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Abstract

Analysis of high-resolution aeromagnetic data covering the Calabar Flank and adjoining areas
southeastern Nigeria was carried out in this study to map the depth and structuration of the basement
outlining the region. The aeromagnetic data was reduced to the equator (RTE), and then subjected to
regional-residual isolation using the polynomial fitting method to obtain the residual magnetic intensity
(RMI) data of the study area. The RMI data was further analyzed using edge enhancement techniques
including first vertical derivative (FVD), tilt derivative (TDR), and total horizontal derivative to outline
the boundaries of linear, sublinear, and subrounded to round-shaped causative geological bodies in
the subsurface. Magnetic basement depth estimation was achieved using the spectral analysis (SA)
method, while 2D forward modeling of selected profiles gave insights into the architectural geometry
of the basement blocks beneath the study area. Aeromagnetic expressions of the Calabar Flank and
adjoining areas showed alternations in high and low anomalies, replicating susceptibilities variations of
different rocks that make up the underlying geology of the area. The structural filtering methods
applied to the RMI data highlighted the contacts of linear, sublinear, rounded, and subrounded
geological features interpreted to represent subsurface lineaments, the Eastern Basement Shield of
Nigeria, and intrusive (dyke-like) bodies that were emplaced into the overlying Cretaceous stratigraphy
following tectono-magmatic episodes that have impacted the area throughout its evolutionary stages.
The SA results yielded two-depth source model, with shallow sources ranging in depth from 0.28 to
0.53 km, while deeper source ensembles ranged in depth between 1.29 to 8.68 km. The modeled
profiles revealed undulating basement topography characterized by horst-graben morphology. Parts
of the study area with high sediment thicknesses could be favorable for hydrocarbon exploration.
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1. Introduction

The Calabar Flank and adjoining areas is located within the southeastern part of Nigeria
between latitude 4°30' - 6°00' N and longitude 7°00' - 9° 0' E. It covers an area of about
27,225 km2 (Fig. 1). Following the recent crude oil discovery in the Gongola arm of the North-
ern Benue Trough, there has been growing interests from industry operators and the academia
to re-assess the potentials of the Calabar Flank and environs which is believed to hold consid-
erable promises for new prospect opportunities that will add to Nigeria’s dwindling hydrocar-
bon reserves like other Cretaceous sedimentary basins in the country (e.g., Anambra, Bida,
Dahomey, and Sokoto, Basins). However, limited access to subsurface data (like legacy 2D/3D
seismic and well log data) has hampered detailed understanding of the strati-structural frame-
work and trapping mechanisms in most of the afore-mentioned frontier basins in Nigeria,
including the Calabar Flank. The need therefore arises to deploy cost-effective geophysical
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tools to unravel the basement geometry and gain additional insights into the petroleum pro-
spectivity of the Calabar Flank and adjoining areas.
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Fig. 1. Location map of the study area.

Aeromagnetic data is an invaluable geophysical tool utilized by geoscientists to map the
extent, geometry, structure, depth, and morphology of the basement that underlies a sedi-
mentary basin [1-2], It is a fast and low-cost technique for regional evaluation of the hydro-
carbon potential and solid mineral prospectivity of an area [31. This geophysical method has
been successfully deployed in different geological terrain to characterize the basement depth,
and also determine the overlying stratigraphic thickness [4-61,

Several studies have been carried out to assess the petroleum potentials of the Calabar
Flank and environs, using various geological and geophysical approach [7-101, The present
study aims at mapping the basement depth and structure of the Calabar Flank and adjoining
areas within the southeastern part of Nigeria, using high-resolution aeromagnetic data. The
study will shed light on the basement morphology and regional distribution of mini-basins
which are potential sites for future hydrocarbon exploration campaign in the area.

2. Geologic setting

The Calabar Flank is a marginal/coastal sedimentary basin at the southeasternmost part of
Nigeria, that developed following the Early Cretaceous rifting episodes associated with the
separation of Africa from South American Plate [11-13]  According to [*4], limits of the study
area are defined by the Cameroun volcanic line (CVL) to the east, the Ikpe platform to the
west, the Oban Massif to the north, and the Calabar Hinge Line to the south (Fig. 2). Tectonic
elements in the area include the Oban Massif, Ituk High, and Ikang Trough, all juxtaposed into
a horst-graben geometry that defines the underlying basement morphology (Fig. 3). The Cal-
abar Flank is aligned in the NW - SE direction, orthogonal to the NE - SW trending Benue
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megarift system, and extends beyond the Nigerian border into the southwestern part of Came-
roun where it is delimited by the volcanic ridge [15-161,
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Fig. 2. Tectonic map of southern Nigeria showing the Calabar Flank and adjoining areas (modified after [141),
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Fig. 3. Schematic representation of the horst-graben basement geometry beneath the Calabar Flank
(modified after [141),

