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ABSTRACT 
 

 

This study investigates the potential of multispectral remote sensing data, specifically Landsat 9 

imagery, to map hydrothermal alteration zones in the Tata region, located in the southeastern Anti-

Atlas of Morocco. The research focuses on identifying iron oxide and hydrothermal alteration 
zones using advanced image processing techniques, including Principal Component Analysis 

(PCA), band ratios, and spectral indices. The methodology also incorporates directional filters for 

lineament extraction and field validation to ensure accuracy. The PCA approach effectively 
reduced data dimensionality while enhancing relevant spectral features, particularly those 

indicative of iron oxide and hydrothermal mineralization. Band ratios and spectral indices further 

delineated iron oxide and hydrothermal alteration areas, which were corroborated by field 
investigations revealing polymetallic mineralization, including copper, lead, and iron oxides. The 

results highlight the strong structural control on mineralization and demonstrate the usefulness of 
multispectral remote sensing for regional mineral exploration. Field validation based on 

approximately 38 mineralized observation points shows a strong spatial coincidence between 

mapped alteration zones and known surface mineralization. 
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1. INTRODUCTION 

In recent decades, remote sensing techniques 

have become valuable tools for mineral exploration, 

serving as an effective preliminary step for geological 

investigations by providing a synoptic view of large 

and often inaccessible areas (Kariuki et al., 2004; Peña 

and Abdelsalam, 2006; Adiri et al., 2020; Pour et al., 

2018; Pour et al., 2023; Hajaj et al., 2024). Following 

the launch of the first Earth observation satellites in 

the early 1970s, multispectral sensors have enabled 

cost-effective, regional-scale investigation of surface 

geological features (Hajaj et al., 2024). These 

technologies are particularly useful for detecting 

hydrothermal alteration signatures that act as surface 

indicators of mineralized systems, especially in arid 

and structurally complex regions. 

Remote sensing has proven that it is a helpful 

tool in detecting alteration zones and, consequently, 

minerals explorations and used in the field of 

geological and structural mapping (El Atillah et al., 

2019; Bahrami et al., 2021; Pour and Hashim, 2015; 

Adiri et al., 2016). These involve extracting 

information about the mineral alteration using 

multispectral and hyperspectral satellite image 

processing (Adiri et al., 2016; Mamouch et al., 2022). 

It allows geologists working in extended areas that are 

usually inaccessible to study, by collecting data in 

different spectral bands (such as visible, infrared and 

microwave) (Pour et al., 2016; Pour et al., 2018; 

Rawan et al., 2003). This considerably improves the 

efficiency, precision and coverage of geological 

surveys, making them an essential tool in the field 

(Safari et al., 2018). 

In addition, remote sensing and satellite image 

processing has been used largely in mining 

prospecting (Benaissi et al., 2022; Adiri et al., 2020), 

lithological and geological survey (Mamouch et al., 

2021; Lamrani et al., 2021; Chakouri et al., 2020; 

Jellouli et al., 2019) structure (faults, folds, fractures) 

mapping (Zafaty et al., 2023; El Aoufir et al., 2024; 

Chakouri et at., 2022), and lineaments extraction (Das 

et al., 2009; Ahmed Iiand Mansor, 2018; Chaves et al., 

2020; Adiri et al., 2017; Jellouli et al., 2021; 

Si Mhamdi et al., 2017). Especially hydrothermal 

alteration mapping, which has received particular 

attention due to its potential economic implications 

(Mamouch et al., 2022; Abrams et al., 1977; Abrams 

et al., 1983; Goetz et al., 1983; Kruse et al., 1993; 

Rowan et al., 1977; Adiri et al., 2018). And therefore, 

the use of spectral satellite imagery makes it possible 

to produce a geological map of different types of 

alteration, such as iron oxide and hydrothermal 

alteration zones (Zhang et al., 2007). 

http://www.ecoeet.com/Author-El%20Aoufir-Mohammed/275556
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 In Morocco, several works were carried out in 

the domain of remote sensing in geological 

applications. In 2021, Mamouch et al. carried out 

a study with the objective of the use of a combined 

approach of remote sensing technique, GIS, and fuzzy 

logic modeling to map the hydrothermal alteration 

zones in the Eastern Anti-Atlas, Morocco. The results 

showed a spatial correlation between the extracted 

favorable zones and mineral occurrences. In similar 

context, the Landsat 8 OLI images were used to map 

the lithological, geological structures, and 

hydrothermal alteration zones in Jbel Boulachral, 

Eastern Anti-Atlas, Morocco (Courba et al., 2023). In 

this study, the band ratio, the principal component 

analysis, and the composite ratios were used. The 

results showed that high lineaments density areas are 

correlated with the areas with the high mineralization 

occurrences, and those with hydrothermal alteration.  

