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Abstract: The mapping of hydrothermal alteration zones associated with mineralization is of
paramount importance in searching for metal deposits. For this purpose, targeting alteration zones
by analyzing airborne geophysical and satellite imagery provides accurate and reliable results. In the
Kelâat M’Gouna inlier, located in the Saghro Massif of the Moroccan Anti Atlas, natural gamma-ray
spectrometry and ASTER satellite data were used to map hydrothermal alteration zones. Natural
gamma-ray spectrometry data were processed to produce maps of Potassium (K in %), Uranium (eU
in ppm), Thorium (eTh in ppm) and ratios of K/eTh and K/eU. In addition, four-band ratios were
computed, on ASTER data, to map the distribution of clay minerals, phyllitic minerals, propylitic
minerals, and iron oxides. The combined results obtained from geophysical and satellite data were
further exploited by fuzzy logic modelling using the Geographic Information System (GIS) to gen-
erate a mineral prospectivity map. Seven hydrothermal alteration zones likely to be favorable for
mineralization have been identified. They show a spatial correlation with (i) known surface prospects
and mineral occurrences, (ii) the granite-encasing contact zone, and (iii) the fault zones (Sidi Flah
and Tagmout faults). This research therefore provides important information on the prospecting of
mineral potential in the study area.

Keywords: mineral exploration; natural gamma-ray spectrometry; ASTER; fuzzy logic modelling;
Kelâat M’Gouna inlier; Eastern Anti-Atlas; Morocco

1. Introduction

The mapping of hydrothermal alteration zones associated with mineralized systems
is of great importance in mineral exploration, especially in the early stages of metal de-
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posit exploration [1–11]. However, the hydrothermal alteration minerals formed can vary
significantly, depending on the chemical composition of the primary rock and hydrother-
mal fluids, the nature of the host, temperature and pressure conditions, and the tectonic
setting [12].

Many methods have been proposed to map the spatial distribution of hydrothermal al-
teration zones. The method of processing multispectral satellite images, especially those of the
ASTER sensor, is qualified among the most used approaches [4,6–8,10,11,13–18]. Apart from
remote sensing data, processing of geophysical data contributes assuredly to minerals explo-
ration through their different geophysical components (gravimetric, magnetometric, electrical,
electromagnetic and natural gamma spectrometric methods) [19–24]. The natural gamma-ray
spectrometric method has been widely and successfully used in mineral exploration and
identification of alteration zones [20,21,25–30]. However, few studies have been tested the
application of this method in conjunction with the open accessible free satellite images.

In this regard, we used satellite data from the ASTER sensor, airborne natural gamma-
ray spectrometry and surface geological data to identify potential mineral explo-ration sites
in the area of Kelâat M’Gouna/Morocco. This area is located in the Jbel Saghro massif, one
of the most important massifs of Morocco’s Anti-Atlassic chain, which is recognized for its
composition in mineral raw material (Figure 1). This area has recently been the subject of
mining exploration activity that has led to discovering three gold deposits: Ismlal, Talat-n-
Tabarought and Tawrirt-n-Çwalh. These deposits are controlled by complex hydrothermal
processes such as silicification, chloritization, hematization and sericitization [31,32]. These
processes occurred under specific geodynamic conditions that characterized the geological
history of the Anti-Atlas.

The aim of this study is to conduct a geological mapping of mineral composition in
Kelâat M’Gouna area by combining geophysical and remote sensing data. This study was
conducted with main objective of (i) accurately mapping hydrothermal alteration zones;
(ii) developing a mineral prospectivity maps by combining thematic layers using fuzzy
logic modelling; (iii) relating mineral formation processes to hydrothermal events; and (iv)
clarifying the characteristics of the mineral formations in the different tectonic units of the
study area.
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Figure 1. (a) Location of the Moroccan Anti-Atlas Range relative to the West African Craton [33]. (b) 

General geological map of the Anti-Atlas showing its main Precambrian inliers [34,35], modified. (c) 

Geological map of the Saghro Massif with its main metalliferous deposits (IMD: Imeter Deposit; 

TGHD: Taghassa Deposit; KMD: Kelâat M’Gouna Deposits; ISFD: Issarfane; BSD: Bouskour Deposit; 

AMD: Amzwaro Deposit; TMD: Tizi Moudou Deposit; AFD: Asfalou Deposit; TWD: Tiwit Deposit; 

TGMD: Tagmout Deposit; SFD: Sidi Flah Deposit). In addition, their rose diagrams showing the 

trends of faults on the left and dykes on the right. The study area is marked by the red polygon [36,37], 

modified. 

