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INTRODUCTION

The world’s expanding population and eco-
nomic growth causes an increase in the demand 
for mineral resources. Therefore, traditional geo-
logical mapping and mineral exploration tech-
niques that relies heavily on fieldwork and de-
mand physical processing of rocks may not be 
the most adequate approach any more, particu-
larly in inaccessible and high-risk terrains. Thus, 
there is a need for specialized and suitable tech-
niques such as remote sensing in order to over-
come these restrictions, minimize source time 
investment, and therefore locate high-potentially 
mineralized zones.

Over the last few decades, number of stud-
ies highlighted the importance of remote sens-
ing images for both lithological mapping, and 
detection of hydrothermal alteration areas and 
structural analysis on porphyry copper and 
metal-bearing epithermal deposits (Kalkhoran 
et al., 2025: Laiche et al., 2025; Orynbassaro-
va et al., 2025). Moreover, remote sensing data 
were also used in land surface climatology stud-
ies, vegetation, and ecosystem dynamic studies 
(Feng et al., 2025). In addition, these techniques 
proved their high applicability in characterizing 
the mineralogy of mine wastes and evaluating 
waste impacts on biologic and hydrologic sys-
tems (Guglietta et al., 2025).
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The principal component analysis (PCA) tech-
nique is a multivariate statistical algorithm employed 
to enhance and separate certain spectral signals from 
background noise. It aims at bringing as much as 
possible of the input signal into orthogonal (uncor-
related) new variables named principal components. 
As such, it can be applied to spectral bands. Hence, 
the probability of determining a unique principal 
component for a single mineral class will increase if 
the number of input channels is lowered to prevent a 
particular spectral contrast (Zerai et al., 2023). 

In the framework of modern sustainable ex-
ploration, this study adopts a green, non-invasive 
methodology by applying ASTER satellite imag-
ery to characterize hydrothermal alteration. Unlike 
traditional high-impact field techniques, the appli-
cation of remote sensing allows for the delineation 
of alteration and mineralization footprints without 
surface disturbance. This  low-impact technologi-
cal approach serves as a vital first step in sustain-
able resource management, minimizing the envi-
ronmental imprint of the early-stage exploration 
phase while optimizing target selection through 
advanced digital processing.

The Siroua Massif has historically served as a 
cornerstone of the regional economy via its min-
ing sector. Given its  extreme aridity  and lack of 
vegetation, the region offers an  optimal environ-
ment for geological remote sensing. This study le-
verages these conditions to evaluate the efficiency 
of advanced spaceborne thermal emission and re-
flection radiometer (ASTER)  data in delineating 
hydrothermal alteration zones. Consequently, the 
primary objective of this research is to identify new 
high-potential exploration targets by mapping hy-
drothermal alteration assemblages  associated 
with mineralized zones. To achieve this, the inves-
tigation focuses on the capability of the principal 
component analysis (PCA) technique in detecting 
hydrothermal altered areas with potential for min-
eralization, and establish their relationships with the 
host rocks in the Zgounder Mine and Imourkhssen 
areas. The remote sensing outputs were validated 
through a  multi-proxy approach, integrating field 
observations with  petrographic and geochemical 
data to confirm the spatial and mineralogical repre-
sentativeness of the identified alteration zones.

GEOLOGY OF THE SIROUA MASSIF

According to the 1/50,000-scale geological 
mapping of the Assarrag, Siroua, and Tachoukacht 

sheets, the Siroua Massif is categorized into sev-
eral distinct lithostratigraphic units (Thomas et 
al., 2002, 2004). First, the Paleoproterozoic base-
ment  comprises the oldest formations, appear-
ing as altered outcrops of gneiss and schist with-
in the  Zenaga Complex (Thomas et al., 2002). 
Neoproterozoic sequences include the  Taghdout 
Group, deposited on a cratonic margin (Bouougri 
and Saquaque, 2004), and the ophiolitic  Bleida 
Group, which contains mafic-to-intermediate vol-
canic successions related to the breakup of Rodinia 
(Thomas et al., 2002; 2004; Hodel et al., 2020). 
Second, the Saghro Group is characterized by tur-
bidites and pillow basalts (Thomas et al., 2002). 
While Saghro Group was previously linked to syn-
rift phases (Gasquet et al., 2005), recent U-Pb de-
trital zircon dating constrained its maximum depo-
sitional age to approximately 612–604 Ma (Abati 
et al., 2010; Errami et al., 2021a). Third, the subse-
quent Bou Salda Group (c. 610–580 Ma) represents 
the volcano-sedimentary infills of grabens within 
the Anti-Atlas Major Fault  (AAMF) (Gasquet et 
al., 2008). Finally, the  Ouarzazate Group  (580–
541 Ma) dominates the post-collisional landscape, 
consisting of high-K calc-alkaline volcanics and 
granitoids divided in the Siroua inlier into four 
subgroups (Tiouin, Bouljama, Tafrant, and Achk-
oukchi) (Thomas et al., 2004). These are locally 
overlain by Cambrian sedimentary sequences of 
the Taroudant Group (Alvaro et al., 2014).

GEOLOGY OF THE SUB-STUDY AREAS

The Zgounder mine

The Zgounder Ag-Hg mine is located on the 
northwest flank of Siroua Massif, in the central 
Anti-Atlas Mountains, approximately 260 kilo-
meters east of Agadir city (GPS: 30°45’44”N; 
7°44’35”W; alt. 2000 m). Rocks of different types, 
compositions and ages ranging from Neoprotero-
zoic to Neogene host the deposit (Pelleter et al., 
2016) (Fig. 2). The oldest rocks belong to the Sa-
ghro Group (Thomas et al., 2002), and comprise 
sedimentary sequences with intercalated volcanic 
rocks of basaltic and andesitic compositions. The 
Bou Salda Group (610–580 Ma) (Gasquet et al., 
2008) consists predominantly of the intrusive Tad-
mant rhyolite which in turn is overlain by the Ouar-
zazate Group (580–541 Ma) (Thomas et al., 2002). 
The Miocene volcanic rocks of Siroua overlie the 
whole assemblage in the eastern part of the mine.
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The Imourkhssen Cu-Mo±Au occurrences

The Imourkhssen Cu-Mo±Au mineral occur-
rences are located NW of Siroua Massif in the 
Ouzellagh Siroua promontory in the central Anti-
Atlas, covered by the 1/50 000 sheet of Assar-
rag (Thomas et al., 2002) (Fig. 1). According to 
Toummite et al., (2013), the high-K calc-alkaline 
plutonic rocks from the Ouarzazate Group (580–
541 Ma) are the most important rocks in the area. 
These plutonic rocks are represented by Ediacaran 
granites represented by three suites, namely the 
Assarrag suite (Askaoun and Tamtattarn pluton), 
the Amassine suite (Imourkhssen pluton) and the 
Ougougane suite (small late intrusions) (Fig. 2). 
Eventually, these rocks are mostly connected with 
the mineral occurrences previously reported, in-
cluding Au, Ag, Cu, Pb, Mo, Zn, Hg, Mn, U, and 
Ba (Belkacim, 2014) (Fig. 2).

