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This study utilized spectral analysis (centroid method) to assess geothermal parameters
in the southwestern part of the Sokoto Basin, Nigeria. The high-resolution airborne data
comprised forty-nine (49) overlapping blocks, and each block was divided into 55x55
km to evaluate essential parameters such as depth to the top boundary (Z;), centroid
depth (Z,), and magnetic source bottom (Z; = 2Z,-Z,). The analysis revealed variable
Curie points depths (CPD), ranging from 3.89 km to 26.56 km. The lowest CPD is
primarily associated with basement rocks within anomalies A, B, C, D, E, F, G, H, and
I, with an average CPD of 9.16 km. Furthermore, the thermal gradients ranged from
21.84 °C/km to 149.10 °C/km, with an average thermal gradient of 73.30 °C/km. The
heat flow exhibited variations between 54.81 mW/m?and 374.24 mW/m?2, with average
heat flow of 180.4 mW/m?, indicating significant geothermal potential zones. The high
thermal gradients and heat flow regions were identified, around anomalies A, B, and C.
Additionally, temperature gradients identified at shallow depths ranged from 110 °C/km
to 150 °C/km. The results reveal the presence of high-temperature points and anomalous
geothermal potentials, particularly within anomalies A, B, and C, thus requiring further
investigation for sustainable geothermal energy generation in the study area.
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1. INTRODUCTION

icant geothermal potential, with its unique geological character-

Geothermal exploration naturally influences the regional and lo-
cal structural setting [1]. This exploration hinges on crucial fac-
tors such as the Curie-depth point (CPD), temperature gradient,
heat flow, and hydro-geological regions, all intimately linked to
the geodynamic setting [2]. The Sokoto Basin, northwestern
Nigeria, has recently garnered attention as a region with signif-
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istics and proximity to tectonic features [3].

The Nigeria sector of the basin is underlain to the east and
south by Precambrian basement complex rock comprises igneous
and metamorphic rocks, and to the north in the Tassaili and
the Hoggar mountains by Cambrian beds [3]. The basin holds
promising exploration and utilization of geothermal resources.
The potential for geothermal energy in the Sokoto Basin resulted
from several geological indicators, including sedimentary for-
mations and associated thermal anomalies [3]. The sedimen-
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tary rocks in the Sokoto Basin, such as the Gwandu Formation
and the Dange Formation, are believed to host geothermal reser-
voirs. These formations exhibit thermal anomalies, suggesting
subsurface heat flow and the possibility of geothermal activity.
As the demand for sustainable energy sources grows, understand-
ing and harnessing the geothermal potential of the Sokoto basin
could play a crucial role in Nigeria’s energy landscape. Previ-
ous research has highlighted the significance of depth to the bot-
tom of magnetic sources (DBMS) while estimating CPDs, of-
ten occurring at approximately 580 °C [1, 2, 4]. These estima-
tions are crucial in characterizing deformation modes, depth, and
the Curie temperature distribution within the Earth’s continental
crust [4, 5]. Significantly, high temperature fluid movement can
alter the magnetic properties of materials, rendering them para-
magnetic [1].

Regional magnetic anomaly data can sometimes be employed
to estimate depth rather than relying directly on temperature data
[1]. Some studies conducted in different basins and geologi-
cal areas on geothermal potentials emphasize the significance of
CPD and DBMS in determining regional heat flow and crustal
temperature, especially within sedimentary basins rich in organic
matter maturity [1, 2, 6-22]. Regional geothermal studies within
the Sokoto Basin show that the sedimentary thicknesses were
range between 1.0 to 2.7 km, statistically equivalent to DBMS
or basement depths [23-25]. The heat flow variation using the
bottom-hole temperature measurements from the entire Sokoto
basin ranged between 20.58 °C/km to 51.02 °C/km with average
temperature gradient of 33.99 °C/km [26]. Also, according to
Taufiq et al. [23] reports thermal gradient of the Sokoto basin
ranges between 46.4 °C/km to 116.9 °C/km, with mean values
equivalent to the 81.6 °C/km.

This study uses a spectral centroid approach to estimate CPD
from geothermal parameters using a high-resolution airborne
dataset. However, it provides valuable insights into the most
promising geothermal exploration areas, paving the way for sus-
tainable energy generation within the region.

