders of anomalies and
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improves the physical representation of
shallow causative geological formations.
VD also narrows anomaly widths and
precisely recognises or detects geologi-
cal body contacts/boundaries. Hence, it
is used in this study to delineate geolog-
ical structures that might serve as migra-
tory paths/traps for hydrocarbon accu-
mulation within the study area. The first-
and second-order vertical derivatives are
defined as follows (Anudu et al. 2014):

FvD = -7/, (1)

2
VD = (O T/572) @
where FVD is the first vertical deriva-

tive, SVD is the second vertical deriva-
tive, and T is the total magnetic field.

33 Thorium Normalisation
Techniques (TNT)

The TNT employs equivalent thorium
(eTh) parameters as a lithological control
to get the eU and K ideal values (EI-
sadek, 2022). This technique was estab-
lished by Saunders et al. (1987) and was
first used for the delineation of hydro-
thermal regions in Grixias-Guarinos. Af-
terwards, several authors such as
Adewumi et al. (2021), Ghoneim et al.
(2021), and Mamouch et al. (2022) have
also employed this technique for hydro-
carbon and mineral prospecting. The
concept of this technique arises from the
fact that lithology and environment con-
tribute to the concentration and distribu-
tion of the naturally occurring radioele-
ments (K, eTh, and eU) on the Earth’s
surface (Saunders et al., 1987 and Pires,
1995). As a result, it is stated that data
normalisation for eTh would suppress
the original effects of all undesired vari-
ables. Thorium (eTh) is used as a nor-
maliser because of its lower geochemical
mobility compared to K and eU (Adams
and Gasparini, 1970). The TNT is based
on the following relation:

meanKg

Ki - (meaneThs) * eThS (3)
mean Uy

Ui - (mean eThS) * eThS (4)

Where Ki is the estimated equivalent
thorium-defined potassium value for the
station with a real equivalent thorium
value of eThs. And Ui is the calculated
equivalent thorium-defined equivalent
uranium value for that station. Variations
of the real values from the estimated
ideal values for each station were ob-
tained using the equation of the form
(Saunders et al., 1993):

KDY = =20 5)
eUDy, = et ©)

where K and eUs are the measured po-
tassium and equivalent uranium values at
the station, respectively. KD% and
eUDY% are the relative deviations ex-
pressed as a fraction of the station val-
ues. From experience, KD% yields small
negative values and eUD% yields
smaller negative or sometimes positive
values over the hydrocarbon accumula-
tions (Saunders et al. 1993). Emphasis-
ing these two relationships, Saunders et
al. (1993) defined a new parameter,
called delineation of radioactive anoma-
lies (DRAD).

DRAD = eUD% — KD% (7)
Hence, positive DRAD values are fa-
vourable indicators for subsurface hy-
drocarbon accumulations in an area
(Saunders et al. 1993).

3.4 Estimation of radiogenic heat
production (RHP) and hydrocarbon
potential

RHP is one of the crucial mechanisms
for hydrocarbon generation and accumu-
lation in sedimentary basins (Oyebanjo
et al., 2016). The RHP of the Gongola
Basin will provide new insights into the
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thermal model for hydrocarbon pro-
specting in the study area. The RHP was
estimated for the lithological units of the
study to account for the radiogenic heat
(Q) generated by each formation for hy-
drocarbon exploration. The radioele-
ments are found in various concentra-
tions in the Earth’s crust, and heat gener-
ation varies significantly with lithologi-
cal units due to variations in the concen-
tration of the radioelements (K, eTh, and
eU) (Haack 1982; Cermark and Rybach
1982). The amount of >**U in natural ura-
nium is 99.28 per cent, 235U is roughly
0.71 per cent, and the rest is 2*U. Alt-
hough the radioactive isotope “’K is just
0.01167 per cent abundant in natural po-
tassium, it is a common element with
significant heat output. The heat created
per second by these elements (in
Wkg=1)is 95.2 foreU, 25.6 for eTh, and
0.00348 for K. (Haenel et al., 1988). Eq.
8 was used to calculate the Q in rocks
with eU, eTh, and K concentrations. As
a result, the sum of the individual heat
produced by eU, eTh, and K was used to
compute the overall radioactive heat
contribution from the research region.