MATERIALS AND METHODS

Advanced spaceborne thermal emission 	
and reflection radiometer

The advanced spaceborne thermal emission 
and reflection radiometer is an advanced multi-
spectral satellite imaging with moderate to high 
spatial resolution that operated in Earth’s orbit 
(at 705 km) on the first platform of NASA’s 
earth observing system (Terra), starting in June 

1998 (Abrams, 2000). The detection of specific 
alteration assemblages becomes feasible with 
ASTER in comparison to previous existing 
multispectral sensors, such as Landsat TM and 
ETM+. The instrument is capable of capturing 
an area of 60×60 km in a single image and it is 
equipped with 14 bands (Wambo et al., 2020). 
Spectrally positioned at some key portions of the 
electromagnetic spectrum, as shown in Table 1. 

Data acquisition and pre-processing

One ASTER scene acquired on May 12, 2001, 
was used in the present study. The image has 0% 
cloud coverage and was obtained from the MA-
DAS (METI AIST Data Archive System) satellite 
archive. ASTER data imagery can be processed 
using a variety of image processing techniques. 
The aim of pre-processing is to reduce the nega-
tive effects of the atmospheric interactions, as well 
as the presence of clouds, vegetation and snow. 
We proceeded with the techniques described next.

A pre-processing procedure to minimize a spu-
rious effect known to affect ASTER data, named 
‘cross-talk effect’, was applied following the pro-
cedure done by (Chattoraj et al., 2020). The cross-
talk correction technique aims to improve the 
spectral separation performance of SWIR data by 
regulating the amount of stray light and its influ-
ence region (Iwasaki and Tonooka, 2005). Then, 
radiometric calibrations following cross-talk 

Figure 1. (a) Satellite image of northwest Africa showing the location of Siroua Massif;
(b) map of Siroua (redrawn and modified after Oukassou, (2013) with details of the two study areas (Fig. 2)
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correction have been applied to the data. As atmo-
spheric corrections are critical in the processing 
of remotely sensed image data, especially, when 
it comes to spectral analysis on a pixel basis, the 
next step in data processing was to apply the fast 
line-of-sight atmospheric analysis of spectral hy-
percube (FLAASH) algorithm to the VNIR and 
SWIR datasets (Anderson et al., 2002). For the TIR 
bands, the thermal atmospheric correction was ap-
plied (Wambo et al., 2020; Bakardjiev and Popov, 

2015). The sharpening of ASTER subsystems was 
done by applying the nearest neighbor resampling 
method in order to resample them to correspond to 
the SWIR subsystems with 30 m resolution.

Spectral data characteristics

Many minerals exhibit diagnostic absorption 
features throughout the visible and near infrared 
(VNIR), shortwave infrared (SWIR), and (or) the 

Figure 2. Geological map of the Siroua Massif, based on the 1/50 000 sheets of Assarrag (1)
and Tachoukacht (2), with a zoom into the two study areas in b, and c. On the map, Cu: copper;

Mn: magnesium; Na: sodium; Ag: silver; Zn: zinc; AC: chrysotile asbestos; U: uranium; Th: thorium; Pb: lead; 
Ba: barite). Details on the geology and mineral occurrences are from Thomas et al. (2002)
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thermal infrared (TIR) regions of the electromag-
netic spectrum. We applied the shortwave infra-
red (SWIR) bands (1000–2500 nm) for mapping 
argillic, phyllic and propylitic alteration mineral 
assemblages. Moreover, the thermal infrared 
(TIR) data are effective for mapping rock types 
containing quartz and feldspars; minerals that 
lack distinguishing VNIR + SWIR absorption 
properties (Rowan et al., 2006).

The common minerals in the argillic alteration, 
such as alunite and kaolinite, have Al-OH absorp-
tion features at 2.17- and 2.20 µm (Rowan et al., 
2006), and can be identified by band (5) and band 
(7) due to another absorption feature of kaolinite 
centered between 2.235 and 2.285 µm (Madani and 
Emam, 2011). In addition, the Al-OH absorption of 
kaolinite is also emphasized employing band (6) 
(2.185–2.225 µm) due to alteration products of K-
feldspar (Pour et al., 2017). Illite, typical in phyl-
lic alteration, has a prominent absorption feature 
of Al-O-H at 2.20-µm which is uniquely captured 
by ASTER Band 6. Illite also displays a secondary, 

less intense absorption feature in the  2.35–2.38 
µm  range, and can be detected by implementing 
ASTER band 8 (Mars and Rowan, 2006).

The propylitic alteration is dominated by epi-
dote, calcite, and chlorite. Chlorite and epidote 
have a Mg-O-H 2.32 µm absorption feature and 
a broad Fe2+ feature from 0.6 to1.65 µm (Neal et 
al., 2018). Calcite has a prominent feature at 2.33 
µm due to CO3. Epidote, and calcite are easily de-
tected by ASTER band (8) (2.295–2.365 μm) due 
to Mg-O-H and CO3 absorption features (Pour et 
al., 2017 and references therein). These minerals 
have higher reflectance in bands 7 and 9 (Pour 
and Hashim, 2012).

