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ABSTRACT

This study presents a comprehensive geophysical analysis of the Bamenda Massif, Southeastern Nigeria, using high-resolution
aeromagnetic and Landsat data to interpret subsurface geological structures and identify potential zones of mineralization. The area, part
of the Nigerian Basement Complex, was analyzed using Oasis Montaj, ArcGIS, and Erdas imaging software for data enhancement,
anomaly extraction, and modeling. Regional-residual separation techniques and reduction-to-pole transformations were applied to
magnetic data to isolate shallow and deep-seated anomalies. Quantitative interpretations involved Peters’ length, Sokolov, and slope
methods to estimate depths to magnetic source bodies, yielding depths ranging from 0.1 km to over 1.1 km. Magnetic susceptibility
values ranged from 0.0022 to 0.0049 c.g.s., correlating well with inferred intrusive bodies such as dykes and magnetized quartzites.
Landsat-derived lineament maps further revealed cross-cutting fracture systems and structural trends influencing mineralization. The
study area was divided into four structural zones (A-D), each characterized by unique magnetic intensities, dips, and anomaly
geometries. Zone C exhibited volcanic pipe-like anomalies with high amplitude, while Zone B showed broad, low-frequency anomalies
indicative of deeper intrusions. Results suggest mineral potential in shallow basement intrusions and highlight structural features as
possible pathways for mineralization. Integration of geophysical data with geological mapping enhances interpretation accuracy and
provides vital insights for mineral exploration. The findings underscore the efficacy of airborne geophysical methods in delineating
basement morphology and tectonic evolution, offering valuable guidance for further geological investigations and resource development

in the region.
KEYWORDS: Qualitative, Analysis, Bamenda Massif, Aeromagnetic, Landsat, Basements.

I INTRODUCTION

The earth behaves like a weak magnetic body whose magnetic field can be approximated to that of a uniformly polarized magnetic
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dipole at the center of the earth and inclined at about 11.5° to the axis of rotation (Kearey and Brooks, 1988). The origin of the
geomagnetic field is not well understood but is attributed to convection currents of conducting materials circulating in the outer, fluid,
part of the Earth’s core (Telford et al., 1990). A magnetic survey provides one of the earliest and most common datasets collected during
mineral exploration. Magnetic method is a type of geophysical surveying that is used to investigate and measure the subsurface geology
on the basis of the anomalies in the Earth’s magnetic field resulting from the magnetic properties of the underlying rocks (Mark and
Richard, 1993).

Magnetic and Landsat data are but one set of parameters that add to the description of earth’s rocks and their structural relations.
By assessing such parameters in relation to other known data for mineral exploration, both geologists and geophysicists gain fresh
insights into the geological problems to be solved. The aim of this work is to apply Aeromagnetic and Landsat data in mapping
lineaments in the Bamenda Massif, Southeastern Nigeria.

Geophysical exploration reveals that most basement rocks have more magnetite and are more magnetic than nearly all sedimentary
rocks. Therefore, for practical purposes, the magnetic effect recorded by an airborne magnetometer can be considered the same as it
would be if the sediments were not present (Nettleton, 1976). However, the ambiguity in the interpretation of potential field anomalies
has made it impossible to determine uniquely the depth to magnetic source bodies. This has made interpretation of magnetic anomalies
to be very subjective. Although geologic information and experience on the part of the interpreter will help to narrow down the
interpretation problems. In this way, a possible approach to the interpretation of magnetic anomalies is to approximate the maximum
depths to the causative bodies of these anomalies by using a thin dyke model. This is because for most anomalies, a thin dyke model
can equivalently be developed on which the depth to the center of the body can be developed (Monday and Adekunle, 2018).

The use of Aeromagnetic and Satellite imagery for regional mapping of geologic units and structures is pertinent in this study
because of the ease of operation, speed, accuracy, low cost and coverage. In addition, advancement in digital technology has led to
remarkable improvement in these methods for geological interpretations of structural features that can serve as guide or pathways
exploring for mineral zones (Opara et al., 2012). The area of the study is the Bamenda Massif and it is a region characterized by structural
features surveyed from sedimentary basins can be seen on geophysical data as increasingly small scale structures to a great extent and
this can provide insight on the location of mineral deposits from structural trends.

The conceptual view of airborne surveys including Aeromagnetic and Landsat imaging in the interpretation of lineament
features and other geological structures have been tremendous; especially within the last decade. This past decade has metamorphosed
from the interpretation of basement structures to detailed studies with respect to both lithological and anomalous variations of magnetic
minerals. Magnetic anomalies are major precursor of mineralization, especially along planes of weak bonding within the rocks. The
magnetic anomaly signature characteristics are results of one or more physical parameters such as the configuration of the anomalous
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zone, magnetic susceptibility contrasts as well as the depth to the anomalous body (Opara et al., 2014).

The broad and sporadic magnetic closures seen on the total magnetic intensity anomaly maps are often due to changes in the
rock composition within the basement. If the magnetic units in the basement occur at the basement surface, then depth determinations
will map the basin floor morphology. Depth to basement, faults in the basement surface, and the relief of the basement surface have
direct relevance to the depositional and structural history of the area (Gunn, 1997). The trend of basement faults and structure is
frequently the main determinant of the primary fractures that develop to accommodate basin extension. In some sedimentary basins,
magnetic anomalies arise from secondary mineralization along fault planes, which are often revealed on Aeromagnetic maps as surface

linear features.

