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Abstract

Mapping of carbonatites and related mineral deposits has occupied prominent place in mineral resource exploration
programs given their potential to host valuablé concentrations of critical metals such as rare earth elements and niobium.
Based on spectral characteristics of most indicative, minerals for these rocks, a mapping approach was developed using
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data. The combination of band rationing
outcomes with components from thesprincipal‘component analysis and minimum noise fraction techniques highlighted
the targeted rocks, with the excellent prospective zone representing ~ 0.2% of the total investigated area. This approach
was successfully applied to the'Gleibat. liafhouda complex to rapidly delineate carbonatites and iron oxide-apatite ore
outcrops. Results were validated through field observations and in-situ geochemical analysis using a portable X-ray
fluorescence analyzer. Field datashave also served as training data to perform a supervised classification, allowing further
improvement of the mapping results.

Keywords Remote sensing, ASTER data, mineral resource exploration, carbonatite, iron oxide-
apatite ore

1. Introduction

Carbonatites and alkaline-carbonatite complexes are the primary sources for several strategic
metals such as rare earth elements (REE) and niobium (Nb), which are vital in the development of
emerging industries and green technologies (e.g., Mariano 1989; Chakhmouradian et al. 2015;
Verplanck et al. 2016; Wang et al. 2020). They also host considerable apatite deposits that are often
related to magmatic and/or weathering processes (e.g., Willet et al. 1989; Toledo et al. 2004; Zaitsev
et al. 2015; Ouabid et al. 2021). Some of these deposits have been mined to produce critical metals
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and fertilizer in different parts of the world such as in Siilinjarvi, Finland, (O’Brien et al. 2015);
Khibina in Kola Peninsula, Russia (Zaitsev et al. 2015; Kogarko 2018); Phalaborwa, South Africa
(Vielreicher et al. 2000); Catal&o, Brazil (Oliveira and Imbernon 1998). Consequently, many
exploration programs worldwide have been launched in the last decades for carbonatite and
associated deposits to develop and diversify the supply source for critical metals. The occurrences of
carbonatites outcrops in largely remote areas, makes the adoption of remote sensing data to map,
delineate, and discover these complexes a time- and cost-effective approach, especially in vast and
arid regions.

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data have
been successfully used for mapping and investigating carbonatite complexes in many areas by using
a variety of processing techniques. One of the relevant studies has used the ASTER Thermal Infrared
(TIR) band rationing (B13/B14) and decorrelation stretch (bands: 13, 12, and 10 displayed in RGB,
respectively) to highlight the carbonatite outcrops of the Khanneshin volcano in Afghanistan; and
matched filtering for mapping the distribution of calcitic and ankeritic carbonatites (Mars and Rowan
2011). Another study by Rajendran and Nasir (2013a) has used the spectral absorption properties to
distinguish carbonatite in greyscale and RGB images by white pixels in the TIR region‘and dark
pixels in the Visible and Near Infrared-Short Wave Infrared (VNIR-SWIR) region awing to the
molecular emission and absorption characters of carbonate minerals. These authers have also used
the ASTER VNIR-SWIR data through Principal Component Analysis (PCA)technigue to highlight
carbonatite outcrops in Batain Nappe of Oman. However, the presence of lithelogical facies with
similar spectral characteristics in the same area has probably complicated their task based only on
one method such as grey image visualization, band ratio, or color compaesite«Indeed, the ASTER
spectral features of carbonates such as absorption in band 8 could be confused with the absorption of
ferromagnesian minerals (e.g., olivine, amphibole, serpentine) which,due to Mg-OH absorption near
2.3um in band 8 (e.g., Baldridge et al. 2009).

Morocco hosts several carbonatite and carbonatite-alkaline complexes that are associated
with potential resources of critical metals such as: (1)“Famazight complex in the High Atlas belt
(Bouabdli et al. 1988; Marks et al. 2008; Bouabdellah'et al. 2010), (2) the Cretaceous Twihinate and
(3) the Paleoproterozoic Gleibat Lafhouda carbonatites in the western and eastern parts of the Oulad
Dlim massif, respectively (e.g., Qalbi et al. 2011; Montero et al. 2016). Preliminary investigations
conducted by the Moroccan national office of hydrocarbon and mines (ONHY M) in the Gleibat
Lafhouda carbonatite complex have revealedpromising REE and Nb resources mostly linked to
associated iron oxide-apatite (IOA) mineralization: up to ~100 Mt with 0.2 wt.% REE and 0.3 wt.%
Nb,Os (ONHYM 201643, b). Despite these potential mineral resources, the geology of the Oulad DIim
massif remains poorly understood because of accessibility issues. The 1:1,000,000 Geological Map
of Morocco (Bronner et al=1985).is the only available complete geological map of the massif with
few higher resolution gealogical maps (1:50,000;
https://cartesgeoscientifiques.mem.gov.ma/catalogue). Therefore, a new geological mapping
approaches based.on the.nterpretation of satellite imagery can contribute in improving our
understanding of this area’s geology. The present study highlights the potential of processing data
recorded by ASTER sensor to identify and map carbonatite complexes and related mineral deposits.
In this context, the enhancement of ASTER imagery by the combination of several image processing
techniques [band rationing, PCA, minimum noise fraction (MNF), and supervised classification
(SC)] is used here to highlight the extension of carbonatite bodies and associated iron oxide-apatite
ores. The integration of these multitechniques was to avoid false anomalies and enhance accuracy
mapping accuracy. This approach has been applied in the Gleibat Lafhouda carbonatite complex,
south of Morocco (Fig. 1) in order to assess its efficiency, using field and petrographic observations,
and in-situ geochemical X-ray fluorescence analysis for validation (e.g., Raji et al. 2021 and
references therein).
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2. Geological setting of the study area

