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ABSTRACT

This study aims to map minerals of hydrothermal alteration zones in the Rehamna Massif, formerly site of large
exploitation of Pb-Zn, Ba-Pb and W-Sn hosted within the Paleozoic basement, using the advantages of remote
sensing technique. In this regard, ASTER remote sensing data have been used as a substrate for spectral process-
ing, namely band ratios, to identify hydrothermal alteration zones characteristic of polymetallic mineralization.
Band ratio technique leads us to map the Phyllic, Argillic, Prophylitic, Oxidation and kaolinite zones. Other ratios
such as Muscovite, Allunite, Calcite and Fe-oxides were also computed. The areas reported were locally compared
with the geological setting. The compilations of the results facilitate the identification of eight potential sites
suitable for a possible tactical research phase. These results can encourage mining exploration and guide mining
companies to the most potentially ore-bearing sites and support the economic development of the Rehamna area.

Keywords: Rehamna massif, remote sensing, ASTER data, band ratios, hydrothermal alteration, potential sites.

INTRODUCTION

To support their economic rise, many countries
recur to the mining sector and advance explora-
tion programs for their mineral resources. In Mo-
rocco, most mining activity is concentrated in the
Anti-Atlas metallogenic belt and Western Meseta
domain and well-studied from a geological and
metallogenic context (Tuduri et al., 2018; Aabi et
al., 2021; Samaoui et al., 2023). In this last zone,
almost mineral deposits are belonging to three fa-
mous Hercynian Massifs: Morrocan Central Mas-
sif, Jebilet Massif and Rehamna Massif.

Except the Rehamna inlier, several mining
sites are stilling in operation in Morrocan Central
Massif: El Hammam, Achemmach mines (Ba, Sn),
polymetalic site of Tighza (Pb, Ag, Cu, Zn, Au),
and several volcanologic massif sulfied mines be-
longing to Jebilet inlier mininig Zn, Pb and Cu
(Bouabdellah and Slack, 2016; Mahjoubi, 2017).
In the the Rehamna inlier, outcrops of granitoids

were accompanied by hydrothermal alteration,
especially around the leucogranite apexes, and
lead mining Sn, W, Pb, Cu, and Mo. Silicifica-
tion, greisenisation, oxidation and chloritisation
around the leucogranitic apexes, and in the loca-
tion of presumed ones, indicate the expression of
this phenomenon (El Mahi et al., 2000 and refer-
ences therein, El Mimouni et al., 2022). In similar
contexts, mapping of alteration zones is among
the first steps in mining research programs (Row-
an et al., 2005; El Janati, 2019).

The effectiveness of remote sensing images
and techniques in several fields essentially in
geological studies such as lithological mapping,
mineral discrimination and hydrothermal altera-
tion minerals delineating give excellent results at
different scales (Ramadan and Kontny, 2004; Ak-
bari et al., 2015; Zhang et al., 2016).

Remote sensing images and applications have
a paramount role for geological investigations of
developing states and for probable financiers in
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mineral investigation sector (Rokos et al. 2000).
Identification of hydrothermally altered host rocks
is a key to the strategic phase of mining research
(Rani et al., 2020). Currently, multispectral and hy-
perspectral sensors by their wide spectral range can
target minerals of hydrothermal alterations, name-
ly Allunite, Kaolinite, chlorite, and Epidote (Gabr
et al., 2010; Lamrani et al., 2021). It represents a
practical tool that can help to make decisions.

In the Rehamna Massif, the mining field was
one of the fundamental pillars of the regional econ-
omy. Therefore, the main aim of this work consists
of research for new promising sites through map-
ping of hydrothermal alteration minerals related to
ore-bearing rich zones. To achieve this objective,
we propose a synergy of Advanced Spectral Ther-
mal Emission and Reflection Radiometer (AS-
TER) data analyses and fieldwork data. Reminding
us that in the Rehamna inlier, we are in a Hercyn-
ian geodynamic context which is linked in other
similar areas to significant mining potential

REGIONAL GEOLOGICAL SETTING

Western Meseta of Morocco

Flanked by Anti Atlas and Rif belts, the Meseta
domain corresponds to the Paleozoic basement un-
conformably surrounded by Mesozoic-Cenozoic
covers, deformed intensively by the Hercynian
(Variscan) orogeny (Lakhloufi, 2002, Hoepffner
et al., 2017) and partially by the Alpine orogenic
cycle (Bouazzama et al., 2023). The middle At-
las belt spears the eastern Meseta and the western
one (Fig. 1). Three famous massifs belonging to the
western Meseta, from northern to southern we distin-
guish; Moroccan Central Massif, Rehamna and Jebi-
let Massifs (Fig. 1). In the south of the Jebilet Massif,
we come across the High Atlas Paleozoic block.