The Bamenda Massif which is part of the Nigerian basement complex occupies about 10,000km? in the South Eastern part of
Nigeria. It is bounded in the Northwestern region by the Abakaliki anticlinorium and the Mamfe embayment in the North. The geologic
map of the Bamenda Massif shows it has a complex lithology and the differentiation of the rock types has remained difficult until recent
times. The difficulty arises from the fact that the Bamenda Massif is located in the thick equatorial rain forest. And secondly, rock
outcrops in the area are generally intensely weathered and this makes it difficult to obtain fresh rocks for geologic studies (Ekwueme,
et al., 1995). Many hypotheses have been proposed to account for the origin of the Southern Nigerian sedimentary basin including the
Calabar Flank. The study area shows the occurrence of metamorphic gneisses, quartzite etc. They are introduced by igneous rocks such
as granodiorite etc. The cretaceous sediments are basically sandstones, shales and shaly limestone as well as impure limestone the area
is believed to have been affected by series of organic processes as well as marine transgressions and regressions (Ekwueme, 2003).
Metallic minerals of galena deposits (lead ore), and sphalerite (zinc ore) are associated with lead-zinc mineralization and they occur in
the Albian Abakaliki Shales, notably at Ishiagu and Enyigba in Ebonyi State (Umeji, 1988).

The Earth's mantle has little contribution to the Earth's magnetism. The aspect of paleo-magnetism in mineral alignment of
their grains in line with present day magnetism have contributed to the geo-magnetic field with the basement rocks of the Earth's crust.
The basaltic nature of the crust can be related to the presence of dark colored and magnetic minerals. The rocks produce magnetic
anomalies in relation to subsurface geologic activities that are observed in various parts of the Earth, by the use of high resolution tools
for acquiring magnetic data.

Thus, magnetic field in system international (SI) units can be defined as the flow of electric current required in a moving coil
to generate the field. Clearly, the unit of measurement of magnetic field is in Volt-Seconds per square meter or Weber per square meter
or Tesla (T). However, a precise Sl unit used in any geophysical measurement involving magnetic prospecting is the nanoTesla, nT (nT

=10°T). Since 5x10°°T is the magnitude of the Earth's magnetic field, therefore, the geomagnetic field is 50,000nT.

This publication is licensed under Creative Commons Attribution CC BY.

10.29322/1JSRP.15.07.2025.p16306 WWW.ijsrp.org


http://ijsrp.org/

International Journal of Scientific and Research Publications, Volume 15, Issue 7, July 2025 39
ISSN 2250-3153

Magnetic anomalies can vary in different magnitude depending on the subsurface activities producing it. Anomaly
measurement as small as 0.1nT can be observed in aeromagnetic surveys and can be used to make clinical judgments about the
subsurface geologic structures. Normally, magnetic anomalies of high amplitude measurements are of tens, hundreds and (less than)
thousands of nano Tesla have been recorded over the years in various parts of the Earth. The gamma (y) which is an old measurement
unit for magnetic anomalies is now been replaced by the nanoTesla. And one nanoTesla is equivalent to the gamma which is the
centimeter-gram-second (c.g.s.) unit (Colin, 2005). Consequently, the dipole nature of the geomagnetic field specifies the direction of
the magnetic field. The field points vertically downwards at the north magnetic pole, it is horizontal and points northwards at the

magnetic equatorial axis as well as vertically upwards at the Southern magnetic pole in Figure 1 (Colin, 2005).
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Figure 1: The total magnetic field represented as (a) three orthogonal components (horizontal north, horizontal east and vertical) and
(b) scalar magnitude of the total field, F and two angles, the inclination from the horizontal, | and the declination from true (geographic)
north, D (from Colin, 2005).

Magnetic Depth Determination
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Depth determination to magnetic source bodies is a major parameter in the interpretation of magnetic anomalies both in the
mineral industry and petroleum industry. Many methods of depth to magnetic source bodies have been developed by various workers.
Peter (1949) published a rather complete system of quantitative magnetic interpretation which involved downward continuation to the
basement surface and also introduced the concept of the measurements of maximum slope and half slope distances as depth criteria.
Bean (1966) gave a graphical method of depth estimation based on inflection and half-slope method. Hartman et al., (1971) described a
Werner Deconvolution method, that uses a vertical- gradient profile which may be measured or calculated and a calculated horizontal
gradient profile in addition to the recorded total-magnetic intensity curve. Spector and Grant (1970) described a two-dimensional spectral
analysis of a given map or region. Another very useful and efficient method of depth determination is modeling. This involves the
calculation of magnetic field of a given model at the points of observation (usually by computer) and comparing it with the measured
data. The depth and the dimensional parameters of the body are adjusted until satisfactory agreement is achieved between the calculated
and the measured values.

However, the ambiguity in the interpretation of potential field anomalies has made it impossible to determine uniquely the
depth to magnetic source bodies. This has made interpretation of magnetic anomalies to be very subjective. Although geologic
information and experience on the part of the interpreter will help to narrow down the interpretation problems. Therefore, a possible
approach to the interpretation of magnetic anomalies is to approximate the maximum depths to the causative bodies of these anomalies
by using a thin dyke model. This is because for most anomalies, a thin dyke model can equivalently be developed on which the depth
to the center of the body can be developed.

The Thin Dyke Anomaly

A thin dyke is defined as a sheet-like body extending in strike to infinity and extending from surface or subsurface to infinite
depth and having a width of less than one-third of the depth to the top of the body. For all practical purpose the strike of lateral extent
need only be ten times the depth to the top. The thin dyke is a very common form of magnetic body and besides true intrusive dykes
many other geological bodies take on the form or appearance of a dyke. Examples are magnetized quartzites the magnetic slates of the
strata-bound ore bodies. The analogy of the thin dyke has many more applications in geophysical interpretations.