Geological make-up of the study area includes the crystalline basement complex and sedi-
mentary rocks. The Precambrian Basement Complex are essentially made up of granitic and
magmatic rocks which exposed at the eastern portion of the area [*7]. The Cretaceous - Ter-
tiary sedimentary packages comprise of about 4 km thick sequences of alternating fluvial-
continental, paralic, and marine sediments [18-19] (Fig. 4). The alternation of shale, sandstone
and limestone sequences may indicate the presence of source rock facies, reservoirs, caprock
and traps that make up the elements of a working petroleum system in the area.
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Fig. 4. Geological map of the study area (adapted from [331),

The stratigraphic sequences of the Calabar Flank include the Aptian-Albian Awi Formation
(fluvio-deltaic sandstones and grits) at the base, followed by the middle to late Albian Mfa-
mosing Formation (limestone and calcareous sandstones. These are overlain by the intercala-
tion of shales and limestones of the Cenomanian Odukpani Formation, the Coniacian Awgu
Formation (shales and marls), and the Campano-Maastrichtian Nkporo Formation (carbona-
ceous shales) [20-21]1, Sedimentation in the Calabar Flank were controlled by vertical motions
along the fragmented basement blocks [°],

3. Materials and methods
3.1. Airborne magnetic data

The airborne magnetic data used in this study was obtained from the Nigerian Geological
Survey Agency (NGSA). The data was acquired between the year 2003 and 2009 by Fugro for
NGSA, as part of the nationwide aeromagnetic data acquisition geared towards enhancing
solid mineral and hydrocarbon exploration in Nigeria. A total of nine (9) aeromagnetic data
sheets covering the entire Calabar Flank and adjoining areas were merged into a single grid
representing the total magnetic intensity (TMI) data of the study area (Fig. 5). The reduction
to the equator (RTE) algorithm was applied to the TMI grid in order to remove anomaly incon-
sistencies and asymmetry associated with data acquired at low latitudes, thereby aligning the
anomalies over the source bodies responsible for them [51. The RTE grid of the study area (Fig. 6)
was then subjected to region-residual isolation using the polynomial fitting method to obtain
the residual magnetic intensity (RMI) grid, which formed the basis for further filtering tech-
niques and interpretations carried out in this study.
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Fig. 5. Total magnetic intensity (TMI) map of the
study area.

Fig. 6. Reduced to the equator (RTE) map of the
study area showing the modeled 2D profiles.

3.2. Data processing and interpretation techniques

Structural enhancement filters including first vertical derivative (FVD), tilt derivative (TDR)
and total horizontal derivative, were applied to the RMI data of the study area in order to
highlight the boundaries and edges of subsurface geologic features in the area [22-251, Analysis
of the linear features interpreted from the filtered aeromagnetic data was done using rose
diagram plots obtain the dominant tectonic trend in the study area. Estimation of magnetic
basement depth was achieved using the spectral analysis method. 2D forward modeling of
some selected profiles drawn on the RTE map was performed to understand the morphology
and block pattern of the underlying basement rocks in the study area. Brief description of the
methods used in this study is given below.

First vertical derivative (FVD)

The first vertical derivative filter accentuates short wavelength components of the magnetic
anomaly field, while de-emphasizing long wave length components. It performs well in high-
lighting the details of anomaly texture, as well as the discontinuities and breaks in the anomaly
pattern related to shallow laying geologic sources [231, Mathematically, it is expressed as fol-

lows:
oF

FVD = 37 (1)
Tilt derivative (TDR)

Tilt derivative (TDR) is a very good edge detection filter that highlights short wavelength
anomalies, and enhances the presence of magnetic lineaments. [24] defined TDR as the ratio
of the vertical derivative to the horizontal gradient of the potential field, expressed by the
following equation:

TDR = tan™! (ﬂ) 2
B THDR (2)

TDR is a powerful tool for detecting the edges and contacts of near-surface geological fea-
tures such as lineaments, fault, joints, and fractures because of its ability to emphasize both
weak and strong magnetic anomalies.

