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Abstract

Aeromagnetic dataset over Ikot Ekpene and environs, Eastern Niger Delta Basin, was processed to compute the basement depth, Curie
isotherm depth, geothermal gradient and heat flow within the area in order to investigate the depth to magnetic sources, geothermal pro-
spect and the hydrocarbon potential of the place. The adopted computational method transformed the spatial data into frequency domain
and provided a relationship between radially average power spectrum of the magnetic anomalies and the depths to respective sources.
The results of the analysis showed that the depths to centroids and top boundaries range from 7.84 to 13.38 km and 0.233 to 0.459 km
respectively. Curie depths within the basin undulate and vary between 15.42 and 26.49 km. The geothermal gradients range between
20.758 and 35.649 °C/km while the corresponding heat flow is about 51.896 mWm 2 within east of Ikono, north of Mbak and west of
Abak Areas and 89.124 mWm 2 within Amawum, Ndoro, Isiala, Ogbuebule and east of Uyo Areas. Based on the computed sedimentary
thicknesses, high geothermal gradients and delineated major faults and fractures which could serve as migratory pathway for hydrocar-
bon or hydrothermal fluid, some parts of the study area have been demarcated for geothermal prospect and detail hydrocarbon explora-
tion.
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1. Introduction

Lithospheric thermal gradients are rarely distributed uniformly and are sometimes contaminated by local thermal anomalies; they are
often estimated from near-surface heat-flow measurements. Adequate knowledge of the thermal structure of the lithosphere is required
for a wide variety of geodynamic investigations, including rock deformation, mineral phase boundaries, rates of chemical reactions, elec-
trical conductivity, magnetic susceptibility, seismic velocity and mass density (Chapman and Furlong, 1992). Geothermal gradients are
very useful; as indicators of subsurface temperature distribution, in the understanding of regional and sub-regional tectonics and in the
assessment of geothermal resource potentials of an area (Nwankwo et al. 2009). Temperature is one of the primary factors controlling
hydrocarbon generation, sediment diagenesis and migration of hydrocarbons and other pore fluids (Nwankwo, 2007). Various studies
have shown correlations between Curie-temperature depths and average crustal temperatures, leading to viable conclusions regarding
lithospheric thermal conditions in a number of regions around the world.

Early researches on Curie point depth determination using spectral analysis of geomagnetic data are those of Okubo et al. (1985; 1989),
Okubo et al. (2003), Trifonova et al. (2009) and Maden (2009). These studies had shown great successes made in deriving the depth to
certain geological structures such as magnetic basement. Spector and Grant (1970) stated that the depth factor invariably dominates the
shape of the radially averaged power spectrum of the magnetic data.

According to Stefan and Vijay (1996), depth estimation from potential field using spectral analysis requires a realistic assumption of the
statistical properties of the source distributions. This research is aimed at estimating the depth to magnetic sources and computing the
Curie isotherm depth, geothermal gradient, heat flow and sedimentary thickness within kot EKpene and its environs, in the Eastern Niger
Delta Basin, South-south and South-east Nigeria, in order to investigate the geothermal prospect and the hydrocarbon potential of the
area. This part of the Eastern Niger Delta Basin (study area), has in the past received limited attention in geophysical studies compared
with other parts of the basin. This may be due to lack of immediate geologic and economic values, though it is fast becoming an im-
portant study area for geoscientists due to its possible hydrocarbon potential. Geophysical study in the area is minimal, with no records of
crustal temperature studies. Curie isotherm depth with geothermal and heat flow assessment would significantly compliment the geologi-
cal information of the area to bridge the gap of lacking crustal temperature information; these give better understanding of the geology
and hydrocarbon potential of the area.

Tselentis (1991) stated that the study of variations in Curie isotherm depth of an area has provided valuable information about the re-
gional temperature distribution at depth and the concentration of subsurface geothermal energy. It was also stated that a region with sig-
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nificant geothermal energy is characterised by an anomalous high temperature gradient and heat flow. Hisarli (1996) observed that one of
the important parameters that determines the relative depth of the Curie isotherm with respect to sea level is the local thermal gradient;
that is, heat flow. Hence, geothermically active areas are associated with shallow Curie point depth (Nuri et al. 2005). Temperature inside
the earth directly controls most of the geodynamic processes that are visible on the surface (Nwankwo et al. 2011).

