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Abstract

This study identified lithological and hydrothermal alterations zones with potential that coincide with
gold mineralization in the western parts of Zamfara state, North Western Nigeria, based on harmonized
Landsat and Sentinel-2 L30 data. The research enhances prior studies by utilizing the advanced HLS
L30 dataset in conjunction with the fuzzy- model overlay approach. The techniques that were used are
false colour composites, band ratios, principal component analysis, both standard and crosta methods,
fuzzy-logic overlay and automatic lineament extraction methods. The false colour composites and
standard principal component analysis methods identified rocks units such as schist, gneiss, quartzite
and limestone within the study area. The band ratio (Sabin’s and Kaufmann ratios) identified four main
alteration zones and crosta PCA methods showed ferric-oxides, ferrous silicate, argillic and phyllic
alterations related to gold deposits. The fuzzy logic overlay map highlighted potential mineralization
zones, providing a basis for further mineral deposit evaluation. Applied PC4 revealed high potential
zones ranged 0.8- 1.0 of ferric oxides, ferrous silicate, argillic and phyllic alteration minerals
respectively. The results from the thematic layers identified three (3) favourable zones, which account
for 63.3% of the study area. These zones align well with existing mining sites and areas with high
potential for gold mineralization, as supported by the literatures and field research. The highly
prospecting zones are Gayawa, Gwalli, Leshi, Tadurga Surimi, Gidan Hardo and Bawa areas
receptively. Furthermore, lineaments and lineament density analysis showed the presence of three main
structural directions (N-S, NNE-SSW, and NNE-SSE to SSW-NNW), that is high, intermediate and
low respectively, when combined with identified lithological formations, permit the possible deposition
of mineral deposits. This research recommends the harmonization of Landsat and Sentinel-2 data for
efficient identification of gold deposits in the western part of Zamfara state, Nigeria.
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INTRODUCTION

Gold potentiality mapping is a procedure for delineating and prioritizing areas with gold
deposits potential. This is accomplished by establishing a correlation between geological
features and the presence of the target mineral deposits (Yin and Li, 2022; Mahboob et al.,
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2024). This technique typically involves these steps: (i) obtaining geospatial information from
various geoscience data sources; (ii) determining exploration criteria that effectively depict
processes essential for the formation of the desired deposit type; (iii) creating predictor maps
from spatial datasets based on the chosen exploration criteria; and (iv) combining predictor
maps to generate a predictive model for locating exploration targets in unexplored regions
(Zuo, 2020). Satellite remote sensing, on the other hand, has proved its effectiveness and
importance in identifying mineral deposits and associations by detecting spectral anomalies
(Fu et al., 2023; Shirmard et al., 2022). The emergence of Remote Sensing (RS) has transformed
mineral exploration globally. Utilizing advanced satellite imagery, RS provides broad spatial
coverage and multispectral as well as hyperspectral analysis, improving the identification of
hydrothermal alteration zones that suggest mineralization (Rowan & Mars, 2003; Anthony,
2025). This technology offers insights with unparalleled accuracy, enabling large-scale mineral
detection and environmental monitoring. Satellite remote sensing is a powerful technology
for geophysicists, geologists and other mining professionals to identify hydrothermally
altered rocks, geological structures, lineaments, lithological units and vegetation (Mahboob et
al., 2024).

The gold mineralization are associated with hydrothermal alteration. Hydrothermal
alteration is defined as the reflection of response from pre-existing rock-forming minerals to
physical and chemical conditions different from those, under which they originally formed,
especially by the action of hydrothermal fluids (Beane, 1982). When these alteration products
are exposed at the surface, they can be mapped as a zonal pattern (Kudamnya et al., 2014). The
mineralogy of hydrothermal alteration related with orogenic gold and porphyry copper-gold
formations have been extensively studied with aid of enhanced multispectral as well as
hyperspectral remote sensing in the VNIR (visible-near-infrared), and SWIR (short-wave
infrared) regions ( Kaufman, 1988; Abrams 2000; Rhanjbar et al., 2004; Ducart et al., 2006;
Zhang et al., 2007; Gabr et al.,2010; Liu et al., 2011; Bodruddoza and Fujitmitsu, 2012; Pour et
al., 2013; Amer et al., 2016; Abdelnasser et al., 2018; Bolouki et al., 2020; Mamadou et al., 2020;
Safianou et al., 2024; Carvalho et al., 2025). In Zamfara, there is a scarcity of research on remote
sensing techniques for mineral exploration studies. Among the few were carried out by
(Kudamnya et al., 2014; Umaru and Kankara, 2020) by applying band ratio, colour composite
to map location of hydrothermal alteration within the Maru and Anka schist belt of Northwest
Nigeria.