Q(pWkg™1) =95.2C, + 25.6Cyp, +
0.00348Ck (8)
Where Q is the RHP, while Cu, Ctn, and
Ck are the elemental concentrations of
eU, eTh, and K, respectively.

Also, the RHP of representative lithol-
ogy across the study area was derived
from maps to infer the RHP for assessing
the hydrocarbon potential of each for-
mation. The radioelement maps were
sampled to obtain the concentration val-
ues across the study area. This was car-
ried out by drawing profiles across the
three radioactive elements grids for the
geological units in the study area. All the
formations were considered during sam-
pling to know the amount of heat flow

generated from the source rocks within
the study area for petroleum generation.

4 Results

4.1 Total  magnetic  intensity
(TMI), Residual and TMI- Reduce to
Equator (RTE) Maps

The total magnetic intensity (TMI) map
(Fig. 3a) was generated to showcase the
distribution of magnetic sources within
the area of study. High magnetic re-
sponses (HMRs) are represented in red
to pink colours, while moderate (MMRSs)
to low magnetic responses (LMRs) are
depicted in yellow to blue colours, re-
spectively. The positioning of magnetic
signatures on the TMI map agrees quite
with the rock types situated on the geol-
ogy map. The HMRs are seen to align
with regions occupied by porphyritic
granite on the western parts and iron-
stones on the southeastern edge. The
central NW regions, with part of the SW,
are occupied by major sedimentary rock
types which exhibit little or no magnetic
properties. To ensure accurate placement
of the anomalies over their causative
bodies, the TMI was reduced to the mag-
netic equator (RTE) (Fig. 3b).

4.2 Concentration anomalous
maps of radiogenic elements within
the study area

The radioelement concentration maps
for potassium (K%), thorium (eTh) and
uranium (eU) (Fig. 4a-c) were produced
in an aggregate of colours, with pink sig-
nifying high concentration, green signi-
fying moderate concentration, and blue
signifying low concentration (Fig. 6a-d).
The maps K, eTh, and eU can be classi-
fied as having high, moderate, or low
concentrations (HC, MC, and LC, re-
spectively). The three radioelement
maps possess HC on the NW and con-
tinue to the SW flank of the study area.
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MCs are visible on the southeastern part
of the study area, while a diagonally ori-
ented LC is observed from the northeast
down to the southwest flank of the study
area. The HC, MC and LC values of the
radioelements range from 1.00 — 4.7 %;
0.2 -0.6 %; 0.1 — 0.2 % for K, 14.1 —
36.3 ppm; 7.5 — 10.3 ppm; 3.3 — 10.1
ppm for eTh, and 3.2 —5.8 ppm; 2.1 —2.8
ppm; 1.5 — 2.0 ppm for eU, respectively.
The HC of the three elements concentra-
tion at the NW down to the SW part may
result from the influence of the shallow
depth and outcropping of the crystalline
rocks, which corresponds to the porphy-
ritic granite underlying the sediments.
Likewise, the HC of K, €Th, and eU in
the southeastern part might be attributa-
ble to shale (petroleum source rock) in
the Yolde Formation. The MC in the
northern to central part of the study area
corresponds to the Keri-Keri formation,
which is composed of sandstone, shale,
and clay (Fig. 2). The LC of the three ra-
dioelements in the central-southern part
is a result of the thick pile of sediments
in the Gombe formation.