Interpretation of Depth to Anomaly.

The depth to top of a magnetic anomaly can be estimated from the sharpness of the magnetic anomaly. There are many ways
to estimate depth and the methods applied in this research is based on ‘thin’ bodies of substantial strike-length as it was developed by
considering the anomaly caused by a thin two-dimensional slab extending to infinity in depth and along strike. A body may be regarded
as thin if its width is less than the depth to the top of the body.

Graphical methods
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During the early period of magnetic surveys, signal-to-noise ratios were poor and computing power was rudimentary or
unavailable, so interpretation was necessarily restricted to relatively qualitative methods. An interpreter is required to recognize
anomalous patterns characteristic of the sources of interest, allowing mapping of the local geology. The scale of the anomalies gave an
immediate indication of a combination of size and depth of its source.

Simple graphical techniques evolved to estimate more quantitative properties of the sources from the shape of their anomalies
in the data. Magnetic data was typically displayed in profile form or as a stack plot, i.e. with the relative locations and amplitudes of the
anomalies preserved. This format allowed an interpreter with a rule and pencil to rapidly identify various critical points’ on an individual
anomaly, with horizontal lengths between such points being associated with depth and dip of the sources. There are numerous graphical
methods, of similar basis and utility.

Parasnis (1972) details a variety of such relationships for manual interpretation of field data, including the so-called ‘Smith
Rules' (Smith, 1959, 1961). Most manual methods estimated source position and depth, but dip estimates were also sought, for which
the Parker Gay (1963) method is especially known. A useful review of methods for graphical estimation of depth is provided by Am
(1972). In addition to critiquing the various methods, he showed how the depth estimators are related to the analytical expressions for

the magnetic responses of prism- and dike-shaped sources.

Peters Length Method

Thus, this study utilizes the well-known graphical method of Peters (1949), who estimated depth to magnetic dikes with a “half
slope” formula. Peters’ method is illustrated in Figure 2. The method ensures that the maximum slope on the profile being analyzed. A
line with half this slope is then drawn and it is determined where on either side it is tangential to the profile. The horizontal distance

between these two tangential points approximates 0.9 of the Peters length times the depth to the source.
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Figure 2: Several depth estimators illustrated on a hypothetical anomaly curve. (From Roger, 2018).
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Several scholars have worked on the interpretation of subsurface anomalies and structural features in the Bamenda Massif,

Southeastern Nigeria. Their works have redefined the understanding of the geological thinking about the Southeastern region in Nigeria.

Such works include those of Eze and Mamah (1985) which was on Electromagnetic and Ground Magnetic survey over zones of Lead-

Zinc Mineralization in Wanakom (Cross River State). Their findings revealed three anomalies that can be correlated with igneous rocks

of moderate magnetic susceptibility. These anomalies strike NE-SW as the dominant structural trend. Weathering and fractured

overburden are the sources of high background level and large amplitude variations of the in phase and quadrature components and

reflect its thickness and conductivity especially at high frequency. Two other isolated anomalies have a conductivity zone which dips at

90° with a conductivity thickness product of 140 and 100 siemens at depths of 8.1 and 7.2m. Drilling may prove the presence of

mineralization.
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Odigi and Okonny (1987) worked on Application of Radar Imagery to Structural and Geological Studies in Oban Massif,
Southeastern Nigeria. The radar imageries revealed three major geomorphological units and a series of long, short and arcuate
lineaments. The different lineament systems seem to delineate blocks containing folded structures. The metamorphosed terrain is easily
recognisable as a highly deformed area. Including the metamorphosed rocks, three lithological units have been recognised and
demarcated in the area; consequently a radar-geological map at 1:50,000 scale of area 20,000km? based on interpretation of radar imagery
and a brief period of field work was produced from their study.

Thus, their results obtained using Slope methods indicate two depth sources; the deeper (greater depth) magnetic sources range
from 2.0 km - 4.99 km and the shallower (near surface) magnetic sources range from 0.4 to 1.99 km. Therefore, the deeper magnetic
sources depict depth to Precambrian Basement and the shallower sources depict depth to igneous intrusives and/or magnetized bodies
within the sedimentary cover. These anomalies are potential areas of mineralization in the study area. Finally, hydrocarbon exploration
activities are not yet recommended since the area has small thickness of sediments overlying the basement rocks. Although, the
temperature and pressure regimes that gave rise to the formation of the basement rocks are high (leading from low, medium to high
grade metamorphism), but, that sort to environment may be too challenging for kerogen (organic matter) transformation or hydrocarbon
generation. Hence, any such matter contained within the basement rock may have burnt off due to increase in geothermal gradient.

Goodhope and Luke (2013) studied the Structural Interpretation of Abakiliki — Ugep, using Airborne Magnetic and Landsat
Thematic Mapper (TM) Data. This study was carried out to determine the depth to the magnetic basement, delineate the basement
morphology, relief, and the structural features associated with the basin uplift, (Abakaliki Uplift) as well as their trends/patterns.
Aeromagnetic and Landsat data were subjected to various image and data enhancement and transformation routines. Results of the 2-D
spectral analysis revealed a two depth models: the shallower magnetic source bodies range in depth (D1) from 0.035km to 1.285km
with an average of 0.656km while the deeper magnetic source bodies range in depth (D2) from 1.585km to 4.136km with an average
depth of 3.096km.The shallower magnetic anomalies resulted due to basement rocks which intruded into the sedimentary rocks while
the deeper magnetic anomalies are associated with intra-basement discontinuities associated with faults. The average sedimentary
thickness of 3.096km estimated in the study area may favour hydrocarbon generation. The drainage pattern is dendritic which is
indicative of lithological, structural and topographic differences and also indicative of alluvial rocks, which is typical of the geology of
the area that consists mainly of sedimentary rocks.