The potassic alteration is expressed by 
quartz+K-feldspar (Ninomiya and Fu, 2016). 
Quartz is characterized by strong emissivity 
minima in band 10 (approx. 8.3 μm) and band 
12 (approx. 9.1 μm). In contrast, it shows higher 
emissivity in band 11 (8.6 µm) 14 (11.3 µm). K-
Feldspar exhibits an emissivity minimum in band 
11. This distinct emissivity minimum facilitates 

Table 1. ASTER performance parameters and technical characteristics

Sub-system Band number Spectral range 
(µm)

Spatial 
resolution

Absolute accuracy 
(σ)

Signal 
quantization level

Radiometric 
resolution

VNIR

B1 0.52-0.60

15m ≤ ± 4% 8 bits NE ∆ρ ≤ 0.5%

B2 0.63-0.69
B3N (nadir 

pointing view) 0.78-0.86

B3B (backward 
pointing view) 0.78-0.86

SWIR

B4 1.600-1.700

30m ≤ ± 4% 8 bits

NE ∆ρ ≤ 0.5%

B5 2.145-2.185 NE ∆ρ ≤ 1.3%

B6 2.185-2.225 NE ∆ρ ≤ 1.3%

B7 2.235-2.285 NE ∆ρ ≤ 1.3%

B8 2.295-2.365 NE ∆ρ ≤ 1.0%

B9 2.360-2.430 NE ∆ρ ≤ 1.3%

TIR

B10 8.125-8.475

90m 12 bits NE ∆T ≤ 0.3k

B11 8.475-8.825 ≤ 3 K (200– 240 K)

B12 8.925-9.275 ≤ 2 K (240– 270 K)

B13 10.25-10.95 ≤ 1 K (270– 340 K)

B14 10.95-11.65 ≤ 2 K (340– 370 K)

ASTER satellite mass 406 kg

Altitude orbit 705 km

Swath Width 60 km

Total coverage in cross-track direction (Off-nadir pointing) 232 km

Peak data rate 89.2 Mbps

Peak power 726 w

First launched date June 1998

Mission life 5 years
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the spectral discrimination of K-feldspar from 
quartz within felsic lithologies.

Mineral endmember identification 		
using PCA of ASTER bands

In this study, only specific bands that contain 
contrasting absorption and reflection features of 
the target minerals are chosen. The PCA algorithm 
was applied to subsets of four ASTER bands to 
map the distribution of some alteration minerals. 
Thus, minerals like illite is representative of phyl-
lic alteration zone; kaolinite and alunite are typi-
cal of argillic alteration; chlorite and epidote are 
representative of propylitic alteration. Moreover, 
a subset of four ASTER TIR bands was used for 
mapping potassic alteration. 

To the extent of this study, four sets of ASTER 
bands were chosen for each targeted alteration 
mineral in accordance with established literature. 
As detailed in Table 2, these bands were chosen to 
capture diagnostic spectral features, with negative 
eigenvector loadings (–) assigned to represent ab-
sorption bands and positive loadings (+) assigned 
to represent reflectance bands.

After performing PCA on the selected band 
subsets, an examination of the eigenvector loadings 
is required to identify which PC image contains the 
spectral information related to specific target min-
erals. In accordance with the Crosta technique, the 
representative image for a target mineral is identi-
fied as the principal component (PC) exhibiting the 
highest magnitude eigenvector loadings within the 
diagnostic ASTER bands. Ideally, the optimal PC 
must show opposing signs  (one positive and one 
negative) between the bands representing the min-
eral’s spectral absorption/reflection bands, thereby 
maximizing the spectral contrast required for ef-
fective mapping (Crósta et al., 2003).

The optimal Principal Component 
(PC) for mineral mapping was identified 

using the  feature-oriented principal component 
selection (FPCS) framework, originally proposed 
by Crósta and Moore, (1989) and further refined 
for multispectral sensors by  Loughlin, (1991). 
This method identifies the PC that maximizes the 
statistical variance between the diagnostic reflec-
tion and absorption bands of a target mineral.

The decision index (D) for each PC was cal-
culated by multiplying the eigenvector loading 
(L) by the corresponding spectral signs (S) for 
each band following this formula:

	 𝐷𝐷 =∑(𝐿𝐿𝑖𝑖 × 𝑆𝑆𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

	 (1)

where:	Li represents the eigenvector loading for 
band i, Si is the sign of spectral response 
(defined as +1 for reflection bands and -1 
for diagnostic absorption bands, as de-
tailed in Table 2.

The PC yielding the highest absolute val-
ue (D) was identified as the most representative 
for the target mineral. To ensure a consistent 
visualization where mineral anomalies appear 
as bright pixels (high values), the following sign 
convention was applied
	• If (D) is negative (–), the PC image maps high 

mineral concentrations as bright values; no 
further processing is required.

	• If (D) is positive (+), the PC image is multiplied 
by (-1) (negated) to invert the greyscale and high-
light the mineralized zones as bright anomalies.

Ground validation and sampling strategy

Selection criteria and sampling protocol

The sampling protocol was primarily ex-
ecuted within the two focal study areas as part 
of a regional exploration initiative funded by the 
Zgounder Millennium Silver Mining Company 

Table 2. Selective bands and their correspondence with an absorptive (–), or reflective (+) feature for each 	
targeted alteration mineral

Band 1 3 4 5 6 7 8 9 10 12 13 14

Alunite - + - +

Kaolinite - + - +

Illite + - + -

Chlorite+epidote - + - +

Carbonates (calcite) - + - +

Quartz+K-feldspar - - + +
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(ZMSM). While certain adjacent areas exhibited 
high spectral interest, they were excluded from 
the validation campaign as they fall within the ac-
tive exploration permits held by third-party com-
panies. Consequently, while the sampling is done 
within the accessible zones, the overall spatial 
representativeness was constrained by legal and 
jurisdictional boundaries. 

After field sampling, laboratory examina-
tions were conducted on the collected samples 
from the two sub study areas, particularly on 
samples from the inferred hydrothermal altera-
tion zones, in order to validate the above pro-
duced alteration images. Thus, for the petro-
graphical and mineralogical studies; the differ-
ent textures and mineral assemblages were stud-
ied at the laboratory of the Faculté des Sciences, 
Université Ibnou Zohr, Agadir, Maroc. For the 
geochemical analysis, a total of 25 grab samples 
were collected in in both the Zgounder Mine and 
Imourkhssen areas. They were then analyzed for 
their contents in Au, Ag, As, Co, Cu, Fe, Mo, Ni, 
Pb, and Zn. 