5 Discussion

The study area (Gongola Basin) is litho-
logically made up of AL, Kst, Gst, Psh,
and crystalline rocks (GG, oGp, Ch, M,
and oGf) (Fig. 2). The Kst occupies the
north, central, and northwest parts, and
accounts for almost 70% of the study
area. The Kst is composed of sandstone,
shale, and clay. It is dominated by high,
moderate, and low magnetic (Fig. 3a-b)
and radiometric signatures (Fig. 4a-c).
The long-wavelength signatures from
the magnetic field might be attributed to
thick sedimentary covers. High concen-
trations of the radioelements (Fig. 4a-c)
delineated in the northwestern and south-
western parts of the study area can be at-
tributed to the crystalline rocks. The Gst

underlies the KF and overlies the YF in
the extreme southwestern part of the
study area. The Gst comprises intercala-
tions of siltstones, shale, and ironstones,
accountable for the identified low mag-
netisation and radioelement concentra-
tions. The Psh conformably overlies the
Yls in the southeastern part of the study
area. It is composed of shales and lime-
stones sandstone; hence, responsible for
low to moderate magnetisation and radi-
ometric signatures. The basement intru-
sion, such as sills and dikes as observed
in the northwestern and southwestern
parts of the study area, can interact with
sedimentary layers to create traps for hy-
drocarbon in the central to southern por-
tions of the study area. This intrusion can
form impermeable seals, preventing the
migration of hydrocarbons and trapping
them within adjacent porous and perme-
able sedimentary layers of the study area.

5.1 mapping of shallow-to-deep sub-
surface structural elements: Insights
from magnetic analytical modeling

Subsurface geological structures (faults,
lineaments) are vital in hydrocarbon ex-
ploration as they help control the migra-
tion of oil and gas from the source rocks
(Anudu et al., 2014). The FVD (Fig. 5a)
and SVD (Fig. 5b) are crucial in hydro-
carbon exploration as they explicitly de-
lineate geologic structures responsible
for the migration of oil and gas from the
source rocks. The occurrences and ex-
tent/lateral boundaries of the rock for-
mations within the study area were rec-
ognised and mapped. The study area
comprises sedimentary sections and a
basement complex. The basement com-
plex occupies the northwestern to the
southwestern part of the study area. The
geological structures delineated in the
VD and SVD maps (Figs. 5a-b) are cate-
gorised into four major parts: the NE-
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SW, NNE-SSW, NW-SE, and E-W, as
exposed by the rose diagram (RD) (Fig.
5¢). The major structures trend NE-SW
and E-W. While the minor structural fea-
tures, on the other hand, are oriented
NW-SE and NNE-SSW. The trends of
these geological structures suggest that
the area of study might have witnessed
several phases of tectonic deformation at
different geological times, as explained
by Genik (1992) and Okosun (1995).

The northwestern, western, and south-
western made up of crystalline rocks, are
dominated by NE-SW oriented struc-
tures. The sedimentary sections within
the study are also composed of NE-SW
and E-W oriented structures, which
might serve as a migratory or trap for the
hydrocarbon accumulation from the
source rocks to the reservoir. Remarka-
bly, the structural trending agrees with
the dominant NE-SW trending fault sys-
tem (Aduroju et al., 2016).
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Figure 5. (a) First vertical derivative map, (b) second vertical derivative map, (c) Rose diagram of the study area.

architecture, and the sedimentary thick-
ness of the study area for hydrocarbon
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exploration, 2D depth magnetic model-
ling was performed using the RTE-TMI
of the study area. The modelling tech-
nique is a two-dimensional forward
modelling, which is done with the grav-
ity/magnetic system (GM-SYS) exten-
sion in Oasis Montaj software version
8.4. The application is an interactive for-
ward modelling program that calculates
the gravity/magnetic response of a hypo-
thetical geologic model defined by the
user. Along with the RTE-TMI used
were other data, such as the Shuttle Ra-
dar Topography Mission (SRTM) for to-
pography enhancement and SPI (Fig. 6)
for depth control, which reveals a thick-
ness of sediments ranging from 102.0 —
5078 m. The terrain clearance used was
80 m, which was added to obtain the
magnetic elevation. In this study, three
profiles: A-A’, B-B’, and C-C’, were
carefully selected across some signifi-
cant structures on the RTE-TMI anomaly
map (Fig. 3b), in N-S and NE-SW direc-
tions from the northern (Kst) through the
central (AL) to the southern (Kst) parts,
and from the north-eastern (Kst) through

the central (Kst) to the southern part (Gst
and Psh) of the study area.