2. The study area

The area is bounded by longitudes 7°30"00"E to 8°00°00"E and latitudes 5°00"00"N to 5°30°00"N (Fig. 1). It shares boundary with Ovim
and Nguso in the north, Ikot Etim and Ikot Eba in the south, Ndealiche and Ugep in the east and Okigwe and Owerrinta in the west. The
area can be accessed through Abakaliki - Afikpo Expressway, Umuahia - Afikpo Expressway and Ikot Ekpene - Afikpo Expressway. It
falls within the humid tropical region with two distinct seasons, the rainy season, from March to October, and dry season, from Novem-
ber to March.
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Fig. 1: Accessibility Map of the Study Area.

The study area is located in the Eastern Niger Delta Sedimentary Basin. The Niger Delta Basin, occupying a total area of about 300,000
km?, is an extensional rift basin located in the Niger Delta and the Gulf of Guinea on the passive continental margin near the western
coast of Nigeria (Tuttle et al. 1999) and partly extends to Cameroon, Equatorial Guinea and S&o Tomé and Principe. Oceanic basement
rock of pre-rift time period and basaltic in composition is the oldest rock in the basin. Also, closer to the coast is the Precambrian conti-
nental basement. This basin was formed in the Tertiary period from the interplay between subsidence and deposition arising from a suc-
cession of transgressions and regressions of the sea (Hosper, 1965). It was formed by a failed rift junction during separation of the South
American plate and the African plate, as well as the opening of the South Atlantic.

The sediment fill of the basin has a depth between 9 — 12 km (Fatoke, 2010) and it is composed of several different geologic formations
that indicate how this basin was formed, as well as the regional and large scale tectonics of the area. The formation of the present Niger
Delta started during early Paleocene as a result of the built up of fine grained sediments eroded and transported to the area by the River
Niger and its tributaries. Three lithostratigraphic units are distinguishable in the Tertiary Niger Delta (Short and Stauble, 1967). The ba-
sal Akata Formation of about 7000 m in thickness, which is predominantly marine prodelta shale, is overlain by about 3700 m thick
paralic sand/shale sequence of the Agbada Formation (Tuttle et al. 1999). The Akata Formation is the source rock in the sedimentary
basin. The topmost section is the continental upper deltaic plain sands — the Benin Formation, estimated to be about 2000 m in thickness
(Tuttle et al. 1999). A separate member of Benin Formation, the Afam Clay Member, is recognized in the Port Harcourt Area which is
interpreted to be an ancient valley fill formed in Miocene sediments (Short and Stauble, 1967). These Formations are underlain by vari-
ous types of Quaternary deposits. According to Osakuni and Abam (2004), these Quaternary sediments are largely alluvial and hydro-
morphic soils and lacustrine sediments of Pleistocene age. The Quaternary geologic units of the Niger Delta Area are shown in Table 1.

Table 1: Quaternary deposits of the Niger Delta (Adopted from Ibe and Anekwe, 2018)

Geologic Unit Lithology Age

Alluvium Gravel, Sand, clay, silt

Freshwater Backswamp, meander belt Sand, clay, some silt, gravel

Saltwater Mangrove Swamp and backswamp Medium-fine sands, clay and some silt Quaternary

Active/abandoned beach ridges Sand, clay, and some silt

Sombreiro-warri deltaic plain Sand, clay, and some silt

Benin Formation (Coastal Plain Sand) Coastal to medium sand; subordinate silt and clay  Miocene-Recent
lenses

Agbada Formation Mixture of sand, clay and silt Eocene-Recent

Akata Formation Clay Paleocene

The depositional pattern which accompanied the accumulation of sediments during the formation of the delta, gave rise to structural traps
(growth faults and roll-over anticlines) in the Agbada Formation (Nwankwoala and Ngah, 2014). Virtually all the hydrocarbon accumula-
tions in the Niger Delta occur in the sands and sandstones of the Agbada Formation where they are trapped by the rollover anticlines
related to the growth fault development (Ekweozor and Daukoru, 1994).
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3. Materials, method, data processing and enhancement