Ezema et al., (2014) worked on Hydrocarbon and Mineral Exploration in Abakaliki, South Eastern Nigeria. The data was made
available in digital form on the scale of 1:50,000 by the Nigeria Geological Survey Agency (NGSA). The data was processed using
computer software (Potent V4.10.3). Forward and Inverse modelling techniques were used in addition to spectral analysis. Three profiles
were taken on the contour map and modelled. The results showed five intrusive bodies made up of granulites, pyrite, and basalt. The

This publication is licensed under Creative Commons Attribution CC BY.

10.29322/1JSRP.15.07.2025.p16306 WWW.ijsrp.org


http://ijsrp.org/

International Journal of Scientific and Research Publications, Volume 15, Issue 7, July 2025 44
ISSN 2250-3153

depths of the intrusives range from 2.4km-6.32km. Dolerite intrusives were mainly found at areas around Idemba-1za, and Abba Omega
at depths of 2.4km, 2.7km, and 3.6km respectively.

The depth to shallower magnetic source bodies (D1) ranges between 0.035km and 1.285km, with an average of 0.746km.

Monday and Adekunle (2018) looked at the Maximum Depth Rules for Total Magnetic Field Anomalies at Low Latitude. The
maximum depth rules were derived for total magnetic field anomalies at low latitude using homogeneous sphere as model. Three
different rules were derived for both N-S and E-W profiles over the centre point of magnetic sphere. For the E-W traverse, the rules are:
Inflexion Point Rule (IPR); Half-Width Rule (HWR); and Amplitude-Slope Rule (ASR) and for N-S traverse, the rules are: IPR, ASR
and Amplitude-Distance Rule (ADR). The reliability of these rules was tested using a set of synthetic total magnetic field data generated
over 10 linear spherical magnetic source bodies of 3 — 10 m depth range. The rules give very close values to the true depth of the
magnetic source bodies with maximum variation of £1 m. On E-W profile, the correlation coefficients between computed and the real
depths are 0.95, 0.96 and 0.97 respectively for IPR, HWR and ASR. Also, on N-S profile, the correlation coefficient between computed
and the real depths are 0.96, 0.97 and 0.96 respectively for IPR, ADR and ASR. The maximum depth rules are adjudged reliable on the
bases of their results.

Owono, et al., (2019) studied the Evidence of Major Structural Features over the Pan-African Domain in the Bertoua-Mbangue
Area (East Cameroon) from a Multiscale Approach of Modeling and Interpretation of Aeromagnetic Data. The aim of their study was
to investigate crustal structures from East Cameroon, using Aeromagnetic data. The modelling of Aeromagnetic data was conducted
using Oasis Montaj 8.0 software. The total magnetic intensity map reduced to the equator (RTE-TMI) shows important anomalies
features, namely, the Northern East magnetic anomalies of high amplitude, the Southwest where very low values of the magnetic
intensity were observed, and a corridor with negative values relatively high, separating the anomalies. The horizontal gradient map
shows on the one hand brittle and folded structures carried out in the area of study and on the other hand various rectilinear, narrow, and
short-wave anomalies that can be classified as a family of little faults.

I1. METHODOLOGY

The data set used were obtained as a secondary data from the Nigerian Geological Survey Agency in Abuja, Federal Capital
Territory and they include:
i. Landsat data
ii Aeromagnetic data
iii. Geologic map

However, the survey activities were done in Nigeria by Paterson Grant and West Consultant of Canada (scale of 1: 100,000)
in the year 2003 and 20009.
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Location of the Study Area

The study area is sited within Latitudes 05°30°00>’N to 06°03°00°°N and Longitudes 07°0°00°’E to 09°30°00°’E (Figure 3).
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Figure 3: Location Map of the Study Area (Produced from a GIS software, 2017).

Technical Details of the Airborne Geophysical Survey of Nigeria
The survey covers 128, 180line kilometers and has the following flight parameters:
(i) Total Linesin km:  1,104,174km
(i) Flight Line Spacing: 500 meters
(iii) Terrain Clearance: 80 meters

(iv) Flight Line Direction: NW-SE
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(v) Tie Line Spacing:  2km

(vi) Tie Line Direction; NE-SW’

(vii) Flight Height:  245m

The survey includes the following geophysical methods:
(a) Magnetic total field

(b) Gamma ray spectrometry

(c) Horizontal magnetic gradient enhancement.

Data Format

Grid data are delivered in Oasis Montaj Geosoft grid file format. Line data are delivered in Oasis Montaj Geosoft format and

ASCII file format and a format description file accompanies each data file.

Method of the Study

The data used in this study were part of the airborne geophysical series sponsored by the Geological Survey of Nigeria. It was an
operation in which the airborne magnetometer survey maps where the contours of the total magnetic field intensity maps were presented
on a scale 1:100,000. The survey was carried out along a series of East - West profiles with a spacing 2km, a flight line spacing of 500m,
and terrain clearance of 80m.

The data sets (Aeromagnetic and Landsat) were obtained as secondary data and were quality checked (QC) to understand the
nature of the data. The quality checking of the data helped to remove repeat figures and arranging them in a Format (using ASCII and
Notepad) that can be imported into the softwares (Oasis Montaj, Erdas and ArcGIS). The Geomagnetic gradient was removed from the
data using the International Geomagnetic Reference Fields (IGRF) formula.