Geochemical analysis of samples from the 
Zgounder Mine area were carried out at the Ac-
tivation Laboratories. Ltd (Actlabs) (Ancast-
er, Ontario, Canada), while samples from the 
Imourkhssen area were analyzed at the National 
Office of Hydrocarbons and Mines laboratory 
(ONHYM) (Rabat, Morocco) (Table 9).

RESULTS

The argillic alteration

Kaolinite

For mapping kaolinite, the examination of the 
eigenvector statistics for the ASTER bandset used 
(Table 3), shows that PC4 has a high and posi-
tive loading from band 7 (0.670779), and high 
and negative loading from band 1 (-0.530501). 
The reason is that kaolinite has high reflectance 

in bands 4 and 7, with high absorbance in band 
6. Also, as the values for bands 1 and 6 are both 
negative, and the values for band 4 and 7 are both 
positive, this is a very good case for a kaolinite 
abundance image. Lastly, the loading for the ab-
sorption band 6 is negative (-0.41794), kaolinite 
will appear as bright pixels in the PC4 image after 
negation (multiplied by -1).

Alunite

Alunite has a high absorbance in ASTER 
bands 1 and 5, and high reflectance in bands 3 
and 7. The PCA results for alunite (Table 4) 
show that PC3 has a high and negative loading 
from band 7 (-0.701551) and high and positive 
loading from band 1 (0.525498). As these con-
tributions are positive for band 1, and negative 
for bands 3 and 7, the resulting PC will depict 
alunite-bearing pixels in dark tones (low DNs). 
For clear visualization, the original PC3 image 
was multiplied by – (1), thus inverting the grey 
levels so that the target mineral appears as bright 
pixels in the abundance image (Fig. 2). Bands 3 
and 7 for alunite have negative values, but bands 
1 and 5 have both positive and negative values 
in PC3 (0.525498  and -0.125161  respectively). 
However, as its eigenvector loading for band 5 
(-0.125161) is much lower than the loading of the 
other 3 bands, its interference in the final PC3 alu-
nite abundance image is negligible.

The phyllic alteration

Illite

To map illite-related phyllic alteration, the ei-
genvector matrix of the selective PCA (bands 1, 
3, 5, 6) was analyzed (Table 5). Although PC3 ac-
counted for a higher decision index (1.558369) 
(see Supplementary Table), it was rejected for 
mineral targeting due to lack of sign inversion be-
tween reflective and absorptive bands. PC4 how-
ever was identified as the optimal illite abundance 

Table 3. Eigenvector loadings for 4 bands of ASTER for kaolinite

Bands
PC

Alteration mineral
PC1 PC2 PC3 PC4

Band 1 -0.423104 -0.529538 -0.509059 -0.530501

Kaolinite
Band 4 -0.905103 0.279792 0.237634 0.214556

Band 6 0.037780 0.799014 -0.370891 -0.471794

Band 7 -0.018541 0.053697 -0.739479 0.670779
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image. It fulfills the  Crósta Technique  criteria 
by exhibiting the highest loading on the absorp-
tive band 6 (+0.718443) with an opposing sign to 
the reflective band 5  (-0.096933). This configu-
ration successfully isolates the Al-OH absorption 
feature unique to illite. Because the absorptive 
band 6 is positively loaded, illite-rich pixels were 
initially displayed as dark values; consequently, 
the image was negated (multiplied by -1) to repre-
sent high illite concentrations as bright pixels for 
final visualization.

The propylitic alteration

Chlorite+epidote

Chlorite, and epidote are characterized by 
high reflectance in bands 7 and 9, with absorp-
tion features in band 8. PC3 of ASTER bands 
of 1, 7, 8 and 9 (Table 6) shows high and posi-
tive values in band 9 (0.814054), and negative 
values in band 8 (-0.033295). Moreover, band 
1 also exhibits a high and a negative loading 
(-0.526999), and using it can help suppress-
ing background albedo and vegetation, further 
isolating the specific spectral response of the 
alteration minerals. Overall, bands 7 and 9 of 
ASTER in which minerals related to propylit-
ic alteration reflects energy have both positive 
values, and bands 1 and 8 in which these min-
erals absorb energy have both negative values. 
Therefore, the resulting abundance image will 
depict chlorite+epidote bearing-pixels as bright 
tones (Fig. 4).

Calcite

PC4 of the band subset of 1, 4, 8 and 9 (Table 
7) shows high and positive loading from band 9 
(0.620102), and high and negative one for band 
1 (-0.508065). In detail, the two bands 4 and 9 in 
which carbonates reflect more energy have both 
positive values, contrarily to band 8 in which car-
bonates absorb more energy that have negative 
values. Therefore, the resulting abundance im-
age highlights carbonate-bearing pixels in bright 
tones (Fig. 4).

The potassic alteration

Quartz+K-feldspar

For mapping potassic alteration, a four AS-
TER TIR band subset was used as input for PCA 
(Table 8). Typically, potassic alteration miner-
als like quartz show high absorption in ASTER 
bands 10 and 12, and high reflectance in bands 
13 and 14. while PC1 contains the most statisti-
cal information (Decision index = 1.829562) (see 
Supplementary Table); it is generally considered 
the “noise” or background component when us-
ing the  Crosta technique  for targeted alteration 
mapping. PC2 however, with its specific oppos-
ing signs, is the correct component for isolating 
the subtle spectral signature of quartz/silicifica-
tion. PC2 shows high and negative loadings for 
band 14 and 13 (-0.721943, and -0.463863 re-
spectively), and high and positive ones for bands 
10 and 12 (0.502962, 0.103243 respectively). In 

Table 4. Eigenvector loadings for 4 bands of ASTER data for alunite

Bands
PC

Alteration mineral
PC1 PC2 PC3 PC4

Band 1 0.453550 0.479042 0.525498 0.537274

Alunite
Band 3 0.678010 0.361453 -0.464772 -0.440047

Band 5 -0.578408 0.799580 -0.125161 -0.102227

Band 7 -0.006253 -0.023283 -0.701551 0.712212

Table 5. Eigenvector loadings for 4 bands of ASTER data for illite

Bands
PC

Alteration mineral
PC1 PC2 PC3 PC4

Band 1 0.458730 0.484952 0.532054 0.520871

Illite
Band 3 0.673796 0.356421 -0.464571 -0.450707

Band 5 -0.579157 0.798357 -0.133443 -0.096933

Band 6 0.011979 -0.020278 -0.695187 0.718443
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this sense, the resulting PC2 will exhibit silici-
fied alteration as bright pixels after inverting PC2 
grey levels by multiplying it by – (1) (Fig. 4).