Figure 1. (a) Location of the Moroccan Anti-Atlas Range relative to the West African Craton [33].
(b) General geological map of the Anti-Atlas showing its main Precambrian inliers [34,35], modified.
(c) Geological map of the Saghro Massif with its main metalliferous deposits (IMD: Imeter Deposit;
TGHD: Taghassa Deposit; KMD: Kelâat M’Gouna Deposits; ISFD: Issarfane; BSD: Bouskour Deposit;
AMD: Amzwaro Deposit; TMD: Tizi Moudou Deposit; AFD: Asfalou Deposit; TWD: Tiwit Deposit;
TGMD: Tagmout Deposit; SFD: Sidi Flah Deposit). In addition, their rose diagrams showing the trends of
faults on the left and dykes on the right. The study area is marked by the red polygon [36,37], modified.

2. Material and Methods
2.1. Geological Context of the Study Area

The Saghro massif is located NE of the major accident of the Anti-Atlas (Figure 1b),
which is interpreted as a Pan-African suture following the identification of a complex
ophiolite that stakes it [38]. It is subdivided into three domains, (i) the Western Saghro
corresponding to the Sidi Flah and Bouskour inliers, (ii) the Central Saghro corresponding
to the Kelâat M’Gouna inlier and (iii) the Eastern Saghro formed by the Boumalne and
Imiter inliers (Figure 1).
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The study area corresponds to the geological sheet of Kelâat M’Gouna, at 1:50,000
scales. It is geographically attached to the Kelâat M’Gouna inlier, between meridians 6◦00 W
and 6◦15 W and parallels 31◦00 N and 31◦15 N. This area contains a wide range of geological
formations ranging in age from Cryogenian to the present day (Figure 2). The Lower
Cryogenian formations, which are volcano-sedimentary and metamorphic, are the oldest
in the Jbel Saghro massif and correspond to turbidites interbedded with basic volcanic
flows and intruded by gabbros, diorites and granites [32,39–42]. They are overlain in
anomalous contact, by Upper Cryogenian conglomerates, sandstones, limestones, cinerites,
rhyolites and andesites [36,43], and they are overlain by the formations of the Ouarzazate
Group, which in turn, comprises two discordant sets on top of each other [31]. The first
set corresponds to the Lower Ediacaran or the Lower Ouarzazate Group, composed of
potassium-rich volcanic and granitic formations that intrude all the previous geological
formations. The second set corresponds to the Upper Ediacaran or Upper Ouarzazate
Group, consisting of detrital and volcanic formations intruded by rhyolite and microgranite
dikes. The formations of the Upper Ouarzazate Group are tectonically continuous with the
Adoudounian sedimentary formations. The Paleozoic formations are poorly represented
in the study area. They are limited to the Tagmout graben (Figure 2), where they are
exposed in conglomerates, pink sandstones with basalt intercalation, Paradoxides shales
and Tabanites sandstones [31]. The Cenozoic-Quaternary sedimentary deposits correspond
to the filling of the Ouarzazate basin.

2.2. Structural and Tectonic Context of the Study Area

The Saghro Massif is affected by the major phase of the Pan-African Orogeny (B1)
dated at 685 ± 15 Ma [44]. This phase is responsible for the emplacement of diorite, quartz
diorite and granodiorite massifs along N130◦ troughs at Bouskour [45,46] and at Boumalne-
Dadès [47]. This phase is followed by the late phase (B2) of weak intensity and without
metamorphic transformation. It is responsible for the development of granitic massifs in
the Bouskour and Ougnat inliers.