As known, The Anti-Atlas Mountain range 

constitutes a significant metallogenic province, 

characterized by abundant polymetallic 

mineralization, including economically important 

copper, silver, cobalt, and lead deposits. In this work, 

the Landsat 9 image was used to map the hydrothermal 

alteration zones, and the geological structures. For this 

purpose, the techniques used, including the band ratio, 

the principal component analysis, directional filters, 

and the lineaments extraction. Then, the results were 

validated using field investigations. 

Despite the recognized metallogenic potential of 

the Anti-Atlas, the systematic use of Landsat 9 

multispectral imagery for hydrothermal alteration 

mapping in the Tata region remains unexplored. This 

study aims to: (i) evaluate the capability of Landsat 9 

data to map iron oxide and hydrothermal alteration 

zones in the Tata region; (ii) integrate structural 

lineament analysis with alteration mapping to assess 

the structural control of mineralization; and 

(iii) validate the remote-sensing-derived targets 

through field observations of polymetallic 

mineralization. By combining spectral analysis, 

structural interpretation, and field verification, this 

work advances beyond previous regional studies and 

provides a new framework for mineral exploration in 

arid environments. 

 
2. MATERIALS AND METHODS 

2.1. GEOLOGICAL SETTING 

The Anti-Atlas is a mountain chain that forms a 

vast anticlinal bulge-oriented ENE-WSW at the 

northern edge of the West African Craton (WAC) 

(Fig. 1). It consists of a Proterozoic basement exposed 

in the inliers, under a late Precambrian to Paleozoic 

sedimentary cover. This Anti-Atlas Range of Morocco 

comprises ca. 24,000 km2 of surface exposures of 

Ordovician rocks (Gutiérrez-Marco et al., 2019), that 

are very mineralized with different types of 

mineralization namely ferruginous mineralization, 

copper and lead. 

The Ordovician succession is subdivided into 

a series of lithostratigraphic units in the Anti-Atlas 

region (Choubert, 1943; Choubert and Termier, 1947; 

Destombes, 1971; Destombes et al., 1985):  

• Outer Feijas Shale Group (Tremadocian–

Darriwilian): Comprising the lower/upper 

Fezouata and Tachilla formations, characterized 

by graptolite-bearing siltstones with some thin 

sandstone interbeds. 

• First Bani Group (Darriwilian–Sandbian): 

A thick, extensive sandstone-dominant unit 

subdivided into five formations (Taddrist, Bou 

Zeroual, Guezzart, Ouine-Inirne, and 

Izegguirene). 

• Ktaoua Group (Sandbian–Katian): A sequence of 

shale-dominant units (Lower and Upper Ktaoua) 

separated by the sandstone-rich Upper Tiouririne 

Formation. 

• Second Bani Group (Hirnantian): A glaciogenic 

succession infilling Hirnantian paleoreliefs, 

marking the end of the Ordovician period 

(Sumrall and Zamora, 2011; Lefebvre et al., 2015; 

Álvaro et al., 2022). 

The Paleozoic cover of the Anti-Atlas constitutes 

a major metallogenic province, notable for its 

significant copper mineralization. More than 

200 copper occurrences have been identified (Bouchta 

et al., 1977), several of which are currently being 

exploited (Oummouch et al., 2017). The main deposits 

of the western Anti-Atlas include the world-class 

Cu– Ag Tizert deposit, together with the Tazalaght, 

Ouansimi, and Agoujgal deposits. These 

mineralizations occur either as stratiform bodies 

hosted within Lower Cambrian detrital and carbonate 

formations or as vein-type ores controlled by faults 

and fractures related to Hercynian deformation 

(Oummouch et al., 2017; El Basbas et al., 2020; 

Ouchchen et al., 2021; Askkour et al., 2023; El Ouad 

et al., 2025). 