Rehamna Massif

The Rehamna Massif is one of the principal
Palaeozoic blocks of Moroccan Hercynian belt,
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Figure 1. Structural map of the Moroccan Variscides (Chopin et al. 2014, modified after Michard et al., 2010)
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composed of two parts geologically and structur-

ally distinguished; the Northern part labeled also

Machraa Ben Abbou Basin (MBAB), and the south-

ern part or Rehamna Massif. The MBAB consists of

Lower Devonian to upper Visean terrains that contain

numerous magmatic rocks, mostly gabbros, dolerite,

and basalts (Kholaig, 2017). However, the Reham-
na inlier s.str is consist of Precambrian to Permian
formations, intruded by different magmatic acidic
outcrops; it contains the oldest rocks known in the
mesetean domain represented by rhyolitic outcrops
of paleoproterozoic age (Pereira et al., 2015). Three
most important structural parts have been identified
in the Rehamna Massif (Fig. 2), separated by the me-
dian fault and the major fault of Oulad Zednes, parts
of the Western Meseta Shear Zone (El Mabhi et al.,

2000; Michard et al., 2010).

e The western Rehamna, which belongs to the
Coastal Bloc, is considered as the least de-
formed zone of the Moroccan Meseta. This
region is limited by the NE median fault to the
East were outcrops the Sebt Lbrikiine batho-
lith, and consists of Cambro-Ordovician ter-
rains. The deformation increases towards its
eastern edge (Michard et al., 2010).

e Central Rehamna: in this NE-SW band, the Pa-
leozoic package overlain the Neoproterozoic
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basement of Central Rehamna, with an angu-
lar unconformity (EI Attari 2001, Hoepftner
et al., 2006). The lower Cambrian began with
a detrital series (i.e., arkoses and conglomer-
ates), covered by middle Cambrian limestones
and cipolin, in turn, overlain by Devonian me-
ta-conglomerate of kef Elmounib and Skhour
formation (i.e., phyllites and quartzites) (Pi-
qué et al., 1982; Michard et al., 2010).

e FEastern Rehamna, the region bounded to the
west by the Oulad Zednes fault, and represented
by metamorphic units; from north to south, we
distinguish upper units of Drioukat, Allahia, and
Jbel Kharrou formations dated back to Ordovi-
cian - Carboniferous, and lower units of Lalla Tit-
taf and Ouled Hassine.

LOCAL GEOLOGICAL SETTING

In the Rehamna Massif, the mineralization
has a Hercynian to late Hercynian age of hydro-
thermal and pneumatolytic origin (Jenny, 1974;
El Mahi et al., 2000). Ore deposits are often pro-
duced by fluid flow processes of leucogranitic
apexes giving rise to vein-type deposits based
on Mo, Pb-Zn, Cu, Sn, and Be. Three famous
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Figure 2. Simplified geologic map of Rehamna Massif (Michard, 2010, modified after Baudin
et al. 2003 and Razin et al., 2003), black rectangle shows the location of the study area
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peraluminous leucogranites are known in the

Eastern Rehamna (Fig. 3) named: Ras Al Abiod,

Bled El Gourda, and Koudiat Rmel.

Furthermore, we distinguish the leucogranite of
Sidi Bahilil 1.5 km at SW of Begarat Chaabe area,
the leucogranite of Braila, 7 km at SE of Hassine
mine and aplopegmatite veins of Oulad Hassoune.

It is probable that the small leucogranite apex-
es of Bled El Gourda, Sidi Bahilil, and Koudiat
Rmel and the alopegmatite veins constitute with
the Ras el Abiod massif the outcropping part of
a vast leucogranitic batholith mostly hidden at
depth, as evidenced by the aureole thermal meta-
morphism (Baudin et al., 2003).