Interpretation of Magnetic Data

The interpretation of the magnetic data involves regional and residual separation. The regional field values were subtracted
from the observed data to obtain the residual anomaly values and produce map section view of the anomaly closures. The localized
small closures observed in the map signify shallow intrusive materials originating from the basement and the broad closures signify
deep intrusive materials originating from the basement rocks.

The total magnetic field map produced is composed of residual anomalies from shallow magnetic bodies superimposed on the
regional magnetic anomalies due to deep seated magnetic bodies in the mantle and core. The regional anomalies account for the high
total field values recorded in the map. The digitized Aeromagnetic map was used for interpretation of structures, causative bodies for
possible mineralization, determination of trends of the lineaments and lineaments acting as pathways for mineralization.

Lineament and Magnetic Intensity Extrapolation
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However, the Aeromagnetic data was imported into the Oasis Montaj software for lineament and magnetic intensity
extrapolation so that structural faults existing within the basement rocks can be interpreted and seen in a 2D and 3D modes of the
subsurface. In this way, several steps were taken in interpreting these geological features which include subtraction of the regional field
values from the observed data to obtain the residual anomaly values, to do First vertical derivative (FVD), reduce to pole, reduce to
equator and 3D modeling of the intrusives causing the anomaly in the area.

Fault Interpretation

Fault interpretation is keen to the understanding of the structural changes within the rock setting in line with the magnetic
anomalies in the area. To locate and outline crustal magnetic sources, a transformation technique was applied. So that the apex of the
anomaly can be shifted over the source body (since anomalies rarely centered above their sources). This transformation helped to remove
the distortion due to the earth’s magnetic field. This was done to understand the nature or undulation of the basement topography in
areas of magnetic highs and lows. This revealed anomaly caused by intrusive bodies of dykes in relation to the zones of bonding and
fault planes within the crystalline basement rocks. Information from this process was used to build models to show the nature of the
fault structures in the zone.

Interpretation of Landsat Data

The Landsat data was used for analyzing lineaments in the Basement Complex region.

This map after processing showed detailed disposition of fracture lineaments in both sedimentary and basement complex terrains across
the Bamenda Massif area. The extracted lineaments within the rocks were geophysically analyzed by doing a Pre-processing of the sets
using ArcGIS, Envy and Erdas imaging softwares which involves a regional-residual separation, geometric corrections (signal filtering)
for image enhancement of lineaments, lithological extraction and fault interpretations. The parameters computed were interpreted by
creating models that would in turn make meaningful geologic interpretation about the structures, source producing the anomaly and
depths of anomalous zones.

The Landsat data was interpreted using the Erdas imaging software to do image enhancement, Lineament and radiometric
extrapolation, map interpretation to produce 2D and 3D models that show areas of deformation due to shear stress. The steps involve
are pre-processing to remove chaotic or noisy sections from the data, so that, areas of strong amplitude intensities can aid geological
interpretation. Further steps include radiometric and geometric corrections so that lineament maps are produced to understand the trends
of the lineaments and to produce Ternary image that would show the intensity of radioactive response in the zones.

Image Enhancement

The key component of this study involves image enhancement of Aeromagnetic data so that long and short lineament features

can be identified for structural analysis. This would involve the correction of the long and short wavelength anomaly in the zones to
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improve the amplitude strength of the source of the causative body. After correction of the measurements for magnetic field, the total
magnetic intensity (TMI) anomaly was deduced by subtracting the theoretical geomagnetic field or IGRF (International Geomagnetic
Reference Field) at each station. The total magnetic intensity anomaly data was then processed by doing upward continuation to a height
of a mean clearance of 1km before they were merged into a unified digital grid, which has a cell size of 0.01 degree. The grid enabled
the generation of magnetic anomaly maps for Bamenda Massif area.

Lineament and Radiometric Extrapolation

Extrapolation of lineament features was done through First Vertical Derivative, so that linear structures of long and short
wavelength anomalies are distinguished on the map. This idea was used to know the strike directions or trends of the lineaments and
relate this effect to the stress acting on them. The edges of the anomalies were sharpened and enhancement of shallow structural features
formed by intrusive bodies were identified. This was used to delineate high frequency features more clearly where they were over
shadowed by large amplitude and low frequency anomalies within the rocks.

Map Interpretation

The interpretation of Aeromagnetic and Landsat maps was done using softwares to produce various 2D maps of lineament and
magnetic intensity of the zones. In addition, the 2D and 3D models were juxtaposed to bring to light a reconstruction of the structural
events that led to the large scale deformation of the faulted blocks in the Bamenda Massif area. Quantitative and qualitative interpretation
of contour closures were done on the Aeromagnetic map to extract geophysical and geological parameters from profile lines gotten from
cross sections. These parameters include depths to shallow and deep seated anomalies, amplitude of the anomalous zones, magnetic
susceptibility values, width of the anomaly, and the possible rock types.

V. RESULTS AND DISCUSSION

The Total Magnetic Field data interpreted for geophysical and geological purposes comprise the superposition of the effects of
all underground magnetic sources. Usually the targets in structural and mineral exploration are small, shallow depth anomalies, and their
magnetic field is superimposed to the regional field that comes from larger or deeper sources. The estimation and subtraction of the
regional field leads to the residual field that corresponds to the target sources.