3.1. Data acquisition

The aeromagnetic dataset used for this study is from the high-resolution airborne magnetic survey coverage in Nigeria in 2009 carried
out by Fugro Airborne Service. The aeromagnetic map of total magnetic field intensity of sheet number 322 was used. The data, which
cover an area of about 3,025 km? were acquired along a series of NW — SE flight lines at 500 m line spacing, 20 km tie lines spacing and
at 100 m terrain clearance. The map was published by Nigerian Geological Survey Agency (NGSA), on a scale of 1:100,000. The total
magnetic intensity grid was generated using a minimum curvature algorithm at a grid cell size of 100 m. The digitized data were filtered
using a low pass Fourier domain sub-routine filter to eliminate unwanted wavelengths and to pass longer wavelengths. Reduction-to-pole
(RTP) transformation was applied to the aeromagnetic data to minimize polarity effects. Separation of regional and residual anomaly was
done using Trend Analysis in which a linear trend surface was fitted into the total aeromagnetic field data by a Multiple Regression
Technique. The linear surface fitted was removed from the regional component to obtain the residual magnetic anomaly map that was
interpreted.

Total field = Regional field + Residual field (1)
Residual field = Total field — fitted Surface/Regional field 2
3.2. Estimation of the curie point depth

Fast Fourier Transform (FFT) is the mathematical tool used for the spectral analysis and it applies to regularly spaced data, such as the
aeromagnetic data, to calculate and interpret the spectra of the potential field. It transforms magnetic data from space domain to frequen-
cy domain. The application of spectra analysis technique to determine the Curie point depth was carried out by separating the effect of
different bodies’ parameters in the observed magnetic anomaly field (Hisarli, 1996). In this study, FOURPOT (Markku, 2014), which is a
Potential field data processing and analysis software, using 2-D Fourier transform, was used to generate the spectral plots. The top
boundaries and the centroids of magnetic sources were calculated from the spectra of the magnetic anomalies which were used to esti-
mate the basal depths of magnetic sources. In order to increase the resolution of the resultant depth values, the residual map of the study
area was divided into nine blocks of overlapping sections of spectral Cells of 18.3 km by 18.3 km (Fig. 2) to accommodate longer wave-
lengths so that maximum depth could be investigated.

C1 Cc2 C3
B1 B2 B3
Al A2 A3

Fig. 2: 2D Grid Map for Spectrum Analysis.

The FOURPOT software transformed the magnetic field data into the radial energy spectrum for each block. To perform this analysis,
the average radial energy spectrum was calculated and the graphs of the natural logarithm of energy against frequency were plotted. For
each of the plots, the depth to centroid (z,) of the magnetic sources was estimated from the slope of the low frequency component part of
the energy spectrum, while the depth to the top boundary (z;) of magnetic sources was estimated from the slope of the high frequency
component part of the spectral segment. The computed centroid depth and the depth to the top boundary were used to estimate the basal
depth (z,) using Equation 3 and this is assumed as the Curie point depth (Kasidi and Nur, 2012 and Okubo et al. 1985).

Zp = 229 — % ©)

One Dimensional Heat Conductive Model was used to estimate the heat flow and the geothermal gradient. This model is based on the
Fourier’s law (Kasidi and Nur, 2012) which is based on the following mathematically expressions.

_ 4T
q =k 4)

Where q = quantity of heat flow, k = coefficient of thermal conductivity, and :—: = thermal gradient which is assumed constant as no

heat enters or leaves above the crust and below the Curie point depth.
Nwankwo and Ekine (2009) defined the Curie temperature (6) as:

dT

0= (E) Zp (5)

Comparing 4 and 5, we have
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a= (k) (6)

Zp

This research used equation 6 to estimate the heat flow within the study area after the Curie point depths were calculated. For this estima-
tion to be possible, a standard for Curie point isotherm of 580°C and thermal conductivity of 2.5 Wm=°C* suggested by Nwankwo et al.
(2011) were used. The geothermal gradient was determined from equation 5 as:

ar_e @

dz Zp

Where Z—Z = Geothermal gradient, z,, = the basal depth and 6 = the standard temperature of 580°C.

