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Structural controls on rare-metal mineralization: Depth-specific
mapping of economic deposits in Nigeria Basement Complex
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Abstract. This study aims to identify prospective zones for mineral exploration and enhance understanding of mineraliza-
tion processes within Precambrian terrains. High-resolution aeromagnetic data were analyzed using integrated geophysical
techniques such as Analytic Signal, Tilt Derivative, Phase Symmetry, Source Parameter Imaging, Butterworth bandpass fil-
tering, 3D magnetic anomaly inversion, and Euler Deconvolution to delineate subsurface structures and determine their spa-
tial distribution, depths, and relationships to mineral occurrences. The results revealed NE-SW and NW-SE trending linea-
ments corresponding to major shear zones and fault systems that govern mineral emplacement. Shallow sources (250-500 m)
are associated with industrial minerals such as clay, intermediate depths (500-720 m) relate to rare-metal pegmatites hosting
columbite-tantalite and wolframite, while deep-seated structures (>1200 m) indicate potential source regions for mineralizing
fluids. High-amplitude analytic signal anomalies (0.04-0.05 nT/m) coincide with geological contacts and structural bounda-
ries marking zones of potential mineralization. This represents the first comprehensive investigation of subsurface mineral-
ized structures in the region, and by applying multiple geophysical processing techniques, previously unmapped structural
features were exposed and the vertical continuity of mineralized zones confirmed. The findings provide depth-specific map-
ping of economic mineral deposits, offering valuable insights for targeted exploration efforts and enabling more precise, cost-
effective strategies for locating columbite-tantalite, wolframite, kaolin, and other economically significant minerals in the
Basement Complex.
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1. Introduction West African Craton and holds significant potential for various
mineral deposits, including clay, columbite, garnet kao-
lin/kaolinitic clay, mica, talc, tantalite, tourmaline, wolframite,
iron ore, gold, and rare earth elements [8, 9]. Recent advance-
ments in magnetic survey technologies and data interpretation
methods have opened new avenues for understanding the
subsurface geology of such complex terrains [2-4]. By detect-
ing subtle variations in the magnetic field anomalies caused by
differences in rock magnetization, these techniques have re-
vealed valuable information about underlying geological struc-
tures and potential mineralization zones [5].

Over the past few decades, several studies [10, 11] have
been conducted to explore the mineral potentials and geolog-
ical characteristics of this region. These studies have utilized
various geological and geophysical techniques to understand
the structural framework and mineralization processes within
the basement complex. The ability to detect magnetic field
variations in the Earth, caused by subsurface magnetic min-
erals such as magnetite and ilmenite presents magnetic sur-
veys as essential tools for exploring basement complex ter-
rains [12]. These variations of magnetic anomalies, are key

Variations in magnetic field of the earth at some regions
can indicate the presence of certain mineral deposits or geo-
logical structures. Exploration and discovery of mineral
resources play a crucial role in the economic development of
nations [1], particularly in regions with untapped geological
potential. In recent years, advanced geophysical techniques
has revolutionized the field of mineral exploration, offering
more precise and cost-effective methods for identifying
promising deposits [2-7]. Among these techniques, the anal-
ysis of magnetic anomaly signatures has emerged as a pow-
erful tool for unraveling the hidden subsurface mineralized
structures of economic value [5].

Nigeria, with its diverse geological landscape, is recog-
nized for its mineral resource potential [7]. However, large
areas of the country, particularly within the Precambrian
Shield regions, remain underexplored. The Kaduna-Nasarawa
region, situated within the Nigerian Precambrian Basement
Complex, represents one such promising yet understudied
region [7]. This area, characterized by its ancient rock for-
mations and complex tectonic history is itself a segment of the
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indicators of geological structures, such as faults, fractures,
intrusions and shear zones, which often serve as conduits for
mineralizing fluids. In the Kaduna-Nasarawa Precambrian
Shield (KNPS), interpreting these magnetic anomalies can
reveal hidden mineral deposits and provide insights into the
structural controls governing mineralization. However, de-
spite the recognized mineral potential of this region, detailed
geophysical studies to delineate these subsurface structures,
depth extents and trends are relatively limited, necessitating
the need for this study. This study will shed light on the en-
closed geological features of the Kaduna-Nasarawa region,
paving the way for a more targeted and efficient mineral
exploration efforts in the region. The area under investigation
is basically parts of four states, Kaduna, Nasarawa, Plateau
and Bauchi States of northern Nigeria and covers an area of
18150 km?. It is bounded by Longitudes 8°00'-9°30' E and
Latitudes 9°00'-10°00' N (Figure 1).
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Figure 1. Map of Nigeria. The map also displays an overview
geological setup within the region (modified from [2])

Early geological mapping efforts, such as those by
McCurry [11] and Rahaman [10], provided a foundational
understanding of the lithological composition and structural
features of the region. These studies highlighted the presence
of various rock types, including syenite, quartz, gabbro,
migmatites, gneisses, schists, and granitoids, and emphasized
the importance of fault systems in controlling mineralization.
Subsequent geochemical surveys, conducted by Ogezi [9]
and other researchers, identified significant concentrations of
tin, columbite, gold, and other minerals, particularly in asso-
ciation with the Younger Granites of the Jos Plateau and
quartz veins within the schist belts. Woakes et al. [13]
demonstrated the utility of aeromagnetic data in revealing the
structural framework of the Crystalline Basement Complex
of Nigeria and its influence on mineralization. These studies
showed that major fault systems, trending NE-SW, NW-SE,
and E-W, are key structural features that control the em-
placement of mineral-rich fluids, thereby influencing the
distribution of mineral deposits [7]. Although these studies
have provided insights into the region's geology, they have
often been limited by reach and resolution of the data leaving
significant gaps in the understanding of the subsurface geol-
ogy and mineralization processes of the basement complex.
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Other previous investigations relied on surface mapping,
which may not fully capture the complexity of the subsurface
structures and their role in mineralization. Moreover, the
region's challenging terrain and dense vegetation often make
traditional geological mapping difficult, further complicating
efforts to accurately delineate mineral deposits. There is a
pressing need for a more comprehensive geophysical ap-
proach that can provide higher resolution data and better
constrain the subsurface structures and mineralization zones
[2,4,5,12].

Despite the mineral potential of the study area, compre-
hensive geophysical exploration remains limited. However,
some insights have been provided by Ugwu et al. [14], who
analyzed aeromagnetic data in the Jos Plateau region, which
encompasses a smaller part of our study area. Their analysis
revealed distinct structural lineaments oriented in multiple
directions:  northeast-southwest  (NE-SW),  northwest-
southeast (NW-SE), east-west (E-W), and north-south (N-S).
These structural trends were interpreted as potential fault and
fracture systems, suggesting a complex tectonic history that
may have influenced mineralization patterns in the region.
The correlation between these structural trends and mineral
occurrences, warrants further investigation through integrat-
ed geophysical approaches. Our study aims to investigate the
magnetic anomaly signatures within the KNPS and their
implications for mineral exploration. We seek to identify and
characterize promising areas for further exploration efforts
through the integration of high-resolution aeromagnetic data
with geological information. The increasing demand for
sustainable mining practices and the need to optimize explo-
ration strategies to minimize environmental impact and max-
imize economic benefits in the mining and exploration indus-
try makes this study very timely.

