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This study aims to delineate the lithological formations, in addition to a mineralogical mapping
comparing between the ASTER and Landsat-8 OLI sensors in the Igoudrane region. The research
was accomplished using BR along with spectral profiles of minerals, PCA, MNF, ICA, XRD, and
reflectance spectrometry. The BR measured with ASTER revealed the presence of amphibole,
illite, smectite, muscovite, phengite, basic degree index SiO2, calcite, chlorite, epidote, dolomite,
hydroxides, and ferrous silicates. Furthermore, Landsat-8 OLI BR highlighted areas with oxides,
hydroxides, and laterite. The spectral profiles of minerals showed their absorption in the VNIR
and SWIR regions. The muscovite and illite (phyllic alteration) are distinguished by Al-OH ab-
sorption at 2.20 pm. The argillitic alteration is additionally defined by muscovite, illite, and
Kaolinite, where Kaolinite has a high absorption at 0.9 pm. Chlorite and carbonates characterized
the propylitic alteration zone, with an absorption ranging between 2.3 pm and 2.35 pm due to
CO3 and Mg-OH compositions. The oxidation (hematite and jarosite) was distinguished by ab-
sorption near 0.95 pm and 2.3 pm, respectively, whereas the goethite spectral profile exhibits
absorption near 1.4 pm and 2.2 pm. The absorption of smectite is 1.4 pm, near 2.2 pm. The
amphibole had absorption near 1.4 pm and 2.3 pm, whereas the pyroxene had absorption near
1.4 pm and 2.3 pm. The first three components of PCA, MNF, and ICA showed the highest ei-
genvalues and gave an appreciable discrimination of the lithologies, especially with ASTER.
Moreover, the XRD quantified the mineralogy of the rocks, which were compared to the BR of
ASTER. The reflectance spectrometry also provided alteration minerals, such as muscovite,
phengite, illite, Fe-Mg chlorite, Fe-chlorite, iron oxides, hydroxides, hornblende, and calcite.
Overall, the methodology adopted has shown great performance and strong potential for mapping
alteration areas and lithological discrimination in similar arid regions.
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1. Introduction

Recently, mineralogical mapping and lithological discrimination have both benefited from remote sensing [1-4]. The ASTER and
Landsat-8 OLI were used in this study in the purpose that they had proven their efficiency in lithological discrimination, mineralogical
mapping, also in detecting the altered zones [5]. The multispectral bands of ASTER launched on December 1999 were used in order to
extort geological information for mineralogical and alteration mineral mapping [6,7] (Ipdaac.usgs.gov/products/ast_11tv003/). It may
also be used for extracting lineaments automatically using the conventional methods such as the LINE algorithm of Geomatica software
[8]. Moreover, ASTER makes available a GDEM elevation data [9,10]. Landsat-8 OLI launched on February 11th, 2013, has nine
spectral bands with a spatial resolution of 30 m (bands 1 to 7, 9), and a panchromatic band (15 m). The data was gathered from the
NASA-USGS (United States Geological Survey), with UTM projection coordinate system, zone 30 north (ASTER), and zone 29 north
(Landsat-8 OLI), WGS84 as its datum (usgs.gov/Landsat-missions/Landsat-8).

The NIR, SWIR, as well as the VNIR spectral responses are influenced by chemical and mineralogical constitution of the rocks [11,
12]. The visible and VNIR bands are primarily responsive to metal oxides [10,11,13], while the SWIR one exhibits mineral captivation
[10,14,15], and has proven its good contribution on lithological studies [16,17]. The TIR offers emissivity data, allowing mapping of
carbonates and sulfides [18-20], and it’s important especially for the discrimination of silicate minerals [21].

Several studies highlighted the utility of ASTER and Landsat sources in lithological discrimination. Gad and Kusky (2007) suggested
an updated BR for ASTER data (4/7, 4/6, and 4/10) for identifying both metamorphic and igneous rocks in dry locations. Amer et al.
(2010) created for the first-time BR using ASTER images to cartography serpentinites in arid zones [(2 + 4)/3, (5 4+ 7)/6, and (7 + 9)/
8], as well as identifying the ophiolitic and granitic rocks using RGB composite [11]. Leverington and Moon (2012) mapped the
igneous and metamorphic rocks using Landsat TM data, applying a linear unmixing technique, ground reflectance, and a neural
network classifier. The results he obtained demonstrated the unmixing method’s inferiority in mapping geological features when
compared to the neural network classifier [1]. Eldosouky (2021) employed ASTER data to distinguish the facies that are able to host
metals. Thus, aeromagnetic data was used to outline the different fractures as well as how they are associated with mineral deposits in
three dimensions [22]. New researches have employed and highlighted the efficiency of ASTER images for lithological discrimination
[23-26].

Other authors showed the utility of ASTER and Landsat-8 OLI in mineralogical and alteration mapping. Zhang (2016) mapped
hydrothermal alteration among Urumieh Dokhar’s strongest potential regions. By using ASTER and OLI sensors, they applied several
remote sensing processing techniques such as BR, RGB composites, and PCA. All altered zones were effectively identified based on the
spectral signature of all types of alteration minerals, such as argillic, prophylitic, and phyllic ones. The findings illustrate the utility of
the Landsat-8 OLI sensor in alteration mapping [5]. Moradi (2017) used Landsat imagery of the Lar region in the south of Iran in order
to improve the importance of hydrothermal alteration areas in mineral exploration. The study includes RGB composites, BR, and
filters. The results showed the relationship between lineament features and alteration, along with mineral presence in the region,
allowing them to discover the Cu-Mo porphyry system [27]. Osinowo (2021) used BR and single band combination, which represent
the combination of three distinct spectral bands into a single one that can highlight the different geological structures, to identify
mineral alteration regions in the Pala Maya Kebbi region (SW of Chad). Their results were bolstered by hydrothermal rocks associated
with gold mineralization [28].