2. GEOLOGICAL SETTING OF THE AREA

The study area is situated in the southwestern part of the Sokoto
Basin in Northwestern Nigeria, bounded by coordinates 3.50N to
5.50N and 10.00E to 12.00E, covering an area of approximately
48,400 km?. The Sokoto (Tullemmeden) Basin in south-central
Saharan Africa is circular intra-cratonic and spans about 700,000
km? and is a circular intra-cratonic basin in south-central Saha-
ran Africa. It traverses regions of northwestern Nigeria and parts
of the Republics of Benin, Mali, and Niger [27]. The region
is part of the late Proterozoic—early Phanerozoic of the Sokoto
sector, effectively demarcating the West African craton [3]. The
tertiary marine deposits within the Sokoto Basin comprise red,
mottled massive clays with intermittent sandstone intercalations.
These sediments correspond to the Gwandu Formation of North-
ern Nigeria and are discordantly overlain by a substantial se-
ries of deposits. These deposits consist of massive white clays
interspersed with red mudstones, sandstones of varying grain
sizes, and occasional peat bands [28]. The geological compo-
sition of the study area is shown in Figure 1 and it includes a di-
verse range of rock types, such as metaconglomerate, sandstone,
ironstone, laterites, quartz-mica schist, clay materials, banded

granite, biotite, migmatite, gneiss, biotite-hornblende, medium
coarse-grained diorite, and others. These rock types collectively
contribute to the geological complexity of the area. The study
area’s geological features are closely associated with brittle and
ductile fault structures and planes of schistosity that intersect var-
ious rock types, including phyllites, schists, quartzites, gneisses,
and granitoid masses in proximity. These geological character-
istics link two regional fault systems [21, 29, 30].

3. MAGNETIC DATA PROCESSING AND ANALYSIS
Sixteen gridded sheets of high-resolution aeromagnetic data
from the Nigeria Geological Survey Agency (NGSA) were ob-
tained. These datasets were acquired by Fugro Aero Services
Ltd. between 2004 and 2009 for mineral resource development
in Nigeria [31]. The data were collected along 500 m line spac-
ing in the NW-SE direction, maintaining an 80 m clearance sur-
vey lines, and tie lines were spaced at 2000 m intervals in the
NE-SW direction. Corrections were applied for diurnal varia-
tion and the International Geomagnetic Reference Field (IGRF)
to ensure data accuracy. The magnetic inclination (I) of I=3.021
and declination (D) of D = -0.245 were measured, respectively.
Figure 2a show the composite 'RMA’ map was divided into 49
overlapping square blocks, each covering an area of 55x55 km
square. To enhance the magnetic anomalies’ contrast, reduction-
to-equator residual magnetic anomaly (RTE-RM’) technique
was employed as shown in Figure 2b which is consistent with
Akinlalu et al. [32] and contributes to the symmetrical represen-
tation of anomalies concerning their sources, facilitating contour
delineation [33, 34]. The source parameter imaging (SPI), also
known as local wave numbers, is used to estimate depth equation
(1) as developed by Finn and Ravat [35]. The source parameter
imaging ‘SPI’ or the local wave numbers developed by Finn &
Ravat [35], and is computed for depth estimate as seen in equa-
tion (1),
PMOM _ *MoM
_ dxdzdx dx2dz , (1)
(G2 + (P

where, M= magnetic field value, x= grid of the horizontal deriva-
tive in the x-direction, z= grid of the horizontal derivative in the
x-direction, K= represent the peak value of located over the step
source.

1
K max’

Depth = (x = 0) (2)
A graph displaying the spectrum against the wave number
(Rad/km) is employed to determine the Curie Point Depth (CPD)
for each block.

3.1. CENTROID APPROACH

The centroid approach calculates the CPD [2, 5, 15, 34]. Other
methods include the scaling spectrum methods [6], spectral peak
method [34], forward modeling of the spectral peak method [35],
and correlation between magnetic source depth and magnetic
anomalies spectrum [2, 34]. According to Elkhateeb and Ab-
dellatif [15], the density of the power spectrum of the magnetic
field observed (AT = (Kx, Ky) is given by

p(Kx, Ky) = om(Kx, Ky) X F(Kx, Ky), 3)
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Figure 1. Geological map of the entire southwestern part of Sokoto basin,
showing the representative rocks distribution of the basin modified after
Rajagopalan [31], inset of the geological map of Nigeria.

Figure 2. (a) Residual magnetic anomaly (RMA) showing block num-
bers, (b) Reduced to magnetic equator (RTE-RMA) map showing the
aeromagnetic sheet numbers.