Hydrothermal and pneumatolytic phenomena
generated by these magmatic rocks are expressed
according to five aspects:

o Silcification: Silica veins are extremely abundant
in the study area, indicating a significant degree
of hydrothermal fluid circulation (Figure 4a).
These veins, which cut both the Precambrian and
Paleozoic basements, exhibit several directions
with a WNW-ESE dominant one.

e Greisenization: It corresponds to a process
of hydrothermal alteration in which mus-
covite and feldspar are transformed into

32°25'0'N

32°20'0'N

hydroxylated minerals (greisens). Many grei-
sens veins are known in the leucogranites of
eastern Rehamna.

e Oxidation: the degree of oxidation is striking
in the Rehamna inlier (Figures 4a and 4b); it is
marked by the presence of ferrous veins (he-
matite and goethite).

e Tourmalinization: is a known pneumatolytic pro-
cess strongly linked with Sn-W mineralization
related to granite intrusions (Taylor, 1979; Pira-
jno, 2009). It’s characterized by the replacement
of feldspar and mica by tourmaline mineral, and
expressed in the area of study by the presence of
tourmaline associated to silica veins.

e Muscovitisation: A type of hydrothermal al-
teration characterized by the accumulation of
muscovite, associated with biotite, feldspar,
and plagioclase (Cobbing et al., 1992).

DATA AND METHOD

To carry out our subject, the use of synoptic data
covering our area of study is essential. In this regards,
we chose a multispectral image of Advanced Spec-
tral Thermal Emission and Reflection Radiometer

L)
7°550W 7500W

Legend

—+— Geologic Contact D Limestone and Phosphate (Maestrichtian)

R Abandoned Mine - Conglomerate (Autunien)
4 Mineral index

Granite (Permian)

[ Oulad Hassine formation (Devonian)

Dalaat el Kahlat formation (Ordovician-Devonian)

I
T450W 5

T400W
N <|ometers

- sandstone and Pelites (Ordovician)
Quartzites and Schists (Combro-Ordovician)
Micaschits (Cambrian)

Lalla Tittaf formation (Paleoproterozoic)

Figure 3. Simplified geological map of studied area, shows leucogranites emplacement and mineral
occurrences (RA: Ras elAbiod, BG Bled El Gourda, KR: Koudiat Rmel) and abandoned mines (Has: Hassine,
Sal: Oulad Saleh, Rha: Rhaichet, Ban: el Bandira) (modified after Baudin et al., 2003, Razin et al., 2003)
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Figure 4. Field investigation Photographs: (a) N100-oriented Hematite veins,
(b) oxidation in silica vein, (c¢) N100-oriented silica vein

(ASTER), recognized for its wide spectral range and
its capacity to identify altered minerals.

ASTER data used is Level-1T, acquired on 29
April 2002, and previously corrected geometrical-
ly, calibrated radiometrically, and scaled radiance
at the sensor on 2015. It includes fourteen spec-
tral bands with three visible near-infrared (VNIR)
bands (wavelength range: 0.52—0.86 pum, spatial
resolution: 15 m), six short wave infrared (SWIR)
bands (wavelength range: 1.6-2.43 pm, spatial
resolution: 30 m), and five TIR bands (wavelength
range: 8.12—11.65 um, spatial resolution: 90 m).
The ASTER data was also projected to the UTM
projection (WGS84 datum, zone 29N). VNIR and

Table 1. Spectral passbands of ASTER image

SWIR bands were resampled to 15m resolution
using the nearest neighbor method. Table 1 gives
details of ASTER data processed in this study.
A subset from the whole scene extends between
latitudes 32°19°38,54”N and 32°29°19,41”N, and
longitudes 7°38°59,82”W and 7°56°16,90”W cov-
ering only the study area was extracted (Figure 5),
corresponding to eastern part of Central Rehamna
and almost part of Western Rehamna, with an area
of about 486 sq km (27 km length x 18 km width).
Area of study is characterized by arid climate and
a poor vegetation cover which facilitates its remote
sensed study. Furthermore, the image selected does
not include cloud cover.

Data product " AST_L1T_00304292002112252_20150422043455_42792"
Subsystem Band no. Spectral range (um) Spatial resolution (m)
1 0.52-0.60
VNIR 2 0.63-0.69 15
3N 0.76-0.86
4 1.60-1.70
5 2.145-2.185
6 2.185-2.225
SWIR 7 2.235-2.285 30
8 2.295-2.365
9 2.360-2.430
10 8.125-8.475
1 8.475-8.825
TIR 12 8.925-9.275 90
13 10.25-10.95
14 10.95-11.65
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Figure 5. a) ASTER image (RGB 4-3-2), red rectangle area of interest detailed on b)

The methodology adopted in our investigation
consists of applying the band ratios to VNIR and
SWIR bands of the ASTER data (Table 2). The
obtained maps were superimposed on the avail-
able geological maps to get the potential mining
sites with high spectral mining related to hydro-
thermal alterations.