Kudamnya et al. (2014) used Landsat 7 Enhanced Thematic Mapper (ETM+) data in Maru
Schist Belt, Chica - Olma ratio, Abrams ratio and Kauffmann ratio have been used, and as a
result, iron oxides and hydroxyl minerals were detected in the area. Whereas false color
composite was also used for lithologic mapping of the different rock types in the area
(Kudamnya et al., 2014). The results show that the band rationing technique proved to be
effective in mapping zones of mineralization (Kudamnya et al., 2014). However, Umaru and
Kankara (2020) also Utilizing Landsat-8 Sensor Operational Land Image data for
hydrothermal alteration mapping within Anka Schist. Image processing methods used were
spectral enhancement, false colour composites, band rationing and Principal Component
Analysis. Results of false colour composites of band 5: 7: 3 highlighted generally the locations
of hydrothermal alterations. Band ratios of 4/2, 6/7 and 6/5 revealed the presence of ferric
iron minerals, clay rich minerals and ferrous minerals, respectively. Principal Components
(PCs) of two sets of images (2, 4, 5, 7 H-image and 2,5,6,7 F-image) depicting iron-oxide and
hydroxyl mineral deposits as bright pixels were generated (Umaru and Kankara, 2020). The
Landsat and Sentinel satellites image play a vital role in mineral exploration. Adiri et al. (2020)
wrote a review about the use of the two satellites and Carvalho et al. (2025) performed a
comparative of Sentinel-2 and Landsat-9 data for raw materials’ exploration, the authors
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pointing out that Sentinel-2 provides a better spatial resolution, Landsat has a more extended
history of use due to the program’s longevity. Sentinel-2 has demonstrated high efficacy in
identifying hydrothermal alteration minerals. A fuzzy logic overlay method is a flexible
approach to mineral potentiality mapping. Safianou et al. (2024) applied Fuzzy-logic
technique for gold mineralization prospecting using Landsat 9 OLI imagery in the Bibemi
goldfield, north Cameroon similar approach by Nykanen et al. (2023) for Cobalt Prospectivity
mapping in Finland.

In this present study, harmonized Landsat and Sentitel-2 (HLS) L30 data was used,
hydrothermal alterations zones and lithological units related to gold deposits potential in
western parts of Zamfara, north western Nigeria were identified. Several remote sensing
techniques were used including False Colour Composite (FCC), band Ratio Composites
(BRC), Principal Component Analysis (PCA), both standard and crosta techniques and fuzzy
modelling, along with automatic lineament extraction technique. The innovation of this
research lies in combining crosta PCA and fuzzy approach using harmonized Landsat and
Sentinel-2 data in western parts of Zamfara, north western Nigeria for gold potentiality

mapping.

Methodology

Fig. 1 is the summary of successive methodology from data acquisition, processing,
enhancement and analysis. Various techniques including false colour composite (FCC), band
ratios (BRs), standard and selective (Crosta) principal component analysis (PCA), fuzzy logic
modelling and automatic lineament extraction were used to highlight different lithological
units, alteration minerals and structural features in the research area.

Geology map Remote sensing data: (HLS L30)

Data processing

Layer stacking and mosaicking

Enhancement methods: Classification methods: Lineaments analysis:
-False colour composite (FCC) Fuzzy logic modelling of -Automatic lineament
-Band ratio (BRs) and PCA selective PCA extraction and density map
and Croasta PCA -Rose diagram

Lithological and hydrothermal mapping

High potential zones of gold
mineralization

Fig. 1. Flowchart
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Location and Geology of the Study Area

The study area is located in western part of Zamfara state bounded by the longitudes 5°00’E
to 6°30'E and latitudes 11°30'N to13°00’N. It occupies an area of 165 km by 165 km
(27,223km?). It's part of the northern Nigerian basement complex, which was affected by the
Pan-African orogeny (Sani et al., 2019). The Basement Complex of Nigeria consists of
migmatites and migmatitic gneisses, slightly migmatized to unmigmatized paraschists with
interbeds of meta and non-meta-igneous rocks, also referred to as the younger metasediments
or the Schist belts and the older Granite suite comprising mainly different varieties of granitic
rocks/ granitoids, including charnockites (hypersthene granites), syenites, as well as minor
gabbroic and dioritic rocks (McCurry, 1971). Unmetamorphosed dolerite and rhyolite
porphyry dykes, pegmatite dykes and numerous veins of quartzo- feldspathic materials are
intrusions commonly found in the Basement Complex (McCurry, 1971). This area is
considered to be Upper Proterozoic supracrustal rocks which have been in folded into the
migmatite-gneiss-quartzite complex, pelitic rocks are dominant within the study area, mainly
as pyllites and slates interlaminated with siltstones. Banded iron formation, containing
magnetite, hematite and garnet (salau et al., 2016). It found in the Pan-African Maiinchi
granodiorite and by a probably older gabbro-granite-pegmatite complex and rocks contrast
within include metaconglomerates, sandstones, slates, phyllites and acid volcanic rocks (Holt,
1982; Obaje, 2009).
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Fig. 2. Geology Map of the Study Area