Total Horizontal Derivative (THDR)

The total horizontal derivative of the magnetic data is a useful filter for delineating the

boundaries of linear to sublinear causative bodies in areas of low magnetic gradients. This
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filter enables easy mapping of shallow seated basement structures and mineral exploration
targets. This method has a unique advantage over the other edge detectors in that it responds
equally to shallow and deep sources [26]1, The THDR is defined as:

ron - |(24) +(§_f;’)2 (3)

where (dM/dx) and (dM/dy) are the horizontal derivatives of the magnetic field.
Spectral analysis (SA)

Basically, the spectral analysis method considers the integral of the potential field at the
surface from all depths, using the Fast Fourier Transform (FFT). The 2D power curve obtained
from FFT filtering of the magnetic field data can yield the average depths to causative bodies
in the subsurface. [?71 defined the complex form of the 2D FFT pair as follows:

Guv) = J’ f 90, y)e't)d, d, (4)

[oe]

G(x,y) = g, v)e' ) d,d,

(3)

4z )_

where u and v are the angular frequencies in x and y directions respectively.
G(u,v) can be divided into real and imaginary parts using the following equation:

G(w,v) = P(u,v) +iQ(u,v) (6)
Then, the energy spectrum is expresses as,
E(u,v) = [6(u,v)]? = (P? +Q?) (7)

According to Spector and Grant [281 showed that the energy spectrum can be expressed in
polar form as follows:

if 2 = (u? + v?) and 8 = arc tan (%), the energy spectrum E (r, 8) could be given by:
(E(r,0)) = 4n*M?RZ(e~2")((1 — ™)) (S2(r, 0)) (R3(6)) (8)

where (E(r,0)) is the expected value; r? = (u? + v?) is the magnitude of the frequency vector;
and 6 = arc tan (%) is the direction of the frequency vector; M = magnitude of the moment/unit

depth; h = the depth to top of the prism; t = the thickness to top of the prism; S = the factor
for the horizontal size of the prism; Ry, = the factor for the magnetization of the prism; Rg =
the factor for geomagnetic field direction.

The average depth h to the ensemble can be estimated by the factor:

onre _ €27sinh (2rAR)

{e7} = Y (9)

The energy spectrum will then consist of two parts: (i) the low frequency segment which
decays rapidly and is associated with the deeper magnetic sources, and (ii) the high frequency
segment which is related to shallower magnetic sources. Straight line slopes can be fitted to
the 2D power curve to approximate the depths of the possible layers [28]1, [29] haye shown that
the average depth to magnetic sources can be determined using the following empirical rela-
tions:

h(f) = %M x 0.08 cycles/unit distance (10)
h(f) =2 M x 0.5 radians/unit distance (11)

where M = % is the gradient; E(f) = e7?" is the energy spectrum, and Log E is the variation

of the logarithm of the power spectrum in the interval of frequency.

In this study, the spectral analysis procedure described above was used to estimate the
depths to magnetic sources in the area. The RMI data was sub-divided into 31 blocks which
were analyzed to obtain the 2D power curves using the FFT technique. Straight-line slopes
were drawn to the obtained radial average power spectrum of each of the blocks to calculate
the depth to magnetic basement in the Calabar Flank and adjoining areas.
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4. Results and discussion
4.1. Magnetic expressions of the study area

The residual magnetic intensity (RMI) map of the study area (Fig. 7) revealed alternations
in high (red), intermediate (green) and low (blue) magnetic anomalies, depicting susceptibility
contrasts of the different rocks comprising the underlying geology of the Calabar Flank and
environs. Major trends of the anomalies are in the NE - SW, NW - SE, E- W, and N - S
directions. The anomalies range from -85.775 nT to 85.795 nT, with high magnetic signatures
dominating the eastern, northeastern, central, parts of northwestern and southwestern por-
tions of the area. Parts of the central and extreme northwestern portions of the study area
are characterized by low magnetic anomalies, while intermediate magnetic signatures can be
observed in almost every part of the RMI map.

7ol ¥ rsqe "o “ e e B The magnetic expression of the area ob-

I
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Fig. 7. Residual magnetic intensity (RMI) map of tonic/magmatic ac.tIVItleS' Similarly, the
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with varying amplitudes observed at the northeastern end of the area may represent litholog-
ical variations of mafic - ultramafic intrusions within grano-dioritic batholiths [30-321 In general,
the anomalies showed sharp magnetic gradients, depicting signatures emanating from verti-
cally inclined features.

4.2, Structural characteristics of the study area

The FVD and TDR maps of the study area (Fig. 8a&b) revealed variations in positive and
negative magnetic anomalies that delineated the edges and boundaries of linear geological
features. A NW - SE trending zone of high magnetic values occupying the central to eastern
parts of the maps can be readily observed to follow the outline of the Oban Massif. This zone
is characterized by NE — SW and NW - SE oriented anomalies that followed linear geological
features like lineaments, fractures, joints, and faults that may have been developed following
different episodes of intense tectono-magmatic activities that have impacted the basement
rocks within the region over time. Towards the western and southern parts of the maps, the
intensity of the linear anomalies deepens. This indicates that these parts of the study area are
mainly underlain by sedimentary rocks, with lesser impacts from tectonic activities.