This study was conducted in the Oulad DIlim massif, which is a vast zone of desertic terrains
(~ 36,000 km?) located in the west margin of the Reguibat Shield (Fig. 1). The westernmost part of
the Reguibat shield straddling southern Morocco is recognized as the Awserd-Tichla area according
to the nomenclature of Rjimati and Zemmouri (2002). It consists of the Aghaylas suite (2.9 — 3.0 Ga;
Montero et al. 2014), and is formed essentially by tonalites and trondhjemites with minor
granodiorites and granites locally migmatised. This northwestern part of the West African Craton is
marked by the Oulad DIlim massif, also known as the Adrar Souttouf massif (e.g., Bronner et al.
1985; Gartner et al. 2016). It consists of geotectonic units superimposed above each other with
eastward vergence, and forms with the Mauritanides s.s. the western peri-cratonic envelope of the
Reguibat Shield (e.g.,Villeneuve et al. 2006; Michard et al. 2008; Villeneuve et al. 2010; Michard et
al. 2010; Rjimati et al. 2011). These geotectonic units overlie the Archean basement either directly or
through a thin band of Paleozoic sediments of the Dhloat Ensour Group (e.g., Sougy 1962; Rjimati
and Zemmouri 2002; Gartner et al. 2017). The Gleibat Lafhouda carbonatites intrude the
orthogneisses and paragneisses which alternate locally with metasediments of the most eastern
Archean unit of the Oulad DIlim massif (ca. 2.94-3.12 Ga; Bea et al. 2016, 2020).<Three mains
separated magnesiocarbonatite intrusions shaped the form of the Gleibat Lafhouda complex: Gleibat
Lafhouda s.s., and Gleibat Drag which are the largest ones, and Gleibat Al Fernan.in the northeastern
part (Fig. 1). The carbonatite intrusions are well exposed in the Saharan desert and.cover an area of ~
150 km®. Most of these carbonatite bodies are associated with the dark to srown.apatite-rich iron
oxide mineralization, which overlies the carbonatite with a direct contact(e.g., Benaouda et al.
2020). The eastern unit of the Oulad DIlim massif is limited to the west by. Ediacaran metamafic
rocks of the Adrar Souttouf massif s.s. They are formed by the aceumulation of amphibolites (ca.
603 + 1.5 Ma) and granulites (ca. 605 — 420 Ma) of gabbroic composition and alternate locally with
some granitic gneisses and metasedimentary rocks (e.g., Bea etal. 2020).

3. Data and methods

3.1. Data acquisition and pre-processing

We used two multispectral ASTER level 1 T scenes (AST_L1T) covering the Gleibat
Lafhouda region (Table 1). The data are downloaded from the Land Processes Distributed Active
Archive Center (LP DAAC;https://EPRDAAC.usgs.gov). The AST_L 1T radiance data are produced
from AST_L1B, which have been geometrically corrected, and projected into Universal Transverse
Mercator (UTM)_zone 28 North'(Duda et al. 2015). ASTER is a multispectral sensor launched in
1999 onboard the Earth Observing System (EOS) Terra platform. The usefulness of ASTER data has
been proved for mineral explaration and geological mapping by several studies (e.g., Mars and
Rowan 2011; Rajendran and Nasir 2013b; Ninomiya and Fu 2016; Yazdi et al. 2018; Abdelkareem
and El-Baz 2018;.Shi‘et.al. 2020; Khan et al. 2020; Beirami and Tangestani 2020). ASTER sensor
has relatively ameliorated spatial, spectral, and temporal resolutions compared to most other
multispectral sensors such as Landsat. It measures reflected radiation in nine bands between 0.52 to
2.43 um (VNIR-SWIR) with 15 to 30 m resolution (Fujisada 1995; Abrams 2000). Additionally,
ASTER has five bands in the thermal infrared wavelength region between 8.125-11.65 um with
90 m resolution (Table 2). This makes ASTER sensor more suitable for discrimination and mapping
of carbonatites and related deposits.

The ASTER TIR data were used with band rationing, without any atmospheric correction to
avoid the influence of correction algorithms on the originated spectral data (e.g., Ninomiya et al.
2005). On the other hand, the VNIR and SWIR bands were co-registered in one file of nine bands
and resampled to 15 m spatial resolution. Then, they were atmospherically corrected using the
FLAASH (Fast Line of sight Atmospherics Analysis to Hypercubes) module (e.g., Cooley et al.
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2002) for converting radiance data to surface reflectance and eliminating the effects caused by water
vapor and cloud cover. Finally, several algorithms of image enhancements were applied on the VNIR
and SWIR data such as PCA, MNF, and band rationing. The workflow chart summarizing the
methodology adopted in this paper is shown in Figure 2.