F(Kx,Ky) =
4> C2meplhx, ky) Iml* |FI? €212 x (1 — e ME-20)2 (4

where Cm? = constant quantity, ¢gm = power spectrum magne-
tization, and (kx, ky) are wave numbers in the "X, y" directions.
Magnetization factors are denoted by I®@ml*, and magnetic field
directions are represented by ©f1, respectively. Moreover, the
top and the bottom magnetic layers are Z, and Z,, respectively.
The x and y represent the random function while M(x, y) is ran-
dom magnetization, and the constant values are m (kx, ky). The
radially average power spectrum [36] is given by;

p(k) — A1—2|k|ZI(1 _ e—2|k|(Zb—Zr))’ (5)
where k is the wave number and A is constant

The power spectrum derives from a magnetic resource’s cen-
tral depth generated from a low wave number.

2
2 (l]z) ) = A2 |k| Zo, (6)
In(p(k)?) = A3 — |2k| Zt, (7)

where A2 and A3 are constant values, while P is the power spec-
tral density, and the bottom depth can be determined as follows
[2].

Zy =2Z0 - 7t, ®)
Additionally, equation (9) shows the links between heat flow and
geothermal gradient using Fourier’s law [36, 37].
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Figure 3. Radially averaged powered spectrum representative of (a)
block 6 and (b) block 18 respectively.

where q = Heat flow (W/m?), k = thermal conductivity (Wm™!
K™") and T = inducing filed (V/m). The Curie temperature is
expressed as;

or
Oc = (=)zb, 10
c=( 5z )z (10)
where Zb= is the basal depth or is called Curie point depth.

4. RESULTS AND DISCUSSION

4.1. CURIE DEPTH POINT (CDP) ESTIMATION

The power spectrum plots for blocks 6 and 18 in the southwestern
part of the Sokoto basin were selected to represent the 49 blocks.
These blocks’ estimated depths to the top boundary (Z;) were
0.964 km for block 6 and 4.23 km for block 18. Additionally,
the centroid depth (Z,) is estimated to be 6.8 km for block 6 and
9.21 km for block 18 in Figure 3a and 3b.

The visual examination of the depth to the bottom of the mag-
netic sources (DBMS) map as shown in Figure 4a reveals distinct
regions of varying depths. Shallow and dipper depths, ranging
from 85 m to 103.4 m, are associated with anomalies A, B, C,
D, E, F, G, H, and I correspond to metasedimentary and base-
ment rocks, with CPD values <9 km trending the SE part of
the study area in Figure 4b. In contrast, the regions represent
thick sedimentary or deep-lying magnetic source depths corre-
sponding to anomalies O and P, trend the NW region with cor-
responding depths ranging from 465.2 to 754 m. According to
Tanaka et al. and Salk et al. [2, 38], the shallow nature of CPDs
and elated geodynamic environment commonly associated with
plate boundaries, they report that the CPDs are less than 10 km.
Howeyver, the sallow nature of the CPDs, around the mentioned
anomalies attributed to high heat conductivity and the presence
of igneous rocks.

The CPD observed from 15 to 25 km is due to island arcs and
ridges. However, a CPD greater than 20 km indicates trenches
and plateaus. In Figure 4b, the SE trends indicate a shallow CPD
portion <15 km located within the basement complex rocks. The
NW part of the study area revealed different CPD <27 km lo-
cated particularly within anomaly O and P within the sedimen-
tary basin and is consistent with the work of Nwankwo and Shehu
[26]. However, the average CPD in the study area was 9.16 km.
These findings align with a previous study by Shehu et al. [24],
who evaluated the geothermal parameters of the entire Sokoto
Basin, Nigeria, reporting a CPD of 27.83 km. Taufiq et al. [23]
determined (CPD) values across the Sokoto basin using spectral
analysis (centroid approach).
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Table 1. Calculated geothermal parameters.

Spectral Locations Longitude Latitude Centroid Top Curie Geothermal Heat
Blocks (degree) (degree) depth Z, boundary point gradient flow
(km) depth depth Z, (°C/km) (mW/m?
Z, (km) (km)