Furthermore, other authors used ASTER and Landsat-8 OLI in the Anti Atlas of Morocco for lithological discrimination, alteration
and mineralogical mapping. Massironi (2008) ASTER images to map the Precambrian basement of Saghro massif, eastern Anti Atlas, in
order to discriminate the lithological units and mineralized fractures. They applied BR, PCA and RGB composites on the VNIR and the
SWIR bands, which were selected and interpreted based on the field investigation and the petrographic study. Moreover, the TIR and
VNIR/SWIR identified the granitoids plutons. The SAM and MLL were also executed on VNIR/SWIR data to evaluate their potential for
discriminating granitoid rocks [29]. El Janati (2014) mapped the Precambrian basement of the Iguerda inlier in the Central Anti-Atlas
using ASTER. MNF, Purity pixel index and endmember extraction, spectral angle mapper (SAM), spectral information divergence
(SID), and maximum likelihood (MLC) classifications were applied [30]. Adiri (2016) compared the potentialities of ASTER and
Landsat-8 OLI images in lithological discrimination in Bas Draa inlier, Anti Atlas. They used PCA, BR, and support vector machine
(SVM) classification as processing methods [10]. El Janati (2019) used ASTER to identify alteration areas in the Taghdout region of the
Anti-Atlas bearing Cu, Au, and Ag mineralization. They also defined the Neoproterozoic rocks, such as the volcano-sedimentary
formations and the ophiolitic suites of the ophiolitic Complex (Ouarzazate Group). The methodology followed was based on the
PCA, BR and filtering method [31]. Jellouli (2019) employed Landsat-8 OLI data to enhance lithological units in the Kerdous inlier,
Anti Atlas. They adopted the PCA, decorrelation stretching (DS), BR, and optimal index factor (OIF) approaches [32]. Adiri (2020)
evaluated the capability of Landsat-8 OLI, Sentinel-2A and ASTER data in mineralogical mapping in Sidi Flah-Bouskour inlier,
Moroccan Anti-Atlas. The BR, ICA, and mixture tuned matched filtering (MTMF) techniques were used in this study, as well as field
investigation for validation of the results [33]. Ouhoussa (2022) utilized Landsat-8 OLI to examine the spectral characteristics of the
lithological units in the Oumjrane-Boukerzia Mining District, eastern Anti-Atlas, then identify the alteration areas that might hold
significant base metal deposits. They adopted color combinations (RGB), BR, PCA and directionals filters for lineaments extraction
[34]. Marzouki (2023) employed Landsat-8 OLI and ASTER images for lithological discrimination and lineaments extraction in the
Tiwit region, Jbel Saghro, eastern Anti-Atlas. Several processing techniques was applied, included PCA, MNF, ICA and false color
composites [35]. Ouhoussa (2023) Identified hydrothermal alteration areas at the Oumjrane Boukerzia, mining District, Anti Atlas,
and this was accomplished by using RGB composites, PCA and BR [36].

The current study’s main goal consists on comparing between the potentialities of ASTER and Landsat-8 OLI multispectral sensors,
using several processing methods to distinguish between the different geological boundaries, as well as the mineralogical
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characteristics of the Igoudrane region, Imiter inlier, Jbel Saghro, Moroccan Anti Atlas. The novelty of the present work highlights the
integration of ASTER and Landsat-8 OLI remote sensing techniques in discriminating the lithological units in the Igoudrane region, as
well as the mineralogical characteristics of the study area. Moreover, an updated geochemistry was applied, and alteration minerals
were identified by reflectance spectrometry, which has never been done in this area; thus, remote sensing approved the results.

2. Geographical location and geological framework of the study area

The Anti Atlas is the major structural domain in Moroccan’s southern region [37,38] in which Igoudrane belongs to the eastern Anti
Atlas (Jbel Saghro), including Precambrian inliers [39] such as Imiter one where the present work is done (Table 1). The Igoudrane
pluton outcrops at the base of the high volcanic massif of the same name, to the east of the Imiter mine, and on the Imiter’s inlier NE
borderline with a general E-W orientation over an area of 5-6 km?. It is limited to the North by the Paleozoic cliffs, to the east and west
by upper Neoproterozoic (NP3, PIII) pyroclastic and volcanoclastic sedimentary rocks that cover it in disagreement, moreover
contributing to the detrital contribution the basic conglomerate. In the south it is intrusive in the middle Neoproterozoic (NP2, PII)
surrounding metasediments previously described. The massif is composed of three facies, the most developed are located in the core
and correspond to granodiorites and tonalites. The third facies observed on the southern border of the massif, and it is very dark, grainy
with a dioritic to gabbroic nature. The metasediments and granitoids of the Middle Neoproterozoic NP2 basement have been inter-
bedded among the Ediacaran (NP3), that is characterized by powerful volcanic and volcanoclastic suites (Ouarzazate Group). Thus, we
note also the volcanic and pyroclastic sequences. The NP3 isn’t folded or metamorphized, it begins with a basic conglomerate in very
discontinuous pockets. It outcrops at the Quarzazate’s Group bottom, east of the Imiter’s mine and elsewhere, where it marks the main
tectonic unconformity recognized in the basements of Jbel Saghro [40] [Fig. 1 (a, b), Fig. 2].

3. Methodology and materials
3.1. Data preprocessing

The SWIR bands of ASTER were stacked and resampled to 15 m using the nearest neighbor algorithm to keep the original pixel
counts in the resampled images [41], before being coupled into the VNIR-SWIR bands, and the TIR bands (90 m). The TIR bands were
used for band ratios without any atmospheric enhancement, in order to avoid any impact on the raw data [42]. An atmospheric

correction using the IAR Reflectance was applied to the VNIR-SWIR bands, with also a radiometric correction adopting the Dark Object

Table 1
Coordinates of the four corners of the study area.