3.2. Band ratio TIR and VNIR-SWIR

Band rationing is a widely used approach for identifying and mapping various mineral
concentrations, hydrothermal alteration/weathering profiles and rock types (e.g., Ninomiya et al.
2005; Pour and Hashim 2011; Mars and Rowan 2011; Guha and K 2016; Ninomiya and Fu 2016;
Fakhari et al. 2019; Zamyad et al. 2019; Khan et al. 2020). It is the ratio of the digital number (DN)
of each pixel in a given band and the DN of the equivalent pixel in another band, which highlights
the desired object in bright pixels. The choice of the appropriate band ratio is based particularly on
the spectral absorption and reflection features of the material and its abundance in the scene (Clark
1999; Sabins 1999). The carbonate minerals (calcite and dolomite) as major components of
carbonatites in our case, have several diagnostic spectral signatures. They can be distinguishable in
the thermal infrared spectroscopy between 11.35 and 11.40 um, and in the VNIR-SWIR region
between 2.33 and 2.45 pm due to the spectral absorption of CO5 Zanions in the electromagnetic
spectrum (e.g., Hunt 1977; Clark 1999; Ninomiya 2002; Mars and Rowan 2010; Rajendran-and Nasir
2014). The Fe-oxide/hydroxides have spectral features around 0.45 pm and 0:85 pmrelated to the
ferrous (Fe®*) and ferric (Fe**) iron absorptions in the VNIR region (Clark-2999). These
characteristics in respect to ASTER’s spectral bands were used to choose'the most appropriate band
ratio in both TIR and VNIR-SWIR regions for detecting carbonatites and,associated iron oxide-
apatite mineralization. Therefore, the spectral curves of the major-mineral phases encountered in
carbonatites and 10A ore were resampled to ASTER bandpass from the USGS spectral library
(Kokaly et al. 2017).

In order to assess the performance of the used band'ratios, we established a database of
previously known carbonatites and IOA mineralization‘eccurrences (Montero et al. 2016; Benaouda
et al. 2020). Then the digital numbers of each*hand ratie and the corresponding sample from the
database were plotted in the Receiver Operating Characteristic (ROC) curves (Nykénen et al. 2015).
The curve was performed by plotting sensitivity (also known as true positive rate) against 1-
specificity (false positive rate) at varying thresholds. The Area Under Curve (AUC) was used as an
indicator to quantify the performance of thewvarious band ratios used.

3.3. Dimensionality reduction‘techniques

The PCA and the'MNF are well-known techniques of multivariate statistics that convert a set
of initially correlatedvariables into independent or uncorrelated components. PCA is a robust
technique that can beused for enhancing spectral reflectance features for geological application by
suppressing irradiance effects (e.g., Tobin 2007). Besides, the MNF as PCA is known to be an
efficient technique for reducing initially a large data set to a smaller number of components that
contain low incoherent data and most inherent spectral information (Green et al. 1988). These two
methods were compared and integrated with band ratios to better highlight carbonatite outcrops and
associated IOA mineralization. In order to avoid a particular spectral contrast and increase the
chance to define a distinctive component for the desired material, these techniques were applied on a
specific subset of ASTER spectral data (Loughlin 1991; Crosta et al. 2003). The selected spectral
bands were chosen following the absorption and reflection diagnostic features of the target minerals
in the VNIR and SWIR ranges. The choice of the appropriate component in each method was based
on analyzing the resulted eigenvector matrix.
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The anomalous pixels in each method were combined by reclassifying the results in
Geographic Information System (Arc GIS 10.8). The pixels that highlight the desired material were
assigned 1 while the other pixels were given 0. Then an integrated map with different classes was
generated. The obtained classes were visualized to analyze the number of methods involved in the
anomalous areas.

3.4. Field validation and X-ray analysis

The fieldwork was carried out in the Gleibat Lafhouda area to evaluate the resulted maps and
to investigate the occurrence and distribution of carbonatite rocks and associated IOA mineralization.
In-situ geochemical analyses of about 80 samples were performed. For this purpose, the Handheld X-
ray florescence (XRF) Niton XL5 analyzer was used as it represents a powerful tool for rapid
collection of large compositional data sets which are important for geostatistical purposes (Young et
al. 2016). This technique gives generally comparable results with laboratory analysis for most
elements with the advantage of providing fast and real-time geochemical information. Two
international reference standards (CG-2, OPY-1) were analyzed to assess the precision of the
acquired data, and they have shown good agreement with the proposed values from GeoReM
database (http://georem.mpch-mainz.gwdg.de). Based on field observations and the"collected
geochemical database, several samples representing the encountered facies were ‘selected for further
petrographic analysis using standard microscope Leica DM2700P.

3.5. Supervised classification

The obtained results were used as training classes to perform asupervised classification using
the Maximum Likelihood (ML) algorithm. The ML classifier is‘one of the most used methods for
satellite image classifications (e.g., Xiuping Jia and Richards 1994; Ahmad and Quegan 2012). It is
based on a discriminant function that assigns each pixel to the appropriate class with the highest
likelihood. The accuracy of the ML classification was assessed using a confusion matrix, which is
based on the comparison of the reference data and the corresponding results.