1.1. Geological setting

The Kaduna-Nasarawa region is situated within the Nige-
rian Precambrian Basement Complex, a crucial component of
the Trans-Saharan Belt (TSB) of West Africa [15]). This
belt, extending from Algeria through Niger and Nigeria to
Benin, represents a major Pan-African orogeny that occurred
during the late Neoproterozoic to early Cambrian period (ca.
600-540 Ma) [16]. The Nigerian Basement Complex, cover-
ing approximately half of Nigeria's landmass, plays a pivotal
role in understanding the region's tectonic evolution and
mineralization potential [7]. This complex is characterized by
a diverse assemblage of metamorphic and igneous rocks,
primarily of Precambrian age and is broadly divided into
three major lithological units (Figure 2):

1. Migmatite-Gneiss Complex; which forms the basement
sensu stricto and is considered to be Archean to Early Prote-
rozoic in age (>2000 Ma). It also consists of high-grade
gneisses, migmatites, and local occurrences of meta-
supracrustal rocks [17].

2. Schist Belts; which are predominantly metasedimen-
tary and metavolcanic rocks of Late Proterozoic age (900-
600 Ma). They occur as N-S trending belts within the Mig-
matite-Gneiss Complex and are interpreted as ancient sedi-
mentary basins that were deformed and metamorphosed
during the Pan-African orogeny [18].

3. Older Granites; which are Pan-African intrusive suites
emplaced during the late Neoproterozoic to early Cambrian
(750-450 Ma). They range in composition from tonalite to
granite and are typically unfoliated to weakly foliated [19].
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Figure 2. Geologic map of the study area (Map was extracted
from the Nigerian Geological Survey Agency [8])

The Kaduna-Nasarawa area specifically straddles the
boundary between the Migmatite-Gneiss Complex and the
Schist Belts, providing a unique geological setting with po-
tential for various mineralization styles. The dominant lithol-
ogies in the Kaduna-Nasarawa region are the Migmatitic
gneisses that forms the basement rocks and are composed of
quartzo-feldspathic minerals with variable amounts of biotite
and hornblende (Figure 2). Complex folding and banding
patterns, with leucosomes of granitic composition and mela-
nosomes rich in mafic minerals are noticeable [10]. Predom-
inant quartz-mica schists, with occasional occurrences of
graphitic and calc-silicate schists has also been recorded and
they typically contain quartz, muscovite, and biotite as major
minerals, with garnet, staurolite, and kyanite as common
metamorphic index minerals indicating amphibolite facies
metamorphism [20]. Amphibolites occur as concordant
bands within the gneisses and schists, and often associated
with meta-ultramafic bodies. They are composed mainly of
hornblende and plagioclase, with minor amounts of quartz,
biotite, and epidote. Some amphibolites may represent met-
amorphosed mafic volcanic rocks or intrusions [21]. Occur-
ring as resistant ridges, are quartzites which are often ferru-
ginous and may host significant iron mineralization. They are
composed predominantly of quartz with minor amounts of
muscovite, biotite, and magnetite. The ferruginous quartzites,
also known as banded iron formations (BIFs), consist of
alternating bands of iron-rich (mainly hematite and magnet-
ite) and silica-rich layers [22]. The granitoids include both
the Older Granites (Pan-African) and younger intrusive bod-
ies and they range in composition from granodiorite to sye-
nite. The Older Granites are typically porphyritic, with large
K-feldspar phenocrysts in a matrix of quartz, plagioclase,
biotite, and hornblende. Younger intrusions include pegma-
tites, which are often associated with rare metal mineraliza-
tion [23]. Meta-ultramafic rocks (although less common),
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occur as small bodies within the schist belts and are com-
posed mainly of serpentinized peridotites and pyroxenites.
They may represent remnants of oceanic crust and could be
associated with nickel and chromium mineralization [24].

The KNPS region has undergone multiple phases of de-
formation, resulting in a complex structural framework. Some
of the key structural features are the NNE-SSW trending
foliation, which is the dominant structural grain in the area.
This foliation is associated with the main phase of the Pan-
African orogeny and is particularly well-developed in the
schists and gneisses [25]. The tight to isoclinal folds, often
with axial planar cleavage and typically associated with the
deformation phase having axes that plunge gently to moder-
ately towards the NNE or SSW [26]. The shear zones and
faults, some of which may control mineralization. Major
shear zones in the region trend NE-SW and NW-SE, and
often show evidence of multiple reactivation events. These
structures have been noted to host significant gold mineraliza-
tion, particularly where they intersect favorable lithologies
[27]. Late-stage brittle fractures and joints, which often trend
E-W and may be related to Mesozoic rifting events associated
with the break-up of Gondwana [28]. Mylonitic zones, partic-
ularly along the margins of granitic intrusions, indicating
high-strain deformation during the emplacement of the Older
Granites [23]. Okonkwo and Folorunso [30] showed that the
Migmatite-Gneiss Complex typically shows evidence of high-
grade metamorphism, reaching upper amphibolite to granulite
facies conditions (T =650-800°C; P =6-10 kbar) and the
Schist Belts generally exhibit lower to middle amphibolite
facies metamorphism (T =500-650°C; P =4-7 kbar), with
local variations depending on proximity to intrusive bodies.

Therefore, the geological setting of the KNPS region
provides favorable conditions for various types of minerali-
zation (Figure 3) to include: Gold, which usually associated
with quartz veins in shear zones within the schist belts and
may be related to hydrothermal activity during the late stages
of the Pan-African orogeny [18].
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Iron ore hosted in banded iron formations and ferruginous
quartzites known to contain significant reserves of hematite
and magnetite [22]. Rare Earth Elements (REE) which are
potentially concentrated in pegmatites and alkaline granites.
The pegmatites also host significant tantalum and niobium
mineralization (Figure 3) [29]. Gemstones including beryl
(aquamarine, emerald) and tourmaline in pegmatitic bodies,
particularly those associated with the younger granitic intru-
sions. Nickel and Chromium, potentially associated with the
meta-ultramafic bodies. Although economic deposits of
nickel and chromium have not yet been ascertained in the
region, we believe this study would provide ample infor-
mation of the structures within the suspected regions for
further assessments and action.

Other mineral occurrences have been documented in the
region. Some of them includes Clay and Kaolinitic Clay
(Figure 3), which are widely distributed throughout the re-
gion, and are primarily derived from the weathering of feld-
spar-rich rocks such as granites and gneisses. The quality and
quantity of these clay deposits make them potential resources
for the ceramics and paper industries. Columbite and Tanta-
lite also recorded in the N, NW and southern regions are
often referred to collectively as coltan and are found in the
pegmatites associated with the Older Granite suite. They
typically occur as accessory minerals in pegmatites, often in
association with cassiterite (tin ore).

1.2. Mineral setting

The Nasarawa area, in particular, has been noted for its
columbite-tantalite mineralization, which is part of the larger
Jos Plateau tin field (Figure 3). Garnets are common in the
metamorphic rocks of the region (Kwi location), particularly
in the higher-grade gneisses and schists. Almandine garnet is
the most common variety, often found in garnet-mica schists
and as porphyroblasts in gneisses [21]. While most occur-
rences are of mineralogical interest, some deposits may be of
gem quality. Various types of mica, including muscovite and
biotite, are abundant in the region's Older Granitoid rocks
(SE region). Large mica books, of potential economic inter-
est, are primarily associated with pegmatites [18]. The Older
Granite pegmatites in particular have been known to host
significant mica deposits. Talc deposits in the region are
typically associated with ultramafic bodies that have under-
gone hydrothermal alteration. These deposits often occur as
talc-schists or steatite bodies within the metavolcanic se-
quences of the schist belts [20]. The quality and extent of
these deposits vary, with some potentially suitable for indus-
trial applications. Tourmaline mineral is commonly found in
the pegmatites of the region, often in association with other
rare-metal mineralization. Tourmaline in the Kaduna-
Nasarawa area ranges from common schorl to gem-quality
elbaite varieties [30].

