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Abstract: Hydrothermal alteration mapping is considered as a widely adopted step in the mineral
exploration of numerous ore deposits. In this work, the wavelength mapping and relative absorption
band depth (RBD) method were applied to map hydrothermal alterations in a site from the abandoned
mine of Idikel, western Anti-Atlas, Morocco. Fe?* /Fe3*, AI-OH, and Mg-Fe-OH/COj3; hydrothermal
alteration minerals were targeted based on HyMap airborne imaging spectroscopy data. Using the
wavelength mapping approach, the 900 to 1205 nm, 2094 to 2217 nm, and 2264 to 2318 nm ranges
were selected to map Fe2* /Fe3*, Al-OH, and Mg-Fe-OH/COj3; absorption features, respectively. By
carefully selecting these spectral ranges, the study aimed to achieve the accurate and reliable mapping
of hydrothermal alteration features. The highest interpolated depth of Al-OH features was matched
with a major cluster of pixels at 2200 nm. The highest interpolated depth of Mg-Fe-OH/CO3 was
depicted at 2300 nm. The highest interpolated depth of Fe?* /Fe* was depicted between 900 and
1000. The relative absorption band depth method was also applied to enhance the detectability
of hydrothermal alteration minerals. This method involves assessing the depth of the absorption
bands associated with the target minerals, allowing for a detailed characterization of the alteration
features. The combination of both wavelength mapping and enhancement methods contributed to a
comprehensive and robust hydrothermal alteration mapping process. The identification of Fe?* /Fe3*,
Al-OH, and Mg-Fe-OH/COj3 manifestations provided valuable insights into potential mineralization
zones within the study area. Overall, this research contributes to the advancement of hydrothermal
alteration mapping using hyperspectral data by selecting the required HyMap bands for mapping
targeted alterations. The combination of wavelength mapping and enhancement methods proves to
be a powerful approach for accurately identifying and characterizing hydrothermal alteration features
using specific hyperspectral channels. The findings from this study can aid future mineral exploration
endeavors in similar geological settings, providing valuable guidance for locating potential mineral

resources in mountainous and challenging terrains.
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1. Introduction

Hydrothermal alteration mapping is a crucial step in mineral exploration for a wide
range of ore deposits. It involves the identification and characterization of mineral alter-
ations in geological formations, providing valuable insights into potential mineralization
zones. Indeed, within the realm of hydrothermal alteration minerals, a significant subset ex-
hibits spectral features within the visible and infrared spectrum, spanning the range of 300
to 3000 nanometers [1]. This spectral activity signifies the minerals’ capacity to selectively
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absorb incident electromagnetic radiation at particular wavelengths, while concurrently
reflecting the remaining wavelengths. This absorption of energy results in the emergence
of distinct “spectral absorption features”, which possess diagnostic qualities that can be
harnessed for the identification of minerals or mineral assemblages [2]. Recently, imaging
spectroscopy data from various airborne and spaceborne platforms demonstrated a high
ability in mineral mapping investigations [3-5].

In this study, we applied advanced techniques for hydrothermal alteration mapping
using HyMap airborne imaging spectroscopy data in the context of the abandoned Idikel
mine site in the western Anti-Atlas region of Morocco. This research focuses on the
utilization of wavelength mapping and the relative absorption band depth method to
pinpoint hydrothermal alteration minerals, specifically targeting Fe?* /Fe®*, Al-OH, and
Mg-Fe-OH/CQOj3 manifestations. By strategically selecting spectral ranges, we aim to
achieve precision and reliability in mapping these alterations. Furthermore, we employed
the RBD method to enhance the detection of hydrothermal alteration minerals, enabling a
more detailed characterization of these features. The combined use of wavelength mapping
and enhancement methods results in a comprehensive and robust hydrothermal alteration
mapping process.

By identifying and characterizing Fe?* /Fe3*, AI-OH, and Mg-Fe-OH/COj3; manifesta-
tions, this research provides valuable insights into potential mineralization zones within
the study area. It significantly contributes to the advancement of hydrothermal alteration
mapping using hyperspectral data by selecting specific HyMap bands for targeted alter-
ation mapping. The integration of wavelength mapping and enhancement techniques is a
powerful approach for accurately identifying and characterizing hydrothermal alteration
features. This study holds the potential to assist future mineral exploration endeavors
in similar geological settings, offering valuable guidance for locating potential mineral
resources in challenging terrains, such as mountainous regions.