1 North-west  3.75 11.75 5.93 1.51 10.35 56.04 140.66
2 North-west ~ 4.00 11.75 4.7 1.27 8.13 71.34 179.07
3 North-west ~ 4.25 11.75 491 1.64 8.18 70.90 177.97
4 North-east 4.50 11.75 4.77 1.31 8.23 70.47 176.89
5 North-east 4.75 11.75 4.03 1.67 6.39 90.77 227.82
6 North-east 5.00 11.75 6.8 0.964 12.64 45.90 115.21
7 North-east 5.25 11.75 5.44 1.52 9.36 61.97 155.53
8 North-west ~ 3.75 11.50 8.6 1.79 15.41 37.64 94.47
9 North-west ~ 4.00 11.50 8.04 1.78 14.30 40.56 101.80
10 North-west ~ 4.25 11.50 5.29 1.95 8.63 67.21 168.69
11 North-east 4.50 11.50 5.52 2.15 8.89 65.24 163.76
12 North-east 4.75 11.50 4.18 2.19 6.17 94.00 235.95
13 North-east 5.00 11.50 4.59 2.5 6.68 86.83 217.93
14 North-east 5.25 11.50 5.35 2.01 8.69 66.74 167.53
15 North-west ~ 3.75 11.38 14.4 2.24 26.56 21.84 54.81
16 North-west ~ 4.00 11.38 8.75 2.81 14.69 39.48 99.10
17 North-west ~ 4.25 11.38 7.51 2.81 12.21 47.50 119.23
18 North-east 4.50 11.38 9.21 4.23 14.19 40.87 102.59
19 North-east 4.75 11.38 5.68 2.86 8.50 68.24 171.27
20 North-east 5.00 11.38 5.32 2.64 8.00 72.50 181.98
21 North-east 5.25 11.38 3.92 2.84 5.00 116.00 291.16
22 North-west ~ 3.75 11.00 4.92 2.11 7.73 75.03 188.33
23 North-west ~ 4.00 11.00 7.69 1.62 13.76 42.15 105.80
24 North-west ~ 4.25 11.00 6.24 2.18 10.30 56.31 141.34
25 North-east 4.50 11.00 5.78 2.17 9.39 61.77 155.04
26 North-east 4.75 11.00 3.88 1.48 6.28 92.36 231.82
27 North-east 5.00 11.00 4.01 1.57 6.45 89.92 225.71
28 North-east 5.25 11.00 4.03 1.35 6.71 86.44 216.96
29 South-west ~ 3.75 10.75 7.94 1.71 14.17 40.93 102.74
30 South-west ~ 4.00 10.75 7.7 1.88 13.52 42.90 107.68
31 South-west ~ 4.25 10.75 4.24 1.4 7.08 81.92 205.62
32 South-east 4.50 10.75 4.44 2.01 6.87 84.43 21191
33 South-east 4.75 10.75 3.62 1.48 5.76 100.69 252.74
34 South-east 5.00 10.75 2.49 1.07 391 148.34 372.33
35 South-east 5.25 10.75 2.6 1.31 3.89 149.10 374.24
36 South-west  3.75 10.50 5.99 1.79 10.19 56.92 142.87
37 South-west ~ 4.00 10.50 4.69 1.92 7.46 77.75 195.15
38 South-west ~ 4.25 10.50 4.86 1.59 8.13 71.34 179.07
39 South-east 4.50 10.50 3.62 1.09 6.15 94.31 236.72
40 South-east 4.75 10.50 3.51 1.17 5.85 99.15 248.85
41 South-east 5.00 10.50 4.03 1.02 7.04 82.39 206.79
42 South-east 5.25 10.50 4.9 1.11 8.69 66.74 167.53
44 South-west  3.75 10.25 5.29 1.3 9.28 62.50 156.88
45 South-west ~ 4.00 10.25 3.42 1.31 5.53 104.88 263.25
46 South-east 4.25 10.25 3.37 1.67 5.07 114.40 287.14
47 South-east 4.50 10.25 3.8 1.95 5.65 102.65 257.66
48 South-east 4.75 10.25 4.9 1.54 8.26 70.22 176.25
49 South-east 5.00 10.25 9.15 1.33 16.97 34.18 85.79

The reported CPD values range from 5.96 km to 74.29 km, high geothermal parameters (heat flow and thermal gradient), are
with an average value of 18.99 km. Shallow CPDs, similar to associated with anomalies A, B, and C. These anomalies agree
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Figure 4. Map of the study area showing (a) Source parameter imaging (SPI) (b) Curie point depth (CPD) (c) Temperature gradient, and (d) Heat

flow.

with the basement complex structure in the area, which strongly
influences Pan-African granitic intrusions and the presence of
tertiary basalt rocks. The study also identified a minimum ther-
mal gradient value of 21.84 °C/km in block 15, contrasting with
a maximum thermal gradient of 149.10 °C/km in block 35.

4.2. THERMAL GRADIENT AND HEAT FLOW VARIATION

Table 1 also reveals thermal gradients of the area varies between
21.84 °C/km to 149.0 °C/km, with an average thermal gradient
of 73.30 °C/km. However, the areas with lowest thermal gradient
include anomalies (N, O, P, Q, K, L, and M), while the moder-
ate thermal anomalies includes (F, G, H, I, and J) located in the

NW region of the study area and upper Bidda basin dominating
the sedimentary strata as in Figure 4c. The lowest thermal gra-
dient anomalies in a region attributed to a complex interplay of
geological factors, including the composition of the Earth crust,
tectonic processes, and heat flow variability.