4. Results

4.1. Mapping of carbonatites

The spectral signatures.of calcite and dolomite (Fig. 3) show the maximum absorption in
band 14 with high emissivity inandd3. The dolomite exhibits a high emissivity decrease than
calcite between band 13 and band14, which gives the dolomitic rocks the susceptibility to have high
carbonates index values than limestone and other calcite-rich rocks. Therefore, the ratio of band 13
and band 14 was used here to highlight the magnesiocarbonatite (i.e., dolomite-rich carbonatites)
outcrops over aurregionof interest. The observed maximum absorption in band 8 for calcite and
bands 7 and 8 for.dolomite, has given the following band ratios as the most optimum options:
(B6/B8)*(B9/B8), (B6+B8)/B7, (B6+B9)/B7 and (B6/B7)*(B9/B8)

Among the computed band ratios, B13/B14 has the highest AUC value (0.83) compared to
the other band ratios in the SWIR region (Fig. 4). Additionally, the ratio B6+B9/B7 showed a good
performance with AUC= 0.72 compared to the other band ratios showing AUC ranging from 0.66 to
0.71. Therefore, only these two band ratios B13/B14 and B6+B9/B7 have been considered to map
the carbonatite outcrops over the Gleibat Lafhouda area. Figure 5 shows the targeted carbonate-rich
lithologies highlighted in bright pixels.
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As observed in Figure 3, the most indicative minerals for carbonatite (i.e., calcite, dolomite,
hematite, apatite, and phlogopite) show variation in absorption between bands 1-2 in the VNIR and
between bands 5-8 in the SWIR. Hence, bands 1, 2, 5, and 8 were selected as the input to the PCA
and MNF methods for mapping carbonatite rocks. The PCA eigenvectors obtained from the
processed ASTER bands (1, 2, 5, and 8) show the different contributions of each band in the resulted
component (Table 3). The PC4 displays negative eigenvector loading, with opposite signs in bands 1,
2 (0.713, —0.547, respectively) and bands 5, 8 (-0.283, 0.336, respectively). This relevant difference
is consistent with the observed spectral behavior of the indicative minerals in carbonatite such as
calcite, dolomite, apatite, and phlogopite (Fig. 3). Since the eigenvectors present a reverse trend
compared to the spectral profiles of target minerals, the expected carbonatite areas appear in this
component as dark pixels (Fig. 6a). Thus, the PC4 was chosen among the other component to
enhance the outcropped carbonatite areas.

The selected spectral subset of ASTER data used as input in the MNF method is the same as
that used for PCA (i.e., bands 1, 2, 5 and 8). The resulted transformation vectors are shown in Table
4. The MNF4 shows a highly positive contribution of bands 5 (0.803) with opposite (negative)
contributions of bands 1, 2, and 8 (-0.400, —0.283, and —0.338 respectively). This trend is relatively
identical to the most prospective minerals of carbonatite (e.g., calcite, dolomite, apatite;and
phlogopite), and as expected the target areas are displayed in this component as bright pixels (Fig.
6b). Thus, the MNF4 was considered for enhancing carbonatite over the Gleibat Lafhouda area.

4.2. Mapping of iron oxide-apatite ores

The Fe-oxide/hydroxide minerals often exhibit differences«in the spectral absorption between
ASTER band 3 and band 4. As also shown in Figure 3, apatite exhibits absorption features similar to
those of iron oxides with high reflectance in band 4 and minimum-reflectance at band 3 to band 1
(Fig. 3). Consequently, the following band ratios; B4/B1, B4/IB3, and B2/B1 were used to highlight
the IOA ores. The band ratios B4/B1 and B4/B3 display curves nearer to the upper left corner with
the highest AUC values (0.93 and 0.90 respectively;\Fig.7), in contrast, the band ratio B2/B1 shows
low prediction accuracy (AUC = 0.58). Accordingly, the band B4/B1 (Fig. 8) was considered in this
study as the most appropriate option for the IOA ere mapping. Additionally, the magnetite, hematite,
goethite, limonite, and apatite were consideredias.the most indicative minerals for the IOA
mineralization. These minerals show_high reflectance in bands 4-6 and maximum absorption in
VNIR bands 1-3 of the electromagnetic spectrum (Fig. 3). Thus, the bands 1, 3, 4, and 6 were
selected as a spectral subset in PCA and MNF techniques for detecting the I0OA ores.

The eigenvectors obtained from the PCA transformation on the spectral subset of ASTER
bands 1, 3, 4, and 6 are shown in“Table 5. The PC2 shows the loading of bands 1 and 3 positively
(0.075 and 0.826 respeetively) and bands 4 and 6 negatively (-0.246 and —0.502). This trend is the
inverse of the spectral graphs for the indicative minerals in the IOA mineralization, where the apatite
and most iron oxide/hydroxide minerals exhibit high reflectance in bands 4, 6, and maximum
absorption in bands 3 and 1. This, gives the target areas dark pixels as shown in Figure 9a. Hence,
the component (PC 2) was considered in this study to highlight the IOA ore.

The MNF transformation was performed on the same spectral subsets (bands 1, 3, 4, and 6)
as the PCA. As shown in Table 6 there is a high loading difference between bands 1, 3 (-0.547,
—0.776 respectively) and bands 4, 6 (0.288 and 0.123 respectively) in the first component (MNF 1).
This is consistent with the spectral graphs of the indicative minerals of the IOA ore (e.g., apatite,
hematite, goethite). Therefore, the target areas in this component appear as bright pixels (Fig. 9b).
Consequently, it was chosen to enhance the capacity of delineating the IOA ore in the Gleibat
Lafhouda area.