Observed on the models (Fig. 7a-c) is
the best fit between the calculated and
observed magnetic field anomalies with
slight errors. In model A-A’ (Fig. 7a), a
sedimentary thickness of approximately
4.2 km in the Keri-Keri formation (Kst)
was recorded at a distance of 18 km in
the northern part of the study area. Also,
within the Kst, at a distance of 30 km, an
uplift of 1.3 km was observed, which is
likely an intrusion into the sediments.
Towards the central part, a depth of 2.2
km was delineated. In general, the sedi-
mentary thickness obtained from model
A-A’ ranges from 1.3 — 4.2 km. Like-
wise, a sedimentary thickness of 4.0 km
was observed for model B-B’ (Fig. 7b) at
a distance of 20 km in the northern part
of the Kst. At the central part, a depth to
the top of the basement 2.5 was recorded.
At the southern part of the Gombe For-
mation (Gst), a depth of 2.0 was ob-
tained. So generally, the sedimentary
thickness obtained from model B-B’
ranged from 2.0 — 4.0 km.
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Figure 6. Source parameter imaging map of the study area.



Mapping the shallow-to-deep subsurface structural elements to determine the thermal region ...

27

[
£
3 E
e
£
=
H
-,
E 120.00 ...
= Pansegganin, %
8 E ops® '0.'-.""“.
3 g s0.00
g ilii] » “Observed, =Calculated
0.00—
1 Sadiments
4 S=0
200+

Depth (km)

P e ——

B
R

7
R
i
S
=B
12000 ey, T,
., ™
o . v, aennere®” ’.
T eooo * o K L o™
P = . 0 - L . .
£ E b W . y | el
T 000 | =Obsarved, lculated LN .
g T
0.00—

At
£ 200~ ¢
£ ] e
= ] F PO R RS
| et Fur g ‘l‘;-;x&g‘ 1
P P I L R
] Eie Yo S TN o 304
Vo a i A DRI N
4.00— aur o i Al ot ot
. il P Ha L LY
A T am ME) oy i’nao*t "ﬂ\
] £ PN RO A PP i
Ty S R e S
iy o1y PR AP ENIACES Bt
%5l e aFadl P s gL TV 4]
600t Sy v 2 M A Ak
C sy PRSI SN s Seae | gl
—— ——
0.00 150.00

Figure 7. 2D models of profiles; (a) A-A” in N-S, (b) B-B” in N-S, and (¢) C-C” in NE-SW directions produced from

the RTE-TMI map of the study area.

A thickness of 5.0 km within the Kst
was obtained from model C-C’ (Fig. 7c¢).
At a distance of 40 km, an uplift of 1.8
km into the sediments was noticed, sig-
nifying basement intrusion in the central
region. Towards the southwestern part of
the Gombe formation (Gst), a sedimen-
tary pile of 3.3 km was obtained, and in

the extreme part, a depth of 1.8 km was
recorded in the basement complex. A
sedimentary thickness of >3.0 km to
about 5.0 km was obtained in the north-
ern and central part of the Kst, which is
sufficient for hydrocarbon maturation
and accumulation within the study area.
All the models reveal that the basement
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architecture is not flat topographically
but undulated, with sediment magnetic
susceptibility contrast of 0.0, while the
basement had susceptibility and magnet-
isation in the range of 0.001-0.003 and
0.001-0.003, respectively.

5.2 Possible regions of hydrocar-
bon exploration within the study area:
Insight from thorium normalisation
technique (TNT), radiogenic heat pro-
duction (RHP) and SPI