The geological setting, such as the prevalence of sedimentary
rocks with lower thermal conductivity, can contribute to a shal-
lower thermal gradient. Tectonic activity, such as the absence
of significant faulting or volcanic processes, reduced heat flow.
Crustal thickness, lithospheric processes, and the distribution of
heat-producing elements, such as uranium and thorium influence
the thermal structure. Regions with high thermal gradient in-
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cludes anomalies (A, B, C, D, and E) with thermal gradient val-
ues ranging from (110 °C/km to 150 °C/km) trending the SE part
occupying the basement rocks formation. Those regions have
significant geothermal signatures such as granitic intrusions (hy-
drothermal alteration can occur in the vicinity of granitic intru-
sions, leading to the formation of minerals like sericite, quartz,
and sulfides) and Fault Zones, can provide pathways for geother-
mal fluids to migrate through the Earth crust. Mineral associated
with fault zones may indicate the effects of hydrothermal alter-
ation along these pathways. However, specific minerals within
certain rock formations are one aspect of understanding the com-
plex nature of geothermal systems.

High heat flows >80 mW/m~2 reported to exist in the basin
[13, 23, 25, 26]. This suggest anomalous geothermal conditions.
The heat flow within the study area ranges from 54.81 mW/m?
to 374.24 mW/m? with an average heat flow of 180.40 mW/m?
in Table 1. However, equation (9) indicates the links between
heat flow and geothermal gradient through the Fourier’s law. By
considering a Curie temperature of 580 °C for magnetite and a
thermal conductivity of K= 2.5 Wm~! °C~! for igneous rocks,
the heat flow map in Figure 4d notices anomalies N, O, L, K,
and M that represent the zones with minimum heat flow within
the sedimentary basin part of the study area.

The thermal gradient is the rate at which temperature changes
with depth and reduced heat flow as temperature differences
drive heat transfer. If the geothermal gradient (change in temper-
ature with depth) is shallow, it can contribute to lower heat flow
from the Earth interior to the surface. However, Sedimentary
basins with low heat flow may have limitated in petroleum and
natural gas production. The thermal maturation of organic matter
to hydrocarbons is influenced by heat. In contrast, anomalies H,
I, G, J, E, and F exhibit low thermal anomalies with temperatures
ranging from 40 °C/km to 80 °C/km, mainly within sedimentary
strata. The areas with high heat flow values agrees with vol-
canic activities and metamorphism, meanwhile, high heat flow
may also result from deep magmatic mass in association with
young volcanism and faulted structure [38]. However, geologi-
cal information significantly influences heat flow patterns within
the study area. The high heat flow regions are primarily associ-
ated with igneous and metamorphic rocks.

In thermally continental regions, the estimated minimum
heat flow for considerable geothermal energy generation is 60
mW/m? and the heat flow range from 80 to 100 mW/m? indicates
probable anomalous geothermal conditions. The anomalously
high heat flow values around 360 mW/m? were noticed, partic-
ularly in the metamorphic region of the study area, correlating
with high thermal gradients >150 mW/m2. However, the zone
characterized by high thermal conductivity and has undergone
complex geological processes over millions of years, including
tectonic activities associated with the movement of Earth plates.
The tectonic activity plays a substantial role in heat flow vari-
ations in the region and resulted in faulting, folding, and other
structural deformations [2, 29, 39]. Zone with high CPD val-
ues coincide with low thermal gradients. In geothermal explo-
ration, the CPD and thermal gradients are significant parameters
that provide insights into the temperature distribution within the
Earth crust.

5. CONCLUSION

This study utilizes high-resolution aeromagnetic data to un-
veil substantial geothermal potential in the southwestern part of
Sokoto Basin Nigeria. It identifies CPD zones, with deeper zones
corresponding to sedimentary areas and shallow zones corre-
sponding to metamorphic or igneous regions, each linked to dis-
tinct structural trends. CPDs range from 3.89 km to 26.56 km,
averaging 9.16 km. The lowest CPD zones values of 3.89 km and
high thermal gradients indicate promising geothermal prospects.
The thermal gradient varies from 21.8 °C/km to 149 °C/km, aver-
aging 73.3 °C/km, suggesting favorable geothermal conditions.
Heat flow ranges between 54.81 mW/m? and 374.24 mW/m?,
with an average exceeding 100 mW/m?, signifying an anoma-
lous geothermal state as per sedimentary thickness ranges from
0.964 km to 4.23 km, thus corroborate with geological informa-
tion of the study area. These findings emphasize the need for
further investigations within the Pan-African province to harness
the region’s geothermal energy resources.
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