4.3. Methods integration and accuracy assessment

The above-selected components from the PCA and MNF transformations and the most
appropriate band ratios were thresholded to separate the most anomalous pixels in each method. As
shown in Figures 5, 6, 8, 9, the applied methods give different anomalous areas which might due to
the difference in sensitivity of each technique to the materials present in the scene. To further
enhance the correct occurrences of the desired material, an integrated map was generated by
combining all the methods (i.e., band rationing, PCA, and MNF).

To perform the reclassification of the band ratio results, MNF and PCA components, the
anomalous pixels that showed the possible carbonatite outcrops in B13/B14 and B6+B9/B7 band
ratios were classified as 1 while the other pixels were given 0. Similarly, the anomalous pixels
obtained as carbonatite from the selected component PC4 and MNF4 (Fig. 6) were classified as 1
and the other pixels were given 0 (see supplementary material Figure S1). After reclassification, we
found that the resulted anomalous pixels from the TIR band ratio (BR(TIR)= B13/B14) show the
most restricted areas of possible carbonatite outcrops and gives 1.89% of the total investigated area
(Table 7). While, the SWIR band ratio (BR(SWIR) = (B6+B9)/B7) with the PCA and,MNF
components give a large number of anomalous pixels (6.15%, 6.45%, and 2.17% ofthe total area,
respectively). Thus, the TIR band ratio was resampled to 15 m and multiplied by the other
components as the following formula: [BR(TIR)*(BR(SWIR)+PCA+MNF)]/As a result, three
classes have been created depending on the number of the involved methods in.each class (Table 7;
Fig. 10). In details, the class 1 represents areas where only one of the threesmethods — i.e., BR
(SWIR), PCA, or MNF gives carbonatite occurrences with the BR(TIR),ithe"class 2 represents those
areas where two methods have common anomalous pixels with the,BR(TIR), and the class 3 displays
the area where the four methods give simultaneously the possible carbonatite outcrops. The three
classes show a decrease in the number of anomalous carbonatite pixels from class 1 to class 3.
Classes 1 and 2 represent 0.52% and 0.20% of the total area,respectively, whereas class 3 has only
0.16%.

The band ratio (BR= B4/B1) used to highlight the IOA mineralization and the resulted
components from PCA and MNF (Figs. 8, 9)awere thresholded to separate the most anomalous pixels
(see supplementary material Figures S2, S3). The band ratio (B4/B1) shows a much-restricted area of
the anticipated 10A ore, only 0.084% of the'total area. However, the other components (PCA and
MNF) show a slightly higher number of anemalous pixels for PCA (0.679%) and a higher number
for MNF transformation (5.736%;/ Table 8). Therefore, the band ratio (BR= B4/B1) was multiplied
by the other components to generate an integrated map of the different methods. As shown in Figure
11 two classes are distinguishedrepresenting the variation in the number of methods involved in
delineating anomalous areas. Class 1 represents areas where only one of the components (PCA or
MNF) has common anemalous pixels with the band ratio (B4/B1), the class 2 highlights those areas
where all the methods map simultaneously the possible IOA outcrops. The two classes have a close
number of pixels'with mtch reduced IOA anomalous surface areas in class 2 (0.036%; Table 8;
Fig.11).

4.4. Field validation and geochemical portable XRF data

A field mission was carried out in the Gleibat Lafhouda area to validate the accuracy of the
mapped occurrences of carbonatites and I0A ore (Figs. 10, 11). Most of the anomalies were visited
and verified using the handheld XRF analyzer, and several samples were collected for petrographic
characterization (see supplementary material Table S4). The outcropped carbonatites from Gleibat
Lafhouda complex occur as fine- to medium-grained grey and white-brown rocks (Fig. 12 a—c). The
carbonatites are associated with apatite-rich iron oxide mineralization, which is observed as massive
to brecciated rocks of brown to dark brown color overlying the carbonatite intrusions (Fig. 12a, d).



The carbonatites are formed mainly by dolomite (0.1-1 mm in size; 70-90 vol.% of the rock),
apatite (0.2-2 mm; 0.5-10 vol.%), and iron oxides (magnetite and hematite) with subordinate calcite,
quartz, clinohumite and phlogopite (Fig. 13a—c). The carbonatites are frequently crosscut by tiny
veins of iron oxides and calcite (Fig. 13d). The IOA mineralization consists mainly of Fe-
oxide/hydroxide minerals (hematite, goethite, magnetite, and limonite) and apatite (5 — 40 vol.%),
quartz, and subordinate calcite as interstitial filling, and monazite and columbite as accessory
minerals. The apatite occurs as euhedral crystals up to 8 cm in size (Figs. 12d, 13e), and often
associated with numerous fine monazite grains which occur as inclusions and/or nearby its rims (Fig.
13f).