A summary of the results achieved with the 
PCA method for argillic (alunite and kaolinite) 
and phyllic (Illite) alteration are presented in Fig-
ure 3 as an RGB abundance image draped over 
ASTER band 3. The resulting abundance image 
for the propylitic alteration minerals (calcite-
chlorite+epidote), and potassic alteration miner-
als (quartz+K-feldspar) is shown in Figure 4 as 
an RGB image of these three minerals and draped 
over ASTER band 3.

DISCUSSION

Figure 3 represent the results of PCA method 
of the argillic and phyllic alterations. For the ar-
gillic alteration; the image reveals the distribution 
of alunite over the Siroua volcanics (Fig. 3a). In 
fact, alunite alteration is often associated with vol-
canic tuffs and phonolites. This association occurs 

because these rock types provide the necessary 
chemical components and physical structure 
for  acid-sulfate (advanced argillic) alteration  to 
occur (Hedenquist and Taran, 2013; Bouvart et 
al., 2024). Kaolinite occurrences are shown in red 
and are mostly spread over the Siroua volcanics 
zoning out from the alunite. Normally, alunite of-
ten forms the inner core of an alteration zone (the 
“lithocap”), which can grade outward into kaolin-
ite and then illite/smectite as the fluids become 
less acidic (Hedenquist and Taran, 2013).

For the phyllic alteration, Illite occurrences 
show a relatively non uniform patterns. For illite, 
although PC3 accounted for a higher decision in-
dex (1.558369) (see Supplementary Table 10), it 
was rejected for mineral targeting because both 
the reflective band 5 and the diagnostic absorption 
band 6 exhibited  negative loadings  (-0.133443 
and -0.695187, respectively) (refer to Table 5). 
This lack of sign inversion indicates that PC3 
captures common albedo variations rather than 
the specific spectral contrast of the target mineral. 
Therefore, PC4 was chosen to highlight illite-rich 

Table 6. Eigenvector loadings for 4 bands of ASTER data for chlorite+epidote

Bands
PC

Alteration minerals
PC1 PC2 PC3 PC4

Band 1 -0.427661 -0.530302 -0.526999 -0.508093

Chlorite+epidote
Band 7 -0.903819 0.245383 0.241828 0.253807

Band 8 0.012503 -0.679299 -0.033295 0.733000

Band 9 -0.007852 -0.443983 0.814054 -0.374345

Table 7. Eigenvector loadings for 4 bands of ASTER data proposed for calcite.

Bands
PC

Alteration mineral
PC1 PC2 PC3 PC4

Band 1 -0.432015 -0.525009 -0.528771 -0.508065

Carbonates (calcite)
Band 4 0.901475 0.275030 0.237772 0.234873

Band 8 0.024809 0.788435 -0.274914 -0.549707

Band 9 0.009480 0.164605 -0.767000 0.620102

Table 8. Eigenvector loadings for 4 TIR bands of ASTER data for the potassic alteration minerals

Bands
PC

Alteration minerals
PC1 PC2 PC3 PC4

Band 10 0.496866 0.502962 0.498303 0.501845

Quartz+K-feldspar
Band 13 0.581248 -0.463863 0.415849 -0.523500

Band 12 -0.633540 0.103243 0.737809 -0.208819

Band 14 -0.117908 -0.721943 0.185477 0.656121
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pixels. On Figure 3a, it is clear that illite looks like 
highlighting mountain ridges on the low left cor-
ner of the map. Eventually, this can be attributed 
to topographic effects, as mountain ridges provide 
faces with direct solar exposure, yielding a high-
er  signal-to-noise ratio  for spectral identification 
compared to shadowed or soil-covered slopes.

Figure 4 represents the results of PCA meth-
od for the propylitic and potassic alterations. For 
the potassic alteration; the quartz+K-feldspar 
assemblage is widely but not uniformly distrib-
uted. Specifically, the spatial distribution of this 
alteration is in accordance with field data, par-
ticularly within the Imourkhssen granite in the 

Imourkhssen area (Fig. 4c). This intrusion is in-
tensely affected by potassic alteration character-
ized by the presence of flesh-colored K-feldspar 
into the rock (Fig. 5e, h). Furthermore, the PCA 
results effectively distinguish the Tadmant rhyo-
lite Formation in the Zgounder Mine area (Fig. 2), 
along with the associated rhyolite dykes (Fig. 4b). 

For the propylitic alteration, its abundance 
stretches over the Siroua volcanic rocks. This dis-
tribution follows a lateral zonation behind the argil-
lic and phyllic alterations (Fig. 4a). In the Zgounder 
Mine area, well-developed propylitic alteration is 
visible from the southern part of the Imghi Forma-
tion (Fig. 4b). In contrast, the applied PCA does not 

Figure 3. RGB color composite image of alteration minerals for the argillic (alunite-kaolinite)
and phyllic (illite), draped over ASTER band 3 for visualization. Mineral occurrences (Cu: copper;

Mn: magnesium; Na: sodium; Ag: silver; Zn: zinc; AC: chrysotile asbestos; U: uranium; Th: thorium; Ba: barite; 
Fe: iron). Refer to Figure 5 for photographs of P1-P4 localities
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depict this alteration for the whole Imghi Formation 
(e.g., on its southern part; Fig. 4b). The reason for 
this spectral variability might due to a mixed pixel 
effect, wherein the presence of active agricultural 
cover introduces confounding vegetation and soil 
moisture signatures that obscure the diagnostic ab-
sorption features of the target minerals.

FIELD INVESTIGATIONS 			 
AND VALIDATION PROTOCOL

According to field observations, the sub-
study areas contain considerable levels of argillic, 

phyllic, propylitic and potassic alterations, along 
with some silicification (Fig. 5).

Petrographic and mineralogical studies

The petrographic studies carried out on sam-
ples from the sub-study areas highlighted the ex-
istence of major alteration minerals associated 
to the inferred alteration zones including miner-
als like abundant chlorite, kaolinite, sericite, and 
muscovite (Fig. 6). 

