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Abstract

This study evaluates the effectiveness of ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)
satellite data for lithological discrimination and mineralogical mapping in the east-central Jebilet region, Morocco.
ASTER data offer considerable potential for detecting spectral signatures of mineral zones and determining their com-
position. The main objective is to apply image processing techniques, such as band ratios (BR), principal component
analysis (PCA) and minimum noise fraction (MNF), in order to identify and map characteristic minerals in the region.
The application of various band ratios effectively mapped the distribution of key minerals and alteration zones in the
study area. The band ratio (band7/band5) was used to identify kaolinite, while the ratio (band4+band6)/band5 high-
lighted the presence of a mineral group constisting of alunite, kaolinite and pyrophyllite. The ratio (band7+band9)/
band8 revealed a set of a carbonate mineral, chlorite and epidote, whereas endoskarns composed of epidote, chlorite
and amphibole were mapped using the ratio (band6+band9)/(band7+band8). The ratio (band5+band?7)/band6 charac-
terised phyllic alteration by detecting phyllosilicate minerals such as sericite, muscovite or illite. Phengite was mapped
using the band5/band6 ratio. The distribution of these minerals was closely linked to the lithological variability of
previously mapped geological units, highlighting the relevance and effectiveness of band ratios for geological mapping
using remote sensing. The PCA and MNF components with the highest eigenvalues significantly improved lithological
discrimination by reducing noise and refining the delineation of mineral zones. The results obtained have enabled the
creation of a detailed map of mineral distribution, highlighting the alteration zones and lithological formations in the
eastern Jebilet region of Morocco.time-consuming, yet inexpensive method that can be applied to other areas, especially
those that are difficult to reach.
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1. Introduction

Lithological and mineralogical mapping is es-
sential for various geological applications, includ-
ing mining exploration, natural resource manage-
ment and environmental monitoring (Brimhall et
al., 2005). Traditionally, such maps are produced

using geological field surveys, which, although ac-
curate, are often costly and time consuming, espe-
cially in large and inaccessible areas.

With technological advancements, satellite re-
mote sensing has become an indispensable tool for
geological mapping. Multispectral and hyperspec-
tral sensors enable detailed analysis of earth’s sur-
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face characteristics by capturing data in multiple
spectral bands (Chen et al., 2024). Among these sen-
sors, the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) stands out for
its ability to acquire data in 14 spectral bands, cov-
ering the visible, near-infrared, mid-infrared and
thermal infrared regions (Laurent, 2019).While AS-
TER is widely used for lithological discrimination
due to its unique combination of 14 spectral bands,
other satellites such as Sentinel and hyperspectral
imaging satellites like PRISMA and EnMAP of-
fer additional capabilities. Sentinel provides high
spatial resolution and frequent revisit times, while
hyperspectral sensors like PRISMA and EnMAP de-
liver detailed spectral information, enabling even
more precise mineralogical and lithological analy-
ses (Guanter et al., 2015).

The east-central Jebilet region in Morocco is re-
nowned for its geological complexity, including me-
tallic deposits and Palaeozoic formations (Bouloton
etal., 2019). This diversity makes the discrimination
of lithological units challenging with traditional
methods, especially in highly altered areas where
geochemical signatures are obscured. Furthermore,
traditional geological mapping methods face limi-
tations in such environments due to the impacts of
hydrothermal alteration and variability of geologi-
cal units (Abdelouhed et al., 2021).

The present study aims to evaluate the effective-
ness of ASTER data for lithological discrimination
and mineralogical mapping in the east-central Je-
bilet region. Although remote sensing techniques

have been widely applied in various geological con-
texts, a study by Abdelouahed et al. (2021) focused
on the same study area, but specifically concentrat-
ed on hydrothermal alteration zones. In contrast,
the present research focuses on lithological discrim-
ination and broader mineralogical mapping of the
area. Specific objectives include the use of band ra-
tios, principal component analysis (PCA) and min-
imum noise fraction (MNF), which have proved
effective in identifying specific lithologies such as
carbonate formations, shales and intrusive rocks. In
addition, remote sensing results will be compared
with geological field data and the Huvelin (1977)
geological map (1:100,000) to validate the accuracy
of the methods used.