Multispectral Characteristics of HLS

The NASA Harmonized Landsat Sentinel-2 (HLS) dataset provides global multi-sensor ARD
that combines imagery from the Landsat 8/9 Operational Land Imager (OLI) and Sentinel-
2A/B Multi Spectral Instrument (MSI) to provide consistent 30 m atmospherically corrected,
i.e., surface reflectance, harmonized across both sensors (Claverie et al., 2018 ; Haiyan ef al.,
2025). The HLS data also includes brightness temperature (units Kelvins) derived for the two
Landsat 8/9 Thermal Infra-Red Sensor (TIRS) emitted radiance bands (Haiyan et al., 2025). In
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this research HLS L30 was used consists of different subsystems with 10 different spectral
bands; Band 1 coastal aerosol, band 2 blue, band 3 green, band 4 red, band 5 NIR, bands 6&7
SWIR, band 9 cirrus, bands 10&11 TIR all with spatial resolution of 30m (Claverie et al., 2018).
In table 1 below

Table 1. HLS ((Harmonized Landsat and Sentinel-2) L30 (Claverie et al., 2018)

Band Resolution (m) Wavelength range(um) Band name
B1 30 0.43 -0.45 Coastal Aerosol
B2 30 0.45 - 0.51 Blue
B3 30 0.53 - 0.59 Green
B4 30 0.64 - 0.67 Red
B5 30 0.85-0.88 NIR
B6 30 1.57 -1.65 SWIR 1
B7 30 211-229 SWIR 2
B8 - - -
B9 30 1.36 -1.38 Cirrus
B10 30 10.60 - 11.19 Thermal Infrared 1
B11 30 11.50 - 12.51 Thermal Infrared 2

Data acquisition

HLS L30 Image was downloaded from the website of USGS Earth Data “earthdata.usgs.gov”
the data were harmonized for radiometric and atmospheric consistency, then resampled to a
30 meter UTM grid based on Sentinel -2 tile system. Nine scenes were used to cover western
parts of Zamfara state. The selected nine scenes were acquired on 12, 19, 20 28 march 2024 and
05, 08 Jan 2025 respectively.

Data processing and enhancement

To improve the quality of the initial data, the HLS L30 data processing was done in ENVI and
ArcGIS software, followed by enhancement techniques like layer staking and sub-setting.
Furthermore, a geological map (1: 250,000) of the western part of Zamfara state was used for
validation against remote sensing data. Band 7 (SWIR 2) of HLS L30 was used to extracted
lineament and density map of the study area.

False colour composite (FCC)

False colour composite (FCC) commonly referred to as the Red-Green-Blue (RGB) composite
technique, is a useful tactic for enhancing structures beneath the surface and visually
interpreting multi-spectral satellite images (Novak and Soulakellis, 2000). The optimum index
factor (OIF) algorithm (eq. 1) calculating OIF value in table 2 by selected bands (5710) as a
highest band combination for lithological units detected in the study area.

OIF = StditStd;+5tdi (Chavez et al., 1982) 1)

|Corry j|+|Corryk|+]|Corrk|
where, Std is the standard deviation of band i,jk and Corr is the correlation coefficient of
band ij,ik,jk respectively.

Table 2. OIF Index Highest Ranking of the HLS L30

Triplet Band OIF Rank
5710 1164.96 1
5711 1162.88 2
6710 1151.18 3
6711 1149.92 4
5610 1116.45 5
5611 1114.05 6
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Band ratio (BR)

Band ratio (BR) is an essential image enhancement techniques for enlightening surface details
or features in multispectral images (Gupta, 2017). To create a distinct spectral signature in the
image, the process is utilized to eliminate the influence of light and topography (Gupta, 2017).
Furthermore, it is a technique that divides a single band by another in order to highlight
characteristics that are not visible in raw bands (Pour and Hashim, 2015). Two composite
bands ratio (4/3,7/6,6/5and 7/5,5/4, 7/6) have been generated using ArcGIS software for
mapping and distinguish different lithological units within the study area.