The formations, which outcrop on the Kelâat M’Gouna sheet, have undergone the vari-
ous tectonic events that affected the Anti-Atlas. These events are reflected by the dominance
of brittle structures classified in general according to their orientation in three families:

a. The first family-oriented NE-SW is the most dominant and with plurikilometer
lengths. The most important faults of this family are the Sidi Flah fault and the
faults bordering the Tagmout graben (Figure 2). The Sidi Flah fault shows a sinister
set related to its reactivation under the effects of the Hercynian orogeny [31]. The
Tagmout graben corresponds to the western extension of the great graben located in
the heart of the Saghro massif [48,49].

b. The second family is oriented NNW-SSE and shows a dexterous set in coherence
with the antithetic movement [31].

c. The third family is oriented NNE-SW and corresponds to dolerite and rhyolite dikes
that were emplaced in the echelon distension fractures of the synthetic Riedel faults
playing in shear in the same stress field around 564 Ma [50].
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Figure 2. Geological map of the study area extracted from the geological map 1:50,000 of Kelâat 

M’Gouna, showing its main ore deposits (ISD: Ismlal gold Deposit; TNÇ D: Taourirt-n-Ç walh gold 

Deposit; TNTD: Talat-n-Tbarought gold Deposit; TGD: Tagmout copper Deposit). 

Figure 2. Geological map of the study area extracted from the geological map 1:50,000 of Kelâat
M’Gouna, showing its main ore deposits (ISD: Ismlal gold Deposit; TNÇD: Taourirt-n-Çwalh gold
Deposit; TNTD: Talat-n-Tbarought gold Deposit; TGD: Tagmout copper Deposit).



Appl. Sci. 2022, 12, 957 6 of 19

2.3. Ore Deposits of the Study Area

Many distinct categories of mineralization have been identified on the Kelâat M’Gouna
sheet and constitute about 50 showings and deposits such as gold, copper, iron, lead,
fluorine, manganese, cobalt and silver (Figure 2). The most important mineralization is
represented by gold deposits represented by three gold occurrences that are so far in the
development phase: Ismlal, Talat-n-Tabarought and Tawrirt-n-Çwalh [31,32,41]. According
to mineralogical, textural, structural and chemical aspects of these occurrences, two main
types of mineralization have been distinguished: an old porphyry type system, followed by
a younger epithermal type system [41,51]. At Ismlal, gold mineralization is hosted in Lower
Cryogenian volcano-sedimentary turbidites (NP2i), intruded by granodiorites of Lower
Ediacaran age (NP3i). It occurs as quartz veins ranging from N0◦ to N120◦, in breccias
of general orientation N120◦ and dissemination in the volcano-sedimentary turbidites
of NP2i. Gold grades are estimated at 0.5 g/t. The length of this mineralized zone is
about 800 m, and its width is about 200 m [31,32]. At Talat-n-Tabarought, the gold-bearing
structure is in the form of the NW-SE, and NE-SW trending T. Gold grades (between 0.1 and
0.3 g/t) is low compared to those at Ismlal [31]. The mineralization host is NP2i sandstone,
and it presents quartz micro veins at the edge of pyrite granodiorite and tourmaline
granodiorite intrusions. At Tawrirt-n-Çwalh, the gold mineralization is discontinuous in
an NNE-SW direction and is 800 m in extent. The host of this mineralization corresponds
to a metamorphic sandstone-pelitic alternation of NP2i age injected by quartz veins and
potassic feldspars with gold visible to the naked eye [31,41]. Gold grades are interesting
and range from 1 to 9 g/t [31,32,41]. In addition, copper mineralization is well recognized
in the region, the most important of which is Tagmout which is located south of the study
area (Figure 2). It is a hydrothermal vein deposit hosted by gabbros, monzogabbros and
granites of the Upper Neoproterozoic. The metallogenic study of the deposit identified a
copper paragenesis dominated by chalcopyrite, chalcocite, bornite, covellite, cuprite, grey
copper and malachite [31].

2.4. Geophysical and Remote Sensing Data
2.4.1. Radiometric Data

Airborne geophysics based on gamma-ray spectrometry estimates the concentration
of Potassium (K), Uranium (eU) and Thorium (eTh) at the earth’s surface down to 30–
45 cm [52–55]. These radioelements occur in widely varying concentrations in the rocks
that form the earth’s crust. The Table 1 shows the concentrations of the three radioelements
in the main rocks categories.