2. Material and Methods
2.1. Geological Setting and Alterations

The geology of the Kerdous inlier located in the western Anti-Atlas belt, Morocco was
principally structured by the Eburnean and Pan-African orogeny [6,7]. The geological map
used for the study area located at the east Kerdous inlier was digitalized from the geological
map of Tafraout. The Paleoproterozoic formations are materialized by metamorphic series,
including gneisses, schist, and micaschist. The Neoproterozoic is unconformity deposited
and it is intersected by rhyolitic vulcanites, granites, quartzites, ignimbrites, and Ultimate
conglomerates of the Adoudounien base (see Figure 1) [7].

In the eastern region of Kerdous, historical mining operations are evident through
the presence of the disused Manganese Idikel mine. Within the Ultimate conglomerates
and quartzites lithological units, three distinct sites exhibit favorable conditions for con-
ducting mineral exploration campaigns, which is verified by utilizing hyperspectral survey
techniques [8]. The close spatial association between the NE-SW and NW-SE lineaments
and alteration zones highlighted an important tectonic control of mineralization in the
study area [8]. The alteration minerals in the study area include muscovite, dolomite,
pyrophyllite, illite, haematite, kaolinite, and montmorillonite. Hydrothermal alteration
potentially related to paleo-relief occurrence includes the silicification, sericitization, and
dolomitization of the host rocks (for additional details, see [8]).
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Figure 1. Geological map of the Ameln Valley area [9].

2.2. HyMap Data and Remote Sensing Techniques

The HyMap hyperspectral imaging system, originally developed by Integrated Spec-
tronic in Sydney, Australia and subsequently operated by HyVista [10], captures spectral in-
formation across 128 distinct spectral bands spanning the VNIR (Visible and Near-Infrared)
and SWIR (Short-Wave Infrared) regions (from 0.45 pm to 2.5 um) [11]. The HyMap dataset
offers a high spatial resolution of approximately 5 meters and an average spectral resolution
of 15 nanometers.

The RBD method uses a three-point formulation, wherein the sum of the bands display-
ing spectral shoulders is divided by the band representing the minimum of the absorption
feature [12]. This technique possesses the capability to discern targets even under varying
illumination conditions [13]. The RBD approach has been effectively employed to empha-
size spectral attributes associated with alteration mineral zones or mineral assemblages,
specifically those of the argillic, phyllic, and propylitic [14]. The development of three
distinct RBDs within the spectral wavelength range of HyMap has enabled the mapping
of manifestations related to Fe3*-Fe?* by dividing the sum of Band 21 (755 nm) and 51
(1205 nm) by B31 (900) and multiplying it by band 21 (755 nm) and Band 4 (456 nm). Addi-
tionally, Al-OH is mapped by dividing the sum of band 101 (2094 nm) and 111 (2268 nm)
by band 108 (2217 nm). The enhancement of Mg-Fe-OH/COj alteration minerals can be
performed by dividing the sum of Band 111 (2268 nm) and 120 (2414 nm) by band 114



Environ. Sci. Proc. 2024, 29,77

40f7

(2318 nm) [8,15]. This capability is grounded in the distinctive absorption features exhibited
by these minerals [1]. In the current study, the RBD-derived images/maps were used to
target Fe>* /Fe?* alteration minerals including hematite and goethite showing absorption
features from 450 to 1200 nm [16]; the Al-OH minerals including kaolinite, Muscovite/illite,
pyrophyllite, and montmorillonite showing absorption features near 2200 nm [16]; and
dolomite showing absorption features near 2318 nm [16]. According to the alteration min-
erals’ absorption features, the employability of these RBDs can be beneficial to map other
minerals with common criteria, including calcite, chlorite, and epidote for Mg-Fe-OH/CO3
alteration minerals, as well as limonite and jarosite for Fe>* /Fe?* alteration minerals [16].

The minimum wavelength mapper approach relies on the analysis of spectral ab-
sorption characteristics, including parameters like position and depth. It facilitates the
generation of a visual representation, presented as a color-coded map, which serves as
a proxy for mineral composition, mineral abundance, and spatial distribution [17]. The
Minimum Wavelength Mapper method excels in computing a proxy for mineral composi-
tion and demonstrates its proficiency in detecting compositional alterations through the
identification of subtle shifts in wavelength positions. These attributes underscore the
method’s significance in mineralogical analysis. In contrast, techniques based on mineral
endmembers or library spectra, such as the spectral angle mapper (SAM) and linear spectral
unmixing (LSU), lack the capacity to discern minor alterations in the wavelength positions
of absorption features or represent them as distinct endmembers [18].