Projection: Transverse Mercator/Units: Degree minutes seconds (DMS)

Points X Y Elevation range
1 6°01'45,55" W 31°27'08,33" N Z max = 2547 m
2 5°16'25,39" W 31°27'08,33" N Zmin =1184m
3 5°16'25,39" W 31°09'56,68" N
4 6°01'45,55" W 31°09'56,68" N
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Fig. 1. a) Geographic location of the Igoudrane region, b) RGB visualization of the study area (Landsat-8 OLI).
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Fig. 2. Simplified geological and structural map of the eastern Anti Atlas 1/500 000.

Subtraction (DOS) [43]. Subsequently the atmospheric correction offers the reflectance imagery in which a visual examination of the
minerals spectral profiles revealed significant enhancement. Same for Landsat-8 OLI, we applied IAR reflectance.

After preprocessing of Landsat-8 OLI and ASTER images, image noise reduction, RGB combinations, band ratios, PCA, MNF, ICA
Transform were applied with classification of the band ratios. ENVI 5.3 and Arc-GIS 10.8 software packages were used to handle the
ASTER and Landsat-8 OLI images and prepare GIS layers. The validation of the results of both of the sensors were done using X-Ray
diffraction and reflectance spectrometry. The figure below depicts a detailed chart of the methodological approach adopted in this
work (Fig. 3).

3.2. Data processing

3.2.1. Band ratio (BR)

BR is a useful technique in remote sensing [13,44]. It requires dividing one band by another one to boost specified items and
proprieties which can not be identified in a single band, depending mostly on the concentration of the following minerals: amphibole,
carbonate, chlorite, epidote, SiO2, dolomite, ferrous silicates, muscovite, phengite, sericite, illite and smectite with ASTER, as well as
iron oxides, ferric oxides, hydroxides and ferrous iron which were highlighted by Landsat-8 OLI band ratios [31,36]. The spectral
profiles of alteration minerals were extracted from the IGCP spectral library of ENVI [45], then resampled to ASTER and Landsat-8 OLI
images, showing the absorption of minerals in the VNIR and SWIR regions. Sericite alteration generates phyllosilicate minerals,
particularly muscovite and illite, which define the phyllic alteration area [46], and are characterized by an absorption of Al-OH at
2.20 pm. The muscovite, illite, and Kaolinite also define the argillitic alteration [33], where the Kaolinite showed a high absorption at
0.9 pm. The propylitic alteration zone is primarily composed of chlorite and carbonates (particularly calcite, dolomite, and epidote).
This zone is recognized by a distinctive absorption range of 2.3 pm-2.35 pm caused by CO3 and Mg-OH compositions [47]. The
oxidation type of alteration (hematite, jarosite) was characterized by an absorption near 0.95 pm and 2.3 pm, while the goethite
spectral profile shows an absorption near 1.4 pm and 2.2 pm. The smectite has an absorption at 1.4 pm and near 2.2 pm. The amphibole
gave an absorption at 1.4 pm and 2.3 pm, although the pyroxene was characterized by an absorption near 1.4 pm and 2.3 pm [Fig. 4
(a-d)].
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Table 2
Eigenvectors of the PCA bands of ASTER.
Eigenvectors Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9
PC1 0.235 0.298 0.332 0.441 0.377 0.359 0.365 0.296 0.243
PC2 0.271 0.361 0.443 —0.01 0.084 0.122 0.618 0.405 0.18
PC3 0.248 0.31 0.388 —0.107 0.429 0.629 0.277 0.154 —0.033
PC4 -0.111 0.159 0.078 —0.651 0.041 0.418 0.256 0.087 —0.08
PC5 0.041 0.056 0.085 —0.187 0.028 —0.035 —0.542 0.005 0.617
PCo6 0.366 0.208 —0.44 —0.133 0.638 —0.443 —0.025 —0.053 —0.074
PC7 0.362 0.408 —0.572 —0.197 -0.5 —0.29 0.008 —0.03 —0.053
PC8 0.115 —0.092 -0.013 -0.077 —0.04 0.001 0.204 —0.567 —0.709
PC9 —0.56 —0.603 —0.097 —0.016 0.078 —0.07 0.041 —0.105 —0.095
Table 3
Eigenvalues and variance of PCA, MNF and ICA (ASTER sensor).
ASTER
PCA Eigenvalues % Variance % MNF Eigenvalues % Variance % ICA Eigenvalues % Variance %
PC1 0.6237 93.47 MNF1 0.8733 77.15 IC1 0.61 91.41
PC2 0.0324 4.86 MNF2 0.1132 10.00 1C2 0.0424 6.35
PC3 0.0049 0.73 MNF3 0.0761 6.72 IC3 0.0086 1.29
PC4 0.0026 0.39 MNF4 0.0457 4.04 IC4 0.0024 0.36
PC5 0.0016 0.24 MNF5 0.0094 0.83 IC5 0.0018 0.27
PC6 0.0009 0.13 MNF6 0.0061 0.54 IC6 0.0007 0.1
PC7 0.0005 0.07 MNF7 0.0032 0.28 1C7 0.0006 0.09
PC8 0.0004 0.06 MNF8 0.0029 0.26 1C8 0.0005 0.07
PC9 0.0003 0.04 MNF9 0.0021 0.19 1C9 0.0003 0.04
Table 4

Eigenvalues and variance of PCA, MNF and ICA (Landsat-8 OLI sensor).