The airborne gamma-ray spectrometry data used in this study were acquired in the
Moroccan Anti Atlas in 1998 by the company Géoterrx-Dighem for the Ministry of Energy
and Mines. The measurements were made with an average ground clearance of 60 m by
the Exploranium GR-830/3 spectrometer. The flight lines are oriented N315◦ and spaced at
500 m. The flight line crossings are N45◦ and 4000 m apart. Gamma-ray emissions were
recorded from the ground and air over an energy range of 0 to 3 MeV with 8 downward
and 2 upward crystals, respectively. Count rates were determined within three windows
corresponding to natural radiogenic concentrations of Potassium (K, 1.46 MeV), Uranium
(U, 1.76 MeV and Thorium (Th, 2.62 MeV). The radiometric data were recorded at a lower
frequency (1 Hz) and with an average spacing of 63 m. The recorded data then underwent a
series of corrections which are: (i) activity time correction; (ii) calculation of effective ground
clearance at standard temperature and pressure conditions; (iii) subtraction of cosmic and
helicopter noise; (iv) subtraction of radon background (assessed by upward facing detector
measurements); (v) Compton effect correction and (vi) attenuation corrections.

These radiometric data were provided to us in the form of digital maps. Using ArcGIS
10.3 software, these maps were first georeferenced and digitized to create a digital database
(by digitizing the intersection of the iso-value curves and the flight lines). They were
then interpolated using the inverse distance weighting (IDW) interpolation method to
obtain maps representing the horizontal variation of radioactive concentrations of three
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elements: (i) Potassium (K in %), (ii) equivalent Thorium (eTh in ppm), and (iii) equivalent
Uranium (eU in ppm). Furthermore, ratios of K/eTh and K/eU were calculated to delineate
Potassium enrichment zones as indicators of potential mineral resource-related alteration
zones [25,28,56–58] (Figure 3).

Table 1. Radioelement concentrations in main categories of rocks [53,56].

Rock Type
Potassium (%) Uranium (ppm) Thorium (ppm)

Range Mean Range Mean Range Mean

Acid Extrusives 1.0–6.2 3.1 0.8–16.4 4.1 1.1–41.0 11.9

Acid Intrusives 1.0–7.6 3.4 0.1–30.0 4.5 0.1–253.1 25.7

Intermediate Extrusives 0.01–2.5 1.1 0.2–2.6 1.1 0.4–6.4 2.4

Intermediate Intrusives 0.1–6.2 2.1 0.1–23.4 3.2 0.4–106.0 12.2

Basic Extrusives 0.06–2.4 0.7 0.03–3.3 0.8 0.05–8.8 2.2

Basic Intrusives 0.01–2.6 0.8 0.01–5.7 0.8 0.03–15.0 2.3

Ultrabasic 0–0.8 0.3 0–1.6 0.3 0–7.5 1.4

Chemical Sedimentary Rocks 0.02–8.4 0.6 0.03–26.7 3.6 0.03–132.0 14.9

Carbonates 0.01–3.5 0.3 0.03–18.0 2 0.03–10.8 1.3

Detrital Sedimentary Rocks 0.01–9.7 1.5 0.1–80.0 4.8 0.2–362.0 12.4

Metamorphosed Igneous Rocks 0.1–6.1 2.5 0.1–148.5 4 0.1–104.2 14.8

Metamorphosed Sedimentary Rocks 0.01–5.3 2.1 0.1–53.4 3 0.1–91.4 12 

3 

Figure 3. The methodological flowchart used in this study. Figure 3. The methodological flowchart used in this study.

The image was pre-processed using the Fast Line-of-sight Atmospheric Analysis of
Hypercubes (FLAASH) method [59–61]. This correction process requires the luminance
image and generates a reflectance corrected image. Subsequently, we calculated the band
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ratios “Bands Ratios” related to the depth of the absorption band “RBD” which is a tech-
nique that has been used for many years in remote sensing for mapping hydrothermal
alteration minerals [7,15,62–66]. In the present study, four alteration mineral assemblage
domains were calculated: (i) clay alteration (kaolinite and montmorillonite), (ii) phyllic
alteration (sericite and illite), (iii) propylitic alteration (epidote, chlorite and carbonates),
and (iv) alteration ferric iron uptake (hematite, goethite and jarosite) (Figure 3).

2.4.2. ASTER Satellite Imagery

The space remote sensing data used in this study correspond to an ASTER sensor
image acquired on 9 September 2003, with a cloud cover of the order of 0%. Its spectral
resolution makes it possible to map alteration minerals related to mineralization processes
since it contains six spectral bands in the short wave infrared region ranging from 1.60
to 2.430 µm [13]. Other characteristics and features of the Aster sensor are presented in
Table 2.

Table 2. Characteristics and performance of the ASTER sensor [67].