DATA PROCESSING

In our case study, we used the band ratios per-
formed by Rowan et al. (2003) as following formula:

(Band 5+Band 7)/(Band 6), (Band 4+Band 6)/(Band
5), (Band 7+ Band 9)/(Band 8), and (Band 5 )/(Band
3)+(Band 1 )/(Band 2) to delineate respectively the
phyllic zone (Sericite, Muscovite, Illite, Smectite),
the argillic zone (Allunite, Kaolinite, Pyrophylite),
the prophylactic zone (Carbonate, Chlorite, Epidote)
and the oxidation zone (Fe*"). We also applied the
indices of Kaolinite and Muscovite (Band 4 )/(Band
6), and Fe — oxides (Band 3 )/(Band 1) approved by
Testa et al. [2018].

On the other hand, we tested the following
band ratios proposed for arid-semiarid regions by
Ninomiya et al. [2003]:

Table 2. Examples of Band Ratio and hydrothermal alteration discrimination

Alteration minerals

Band ratio

Reference

Argillic zone

(Band 4 + Band 6) / Band 5

Prophylactic zone

Band 7 + Band 9) / Band 8

Oxidation zone

(Band 5/Band 3) + (Band 1/ Band 2)

Rowan et al., 2003

Phyllic zone

(Band 5 + Band 7) / Band 6

Mineral alteration index (OHI)

(Band7 /Band6) * (Band4/ Band6)

Kaolinite index (KLI)

(Band4/ Band5) * (Band8/ Band6)

Calcite index (CLI)

(Band6 /Band8) * (Band9/ Band8)

Allunite index (ALI)

(Band7/Band5) = (Band7/Band8)

Ninomiya et al., 2003

Kaliknowski and Oliver, 2004

Gossan/ Iron oxides band 4/2 Abdelkareem et al., 2017
Aluminum hydroxide (Al-O-H) band 4/6 Abuzied et al., 2016; Abdelkareem
et al. 2017

kaolinite/Muscovite as OH-bearing band 4/6

Testa et al. 2018
Fe-oxides band 3/1
Aalteration minerals with Al-OH and Fe-OH band 4/7 Abuzied et al., 2016
Ferric oxides band 4/3 Abdelkareem et al., 2017
Chlorite band 5/8 Elsaid et al., 2014
Muscovite band 5/6 Kaliknowski and Oliver 2004
Silica, Si-rich minerals 13/10 Kaliknowski and Oliver, 2004;

Cudahy, 2011
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(Band 7)/(Band 6)x(Band 4)/(Band 6)= OHI (1)
(Band 4)/(Band 5)x(Band 8)/(Band 6)=KLI (2)
(Band 6)/(Band 8) x (Band 9)/(Band 8)= CLI(3)
(Band 7)/(Band 5)x(Band 7)/(Band 8)=ALI (4)

where: OHI is the mineral alteration index, KL/ is
the Kaolinite index, CL/ is the index of Cal-
cite, and AL/ is the Allunite index. Figure 6
displays the results of these processes.

RESULTS AND DISCUSSIONS

The different band ratios tested on the VNIR
and SWIR bands give different spatial distributions

on the zones likely to contain minerals of hydro-
thermal alterations. Figure 5 reveals the results of
this processing dropped on band 1 of the studied
ASTER image, showing also the emplacement of
old mining sites, and leucogranitic apexe locations.

The phyllic zone and Kaolinite — Muscovite
index show distribution in the northern part of the
study area relate to Ordovician upper units of eastern
Rehamna and in the Devonian formation of Skhour
of Central Rehamna. The argilic zone shows the
same distribution of the last index with an exten-
sion to lecogranitic outcrops. The Prophylitic zone is
dependent essentially on Oulad Hassin unite where
outcropping the leucogranitic apexes. The oxidation
zone distribution is focused on the Jebel Kharrou