The FVD and TDR maps highlighted near-surface lineaments with major trends in the NE -
SW, NW - SE, E - W, and N - S directions, as shown from the rose diagram plots (Fig. 8c&d).
Towards the western and southern parts of the study area, high gradient FVD anomalies were
interpreted to represent shallow seated basic igneous intrusions, while the low gradient FVD
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anomalies represented metamorphically altered igneous intrusions. The prevalence of linea-
ments in the exposed basement areas is an indication that these geological features may have
served as conduits through which hot molten magma ascended from deep inside the earth,
and later solidified to form the exposed basement rocks. On the other hand, positive TDR
values indicate a positive contrast of the causative sources while negative values are outside
the source limits. The TDR also delineated NW - SE trending lineaments along the eastern
part, and NE - SW oriented lineaments in northern and southern portions of the study area.
These structural features formed the boundaries of horst and graben features of the basement blocks.
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The THDR map (Fig. 9) delineated revealed prominent NE - SW and NW - SE trending high
amplitude zones in the central, eastern and northeastern parts of the study area, interpreted
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to represent the Eastern Nigerian Basement Complex (Oban Massif) and intrusive rocks be-
neath the study area. The boundaries of these anomalies coincided with the edges of known
geological features within the Calabar Flank and adjoining areas. Zones characterized by low
THDR anomalies indicate areas underlain by sedimentary rocks.
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Fig. 9. (a) Total horizontal derivative (THDR) map, and (b) delineated intrusives and basement rocks in
the study area.

4.3. Magnetic basement depth and block geometry

The obtained radially averaged power spectrum of the analyzed spectral blocks (Fig. 10)
revealed a two-depth source model, representing depths to shallow (D1) and deep (D2) mag-
netic sources in the study area (Fig. 11). The estimated depths to shallow seated causative
bodies in the study area range from 0.28 km to 0.53 km, with an average of 0.37 km (Table
1). These depths were interpreted to represent the magnetic effects of post Cretaceous intru-
sions emplaced within the sedimentary sequences overlying basement. The shallow depths
may also indicate rock magnetizations emanating from near-surface ferruginous sandstones
and ironstones that occur within the sediments.

The obtained depths to deeper basement sources in the study area ranged from 1.29 km
to 8.68 km, with an average of 4.31 km. Spectral blocks covering the Ikom, Afikpo, Opobo,
Calabar, and Ikang regions revealed sedimentary thicknesses greater than 4 km. It is inferred
that these parts of the study area have the thickest Cretaceous sedimentary successions. The
estimated average depth to basement for deeper magnetic sources (D2) is adjudged in this
study as the average depth to basement in the Calabar Flank and adjoining areas. Since sed-
imentary thicknesses are expected to increase as we move southwards towards the Atlantic
and decrease as we move eastwards towards the Oban Massif, the depth values obtained in
this study is therefore logical.
2D forward modeling of two selected profiles drawn across the RTE map revealed that the
underlying basement rocks are characterized by a horst-graben geometry, depicting the var-
iations in high and low magnetic anomalies on the RTE map of the study area (Fig. 12). As
such, high anomaly zones indicated areas underlain by magnetite-rich rocks like the crystalline
basement. Low anomaly zones suggested the prevalence sedimentary rocks with low magnet-
ite content. Thus, basement the block pattern reflected a rugged topography, controlled by
block faulting, vertical block movements, and block rotation. These processes exerted a major
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influence on the overall framework of the overlying stratigraphy, and subsequent distribution
of petroleum systems elements included source rocks, reservoir and seal facies, as well as the
trapping mechanisms in the study area.
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Fig.11. (a) Depth map of shallow basement sources (D1). (b) Depth map of deeper basement sources.
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5. Conclusion

The interpretation of high-resolution aeromagnetic data covering the Calabar Flank and
adjoining areas, southeastern Nigeria have been attempted in this study, with the view to
establish the basement depth and structure of the region. The obtained TMI, RTE, and RMI
maps revealed that the area is characterized by variations in high, low, and intermediate
magnetic anomalies reflecting the varying susceptibilities in the rocks that constitute the over-
all geologic make-up of the region. The enhanced magnetic maps generated by applying FVD,
TDR, and THDR filters to the RMI data highlighted the edges and boundaries of lineaments,
basement, and intrusions emplaced with the sedimentary successions in the area. Major ori-
entation of these geological features is in the NE - SW, NW - SE, E - W, and N -S directions.
The estimated average depth to basement of 4.31 km suggests that the area might be pro-
spective for hydrocarbon exploration, since the sediments thickens towards the southern and
western parts of the study area covered by the Calabar Flank and Afikpo Syncline. However,
the preponderance of lineaments towards the eastern and northeastern parts covered by the
Oban Massif at an average shallow depth of 0.37 km is a clear indication that the area might
be favorable for ore mineral exploration.
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