Subsystem Band No. Spectral Range
(µm)

Radiometric
Resolution Absolute Accuracy Spatial

Resolution (m)
Signal

Quantization (Bits)

VNIR

1 0.52–0.60

NE∆ρ ≤ 0.5% ≤±4% 15 8
2 0.63–0.69

3 0.78–0.86

3N 0.78–0.86

SWIR

4 1.60–1.70 NE∆ρ ≤ 0.5%

≤±4% 30 8

5 2.145–2.185 NE∆ρ ≤ 1.3%

6 2.185–2.225 NE∆ρ ≤ 1.3%

7 2.235–2.285 NE∆ρ ≤ 1.3%

8 2.295–2.365 NE∆ρ ≤ 1.0%

9 2.360–2.430 NE∆ρ ≤ 1.3%

TIR

10 8.125–8.475

NE∆T ≤ 0.3 K

≤3 K (200–240 K)

90 12

11 8.475–8.825 ≤2 K (240–270 K)

12 8.925–9.275 ≤1 K (270–340 K)

13 10.25–10.95 ≤2 K (340–370 K)

14 10.95–11.65

2.4.3. Fuzzy Logic Modelling of Radiometric and ASTER Satellite Imagery

Fuzzy logic modelling is a widely and successfully used technique in mining mapping
and mainly for the development of mineral prospectivity maps [8,66,68–70]. Mathemati-
cally, it is a form of multi-valued logic based on the fuzzy set theory where the real values
of the variables are included in the interval [0–1]; zero corresponds to non-membership,
and 1 corresponds to full membership [71]. This method was first proposed in 1965 by
Zadeh and is defined as follows:

Aij =
{ (

xij, µA
)
/ Xij ∈ Xi

}
, 0 ≤ µA ≤ 1

where µA is called the degree of membership function of x in A and X corresponds to a set
of layers Xi (i = 1, 2, 3, . . . , n), and each layer to r classes defined as (j = 1, 2, 3, . . . , r).

The degree of membership µ A plays in the interval [0–1], so: If 0 ≤ µA < 0.5: xij
is not conducive to mineralization; if µA = 0.5: we cannot determine is xij conducive to
mineralization or not; if 0.5 < µA ≤ 1 it means that xij is conducive to mineralization.
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In this study, we applied this analysis to produce mineral prospectivity maps following
the methodological approach presented in the Figure 3. The first map combines the
four layers corresponding to the band ratios extracted from the ASTER image (Table 3).
Meanwhile, the second map combines the geophysical data corresponding to the K, K/eTh
ratio and K/eU ratio layers. These layers were fuzzified individually using the linear
membership function. Then the fuzzy gamma operator was applied to combine our
thematic layers. The choice of this operator is based on the fact that it is a compromise
between the fuzzy algebraic sum and its product [72]. In addition, it is possible to develop
improvements on the input of the resulting maps [73]. After several trials, we took 0.72
as the value of parameter γ. The fuzzification parameters used for the input data are
represented in the Table 4.

Table 3. Band ratios used in this analysis for mapping weathering zones in the study area.

Bands Ratios Equations Target Minerals

CLMI (band 4 + band 6)/band 5 Alunite/kaolinite/montmorillonite

PHMI (band 5 + band 7)/band 6 Sericite/muscovite/illite/smectite

PRMI (band 7 + band 9)/band 8 Epidote/chlorite/carbonates

IOI (band 5/band 3) + (band 1/band 2) Hematite/goethite/jarosite

Table 4. Fuzzy membership parameters used for input layers.

Data Origin Input Layer Membership Type Fuzzy Operator

Aster Dataset

Argilic Lineare

γ = 0.72
Phyllic Lineare

Propylitic Lineare
Iron oxydes Lineare

Spectrometry gamma
Dataset

K Lineare
γ = 0.72K/eTh Lineare

K/eU Lineare

3. Results
3.1. Mapping of Hydrothermal Alteration Zones
3.1.1. Contribution of the Radiometry

The resulting radiometric maps provide a synthetic view of the heterogeneities of the
geological formations encountered based on the radiometric signature of the different rock
units and the structural trends that affect them. The highest concentrations of radioactive
elements (more than 5.70% K, 15.80 ppm eTh and 8.30 ppm eU) are concentrated in the SSE
part of the map (Figure 4), which could be related to the presence of a large granitic massif
called “pink granites of Isk n’Alla” (Figure 2). This contrast sequence is also marked by low
to moderate amounts observed, especially if we go towards the North of the study area
(0.20 to 0.45% K, 5.25 to 7.24 ppm Th and 0.91 to 1.29 ppm U) (Figure 4). The geological
map in Figure 2 and radioelement contents in the main rock categories (Table 1) were used
to geologically interpret the spatial distributions of potassium, thorium and uranium.
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Figure 4. Maps of natural gamma-ray spectrometry showing the distribution of Potassium (a),
Thorium (b), Uranium (c), and the ratio K/eTh (d).