The carbonatites are primarily composed of CaO (14.9 — 57.7 wt.%) and MgO
(2.2 —30.3 wt.%) reflecting their magnesiocarbonatite affinity. Their P,Os content ranges from
0.1 wt.% to 7.2 wt.% with about 1.5 wt.% in average. They are characterized by low silica content (~
2.7 wt.% SiO; in average) , moderate Fe,O3 content (~ 6.3 wt.% in average), and very low TiO, and
MnO concentrations (0 — 2.4 wt.% and 0.3 — 1.7 wt.%). The 10A ore is characterized by high Fe,O3
and SiO; concentrations (~ 2 — 54 wt.% and ~ 4 — 86 wt.%, respectively) with variable CaO,and P,0s
contents (~ 0.3 —44.6 wt.% and 0.2 — 33.9 wt.%, respectively) and low TiO, and MnQ(contents
(0—1.9wt.% and 0.1 — 1.6 wt.%, respectively).

4.5. Supervised classification-based facies mapping

The result obtained from the superimposition of the different methods were used to perform a
supervised classification. As confirmed by field observations, the class 3y(Fig. 10) was of high
accuracy and the carbonatites were found exposed at outcrop level, Similarly, for iron oxide-apatite
ore, class 2 (Fig. 11) was the one that coincides well with the IOA ore outcrops. Therefore, these two
classes were considered for performing the lithological classification in the Gleibat Lafhouda
carbonatite complex. The results show an overall accuraey of 98.02% with a kappa coefficient of
0.86%. As shown in Figure 14, most of the mapped zones as carbonatites match the three intrusions
of the Gleibat Lafhouda complex, with few outcrops.scattered in the surrounding plain. The major
proportion of mapped I0OA ore zones occurs predominantly in the Al Fernan and Lafhouda intrusions
(Fig. 144, b) with only a minor proportion in the Drag intrusion (Fig 14c), which might due to their
low exposed outcrops caused by the widespread sand cover.

5. Discussion

In this study, an integrated approach based on remotely sensed ASTER data, field
observations, and portable XRF analyses has been performed for mapping carbonatite and associated
iron oxide-apatite deposits in the large Gleibat Lafhouda area in the southern Moroccan province.
Several band ratios have been applied to better distinguish the carbonatite outcrops from the country
rocks of the studied area. The carbonate index in the TIR region (B13/B14) has given better results
for carbonatite mapping compared to other carbonate indices in the SWIR region (Fig. 4). However,
this index might'give some false carbonatite anomalies when applied separately, and this is likely
due to the similarity of the carbonate spectral characteristics with other sedimentary rocks in the area.
In fact, as shown in Figure 5a, some anomalous bright pixels were observed in the right down corner
of the scene with compared index values as those that fit with the carbonatite intrusions. These false
anomalies were likely related to the presence of clay and other sulfate minerals of Sebkha zone (Fig.
1). Although, the band ratio (B6+B9)/B7 has more sensitivity to magnesiocarbonatites compared to
(B6/B8)*(B9/B8) and (B6+B8)/B7 previously proposed for carbonate minerals in the SWIR region
(Fig.4; Ninomiya 2002; Rowan and Mars 2003; Ninomiya et al. 2005; Mars and Rowan 2011). This
band ratio presents false anomalies which likely due to the presence of mafic minerals-rich
lithologies, such as amphiboles which have high sensitivities in the SWIR region (Rowan et al.
2005). Nevertheless, when combining these band ratios with resulted anomalies from PCA and
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MNF, the areas with common anomalies from this combination showed better agreement with
carbonatite outcrops in the field. This demonstrates the importance of combining the above methods.
As shown in Figure 10, most of the points sampled as carbonatites fit with the common anomalous
pixels, with few points that were only detected by two or three methods (class 1 or class 2; Fig 10).
This is probably due to the small outcrop surfaces at some point and the large extension of sand
cover, as well as the different sensitivity of the applied methods.

The bands 1, 2, 5, and 8 appear as the most suitable spectral subsets for performing the
transformation techniques (i.e., PCA, MNF) where the most indicative minerals for carbonatite rocks
have diagnostic absorption in these bands. Indeed, the carbonates have significant narrow absorption
in band 8 due to C-O bonds (Mars and Rowan 2010) and high reflectance in band 5. Additionally,
the dominant presence of ferrous and ferric iron in the carbonatite especially the ankeritic and the
dolomitic carbonatites as those of the Gleibat Lafhouda makes the combination of Fe** and Fe**
(bands 1, 2) and CO3 (band 8) more suitable for carbonatite mapping. Furthermore, the intense Fe®*
absorption in carbonatites can either be used to distinguish them from most of the sedimentary
carbonates which rarely exhibit this character (e.g., Rowan et al. 1986).

Several band ratios have been applied in this study to distinguish the most successful one for
enhancing the mapping of the iron oxide-apatite deposits. The band ratios (B4/B3) andy(B2/B1) in
the VNIR region have been widely used to highlight iron-rich formations (Soe’et al.,2005;
Gopinathan et al. 2020). The band ratio B4/B3 gives relatively elevated detection rates compared to
B2/B1 for apatite-rich iron oxide mineralization. However, it presents limitsof application especially
when mafic rocks such as gabbro are present in the analyzed scene, where these rocks have index
values identical to those of the IOA ore. Instead, the band ratio (B4/B1) applied here shows a high
ability to anticipate correct occurrences of the apatite-rich iron @xidesmineralization and can be the
best option to enhance the I0A deposits. As confirmed by ourfield observations, this band ratio
when combined with iron anomalies obtained from PCA and/MNF transformations gives high
precision limits of the IOA ore outcrops (Fig. 11).

