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Abstract: The magnetic signatures over the southern part of Kebbi State and its environs were analyzed together
with the geological settings of the area to delineate the structures that may host gold mineralization. The aero-
magnetic data used was the survey carried out by Fugro airborne surveys between 2005 and 2010 on behalf of the
Federal Government of Nigeria. The reduction to equator (RTE), first and second vertical derivatives (FVD and
SVD), Centre for Exploration Targeting (CET), analytic signal (AS), source parameter imaging (SPI) and tilt de-
rivative (TDR) techniques were applied to the magnetic data covering the area. The results of the AS technique
revealed that the study area is characterized with high amplitudes of magnetic anomalies (above 0.048 nT/m)
and these could be of ferromagnetic minerals such as gold. The FVD, SVD, CET and TDR techniques also helped
in delineating the lineaments (such as faults, fractures or shears zones) believed to be associated with alteration
zones which play an important role in determining gold mineralized zones. The direction of the orientation of
these features/lineaments trended in the NE-SW direction. The faults, fractures or shears zones delineated rep-
resent veins of possible mineralization. The depth of occurrence to the causative bodies using SPI algorithms was
found to be below 137 m. Structures delineated within the area, when compared with the geological setting of the
area, correspond to: quartz-mica schist, granite, biotite, gneiss, diorite, medium coarse-grained and biotite horn-
blende granite. Results from these techniques revealed alteration zones that may host gold. These regions corre-
spond to the following areas: SE parts of Yauri and Shanga, Fakai, Ngaski, Zuru, Magama, Rijau, and the eastern
part of Wasagu/Danko and Bukkuyum.

Keywords: gold mineralization, Yauri-Zuru schist belt, Centre for Exploration Targeting (CET), first vertical de-
rivatives (FVD), second vertical derivatives (SVD), source parameter imaging (SPI), tilt derivative (TDR)

INTRODUCTION and especially of gold, has been viewed as a key

driver for economic growth and the development
Nigeria is richly endowed with abundant solid of sustainable social and economic wellbeing
minerals, particularly gold, and which are widely ~ (Olalekan et al. 2016, Augie et al. 2021a). Gold de-
distributed across the country. Mining in Nigeria,  posits in Nigeria are mostly found in quartz veins
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as visible gold and also as inclusions in some ore
minerals within several metasedimentary and
meta-igneous rocks across the diverse supracrust-
al rocks of the schist belts (Ramadan & Abduel-
Fattah 2010, Sani et al. 2019, Augie & Sani 2020,
Augie et al. 2021b). Most mineralized zones are
structurally controlled and spatially associated
with shear zones and hydrothermal veins formed
in response to the regional stress field (Kearey
et al. 2002, Sani et al. 2017, Augie et al. 2022).
These structures may be deep-seated and conse-
quently require geophysical approach to delineate
the possible pathways for gold exploration and ex-
ploitation (Ejepu et al. 2018).

Structures such as fractures play a very im-
portant role in gold mineralization: first as con-
duits for the mineralization solution and second,
as loci of deposition of mineralization fluid (Adet-
ona et al. 2018). Faults and shear zones are po-
tential pathways of fluids (Sani et al. 2019, Tawey
et al. 2020) and thus knowledge of the structur-
al architecture of a mineralized area, the distri-
bution and orientation of faults and shear zones,
their formation and possible reactivation during
the structural evolution and the tectonic condi-
tions are key to understanding the formation,
origin and location of mineral deposits (Reeves
2005, Danbatta et al. 2008, Adewumi & Salako
2018, Augie et al. 2021b).