Figs. 8a-c depict the relative deviations
of potassium (KD%), equivalent ura-
nium (eUD%), and delineation of radio-
active anomalies (DRAD) maps, which
reveal the residual contents of the hydro-
carbon anomalies of the study area.
These maps (Figs. 8a-c) clearly show
anomalies that might be indicative of po-
tential hydrocarbon accumulation zones
within the study area. The KD%, eUD%,
and DRAD reveal regions of negative
and positive anomalous values, which
range from -24.7 — 18.9 %, -0.5 — 0.3 %,
and -18.9 — 25.7 %, respectively. Ob-
served on Fig. 8a, the northeastern part
through the centre to the southern part of
the study area is dominated by negative
anomaly values with some patches of
positive values, which fall within the
Keri-Keri Formation (Kst). The north-
west, west, and southeastern parts of the
study area are also dominated by positive
values, which fall within the basement
complex. On the other hand, Fig. 8b and
Fig. 8c are the opposite expressions of
Fig. 7a. Previous studies have shown that
hydrocarbon accumulations within sedi-
mentary regions are characterised by
negative KD% and positive DRAD
(Saunders et al.,1993, Adewumi et al.,
2021, etc.). The black circles on the
DRAD map are the more positive DRAD
anomaly values, which are indicators of

favourable regions of hydrocarbon accu-
mulation within the study area. The re-
gions correspond to the areas delineated
on the SPI map and the 2D magnetic
depth models that are characterised by
over 3.0 km of sedimentary thickness.
The calculated RHP from the radioel-
ements (K, eTh, and eU) ranges from
0.00 to 0.02 pWkg'; 141.1 to 930.3
pWkg!; and 142.1 to 553.2 pWkg!, re-
spectively (Figs 9a-d). Their total heat
ranges from 289.4 to 1477.6 pWkg™.
The calculated RHP for the study area is
classified into three major categories:
low heat production (LHP), ranging
from 0.00 to 0.00 pWkg'; 141.1 to
258.8 pWkg'; and 142.1 to 240.0
pWkg'; moderate heat production
(MHP) ranging from 0.00 to 0.01 pWkg"
1:264.1 to 539.0 pWkg'; and 245.0 to
344.8 pWKkg'; and high heat production
(HHP) ranging from 0.01 to 0.02 pWkg"
1:581.9 to 930.3 pWkg'- 1; and 358.9
to 553.2 pWkg!, respectively, as ob-
served in (Figs. 9a-d). Likewise, the total
RHP can be categorised into LHP rang-
ing from 289.4 to 498.1 pWkg!, MHP
ranging from 508.2 to 932.8 pWkg!,
and HHP ranging from 988.9 to 1477.6
pWkg (Fig. 9d). The RHP maps (Figs.
9a-d) reveal that the northwest, west, and
southwest regions of the study area pro-
duced more radiogenic heat than the rest
of the area, corresponding to Kashere,
Abayi, and Maina Maji, which is due to
the dominating crystalline rocks (Por-
phyritic granitic rocks). The LHP ob-
served in the northeastern and southeast
parts of the study area, corresponding to
Duguri, Yankari GR, and Wikki, can
also be attributed to the alluvium deposi-
tion. The MHP observed in the central
flank, which corresponds to Akko, Al-
kaleri, Bara, Mansur, Putuk, and Jimbom
within the Keri-Keri Formation (Kst),
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could be attributed to shale and lime-
stone (petroleum source rock) (Fig. 2).
The interpretations align with the previ-
ously discussed radionuclide maps in the
study area. Therefore, regions with the
MHP rate of values >750 pWkg 'within
the sedimentary section of the study area
are significantly viable for hydrocarbon
maturation zones (Ehinola et al., 2005;
Oyebanjo et al., 2016) and exploitable at
depths of 3 km and above, especially in
the deep-seated regional faults/fractures
within the study area. The obtained RHP
of the Gongola Basin has offered new

insights into the thermal model for hy-
drocarbon prospecting in the study area,
which is one of the mechanisms in hy-
drocarbon exploration in a sedimentary
terrain. The results also agree with the
values of RHP obtained in the Bornu Ba-
sin (Adewumi et al., 2023).

Table 1 summarises the statistical re-
sults of the three variables (DRAD,
RHP, and SPI) across the rock units of
the study area, focusing on their potential
for hydrocarbon resources. The essential
parameters indicating hydrocarbon accu-
mulation in this study (DRAD and RHP)
were further subjected to statistical
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Table 1. Summarized computed DRAD, RHP, and SPI for each rock unit to identify probable hydrocarbon accumu-

lation zones in the study area.