Under transmitted light, the three samples tak-
en from the Tadmant rhyolite (Bou Salda Group) in 
the Zgounder Mine area show all a microcrystalline 

Figure 4. RGB color composite image of alteration minerals for the propylitic (calcite-chlorite+epidote)
and potassic alteration (quartz+K-feldspar) draped over ASTER band 3. Mineral occurrences (Cu: copper;

Mn: magnesium; Na: sodium; Ag: silver; Zn: zinc; AC: chrysotile asbestos; U: uranium; Th: thorium; Ba: barite; 
Fe: iron). Refer to Figure 5 for photographs of P5, P6 and P7 localities
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porphyritic texture with quartz, K-feldspar altered 
to albite, and crystallized inside a devitrified ma-
trix. Secondary alteration minerals chlorite, seric-
ite, albite, with some carbonates (Fig. 6a, and Fig. 
6b). The meta-dolerite sample (Zg-14) collected 
from a dolerite dyke next the mineralized zone 
of the Zgounder Mine have an intersertal texture 
with interstitial quartz into which phantom laths 
of black plagioclase were included in the phantom 
pyroxene crystals (Fig. 6c, Fig. 6d). Between these 
phantoms, interstitial spaces show a granonema-
toblastic microcrystalline texture. The plagioclase 
crystals are strongly altered and replaced by a mix-
ture of chlorite, weak and sparse grains of epidote. 
Clinopyroxenes are mainly replaced by amphi-
boles (hornblende and actinolite). The sample con-
tains small ilmenite laths with some being partly 
replaced by pyrite (Fig. 6c, Figd). The samples of 
the argillic alteration in the Zgounder Mine area 
have abundant quartz. The alteration in this zone 
is manifested by advanced replacement of hydro-
thermal quartz, plagioclase, and mafic minerals by 
clays. The fine-grained clay minerals with kaolinite 

aggregates are wrapped by pyrophyllite replacing 
hydrothermal quartz. Two generations of chlorite 
replace former mafic phases. The groundmass is 
partially silicified and sericitized (Fig. 6e). In addi-
tion, clay minerals fill pores and gaps between pla-
gioclase crystals (Fig. 6f). Kaolinite-pyrophyllite 
in feldspars and sericitized plagioclases are visible 
in (Fig. 6g). The Bou-Tazart granite/granophyre 
show a graphic intergrowth boundary of quartz and 
K-feldspar around quartz phenocrysts (Fig. 6h). 

For the Imourkhssen area, the study of 
samples of the propylitic zone from the Aska-
oun granodiorite showed the extensive replace-
ment of lath-shaped feldspar phenocrysts by 
sericite and clay minerals. They are associated 
to chlorite and iron-oxides (Fig. 6o). Chlorite 
replaces biotite, with muscovite micro-patches 
next to chlorite crystals (Fig. 6i, Fig 6j). Pe-
trographic studies of similar zones by  Toum-
mite, (2012)  identified advanced  propylitic al-
teration  within the Askaoun granodiorite. This 
is characterized by  epidote patches  analogous 
to those observed in this study (Fig. 6l). In the 

Figure 5. Examples of the surface alteration zones at the Zgounder mine and Imourkhssen areas. (a): strong argillic 
alteration zone associated to the Neogene trachy-andesites in the Tittalt village. (b): strong argillic alteration 
affecting the lapilli-tuffs of the Ouarzazate Group. (c): distribution and zoning of alteration zones surrounding 
the oxidized dolerite dyke, from argillic alteration minerals on the left side of the dyke to the slightly sericitic 
alteration on the right corner. (d): propylitic alteration zone with halos of chlorite associated with molybdenum 
mineralization. (e): quartz pocket in highly altered Imourkhssen granite. (f): bleaching of the sericitic-argillic zone 
with a barite+hematite vein. (g): propylitic alteration with developed epidote in the Imourkhssen granite. (h): flesh-
colored K-feldspar within the Imourkhssen granite



284

Ecological Engineering & Environmental Technology 2026, 27(3), 272–289

Figure 6. Microphotographs of some hydrothermal alteration features and mineralization occurrences in the 
Zgounder Mine and Imourkhssen areas (all images taken under the transmitted light microscopy are in the 
polarized light (a to n + p). (a), (b): microcrystalline porphyritic texture with quartz, K-feldspar altered to albite, 
and crystallized inside a devitrified matrix (Zg-112, Zg-113). (c), (d): intersertal texture with interstitial quartz 
exhibiting phantom laths of black plagioclase included in the phantom pyroxene crystals; alteration is marked by 
well-developed patches of chlorite and sparse grains of epidote (Zg-14). (e): fine-grained clay minerals probably 
replacing hydrothermal quartz; chlorite replacing former mafic minerals; the groundmass is mostly silicified and 
sericitized. (f): clay minerals filling pores and gaps between minerals (quartz-plagioclase) in a microgranite. (g): 
clay minerals (kaolinite wrapped by small patches of pyrophyllite) in the Bou-Tazart granite (Ouarzazate Group) 
(Zg-99). (h): a graphic intergrowth boundary of quartz and K-feldspar around quartz phenocrysts in the granite/
granophyre of the Bou-Tazart (Zg-99). (i), (j): sericitized plagioclase phenocrysts cut by thin veinlets of sericite 
in the Askaoun granodiorite; chlorite replacing biotite with some micro-patches of muscovite (Zg-08). (k): clay 
minerals with sericitized plagioclase. (l): epidote and chlorite in a propylitic zone. (m), (n): kaolinitized and 
sericitized plagioclase. (o): ferric oxide minerals. (p): bleaching sericitic-argillic zone. (q): pyrite-chalcopyrite 
association in the Imourkhssen area (reflected light). (r): galena and sphalerite association in a sample from 
the Zgounder Mine area (SEM). (s): Ag-Hg amalgam associated with pyrite and a ferriferous chlorite (SEM). (t): 
ferriferous chlorite associated with rutile (SEM). Abbreviations: alb: albite; Qz: quartz; Plg: plagioclase; Ser: sericite; 
Chl: chlorite; Ilm: ilmenite; Op: opaque minerals; Px: pyroxene; Kaol: kaolinite; Tr: Trimolite; Msc: muscovite; Ep; 
epidote; Fer-Chl: Ferriferous chlorite; Rut: rutile; Ag-Hg: Silver-mercury; SEM: scanning electron microscope
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field, the Imourkhssen granite’s core is charac-
terized by heavily albitized and potassic altera-
tion, which is highlighted by the development of 
coarse-grained pink-colored potassium feldspar 
as veins and veinlets (Fig. 5e, Fig. 5h). This al-
teration is linked to a molybdenum mineraliza-
tion according to Belkacim, (2014) (Fig. 5d). 
Two samples taken from a sericitic-argillic zone 
show high abundance of clay minerals replacing 
phenocrysts of feldspar and highly sericitized 
plagioclase (Fig. 6k, Fig 6m, Fig. 6n). A zone in 
the Imourkhssen area referred to as a bleaching 
sericitic-argillic zone (Fig. 5f), shows an assem-
blage of quartz, plagioclase, sericite and opaque 
minerals (Fig. 6p). The intense quartz-sericite 
alteration in this phyllic zone is accompanied by 
some plagioclase crystals being partially obliter-
ated. However, the co-existence of sericite and 
secondary quartz might indicate simultaneous 
sericitic and argillic alteration, plus and silici-
fication, with the sericitic alteration conditioned 
by the rock fabric and texture. 