It is pertinent to do a phase shift operation which is referred to as the reduction-to-pole approach on the observed magnetic
field. The operation affects the phase and amplitude of the magnetic anomalies. However, the reduction to pole (RTP) operation
transforms the observed magnetic anomalous changes into the anomaly effects that would have been measured if the magnetization and
ambient field were both vertical. This in effect, puts the limits of the magnetic anomalies directly over their sources in order to
distinguish changes in depth to basement surface, hence, making magnetic interpretation easier and more reliable for computing
magnetic parameters for subsurface evaluation.
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In practice, the reduce to pole transform is difficult to apply at very low latitudes due to resolution effect and forms different

magnetic maps which are in rare cases dominated by declination to parallel artefacts (Rajagopalan, 2003). The reduce to pole method
was used to improve the amplitude effect of the lineament structures by introducing a fudge factor using the frequency domain approach.
(Silva, 1986).

In order to improve the resolution quality and better define the nature and source of the anomalies at low latitudes, there is the
need for transforming the analytic maps in the space domain, thus, this is the case of the Reduction to the Equator Method. In the space
domain, the analytic transformation corresponds to convolution of the initial signal with a specific operator.

The First Vertical Derivative map and other improved resolution maps that are associated with it, demonstrate a vivid picture
of the pervasive structures.

The concept of depth interpretation is pertinent to this study in terms of understanding the depths to causative bodies of variable
anomaly structures or source causing the anomalies in the study area. The anomalies are generated by different intensities of subsurface
activities within the basement rocks and into the overlying sedimentary cover.

It is necessary to consider the amplitude response to these magnetic intensities which may have direct relationship to the
intrusive effect causing the magnetic zones and can be tired to delineation of structural features as pathways for possible mineralization.
The amplitude responses enable various anomalous zones within the rock setting to be distinguished from one another based on these
responses that resulted to different anomaly shapes and sizes in the area.

These anomalies are bound by metamorphic rocks like phyllites and schists and were deformed dominantly by brittle fracturing.
And rocks like migmatite gneisses and granitic rocks were deformed dominantly by ductile processes, leading to ductile fracturing of
the rocks as described by Suppe, 1985.

Quantitative Interpretation

Interpretation of Aeromagnetic Curves (Graphical Analysis)
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Figure 4.21c: Interpretation of aeromagnetic Curve from Profile Line D-A;
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Figure 4.21d: Interpretation of aeromagnetic Curve from Profile Line D-C;
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Figure 4.21e: Interpretation of aeromagnetic Curve from Profile Line C-C;
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Figure 4.21g: Interpretation of Aeromagnetic Curve from Profile Line A-E;

Computation of Anomaly Parameters
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Profile Line A-E1

(a) AT=79nT

Where AT is the Anomaly Amplitude

(b) (i) By establishing depth, Z using Horizontal slope (H. S. D) method

H.S.D = (1473-1260) m
=213m
Z=13xHSD
=1.3x213
=276.9m
=0.2769km
(ii) Depth, Z using Sokolov’s length, S method.
S =1510-1329
=181m
Z=0.6x181
=108.6m
=0.1086km
(iii) Depth, Z using Peter’s length, P
P =1399-1100
=291m
Z=0.9x291
=261.9m
=0.2619km
(c) The dip is 28°

(d) Susceptibility, K

Let the maximum width, W for the thin dyke be W = Z/3.

When Z =261.9 mand
W =261.9/3
=87.3m

K=0.5x4nxZ x AT
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W x HT
Where HT = The Earth’s Magnetic Field
=32000nT
K=0.5x4x3.142x 79 x 261.9
87.3 x 32000
K= 0.0465 S.I. unit

K=10.0036 c. g. s. unit

Profile Line C-Cy
(a) AT=49.8nT
Where AT is the Anomaly Amplitude
(b) (i) By establishing depth, Z using Horizontal slope (H. S. D) method
H.S.D = (493-392) m
=101m
Z=13xH.S.D
=13x101
=131.3m
=0.1313km
(ii) Depth, Z using Sokolov’s length, S method.
S =521-432
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=89m

Z=0.6x89
=53.4m
=0.534km
(c) The dip is 61°

(d) Susceptibility, K

Let the maximum width, W for the thin dyke be W = Z/3.

When Z =131.3m and
W=131.3/3

=43.77Tm

K=0.5x4nxZ x AT

W x HT
Where HT = The Earth’s Magnetic Field
=32000nT

K=0.5x4x3.142 x 131.3 x49.8

43777 X 32000
K=0.0293 S.I. unit

K=0.0023 c. g. s. unit
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Profile Line D-A1
(a) AT=52.5nT
Where AT is the Anomaly Amplitude
(b) (i) By establishing depth, Z using Horizontal slope (H. S. D) method
H.S.D = (960 - 848) m
=112m
Z=13xH.S.D
=13x112
=145.6m
= 0.1456km
(ii) Depth, Z using Sokolov’s length, S method.
S=968-784
=184m
Z=0.6 x184
=110.4 m
=0.1104 km
(iii) Depth, Z using Peter’s length, P
P =960 — 720
=240m
Z=0.9x240
=216m
=0.216 km
(c) By determining the dip, the anomaly curve is matched with standard magnetic curves from which line direction is drawn at about
28° and where this line cuts the line of identical curve shape, the dip is read as 67°
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(d) Susceptibility, K
Let the maximum width, W for the thin dyke be W = Z/3.
When Z =145.6 m and
W= 83.2/3
=27.73m