3. Results and Discussion

Figure 2 shows the results of hydrothermal alteration mapping around the abandoned
Idikel mine. The minimum wavelength mapping results exhibit the high abundance of the
Al-OH alteration in the Ultimate conglomerate lithological unit, as highlighted in a purple
color, while this alteration is absent in the carbonates units (Figure 2). The high alteration
minerals abundance is related essentially to argillic and phyllic alterations [8]. Additionally,
Fe?t /Fe3* alterations were mapped in blue tones in gneisses and some parts of Ultimate
conglomerates units. Based on previous mapping results in the Ameln valley shear zone,
the FeZ* /Fe3* features could be related to Hematite. Mg-Fe-OH/COj alterations were
mapped yellow in carbonate units, represented by base limestone and dolomite, as well
as lower limestone and dolomite, which can be due to the dolomite mineral, while little
abundance of Mg-Fe-OH/CQOj3 minerals can be detected in Paleoproterozoic schist due to
the presence of recent sediments (Figure 2). Figure 3 displays the plot of the absorption
features’ depth as a function of the wavelength position for each result from wavelength
mapping. Figure 3A demonstrates that the interpolated minimum wavelength was centered
around 2200 nm. Figure 3B shows several features; the main interpolated depth of the
wavelength was identified near 900 nm. However, the presence of several interpolated
depths can explain the relatively weak abundance of Fe?* /Fe3* within the study area.
Figure 3C shows that the main interpolated depth is between 2285 nm and 2300 nm.

For RBD, Al-OH alteration minerals, which are mostly found in the Ultimate con-
glomerates unit and gneiss unit, are depicted as bright pixels on the RBD1 image map
(Figure 2). For Fe*/Fe®* alteration minerals, these are often linked to lower limestone
and dolomite and the Ultimate conglomerates lithological units. This alteration is depicted
as bright pixels on the RBD2 image map (Figure 2). In the Adoudounien formations, the
RBD3 exhibits a high spatial distribution of Mg-Fe-OH/CO3, particularly of carbonates
in the lithological units of base limestone and dolomite, as well as lower limestone and
dolomite (Figure 2).
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Figure 2. The results of the wavelength mapping and relative absorption band depth for the three
targeted hydrothermal alteration features (i.e., AI-OH, Fe?* /Fe3*, and Mg-Fe-OH/COj3, from the left
to the right) in the study area.
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Figure 3. The plot of the absorption features’ depth as a function of the wavelength position
for each result of the wavelength mapping for AI-OH (A), Fe?* /Fe* (B), and Mg-Fe-OH/CO;
(C) hydrothermal alteration minerals.

The current method involves assessing the depth of the absorption bands associated
with the target minerals, allowing a detailed characterization of the alteration features. The
combination of both wavelength mapping and enhancement methods contributed to a
comprehensive and robust hydrothermal alteration mapping process. The mapping results
following minimum wavelength and RBD techniques have revealed a global agreement. In
some cases, limited information was revealed by using the RBD technique for visualizing
targeted minerals in the study area, which can be observed by an overspread of bright
pixels, surpassing the specified alteration features. In addition, it was demonstrated that
establishing the minimum wavelength technique within the three specified intervals proved
to be useful in verifying the RBD-derived alteration maps. Accordingly, the detailed insights
including the absorption depth percentage and the electromagnetic spectrum positions of
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the enhanced alteration features have been extracted successfully (see Figures 2 and 3). The
minimum wavelength mapping method is highly sensitive to small changes in mineral
composition or percentage. This sensitivity allows it to create a single color-coded map
that serves as a proxy for mineral composition, abundance, and spatial patterns [17]. The
identification of FeZ* /Fe3*, Al-OH, and Mg-Fe-OH/COj3; manifestations provided valuable
insights into potential mineralization zones within the study area.

4. Conclusions

In conclusion, this study has demonstrated the effectiveness of utilizing advanced
techniques, including wavelength mapping and the RBD method, for the precise mapping
of hydrothermal alterations in the Idikel mine site within the western Anti-Atlas of Morocco.
By specifically targeting Fe?* /Fe3*, Al-OH, and Mg-Fe-OH/COj; hydrothermal alteration
minerals through HyMap airborne imaging spectroscopy data, we have achieved accurate
and reliable mapping of these features. The integration of wavelength mapping and
enhancement techniques has proven to be a powerful approach for accurately characterizing
hydrothermal alteration features using specific hyperspectral channels. It is highlighted
that applying the minimum wavelength technique within the three specified intervals
provides useful insights and a further verification of the RBD-derived alteration maps. The
current study findings hold the potential to guide future mineral exploration efforts in
similar geological settings, particularly in challenging mountainous terrains, facilitating
the discovery of potential mineral resources.
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