Polished sections were prepared from repre-
sentative samples collected within the  mineral-
ized zones of the Zgounder Mine and the Imour-
khssen areas.  Scanning Electron Microscopy 
(SEM) analysis revealed an abundance of sulfide 
minerals, including pyrite, chalcopyrite, sphaler-
ite, and galena, along with silver-mercury amal-
gams. Additionally, ferriferous chlorite and iron 
oxides were identified within the mineralized as-
semblage. These mineralogical relationships are 
illustrated in Figure 6q, 6r, 6s, and 6t. The pres-
ence of silver-mercury amalgams and base metal 
sulfides specifically pyrite, chalcopyrite, sphal-
erite, and galena provides empirical evidence 
of  metal-saturated hydrothermal fluids. This 
suggests that the identified  alteration halos  are 
genetically linked  to a substantial and produc-
tive polymetallic mineralizing system.

Geochemical analysis on selected samples 
from the Zgounder mine and Imourkhssen 
areas

The geochemical distribution across the two 
study areas highlights distinct metallic signatures 
(Fig. 2): in the Zgounder mine area, silver (Ag) 
and zinc (Zn) concentrations peak in sample Zg-
14 (> 100 ppm Ag; 540 ppm Zn), followed by sig-
nificant zinc levels in sample Zg-107 (270 ppm) 
and Zg-103 (210 ppm), while copper (Cu) is most 
elevated in Zg-107 (110 ppm) and Zg-103 (100 

ppm). Conversely, the Imourkhssen area displays 
a gold-copper dominant profile, with sample Im-
21 yielding the highest values for gold (29.77 ppb 
Au), silver (8.69 ppm Ag), and copper (1,439.88 
ppm Cu). Secondary copper peaks occur in Im-22 
(675.43 ppm), while zinc concentrations in this 
sector are highest in sample Im-22 (130.30 ppm) 
and Im-51 (117.35 ppm). 

These geochemical results differenti-
ate two distinct mineralizing environments. 
The  Zgounder Mine area  is characterized by a 
high-grade  Ag-Zn-As  signature, highlighted 
by extreme silver and zinc enrichment in sam-
ple Zg-14, and elevated arsenic in Zg-103, cor-
relating with proximal epithermal alteration. In 
contrast, the  Imourkhssen area  reveals a high-
temperature  Au-Cu-Mo-Co  association, featur-
ing massive copper levels in  Im-21 and an ex-
treme molybdenum spike in Im-2.

As for the promising contents in gold, silver 
and copper in the analyzed samples (Table 9). 
These findings serve as high-priority vectors for 
future exploration and detailed site investigation. 
While several mineral occurrences in these sec-
tors have been previously documented (Fig. 2), 
the geochemical results presented here reinforce 
the untapped economic potential of these min-
eralized systems. Furthermore, the alignment of 
these anomalies with ASTER-derived alteration 
zones provides a framework for identifying ex-
tensions of known deposits and discovering new 
targets in under-evaluated areas of the Anti-Atlas.

DISCUSSION

The Siroua Massif is renowned for its prolif-
ic mineral resources, primarily characterized by 
multi-scale silver and copper deposits, alongside 
late-stage barite occurrences. Key among these 
is the  Zgounder Ag-Hg deposit, a world-class 
epithermal system formed through multi-stage 
mineralization events linked to Neoproterozoic 
volcanism and subsequent tectonic reactivation 
(Marcoux and Wadjinny, 2005; Pelleter et al., 
2016). Beyond silver, the region demonstrates 
significant potential for copper and gold, largely 
controlled by major Pan-African structural corri-
dors and the complex interplay between late-Edi-
acaran granitoids and the PIII volcano-sedimen-
tary series (Tuduri et al., 2018). Recent structural 
and spectral mapping in the Anti-Atlas has em-
phasized the Siroua region as a critical zone for 
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identifying  ‘blind’ hydrothermal systems, where 
diagnostic argillic and phyllic alteration assem-
blages serve as indicators for deeper polymetallic 
potential (Tazi et al., 2026). Overall, the Siroua 
Massif remains poorly understood; extensive 
studies and characterization of its potential has 
been historically limited by land-tenure complex-
ities and administrative constraints.

While previous research relied predomi-
nantly on traditional principal component analy-
sis, these methods might often yield imprecise 
results due to manual component selection. Our 
study advances this by implementing a  system-
atic numerical decision index that automates the 
identification and negation of mapping PCs based 
on diagnostic spectral contrasts (Supplementary 

Table). By integrating geochemical analysis with 
petrographic and mineralogical data, we bridge 
the gap between remote sensing theory and field 
reality, establishing a verifiable methodological 
framework for regional exploration.