2. Geographical location and geological
framework of the study area

The eastern Jebilet are located in central Moroc-
co, about 30 km north of the city of Marrakech, and
are part of the Hercynian chain of the Western High
Atlas (Michard, 1976). This region belongs to the
Ancient Massif domain, a Precambrian and Palaeo-
zoic zone that has undergone several tectonic phas-
es, notably Hercynian orogeny, characterised by
folding and magmatic intrusions (Michard, 1976).

The Jebilet consist mainly of Palaeozoic metased-
imentary rocks (pelites, sandstones and limestones)
and volcanic formations. There are also magmatic
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Fig. 1. Geographical location of the study area displayed with an ASTER RGB image (4-3-2) of the east-central Jebilet

region, Morocco.
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Fig. 2. Simplified geological and structural map of east-central Jebilet, 1:100,000 (Huvelin, 1977).

intrusions, including gabbros and microdiorites,
associated with hydrothermal phenomena such as
quartz veins and iron caps rich in iron oxides (Ben-
harref & Schaer, 1991). These geological characteris-
tics are particularly notable in the east-central parts
of the Jebilet, where hydrothermal alterations and
mineralisation linked to tectonics can be observed
(Admou et al., 2018).

Geographically, the Jebilet extend approximate-
ly 60 km in length and 30 km in width, with an av-
erage altitude ranging between 400 and 800 metres
(Fig. 1). The region is bordered to the south by the
Haouz plain, an alluvial plain surrounding Mar-
rakech, and to the north by the Plateau des Phos-
phates (Fig. 2; Huvelin, 1977). The approximate
co-ordinates of the Jebilet are between 31°50" and
32°00" north latitude and 7°40” and 8°00” west longi-
tude (Michard, 1976).

3. Material and methods

The Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) is a medi-
um-high spatial resolution instrument that pro-
vides data in 14 spectral bands covering the visible
through the thermal infrared wavelength region.
A number of standard data products are available

to users through an on-line archival and processing
system. Particular, user-specified data acquisitions
are possible through a Data Acquisition Request
system (Abrams, 2000). ASTER provides observa-
tions in three spectral regions and stereo observa-
tions using three separate radiometers (Table 1).
The Visible and Near-Infrared (VNIR) system fea-
tures three spectral bands ranging from 0.52 to 0.86
um with a resolution of 15 metres; the Short-Wave-
length Infrared (SWIR) subsystem includes six
spectral bands from 1.60 to 2.45 pm with a resolu-
tion of 30 metres, and the Thermal Infrared (TIR)
subsystem comprises five spectral bands spanning
8.125 to 11.65 pm, with a resolution of 90 metres.
The image used in the present work is an AS-
TER that has undergone layer stacking of the SWIR
and VNIR bands with ENVI 5.3 software, using the
nearest neighbour algorithm to achieve a resolu-
tion of 15m. This method was chosen to preserve
the spectral integrity of the data during resampling.
The nearest neighbour interpolation minimises the
risk of introducing spectral distortions, but its im-
pact on spatial accuracy was assessed and found to
be negligible for the purposes of the present study.
An atmospheric correction using IAR Reflectance
and a radiometric correction using Dark Object
Subtraction were then applied to the VNIR-SWIR
bands. Following these corrections, the ASTER im-
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Table 1. ASTER instrument specifications (Abrams, 2000).

Wavelength Spatial resolu- B Spectral
. . and
region tion (m) range (pum)
1 0.52-0.60
VNIR 15 2 0.63-0.69
3 0.76-0.86
4 1.60-1.70
5 2.145-2.185
6 2.185-2.225
S e 7 2.235-2.285
8 2.295-2.365
9 2.360-2.430
10  8.125-8.475
11  8.475-8.825
TIR 90 12 8.925-9.275
13 10.25-10.95
14  10.95-11.65

age was cropped to include only the study area.
After the atmospheric correction, the reflectance
imagery showed significant improvements in the
spectral profiles of the minerals studied (Baid et al.,
2023). After pre-processing the ASTER images, we
applied various techniques including image noise
reduction, RGB combinations, band ratios, PCAand
MNF transformations, with band ratio classification
as outlined in Baid et al. (2023). The GIS layers were
prepared using ArcGIS 10.8 software. The accuracy
of the results from the two sensors was validated
against the 1:100,000 geological map by Huvelin
(1977). A detailed overview of the methodology is
presented in Figure 3.