Ferruginous mineralization is also widespread 

within Ordovician outcrops across the Anti-Atlas, 

where it forms sedimentary lens-shaped layers in 

various formations specifically at the base of the 

Upper Fezouata Formation (Floian age), the Tachilla 

Formation (Dapingian age), and the Premier Bani 

Formation (Darriwilian age). The best-known 

example is the Toughza deposit (Broothaers, 1977; 

Raddi et al., 2011; Abia et al., 2020). 

In contrast, lead and copper mineralizations 

occur mainly as hydrothermal veins, such as the lead 

mineralization at Jbel Addana (Desthieux, 1977) and 

the copper mineralization at the Oumjrane Bou Nahas 

mine (Kharis et al., 2011). The present study focuses 

on the field validation of remote sensing techniques 

for detecting alteration zones associated with 

hydrothermal mineralization in Tata, Foum Zguid and 

Fam El Hisn areas (Fig. 1). 
 

2.2. TECTONIC SETTING 

The Hercynian orogeny, a consequence of the 

Late Paleozoic Variscan collision between Laurasia 

and Gondwana, is the principal deformation observed 
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Fig. 1 (a) Moroccan boundaries and location of Tata Province; (b) Location of the studied areas in Tata Province 

territory; (c) Simplified geological map of the Fam El Hisn mining area; Simplified geological map of 

the Foum Zguid mining area. 

 

in the Paleozoic cover of the Anti-Atlas (Choubert, 

1963; Mattauer et al., 1972; Hassenforder, 1987). This 

deformation is generally moderate and manifests as a 

series of folds whose axial trends rotate systematically 

from a predominant NE-SW orientation in the western 

Anti-Atlas to a NW-SE direction in the east (Choubert, 

1963; Donzeau, 1974; Piqué and Michard, 1981; Faik, 

2005).  

The structural style is predominantly thick-

skinned and results from the compressional 

reactivation of inherited Precambrian fault systems, 

which have controlled the tectono-sedimentary 

evolution of the region since the Neoproterozoic 

(Hassenforder, 1987; Soulaimani, 1997; Michard et 

al., 2008). These long-lived structures were 

reactivated mainly as reverse and strike-slip faults 

(Piqué et al., 1995), leading to differential uplift of 

basement blocks and deformation of the overlying 

sedimentary cover. Locally, thin-skinned deformation 

is observed in the western Anti-Atlas and is 
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Fig. 2 Ordovician stratigraphic subdivisions of the Anti-Atlas (modified from (Destombes, 1963; Destombes et 

al., 1985; Gutiérrez-Marco et al., 2003; Villas et al., 2006; Sumrall and Zamora, 2011; Lefebvre et al., 

2015; Javier Álvaro et al., 2022). 
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characterized by ESE-verging thrusts associated with 

more intense folding of the adjacent sedimentary 

cover (Belfoul et al., 2001; Soulaimani et al., 1997). 

The Anti-Atlas as a whole experienced regional 

NW-SE shortening, accommodated by both thrust and 

strike-slip faulting. The resulting Hercynian folds 

exhibit a clear spatial variation in axial orientation: 

NE-SW to N–S in the west, WNW-ESE in the central 

region, and NW-SE in the east (Faik, 2005), (Michard 

et al., 2008), (Soulaimani et al., 2014). This pattern 

reflects a regional structural framework whose 

heterogeneity is fundamentally controlled by the 

contrasting geometry of the reactivated Precambrian 

basement blocks (Soulaimani and Burkhard, 2008). 

 
2.3. METHODOLOGY 

A multispectral image from the Landsat 9 

satellite Level 1, acquired on August 15, 2024, with 

the information’s (path 202, row 40, cloud cover 0 %), 

was downloaded from the U.S. Geological Survey's 

Earth Explorer platform 

(https://earthexplorer.usgs.gov/ (accessed on October 

19, 2024)). The initial dataset features spectral bands 

from the visible to thermal infrared range at a 30-meter 

spatial resolution. Image preprocessing, bands ratio 

and indices calculations, as well as PCA extraction, 

were performed using the Semi-Automatic 

Classification Plugin in QGIS software. Subsequently, 

ArcMap was employed to filter false faults. 