The potential field strategies have a criti-
cal influence in subsurface structural mapping
and mineral investigation (Evjen 1936, Cardell
& Grauch 1985, Roast et al. 1992, Fedi & Florio
2001). The derivative derivative technique was
utilized to find the source horizontal boundaries
(Evjen 1936). Horizontal gradient amplitude was
employed to produce the maximum values over
the source edges (Cordell & Grauch 1985). Mean-
while, analytical signal amplitude (AS) filter was
used to delineate the lateral boundaries with the
highest values of an amplitude signal (Roest et al.
1992). The enhancement of the analytic signal
based on higher-order derivatives was used im-
prove the determination of the resolution of the
edge detection by Hsu et al. (1996). This prompt-
ed the improvement of the high-resolution meth-
od to enhance the edges, based on the THDR of
a sum of increasing-order vertical gradients by
Fedi & Florio (2001).

However, using the previously mentioned po-
tential field techniques can also help determine
the information about the horizontal location,
profundity and incline of the causative sources
associated with minerals (Pham et al. 2019, 2020,
2022). Information on the potential field source
edges significantly affects the streamlining of in-
vestigation boring activities (Pham 2021). Conse-
quently, the effectiveness of the edge identifica-
tion strategies requires a precise and sharp outline
of the horizontal positions of the bizarre bodies
(Pham 2021, Pham et al. 2021).

Mineralization potential has been reported
in the area in earlier studies by Ramadan & Ab-
del Fattah (2010), Bonde et al. (2019), Lawali et al.
(2020) and Lawali et al. (2021). These studies used
aeromagnetic data for the structural mapping of
solid mineral potential zones over the southern
part of Kebbi State. The results unanimously led
to the delineation of NE-SW trending features
such as fractures, faults and veins within which
some minerals might found. The study area of this
research falls under the low latitude area of the
equatorial zones and the reduction to the magnet-
ic equator was not applied by the authors. At low
latitudes, a separate amplitude correction is usu-
ally required so as to prevent the North-South sig-
nal in the data from dominating the results (Hold-
en et al. 2008, Core et al. 2009).

However, efforts have also been made by ar-
tisanal miners to trace the minerals, particularly
gold at Birnin-Yauri, Yauri, Shanga, Fakai, Saka-
ba, Zuru and Bagudo which usually occurred as
a primary deposit in crystalline basement complex
rocks. These artisanal miners use a trial-and-error
method of exploitation which makes it nearly im-
possible to locate the zones harboring these gold
minerals. The use of the trial-and-error method
has resulted in abandoned pits and trenches which
facilitate the pollution of the environment. It has
also resulted in low yields due to lack of proper
geophysical studies and database of precise coor-
dinates.

This study employed aeromagnetic method
with the aim of assessing gold mineralization po-
tential by mapping out the major structural trends
that control gold mineralization in the southern
part of Kebbi State. Therefore, to locate the po-
tential mineral zones and particularly those of
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gold mineralization, the geophysical aeromagnet-
ic method was adopted to delineate near-surface
structures within the study area that might be po-
tential host for gold mineralization using: reduc-
tion to magnetic equator (RTE), first and second
vertical derivatives (FVD and SVD), Centre for
Exploration Targeting (CET), analytic signal (AS),
source parameter imaging (SPI) and tilt derivative
(TDR) techniques with the aid of geological set-
ting of the study area.

The limitations of the FVD, SVD and AS fil-
ters are that they sometimes generate false edges
in the result-making them less effective in de-
tecting the edge of deep sources or thin sourc-
es. Recently, Pham et al. (2019, 2020, 2021, 2022)
and Pham (2021) introduced some new methods
for detecting lineaments, which show improved
performance as edge detection filters. The tech-
nique introduced was the improvement of tilt
derivative (TDR) developed by Miller & Singh
(1994). This used the amplitude of the total hor-
izontal derivative to normalize the vertical de-
rivative. This technique was further improved in
order to simultaneously display the edges of the
shallow and deep sources as well as wide range
of phase-based methods. For this study, TRD,
CET, FVD, SVD, AS and SPI filters were applied
to RTE to determine the subsurface structures
associated with gold mineralization potential
and with the help of the magnetic susceptibility
for various rock type and the geological setting
of the area.