Landsat-8 OLI

PCA Eigenvalues Variance % MNF Eigenvalues % Variance % ICA Eigenvalues % Variance %
PC1 0.2056 93.58 MNF1 0.9733 62.80 IC1 0.51 82.68

PC2 0.0071 3.23 MNF2 0.1902 12.27 1C2 0.0924 14.98

PC3 0.006 2.73 MNF3 0.1461 9.43 1C3 0.0086 1.39

PC4 0.0004 0.18 MNF4 0.0657 4.24 1C4 0.0024 0.39

PC5 0.0003 0.14 MNF5 0.0794 5.12 1C5 0.0021 0.34

PC6 0.0002 0.09 MNF6 0.0631 4.07 1C6 0.0007 0.11

PC7 0.0001 0.05 MNF7 0.032 2.06 1Cc7 0.0006 0.10

3.2.2. Principal component analysis (PCA)

PCA has many applications including mineralogical and lithological enhancement [44,48], in which the information within the
input images will be compressed into fewer bands known as principal components (PCs) [49]. It eliminates duplicated data, confine
PCs noise, then outlines the specific information contained inside the image, which makes minerals and rocks easily recognized [44].
The PCA was applied to the SWIR-VNIR bands, and the PCA1, PCA2, PCA3 having the highest eigenvectors and eigenvalues [50]
(Tables 2—-4).

3.2.3. Minimum noise fraction (MNF)

The MNF was designed to estimate image size, remove noise, and reduce computing time [5,51]. The MNF may be used to
transform reflected data, which assists in determining the inherent dimension of the data and distinct the signal noise of it [52]. This
approach is frequently used with hyperspectral images since it significantly decreases noise in the raw data [35], then we applied the
inverse MNF transformation. The resulted components provide accurate lithological discrimination and hydrothermal alteration
detection [53,54]. The first three components involve the maximum of geological information and provide the highest variance
(Tables 3 and 4), this is why MNF1, MNF2 and MNF3 were visualized as RGB composite in attempt to differentiate the lithological
limits [50,55].

3.2.4. Independent component analysis (ICA)

The ICA has so far been related to data independence. It has a procedure that rotates the input data inside an n-space until they are
as independent as possible [56]. It is a transformation process that attempts to make the output as independent as possible [33,57]. The
first ICA has a high variance, the second has a second high variance, and the last has a low variance, high correlation, and noise, that’s
why we applied the ICA1, ICA2 and ICA3 as an RGB image (Tables 3 and 4) [58,59]. The ICA showed an appreciable result in
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Table 5

BR of ASTER sensor.
Mineral Band Ratios References
Amphibole band 6/band8 [66-68]
Sericite-illite-smectite (band5+band7)/band6 [69]
Muscovite band7/band6 [70]
Phengite Band5/band6 [70]
Basic degree index SiO2 Band12/band13 [36,71]
Carbonate-chlorite-epidote (band7+band9)/band8 [69]
Dolomite (band6+band8)/band7 [72]
Simple Ratio MIR Red Eisenhydroxid index Band6/band2 [73]
Ferrous silicates Band5/band4 [69]

discriminating the lithological units, when compared to PCA and MNF, it may provide even more spectral information, which might
boost the image for more accurate lithological discrimination.

3.2.5. X-ray diffraction (XRD)

The X Ray Diffraction is considered as one of the most popular analytical techniques for qualitative and quantitative mineralogical
composition is X-Ray diffraction. The instrument used is Rigaku SmartLab SE X-Ray diffractometer [60], with measurements ranging
between 4 and 90 (26) and adopting Brag Brentano geometry, at the center of analysis and characterization, Cadi Ayyad University,
Morocco. The results are given in a diffractogram which includes various Bragg’s peaks with diverse intensities represented across an
experimental axis generally in 20 degrees [61]. An identification of mineral phases was carried out using paid and free software
including High score [62] which identifies the mineral phases, Qualx [63,64] and REX [65] for the refinement (percentages of
minerals).

4. Results
4.1. Band ratios

The mineralogical composition was highlighted using ASTER spectral bands and revealed the presence of various kinds of minerals
(Table 5). The BR (band6/band8) was able to discriminate amphibole [66-68], which was detected at several areas, such as the
sedimentary formations of the Mesozoic (r) and the Cenozoic (s), the pluton of Oussilkane with pyroxene granite and monzogranites,
quartz monzonites, and monzo-gabbro-diorites (c), also at the Igoudrane pluton (b) and the Imiter series (andesitic flows) (d). The
sericite-illite-smectite were determined using the ratios (band5+band7)/band6 [69], muscovite (band7/band6) [70] as well as
phengite (band5/band6) [70] extended at the sedimentary Paleozoic cover (q), the quartz diorites of the Tazzouakt pluton (j), the
andesitic flows (d), the granodiorites and tonalites of the Igoudrane pluton (b). The basic degree Index SiO2 used the ratios of
(band12/band13) [36,71], where it has a fairly large area, and this were confirmed by the X-Ray diffraction analysis with also the filed
survey in which several veins of quartz and acid rocks were found. The Carbonate-Chlorite-epidote with a ratio of
(band7+band9)/band 8 [69] is scattered in the western part at the Cenozoic formations (s), the Mesozoic (r), the rhyolitic flows of Jbel
Igoudrane (h), the andesitic flows (d), the biotite monzogranite and hornblende (m) and the Oussilkane Pluton (c). The dolomite
(band6+band8)/band7 [72] occupies almost the entire study area except the northern Paleozoic structures (q). Moreover, the hy-
droxide minerals (band6/band2) [73] are largely present in the pluton of Oussilkane (c), the dacitic and andesitic lavas and associated
tuffs (n), the ignimbrites, volcanic conglomerates and pyroclastic (o, p), the tonalites of Bou Teglimt pluton (f), the tonalites of
Tazzouakt pluton (k), the andesitic flows (d), the Igoudrane pluton (b) and the Paleozoic (q). At last, the ferrous silicates (band5/-
band4) [69] we note specially the sedimentary sequences with regional low-grade metamorphism of low Cryogenian (a), the rhyolite
flows and domes (h), the biotite monzogranites (m) and the granites and monzo-gabbro diorites of the Oussilkane pluton (c) [Fig. 5
(a-1)].