Preprocessing steps consisted of radiometric 

calibration and atmospheric correction using Dark 

Object Subtraction (DOS) algorithm. This technique 

starts with the assumption that there is a high 

probability that there are at least some pixels in an 

image that should be black (0 % reflectance). The 

resolution was subsequently improved to 15 meters 

via a pan-sharpening algorithm, which integrates the 

multispectral information with the native 15-meter 

panchromatic band. From the preprocessed image, we 

extracted Principal Component Analysis (PCA) bands 

and computed spectral indices sensitive to iron oxide 

alteration. To enhance linear structural features, 

directional filters with 3×3 and 5×5 kernel sizes were 

applied, and a lineament map was automatically 

and/or manually delineated. The remote sensing 

results were rigorously validated against field 

observations. Subsequently, all data were synthesized 

to perform a general geological and structural analysis 

of the study area (Fig. 3). 
 

2.3.1. PRINCIPAL COMPONENT ANALYSIS 

The principal components (PCs) transformation 

is a multivariate statistical technique for reducing the 

dimensionality of large datasets while retaining as 

much variability (information) as possible. It has been 

successfully applied to the identification of anomalous 

concentrations in mining exploration (El Atillah et al., 

2019; Loughlint, 1991). The Crosta technique 

developed by Crosta and Moore in 1989 to identify 

areas of mineral alteration associated with 

hydrothermal processes. This method is recognized as 

a feature-oriented approach to PC selection, it 

highlights areas where materials appear as bright or 

dark pixels in the principal components (Ranjbar et al., 

2004). The application of PCA technique and the color 

composite of PCA has allowed the hydrothermal 

alteration of minerals and iron oxide extraction. 
 

2.3.2. BAND RATIO AND SPECTRAL INDICES 

Band ratios and spectral indices are a commonly 

used technique in remote sensing to highlight specific 

features in multispectral imagery by dividing the 

reflectance values of one spectral band by those of 

another, or by using some mathematical formula using 

the high and the low reflectance band value. These 

techniques were validated and showed their 

Fig. 3 Flowchart of the adopted methodology. 

 

https://earthexplorer.usgs.gov/
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Table 1 Spectral band ratios of Landsat 9 (Ito et al., 2022; Sabins, 1999). 

      Mineral Band Ratio Description 

     Iron Minerals 4/2 Ferric Iron 

     Iron Minerals (4/2)*((4+6)/5) Ferric Iron 

     Iron Minerals (3+6)/(4+5) Ferrous Iron, coarsed grained ferric iron 

     Sulfates (2/1)-(5/4) Iron sulphate 

 
Table 2 EigenValue of PCA. 

 
PCA PC_1 PC_2 PC_3 PC_4 PC_5 PC_6 PC_7 

Eigenvalues 99.121 0.648 0.175 0.037 0.016 0.004 0.000 

 

effectiveness, especially in lithological and 

mineralogical mapping (Choukrad et al., 2023; Adiri 

et al., 2016). This method makes it possible to 

highlight the subtle differences in the spectral 

reflectance of specific elements or materials that may 

not be visible in the raw spectral bands (Inzana et al., 

2003), making it easier to identify and analyze them 

(Inzana et al., 2003). In this research, one band ratio 

and three spectral indices were used in order to 

identify and reveal the iron oxide minerals in the 

studied site (Table 1). 
 

2.4. RESULTS  

2.4.1. PRINCIPAL COMPONENT ANALYSIS  

In this section, the PCA as a data mining method, 

with the objective to minimize data redundancy and 

create new bands that will help to extract lineaments 

and identify the hydrothermal alteration areas. The 

Table 2 presents the eigenvalues of the different 

extracted principal components. The results showed 

that the first principal component can explain about 

99.12 % of the data, which shows the very high 

effectiveness of the application of this method.  

Figure 4a shows the color composition of the 

three first principal components (PC-1, PC-2, and 

PC- 3) which represent the high percentage of 

information of the data, and Figure 4b shows the grey 

scale of the PC-1.  

In addition to the PCA that has been applied for 

all bands, and to identify the iron oxides and 

hydrothermal areas, the PCA has been applied by 

selecting just four bands, focusing on those with the 

most absorption related to the targets (Table. 3). The 

Table 4 presents the correlation between the PCA and 

the selected bands. This helps to identify the principal 

component that contains more information about the 

target. The results show that the PC-1 represents 

a positive correlation with the difference selected 

bands, suggesting that this principal component 

presents more information about the hydrothermal 

alteration areas. 