Location and geological settings of
the study area

The study area lies within the southern part of
Kebbi state and, some part of Zamfara and Niger
states between latitudes 10°30'0”"N and 12°0'0"N,
and longitudes 4°0'0"E and 5°30'0"E. The area
covers the following nineteen (19) local govern-
ment areas (LGAs): Yauri, Zuru, Nngaski, Shanga,
Fakai, Danko/Wasagu, Sakaba, Koko Besse, Mai-
yama, Bagudo and Suru LGAs of Kebbi State in-
cluding Kebbe, Gummi and Bukkuyum LGAs of
Zamfara State and, also Rijau, Agwara, Borgu and
Magama LGAs of Niger State (see Fig. 1).
Geologically, the study area falls under the
basement complex rocks and some parts of the

sedimentary basin. It is comprised of granite, rhy-
olite, biotite-granite, meta-conglomerate, quartz-
-mica schist, migmatite, undifferentiated schist
including gneiss, sandstones, ironstones and lat-
erites (Fig. 1).

The metasediments in these areas are also
comprised of quartzites, schists and phyllites,
whereas the older granites consist of granodio-
rites or diorites. Furthermore, dacites/rhyolites
are overlain and intrude the basement gneisses,
metasediments and granitic rocks of the south-
ern (Anka-Yauri schist) part of Kebbi (Danbatta
2008). The area also consists of a brittle fault zone
which was made up of sub-parallel phyllites, de-
formed and undeformed quartzites which form
part of the mapped Anka transcurrent fault which
is known as the possible Pan-African crustal su-
ture (Danbatta 2005).

However, some parts of the study area are un-
derlain by younger sedimentary rocks that com-
prise mainly sandstones, siltstones, clay shales
limestone and laterites (Fig. 1). The sedimenta-
ry rocks in the mapped area can be grouped into
four major rock types: siltstone (with fine-grained
sandstone), medium to coarse-grained sandstone,
shale and limestone (Augie et al. 2020, Olugbenga
& Augie 2020).

The southern part of the Kebbi of basement
complex/schist belt was called Zuru-Yauri schist
belt. Danjumma et al. (2019) reported that the
Zuru-Yauri schist belt consists of an assemblage
of muscovite-biotite banded gneisses, porphy-
roblastic gneisses, migmatites, schists, quartz-
ites, metavolcanics (amphibolites), quartzites,
mica schists, granulites, calc-silicates older gran-
ites and minor rocks such as gabbro, andesite,
granulites and calcsilicates. The structural ele-
ments in the Zuru-Yauri schist belt are the ma-
jor NNE-SSW to NE-SW trending Birnin-Yauri,
Yauri and Ribah dextral faults, a NW-SE trend-
ing Gunusinistral fault and a major N-S§ trending
anticlinorium known as the Zuru anticlinorium
(Danbatta 2005, Sani et al. 2019). These schists
differ lithologically from the other schist belt in
north-western Nigeria and it is predominant-
ly composed of quartzites with very subordinate
schists and amphibolites (Danbatta 2008, Dan-
jumma et al. 2019).
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Fig. 1. Location and geological map of the study area

METHODOLOGY

Aeromagnetic surveys over parts of the coun-
try were carried out by Fugro airborne surveys
between 2009 and 2010 on behalf of the Federal
Government of Nigeria. The data are under the
custody of the Nigeria Geological Survey Agen-
cy (NGSA). In this study, nine (9) aeromagnetic
datasets were used covering the southern part of
Kebbi and the environs of the basement complex
of northern Nigeria. These aeromagnetic datasets
consist of sheets: 72 Giru, 73 Eokku, 74 Donko,
95 Kaoje, 96 Shanga, 97 Zuru, 117 Konkwesso,
118 Yelwa and 119 Chifu. The data were estab-
lished under the following high-resolution sur-
vey conditions: flight line spacing (500 m), ter-
rain clearance (80 m), tie line spacing (2000 m),
flight direction is NW-SE and the tie line direc-
tion is NE-SW.