Rather, the Landsat-8 OLI spectral bands were used to extract alteration minerals including oxidized iron, hydroxides and clay
minerals (Table 6). The Ferrous Iron [(band7/band5) + (band3/band4)] [74], the simple Ratio MIR/Red Eisenhydroxid Index
(band7/band4) [75] and the ferric oxides (band6/band5) [10,52] almost had a similar extent all over the study area particularly
within the granites and mozo-gabbro diorites of Oussilkane pluton (c), the ignimbrites, volcanic conglomerates and pyroclastic (o), the
tonalites of Bou Teglimt pluton (f), the andesitic flows (d) and the granodiorites and tonalites of Igoudrane pluton.

Moreover, the BR Red/Blue Iron oxide (band4/band2) [76] is more evident in the granitic formations (c), generally contained in
the Ediacaran formations such as the ignimbrites and volcanic conglomerates (e) and the biotite monzogranites (m). The alteration
(Laterite) was shown using the BR (band6/band7) [76] and it existed specially in the quartz diorites of Tazzouakt pluton (j), the
granites of Oussilkane pluton for and near of the Caldera of Tizi n’Test (i) [Fig. 6 (a-f)].

4.2. PCA, MNF and ICA

Within this research, PCA, MNF along with ICA were selected based on the eigenvectors and eigenvalues of each one of them. The
high values of the eigenvectors demonstrated by ASTER are shown in PCA1, PCA2 and PCA3 (Table 2), either the eigenvalues of PCA1



S. Baid et al. Heliyon 9 (2023) e17363

232000 240000 256000

3480000
3480000

3474000
3474000

3462000 3468000
3468000

3462000

3456000
3456000

j ssin ? Andant
Amphibole_BR_ASTER

a) — — —
Deprived
232000 240000 248000 256000 264000

232000 240000 248000 256000 264000

3480000
3480000

3474000

3468000
3468000

3462000
3462000

3456000
-

S 3 = Abundant
Sericite_lllite_Smectite_BR_ASTER ... b) 9 e S ——
) . eprivet : N "
232000 240000 248000 256000 264000

Fig. 5. BR of ASTER sensor: a) Amphibole, b) Sericite-illite-smectite, ¢) Muscovite, d) Phengite, e) Basic degree index-SiO2, f) Carbonate-chlorite-
epidote, g) Dolomite, h) Simple Ratio MIR-Red Eisenhydroxid index, i) Ferrous silicates.
8



S. Baid et al. Heliyon 9 (2023) e17363

232000 240000 248000 256000 264000

o . 4 o
(=3 o
o (=3
o o
-] =
™~ ™~
o (=3
S S
N <t
~ ~
- -
o~ el
=3 (=3
(=3 o
=3 o
© ©
o @
< <
o~ ™
o o
: :
E ;
3

o 1 o
=3 (=3
o o
2 2
3 3

Muscovite BR_ASTER [ " C) 0o 2 4 8 12
— — — T
. Deprived - i 5 2
232000 240000 248000 256000 264000

232000 240000 248000

o
=3
=3
g
o
=3
=]
=
g
g
™
=]
=]
=]
g
o
=]
o
g
o o
(-3 =3
o o
© o
n n
< <
™ ~
Ph BRASTER ff ‘ o 24 8 12
engite— o —_— —_— I
.Deprived d e
232000 240000 248000 256000 264000

Fig. 5. (continued).



S. Baid et al. Heliyon 9 (2023) e17363

240000 - . 256000 - 264000
o . 4 » o
=3 =3
(=} (=3
(= =3
o 0
< <
™ ]
o , o
S eyt ol =3
sl =3
< <
~ ~
- 4 <
@ o~
o o
(=] (=]
o o
0 0
© o
3 S
o o
(=3 o
=1 o
N e
0 ©
< <
™5 )
o o
(=] o
w| T e L o i X v / " |0
Qs . ¥ 4 T r e <
o o ?'1 ¢ d : v I g , L g &
\.’ w .-—~ .‘-1;# N - + " ods .o S " ) |
Basic_Degree_Index_Si02_BR_ASTER ff """ ) 02 4 8 12
B B B - Deprived e ol
232000 240000 248000 256000 264000
232000 240000 248000 256000 264000
o ! " o
(=1 =
=4 =]
(=] o
2 2
™ L]
(=3 o
(=3 =3
o o
N ™
ey .. 4
™ «
(=] o
(=] =]
=3 | ©
(] ©
w0 @
3 3
8
(=]
8
33
o
(=3
=3
(<3
wn
<
~
' ‘ ;
e Les 0 2 4 s 12
Carbonate_Chlorite_Epidote_BR_ASTER [ f)
e —_— — — T
Deprived
232000 240000 248000 256000 264000

Fig. 5. (continued).

10



S. Baid et al.

232000 240000 248000

3462000 3468000 3474000 3480000

3456000

Dolomite BR_ASTER |y

232000 240000 248000 256000 264000

232000

o e,
S LA AT
bundant
Simple Ratio MIR-Red_Eisenhydroxid_Index_BR_ASTER .
Deprived
232000 240000 248000 256000 264000

3462000 3468000 3474000 3480000

3456000

7 ) S 4%
Ferrous silicates_BR_ASTER [ AT l) 0o 2 4 8 2
— — —
Deprived gl
232000 240000 248000 256000 264000

Fig. 5. (continued).

11

Heliyon 9 (2023) e17363



S. Baid et al. Heliyon 9 (2023) e17363

Table 6

BR of Landsat-8 OLI sensor.
Mineral Band Ratios References
Ferrous Iron [(band7/band5) + (band3/band4)] [74]
Simple Ratio MIR-Red Eisenhydroxid index Band7/band4 [75]
Ferric oxides Band6/band5 [10,52]
Simple Ratio Red/Blue Iron oxide Band4/band2 [76]
Alteration/Laterite (band6/band7) [76]

have a variance of 93.47%, the PCA2 (4.86%) and PCA3 (0.73%). As a result, allocating the PCA1, PCA2 and PCA3 as an RGB image is
the most effective approach to distinguish between the lithologic boundaries. Moreover, the PCA1, PCA2 and PCA3 of Landsat-8 OLI
gave the highest eigenvalues (93.58%, 3.23%, 2.73% respectively). Same for MNF and ICA, the first three components were chosen
because they have the highest variance (Tables 3 and 4).