Ta00W
—lometers

Figure 6. Results of band ratios processing: a) Phyllic zone, b) Argillic zone, c¢) Prophylitic zone, d) Oxidation
zone ¢) Kaolinite — Muscovite f) (Band3)/(Band1): Fe-oxides. Granites of: RA: Ras el Abiod, SBH: Sidi
Bahilil, KR: Koudiat Rmel. Mines of: Has: Hassine, Sal: Oulad Saleh, Rha: Rhaichet, Ban: el Bandira.
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Figure 7. Results of Ninomya’s band ratios processing; OHI: (Band7/Band6)*(Band4/Band6),
CLI: (Band6/Band8)*(Band9/Band8), KLI: (Band 4/ Band 5)*(Band8/Band 6),
ALI: (Band 7/ Band 5)*(Band 7/ Band 8)

formation, whereas the Fe oxides ratio refers to
Central Rehamna. Regarding the results of Nino-
mya’s index (Figure 6), we notice that the mineral
alteration ratio (OHI) reveals the same distribu-
tion of Phyllic zone index, the Calcite index (CLI)
gives a similar dispersal of Prophylitic zone, the
kaolinite index (KLI) show a comparable distri-
bution of Kaolinite-Muscovite index, were the
Allunite index (ALI), display dissemination in
the north-eastern part of studied area concerning
Ordovician units. To achieve our purpose of the
study, we brought together all the results of previ-
ous alterations with local geological settings on
a Geographic Information System (GIS) to com-
bine all layers of results and sort areas of hydro-
thermal alterations (Figure 7). The selected areas
of potential mining interest are those that bring
together the most hydrothermal alterations. The
high-potential zones in the chosen sites are those
that include hydrothermal alterations, mineral oc-
currences, and magmatic components (Figure 8).
e Site (a): in SW of Skhour Rehamna village

(SR): this area includes all alterations studied

according to a rounded shape, with a poor rep-

resentation of Allunite, Calcite, and Oxidation

170

indices. We notice also the occurrence of the
Pb index in the border of this shape.

Site (b): shows several alterations around Jorf el
Beida (JB), essentially Kaolinite index (KLI), Ar-
gillic zone, Fe oxides, and Al-OH. The alterations
distribution is according to a NE-SW direction.
Site (c): koudiat Rmel granite is distinguished
by four ratios; KLI, Argillic zone, AL-OH, and
OHI. In this magmatic outcrop, we notice the
presence of Be index; Contact metamorphism,
and hydrothermal alterations such as tourma-
linization, muscovitisation and greisenisation.
Site (d): Oulad Hassine area contains four al-
terations; CLI, prophylactic zone, Fe-Oxides,
and Argillic zone. This site includes also the
abandoned Hassine mine (Has) where the Pb-
Zn Mineralization vein type was exploited.
Sites (e) and (f): the site (e) is located in the south
of Guelb Boualla (GB), and the site (f) is in the
SW of Menaat (MN). These two sitesshowalmost
all studied hydrothermal alterations except the
Fe-Oxides. In addition to these alterations, the El
Menaat site includes a Fe index.

Sites (g) and (h): the site (g) is situated in the
West of Allahia massif (AL), and the site (h) is



Ecological Engineering & Environmental Technology 2024, 25(9), 163-173

77550°W

32°25'0'N
N

32°20'0'N

7°450°W 7°400°W

32°25'0'N

32°20'0'N

Figure 8. Results of hydrothermal alterations mapped superimposing on the band 1 of ASTER image White
circles represent selected areas of potential mining interest, (a) to (h) zoomed images of areas selected.

in the NE of Rehamna Massif. These two loca-
tions display almost all ratios processed, ex-
cept Fe-Oxides, Prophylactic zone, and CLI.
In this last zone, we notice thepresence of Fe
index and hematite ferrous minerals which are
best developed in the Al-Hayar — El-Ouenkel
Massifs (Hoepftner, 1974)

CONCLUSIONS

Our study was based on hydrothermal altera-
tions mapping in the eastern part of Rehamna massif
s.str belonging to the western Meseta of Morocco,
using ASTER data and field investigations. Band

ratio discrimination applied to SWIR and VNIR
bands leads us to delineate the distribution of several
hydrothermal alterations in the studied area.

The compilation of the results with field set-
ting allows us to select eight potential mineralized
areas. Almost hydrothermally altered sites selected
are in concordance with mineral occurrences distri-
bution and emplacement of known and presumed
leucogranites apexes. Areas delineated need focused
prospection to highlight its mining potential. The
findings of the present investigation, based on hydro-
thermal alterations mapping, can constitute a road-
map for prospection programs and sustain the eco-
nomic rise in the Rehamna district through mining
exploration projects. Our approach is also favourable
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for being duplicated in other areas. In fact this could
create an exploitable data bank in the big data sense
in similar Hercynian zones.-
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