After pre-processing the ASTER images, several
image processing techniques were applied, includ-
ing noise reduction, RGB combinations, principal
component analysis (PCA), minimum noise frac-
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tion (MNF) and, particularly, band ratio classifica-
tions as outlined in Baid et al. (2023).

Principal Component Analysis (PCA) was ap-
plied to the corrected ASTER VNIR and SWIR
bands in order to reduce spectral redundancy and
enhance the discrimination of lithological units.
This method transforms the original bands into
new uncorrelated components by maximising the
variance of spectral information (Hung et al., 2005).
Several RGB combinations of the first three prin-
cipal components (PC1, PC2, PC3) were tested to
optimise the visualisation of lithological contrasts,
as recommended by Amer et al. (2012). The MNF
is particularly effective in separating useful signals
from artifacts and noise, making it a valuable tool
for material identification and geological mapping
(Green et al., 1988). This technique is especially ben-
eficial in studies where hyperspectral data are af-
fected by factors such as atmospheric variability or
illumination conditions, and where efficient noise
reduction is crucial for accurate results (Boardman,
1993).

In the present study, specific band ratios were
selected based on their proven effectiveness in pre-
vious mineralogical and lithological mapping stud-
ies (Zhang et al., 2016; Testa et al., 2018; Salehi et
al., 2019; Abdelouhed et al., 2021; Baid et al., 2023).
These ratios highlight the spectral signatures of di-
agnostic minerals while reducing the effects of top-
ographic shading. For example, (b7/b5) was used
to detect kaolinite; (b4 + b6)/b5 for iron oxides and
alteration minerals originated in an acidic environ-
ment; ((b7 + b9)/b8) for carbonates, chlorite and
epidote; ((b6 + b9)/ (b7 + b8)) for endoskarn assem-
blages; ((b5 + b7)/b6) for phyllic alteration (sericite,
illite, muscovite); and (b5/b6) for phengite(Hewson
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et al., 2005). These band ratios were applied to the
corrected ASTER image so as to generate maps of
mineral distribution reflecting the lithological vari-
ability of the study area.

To validate and refine the results derived from
satellite image interpretation, a field survey was car-
ried out. According to the regional geological con-
text described by Huvelin (1977), the area consists
of Cambrian-Ordovician metasedimentary rocks,
Visean-Namurian formations and Carboniferous
volcano-sedimentary units. During field observa-
tions, the main lithological contacts and alteration
zones, as identified through remote sensing, were
inspected and sampled. The presence of minerals
such as kaolinite, sericite, epidote and chlorite was
confirmed in outcrops that corresponded to spec-
tral anomalies. This validation step was essential to
confirm that the spectral responses and maps accu-
rately represent the mineralogical and lithological
features of the region.

4. Results

4.1. Band ratios (BR)

Through the analysis of ASTER spectral bands,
the mineralogical composition of the study area was
mapped, revealing the presence of several key min-
erals. For instance, the band ratio (band7/bandb)
effectively mapped the distribution of kaolinite
(Fig. 4), which is abundant in the northern and cen-
tral parts of the study area, associated with Vise-
an-Namurian-aged formations. Similarly, the ratio
(band4+band6/band5) highlighted the presence of
minerals such as alunite, kaolinite and pyrophyllite,
particularly in the northern and southern regions,
as well as in the west, corresponding to Cambrian-
Ordovician terrains.

The ratio ((band7+band9)/band8) mapped min-
erals such as carbonate, chlorite and epidote, while
the ratio ((band6+band9)/(band7+band8)) was
used to map endoskarns consisting of epidote, chlo-
rite and amphibole (Fig. 4), showing similar distri-
butions in the Visean-Namurian and Carboniferous
terrains. Furthermore, the ratio ((band5+band?7)/
band6) was used to identify phyllic alteration, with
minerals such as sericite, muscovite, illite and smec-
tite being highly concentrated in the western parts
of the region, specifically in Cambrian-Ordovician
and Carboniferous strata (Fig. 4).

In addition, the presence of phengite was
mapped using the band ratio (band5/band6), re-

vealing its moderate abundance in the Cambri-
an-Ordovician and Carboniferous terrains.