Some pegmatites in the region have yielded gem-quality
tourmalines of various colors. While Wolframite is less
common than some of the other minerals documented in the
region, it has been reported at the NE region of the study are
(Palama location) (Figure 3) and typically associated with
quartz veins in granitic and metamorphic terrains [18]. We
belive the distribution of these minerals is closely tied to the
regional geology as the pegmatites, particularly those associ-
ated with the Older Granites, are the primary hosts for co-
lumbite, tantalite, beryl, tourmaline, and some high-quality
mica deposits. The metamorphic rocks, especially the schists
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and gneisses, host the garnet and some of the mica occur-
rences (Figure 3). Clay and kaolinitic clay deposits are found
in the weathered profiles developed over feldspar-rich base-
ment rocks in the Central region of the study area. Talc de-
posits are associated with ultramafic bodies within the schist
belts found in the NW and SE regions.

2. Methods

For this investigation, we analyzed magnetic field data
collected during an extensive aerial survey of Nigeria. Fugro
Airborne Surveys conducted the fieldwork from 2005-2009
under the direction of the Nigerian Geological Survey Agen-
cy (NGSA). The aircraft maintained 500 m spacing between
flight lines while traveling northwest to southeast at 80 me-
ters above ground level. After collection, the data was orga-
nized into gridded maps, with each grid covering a half-
degree square area.

To ensure high data quality, the team accounted for both
regional magnetic field variations and daily fluctuations. The
magnetic measurements underwent Reduction to Equator
(RTE) processing following established methodologies [2],
[31]-[36]. This mathematical transformation, performed
using fast Fourier transform algorithms, incorporated the
local magnetic parameters: -2.15° declination and -13.91°
inclination. The final processed aeromagnetic data appears in
Figure 4.
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Figure 4. Residual aeromagnetic anomaly map

The map displayed notable variations in magnetic intensi-
ty, reflecting a range of distinct magnetic properties. High
positive magnetic anomalies (>84.1 nT) are spotted around
Chip, Zol, Het and Jenda locations. These regions are traced
to the granites and older basalts of the Precambrian basement
complex and indicates the presence of high magnetic mineral
at these locations. Significant lower magnetic anomalies
(<-115 nT) are noticeable in the northern and NE regions of
the study area and is traced to the highly fractured and por-
phyritic granite formation in the locations.

2.1. Source parameter imaging (SPI)

Magnetic source depth estimation has been enhanced by
the SPI method, which automatically analyzes gridded mag-
netic data. Unlike traditional approaches, SPI functions ef-
fectively regardless of magnetic inclination and declination
values, making pole reduction unnecessary during analysis
[2]. Recent field testing with drill-confirmed data sources
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shows that SPI consistently achieves depth predictions within
+20% accuracy, matching the precision of established meth-
ods like Euler deconvolution. Nevertheless, SPI surpasses
Euler deconvolution by producing more extensive and inter-
nally consistent solution sets, enabling a better visualization
of underground formations.

The theoretical foundation of SPI rests on a step-source
model [37]. This model is governed by the following math-

ematical relationship:
Depth =1/ Ky » @

where: Knmax is the peak value of the local wavenumber K
over the step source.

(3]

O]

M
dz
(dAJZ da Y’
- + -
dx dy
where: M is the total magnetic field anomaly grid.
The outcome of SPI computations is presented in Figure 5.
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Figure 5. SPI results for the study region

2.2. Butterworth bandpass filter

The application of frequency-selective signal processing
was achieved through a Butterworth bandpass filter, chosen
for its maximally flat response in the bandpass region. This
filtering approach effectively isolates specified frequency
ranges while suppressing others, offering precise control over
the filter's roll-off characteristics without altering the central
wavenumber. The filter order can be adjusted to mitigate
potential Gibbs phenomena, ensuring optimal signal preser-
vation within the frequency band of interest. Unlike alterna-
tive filtering methods that may introduce bandpass ripples,
the Butterworth filter's smooth response makes it particularly
suitable for geophysical data processing where signal integri-
ty is paramount. The Butterworth bandpass filter's transfer
function, H(s), is formulated based on its low-pass prototype
and can be expressed as follows [2], [38], [39]:
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s 2N
1+[J
23

where: s = jw is the complex frequency variable; w is the
cutoff frequency; N is the order of the filter; K is the gain at
w =0.

For a bandpass filter, the transfer function can be ex-

pressed as:

H(s)=

The parameter wo represents the central frequency of the
bandpass filter. This filter was implemented using the Ge-
osoft Oasis software, and the resulting output is shown in
Figure 6. The filter order was carefully chosen to achieve an
optimal trade-off between achieving sharp frequency cut-offs
and minimizing ringing effects.
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Figure 6. Butterworth bandpass map for the study area

Figure 6 was achieved by implementing a long wave-
length cutoff of 4450 cyc/m and short wavelength cutoff of
1520 cyc/m. The map has successfully identified anomalous
subsurface structures and emphasized their locations within
the region.

2.3. Analytic signal (AS)

The analytic signal (AS) processing technique was em-
ployed as it combines both amplitude and phase information
from magnetic anomalies, facilitating the identification of
subtle magnetic signatures associated with lithological varia-
tions and geological boundaries [34], [40]. The AS technique
has proven especially valuable in complex geological terrains
where traditional magnetic interpretation methods may be
limited by interference effects and varying magnetization
directions [2], [33]. The interpretation of magnetic anomalies
presents significant challenges due to the complex relation-
ship between observed signals and their geological sources.
Magnetic data interpretation is particularly complicated by
horizontal displacements of anomalies relative to their
sources (skewness), which occurs because geomagnetic field
vectors and induced magnetization directions typically devi-
ate from vertical orientations [33], [41].
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The AS function, although not a directly measurable
physical property, plays a crucial role in geophysical inter-
pretation due to its independence from both the inducing
field orientation and the magnetization direction. This unique
characteristic ensures that bodies of similar geometry pro-
duce identical analytic signal responses. Additionally, the AS
peaks are symmetric and are positioned directly above the
edges of broader bodies or over the centres of narrower ones,
providing valuable spatial information about subsurface
structures [42]. AS is given by Equation (6):

o5 (5 (5]

where: T is the observed field at x and y.

AS technique serves as a reliable tool for estimating the
depth of magnetic sources, especially under the assumption
of vertical contacts. Utilizing a straightforward amplitude
half-width approach, this method achieves depth estimations
with a typical accuracy of around 70%. A notable strength of
the AS technique is its capacity to by-pass the challenges
often associated with conventional reduction-to-pole meth-
ods, which are hindered by uncertainties arising from the
influence of natural remanent magnetization on the overall
magnetization of the source. This capability makes the AS
method a robust alternative for magnetic data interpretation,
even in complex geological settings [2], [43]. Figure 7 illus-
trates the outcomes of the Analytic Signal (AS) computa-
tions, confirming its utility in scenarios where the magnetic
properties of subsurface structures are either complex or
insufficiently characterized.
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Figure 7. AS map of the study area, highlighting five strategic
windows (A, B, C, D, E) selected at locations of suspected subsur-
face anomalies with potential mineralization

Rather than relying on absolute magnetic intensities, the
AS technique emphasizes the anomaly's geometry, making it
a robust and adaptable method for interpreting magnetic data.
The ability of the AS method to effectively delineate poten-
tial mineralized subsurface geological structures, as further
corroborated by Phase Symmetry (PS) analysis results, guid-
ed the selection of specific data windows (A, B, C, D, E) at
key locations for additional processing. Subsequently, Euler
Deconvolution (ED) and 3D magnetic data inversion were
applied to these windows, enhancing the resolution and clari-
ty of the final interpretations.
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2.4. Phase symmetry (PS) analysis

Phase symmetry is closely associated with the principle
of phase congruency (PC), which quantifies the alignment of
phase across multiple frequency components. Phase congru-
ency occurs when various frequency components within a
signal exhibit similar phase values, indicating a state of
phase alignment. In regions of symmetry within an image or
signal, the local phase remains consistent across different
scales, resulting in elevated phase congruency levels.