At a too detailed scale, the overall spatial distribution of relative Potassium concentra-
tions suggests that the Lower Cryogenic turbiditic metavolcanic and the Quaternary and
Miocene formations show low levels (0.70–2.20%), while intermediate values (2.70–3.70%)
are associated with the oldest granites (Wawitcht Granite). High levels (up to 6%) were
obtained in NE-trending fault and fracture zones and are related to granites (Figure 4a).
The Thorium map reveals that the youngest granites and the Upper Ediacaran rhyolites
have the highest values of 16 and 13 ppm, respectively, in which their boundaries are
evident (Figure 4b). Lower levels are observed in wadi sediments, metasediments and
Cryogenian metavolcanic where concentrations are lower than 6.5 ppm (Figure 4b). The
Uranium map can also be subdivided into three levels. The first level extends to 8 ppm,
associated with the youngest granites, the volcano-sedimentary complex and the Upper
Ediacaran rhyolites. The intermediate level ranges from 4 to 6 ppm, associated mainly with
the Ediacaran rhyodacites and rhyolites. The last level decreases to 3 ppm as a minimum
value on the Miocene sedimentary formations and the Wadi sediments (Figure 4c).

3.1.2. Contribution of the K/eTh Ratio

In addition to three radiometric maps, a K/eTh ratio was calculated to highlight
locations with higher Potassium content (Figure 4d). High concentrations of this element
may reveal possible areas of hydrothermal alteration and mineralization [25,29,56,74].



Appl. Sci. 2022, 12, 957 11 of 19

View that Potassium is more mobile than thorium in terms of element mobility during
chemical alteration processes [75,76]. The K/eTh ratio is often considered the best indicator
of Potassium enrichment zones related to hydrothermal alteration. The authors of [77]
show that the Potassium/Thorium ratio is nearly constant in most rocks and generally
ranges from 0.17 to 0.2 (K/eTh). Values of the k/eTh ratio that exceed this range could be
due to hydrothermal alteration processes associated with the emplacement of magmatic-
hydrothermal mineralization. In the case of the study area, the resulting K/eTh values allow
us to distinguish seven anomalous potassium domains (Figure 4d). Domain 1 presents
extremely high K/eTh values reaching 0.65, associated with alteration zones probably
linked to mineralized zones. Indeed, this domain is characterized by the outcrop of several
showings, namely copper, manganese, silver, etc . . . (Figure 4d). Domains 2, 3 and 5 are
respectively associated with young granites “pink granite of Isk n’Alla,” rhyolites and
rhyodacites of lower Ediacaran and granites of Wawitcht whose ratio values exceed 0.4
(Figure 4d). Furthermore, domain 4 is related to the Sidi Flah fault zone, which hosts several
mineralized showings such as gold, copper, lead and manganese (Figure 4d). Domain 6
is related to gold occurrences closely related to the Wawitcht granite and is characterized
by high values of K/eTh ratios (>0.35). To the north of the study area is domain 7, where
K/eTh values vary considerably and sometimes reach 3.35. This area is associated with the
Azlag granite, which hosts a copper occurrence (Figures 2 and 4d).

3.1.3. Contribution of Aster Data

The results of the extracted band ratios for mapping clay alteration minerals (kaolinite,
alunite and montmorillonite), phyllite alteration (sericite, muscovite and illite), propylitic
alteration (epidote, chlorite and carbonates) and iron oxide alteration (hematite, goethite
and jarosite) are shown in Figure 5.

The band ratio (b4 + b6)/b5 shows the spatial distribution of clay alteration minerals
(blue pixels), which are mostly mapped in the Lower Cryogenian turbidites, in the Upper
Cryogenian units, in the Lower Ouarzazate Group units and very locally in the Quaternary
unit along the Oueds (Figure 4a).