The acquisition of the magnetic dataset involves
the attachment of the 3x3 Scintrex CS3 cesium va-
pour magnetometer sensor to a fixed wing of the
aircraft. This method measures the admixture of
the earth’s core field and the field due to magneti-
cally susceptible rocks in the crust combined with
the remanence field of the rocks. The acquired
data were corrected by removing the geomagnetic
gradient using the main/core field (International
Geomagnetic Reference Field IGRF). The data was
collected in grid form which was further convert-
ed into a digitized form (X, Yand Z). The X and Y
represent longitude and latitude respectively mea-
sured in meters [m] and Z represent the magnetic
intensity measured in nanoteslas [nT].

The acquired dataset was further processed
with the aid of the minimum curvature gridding
method to produce the total magnetic intensity
(TM) map.
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DATA PROCESSING

In this study, different processing techniques were
employed to process, enhance, and interpret mag-
netic data with aid of Geosoft (Oasis Montaj) and
Surfer software. These techniques include: reduc-
tion of magnetic equator (RTE), first vertical de-
rivative (FVD), second vertical derivative (SVD),
source parameter imaging (SPI) and analytic sig-
nal (AS). The total magnetic field intensity (TMI)
value acquired from NGSA which was short-up
33,000 nT for the convenience of contouring or
imaging. For these reasons, the value (33,000 nT)
must be added back to give the TMI grids for the
area (Augie & Ologe 2020, Augie & Ridwan 2021).
The generated core fields (DGRF for the epoch pe-
riod) are subtracted from the grid values (TMI) to
give the magnetic anomaly (TMI anomaly).

Reduction to magnetic equator (RTE)
technique

The study area falls within magnetic equatorial
zones of low inclination (low latitudes) where the
reduction to pole technique cannot be applied be-
cause the North to South bodies have no detect-
able induced magnetic anomaly at zero geomag-
netic inclination. This technique can make the
data easier to interpret without losing any geo-
physical meaning. At low latitudes, a separate
amplitude correction is usually required so as to
prevent the North-South signal in the data from
dominating the results. As a result, reduced to the
pole data may present a less “honest” view of the
data (Holden et al. 2008, Core et al. 2009).

RTE techniques usually has an amplitude com-
ponent [sin (I)] and a phase component [icos(I)
cos (D — 0)]. The values are always synchronized
as given below:

L(8)=

_ [sin(I)—-icos(D—8)’x [-cos’ (D—-8)] , (1)
[sin’ (Ia)+ cos’ (Ia)cos’ (D—0) |x[ sin® (I)+ cos’(D-0)]

if (la]<1), la=1

where I is geomagnetic inclination [°], D is geo-
magnetic declination [°] and Ia is inclination for
amplitude correction (never less than 1). Equation
(1) gives the field strength that is usually required
for apparent susceptibility calculation.

Through this equation, the TMI map was re-
duced to the magnetic equator in order to pro-
duce anomalies which depend on the inclination
and declination of magnetized body, the local
earth’s field and orientation of the body with re-
spect to the magnetic north. The resultant com-
posite color depicts reduced-to-equator magnetic
anomalies.

First and second
vertical derivatives (FVD & SVD)
techniques

FVD and SVD filters were applied to the TMI
anomaly in order to quantify the spatial rate of
change of the magnetic field in horizontal or ver-
tical directions. This derivative enhances high fre-
quency anomalies (that is shallow features) rela-
tive to low frequency anomalies (or deep features)
and sharpens the edges of anomalies (Adewumi &
Salako 2018).

Vertical derivatives are a measure of curvature,
and large curvatures are associated with shallow
anomalies (Adetona et al. 2018). Thus, it enhanc-
es near-surface features at the expense of deeper
anomalies. The anomaly in FVD is considerably
narrow and more closely reflects the width of the
magnetic rock body causing it and the derivatives
are given in Equation (2):

L(r)=r" (2)

where n - order of differentiation.

SVD is more effective than FVD and it seeks to
provide much more detail, emphasizing and en-
hancing the high frequency parts as observed in
the RTE map.