For ASTER, the PCA reveal the Cenozoic formations in dark green (s), the sandstone-pelitic formation of Cryogenian (NP2) in
purple, the Ediacaran (NP3) in light green (ignimbrite, dacitic and andesitic lavas and even granites). The pluton of Igoudrane and
Oussilkane appears in blue and the rhyolitic complex of Ediacaran in orange.

Furthermore, at Landsat-8 OLI the Cenozoic appears in orange, the sandstone-pelitic formation of NP2 in light green, the NP3
appears in dark purple (ignimbrite, dacitic and andesitic lavas and even the granites), the granodiorites and tonalites of Igoudrane
pluton and the granites of Oussilkane appears in pink and the rhyolitic complex of NP3 in dark green (h) [Fig. 7 (a, b)].

As well as the MNF and ICA, the previous lithological delimitations are shown besides of having different colors [Fig. 8 (a, b); Fig. 9
(a, b)]. Both of the sensors showed a good discrimination of the lithology in which the results provided are almost the same, beyond of a
better visualization of the lithological limits using ASTER.

4.3. XRD

Eight samples were selected for this research, and analyzed with XRD. The diffractograms of the samples highlighted the presence
of the crystalline phases [Fig. 10 (a-h)], and the percentages of the minerals were performed using the REX software [65], in order to
compare the results with remote sensing fundings. The samples are located in the center of the study area (Fig. 11), and were taken
from the sedimentary sequence with regional low-grade metamorphism, gabbro of Igoudrane pluton, the granites of Oussilkane, the
conglomerates and sandstones of Imiter series, and rhyolites. After comparing the results of the XRD and the band ratios of the ASTER
images, we notice a great resemblance between them, which confirms the study that was made (Tables 7 and 8).

4.4. Reflectance spectrometry

It’s an efficient analysis capable of rapidly identifying many alteration minerals. The instrument used is the TerraSpec Halo
handheld spectroradiometer [77,78], which has a spectrum range (350-2500 nm) covering the visible/near infrared (VNIR; 350-720
nm) and shortwave infrared (SWIR; 720-2500 nm) [79-81]. The samples don’t need any preparation, and measurements can be made
directly; the only requirement is that the sample be dry. Minerals that can be identified include phyllosilicates (clays), sorosilicates
(epidotes), carbonates (calcite), and some sulfates (alunite) [80]. The results from the Halo handheld spectrometer might be spectral,
mineral, or scalar. Scalar values offer details on the sample’s composition and/or crystallization, which may be used as additional
indicators for probable mineralization [81,82]. Instead of identifying one mineral at a time, TerraSpec Halo offers many predictions
with a single reading [83,84].

We analyzed 11 sample during this work, which have the same distribution of the samples treated by XRD. The minerals were
detected on the basis of their wavelength absorptions in the VNIR-SWIR regions. The muscovite has an absorption ranging between
2195 and 2215 nm, while phengite is ranging between 2215 and 2225 nm [85]. The illite is known for its deeper absorption at 1900 nm
[45]. Two types of chlorites were found in the samples, the Fe-Mg chlorite absorption is varying between 2250 and 2349 nm and the
Fe-chlorite with 2256-2360 nm. Iron oxides and hydroxides have at 750, 1000 and 550 nm, where the most common are hematite and
goethite [79]. The hornblende has an absorption at 1980 nm, calcite near 2350 nm [83], and 1400 nm as well as 1800 nm characterize
the H20 [86] (Fig. 12). The absorption bands seen in the spectra of these rocks are typically those of alteration products or other
substitutions, rather than those of the primary association [87].

The results of the BR of ASTER and Landsat-8 OLI were confirmed by the reflectance spectrometry (Tables 9 and 10). As shown clay
minerals, oxides and hydroxides such as Goethite, hematite which are largely present in the study area. Attached are field photos of
some samples [Fig. 13 (A- D)].

5. Discussion
Remote sensing techniques have been frequently used to successfully map lithological units in mountainous areas where the
integration of remote sensing data is greatly useful. A comparison between the transformation methods that were applied (PCA, MNF,

ICA) approved the geological formations by grouping the results achieved from Landsat-8 OLI and ASTER images. The lithological
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boundaries were highlighted and each unit were shown separately with a unique color. The two sensors were complementary and gave
almost the same result.