The band ratio (b5 + b7)/b6 illustrates the surface distribution of phyllic alteration
minerals in yellow pixels (Figure 4b), which are mapped in the Upper Cryogenian conglom-
erate and pelite units with intercalations of cinerites, rhyolites and andesites and the Lower
Ouarzazate Group granite unit. These bands are mapped because of their mineralogical
composition’s high content of sericite, muscovite, and illite. The band ratio (b7 + b9)/b8,
corresponds to the propylitic alteration mineral index shown in green pixels; it shows a
distribution more or less similar to the phyllic alteration mineral index and is generally
related to the Upper Cryogenian volcano-sedimentary unit and the Lower Ouarzazate
Group granite unit (Figure 4c).

The band ratio (b5/b3) + (b1/b2) shows the surface distribution of iron oxides in red
pixels (Figure 4d). Compared with the geological map, the high abundance of all these
mapped minerals is typically associated with Cryogenian and Lower Ouarzazate Group units.
It shows a strong correlation with the mineral occurrences and prospects in the study area.
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3.1.4. Generating Mineral Prospectivity Maps

The application of fuzzy logic modelling allowed us to map the spatial distribution of
true hydrothermal alteration zones (i.e., zones induced during the emplacement of metal
deposits). In this regard, three mineral prospectivity maps were created. The first map
combines the natural gamma-ray spectrometry data, which are the thematic layers of K,
K/eTh ratio and K/eU ratio. The second map uses the thematic layers of band ratios
derived from the ASTER image. These thematic layers were selected and then combined by



Appl. Sci. 2022, 12, 957 13 of 19

the fuzzy gamma operator (γ = 0.72). The third map is the result of combining the first two
mineral prospectivity maps.

Figure 6a shows the mineral prospectivity map derived from the combination of
natural gamma-ray spectrometry data. The fuzzy gamma operator (γ = 0.72) merged the
K, K/eTh and K/eU thematic layers. Evaluation of the fuzzy membership results shows
that the favorability index varies spatially, and high values are associated with certain
rocks. High favorability index values are mapped in granites and volcanic rocks, including
miarolitic rhyolites, rhyodacites and Lower Ediacaran rhyolites. Most of the prospects and
showings already mapped are located in the high-value areas of this showing. The map
shows that the Tagmout graben fault zone has the highest value of the favorability index
(0.8 to 1.0). The evaluation of the mineral prospectivity map derived from the geophysical
data shows several anomalous zones that could be the object of future mining prospecting. 

6 

Figure 6. Mineral prospectivity maps: (a) mineral prospectivity map derived from natural gamma 

spectrometry data. (b) Mineral prospectivity map derived from ASTER image. 

Figure 6. Mineral prospectivity maps: (a) mineral prospectivity map derived from natural gamma
spectrometry data. (b) Mineral prospectivity map derived from ASTER image.

Figure 6b shows the mineral prospectivity map of the study area derived from the
combined Aster data. Examination of this map shows that the high favorability index is as-
sociated with certain lithological units. Lower Cryogenian volcano-sedimentary turbidites,
Lower Ediacaran intrusive rocks and Cambrian units show high favorability index values
(0.6 to 1). The altered zones associated with these rocks are the most favorable locations
for mineralization. The resulting map shows that the Wawitch and Isk n’Alla granites and
faulted zones have the highest favorability index values (0.9 to 1.0).

4. Discussions

The processing of the geophysical and ASTER data used in the present work is a
preliminary step of great importance for recognizing new potential targets for mining
research at the scale of the Kelâat M’Gouna inlier. The combination of two different data
types allowed us to map in detail the hydrothermal alteration zones associated with the
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metal deposits, especially the gold deposits. Benziane et al., 2008 [31], showed that the three
gold prospects in the study area are associated with hydrothermal alteration phenomena.
According to these authors, silicification is expressed either by developing quartz stock-
works or by dispersion in the host volcano-sedimentary formations, following a general
NE-SW direction. Generally, this silicification is accompanied locally by opening zones
filled with potassium feldspar and tourmaline. In this respect, ratios of K/eTh and K/eU
were calculated to highlight enrichment zones in this element. Chloritization is manifested
by the development of large zones in the soft greenish levels of the volcano-sedimentary
series. For this purpose, the Aster image band ratio (b7 + b9)/b8 was calculated to map
the spatial distribution of high chlorite content zones. Hematization is materialized by
the development of iron oxides and hydroxides, following the fracturing planes, which
are generally oriented N20◦. This type of alteration mineral was mapped using the band
ratio (b5/b3) + (b1/b2). Finally, the band ratio (b5 + b7)/b6 was used to map the seric-
itization in the study area in a subordinate manner [31]. In the form of thematic layers,
this database was fuzzified by the fuzzy logic modelling technique by combining the two
mineral prospectivity maps, Aster and radiometric. Subsequently, a mineral prospectivity
map for the study area was generated. A total of seven prospective value areas were
identified (Figure 7), and they are mainly associated with alteration zones:

- Area 1 is mainly associated with alteration zones in the Ouarzazate Group rhyolitic
formations. This elongated area straddles a system of NE-SW and NNE-SSW faults.
These faults probably served as flow paths for hydrothermal mineralization. The
documented mineral occurrences also show a close spatial relationship with the fault
systems in the study area, particularly in the Tagmout copper deposit.

- Area 2 and 3 are located at the contact zone between the pink granite of Isk n’Alla
and the volcanic and rhyodacite formations of the Lower Ouarzazate Group. These
formations are crossed by a swarm of rhyolitic dikes of variable direction of the Upper
Ouarzazate Group. At outcrop, both zones host some Cu, Mn and Fe showings.

- Area 4 stakes the ENE-WSW Sidi Flah fault zone, which extends over several kilo-
meters. From a mining point of view, several showings, including Au, Cu, Pb and
Mn, have been reported along and near this fault. This type of fault may favor the
circulation of mineralizing hydrothermal fluids from a deep source that may enrich
the host rocks and tectonic structures [22,23].

- Area 5 coincides with hydrothermal alteration associated with the Wawitcht granite
and volcanic rocks of the Lower Ouarzazate Group.

- Area 6 is associated with the Cryogenian basement formations or its Ediacaran cover.
Minerally, it is a prospective area as it hosts three gold prospects. According to Benzian
et al., 2008 [31]; Tuduri et al., 2018 [32], most gold mineralization in the study area is
restricted to Precambrian formations such as Cryogenian basement turbid volcano-
sedimentary and Ediacaran granites. This indicates that gold prospecting in the areas
adjacent to the three indicated prospects is likely to be most successful in the altered
zones recognized in basement rocks and its Ediacaran cover.

- Area 7 concerns an alteration zone associated with the Azlag granite and the volcano-
sedimentary cover of the lower Ouarzazate group. Due to Miocene deposits that
may hide other mineral occurrences, only one copper showing has been reported.
Consequently, a geophysical study will be necessary to follow the rooting of these
surface anomalies, which would be related to tectonic structures at depth.
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5. Conclusions

The study demonstrates the importance of combining natural gamma-ray spectrometry
and ASTER data in the early stages of mineral exploration. This combination was applied to
target areas with high mining potential in the Kelâat M’Gouna inlier. The results obtained
allowed detailed mapping of hydrothermal alteration zones related to mineralization. Maps
of Potassium (K in %), Uranium (eU in ppm), Thorium (eTh in ppm) and ratios of K/eTh
and K/eU were generated to delineate the high concentrations of radioactive elements
related to the altered zones, particularly in Potassium.

Band ratios extracted from the ASTER image were calculated to visualize the spatial
distribution of specific minerals in the alteration zones. Clay, phyllite, propylitic minerals
and iron oxides were mapped in some lithologies that host several mineral occurrences.

The mineral prospectivity maps generated by the fuzzy logic modelling allowed us to
locate the alteration zones. Seven anomalous zones were then distinguished. The geological
data showed that these zones are located in the contact zones between the granitic massifs,
especially the Wawitcht, Isk n’Alla and Azlag granites and their host rocks formed by the
Ediacaran volcano-sedimentary rocks of the Ouarzazate Group. In addition, most of these
zones have been mapped in rocks that host the prospects and, mining showings already
indicated, notably those of gold. Other anomalous zones have been mapped in fault zones,
mainly in NE-SW and N-S trends, such as the Sidi Flah fault zone and the Tagmout graben
zone. To this end, it is recommended to carry out a detailed structural study in conjunction
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with geophysics to locate, delineate, and follow the deep rooting of the metallic bodies and
tectonic structures that may plug the mineralization in the study area.
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