Our results were validated through field surveys and in-situ handheld XRF geochemical
analysis, and show good agreement with previous geological maps of the area (Rjimati et al. 2002;
ONHYM 2016a; ONHYM 2016b). The field data were used to validate several anomalous zones
given by the different methods and validatethe performed classification. The classified zones by the
ML-algorithm as carbonatite and IOA ore are'concordant with the common anomalies detected by
method combinations (Figs. 10, 11)."Indeed, the classified carbonatite pixels (Fig. 14) show more
surface extension and complete those observed in class 3 of the integrated map (Fig. 10). Similarly,
the classified pixels as IOA ares/(Fig..14) fit with class 2 of the integrated map (Fig. 11) and display
the I0A outcrops extension: The.ML algorithm based-classification has an overall accuracy of 98%
which shows the good distribation of the mapped facies. The kappa coefficient calculated using the
confusion matrix method is 0.86, which is considered as an excellent agreement category of the
Kappa coefficient.(e.gwMonserud and Leemans 1992). Furthermore, most of the areas mapped as
IOA ore (Fig. 14) are surrounded by carbonatite, which is consistent with the field observations
showing that they.are predominantly overlying the carbonatite bodies (Fig. 12a). Additionally, the
mapped zones as carbonatites match those of the three main intrusions where carbonatites are well
exposed as observed in the previous maps from thr literature (Fig. 1). Several scattered bodies were
highlighted for the first time in the surrounding plain, especially in the south of the area (Figs. 12c,
14). This might indicate the hidden extension of this carbonatite complex beneath the sand cover.
However, further exploration work using core drilling and/or geophysical studies still necessary to
better evaluate the lateral extension of this complex.

6. Conclusions
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In this study, we demonstrate the significant information that can be retrieved from satellite
remote sensing ASTER data for mineral exploration and geological mapping. The ASTER processed
data coupled with field observations, portable XRF analyses, and petrographic characterization were
examined to show their ability for identifying and mapping of carbonatite outcrops and related iron
oxide-apatite mineralization. The combination of band ratios from TIR region (B13/14) and SWIR
bands (B6+B9/B7) alongside with PCA, and MNF has proven to be reliable and probative to
increase the accuracy of carbonatite mapping. Based on spectral properties of most indicative
minerals of carbonatites (e.g., carbonates, apatite, phlogopite, iron oxides) a spectral subset (bands:
1, 2,5, and 8) was determined to perform the PCA and MNF transformations. The appropriate
component from each transformation method was selected by analyzing the eigenvalue loadings.
This approach has also proven to be applicable for discriminating the iron oxide-apatite
mineralization from carbonatite rocks over a large area. Although the band ratio B4/B1 has given a
high ability to predict IOA anomalous areas, its integration with results of PCA and MNF has
improved the accuracy to delineate the correct IOA ore occurrences. The mapped zones
simultaneously using combined methods were consistent with the field observations. Thus, they were
subjected to ML algorithm-based classification to delimit the extension of the mapped facies.

The developped approach has been applied successfully in the Archean terrains'of the Oulad
Dlim massif, and may represent a useful tool for highlighting other potential areas, especially under
the same geographic and atmospheric conditions. Overall, the obtained results’have'several
implications for the use of multispectral satellite imagery in general and ASTER data in particular,
for carbonatite and 10A deposit exploration programs. Indeed, through this.study, we highlight the
benefit of the remote sensing-based approach as a powerful time- and cost-effective tool especially in
zones where the conventional geological mapping is difficult and requires farge investments. Further
work for extending this approach on other alkaline complexes and related mineral deposits types may
be of great interest especially, in arid regions.
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Table 1. Acquisition characteristics of used ASTER images.

Location ASTER Data Granule ID Date Scene Center
Gleibat AST L1T 00302032004114331 20150503031013 | 2004 — 02- Y =219318
Lafhouda 72511 03
X =
—150192
AST L1T 00302032004114323 20150503031013_ | 2004 — 02- Y =224 653
72512 03

X=-148929




Table 2. Spectral bands characteristics of the ASTER satellite imagery used in this study (Abrams
2000; Fujisada 1995).

Subsystem | Band No. | Spectral Range (um) | Spatial Resolution Signal Quantization
Levels
VNIR 1 0.52 - 0.60 15m 8 bits
2 0.63 —0.69
3N 0.78 —0.86
3B 0.78 —0.86
SWIR 4 1.600 — 1.700 30m 8 bits
5 2.145-2.185
6 2.185 —2.225
7 2.235 — 2.285
8 2.295 — 2.365
9 2.360 — 2.430
TIR 10 8.125—8.475 90 m 12 bits
11 8.475 —8.825
12 8.925-9.275
13 10.25 - 10.95
14 10.95 - 11.65
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Table 3. Eigenvector statistics of PCA on selected spectral bands (1, 2, 5, and 8) of ASTER data for
detecting carbonatites in the Gleibat Lafhouda complex.

PC1 PC 2 PC 3 PC 4
band 1 0.32487 -0.49148 0.38085 0.71265
band 2 0.50349 -0.63138 -0.22113 -0.54678
band 5 0.54412 0.45181 0.64797 -0.28273
band 8 0.58728 0.39456 -0.62144 0.3365




Table 4. Transformation vectors of MNF analysis on the selected spectral bands (1, 2, 5, and 8) of
ASTER data for detecting carbonatites in the Gleibat Lafhouda complex.