The BR used in this research highlighted the existence of several minerals, including amphibole (band6/band8), sericite-illite-
smectite [(band5+band7)/6], the SiO2 index (band12/band13), dolomite [(band6-+band8)/band7], simple ratio MIR-Red Eisenhy-
droxid (band6/band2) and ferrous silicates (band5/band4) using ASTER hyperspectral images, and the distribution of these minerals is
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Fig. 10. XRD patterns of targeted samples: a) Altered rhyolite (Average Ediacaran, G15), b) Gabbro and diorites (Upper Cryogenian NP2, G26), c)
Rhyolite (Average Ediacaran, G27), d) Gabbro from the Igoudrane Pluton (Upper Cryogenian, G28), e) Pelite (Low Ediacaran, T3), f) Basalt (Upper
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(Upper Cryogenian NP2, T49).
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Table 7
Comparison of mineralogical composition from XRD and results from BR of ASTER sensor.
Samples G27 T9 T3 T49
XRD Minerals % Minerals % Minerals % Minerals %
Illite 3.7 Chlorite 4.08 Clinochlore 13.4 Chlorite 18.19
Calcite 2.48 Illite 11.94 Vermiculite 1.76 Illite 7.3
Dolomite 69.71 Anorthite 26.5 Albite 9.69 Muscovite 9.5
Quartz 13.82 Quartz 12.37 Q Calcite 3.18 Pargasite 55.9
Ankerite 5.67 Bytownite 19.9 Muscovite 20.87 Fluorapatite 5.12
Diopside 1.29 Pyroxene 7.09 Quartz 39.4 Apatite 4.05
Ferrihydrite 0.17 Chamosite 16.51 Chabazite 1.9
Chlorite 3.16 Actinolite 1.68 Oligoclase 8.16
Pyroxene 1.64
ASTER Dolomite Chlorite-Amphibole Muscovite Chlorite-Amphibole
Basic degree Index SiO2 Clay minerals (Illite) Basic degree Index SiO2 Muscovite
Clay minerals (Illite) Basic degree Index SiO2 Carbonate-Chlorite Clay minerals (Illite)
Carbonate-Chlorite Ferrous silicates Ferrous silicates
Hydroxides Clay minerals (Vermiculite)
Table 8
Comparison of mineral phases from XRD and results of ASTER BR.
Samples T23 G15 G26 G28
XRD Minerals % Minerals % Minerals % Minerals %
Chlorite 14.7 Chlorite 1.63 Chlorite 11.44 Illite 7.47
Illite 12.43 Illite 5.57 Albite 11.09 Albite 22.62
Albite 17.59 Montmo-rillonite 3.6 Anorthite 7.09 Anorthite 19.21
Anorthite 23.85 Albite 12.62 Actinolite 3.33 Enstatite 5.52
Biotite 4.99 Microcline 10.19 Hornblende 42.52 Muscovite 9.6
Enstatite 2.13 Quartz 46.22 Microcline 9.22 Quartz 16.38
Muscovite 3.66 Goethite 0.269 Pargasite 2.84 Epidote 3.47
Quartz 19.48 Jarosite 3.02 Illite 6.95 Hornblende 8.21
Pyroxene 1.21 Phengite 16.84 Phengite 5.53 Chlorite 7.51
ASTER Chlorite Chlorite/hydroxides (Goethite) Epidote-Chlorite-Amphibole Muscovite/clay minerals (Illite)

Ferrous silicates
Epidote-Chlorite-Amphibole
Basic degree Index SiO2

Ferrous silicates
Muscovite/clay minerals (Illite)
Basic degree Index SiO2

Clay minerals (Illite, montmo-rillonite)
Basic degree Index SiO2
Phengite

Clay minerals (Illite)
Phengite

highly compatible with the lithological nature of each geological unit mentioned. The [31] used the same BR employed in this study for
argillitic alteration (muscovite and phengite [(band7/band6), (band5/band6)], respectively, and carbonate-chlorite-epidote (band
[(band7-+band9)/band8)], which was effectively mapped by ASTER SWIR bands. Hydrothermal alteration was common, most notably
in the Taghdout Complex, Bou Salda Formation, and Ouarzazate Group, which show alteration areas bearing strongly reflective
opaque ore minerals including Cu, Au, Fe, and Ag, as well as magnetite, chlorite, and other phyllosilicates. The [29] exploited the
VNIR/SWIR data of ASTER to highlight the presence of chlorite-epidote-amphibole by band4/band8 BR. Kaolinite and other clay
minerals, which are alteration products of K-felspar and sericite, were detected with band4/band6 BR. Moreover, PCA9, PCA7, and
PCA2 RBG combinations detected alteration halos associated with faults.

In addition, the VNIR-SWIR bands of Landsat-8 OLI highlighted alteration minerals, including ferrous Iron [(band7/band5)
+(band3/band4)], hydroxides (band7/band4), ferric oxides (band6/band5), Iron oxide (band4/band2), and alteration-laterite
(band6/band7), which are more concentrated at the level of the granitic rocks notably the pluton of Oussilkane, with a concentra-
tion of oxides and hydroxides. The [10] mapped the ferric oxides alteration in the Bas Draa inlier using also the (band6/band5) BR and
confirmed the great potential of ASTER data in lithological discrimination, while (band5/band3+band1/band2) BR detected effec-
tively the regions of a high concentration of iron oxides and hydroxide minerals [36].

A classification of all the band ratios were done in order to show the areas in which the minerals highlighted are abundant, with
superposition of the combinations (PCA1, PCA2, PCA3), (MNF1, MNF2, MNF3) and (ICA1, ICA2, ICA3) of ASTER images and Landsat-
8 OLI (Fig. 14). The [30] demonstrated that the SAM and SID classifications are effective for discriminating granitoids based on
differences in the amount of silica. MLC algorithms effectively identified Proterozoic basement formations and contacts between
metamorphic stones, granitoids, and carbonate cover surrounding the Iguerda inlier. The remote sensing techniques used in this study,
in conjunction with field observations and petrographic analyses, clearly show that hyperspectral analysis of ASTER data offers
detailed lithologic discrimination that improves field mapping of metamorphic basements, especially in the arid areas of the Moroccan
Anti-Atlas. The Precambrian basement and the Ediacaran-Cambrian cover can be easily distinguished by hyperspectral analysis of
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Fig. 12. Spectral profiles of representative samples obtained from reflectance spectrometry.