 
2.4.2. BAND RATIOS  

In this section, the band ratio of the different 

spectral bands was extracted. The formula of these 

indices was chosen based on the reflectance and 

the absorption of the iron minerals and the 

hydrothermal alteration. Figure 5 presents the 

band ratio and the spectral indices in grey scale, a) 4/2, 

b) (4/2)*((4+6)/5),  c) (3+6)/(4+5), and d) (2/1)-(5/4). 

The high value presents the area with iron and 

hydrothermal alteration.  

Fig. 4 a) Color composition of PC-1, PC-2, PC-3, b) Grey scale of PC-1. 
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Table 3 Selected bands of Landsat 9 sensor dataset to perform PCA method. 

 
Sensor Iron/OH-bearings Selected bands 

Landsat 9 
Hydrothermal alterations 2, 5, 6 and 7 

Iron oxides 2, 4, 5 and 6 

 
Table 4 Eigenvector matrix of PCA for selected bands of all sensor-type data to reveal different alterations. 

 
Sensor 

Iron/OH-

be0arings 
Eigenvector Band 2 Band 5 Band 6 Band 7 

Landsat 9 

Hydrothermal 

alterations 

PC 1 0.242041 0.525250 0.625573 0.523629 

PC 2 0.916237 0.128550 -0.358602 -0.124050 

PC 3 0.265378 -0.829515 0.230570 0.433955 

PC 4 -0.177481 0.139617 -0.653376 0.722570 

Iron/OH-

bearings 
Eigenvector Band 2 Band 4 Band 5 Band 6 

Iron oxide 

PC 1 0.256524 0.433512 0.556674 0.660588 

PC 2 0.778987 0.320544 0.029934 -0.538084 

PC 3 0.475232 -0.213122 -0.674279 0.523527 

PC 4 -0.318635 0.814799 -0.484320 -0.002846 

 

Fig. 5 Band ratio, a) 4/2, b) (4/2)*((4+6)/5), c) (3+6)/(4+5), and d) (2/1)-(5/4). 

 

2.4.3. IRON OXIDES ALTERATION  

Figure 6 shows the spatial distribution of iron 

oxide anomalies derived from the combined 

information extracted from PCA, band ratio analysis, 

and the spectral iron index using Landsat 9 data. Iron 

oxide anomalies are displayed together with extracted 

structural lineaments, and mineral index locations (Fe, 

Cu, Pb) obtained from field investigations and used for 

validation.  

2.4.4. FIELD INVESTIGATIONS 

Field validation was conducted through targeted 

sampling of remote-sensing-derived alteration zones. 

Approximately 38 field observation points 

corresponding to mineralized outcrops were collected 

during field investigations in the Foum Zguid and Fam 

El Hisn areas and projected onto the alteration map 

(Fig. 6). The spatial coincidence between these 

mineralized sites and the mapped alteration zones 

supports the geological relevance of the proposed 

approach. 
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Fig. 6 Gossanic zones delineated from Landsat 9 OLI data. 

 

 

Fig. 7 Rose diagram of mineralized veins; A: Fam El Hisn area, B: Foum Zguid area. 

 

A 
B 

The combination of the results obtained from the 

applied remote sensing techniques and the field 

observations highlights the consistency between 

alteration maps and ground truth data. Applying these 

techniques facilitates the delineation of potential 

mineralization zones and improves the efficiency of 

regional-scale exploration. 

These two regions have significant exposures of 

minerals such as malachite, chalcopyrite, galena and 

in some areas iron oxide. For instance, the Foum Zguid 

area reveals the existence of lead mineralization 

(Fig. 8) and iron oxide (hematite) which is also visible 

at the surface. While, Fam El Hisn region shows 

a polymetallic mineralization, including Copper, Iron 

and Lead (Figs. 9 and 10) associated with iron oxide 

and quartz veins. These results demonstrate the 

effectiveness of remote sensing for mapping alteration 

zones and offer valuable insights for identifying new 

targets and optimizing mineral prospecting strategies. 