MNF 1 MNF 2 MNF 3 MNF 4
band 1 0.589015 0.002968 -0.702081 -0.400167
band 2 -0.808076 -0.000017 -0.516876 -0.282583
band 5 0.007089 0.38938 -0.450348 0.803443
band 8 -0.00491 0.921072 0.192635 -0.338369




Table 5. Eigenvector statistics of PCA on the selected spectral bands (1, 3, 4, and 6) of ASTER data
for detecting iron oxide-apatite ores in the Gleibat Lafhouda complex.

PC1 PC 2 PC 3 PC 4
band 1 0.31035 0.07494 0.946 -0.05606
band 3 0.48411 0.8258 -0.21261 0.19617
band 4 0.61189 -0.24584 -0.22379 -0.71769
band 6 0.54306 -0.50199 -0.09893 0.66581




Table 6. Transformation vectors of MNF analysis on the selected spectral bands (1, 3, 4, and 6) of
ASTER data for detecting iron oxide-apatite ores in the Gleibat Lafhouda complex.

MNF 1 MNF 2 MNF 3 MNF 4
band 1 -0.546736 0.387327 0.236915 -0.703512
band 3 -0.776457 -0.405508 0.188976 0.443808
band 4 0.288079 -0.003478 0.952867 0.095091
band 6 0.123305 -0.827967 0.014274 -0.546867




Table 7. Number, surface, and percentage of anomalous pixels mapped as carbonatites by all used
methods.

Method Number of pixels surface area Percentage (%)
(Km?)

BR(TIR) 66336 14.93 1.89
BR(SWIR) 215312 48.45 6.15
PCA 225844 50.81 6.45
MNF 76144 17.13 2.17
BR(TIR)*(BR(SWIR)+PCA+MNF) 18385 4.14 0.52
g?esiSTll R)*(BR(SWIR)+PCA+MNF) 6940 1.56 0.20
CB:;S&EIR)*(BR(SWIR)+PCA+MNF) 5489 1.24 0.16

class




Table 8. Number, surface and percentage of anomalous pixels mapped as iron apatite-apatite
mineralization by all used methods.

Method Number of pixels surface area (Km?) Percentage (%)
BR 2944 0.66 0.084
PCA 23773 5.35 0.679
MNF 200955 45.21 5.736
BR*(PCA+MNF) class1 1379 0.31 0.039
BR*(PCA+MNF) class2 1249 0.28 0.036
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Figure 1. Map of the study area including (a) a Google Earth image showing the situation of the
Gleibat Lafhouda complex in the Oulad Dlim massif at the NW margin of the West African Craton
(WAC), and (b) simplified geological map of the Gleibat Lafhouda carbonatite complex. Data from

Rjimati et al. (2002); ONHYM (2016a; 2016b).
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Figure 2. The workflow chart of the data sets and processing procedure used in this study.
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Figure 4. ROC curve and AUC values of carbonates predictive band ratios.
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Figure 5. Grey scale images of (a) carbonate index in TIR ATSER bands (B13/ ) SWIR
index (B6+B9)/B7 giving carbonatite anomalous zones in bright pixels.
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applied on spectral bands 1, 2, 5, and 8 of ASTER data, highlighting carbona dark pixels in

PC4 (a), and with bright pixels in MNF4 (b). ;:

Figure 6. Greyscale images of selected components from the reduction transforr%&e iques
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Figure 7. ROC curve and AUC values of iron oxide-apatite predictive band ratio
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pixels the anomalous areas of the iron oxide-apatite mineralization.

Figure 8. Iron oxide index (B4/B1) in the VNIR region on grayscalei&@ming in high bright



Figure 9. Greyscale images of selected components from the reduction transformation techniques
applied on spectral bands 1, 3, 4, and 6 of ASTER data, (a) PC2 and (b) MNF1.
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Figure 10. The designed integrated map showing anomalous carbonatit
(B13/B14) with one method (green pixels) or two methods (yellow pi
represent the areas given in common by all applied methods, whichfi the three
magnesiocarbonatite intrusions of the Gleibat Lafhouda complex: an (a), Lafhouda (b) and
Drag (c). The blue points correspond to carbonatite samples e base map is a Google Earth
image.
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Figure 12. Field photographs of carbonatites and associate e in the Gleibat Lafhouda
hite-brown carbonatite crosscut

complex: (a) view towards the SW of the Lafhouda in i@w
by networks of tiny veins of iron oxides, (c) grey carbo cies, (d) the I0OA ore with abundant

euhedral apatite crystals.



Figure 13. Microphotographs (microscope).shewing the petrographic characteristics and the main
rock-forming minerals of carbonatites and asseciated IOA ore: (a—d) carbonatites, (e and f) the iron
oxide-apatite ore. apatite (Ap), calcite (Cal)ydolomite (Dol), iron-oxides (Fe-ox), monazite (Mnz),

phlogopite (Phl), quartz (Qz).
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Figure 14. The ML algorithm-based classification using ASTER VNIR-Siygv:I showing

carbonatites and IOA ore outcrops in Al Fernan (a), Lafhouda (b) and D intrusions. The base
map is a Google Earth image.