Table 9
Comparison of reflectance spectrometry alteration minerals and results of Landsat-8 OLI BR.
Samples Gl G6 G10 G17 G24 T14
Reflectance spectrometry Goethite Goethite Hematite Hematite Hematite Goethite
Chabazite Chabazite Chabazite Mg-Illite Iron Saponite K-Illite
Montmo-rillonite Montmo-rillonite Mg-lllite Fe-chlorite Montmo-rillonite Vermiculite
FeMg-Chlorite Clinozoisite Goethite Ferro-actinolite Kaolinite Fe-Chlorite
Hematite FeMg-chlorite
Landsat-8 OLI Alteration/Simple Ratio Red-Blue Iron oxides

Ferric oxides/Ferrous Iron/Simple Ratio MIR-Red Eisenhydroxid Index

Table 10
Comparison of reflectance spectrometry alteration minerals and results of ASTER BR.
Samples G2 G14 G25 G26 G28
Reflectance spectrometry Mg-Illite Calcite Fe-Mg chlorite Phengite Mg-Illite
Chabazite Mg-Illite Muscovite K-Illite Epidote
K-Illite/Lepidolite Fe-chlorite Mg-Illite Fe-Mg chlorite Lepidolite
FeMg-Chlorite Hornblende
ASTER Carbonate-Chlorite-Epidote/Phengite

Amphibole/Muscovite/Illite

ASTER data. Landsat-8 OLI helped to identify the different geological formations of the Oumjrane-Boukerzia mining district, and
PCA1, PCA4, PCA3 RGB composite provided a good discrimination [34]. Another comparison between ASTER and Landsat-8 OLI for
lithological discrimination was done in the eastern Anti-Atlas of Morocco by Marzouki (2023) [35]. They used PCA (653 and 821),
MNF (643 and 541), as well as ICA (137 and 235) to distinguish between the formations, such as the granitic, the rhyolitic and the
ignimbritic ones. The classification based on ASTER images showed accuracy, and the ASTER was evaluated the best for lithological
discrimination. The XRD and reflectance spectrometry analyses, showed a similar result as the one determined by remote sensing,
either for minerals from ASTER or Landsat-8 OLI BR.
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Fig. 13. Pelites and diorite alternance alongside bioturbation (Low Ediacaran NP3, T3) [A, B]/Gabbro and diorites on the southern edge of the
massif (Upper Cryogenian NP2, T49) [C]/Pink granite (Oussilkane pluton, low Ediacaran NP3, G1) [D].

6. Conclusion

This study used the multispectral images of ASTER and Landsat-8 OLI, which were employed to delimit the existing geological
formations within the Igoudrane study region, together with mineralogical mapping. The SWIR and VNIR bands of both of the sensors
were exploited by adopting several techniques (BR, PCA, MNF, ICA, and classification). The analysis of the previous results provided
that ASTER and Landsat-8 OLI possess an appreciable result in lithological discrimination, where we were clearly able to delineate the
different geological units, showing a different color for each of them, with a validation using the geological map of Imtir (1/50 000)
alongside a field survey. ASTER provided more information in mineralogical mapping because of its number of bands and the spectral
richness in the SWIR regions, while Landsat-8 OLI highlighted more oxidation. The BR and their classification gave us the spatial
distribution of several minerals, amphibole, illite, smectite, muscovite, phengite, basic degree index SiO2, calcite, chlorite, epidote,
dolomite, hydroxides, and ferrous silicates were identified throughout the BR measured with ASTER. Landsat-8 OLI BR also revealed
areas containing oxides, hydroxides, and laterite. The spectral profiles were extracted using the IGCP library and resampled to ASTER
and Landsat-8 OLI, and revealed these minerals according to their absorption in the VNIR and SWIR areas. AI-OH absorption at 2.20
pm distinguishes muscovite and illite (phyllic alteration). Muscovite, illite, and Kaolinite are also constituents of the argillitic alter-
ation, with Kaolinite having a significant absorption at 0.9 pm. The propylitic alteration zone was characterized by chlorite and
carbonates, with absorption ranging between 2.3 pm and 2.35 pm according to CO3 and Mg-OH compositions.

The oxidation (hematite and jarosite) was characterized by absorption near 0.95 pym and 2.3 pm, respectively, whereas the goethite
spectral profile shows absorption near 1.4 pm and 2.2 pm, respectively. Smectite absorbs at 1.4 pm and near 2.2 pm. The absorption of
amphibole was between 1.4 pm and 2.3 pm, while that of pyroxene was near 1.4 pm and 2.3 pm. The choice of the PCA, MNF and ICA
was based on their eigenvectors and eigenvalues, where the first three components of ASTER and Landsat-8 OLI had the highest values,
and provided significant lithology discrimination, particularly with ASTER.

For ASTER, the PCA1, PCA2, and PCA3 has as eigenvalue 99.06%, 93.87% for MNF1, MNF2, and MNF3. The ICA1, ICA2, and ICA3
with 99.05%. Landsat-8 OLI showed 99.54% as eigenvalue for PCA1, PCA2, and PCA3. 84.5% for MNF1, MNF2, and MNF3, and
99.05% for ICA1, ICA2, and ICA3. Furthermore, the XRD quantified the mineralogy of the rocks, which were compared to ASTER’s BR.
The reflectance spectrometry highlighted alteration minerals that showed a high complementarity with the BR applied, such as
muscovite (2195-2215 nm), phengite (2215-2225 nm), illite (1900 nm), Fe-Mg chlorite (2250-2349 nm), Fe-chlorite (2256-2360
nm), iron oxides/hydroxides (750-1000 nm and 550 nm), hornblende (1980 nm), and calcite (2350 nm).
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Fig. 14. Summary map of geologic formation boundaries and mineralogy distribution based on ASTER and Landsat-8 OLI image results from PCA,
MNF, ICA, and classified BR.

The limitations of the methodology adopted during this work could be summarized as follows: The XRD is a method for quantifying
the minerals present in the stones, and we still need to study the thin sections of the samples to improve their mineralogy; the spectral
profiles extracted from the IGCP library are more explicative than the resampled ones, and it’s due to several factors, in which the
resolution of the image is very important; the reflectance spectrometry is more suitable because we could define the alteration minerals
present in the rocks along with spectral profiles. In conclusion, the methodology was efficient and may be adapted in arid regions with
less vegetation.
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