The fundamental concept underlying phase symmetry
analysis is mathematically defined by a series of key equa-
tions [44], starting with signal representation.

A signal I(x) can be broken down in terms of its local
amplitude A(x) and local phase ¢(x) using the analytic signal:

1 (x) = A(x)cos(g(x)) (7)

Phase congruency PC(x) at a point x can be calculated using:

(3 W (¢ (x) =40 (%)) -

‘Z n Wy sin gy (x)—¢0(x))‘
2 aWy

where: ¢n(x) is represents the phase at scale n; Wy isa

PC(x)= (8)

weighing function based on the amplitude; ¢0(x) is the

reference phase.

Phase symmetry PS(x) is calculated as a normalized
measure of phase congruency, incorporating contributions
from both positive and negative symmetries. It is defined as:

P (x) = PC, (x)+PC_(x) I

2
where: PC, (x)and PC_(x)correspond to the phase

congruency values for positive and negative symmetries,
respectively.

In summary, the phase congruency and phase symmetry
measures describe how local phase information can be used
to identify structural features within a signal. These parame-
ters provide illumination- and contrast-invariant representa-
tions, making them highly effective for feature detection and
image analysis.

The computed PS results are presented in Figure 8, while
Figure 9 illustrates the outcomes for phase congruency.
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Figure 8. PS analysis of magnetic anomalies in the study area
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2.5. Tilt derivative (TDR)

The TDR technique is instrumental in accentuating shallow
features within geophysical datasets and mapping the bounda-
ries of subsurface structures. This approach excels at identify-
ing subtle anomalies and defining the edges of geological
bodies. TDR is mathematically defined as the arctangent of the
ratio of the vertical gradient to the horizontal gradient of a
potential field. This dimensionless parameter reflects the angle
formed between the total gradient vector and the horizontal
plane, providing a robust tool for structural delineation [2],
[45], [46]. TDR result is displayed in Figure 10.
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Figure 10. TDR map of the study area

2.6. Euler deconvolution (ED)

ED was utilized to analyze the residual magnetic data,
providing insights into the depths and spatial positions of
magnetic sources responsible for the observed anomalies.
This approach, based on the second vertical derivative of the
magnetic field, enabled the precise characterization and
mapping of distinct magnetic sources such as faults, dykes,
and mineralized zones.

The generalized 3D form of Euler’s equation is expressed
as Equation (10) [47], [48], [49]:

or _orT el oT oT
X—+Y—+2—+nT =Xg—+Yg—+2g—+nb, (10
ox Yoy TG T T g o gk (10)
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where: X, Y, z are coordinates of a measuring point;
Xo, Yo, Zo are coordinates of the source location whose total
field is detected at x, y, and z; b is a base level; 7 is a struc-
tural index (SI).

The SI represents an exponential factor that correlates
with the rate of field decay over distance for a source with a
specific geometry. The value of the Sl is contingent upon the
type of source body under investigation [48]. For instance,
n =0 denotes a contact, n = 1 signifies the top of a vertical
dyke or the edge of a sill, n = 2 corresponds to the center of a
horizontal or vertical cylinder, and n = 3 represents the cen-
ter of a magnetic sphere or dipole [37], [47]. The implemen-
tation of Euler deconvolution is depicted in Figure 11 for a
structural index of 1. Geosoft Oasis Montaj software [50]
was used in the implementation of these concepts.

2.7. Euler deconvolution (ED)

The processed magnetic data were utilized to develop
three-dimensional (3D) geological models, enabling the
visualization and interpretation of subsurface structures asso-
ciated with mineralization. Incorporating magnetic suscepti-
bility contrasts facilitated the characterization of geological
features and the delineation of potential mineralized zones,
providing insights into the structural extent and spatial distri-
bution of anomalies. The 3D modeling results are presented
in Figure 12.

Pilkington [51] employed the Cauchy norm, as outlined
by Sacchi and Ulrych [52], to tackle the 3D magnetic inver-
sion problem. This method emphasizes the generation of
sparse models by minimizing the number of non-zero param-
eters required to fit the observed data. Unlike constrained
inversion techniques, which integrate explicit geological
information such as drill hole data to guide the modeling
process, Pilkington’s approach is classified as geologically
unconstrained [2]. This unconstrained method relies exclu-
sively on magnetic data and mathematical algorithms, mak-
ing it especially useful in scenarios where geological con-
straints are unavailable or when an unbiased interpretation of
the magnetic anomalies is necessary. However, the lack of
geological constraints may result in solutions that, while
mathematically sound, might not fully align with known
geological structures or properties in some cases.

3. Results and discussion

A direct correlation exists between geological complexi-
ties of a region and increased potential for mineral deposits
within the region. The varied rock types, from magnetic-rich
amphibolite and BIFs to relatively non-magnetic quartzite
and schist, coupled with the structural complexity of the
region, produced a diverse range of magnetic signatures that
we utilized to delineate potential mineralization structures
and zones in the study area. The structural geology of north-
ern Nigeria's basement complex has been significantly
shaped by extensive crustal deformation (Figure 2). This
tectonic activity created numerous conduits and channels,
facilitating the migration of mineralized solutions and mag-
matic intrusions throughout the rock formations.

As a consequence of these intricate geological events, the
region has become a repository for diverse mineral deposits.
The area boasts an impressive array of economically valuable
resources, as illustrated in the mineral distribution map (Fig-
ure 3). These include metallic minerals (tin, iron ore, colum-
bite, tantalite, wolframite, and beryl), industrial minerals
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(clay, kaolin/kaolinitic clay, mica, and talc), and gemstones
(garnet and tourmaline). This remarkable mineral endow-
ment has been well-documented in geological studies [53],
[54] highlighting the region's significance as a mineral-rich
terrain with substantial economic potential. Significant con-
centrations of columbite and tantalite minerals are noticed
within the study area. At the northern locations of Rafin

810812

8'14' 816 818
420000

Bawa, Fedare, Zendi and Wang, these minerals are traced to
the younger granite complex of the region. Similar existence
is noticed at the central (Dorowa Tsofo) and southern (Sis-
sibaki) locations of the younger granite formation. The Pre-
cambrian basement with migmatite gneiss complex at the
western regions of Kurya, Antan and Unguwar Kwasea loca-
tions, also hold significant record of these minerals.
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Figure 12. 3D magnetic inversion result for Windows A, B, C, D and E with r.m.s. error of 0.0001 nT

While tourmaline dominace is noted at the SW location
of Ungwan Bahagn and Jenda towns, kaolin and kaolinitic
clay dominates the northern and central towns of Foron,
Ama, Barakin Rafin, and Fedare. These locations are on the
granite and granite porphyry, and biotite granite of the Pre-
cambrian basement (Figure 2). Porphyritic granite complexes
played vital roles in hosting the mineralized structures in the
study area. Other minerals with significant presence (exam-
ple, talc), are traced to the basalt’s formation.