Principal component analysis (standard and Crosta-PCA method)

Principal component analysis (standard and Crosta-PCA method) seeks to generate
uncorrelated bands, reduce the dimensionality of multi-spectral image, and separate noise
apart (Loughlin, 1991; Ousmanou et al., 2023). The PC analysis was performed in ArcGIS
software. The ten bands (1, 2, 3,4, 5, 6, 7, 9, 10 and 11) of harmonized landsat and sentinel-2
HLS L30 data was applied standard PCA for mapping and delineating lithological unit. The
outcome file produced ten sets of PC bands (PC1, PC2, PC3, PC4, PC5, PCe6, PC7, PC8, PC9
and PC10). The PC123 has less redundancy and uncorrelated image while the remaining PCs
have most redundancy and correlated image dues to noise. The uncorrelated image (PC123)
was used for lithological identification. Whereas, the selective PCA; was implemented on four
sets of HLS L30 data such as 1234, 3456, 4567 and 56710 for highlighting and targeting
hydrothermal minerals (ferric oxides, ferrous silicate, argillic and phyllic alteration
respectively).

Fuzzy-set modelling technique

A fuzzy set is defined as a mathematical approach to deal with uncertainty and imprecision
in complex systems. Fuzzy sets are represented by membership functions. Membership
function, o, (x), is a mapping of the fuzzy membership of x from the universe of discourse X
into the unit interval [0, 1], thus:

00 (¥): X = [0,1] @

The grade of membership is large (usually 1) for objects which fully belong to the fuzzy set; it
is small (usually 0) for objects which do not belong to the fuzzy set (Zimmermann, 1991). The
fuzzy model in mineral prediction involves of two key steps: (1) data fuzzification, where
fuzzy functions are defined, and (2) fuzzy synthesis, where fuzzified data is combined using
fuzzy operators. The most basic fuzzy operators are: fuzzy AND, fuzzy OR, fuzzy algebraic
product, fuzzy algebraic sum, and fuzzy gamma (An et al., 1991; Zhanga and Zhoua, 2015).
Gold prospectivity mapping didn’t involve fuzzy AND and fuzzy algebraic sum operators
(Zhanga and Zhoua, 2015). In this study fuzzy OR were used for gold potentiality mapping
in western part of Zamfara because it provides a more robust and flexible approach for gold
exploration whereas fuzzy AND can be too restrictive and Gamma operator can be sensitive
to input weights. ArcGIS 10.4 software was used for fuzzy linear membership and OR
function analysis applied for layers obtained from crosta PCA analyses of harmonized
Landsat and Sentinel- 2 (HLS L30) data, classifying maps into 9 categories.

Fuzzy OR overlay

Fuzzy OR values are the maximum membership values from each evidential layer. Thus,
fuzziness or the membership value of each grid unit is controlled by the maximum
membership value in each grid. (Zhanga and Zhoua, 2015)

U = Max (s, 1p He - - -) ©)
where p(x) represents the fuzzy membership value
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Lineament extraction from HLS L30 imagery

The automatic lineament extraction was performed using short-wave infrared band of the
harmonized Landsat and Sentinel-2 (HLS L30) satellite images to detect lineament traces that
represent conduits for hydrothermal fluids. The images were processed, enhanced, and
filtered using PCI Geomatica Version 8.2 software. The PCI Geomatica have the capacity to
extract lineaments from images and its facility to detect the non-geological lineaments such as
roads, fences, and field boundaries with the human eye (Yanick ef al., 2021). Lineament traces
were digitized and interpreted from the enhanced images using Arc Map 10.4 software
(ArcGIS) (Yanick et al., 2021). The orientations of the lineament traces extracted from the
digitized lineament trace maps were statistically analyzed to define the major lineament
trends and their possible stress regime. After editing, the HLS L30 derived lineaments were
imported into RorkWorks version 17 software for the construction of rose diagrams (Yanick
et al., 2021). Rockworks is a comprehensive program produced by RockWare Consulting that
offers two- and three-dimensional visualization, including modelling of spatial data and
subsurface data. In combination with the lineament map, rose diagram was used to analyze
the directional frequencies of lineaments (Yanick et al., 2021).

RESULTS AND DISCUSSION

Lithological mapping

As identifying and classifying different rocks units based on their minerals composition and
texture, a rocks identification commonly uses remote sensing techniques and geological
information.