. . . Sedimentary
l:OCk L1thli)log_1tc Geological Parameters Min Max Mean SD CV% Thickness
ype rock uni age SPI (m)

DRAD (%)  -226.22 109.17 -1.00 13.42 -1342
. RHP
Bss Cenomanian (PW/kg) 347.50 808.75 501.57 131.03 26.12 3906.00
DRAD (%) -0.20 2.20 0.86 0.50 58.14
Cenoma- RHP
Psh nian- Tura- (PW/ke) 460.5 723.1 574.23 66.6 11.59 2463.40
nian
DRAD (%) -209.84  479.84 5.72 26.92 470.63
RHP
Al Quartenary (PW/ke) 320.98 589.12 435.40 67.66 15.53 349430
g
g DRAD (%) 0.13 9.40 1.96 1.36 69.39
g RHP
5 Gst Maastrichian (PW/ke) 465.8 823.63 621.33 104.83 16.87 2699.70
DRAD (%) -24543  3372.37 4.265 159.615 374243
RHP
Kst Paleocene (PW/ke) 306.55  701.275  432.66 84.69 19.57 487050
DRAD (%) -383.9 584.56 0.23 61.63 26795.65
. RHP
M Precambrian (PW/ke) 755.63 1323.8 990.16 153.53 15.48 1249.10
DRAD (%) -833.4 2529.5 2.00 109.53 5476.50
Abian-Tura- RHP
Ogp nian (PW/ke) 702.53 1256.76  953.10 155.16 16.27 635.20
DRAD (%) -1.7 0.13 -0.73 0.33 -45.21
g Ch Quartenar RHP 49646 102546  655.83 137.96 21.04 425.10
g Y (pW/kg) ' ' ’ ' ' '
[}
2
§ DRAD (%) -139.2 1830.66 11.00 139.06 1264.18
=] . RHP
g Ogf Precambrian (PW/ke) 941.06 1916.33  1424.63  294.06 20.64 721.30
DRAD (%) -53.925  87.525 -1.575 7.05 449.04
GG Precambrian oL 910.05 174947 130192 23692  18.19 554.40
(pW/kg)

Bss — Bima Formation, Gst-Gombe Formation, Psh-Pindiga Formation, Kst-Keri-Keri Formation, Al-Alluvium, GG-
Granite Gneiss, OGp-Porphyritic Granite, Ch-Charnockitic Rocks, OGf-Fine-Grained Granite.

evaluations to measure their degree of
homogeneity and distribution across lith-
ological formations. A statistical meas-
ure called the coefficient of variability
(CV%) was applied to achieve this. An-

alytically, a CV% of less than one hun-
dred per cent indicates positive variabil-
ity and coherent distribution of the meas-
ured parameters over the given lithology.
As presented in Table 1, the CV% of
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DRAD and RHP was estimated over sed-
imentary and basement complex litho-
logical formations. The RHP parameter
exhibited a well-behaved distribution
across all lithological formations, with
CV% values ranging from 11.59% to
26.12%. Positive DRAD variability was
recorded in the Pindiga and Gombe for-
mations, which comprise Psh (Shale,
Limestone, and Sandstone) and Gst
(Sandstone, Siltstone, Shale, and
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Ironstone) lithological units, respec-
tively. Additionally, the sedimentary
thickness associated with the lithological
formations, estimated via Source Param-
eter Imaging (SPI), shows a deeper sedi-
mentary thickness of 4870.50 m. The
Kerri-Kerri and Bima Formations rec-
orded thicker sediments of 3.0 km and
above, along with positive DRAD and
moderate RHP, which are sufficient for
hydrocarbon maturation.

e
2 5y

0h0t

00,00
®

11°00°

5.6 “00.01

B
w6

066

104"

10°50° 1100

Radiogenic heat production (Qu)

Qu
(pWkg)

109"

1010

(b)

10°50°

L
030"

10°20° 040

Total Radiogenic heat production (RHP)

(©

(d)

Figure 9. Fig 12: RHP maps of; (a) K concentration, (b) eTh concentration, (c) eU concentration, and (d) heat pro-

duced by the three radioelements.