The residual magnetic anomaly map of the Kaduna-
Nasarawa region (Figure 4) exhibits a significant range of
magnetic intensities, varying from -115 to 91 nT. This broad
range of values reflects the complex geology of the area and
suggests the presence of diverse lithological units with vary-
ing magnetic susceptibilities. Observed magnetic contrasts
are attributed to several geological factors that indicate po-
tential zones of mineralization. The strongly positive magnet-
ic anomalies (50-91 nT) correspond to the mafic rock body
of basalt (Nindam location) and the felsic to intermediate
Migmatite rocks of the Jenda, Chip, Zol and Kagoro loca-
tions. They potentially represent metamorphosed volcanic
rocks or intrusive complexes with particular significance to
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host the mineralization in the region. The elevated magnetic
responses in these areas suggest the presence of deep-seated
structures that may have facilitated mineral emplacement
during the Pan-African orogeny.

Magnetite-rich banded iron formations (BIFs), which are
common in the Precambrian terrain suggests potential for
high-grade iron ore deposits in the study area. Moderate posi-
tive anomalies (0-50 nT) as seen at Ataka, Bokkos and Kano
areas likely reflect amphibolite units within the migmatite-
gneiss complex and also ferruginous quartzite, which may
host stratabound iron deposits. Low-amplitude negative
anomalies (-50 to 0 nT) may indicate granitic intrusions of the
Older Granite suite, typically characterized by lower magnetic
susceptibilities. Significant occurrences of ancient granite
intrusions are observed within the crystalline basement com-
plex of Nigeria, exhibiting diverse directional trends [3]. The
Fedare, Du, Vom Wang, Ambam and Dogo Ndaji areas ex-
hibits lower magnetic intensities (-110 to -10 nT), and locates
mostly on the biotite granite. These zones are associated with
the mica-rich biotite schists, kaolinitic clay deposits, and
tourmaline-bearing pegmatites of the region. The moderate —
lower magnetic signatures at these locations may indicate
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zones of hydrothermal alterations, where primary magnetic
minerals have been partially altered to less magnetic phases.
These zones show correlation with kaolin deposits, talc occur-
rences (possibly indicating ultramafic protoliths), columbite
and clay-rich weathering profiles.

The SPI result (Figure 5) further confirms the locations of
identified subsurface sources and provides depth information
to the sources. Our initial observation confirms the locations
with suspected mineralized structures at the N, north-central,
E and SE regions (Vom Wang, Barkin Rafin, Barakin Kwi,
Mpan, Bokkos and Mushere locations) with shallow depths
(350-470 m). Intermediate depths (500-720 m) are also con-
firmed for intermediate sources identified from the other
techniques at Zendi, Zol, Du, Barakin Rafin Atcha, Durimi
Passa Kai and Chip locations. These are regions with identi-
fied mineralized structures with hosting potentials for kaolin,
clay, niobium, columbite, beryl, tantalite minerals and Tin
ores. Near-surface metamorphic rocks often associates with
clay and kaolin deposits and the shallow sources could repre-
sent weathered zones containing secondary mineralization.
Shallow intrusive bodies, particularly pegmatite, could host
rare-metal mineralization [18].

The application of the frequency domain filter that effec-
tively isolates magnetic anomalies within specified wave-
length ranges enabled the separation of geological features at
varying depths and scale (Figure 6). Cut-off wavelengths
were chosen based on the estimated depths of key geological
features [58]. The high frequency components of the filtered
data reveal near-surface geological features representing
weathered zones potentially hosting kaolin in the central,
western and southern regions (Ambam, Kagoro, Arna,
Barakin Rafin, FOron and Fedare locations), and clay depos-
its at the Het, Mushere and Nasarawa locations. The near-
surface geological features represent surficial expressions of
mineralized structures [59]. Some linear features are also
observed at the SW, W and NW regions. These are likely
representative of shallow shear zones or weathered fault
traces as earlier revealed by other techniques. They also
show strong correlations with weathered zones which are
typically enriched in secondary minerals. The deep sources
(low-pass band) or low-frequency components hints on deep-
seated intrusive bodies and large-scale features (basement
configuration and deep magmatic centers). We recommend
the regions where anomalies are mapped across multiple
frequency bands as high priority targets for further mineral
exploration. We also note that the coincidence of shallow and
deep features may also indicate significant mineralization as
observed in the SE and N regions.

The analytic signal results (Figure 7) also delineates the
edges of magnetic sources, regardless of the ambient magnet-
ic field direction and source magnetization [56]. Several
distinctive features are observed in the AS map which points
at possible mineralization structures in the KNPS. High am-
plitude anomalies ranging from 0.04 to 0.05 nT/m are notice-
able mostly at the NE, NW, S, and SE regions. These anoma-
lies are traced to the Basalt formation in the NE, Biotite
granites in the N and NE, granite gneiss and migmatite for-
mations in the S. They appear concentrated along geological
contacts and structural boundaries as could be seen on the
geologic and lineament maps, and could be associated with
the mineralization in the region. The background values
(generally below 0.13 nT/m) observed at the SW, parts of
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NW and in-between the high amplitude anomalies in the
eastern region represent areas of relatively homogeneous
lithology which may mask deeper sources due to the AS
sensitivity to shallow features. The high amplitude zones
(>0.03 nT/m) correlates strongly with magnetite-rich meta-
morphic rocks hosting garnet deposits (Mineral map — Kwi
location). A strong correlation is also observed with the
mafic intrusions at the NE and SW regions and they may be
related to the columbite — tantalite mineralization at these
locations. The moderate amplitude zones (0.015-0.03 nT/m)
represents migmatitic gneiss with variable magnetic mineral
content and are also of the metasedimentary units hosting
mica and kaolin deposits. The low amplitude zones
(<0.014 nT/m) holds potential for rare-metal pegmatites and
also indicates weathered zones favorable for clay mineral
formation (observed at Het location in the north). Similar
observations were documented by Omotunde et al. [57] at a
location of similar geological setup. The columbite — tantalite
deposits at the NE and SW regions are associated within the
moderate AS amplitudes (0.014-0.03 nT/m) whereas the
rare-metal pegmatites are characterized by low AS ampli-
tudes (<0.01 nT/m). The clay and kaolin deposits (central
and southern regions) are found in weathered profiles over
moderate amplitude sources and also associates with broad,
low-amplitude AS zones in the NW and SE regions of the
study area.

The pattern of anomalies observed in the phase symmetry
(PS) results (Figure 8) suggest major subsurface intrusions.
Strong continuous PS highs (northern region) represent ma-
jor shear zones or faults as confirmed in the geologic map
and earlier analysis. These features are significant as they
often control the emplacement of rare-metal pegmatite con-
taining columbite, tantalite and wolframite [60]. The com-
plex, mottled textures of the PS output at the northern (Vom
Wang, Foron, Fedare) and SE (Hurti, Bokkos, Bonca) indi-
cate intense deformation or alteration in the region. These
textural variations are crucial for identifying potential hosts
for pegmatite mineralization [61]. Columbite, tantalite and
wolframite occurences at the S (Sissibaki) and NE (Fedare)
regions show strong correlation with the edges of the round-
ed PS anomalies. Areas of low PS response at Kurya and
Chip locations corresponds to the clay and kaolin deposits at
the locations. These locations are traced to the migmatite
formation. Low PS response at the SW region also corre-
sponds to the tourmaline mineral presence at the location.
These associations reflect the pegmatite and metamorphic
origins of these minerals [18]. We suggest zones where the
PS features are pronounced and with notable intersections, as
priority targets, especially areas with complex PS textures.