K=0.5x4nxZ x AT

WX HT
Where HT = The earth’s magnetic field
=32000nT

K=0.5x4x3.142 x 145.5x52.5

48.53 x 32000
K=0.0309 S.I. unit

K=0.0024 c. g. s. unit

Profile Line D-C:
(a) AT=50nT
Where AT is the Anomaly Amplitude
(b) (i) By establishing depth, Z using Horizontal slope (H. S. D) method
H.S.D = (952 - 811) m
=141m
Z=13xH.S.D
=13x141
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=183.3m

=0.1833km
(ii) Depth, Z using Sokolov’s length, S method.
S$=911-702
=209m
Z=0.6x 209
=125.4m
=0.1254km
(iii) Depth, Z using Peter’s length, P
P =893 — 701
=192m
Z=0.9x192
=172.8m
=0.1728km
(c) The dip is 62°
(d) Susceptibility, K
Let the maximum width, W for the thin dyke be W = Z/3.
When Z =172.8m and
W=172.8/3
=57.6m

K=05x4nx Zx AT

W x HT
Where HT = The earth’s magnetic field
=32000nT
K=0.5x4x3.142 x 172.8 x 50
57.6 x 32000
K=0.0295 S.I. unit

K=0.0024 c. g. s. unit
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Table 4.1: Quantitative parameters computed from Aeromagnetic profiles of zone A.

60

SIN PROFILE DEPTH, Z (m) AT K W

ID (nT) (degree) (c.g.s) (m)
H.S.D S P

1 A-A; 1123.2 537.6 979.2 98.5 10 0.0045 326.4

2 A-B: 936 892.8 964.8 89 39 0.00403 312

3 A-C; 270.4 268.8 374.4 78.5 46 0.00356 90

4 A-D; 206.7 173.4 945.9 70.8 15 0.0032 68.7

5 A-Ey 276.9 108.6 261.9 79 28 0.0036 87.3

6 A-F1 912.6 198.6 897.3 75 31 0.0034 299.1

7 A-G; 219.7 246.6 368.1 66.2 52 0.0029 82.2

8 A-H; 162.5 197.4 395.1 71.2 42 0.0032 65.8
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9 A-ly 408.2 228 252 69.5 49 0.0031 84
10 A-J; 878.8 370.8 835.2 91.3 13 0.0041 278.4
AVERAGE 539.5 322.26 627.39 142.98 325 0.0035 169.39

Table 4.2: Quantitative parameters computed from Aeromagnetic profiles of zone B.

SIN PROFILE DEPTH, Z (m) AT DIP K W
ID (nT) (degree) (c.g.s.) (m)
H.S.D S P
1 B-A: 457.6 561.6 110 80 0.00498 208
2 B-B: 603.2 960 101 30 0.00458 201.1
3 B-C, 396.5 478.8 73.5 73 0.0033 132.2
4 B-D; 406.9 231.6 540.9 76 69 0.0034 135.63
5 B-E; 412.1 268.2 436.5 80.5 68 0.0036 137.37
6 B-F. 640.9 726.6 86.6 42 0.0039 213.63
7 B-G: 608.4 382.8 3735 93.1 26 0.0042 127.6
8 B-H, 755.3 369.6 440.1 68.9 32 0.0031 146.7
9 B-1; 555.1 365.4 383.4 88.1 75 0.0039 121.8
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10 B-J; 518.7 490.5 83.3 71 0.0038 163.5
AVERAGE 535.47 472.03 463.16 86.1 56.6 0.0039 158.753
Table 4.3: Quantitative parameters computed from Aeromagnetic profiles of zone C.
SINZ PROFILE DEPTH, Z (m) AT DIP K w
ID (nT) (degree) (c.9.s.) (m)
H.S.D S P
1 C-As 1081.6 1056 1080 57 23 0.0026 360
2 C-B: 83.2 33.6 55.1 68 0.0325 27.73
3 C-C; 131.3 53.4 49.8 61 0.0023 43.77
4 C-D; 113.8 85.2 130.5 60.3 59 0.0027 37.93
5 C-E1 882.7 831.6 892.8 50.2 28 0.0023 294.2
6 C-F, 990.6 808.2 807.3 60 30 0.0027 269.4
7 C-G; 798.2 412.2 795.6 61.9 33 0.0028 265.2
8 C-H; 981.5 659.4 844.2 52 27 0.0024 281.4
9 C-ly 813.8 883.2 679.5 63 31 0.0029 271.2
10 C-J 243.1 66.6 54.8 55 0.0025 81.03
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AVERAGE 6.11.98 488.94 747.13 56.41 415 0.0057 193.19
Table 4.4: Quantitative parameters computed from Aeromagnetic profiles of zone D.

SIN PROFILE DEPTH, Z (m) AT DIP K w

ID (nT) (degree) (c.g.s) (m)
H.S.D S P

1 D-A: 145.6 110.4 216 52.5 67 0.0024 48.53

2 D-B: 416 187.2 331.2 53 48 0.0024 110.4

3 D-C, 183.3 125.4 172.8 50 62 0.0023 57.6

4 D-D; 223.6 148.2 102.6 56.8 64 0.0026 49.4

5 D-E; 75.4 112.8 140.4 56 58 0.0025 37.6

6 D-F, 637 198.6 387 494 52 0.0022 129

7 D-G; 586.3 182.4 306 56.9 42 0.0026 102

8 D-H; 549.9 244.8 190.8 64 47 0.0029 81.6

9 D-1; 548.6 299.4 359.1 59 44 0.0027 119.7

10 D-J; 416 180.6 216.9 57.8 58 0.0026 72.3

AVERAGE 378.17 178.98 242.28 55.54 54.2 0.0025 80.813
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Qualitative Interpretation

This study demonstrates the use of Landsat imagery, digitized Aeromagnetic for mapping and analyzing lineaments in the
Basement Complex region of Southeastern Nigeria. However, the cross-cutting lineaments are relatively high in areas around the North-
eastern, Southern and South-western parts of the study area, and relatively low in the other areas.