Analytical signal amplitude (ASA)
technique

The ASA technique was applied to the RTE grid
map to estimate source characteristics and to lo-
cate the positions of the causative body. Unlike
RTE, this method does not require the direction
of the magnetization source prior to the appli-
cation of the filter. The AS filter is defined as the
square root of the sum of the vertical and hori-
zontal derivatives of a magnetic field as defined by
Roest et al. (1992) and Pham et al. (2020).
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The analytical signal amplitude can now be
calculated as:

o TR o

where total magnetic field and x, y and z are the
directions and A(x, y) is the amplitude of the an-
alytic signal at (x, y); M is the observed magnetic
field at (x, y).

Centre for Exploration Targeting (CET)
technique

The CET technique was also applied to the RTE
grid data anomaly for structural analysis in order
to locate the boundaries between sedimentary re-
gions and basement complex areas to help deter-
mine the fractures, faults or shears zones, and de-
tect the position of outcrops and intrusive bodies
in the area (Adetona et al. 2018).

The procedure gives functionalities to high-
light and direct underlying intricacy analysis
of aeromagnetic data (Holden et al. 2008, Core
et al. 2009). It delineates lineaments with areas of
promising mineralization potential via outlining
regions of convergence and also the divergence of
structural elements using algorithm steps which
include: texture analysis, entropy, standard devia-
tion, lineation vectorization, amplitude threshold-
ing, skeletonization and skeleton to vectors.

Source parameter imaging (SPI) technique

The SPI method was applied to the RTE anoma-
ly to differentiate and characterize regions of deep
magnetic sources from those of shallow magnet-
ic sources, and it also determines depth to mag-
netic source (Thompson 1982). The estimate of the
depth (D) is independent of the magnetic incli-
nation, declination, dip, strike and any remanent
magnetization (Odidi et al. 2020). The SPI tech-
nique assumes a step type source model (Smith
et al. 1998). The following formula holds:

1 @

where k___represents the peak value of k which is
located over the step source:

k= [ﬁj+[ﬁ]z 5)
dx dy

where A is tilt derivative (TDR) described as be-
low (Smith et al. 1998).

Tilt derivative (TDR) technique

The tilt derivative and its total horizontal deriv-
ative are useful for mapping shallow basement
structures and mineral exploration targets (Miller
& Singh 1994, Thurston & Smith 1997).

The tilt derivative is defined as:

6)

TDR:tan'l( VDR ]

THDR

where VDR and THDR are first vertical and to-
tal horizontal derivatives, respectively, of the total
magnetic intensity T.

vDRr=4L (7)
dz

THDR = (%T T + (‘;—5 T 8)

The total horizontal derivative of the tilt deriv-
ative is defined as:

HD_TDR - \/( dTDR jz N ( dTDR J )

dx dy

where HD_TDR is in units of radians/distance.

RESULTS AND DISCUSSION

In this study, the following processing techniques
were employed: RTE, FVD, SVD, CET and AS.

Total magnetic intensity (TMI)
and reduction to magnet equator (RTE)
results

Figure 2 is the color image of the IGRF correct-
ed total magnetic intensity (TMI). The map gives
the vector sum of all components of the magnet-
ic field. It is primarily used in this study to reveal
the magnetic characteristic of the various lith-
ological units in the area. The magnetic signa-
tures range from a low magnetic susceptibility of
32,951.0 nT (minimum) along the western region
of the study area, to a high magnetic susceptibility
of 33,114.0 nT (maximum) in the southern parts
of the region.
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Fig. 2. Total magnetic intensity (TMI) of the study area

TMI anomalies were further reduced to the
magnetic equator in order to produce anomalies
which depend on the inclination and declination
of magnetized bodies, the local Earth’s field and
the orientation of the body with respect to the
magnetic north. With the application of reduced
to the equator (RTE), the regional magnetic field
align horizontally and most of the source mag-
netizations are horizontal. The resultant compos-
ite color depicting reduced-to-equator magnetic
anomalies are given in Figure 3. The distinct pat-
tern of highs and lows in Figure 3 and the steep
gradients between them at places that describe

prominent magnetic lineaments are attributable
to the complex assemblage of features with varied
dimensions and direction.