Deeper depths (750-2000 m) have been obtained mostly at
regions unsuspecting of mineralized subsurface intruded
structures or suspected deep sources. This assertion is sup-
ported by results from the analytic signal, Butterworth band-
pass and the PS evaluations. We believe these regions could
host significant mineralize structures but at deeper depths,
hence the weak anomaly signals from the near-surface evalua-
tions. The deep sources are indications of basement struc-
tures, major shear zones and deep-seated granitic intrusions at
the locations. The shallow depths (250-500 m) solutions show
strong association with clay and kaolinitic deposits in the SE
and north-central regions. These industrial minerals are typi-
cally found in weathered zones of the basement complex.
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There are also some correlation of the shallow depths (300-
600 m) with surficial columbite — tantalite placer deposits at
parts of the N, W, and S regions. In some instance, the deeper
depth solutions (>1200 m) may indicate potential source
regions for mineralizing fluids. We advise focus on areas with
shallow SPI solutions for industrial minerals, weathered zones
and above intermediate-depth magnetic sources for high-
quality kaolin deposits [62], and areas where intermediate-
depth solutions (700-1200 m) intersecting with known struc-
tural controls, for rare-metal mineralization.

There are also some secondary NW-SE trending struc-
tures (Fadiya Bukut, Hurti and Malgyme regions) and E-W
trending discontinuities scattered all over the study area. The
complex overlapping patterns in the features suggest multiple
intrusive events and the sharp transition contact zones ob-
served in the various amplitudes indicates lithological
boundaries [45]. These trends have been corroborated by
results from the phase congruency (PC) evaluations, super-
imposed on the tilt derivative map. Consequently, areas of
high PC density at the NE, NW, SE, and southern regions of
the study area indicates intense deformation. This is also
evident in the geology map of the region. Zones of low PC
density suggest more homogeneous lithology as observed at
the SW region of the study area.

Integration of the tilt derivative with the PC analysis
(Figure 9) show PC edges coinciding with the sharp tilt
gradients (0.5-1.5 rad) evident at Kurya, Nindam, Passa Kali,
Foron, Barakin Rafin and other locations. These interactions
confirms some mapped structures on the geology map and
also reveals subtle structures not apparent in the magnetic
anomaly data. The high frequency, short-wavelength
anomalies in the tilt derivative result (parts of NE, N, and
SE regions) corresponds to near-surface metamorphic rocks
in the KNPS and may indicate zones of hydrothermal altera-
tion. These are potential areas for clay and kaolin deposits.
This deduction is also observed on the mineral map of the
area. The low frequency, long-wavelength features (parts of
SW and NE regions) points to deeper and more extensive
geological bodies (also observed on the geology map), and
may represent basement structures or major intrusive com-
plexes within the KNPS. Columbite — tantalite deposits are
associated with sharp PC edges in the moderate magnetic
anomaly zones, preferentially occurring along NE-SW
trending PC features.

The intersections of the PC trends in Figure 9, indicates
favorable structural settings for columbite-tantalite deposits.
We interpret the broad, diffuse PC features at regions with
concentrated PC and magnetic lows (S and NE regions) as
been associated with the clay and kaolin deposits. Sharp tilt
derivative gradients (southern Jenda, Mushere and Kwi) also
indicates lithological contacts [55] and could be responsible
for the mica mineralization along the pegmatite margins, clay
deposits in the weathered contact zone as well as the garnet
presence in the metamorphic aureoles.

We present results from the Tilt derivative (Figure 10)
with superimposed trends from phase congruency (PC) com-
putations. The superpositioning was performed for ease of
direct comparisons. The patterns are consistently highlighted
in both analyses, despite being derived through independent
methods. Figure 10 presents the lineament map of the study
area, exclusively illustrating the diverse subsurface trends
across the region. Two unique trending were identified.
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While the general trends were captured from the magnetic
anomalies in the region, trending of the mineralized struc-
tures have also been captured with some interacting with the
general trends of the study area. The tilt derivative map re-
veals several significant features in the study area. Primary
NE-SW lineaments represent major shear zones related to the
Pan-African orogeny and are associated with columbite-
tantalite mineralization. Predominant linear features are ob-
served at Jenda, Ambam, Dogo Ndaji — Hurti, and Foron
regions.

Euler depth solutions from magnetic anomalies windows
(A, B, C, D, and E) are shown in Figure 11. The Euler solu-
tions reveal a multi-level distribution of magnetic sources.
With our primary focus on delineating possible presence of
dykes or sill structures (SI = 1) in the study area, we interpret
the clustering of solutions in the windows as indicative of
dyke or sill structures or edges of these structures hosting
minerals within the considered windows. The shallow
sources (<500 m) corresponds to the weathered zones host-
ing clay, niobium, beryl, kaolin deposits (Windows B, C, D,
and E) and shallow pegmatite bodies containing tourmaline
and mica (Window C and E). These findings align with the
work of Oruc and Salim [65], who noted similar depth distri-
butions in the Precambrian terrains. We interpret the deeper
sources (>500 m) as deep-seated intrusive bodies and possi-
ble ultramafic sources of mineralization (example, talc — NW
region of Gidan Tagwai) and SE region (Mushere). Analysis
of the spatial distribution of Euler solutions reveals several
key patterns with linear clusters predominantly trending NE-
SW (Windows A, B, D, and E). These are interpreted as dyke
swarms or shear zones. The circular and rounded clusters
characterized by concentric arrangements of solutions with
elongations in the E-W, NE-SW trending (Windows A, C, D,
and E) represents multiple structural indices and suggest
complex geometry in the study area. This assertion is con-
firmed in the geology map and the 3D magnetic inversion
results. These clusters may likely represent granitic intru-
sions hosting rare-metal pegmatite and metamorphic domes
with potential for garnet and mica.

Insights into the structural framework has also been pro-
vided by the lineation of the Euler solutions. Linear align-
ments of solutions may represent fault systems and multiple
depth ranges suggest deep rooted structures. These are key
controls on mineralization particularly for the wolframite and
tourmaline bearing pegmatite (Windows E and C), kaolin,
and tin ore (Window B, D, and E). Similar structural controls
were identified by Amigun et al. [66] and Abraham et al.
[67]. Intrusive complexes characterized by clustered solu-
tions with depths >600 m (Windows A, B, C, D, E), are also
potential source regions for rare-metal pegmatite and hydro-
thermal mineralization. The Euler solutions realized have
provided depth constraints to the magnetic lineaments identi-
fied in the tilt derivative map as some clusters of the solu-
tions correlate with zones of high magnetic gradients and
intersections of major structural features.

The 3D inversion results (Figure 12) reveal a complex
distribution of magnetic susceptibility within the study area.
The final representative structures realized in the 3D win-
dows (Figure 12) were achieved by clipping susceptibilities
of various units to leave-out the anomalous units. The mod-
els provide insights into the vertical distribution of potential
mineralization. Suspected structures at Fadiya Bukut (Win-
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dow A) at depths (350-1220 m) traces to possible subsurface
structures hosting niobium, columbite, and tantalite minerals
at the location. A major subsurface structure is mapped SE in
Window A (eastern regions of Ambam — Anta — Ataka). This
structure is significant in size and depths (1000-2500 m).
This could represent deep-seated mineralized structure host-
ing the columbite, molybdenite and tin ores at the locations.
Window B reveals intruded subsurface structures (200-
1600 m) with possible mineralization of columbite, mona-
zite, tantalite and clay. At the Palama — Zendi — Zol locations
(Window C), significant intrusives have been noticed (170-
200 m). These could represent possible kaolin/kaolinitic clay
and tourmaline mineral hosts within the subsurface. Clay,
kaolin and mica-rich pegmatites recorded at shallow mineral-
ization in the windows are consistent with weathering — con-
trolled deposits described by Salawu et al. [63].