False colour combination (FCC)

The Optimum index factor (OIF) have been applied to the 10 bands of HLS L30 in order to
choose the best bands combination with the high variance and low redundancy as listed in
Table 2. The OIF calculation (table. 2) suggests the RGB 5710 is the best statistical choice to
create a false color composite (FCC). The false color composite (5, 7, and 10) image of the study
area (Fig.3) clearly delineated lithologic units boundaries and spectral characteristic of various
metamorphic and some little sedimentary rocks such as schists, gneisses quartzite and
limestone were identified with image depicts the schist units as yellow colour, the variety of
gneisses display blue and pink colours, quartzite show white colour pixel, limestone as black
and water body as red colour respectively.
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The Principal component analysis (PCA)
The standard PCA was done onbands 1, 2, 3,4, 5, 6,7,9,10 and 11 on HLS L30 imagery. Table
3 was the principal component analysis (PCA) results, revealed that PC1 displays the highest
percentage of the variance (82.41 %), while PC10 shows relatively lowest variance (0.001 %)
due to noise from the original bands of HLS L30 data. The PC123 image was used in
delineating the different lithological units of the study area, as blue colour represented schist
units, gneisses appear with green pixel, quartzite unit appeared cyan and limestone appear
pink to yellow colour respectively

Table 3. HLS L30 PCs eigenvectors and eigenvalues loading results

Eigenv | Bl B2 B3 B4 B5 B6 B7 B9 B10 B11 Eigenval | Varian
ectors ues ces %
PC1 0.12 0.15 0.23 0.35 034 | 057 | 0.52 0.00 0.20 0.19 2892189.1 | 82.41
PC2 -0.07 | -0.10 -017 | -0.24 0.09 | -0.07 | -0.19 0.00 0.66 0.63 366246.17 | 10.43
PC3 -0.09 |-012 |-010 |-022 |08 |008 |-030 |-0.00 |-017 | -0.16 | 164400.68 | 4.68
PC4 0.16 0.27 0.50 0.50 019 | -047 | -0.36 0.00 0.011 | 0.10 62731.09 | 1.79
PC5 -016 | -0.03 |-0.01 | 0.29 -024 | 062 | -0.67 | 0.00 -0.00 -0.00 1354111 | 0.39
PCé6 0.56 0.50 0.22 -0.55 -0.07 | 0.22 -0.17 0.00 -0.07 0.04 5418.45 0.15
PC7 -0.62 | -0.00 | 0.69 -036 | -0.06 | 0.06 | 0.06 -0.01 0.03 -0.02 | 3576.29 0.10
PC8 -0.16 0.10 0.07 0.04 001 |0.02 |0.026 |-0.02 |-0.68 0.70 1179.26 0.03
PC9 0.45 -0.78 0.37 -0.05 -0.04 | -0.00 | -0.04 -0.04 -0.13 0.14 340.69 0.009
PC10 -0.00 0.03 -0.02 | 0.01 0.002 | 0.00 | -0.001 | -0.10 | 0.02 -0.02 | 38.61 0.001
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Mapping of Hydrothermal Alteration

Band ratios (BR)

Mapping of the hydrothermal alteration zones was done using two band ratios composites
(4/3,7/6,6/5 and 7/5, 5/4, 7/6) analyses in ArcMap software were produced map that
revealed high potential alteration zones. Han and Nelson (2015) revealed that Sabin’s and
Kaufmann’s band ratios are mainly used in mapping zones of possible hydrothermal
alterations and iron-rich minerals from unaltered rocks and vegetation. These BRs were
assigned to the RGB combination for hydrothermal alteration mapping.

Fig. 5a illustrate four main altered zones in the study area resulting from the Sabin BRs
combination (4/3, 7/6, and 6/5 in RGB). Hence, the blue colour pixel represented
hydrothermally altered zones, these zones are positioning on schist, gneiss and quartzite
altered rocks. Fig. 5b is the resultant image from Kaufman BRs combination (7/5, 5/4, and
7/6 in RGB). Blue colour zone represented four main alteration areas positioning on schist,
gneiss and quartzite altered rocks respectively. The summaries of the results are described in
table 4a and 4b below;
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Table 4A. Summary of the results of fig. 5A of Sabin BRs combination (4/3, 7/6, and 6/5)

Alteration zones Longitudes (degree) Latitudes (degree) Area (km?) Percentage %
Zone A 5°45'E to 6°30'E 11°30'N to 12°30'N 9213 km? 33.8%
Zone B 5°30'E to 5°45'E 11°40'N to 12°05'N 1281 km? 4.7%
Zone C 5°07'E to 5°30'E 12°20'N to 12°35'N 1152 km? 4.2%
Zone D 5°00'E to 5°15'E 11°45'N to 12°05'N 1006 km? 3.7%
Total percentage 46.4%

Table 4B. Summary of the results of fig. 5B of Kaufman BRs combination (7/5, 5/4 and 7/6)

Alteration zones Longitudes (degree) Latitudes (degree) Area (km?) Percentage %
Zone A 5°45'E to 6°30'E 11°30'N to 12°30'N 9213 km? 33.8%
Zone B 5°55'E to 6°25'E 12°45N to 13°00'N 1249 km? 4.6%
Zone C 5°00'E to 5°45'E 12°15'N to 12°35'N 3008 km? 11.0%
Zone D 5°00'E to 5°15'E 11°45'N to 12°05'N 1006 km? 3.7%
Total percentage 53.1%