The rose diagram of dip directions (Fig. 7) and 

Table 5 illustrate the distribution of the dominant vein 

orientations. In the Tata region, the mineralized veins 

are grouped into a family striking SE–NW to 

ESE– WNW (135° ± 10°) with subvertical dips. In the 

Foum Zguid region, the mineralized veins form 

a family striking NE–SW to ENE–WSW (65° ± 10°), 

also characterized by subvertical dips. 
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Table 5 Some structural measurements with a brief description of the mineralized veins. 

 

Substance Structural domain Area Ore-bodystructure

Strike, Dip and Dip Direction 

Ore-bodystructure

Pb,Cu Western Anti-Atlas Tata Vein  N115-65NNE

Cu Western Anti-Atlas Tata Vein  N145-75NE

Cu Western Anti-Atlas Tata Vein  N25-87NW

Cu Western Anti-Atlas Tata Vein  N120-80NNE

Cu Western Anti-Atlas Tata Vein  N165-80WSW

Cu Western Anti-Atlas Tata Veinlet  N155-90

Cu Western Anti-Atlas Tata Vein  N175-88ENE

Pb Western Anti-Atlas Tata Vein  N132-90

Cu Western Anti-Atlas Tata Vein  N145-90

Pb,Cu Western Anti-Atlas Tata Vein  N125-90

Pb,Cu Western Anti-Atlas Tata Vein  N135-90

Pb,Cu Western Anti-Atlas Tata Vein  N130-80SW

Pb,Cu Western Anti-Atlas Tata Vein  N130-90

Cu Western Anti-Atlas Tata Vein  N160-60SW

Cu Western Anti-Atlas Tata Vein  N125-85NE

Cu Western Anti-Atlas Tata Vein  N170-75W

Fe Western Anti-Atlas Tata Vein  N85-45NW

Fe Western Anti-Atlas Tata Mass  E-W

Fe Western Anti-Atlas Tata Layer  N50-25SE

Fe Western Anti-Atlas Tata Lens  N100-65N

Fe Western Anti-Atlas Tata Lens  N115-70NNE

Fe Western Anti-Atlas Tata Lens  N175-53W

Fe Western Anti-Atlas Tata Vein  N94-64N

Fe Western Anti-Atlas Tata Vein  N135-75NE

Fe Western Anti-Atlas Tata Vein  N135-75NE

Fe Western Anti-Atlas Tata Lens  N125-65NE

Fe Western Anti-Atlas Tata Vein  N110-60NE

Fe Western Anti-Atlas Tata Vein  N130-64NE

Fe Western Anti-Atlas Tata Vein  N20-65W

Fe Western Anti-Atlas Tata Vein  N140-60E

Fe Western Anti-Atlas Tata Mass N130-64NE

PB, Cu Central Anti-Atlas Foum Zguid vein N75-80NNW

Quartz Central Anti-Atlas Foum Zguid veinlets N55-70NNW

Quartz Central Anti-Atlas Foum Zguid Vein locally brecciated N55-75SE

Quartz Central Anti-Atlas Foum Zguid Brecciated vein N70-87NNW

Pb Central Anti-Atlas Foum Zguid  vein N70-74S

2.5. DISCUSSION 

The integration of multispectral remote sensing 

data, particularly through the application of Landsat 9 

imagery, has proven highly effective for delineating 

hydrothermal alteration zones in the Tata region. The 

principal component analysis (PCA) method 

demonstrated exceptional data compression 

capabilities, with PC1 alone accounting for over 99 % 

of the spectral variance, confirming its suitability for 

highlighting mineralogical significant features. 

The results indicate that band combinations 

sensitive to ferric and ferrous iron absorption features 

(especially bands 2, 4, 5, and 6); according to 

established approaches by (Sabins, 1999) and (Ito et 

al., 2022), are essential in revealing iron oxide 

anomalies, consistent with previous findings in similar 

metallogenic provinces e.g., (Abrams et al., 1983; 

Adiri et al., 2016). Band ratio techniques such as 4/2, 

(3+6)/(4+5) and composite indices like 

(4/2)*((4+6)/5) provided enhanced spectral contrast 

for identifying gossan and mineralized zones, 

reinforcing their practical utility in early-stage mineral 

exploration. Field validation in the Foum Zguid and 

Fam El Hisn areas confirmed the spectral data 

interpretations, as the identified alteration zones 

correlated with surface mineral occurrences including 

hematite, malachite, chalcopyrite, and galena. The 

spatial association between high lineament densities 

and mineralization further supports the role of 

structural controls in ore deposition. 
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Fig. 8 Lead mineralization in some mining trenches in the Foum Zguid area. 