Whereas our adopted numerical decision in-
dex on PCs significantly enhances the precision 
of spectral extraction, it is essential to define 
the operational boundaries of this methodology. 
Remote sensing remains an effective preliminary 
exploration tool and a guide for regional recon-
naissance; however, it is not a substitute for tra-
ditional ground-based exploration, detailed geo-
chemical sampling, or exploratory drilling. More-
over, the identification and interpretation of the 
detected alteration minerals via ASTER imagery 

Table 9. Contents in Ag, As, Co, Cu, Fe, Mo, Ni, Pb, and Zn for the analyzed samples from the Zgounder Mine 
and Imourkhssen areas. Abbreviations: NA, not available; Zg, Zgounder; Im, Imourkhssen. Refer to Figure 2 	
for samples location

Sample 
code Longitude Latitude Au 

(ppb)
Ag 

(ppm)
As 

(ppm)
Co 

(ppm)
Cu 

(ppm)
Mo 

(ppm)
Ni 

(ppm)
Pb 

(ppm)
Zn 

(ppm)
Zgounder Mine area

Zg-01 -7.73437 30.76772 NA 1.20 < 5 2.00 20.00 14.00 40.00 5.00 < 30

Zg-08 -7.76137 30.76415 NA 1.60 6.00 17.00 30.00 7.00 40.00 13.00 190.00

Zg-14 -7.74029 30.76302 NA > 100 49.00 46.00 20.00 3.00 60.00 44.00 540.00

Zg-98 -7.72756 30.76394 NA 31.00 12.00 5.00 30.00 15.00 30.00 8.00 < 30

Zg-99 -7.72944 30.75840 NA 0.80 11.00 6.00 40.00 13.00 30.00 8.00 60.00

Zg-103 -7.73980 30.77161 NA 0.50 50.00 51.00 100.00 9.00 100.00 24.00 210.00

Zg-107 -7.72053 30.78954 NA 0.70 37.00 41.00 110.00 4.00 < 20 44.00 270.00

Zg-108 -7.72773 30.79094 NA 2.40 14.00 11.00 40.00 11.00 30.00 41.00 90.00

Zg-112 -7.75332 30.76962 NA < 0.5 < 5 2.00 30.00 21.00 50.00 < 5 < 30

Zg-113 -7.75564 30.76921 NA < 0.5 < 5 2.00 40.00 15.00 40.00 < 5 < 30

Imourkhssen area

Im-2 -7.85856 30.93178 5 1.84 35.87 270.07 659.42 1486.51 20.57 84.53 17.68

Im-4 -7.85087 30.92966 20.50 < 1 22.15 62.72 72.57 20.00 20.84 39.52 56.55

Im-11 -7.87065 30.91878 11.20 < 1 166.91 104.53 450.27 16.52 22.34 31.08 19.67

Im-21 -7.85854 30.93179 29.77 8.69 35.60 92.84 1 439.88 12.32 18.16 58.17 24.03

Im-22 -7.86596 30.92166 22.5 1.42 42.98 44.25 675.43 < 10 44.96 82.82 130.30

Im-25 -7.86803 30.91663 11.20 < 1 < 20 81.73 65.80 < 10 22.19 50.55 68.05

Im-26 -7.86803 30.91663 8.00 < 1 25.65 125.97 34.41 < 10 14.54 31.88 13.99

Im-27 -7.86803 30.91663 16.00 < 1 20.81 174.74 28.71 < 10 17.61 32.17 12.93

Im-29 -7.86083 30.93011 16.00 < 1 32.55 51.28 57.94 < 10 35.58 41.01 57.02

Im-30 -7.86083 30.93011 8.00 < 1 34.26 59.39 149.86 < 10 34.78 44.98 66.13

Im-32 -7.8659 30.9216 4.80 < 1 30.21 58.10 20.80 < 10 22.02 42.16 88.42

Im-35 -7.86596 30.92166 4.80 < 1 24.15 106.33 25.98 < 10 17.81 41.67 34.91

Im-44 -7.86735 30.92038 4.80 < 1 < 20 113.10 16.47 19.34 16.98 21.74 27.60

Im-47 -7.86996 30.92021 4.80 < 1 < 20 177.83 12.61 108.72 8.99 22.03 7.25

Im-51 -7.87005 30.91785 4.80 < 1 < 20 46.82 40.48 < 10 18.23 42.77 117.35

Coordinates are in Decimal Degrees, ESPG:4326 – WGS 84 projection



287

Ecological Engineering & Environmental Technology 2026, 27(3), 272–289

remains indirect and probabilistic, as spectral sig-
natures can be influenced by surface weathering, 
biological crusts, or sub-pixel mineral mixing. 
Consequently, this approach is best framed as 
an early-stage exploration framework designed to 
narrow down vast terrains into high-priority tar-
gets. By integrating these remote sensing outputs 
with petrographic and geochemical studies, we 
mitigate these inherent uncertainties, transform-
ing a probabilistic spectral model into a verifiable 
geological tool for the Siroua Massif.

CONCLUSIONS

This contribution focuses on the application 
of a selective PCA on ASTER data for hydrother-
mal alteration mapping and mineral targeting in 
the northern part of the Siroua Massif. On one 
hand, field investigations and petrographic stud-
ies of collected samples confirmed the presence 
and the spatial distribution of the alteration min-
erals mapped by the PCA technique. The evalu-
ation confirmed that the ASTER  VNIR-SWIR-
TIR subsystems  detect key alteration mineral 
assemblages. On the other hand, the anomalous 
concentrations of precious and base metals iden-
tified across both sectors significantly reinforce 
the economic potential of the study area.

The selective  principal component analysis 
technique  appeared to be an effective approach 
for delineating hydrothermal alteration zones, 
particularly evident given the arid to semi-arid 
conditions of the study area, where sparse and 
minimal vegetation cover facilitated a clearer 
spectral response. By employing this  non-inva-
sive technique, we identified key alteration sig-
natures and polymetallic targets in the Zgounder 
mine and Imourkhssen areas. These results sug-
gest that selective PCA remains a viable tool for 
preliminary mapping in similar geological set-
tings. Nonetheless, multimodal integration of 
PCA with methods like band rationing, spectral 
angle mapper, and minimum noise fraction analy-
sis is recommended for enhanced accuracy and 
spatial precision.

This  green technology  offers a sustainable 
method for mineral targeting, as it aligns with 
global standards for  sustainable mining explo-
ration, offering a non-invasive means for large-
scale geological assessment with zero ecological 
impact.
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