It is worth noting, that as depth increases, signal amplitude in the different parts of the study area contained in the data, decreases
or decays. Therefore, the deeper the anomaly, the lower the anomaly amplitude which has longer (broad) wavelength and poor resolution.
While the shallower the anomaly (i.e., those at shallow depth), the higher the anomaly amplitude which produces shorter wavelength
and better resolution quality. Thus, the magnetic parameters generated from profile lines were interpreted quantitatively to understand
the depth to causative bodies, susceptibility of the anomaly and qualitatively by creating models that would in turn be used to make
meaningful geologic interpretation about the source producing the anomaly and anomalous zones that are associated with mineralization
in the area and relate these anomalies to the known geology of the study area (Tables 4.1, 4.2, 4.3 and 4.4).

V.  DISCUSSION

Apparently, geophysical concepts deal with the use of basic principles and laws of physics in solving geological problems such
as detection of zones of mineralization, understand structural features on basement and overly sedimentary rocks in a given geological
setting. An understanding of the structural events using Aeromagnetic and Landsat data that could aid quantitative and qualitative
interpretation of the regional geology is pertinent to the existing rock setting in the area. The magnetic anomalous changes in Bamenda
Massif, Southeastern Nigeria are characterized into four (4) distinct zones (i.e., A, B, C and D).

Zone A is located around the Northern part of the study area. Apparently, magnetic profiles were interpreted to obtain certain
geophysical characteristics of the magnetic anomalies. The interpretation revealed that; the magnetic intensity contour lines range from
73-96.9nT with high amplitude anomaly of 66.2nT, the dikes have an average dip of 32.5° with a range of depth to basement surface of
0.10km - 1.12km, the magnetic intensity contours are broad, equi-spaced and shows a ‘bull eye’ shaped anomaly geometry of basic and
ultrabasic origin with susceptibility ranging from 0.0029-0.0045c.g.s unit. Some parts of this zone show narrow shaped anomaly
structures that are possible pathways for mineralization in the area. These attributes occur around towns like Nkonfab down some few
kilometers West of Ebem and North of Edor Abangork.

Zone B covers the South-western part of the study area. This is characterized with broad and long wavelength anomalies which
typifies a greater depth to magnetic source. The contour lines are equi-spaced and display magnetic highs and lows with magnetic
intensity ranging from -8.6nT - 43.7nT as well as 74.9nT - 92.2nT. The area is characterized by changes in magnetic properties with
susceptibility ranging from 0.0031-0.0049 c.g.s unit, the intrusive bodies strike in the NE-SW trend and have an average dip of 56.60.
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Zone C is located within the Southern part of the study area and it is characterized by changes in subsurface activities due to
deformational stress that can trigger changes in the orientation or geometry of magnetic anomalies. Apparently, this zone displays
numerous narrow shaped anomalies in the form of (volcanic pipes) and they are of high amplitude ranging from 50.2nT - 61.9nT. The
magnetic intensity contour lines range from 73.0nT - 88.7nT. The depth to basement surface range from 0.053km -1.08km with magnetic
susceptibility of 0.0023c.g.s. - 0.0325c.g.s. unit and the width of the individual anomalies in this zone, is in the range of 27.73m -
294.2m.

Zone D covers the North-eastern, South-eastern and Central parts of the study area. This is characterized by changes in
subsurface tectonic and deformational processes that can give rise to structural faults and folds, changes in susceptibility, magnetic
anomalies, orientation and trends of lineaments. Thus, the changes in the amplitude ranging from 49.4nT - 64nT with the magnetic
intensity contour ranging from 28nT - 43.7nT, in some parts it ranges from 41.5nT - 54.3nT. The susceptibility changes ranges from
0.0022 c.g.s. - 0.0026 c.g.s. unit and the average width of the individual anomaly is about 80.8m.

Conclusions

The changes in Earth’s surface rocks reflect what occurs at the Earth’s subsurface. These changes could be in the form of
displacement of rocks by tectonic stress action, deformation, subsidence, metamorphism, authigenetic process, crystallization,
mineralization, fracturing or shearing, etc. However, all of these can be analyzed by carrying out a geophysical survey (i.e., land or
airborne survey) to detect both surface and subsurface rock changes.

The present analysis which deals with Aeromagnetic and Landsat interpretation of structural and magnetic anomaly variations
of the Bamenda Massif in relation to other geological information in the South-eastern part of Nigeria, has expanded the understanding
of structural geology through qualitative and quantitative interpretations for mineral exploration.

To holistically evaluate the subsurface rock potentials for mineral exploration, a recommendation should necessitate the
integration of petrophysical measurements, seismic volume of the rock sections and 3-D magnetic modelling results are necessary for
subsurface evaluation. Furthermore, this would serve as a guide to researchers and those in the mining sector who are interested in
mineral exploration in this time of dwindling oil and gas price. Thus, the results of this research would provide useful information to
local and international research programs by contributing to the understanding of the geology and tectonics of West African region.

However, these structural features can be used to undertake a paleo-reconstruction or reassessment of the structural history vis-
a-vis the regional geology of the area from which zones of mineralization can be traced, targeted and evaluated for possible mining
exploration and exploitation activities
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