A significant interconnected structure (400-3200 m) is
captured in Window D and traces largely to the older basalts,
porphyritic granite, biotite granite and the migmatite com-
plexes. This is indicative of a significant subsurface mineral-
ized structure at this location yet discovered, notwithstanding
traces of tin ores noted at the Old Durowa location. Deep
features (>1200 m) are characteristic of large, cohesive bod-
ies of elevated susceptibility. With susceptibility values rang-
ing from 0.02 to 0.08 SI, a greater percentage of these fea-
tures are interpreted as major basement structures. Intermedi-
ate to deeper depth targets in Window E (150-3000 m) may
be responsible for the columbite — tantalite, wolframite, gar-
net, feldspar, kaolin/kaolinitic clay, beryl, tin/niobium and
clay minerals recorded at the location. These are analogous
to deep mineral systems described by Denith et al. [64].

4, Conclusions

The integrated analysis of high-resolution aeromagnetic
data over the Kaduna-Nasarawa Precambrian Shield (KNPS)
has provided significant insights into the region's mineral
potential and structural framework. Through the application
of multiple magnetic data enhancement techniques, our
study has successfully delineated a complex network of
mineralized structures at various depths, offering a compre-
hensive understanding of the region's mineral resources. The
correlation between magnetic signatures and known mineral
occurrences has validated our methodological approach
while simultaneously revealing new prospective zones for
exploration.

The residual magnetic anomaly patterns, ranging from -
115 to 91 nT, reflect the diverse lithological units within the
study area, with strongly positive anomalies corresponding to
mafic rock bodies and intermediate values indicating poten-
tial rare-metal pegmatite. The integration of tilt derivatives
with phase congruency analysis has proven particularly ef-
fective in identifying subtle structural features not apparent
in the magnetic data, especially along the predominant NE-
SW trending lineaments that control mineral emplacement in
the region. These structural controls, further confirmed by
analytic signal computations and 3D magnetic inversion
modeling, demonstrate the critical relationship between tec-
tonic activity and mineralization processes in the Nigerian
Basement Complex.

Our depth analysis, combining source parameter imaging
and Euler deconvolution, has established a clear vertical
zonation of mineral deposits. Shallow sources (250-500 m)
consistently correlate with industrial minerals, particularly
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clay and kaolinitic deposits, while intermediate depths (500-
720 m) host significant rare-metal pegmatite containing co-
lumbite, tantalite, and wolframite. The identification of deep-
er structures (>1200 m) suggests the presence of potential
source regions for mineralizing fluids, offering new targets
for deep exploration. The coincidence of anomalies across
multiple frequency bands has highlighted priority exploration
targets, particularly in areas where shallow and deep magnet-
ic features intersect. The success of this integrated approach
in mapping both known mineral occurrences and identifying
new prospective zones demonstrates its efficacy for mineral
exploration in complex Precambrian terrains. However, we
recommend ground-truthing of the identified targets through
detailed geological mapping and geochemical sampling to
validate our interpretations.

Our study has contributes to the geological understanding
of the Kaduna-Nasarawa Precambrian Shield and also pro-
vides a methodological framework for systematic mineral
exploration in similar geological settings. The economic
implications of our findings are significant, offering valuable
guidance for targeted exploration efforts in the region. As
Nigeria seeks to diversify its economy through the develop-
ment of its solid mineral resources, the approach and results
presented here represent a valuable contribution to achieving
this national objective.
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Cupek MeTaJIibl MUHEPAJIAHYIBIH KYPbUIBIMABIK 0aKbLJIAYbI:
HurepusinbIH KPpUCTAJ/IbI IPreTachbiHAAFbl IKOHOMHUKAJIBIK KeH
OPBIHJIAPBIHBIH TEPEH KAPTAChIH Kacay

2. Abpaxam®’, M. A6aynsapamk?, M. Dmetepel, A. Yeman?, U. Ukeasora®

LAnexc Ixeyame Ppedepandv ynusepcumemi, Hxeo, Hueepus
2460ynasuz ynueepcumemi, [ocuoda, Cayo Apabusacol
2Boyau ynusepcumemi, Heo, Hucepus

*Koppecnondenyust ywin asmop: ema.abraham@funai.edu.ng

Annarma. byn 3epTreyniH MakcaTbl MHUHEpaIIbIK-O0apiay >KYMBICTaphl YIIIH NEpCIeKTHBAIBI aliMaKTapbl aHBIKTay XXKOHE
KeMmOpuit anusiHAaFrsl TeppaHIap IMeTiHae MUHEepaIIaHy IpOLeCTepiH TYCIHY Il TepeHIeTy OobI Tadbutaasl. JKoFapsl ANIMIKTET]
A3POMarHUTTIK JAEPeKTep aHAIUTUKAJIBIK CHIHAJIIBI, KelOey TYyBIHIbl epicTi, (a3aiblk CHMMETpPHSHBL, KO3 MapameTpliepiH
OeitHeneyni, barTepyopTThIH JKOJAKTHI CY3yiH, MarHUTTIK aybITKYJapIblH YII ©JIIEeMAI HHBEPCHSICBIH J>KoHE OMepliH
JICKOHBOITIOIMSICHIH KOCa aJFaH/a, OipiKTipUIreH Teo(pH3UKAIBIK OiCTep KEeHIeHIH KOJIaHy apKbeUIbl TalmaHasl. by omictep xep
acThl KYPbUIBIMAAPBIH 06l KepceTyre, onapiAblH KeHICTIKTIK TapallyblH, Haiiia 0oJly TepeHIIriH XoHe Mmaiianbl Ka30aiapplH
KepiHicTepiMeH OailIaHbICBIH aHBIKTayFa MYMKIHIIK Oepni. HaTmwkenep MuHepalibl 3aTTap/IblH €HII3UTyiH OaKbUIAWThIH HETrisri
CIBICY alMaKTapbl MEH aKaylbl KyHenepre CoMKec KEJeTiH CONTYCTIK-IIBIFBIC JKOHE CONTYCTIK-OAaTBhIC KECHEIOIHIH CBHI3BIKTHIK
aliMakTapbIHBIH OONyBIH KepceTTi. Tas3 Oymakrap (250-500 M) ca3 CHAKTBI ©HEPKOCINTIK MHHEpAIZapMeH OallaHBICTHL,
KYpaMbIHIa CHPEK Ke3JeCeTiH MeTal merMaturrepi Oap apanbik TepeHmikrep (500-720 M) KOJTyMOUT-TAHTAIMT JKOHE
BONb(PpaMUT; an TepeH KypbUibiMaap (>1200 M) MUHepanmaHaTHIH CYWBIKTBIKTApABIH Maiaa OONyBIHBIH BIKTUMAal aiMaKTapbIH
KepceTelli. AHAIUTHKAIBIK CUTHAJIBIH YKOFAphl aMIDIATYAANBIK aybITKynaapsl (0.04-0.05 HT/M) reonorusuiblK KOHTAKTiUIepMEH
JKOHE KYPBUIBIMBIK IIEKapajlapMeH CoiKec KeJedi, MyMKIH MUHEpalaHy aiiMakrapblH Oenrineini. byn 3eprTey adlMakThIH xKep
acThl MUHEpAJIaHFaH KYPBUIBIMIAPBIH 3€pTTEeyre OaFbITTalFaH ajFallKbl KEIICHAl JKYMbIC OONbIN TaObUIanpl. I 'eodu3nKanbik
ozicTep KelleHiH KongaHy OYphIH KOpCeTIIMETeH KYPhUIBIMABIK EPEKIIETIKTEP Il aHBIKTayFa )KOHE MUHEPAIIaHFaH aiMaKTapIbIH
TIK Y3IKCI3AITiH pacTayFa MyMKiHIiK Oepai. XKapTbuiail alblHFaH HOTIOKENEp MaKCaTThl TeOJIOTUSIIbIK Oapiiay jKYMbICTaphl YIIiH
KYH/IbI TYCIHIKTEpP O€pe OTBIPBIIl JKOHE KPUCTAJIBIK iprerac IeriHae KOMyMOUT-TaHTAIINT, BOJb()PAMUT, KaOJIMH koHe Oacka Jia
OMJIAaCTHIPBUFAaH MUHEPAIAAPABI 13/IEY/IIH ITipeK >KOHE YHEMI CTpaTeTHsUIapbIH 93ipiieyre BIKNAN €Te OTHIPHIN, SKOHOMHKAIIBIK
MaHbI3bl 0ap KeH OpBIHIAPbIH TepeH OarapiiaHFaH KapTara TYCIpy/ll KaMTaMachl3 eTe/i.