 

These results align with prior research conducted 

in the Anti-Atlas range and highlight the value of 

integrating remote sensing with geological fieldwork 

to improve the accuracy and efficiency of mineral 

prospecting. Preliminary tests using Sentinel-2 

imagery produced alteration maps comparable to those 

obtained from Landsat 9; therefore, only Landsat 9 

results are presented here to avoid redundancy. The 

positive correspondence between spectral signatures 

and on-ground mineralization underlines the 

reliability of remote sensing for regional exploration 

strategies in structurally complex terrains like the 

Anti-Atlas. Nevertheless, the 30 m spatial resolution 

of Landsat 9 may limit the detection of narrow 

mineralized veins or small gossans, and iron oxide 

anomalies may locally include non-hydrothermal iron 

staining or soil-related signals. Future work could 

benefit from the integration of complementary 

datasets, such as drone-based high-resolution imagery 

and geochemical sampling, to refine mineral 

discrimination and validation. 

The main orientations of mineralized veins are 

grouped around N130–N140 in the Tata region. These 

orientations are typical of a compressive or 

transpressive regime, probably related to NE–SW-

trending folding and to the reactivation of reverse 

faults during the Hercynian shortening. This tectonic 

phase also led, during the uplift of the Bas Drâa 

basement, to the development of SE-verging thrusts. 

In the Foum Zguid region, the main orientations 

mineralized veins are grouped around N65–N70. 

These orientations are characteristic of a compressive 

or transpressive regime, likely associated with 

WNW–  ESE-trending folding and the reactivation of 

reverse faults in the Central Anti-Atlas. 
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Fig. 9 Copper and Lead mineralization in the alteration zone at the Fam El Hisn area. 

 

The mineralized veins crosscutting the Paleozoic 

formations are aligned along consistent structural 

directions, suggesting a common tectonic control in 

both regions. The Pb–Cu mineralization is 

concentrated along the most open fractures (generally 

SE–NW à ESE–WNW in Tata area et NE–SW 

à ENE– WSW in Foum Zguid area). The steeply 

dipping planes (dip > 70°) indicate subvertical veins, 

consistent with brittle fractures formed during late 

Hercynian deformation. 

 
3. CONCLUSION 

This study demonstrates the effectiveness of 

Landsat 9 multispectral imagery combined with band 

ratio techniques, principal component analysis, and 

structural lineament mapping for regional-scale 

hydrothermal alteration mapping in the Tata region. 

The applied approach successfully delineated iron 

oxide and iron sulphate related alteration zones, 

particularly in the Foum Zguid and Fam El Hisn areas. 

Field validation confirmed that the majority of the 

identified alteration zones correspond to surface 

mineralization, including copper, lead, and iron-

bearing assemblages, supporting the geological 

relevance of the remote-sensing-derived targets. The 

study underlines the usefulness of remote sensing and 

field data to optimize mineral exploration efforts, 

reducing time and costs while improving precision. 

The successful delineation of alteration zones provides 

a valuable foundation for future exploration 
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Fig. 10 Gossanic zones with iron oxide mineralization in the alteration zone at the Fam El Hisn area. 

 

campaigns and underscores the importance of 

integrating remote sensing with traditional geological 

survey techniques. 

Structural analysis revealed that mineralization is 

preferentially associated with dominant fracture 

systems oriented SE–NW to ESE–WNW in the Fam 

El Hisn area and NE–SW to ENE–WSW in the Foum 

Zguid area, highlighting the strong structural control 

on ore localization. 

This study confirms the suitability of Landsat 9 

multispectral data for hydrothermal alteration 

mapping. The alignment between remote sensing 

results and the 38 field observations points validates 

the effectiveness of Landsat 9 as a cost-efficient 

dataset for regional-scale mineral exploration, 

particularly in structurally complex terrains like the 

Anti-Atlas. Future research utilizing higher-resolution 

remote sensing data could enhance the precision of 

target delineation for detailed exploration. 
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