4.2. Principal component analysis (PCA)

The application of principal component analy-
sis (PCA) to the corrected ASTER VNIR and SWIR
bands enabled a clear differentiation of lithological
units throughout the study area. RGB combinations
of the first three principal components (PC1, PC2,
PC3) were tested, and the combination PC1 (band
1), PC2 (band 2) and PC3 (band 3) was found to pro-
vide the best visual contrast for interpreting geolog-
ical variations (Hung et al., 2005; Amer et al., 2012).
In the present study, this combination proved to be
the most effective (Fig. 5), allowing for the clear dis-
tinction of lithological units corresponding to dif-
ferent geological ages based on their spectral signa-
tures. It allows for the differentiation of rocks with
various geological ages, where Carboniferous (C)
and Visean-Namurian (V-B) rocks (Huvelin, 1977)
exhibit blue and violet hues, visible in the central
and eastern parts. A second distinction, with a light
pink to slightly orange hue, corresponds to Ordo-
vician and Devonian rocks (O-D; Huvelin, 1977) in
the central part of the area. The light blue hue in the
west characterises Cambrian-Ordovician rocks (€-
O; Huvelin, 1977), while the green and dark pink
hues represent Quaternary formations (Q; Huvelin,
1977), visible in the northern and southern parts of
the study area.

4.3. Minimum noise fraction (MNF)

MNEF is a technique used in hyperspectral data
analysis to enhance the signal-to-noise ratio by re-
ducing noise and improving data quality before fur-
ther processing. Introduced by Green et al. (1988)
and Zhang et al. (2016), this method involves a two-
step linear transformation: the first step minimises
noise in the data, while the second applies a princi-
pal component analysis to order the pixels based on
their spectral quality. The MNF results from ASTER
data can be visually evaluated (Fig. 6). The initial
MNF bands capture the signals, whereas the subse-
quent bands predominantly contain noise. The Or-
dovician and Devonian (O-D) formations appear in
light grey on the MNF map, while the Carbonifer-
ous (C) and Visean-Namurian (V-B) rocks are rep-
resented in dark brown. The Cambrian-Ordovician
(€-O) rocks are shown in light brown to greyish
tones, and the Quaternary sediments (Q) are also
clearly visible in the south and appear to some ex-
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tent in the north. The MNF processing has provid-
ed excellent discrimination of the lithologies within
our study area, allowing for clear identification of
the different formations.

5. Discussion

In the east-central Jebilet region, ASTER images
were utilised after undergoing atmospheric, radi-
ometric and reflectance corrections to produce min-
eral alteration maps. The applied processes, such as
colour composition, band ratios, principal compo-
nent analysis (PCA) and minimum noise fraction
(MNF), enabled precise lithological discrimination
and the extraction of mineral alteration maps, as il-
lustrated in Figures 4, 5 and 6. Remote sensing tech-
niques, particularly effective for mapping litholog-
ical units in mountainous areas, proved especially
useful in the region studied. The comparison of the
results of transformation methods, such as PCA
and MNF, validated the occurrence of geological
formations by cross-referencing the results from

ASTER images with the geological map of Huvelin
(1977). This approach clearly identified lithological
boundaries and assigned distinct colours to each
unit. Potential sources of error in the present study
stem primarily from sensor limitations, data pro-
cessing choices and spectral ambiguity. First, the
spatial resolution of ASTER’s SWIR bands (30 m)
and TIR bands (90 m) may result in spectral mixing,
especially in heterogeneous terrains like the Jebilet
region, where lithologies are closely interbedded.
This mixing can reduce the accuracy of mineral
identification, particularly for narrow or discontin-
uous units (Hosseinjani & Tangestani, 2011; van der
Meer et al., 2012; Zhang et al., 2016). Secondly, the
resampling of SWIR bands to match the VNIR res-
olution (15 m) using the nearest neighbour method,
while preserving spectral fidelity, may still intro-
duce spatial distortion or edge effects (Jensen, 2009).
Thirdly, the atmospheric correction, although ap-
plied, depends heavily on model assumptions and
the presence of reference targets, which may not
always be uniformly distributed across the scene
(Chavez, 1996). Additionally, the use of band ratios
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and principal component analysis assumes con-
sistent illumination and surface conditions, which
may not hold due to topographic shadowing and
vegetation cover in some parts of the study area
(Chabrillat et al., 2002). Finally, mineralogical am-
biguities may arise when distinct minerals exhibit
similar spectral responses in the VNIR-SWIR range,
potentially leading to misclassification (Clark et al.,
2007; van der Meer et al., 2012). Despite these lim-
itations, field verification and comparison with the
1:100,000 geological map by Huvelin (1977) served
as important validation tools in assessing and miti-
gating these uncertainties.