4. Results and discussion

The maps of the total magnetic field intensity (Fig. 3) and residual magnetic anomalies (Fig. 4) of the study area suggest that the total
magnetic field and residual anomalies range from 32810.3 to >32966.8 nT and -61.393 to 100.424 nT respectively. Long wavelengths are
observed at the northern, central, eastern and southeastern parts of the study area. The areas of long magnetic anomaly wavelengths are
interpreted to have thick sediment cover while areas with short wavelengths observed at the northeastern, northwestern and southwestern
parts of the study area indicate areas with thin sediment cover. The residual map, which reflects magnetic sources at shallow depths,
enhanced the high frequency bodies within the study area. High frequency bodies are observed at the northeastern, northwestern and
southwestern parts of the study area and these are inferred to be signal related to the intrusives associated with the area. The high fre-
quency bodies are observed to be more in occurrences at Uyo, Atani, Obinto, Asaga, Arochukwu, Nwaigwe, kot Ekpene, Amawum,
Ndoro, Isiala and Ekit Itam Areas.

Abama

Obot Akara

Fig. 4: Residual Magnetic Anomaly Map of the Study Area.

Sharp contacts between high intensity and low intensity magnetic bodies are observed at the northwestern and central parts of the study
area; these were interpreted as two major fault systems (F1 and F2) within the area. The fault, F2 stretched across from the western to the
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eastern parts of the area covering a distance of about 56.1 km within the study area and looks to extend both westward and eastward be-
yond the area.

Curie depth is the depth that equals the point at which magnetism is lost in the crust. Based on this, the Curie depths were calculated
using the depths of the shallowest and deepest sources which were obtained using the centroid method. The spectral analysis carried out
on each block (Fig. 2) produced the logarithmic graphs of the spectral energies (Figs. 5 (a) — (i)). The summary of the calculated depths
to the centroids (z,), depths to the top boundaries (z;), Curie depths (z;), geothermal gradients and heat flow (q), for the nine blocks, is

presented in Table 2.
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Fig. 5: Spectrum Energy Plot of (a) C1, (b) C2, (c) C3, (d) B1, (e) B2, (f) B3, (g) AL, (h) A2, (i) A3.

Table 2: Calculated Average Depths to Centroids, Top Boundaries, Curie Points and the Corresponding Geothermal Gradients and Heat Flow for the
Nine Spectral Blocks

Grid Centroid Depth z, Depth to Top Boundary z, Curie Point Depth z, Geothermal Gradient Heat Flow q
Name (m) (m) (km) (°C/Km) (mW/m?)
Al 9078.459 459.233 17.69769 31.07751099 77.69378
A2 13132.690 347.381 25.91800 21.22077730 53.05194
A3 10772.690 262.099 21.28327 25.84189244 64.60473
B1 9631.756 233.339 19.03017 28.90147136 72.25368
B2 12972.320 270.366 25.67427 21.42222377 53.55556
B3 13380.380 265.489 26.49528 20.75841825 51.89605
C1 10730.360 344.646 21.11606 26.04652079 65.11630
Cc2 12917.210 369.557 25.46486 21.59839512 53.99599
C3 7839.615 251.415 15.42782 35.64989598 89.12474

The depths to the centroids (z,) (Fig. 6a) obtained for the study area range from about 7.84 to 13.38 Km. Figure 6b shows 3-D basement
topography variation within the area. The depths to the top boundaries (z;) of magnetic sources, range from about 0.233 to 0.459 km
(Table 2). Depth to centroid is synonymous with the depth to the deepest point of the sedimentary basin; therefore, the thickest sediment
in the study area was delineated within Ikot Ekpene, Mbak, Ibiono Ibom, Abak, lkot Apan and west of Atani and Obinto parts of the
study area. The shallowest sediment depth was delineated within Abak Ukpum, Nwaigwe, Achan Ika, Ika and east of Atani and Obinto

parts of the study area.