Crosta-PCA (principal component analysis)
The Crosta PCA method was applied on bands 1, 2, 3, 4, bands 3, 4, 5, 6, bands 4, 5, 6, 7 and
bands 5, 6, 7, 10 respectively to detect ferric-oxide, ferrous silicate, argillic and phyllic
alteration minerals. These bands are effective for enhancing hydrothermal alteration minerals
due to their high band loadings, making useful indicator for mineral deposits. Tables 5-8 are
the results obtained from Crosta-PCA analysis of HLS L30 data. Ferric oxides minerals was
achieved from crosta PCA analysis, the results in table 5 indicates that PC4 contain important
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information. The eigenvector loadings of PC4 illustrate the moderate positive contributions of
b3 (0.3218) and negative contributions of b4 (-0.7304). Therefore, ferric oxide minerals
alteration exhibit red pixels (Fig. 6a). Ferric oxide minerals alteration were seen in gneiss,
limestone and quartzite units mostly in Northwestern and Southeastern parts of the study
area. Table 6 displays eigenvector loadings of PC bands 3, 4, 5, and 6 for ferrous silicate
alteration PC4 demonstrates negative contributions in b4 (-0.7420) and high positive
contributions in b5 (0.6819). Thus, ferrous silicate alteration were targeted in schist, gneisses
and quartzite units as blue tones (Fig. 6b).

Furthermore, argillic alteration were obtained from Crosta PC analysis of bands (4, 5, 6, and
7) as showed in Table 7. Therefore, these alteration were highlighted in PC4 which establishes
a positive eigenvector loading in b4 (0.2116) and b6 (0.64636) with a high negative loading of
b5 (-0.2510). As a result, argillic alteration consist of minerals alteration such as alunite,
kaolinite and pyrophyllite mineral groups. Thus, argillic minerals alteration were targeted in
schist, gneisses and limestone units as pink tones (Fig. 7a). Additionally, table 8 illustrated
phyllic alteration as obtained from selective PC analysis of bands (5, 6, 7 and 10) these
alteration were highlighted in PC4 which establishes a negative eigenvector loading in b5 (-
0.2677) and b7 (-0.6181) with a high positive loading of b6 (0.7372). As a result, phyllic
alteration consist of minerals alteration such as sericite, muscovite, illite and smectite mineral
groups. Hence, phyllic minerals alteration were found in schist, gneisses, limestone and some
quartzite as yellow pixel (Fig. 7).

Table 5. Ferric oxides mineral

Eigenvectors B1 B2 B3 B4 Variances%
PC1 0.2501 0.3261 0.5057 0.7585 98.32

PC2 0.4438 0.4667 0.4293 -0.6332 0.90

PC3 -0.7046 -0.1563 0.6756 -0.1509 0.70

PC4 0.4941 -0.8071 0.3218 -0.7304 0.09

Table 6. Ferrous silicate mineral

Eigenvectors B3 B4 B5 B6 Variances%
PC1 0.2917 0.4433 0.4508 0.2043 90.05

PC2 -0.3006 -0.5028 0.8071 0.9507 7.11

PC3 0.47539 0.4133 0.3718 -0.0848 2.64

PC4 0.7178 -0.7420 0.6819 0.1196 0.18

Table 7. Argillic alteration

Eigenvectors B4 B5 B6 B7 Variances%
PC1 0.3839 0.3749 0.6246 0.5674 91.63

PC2 -0.2971 0.8703 0.0169 -0.3926 6.28

PC3 -0.8483 -0.1977 0.4380 0.2225 1.59

PC4 0.2116 -0.2510 0.64636 -0.6888 0.50

Table 8. Phyllic alteration

Eigenvectors B5 B6 B7 B10 Variances%
PC1 0.4027 0.6593 0.5923 0.2290 86.37

PC2 0.2874 -0.1445 -0.3713 0.8709 7.30

PC3 0.8267 -0.0321 -0.3595 -0.4315 5.75

PC4 -0.2677 0.7372 -0.6181 -0.0528 0.57
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illustrating ferric oxide minerals; (b) PC4 showing ferrous silicate alteration minerals.
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muscovite, illite and smectite) minerals.
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Fuzzy modelling techniques