The two sensors demonstrated complementari-
ty, yielding nearly identical outcomes. Several stud-
ies have previously employed various methods for
distinguishing and mapping surface rock types us-
ing multispectral data, including band ratios (BR),
principal component analysis (PCA) and minimum
noise fraction (MNF) (Yamaguchi & Naito, 2003;
Abdelouhed et al., 2021; Ouhoussa et al., 2023).
These approaches, particularly the use of band ra-
tios, enhance spectral differences and minimise the

impact of topographic shading (Abdelouhed et al.,
2021). However, as demonstrated in the present
study, combining multiple spectral bands allows
for a more detailed and effective lithological and
mineralogical mapping in the area.

The band ratios (BR) applied in the present study
effectively highlighted several groups of minerals,
such as kaolinite, alunite and pyrophyllite, or a car-
bonate mineral, chlorite and epidote. However, the
detection of certain minerals, such as phengite, was
limited due to spectral band overlap and resolution
constraints. These limitations are likely linked to
ASTER’s spatial resolution and the spectral sim-
ilarity of some minerals, underscoring the need
for field validation and, where possible, the use of
higher-resolution or complementary datasets.

Although remote sensing techniques have been
widely applied in various geological contexts, the
study by Abdelouhed et al. (2021) focused specifi-
cally on mapping hydrothermal alteration zones in
the same study area. They used the same ASTER
band ratios to detect AI-OH bearing minerals such
as alunite, muscovite, kaolinite and illite. These al-
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teration minerals were effectively identified using
ASTER’s SWIR and VNIR bands. Our study con-
firms and extends these findings by showing that
these minerals, along with chlorite and phengite,
are also useful indicators for broader lithological
differentiation in the Jebilet region.

Figure 7 demonstrates a classification of all band
ratios to pinpoint areas abundant in the identified
minerals. This involved overlaying principal com-
ponents (PCA1, PCA2, PCA3) and minimum noise
fractions (MNF1, MNF2, MNF3) derived from the
ASTER images. The PCA and MNF transforma-
tions were performed to enhance spectral contrast
and reduce noise, enabling a clearer distinction of
mineralogical and lithological features. The RGB
combinations, such as PCA1-PCA4-PCA3 and
MNF1-MNF4-MNEF3, were particularly effective in
enhancing the visual discrimination of Palaeozoic
lithological formations.

To validate the results obtained from the im-
ages and spatial maps, we conducted several di-
rect field observations. Figure 8 illustrates various
sandstones and shale containing clay minerals.
These images correspond closely with the mineral
assemblages and lithological structures identified

through ASTER image analysis. Furthermore, the
remote sensing interpretation was cross-checked
with the geological map by Huvelin (1977), which
further supports the reliability of the mapped lith-
ological boundaries and mineral zones. This inte-
gration of remote sensing, image processing and
field verification reinforces the robustness of the
proposed methodology for lithological and miner-
alogical mapping in the east-central Jebilet region.

6. Conclusions

The present study demonstrates the potential of
ASTER multispectral data, combined with image
processing techniques such as band ratios, PCA
and MNF, to support lithological and mineralogi-
cal mapping in the east-central Jebilet region. The
integration of remote sensing data with field obser-
vations and comparison with the geological map of
Huvelin (1977) contributed to the identification of
distinct lithological units and areas of mineral alter-
ation. While some limitations remain, particularly
in terms of spatial resolution and spectral similar-
ity, this approach proved useful for improving ge-
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Fig. 8. Rocks of the east-central Jebilet region. A - Sandstone; B - Panoramic view of the entire eastern Jebilet; C - Sand-
stone outcrop; D - Conglomerate and sandstone; E - Fractured block of sandstone; F - Pelite composed of clay
minerals such as illite and kaolinite.

ological interpretation in complex terrains. Future
studies using higher-resolution or hyperspectral
data could further refine these results and address
the remaining ambiguities.
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