Hezizzi co30ep:. macnummix Oepexmep, nauoanwl Kazoaiapovl oOapaay, mepenoiK, KYpblibIMObIK OaKuLiay, May-KeH,
Kpucmanowlx ipeemac.

CTpyKTYpHBI KOHTPOJIb PEAKOMETANIbHOH MUHEPAJIU3ALMHA:
NIYOMHHOE KAPTHPOBAaHUE JKOHOMUYECKMX MECTOPOKACHU I
B KpucTa/LIn4ecKkoM pyHaamente Hurepuun

D. A6paxam®”’, M. AGnynbhapamk?, M. Dmetepe!, A. Yeman?, U. Ukeasoral
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*Aemop onsn koppecnondenyuu: ema.abraham@funai.edu.ng

AHHOTal[PIﬂ. HCJ'[I) JAHHOT'O MCCIICIOBAHMA 3aK/IIFOYACTCA B BBIABJIICHHUH TCPCIICKTUBHBIX 30H JJII MUHEPAJIOTO-Pa3BEA0OYHBIX
paboT U yriryOieHNM MOHMUMAaHUS TPOIECCOB MUHEPATIHM3ALUH B Ipenesax JOKeMOpHHCKUX TeppeiiHOB. BricokoTouHbIE a’po-
MarHuTHBIE JlaHHblE OBUIM NPOAHAIM3MPOBAHBI C HCIOJIB30BAHWEM KOMIUICKCA WHTETPUPOBAHHBIX T'eO()M3MYECKHUX METOMOB,
BKJIIOYAs] aHAJIMTHYECKHH CHTHAJI, HAKJIOHHOE TPOM3BOJIHOE MoJie, (ha30BYI0 CUMMETPHIO, N300paXKeHHEe IapaMeTpOB MCTOYHH-
KOB, ITIOJIOCOBYIO (mibTpanuio barrepBopra, TpEXMEPHYIO MHBEPCHIO MAarHUTHBIX aHOMAJIHMH WM JIEKOHBOJIONHWIO Diiepa. DTH
METO/BI TIO3BOJIMIIM BBLICIUTH MOATIOBEPXHOCTHBIE CTPYKTYpBI, ONPEAEIUTh UX IPOCTPAHCTBEHHOE pacrpeleieHne, TTyOHHbI
3ajleraHysl ¥ B3aUMOCBSI3b C IPOSIBICHUSAMM MOJE3HBIX HUCKONMAEeMbIX. Pe3ynbTaTel MOKa3alu HalUYUe JIMHEWHBIX 30H CEBEpO-
BOCTOYHOTO W CEBEPO-3aIaTHOTO MPOCTUPAHHH, COOTBETCTBYIOIINX TIIABHBIM 30HAM CIBHUTa M PA3JIOMHBIM CHCTEMaM, KOHTPOJIH-
PYIOIIMM BHEApPEHHE MUHEpaJIbHOTO BetiecTBa. Hermybokue ncrounuxu (250-500 M) cBsi3aHBI ¢ NPOMBIIUICHHBIMA MUHEPAJIAMH,
TaKMMH KakK IJIMHA; NMpOMeXyTouHble riyounsl (500-720 M) ¢ peaKOMeTauIbHBIMM HErMaTUTaMH, COJCPKalllUMH KOJIyMOWT-
TAQHTAJTUT ¥ BOJHLGPAMHUT; TOTAA KaK TITyOMHHBIC CTPYKTYphI (>1200 M) yKa3bIBalOT Ha MOTCHIHAIBLHBIC OOJIACTH 3apOKICHHS
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MHHEpATH3YIOIUX (Irona0B. BeicokoaMIumTyaHble aHoMannn aHaauTuaeckoro curraia (0.04-0.05 aT/m) coBmamaroT ¢ reoio-
TMYECKMMH KOHTaKTaMH M CTPYKTYPHBIMH I'paHUIAMM, 0003Hayasi 30HBI BO3MOXXHOW MHUHepanu3anuu. J[aHHoe uccienoBaHue
npeacTaBsieT co0OH TEpBYI0 KOMIUIEKCHYIO paboTy, HanpapiCHHYIO HAa W3YYCHHE ITOJIIOBEPXHOCTHBIX MHHEPAIM30BaHHBIX
CTPYKTYp peruoHa. [IpuMeHeHne KOMIUIeKca reo(pU3HIECKHX METOIOB O3BOJIMIIO BBIIBHTH PaHee HEOTPAKEHHBIE CTPYKTYPHBIS
0COOCHHOCTH M MOATBEPANUTH BEPTHKAJIBHYIO HEIIPEPHIBHOCTE MUHEPAIN30BaHHBIX 30H. [1osTyyeHHbIe pe3yabTaThl 00ECIICYHBAIOT
IITyOWHHO-OPUEHTHPOBAHHOE KAapTHPOBaHHE SKOHOMHYECKH 3HAYNMBIX MECTOPOXKACHHH, MPEIOCTABIISAS IEHHBIC CBEICHUS JUIS
IeJICHATIPABICHHBIX TEO0JIOTOPAa3BEJOYHBIX pabOT M CHOCOOCTBYS pa3paboTKe Oojee TOUHBIX W IKOHOMHYECKH 3(P(eKTHBHBIX
CTpaTeruii IIOUCKOB KOMYMOUT-TaHTAINTA, BOJIb(QPAMHUTA, KAOJIMHA U IPYTUX IPOMBIIUICHHEIX MHHEPAIOB B Npelenax KpUcTal-
JIMYECKOTo (pyHIIaMEeHTa.

Knrouesvie cnosa: macnumnvie OanHvle, pa3eeoka NONE3HbIX UCKONAEMbIX, 2TyOUHbL, CIPYKMYPHYINE KOHMPOIb, 20pHOE OeNo,
Kpucmauiudeckui pynoamenm.

Publisher’s note

All claims expressed in this manuscript are solely those of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.

39