The hydrothermal alteration maps obtained from crosta PC analysis were applied to fuzzy
model to produce zone pattern that coincide with gold mineralization in the study area. The
HLS L30 PC4 bands (for ferric-oxides, ferrous silicate, argillic and phyllic alteration minerals)
maps were chosen and model using the fuzzy linear membership type and OR overlay
operator to produce a hydrothermal alteration mineral potential maps. Evaluating the fuzzy
of each alteration mineral indicates that the highest potential index (0.8-1) is found in the
south-eastern and western (iron-oxides), north-southern and western (ferrous silicate) parts
of the study area in red tones (Fig. 8a and 8b). The argillic and phyllic alterations are all over
the study area in red pixel (Fig. 9a and 9b). The highest value (0.8-1.0) of the favourable rating
index was associated with gold mining site, based on the fuzzy maps results. The most
prospective areas for gold mineralization were found to be hydrothermal alteration zones
associated with structural contacts and the most promising potential locations for gold deposit
were identified.
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Fig. 8. Fuzzy modelling images delineating alterations minerals related to gold mineralization potential: (a) ferric oxide
alteration minerals (b) ferrous silicate alteration minerals.
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Fig. 9. Fuzzy modelling images delineating alterations minerals related to gold mineralization potential: (a) Argillic alteration
(alunite, kaolinite and pyrophyllite) minerals; (b) Phyllic alteration (sericite, muscovite, illite and smectite) minerals.

Lineaments analysis

Many geological structures in the area are associated with deformed and permeable rocks,
allowing hydrothermal fluids to circulate. In this study, the harmonized Landsat and sentinel
-2 (HLS) L30 SWIR 2 band was used for automatic lineament extraction, PCI Geomatica 2015
and ArcGis software were used. The lineaments map and lineament density map reveal
distinct lineament pattern for each lithological unit in the study area (Fig. 10a and b).
Moreover, the lineaments predominant trends (i.e., NE-SW), are indicators that could be
followed in the gold investigation. Fig. 10b is a lineaments density map which is classified in
to high, intermediate, low density and background. The higher density indicate the great
possibility of gold mineralization occurrences, while the intermediate and lower density
reveal the moderate and slight probability of gold occurrences. The Fig. 11 is the rose diagram
displays three structural directions 1) the extremely anomalous N-S direction, 2) an
intermediate anomalous NNW-SSE direction, and 3) a low anomalous NNE-SSE to SSW-
NNW direction.
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Rose Diagram of Lineament

- Extremely anomalous

D Moderately anomalous
- Low anomalous

Fig. 11. Rose diagram of the lineament

A. A. Sani, M. O. Aku, M. Saleh , DUJOPAS 11 (4d): 244-263, 2025 258



A Fuzzy Logic Approach for Gold Mineralization Zones Mapping in Western Parts of Zamfara State, North-
Western Nigeria Based on Harmonized Landsat and Sentinel-2 L30 Data

5°0'0"E 5°15'0"E 5°30'0"E 5°45'0"E 6°0° "O"E N
T ——— L — 1

12°45'0"N

|~ Legend
mem High potential

Low potential

°45'0"

|| |0 —— Lineaments

5
-
0
=
-2
=3
o
<

>

Localities

© Gold mining sites

11°45'0"N 12°0'0"N 12°15'0"N
“
2
<
[~}
c
‘
Y
g
(1]
N
-]
=
®
/]

11°45'0"N 12°0'0"N 1

- . 30 15 1] 30
5°0'0"E 5°15'0"E 5°30'0"E 5°45'0"E 6°0'0"E 6°15'0"E 6°30'0['E

Kilometers

Fig. 12. Fuzzy overlay images delineating gold mineralization potential

Table 9. Summary of the results of fig. 12 of gold mineralization potential map

Favourable zones Longitudes (degree) Latitudes (degree) Area (km?) Percentage %
Zone A 5945'E to 6°30'E 11°30'N to 12°30'N 9213 km? 33.8%
Zone B 5°00'E to 5°45'E 11°45'N to 12°30’'N | 6781 km? 24.9%
Zone C 6°00'E to 6°25'E 12°45'N to 13°00'N 1252 km? 4.6%
Total percentage 63.3%
DISCUSSION