The high magnetic trend, marked with a red
or pink color, is exhibited by anomalies ranging
from 33,074.8 nT to 33,108.7 nT. These regions
were corresponded to the following areas; Bagu-
do, Koko/Besse, Suru, Shanga, the northern part
of Zuru, Yauri, the southern part of Ngaski, Wasa-
gu/Danko, the northern part Borgu and Mag-
ama. While Areas with low magnetic anomalies,
marked in a blue color, ranged from 32,959.0 nT
to 33,027.7 nT. These zones corresponded to the
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southern part of Zuru, Sakaba, the northern part
of Ngaski, Rijau, Mariga and northern parts of
Gummi and Bukkuyum. The areas with moderate
magnetic trends are: Fakai, Kebbe, the southern
part of Gummi, Agwara and the northern part of
Borgu (see Fig. 3).

Thus, low and high regions, shown in differ-
ent color aggregates, are characterized by differ-
ent rock formations that lead to variations in the
magnetic susceptibility of the rocks within the
area and usually the susceptible rocks happen at
depths shallower than the curie point isotherm.

First vertical derivative (FVD) and second
vertical derivative (SVD) results

FVD map (Fig. 4) enhanced the spatial and struc-
tural resolution in the area, thereby showing ma-
jor structural and lithological detail which did
not previously appear on the TMI and RTE maps
(Figs. 2, 3). Looking at Figure 4 carefully, most
of the structures delineated are found within the
south-eastern and north-eastern part of the study
area. These areas correspond to: SE parts of Yauri
and Shanga, Fakai, Ngaski, Zuru, Magama, Rijau,
the eastern part of Wasagu/Danko and Bukkuyum.
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Fig. 3. Reduction to magnetic equator (RTE) map of the study area
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The SVD filter was also applied to RTE anom-
aly map. The result of SVD map reduces the shal-
lower structures of the causative magnetic rock
body, and it enhanced anomaly boundaries of
near surface effects that usually characterized the
edges of the causative bodies (Fig. 5).

These maps enhanced the major structures/or
lineaments such as faults and shear zones which
were discovered and trended in NE to SW di-
rections of the study area. The structures found
within the aforementioned areas are the architec-
ture of a mineralized body and, according to the

geological setting (Fig. 1) of the area, the regions
are comprised of the following rock material:
quartz-mica schist, granite, biotite, gneiss, diorite,
medium coarse-grained and biotite hornblende
granite. The magnetic characteristics of the rock
formation usually determine the Fe-bearing min-
eral species present (gold) and the different types
of magnetizations displayed by the magnetic min-
eral species. Most of the structures found in the
area correspond to areas of the basement complex
as compared with the geological map of the study
area (Fig. 1).
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Fig. 5. Second vertical derivative (SVD) map of the study area

Analytic signal result

The obtained analytic signal map (Fig. 6) en-
hanced the variation in the magnetization of the
magnetic sources in the area and also indicates
the boundaries of anomaly texture. This filter en-
hances near surface basement. Looking at the map
closely, the amplitude is high over the edge of the
magnetic structures due to magnetic anomalies
around the regions and this could usually be as-
sociated with the presence of ferromagnetic, Fe
bearing rocks with some felsic minerals as com-
pared with the geological setting of the area and
in relation to Figure 7. The map displayed three

different magnetic zones with difference color
aggregates. These zones are: low, in a blue col-
or (0.001-0.005 nT/m), moderate, marked with
a green-yellow color (0.006-0.043 nT/m) and
high, in pink color (above 0.048 nT/m).