5.3  Integration map of DRAD,
RHP, and SPI: hydrocarbon potential
indicator in the study area

Fig. 10 is the integrated map of DRAD,

RHP, and SPI produced in an aggregate
of colours: blue for DRAD, green for
RHP, and orange for SPI. These param-
eters are good indicators of hydrocarbon
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potential in sedimentary terrain and have
proven useful in delineating regions of
hydrocarbon potential on a reconnais-
sance basis. The map was produced us-
ing a cutoff value for each of the maps
that are of interest to hydrocarbon pro-
specting. For DRAD, a minimum value
of 5% was used, as we are interested in
the positive values of DRAD to indicate
regions of hydrocarbon potential in the
study area. Likewise, for RHP, a mini-
mum value of 750 pWkg' and a maxi-
mum value of 1500 pWkg' were
adopted, which fall within the moderate
range considered sufficient for hydrocar-
bon maturation and accumulation in the
study area. The high RHP observed in
the northwestern and southwestern parts
of the study area may be attributed to the
crystalline basement rocks in the study
area. The basement intrusion in the west-
ern part of the study area might influence
the thermal maturity of source rocks,
potentially increasing the generation of

hydrocarbon. Furthermore, a minimum
cutoff value of 2500 m was considered
for the SPI, which reveals the thickness
of sediments in the study area; this value
is regarded as sufficient for hydrocarbon
maturation and accumulation in a rift ba-
sin (Isyaku et al, 2016; Epuh and
Joshua, 2020). The essence of this map
is to show the points of intersection for
the three parameters. A close examina-
tion of the map reveals that the point of
intersection for DRAD and SPI lies in
the northeastern part, and central to the
southern part of the study area, indicat-
ing a promising area for hydrocarbon
prospecting. Additionally, the point of
intersection of the three parameters, in-
dicated by red colour on the map, can be
found in the southwestern part of the
study area, which falls in the Keri-Keri
Formation. This agreement between
these parameters serves as a strong indi-
cator for hydrocarbon exploration in the
study area.
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6 Conclusion

This study successfully conducted the
mapping of shallow-to-deep subsurface
structural elements to determine the ther-
mal regions and hydrocarbon potential of
the Gongola Basin from combined air-
borne magnetic and gamma-ray spectro-
metric datasets. The results revealed var-
ying lithological and structural features
(faults and lineaments) from shallow to
deep and the trending of these structures.
These distinctive geological features dis-
play varying magnetic signatures and ra-
dionuclide concentrations. The high
magnetic response observed in the north-
western and southeastern parts of the
study area may be associated with the in-
fluence of the crystalline rock dominat-
ing the region. The low to moderate re-
sponse in the northeastern part, extend-
ing through the central to southern parts,
may also be linked to thick sedimentary
piles. The FVD, SVD, and Rose diagram
of the airborne magnetic anomaly maps
indicated major lineaments/faults ori-
ented in the NE-SW, NNE-SSW, and E-
W directions. These delineated struc-
tures might serve as migratory paths or
traps for hydrocarbons generated by the
hydrocarbon host rocks (shale and lime-
stone) in the study area. The radioele-
ment maps illustrated the variability in
the relative abundance of one element
compared to another. The SPI map and
the 2D magnetic depth models showed
the sediment thickness exceeding 3.0 km
within the Keri-Keri Formation (Kst),
which is adequate for hydrocarbon mat-
uration and accumulation within the
study area.

The positive DRAD values indicated
zones of probable hydrocarbon poten-
tials. The estimated total RHP rates for
the study area range from 289.4 —1477.6
pWkg™1. The RHP > 797.87 pWkg'!
obtained in the Keri-Keri Formation

(Kst) and Pindiga Formation, which are
attributable to clay, limestone, shale, and
sandstone, falls within the moderate
RHP windows (750-1500 pWkg),
which is sufficient for hydrocarbon mat-
uration and accumulation in the study
area.
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