<~

Fig. 6: Maps Showing (a) Depth to Centroid, (b) 3-D Basement Topography Variation.
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The results suggest that Curie isotherm depths (Fig. 7) vary within the study area with minimum depths ranging from about 15.427 to
24.158 km at Amawum, Ndoro, Isiala, Ogbuebule, Nwaigwe and Abak Ukpum Areas; intermediate depths with range greater than
24.158 to about 25.14 km at Obot Akara, Nkuot Etok, Achan Ika, Ikot Apan and Mbak Areas; and maximum depths, greater than 25.14
km, at kot Ekpene, Nung Idio, east of lkono, north of Mbak and west of Abak, Atani and Amayi Areas. These results compare fairly
well with the Curie depths obtained for Anambra Basin (Onwuemesi, 1997), Upper Benue Trough (Nur et al. (1999), Chad Basin
(Nwankwo et al. 2009) and Eastern Niger Delta Basin (Emujakporue and Ekine, 2014). The computed Curie point depths show an aver-
age Curie depth of 21.7 km within the study area. Shallower Curie point depth average of 21.15 km was delineated at east of Atani,
Obinto and Asaga Areas. Previous study (lbe and Uche, 2018) has shown that these areas have shallow sediment thickness which thins
further northeast of Atani, towards the Southwestern Basement Complex of Ugep Area. Shallow Curie Depth was also observed at Uyo
axis. The deeper Curie depth anomaly trends in NNE-SSW direction within the study area and could have resulted from isostatic com-
pensation in the region.

Fig. 7: Curie Depth Map of the Study Area.

The geothermal gradient variation within the study area is presented in Fig. 8 and the corresponding heat flow anomaly is shown in Fig.
9. The results obtained show that geothermal gradient varies between about 20.758 and 35.649 °C/km. The corresponding mantle heat
flow varies from about 51.896 mWm2 to 89.124 mWm2, with the lowest heat delineated within east of Ikono, north of Mbak and west of
Abak Areas, while it is highest within Amawum, Ndoro, Isiala, Ogbuebule, and east of Uyo Areas.

Fig. 8: Geothermal Gradient Variations Map of the Study Area.
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Fig. 9: Heat Flow Anomaly Map of the Study Area.

The geothermal gradient map (Fig. 8) shows regions of high geothermal gradients at Amawum, Ndoro, Isiala, Ogbuebule, Uyo, Abak
Ukpum, Nwaigwe, Ika and east of Atani Areas and low geothermal gradients at east of Ikono, north of Mbak, west of Abak, kot Ekpene
and Nung Idio Areas. This is closely related to the heat flow map (Fig. 9); which implies that most areas of high heat flow correspond to
high geothermal gradient. The variation of heat flow within the study area indicates random distribution of magma conduits. The heat
flow results obtained in this study compare favourably well with the results of other works on heat flow within Nigeria’s Inland Basins
(Nwankwo et al. 2009, Kasidi and Nur, 2012 and 2013, Akpabio and Ejedawa, 2010, Anakwuba and Chinwuko, 2015, Nur et al. 1999).
The average heat flow obtained in this study is about 70.51 mWm?; this may be considered as typical of continental crust (Jessop et al.
1976). The geothermal prospects of an area are the places with thin layer of thermally insulated sediments over the basement rocks and
post basin volcanic activities (Tanaka et al. 1999) and it can be inferred that the prospect areas in this study are in the southeastern,
northeastern, southwestern, western and northwestern parts of the study area. The calculated geothermal gradient of the area is consistent
with thermal gradient average of 23.56 °C/km measured from nineteen exploration wells within the Eastern Niger Delta Basin by Emuja-
kporue and Ekine (2014). The areas with thick sediment cover, little to no evidence of volcanic activities and high heat flow could be
geothermal sources and reservoirs and can be of help in identifying the existence of productive oil reservoirs at attractive temperature and
depth in the study area. Curie point depths are inversely proportional to heat flow values as observed in Back Arc and Young Volcanic
Regions (Yamano, 1995); therefore areas of shallow Curie point depth of about 21.15 km have geothermal potentials which can be uti-
lized, with the zones labelled GP1, GP2, GP3, GP4 and GP5 (Fig. 6b) being more vibrant.