Low magnetic zones, shown in blue (Fig. 6),
have the low amplitudes ranged from 0.001 nT/m
to 0.005 nT/m which were corresponds to: Ba-
gudo, Koko/Besse, Suru, Shanga, the northern
part of Zuru, Yauri, the southern part of Ngaski,
Wasagu/Danko, the northern part of Borgu and
Magama. These zones were associated with sand-
stones, siltstones, clay shales, limestone and later-
ites as compared with the geology of the area.
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Fig. 6. Analytical signal (AS) map of the study area

From Figure 6, it can be seen that the suscep-
tibility values coincided with that of the carbo-
naceous sedimentary rocks when considered in
relation to Figure 7. The sediments within a zone
maybe strongly controlled by the carbonate content
of the depositional environment and also the car-
bonates species are usually strongly dependent on
both sedimentary facies and sediment provenance.

There are also the zones with a moderate mag-
netic anomaly, marked in a green or yellow col-
or. These regions have an amplitude ranging from
0.006 nT/m to 0.043 nT/m (Fig. 6) and are asso-
ciated with meta-conglomerate, mica schist, un-
differentiated schist including gneiss, sandstones,

ironstones and laterites (Fig. 1). The moderate
magnetic anomalous zones correspond to the ar-
eas of Fakai, Kebbe, the southern part of Gummi,
Agwaru and the northern part of Borgu.
However, the zones with the highest amplitude
and marked in pink (above 0.048 nT/m) are asso-
ciated with; granite, rhyolite, biotite-granite, me-
ta-conglomerate, quartz-mica schist, migmatite
and gneiss as compared with the geological setting
of the area. These regions also fall under the fol-
lowing areas Shanga, Yauri, Ngaski, Zuru, Fakai,
Wasagu/Danko and Sakaba areas of Kebbi State,
Kebbe and Bukkuyum areas of Zamfara State and,
Rijau, Magama and Mariga areas of Niger State.

Geology, Geophysics and Environment, 2022, 48 (2): 177-193



188

Augie AL, Salako K.A., Rafiu A.A., Jimoh M.O.

When compared with the zones of highest ampli-
tudes (above 0.048 nT/m) in relation to Figure 7, it
can be observed that the regions exhibit substan-
tial positive magnetic susceptibility values that
corresponded to the presence ferromagnetic min-
erals such as gold. These areas with ferromagnetic
properties may usually contain mafic and ultra-
mafic that host more Fe-bearing minerals (gold
mineral) as compared in relation to Figure 7. The
type of rock formations highlighted in these ar-
eas as compared with Figure 7 may contribute sig-
nificantly to identifying the species of crystallized
gold with the increase of the oxidized Fe-bearing
minerals from mafic to felsic rocks.

Centre for Exploration Targeting (CET)
result

CET map (Fig. 8) reveals the linear structures (lin-
eament) within the south-eastern part of the study
area which corresponds to: SE parts of Yauri and
Shanga, Fakai, Ngaski, Zuru, Magama, Rijau, the
eastern part of Wasagu/Danko and Bukkuyum.
These structures were located within the base-
ment regions in the area and correlated well with
the geology of the area. From Figure 7, it can be
observed that most of the linear structures trend-
ing in the NE-SW directions delineate faults, frac-
tures or shears zones that represent vein of min-
eralization.
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Fig. 8. Centre for Exploration Targeting (CET) map of the study area

From the geological setting of the area (Fig. 1),
the regions fall under the following rock types;
quartz-mica schist, migmatite, granite, biotite,
gneiss and diorite. These rock types, found within
structural trend of alteration zones, play an import-
ant role in determining gold mineralization since
most gold deposits in Nigeria are found in quartz
veins. The CET (Fig. 8) result agreed with the struc-
tures/or lineaments found in Figures 3 and 4. The
Fe-bearing silicate minerals that form in igneous
rocks are commonly includes: olivine, pyroxene,
amphibole and mica group, and they are not ferro-
magnetic (Olugbenga & Augie 2020). Thus, the Fe
oxide minerals commonly found in igneous rocks
form three significant solid-solution series which
are: titanomagnetite with end members magnetite
and titanohematite with end members hematite.