Gold potentiality mapping is a procedure for delineating and prioritizing areas with gold
deposits potential. In this research, harmonized Landsat and Sentinel-2 L30 data from the
western parts of Zamfara were analyzed using FCC, BRs, PCA (standard and selective), fuzzy
modelling and lineaments extraction techniques coupling with the updated geology map of
the study area, ferric-oxides, ferrous silicate minerals, argillic and phyllic alterations minerals
associated with gold formations were mapped, the high potential areas of gold mineralization
were identified. The false color composite (FCC) map was created by selected best statistical
choice using optimum index factor. The resulting FCC image clearly delineated lithologic
units boundaries and spectral characteristic of various metamorphic and some little
sedimentary rocks such as schists, gneisses quartzite and limestone were identified with
image depicts the schist units as yellow colour, the variety of gneisses display blue and pink
colours, quartzite show white colour pixel, limestone as black and water body as red colour.
The hydrothermal alteration mapping was archived using Sabin’s and Kaufmann’s band
ratios, these band ratios are mainly used in mapping zones of possible hydrothermal
alterations and iron-rich minerals from unaltered rocks and vegetation (Han and Nelson,
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2015). The four main alteration zones were identified in the study from the Sabin BRs
combination (4/3,7/6, and 6/5 in RGB) and Kaufman BRs combination (7/5,5/4, and 7/6 in
RGB) in Fig. 5a and 5b, hence, the blue colour pixel represented hydrothermally altered zones,
these zones are positioning on schist, gneiss and quartzite altered rocks results are summarize
in table 4a and 4b respectively. Furthermore, the hydrothermal alterations results showed that
ferric oxides are widespread in gneiss, limestone and quartzite units in some parts of the study
area which are similar to those reported by Kudamnya et.al. (2014). the ferrous silicate
alteration mineral were found in schist, gneisses and quartzite formations as blue tones. On
the other hand, the argillic alteration consist of minerals alteration such as alunite, kaolinite
and pyrophyllite mineral groups as was verified from Kankara (2020). Thus, argillic minerals
alteration are found in schist, gneisses and limestone units as pink tones. Additionally, phyllic
alteration comprised assembly of minerals such as sericite, muscovite, illite and smectite
mineral groups. Hence, phyllic minerals alteration also found in schist, gneisses, limestone
and some quartzite units as yellow pixel. Moreover, many researchers have applied fuzzy
logic overlay for mineral potentiality mapping worldwide. For example, Safianou et al. (2024)
used this approach for gold mineralization prospects using Landsat 9 OLI imagery in the
Bibemi goldfield, north Cameroon, while Nykanen et al. (2023) applied it for cobalt
prospectivity mapping in Finland. Others such as Mery et al. (2025) and Zhanga et al. (2015),
have used fuzzy classification and weights of evidence to account for geological, economic,
metallurgical, environmental, and operational criteria in mineral prospectivity mapping.

In this present research, the fuzzy model results showed that areas with high potential for
alteration minerals are widespread throughout the regions with the greatest value of the
favourable ranking index are found almost in the entirely study area (Fig. 8b, 9a and 9b) of
ferrous silicate, argillic and phyllic alteration minerals respectively, whereas ferric oxides
alterations favourable ranking index are found only in the north-western and south-eastern
parts of the study area (Fig. 8a). SWIR 2 band highlighted significant lineaments that are play
a vital in mineralization channels within the study area. Hence, the major trends of lineaments
(N-S, NNW-SSE and NNE-SSE to SSW-NNW) obtained from rose diagram assessment (Fig.
11) serving as pathways for mineralizing hydrothermal fluids related to gold mineralization.
The identified favourable area observed in Fig. 12 are gold mineralization potential zones that
were obtained from integrating FCC, BRs, crosta PCAs and lineament map correlated with
geology of the study using fuzzy overlay approach. The summary of the results is described
in table 9: 63.3% of the study area is most favourable for the gold mineralization potential.
According to Danbatta et al. (2008) showed gold mining at Kuba I, Kuba II, Doka, Dumi I,
Dumi II, Zurzurfa I, Zurzurfa II, Jameson, Kwali, Kuba Mansur in Anka schists belt. Maru,
Yargalma , Tudun guru. Maga, Zugu are also gold mining sites according to field research.
Furthermore, the highly prospecting zones are Gayawa, Gwalli, Leshi, Tadurga Surimi, gidan
hardo and Bawa areas respectively. There are good agreement between the lithological units,
alteration minerals and lineaments in the study area. The alteration zones identified align well
with existing mining sites and areas with high potential for gold mineralization, as supported
by literatures and field research.

CONCLUSION

Harmonized Landsat and Sentinel-2 L30 data were analyzed to investigate rocks units and
hydrothermal alteration minerals related with gold deposit in the research area. Techniques
employed included False colour composite (FCC), Band Ratios (BRs), and Principal
Component Analysis (PCA, both standard and Crosta method), fuzzy modelling and
automatic lineament extraction. These analyses facilitated the mapping of lithological units
and hydrothermal alteration minerals such as ferric oxides, ferrous silicate. argillic and phyllic
alterations. The results revealed notable variations in the abundance and spatial distribution
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of these alteration minerals across different major rock formations, indicating to areas with
higher potential for gold mineralization. Specifically, high-prospect zones are located western
-southern, southeastern and central parts of the area, around at locations of gold mining sites.
It is recommended that government and investors should prioritize the potential zones for
further consideration and development, as this will facilitate the promotion of gold
production and sustainable development in the research area.
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