The shallow magnetic sources delineated within some parts of the study area may be due to the activities in the basement complex of
southeastern Nigeria and activities of the Santonian Orogeny. These tectonic activities account for the complex regional fracturing within
the study area. Figure 4 shows two major fault systems with NE-SW trend within the study area. Magnetic lineament map (Ibe and Uche,
2018) shows major faults trending NE-SW direction with minor faults trending NW-SE and N-S directions within the neighboring Afi-
kpo Basin. These trends are in conformity with the structural trends in the Niger Delta Basin, Anambra Basin, Afikpo Basin and South-
ern Benue Trough (Nwajide, 2013) and could serve as migratory pathway for hydrocarbon and/or hydrothermal fluid(s) in the area. Sed-
iments with relatively higher geothermal gradients mature earlier (low oil window) than those with low gradient values (Nwankwo and
Ekine, 2009). Therefore, high geothermal gradient enhances the early formation of oil at relatively shallow burial depths, but it causes
the depth range of the oil window to be quite narrow, while low geothermal gradient causes the first formation of oil to begin at fairly
deep subsurface levels, but makes the oil window to be quite broad (Anakwuba and Chinwuko, 2015).

Sediment covers at the northeastern, northwestern, western, southwestern and southeastern parts of the study area (Fig. 6) are generally
thin, while other parts of the study area have sediment thicknesses that are moderate to high. Wright et al. (1985) showed that the mini-
mum thickness of sediment required to achieve the threshold temperature of 115°C for the commencement of oil formation from organic
remains would be 2.3 km when all other conditions for hydrocarbon accumulation are favourable and the average temperature gradient of
1°C for 30 m obtainable in oil rich Niger Delta is applicable. In line with this, for any place within the study area to be viable for hydro-
carbon formation, the thickness of the sediment must be up to 2.3 km in addition to other conditions necessary for hydrocarbon for-
mations. Based on the computed sedimentary thicknesses ranging from 7.84 to 13.38 km, the delineated major faults with NE-SW trend,
faults with NE-SW, NW-SE and N-S trends in the Niger Delta Basin, neighbouring Anambra Basin and Southern Benue Trough
(Nwajide, 2013) and Afikpo Basin (Ibe and Uche, 2018), the computed geothermal gradient (20.758 - 35.649 °C/km) and the fractures
which could serve as migratory pathway for hydrocarbon or hydrothermal fluid, the potential of hydrocarbon generation and accumula-
tion is feasible in the study area. This study shows that the zones labelled HC1, HC2 and HC3 (Fig. 6b) in the northern, southern and
eastern parts respectively have more potentials of hydrocarbon generation and accumulation than other zones.

5. Conclusion

This study delineated the basement or centroid depth, Curie point depth, the geothermal gradient and the corresponding mantle heat flow
in the study area. The sediment is thickest within Ikot Ekpene, Mbak, Ibiono Ibom, Abak, Ikot Apan and west of Atani and Obinto Areas,
and shallowest within Abak Ukpum, Nwaigwe, Achan Ika, Ika and east of Atani and Obinto Areas; and with a range of 7.84 to 13.38 km
in the study area. The Curie point depths range from about 15.42 to 26.49 km, with the shallowest depths delineated within Amawum,
Ndoro, Isiala, Ogbuebule, and east of Uyo Areas; and deepest points within east of lkono, north of Mbak and west of Abak Areas. The
study shows region of high geothermal gradients at Amawum, Ndoro, Isiala, Ogbuebule, Uyo, Abak Ukpum, Nwaigwe, Ika and east of
Atani Areas and low geothermal gradients at east of lkono, north of Mbak, west of Abak, kot Ekpene and Nung Idio Areas; and with a
range of 20.758 - 35.649 °C/km in the study area. Based on the computed sedimentary thicknesses, high geothermal gradient and the
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delineated major faults and fractures which could serve as migratory pathway for hydrocarbon or hydrothermal fluid, the potential of
hydrocarbon generation and accumulation is feasible in the study area with the northern, southern and eastern parts being more vibrant.
The geothermal prospect areas are in the southeastern, northeastern, southwestern, western and northwestern parts of the study area.
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