The magnetite also explained from geological set-
ting of the study area and the magnetic suscepti-
bility values of some common rocks, as shown in
Figure 7, led to the identification of magnetic min-
erals such as gold within the aforementioned area.

Source parameter imaging (SPI) result

Figure 8 revealed the depth to magnetic sources
and also the depth at which basement rock con-
tact, fractures or faults with dykes could be found.
Looking at map (Fig. 9) carefully, the depths were
categorized into three kind: below 137 m, identi-
fied with a pink color, from 150 m to 177 m, with
a yellow or green color, above 363 m, with a blue
color. The obtained SPI depth map helped in speci-
fying the depth of the boundaries of causative bod-
ies and trends of structures revealed in Figure 7.
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Fig. 9. Source parameter imaging (SPI) map of the study area

The zones below 137 m depth, identified with
a pink color, correspond to the regions of faults/
structural trends identified in the SE parts of Yau-
ri and Shanga, Fakai, Ngaski, Zuru, Magama,
Rijau, the eastern part of Wasagu/Danko and
Bukkuyum.

Tilt derivative (TDR) result

Figure 10 represents the TDR map of the area that
was generated from RTE anomalies of magnetic
data. Observing the map closely, it indicates the
horizontal location and extent of edges of various
magnetic sources that formed lineaments. The
edges of the shallow and deep sources were more

pronounced as compared with AS, FVD and SVD
Maps. The major structures were found within
the south-eastern and north-eastern parts of the
area. These areas correspond to: SE parts of Yau-
ri and Shanga, Fakai, Ngaski, Zuru, Magama, Ri-
jau, the eastern part of Wasagu/Danko and Buk-
kuyum. The structures delineated within these
areas revealed the spatial location of the mag-
netic source edges. These structures could play
arole in determining the presence of gold mineral
compared with the geological setting of the area.
These regions were underlain by granite, rhyolite,
biotite-granite, meta—conglomerate, quartz-mica
schist, migmatite and gneiss (Fig. 1).
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CONCLUSION

The results presented in this study, using the RTE,
FVD, SVD, AS, CET, SPI and TDR techniques,
have revealed the regions that may host gold min-
eral. These regions corresponded to the follow-
ing areas: SE parts of Yauri and Shanga, Fakai,
Ngaski, Zuru, Magama, Rijau, the eastern part of
Wasagu/Danko and Bukkuyum. These areas fall
under the basement complex of northern Nigeria,
mainly in the southern part of Kebbi state. The
RTE technique has helped in correcting an anom-
aly in the data, as well as preventing the unwant-
ed NS signal from dominating the results because
the area falls within magnetic equatorial zones

of low inclination (low latitudes). This technique
was not previously applied to the aeromagnet-
ic studies conducted in the area by the authors:
Bonde et al. (2019), Lawali et al. (2020) and Lawal
et al. (2021). FVD, SVD, CET and TDR maps en-
hanced the major structures/or lineaments trend-
ing in the NE to SW directions. The map ob-
tained from the application of the analytical
signal filter enhanced the variation in the magne-
tization of the magnetic sources in the area. This
map displayed three different magnetic zones in
which the amplitudes ranged from 0.001 nT/m to
0.005 nT/m (low amplitude) with a blue color, from
0.006 nT/m to 0.043 nT/m (moderate amplitude)
with a green-yellow color, and above 0.048 nT/m
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(higher amplitude) with a pink color. The depth
to magnetic sources were categorized as: below
137 m (shallower depth) with a pink color, from
150 m to 177 m with a green/yellow color, above
364 m with a blue color (deeper depth) respec-
tively. The zones below 137 m depth correspond
to the regions of faults/structural trends identified
in aforementioned areas state the area. Most of the
linear structures delineated in the area represent
veins of mineralization which play an important
role in determining the gold mineralization.

The authors would like to express their profound
appreciation to the management of Nigeria Geo-
logical Survey Agency (NGSA) for the release of the
airborne magnetic dataset. Our thanks are also ex-
tended to Geosoft Inc. for the use of Oasis Montaj
Software.
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