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ABSTRACT

The acquisition of field data plays an important role in the calibration of the remotely sensed data, especially when
combined with reflectance spectroscopy studies. The study area of this work is the Fregeneda-Almendra pegmatite field
(spreading from Portugal to Spain) where different lithium (Li)-pegmatites are known. Several image processing
techniques were applied to satellite images for Li exploration in the region, including machine learning classifiers.
However, these algorithms identified several zones as Li-pegmatites false positives. Taking this into account, the
following objectives were delineated: (i) validate the training areas used in previous studies and collect field data for
training area refinement; (ii) assess the reason for the false positives previously obtained through field surveys. For that,
various outcropping lithologies (Li-pegmatite, metasediments, granite) were sampled for laboratory spectral analysis.
The spectral signature of Li-pegmatite was compared with the remaining outcropping lithologies. Also, the spectral
signature of the sampled false positive areas was confronted with the spectra of Li-minerals. It was possible to conclude
that these two classes present similar water/hydroxide and Al-OH-related features. The sampled granitic and
metasedimentary rocks also presented water and/or hydroxide absorption features that can lead to some spectral
confusion. However, Li-pegmatites can be discriminated from the remaining lithologies either in the training areas and
the false positive areas due to the absence of iron-related absorption features and to the distinct reflectance magnitudes.
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1. INTRODUCTION

Reflectance spectroscopy is an extensively used technique to identify minerals mainly due to the existence of diagnostic
absorption wavelengths intervals in the visible and infrared regions [1, 2]. This technique is mainly applied to
characterize the products of hydrothermal alteration, with increasing economic applications in the mineral industry [3].
Field data acquisition is important to calibrate the remotely sensed data: the reflectance spectroscopy studies, either made
in the laboratory or directly in the field, provide a calibration source (ground-check) of the remotely sensed data and
allow to validate the atmospheric corrections made to satellite-acquired images.

In this study, field validation and sample collection were made in the Portuguese side of the Fregeneda-Almendra
pegmatite field that spreads from Salamanca (Spain) to Vila Nova de Foz Coa (Portugal). In recent years, several image
processing techniques were applied to satellite images covering this region to identify lithium (Li)-pegmatites [4-6].
These techniques included machine learning algorithms such as Support Vector Machine (SVM) and Random Forest
(RF) [6]. Although these algorithms were able to identify the presence of Li-pegmatite in areas where its occurrence is
known, they also identified several zones as Li-pegmatites false positives. Therefore, it is fundamental to develop
detailed studies to understand if the misclassifications obtained using satellite images are due to a similar spectral
behavior between lithologies or to a flaw in the methodology developed.
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Taking this into account, the following objectives were delineated: (i) validation of the training areas used in previous
studies and collection of new field data for training area improvement and refinement; (ii) assessment of the reason of
the false positives previously obtained with SVM and RF [6] through field surveys.

2. FIELD SURVEYS AND REFLECTANCE SPECTROSCOPY
2.1 Study area and fieldwork

The Fregeneda-Almendra pegmatite field spreads from Portugal to Spain, in the central part of the Iberian Massif. In this
field, several barren and Li-mineralized pegmatites were identified [7, 8]. The Li-mineralized pegmatites were divided
into four distinct types of dikes: petalite-bearing, spodumene-bearing, lepidolite+spodumene-bearing, and lepidolite-
bearing. The pegmatite dikes intruded the pre-Ordovician metasediments of the Complexo Xisto-Grauvaquico (CXQ)
[9], located to the north of the Figueira de Castelo Rodrigo—Lumbrales Anatectic Complex [10] where several syn-
Variscan two-mica granites outcrop (Figure 1). In the region, there are also phyllitic-quartzitic formations of Ordovician
age as well as some Cenozoic sedimentary deposits.

To achieve the previously delineated goals, a field campaign was carried out in February of 2020 to sample various
outcropping lithologies for laboratory spectral analysis. The fieldwork was conducted on the Portuguese side of the
pegmatite field (in the Guarda district). The sample locations included some of the training areas used in the previous
classification process [6] as well as several open-pit mines where the different lithologies (Li-pegmatite, metasediments,
granite) present larger and fresher expositions (Figure 1). Some areas identified as Li-pegmatite considering SVM and
RF were also visited in the field to assess the exposed material in these targets (Figure 1). Field description of each site
was made, and samples were collected for the spectral studies.
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Figure 1. Location of the study area and geological setting of the Portuguese side of the Fregeneda-Almendra pegmatite
field (adapted from [11, 12]). The location of the samples collected in the field surveys is marked with a circle for the
training areas and with a diamond for the areas misclassified as Li-pegmatite using SVM and RF. Map projection: Universal
Transverse Mercator zone 29N, WGS84 datum.
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2.2 Laboratory reflectance studies

A total of 220 point analyses were made to build a spectral library for each lithological class and Li-minerals identified.
The equipment used for the measurements was the ultra-high-resolution SR-6500A spectroradiometer (Spectral
Evolution, Inc.) with a spectral range between 350 and 2500 nm, and 1.5 nm resolution in the visible and near-infrared
(VNIR), and 3-3.8 nm resolution in the shortwave infrared (SWIR). All spectral measurements were made in the
laboratory using a Handheld Contact Probe with an internal light source (halogen bulb: 4.25 V, 1.06 A). The reflectance
values were calibrated using a Spectralon (Labsphere) plate with a maximum reflectance of 95% for the 250-2500 nm
region.

All spectra were individually analyzed in order to exclude irregular values caused by measurement errors or by the
presence of vegetation in the surface of the samples. In the end, 198 valid spectra were retained, each one corresponding
to an analyzed spot of a total of 42 samples collected. The point analyses were averaged by lithology or by location in
the case of the false positive areas. Fresh and altered samples were treated separately to evaluate if there is any
difference. Further spectra processing was conducted in a Python environment where the pysptools library [13] was used
to remove the spectra continuum and to identify and extract the main absorption features. The SpectraGryph software
[14] was also used as a complementary tool.

3. RESULTS AND DISCUSSION
3.1 Validation and improvement of the training areas

Most of the training areas used in the previous works regarding image classification [6], as well as new locations were
visited in the field to collect reference spectra for the main outcropping lithologies of the area (granite, Li-pegmatite,
metasediments). Their (reflectance) mean spectral signature is compared in Figure 2. Also, the mean spectra of petalite, a
Li-mineral, is shown. The respective continuum removed spectra and the identified absorption features are presented in
Figure 3.

Granite: altered (n =11, 4 samples)
Granite: fresh (n =15, 2 samples)
Li-pegmatite: altered (n = 34, 8 samples)
Li-pegmatite: fresh (n = 27, 4 samples)
Metasediments: altered (n = 21, 3 samples)
===+ Metasediments: fresh (n = 25, 3 samples)
=== Petalite (n =5, 3 samples)
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Figure 2. Raw mean spectral signature of the different outcropping lithologies. Dotted lines represent fresh samples. The
mean spectrum of petalite (a Li-mineral) is plotted for comparison.
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Figure 3. Mean spectral signatures of the outcropping lithologies with the continuum removed. Dotted lines represent fresh
samples while full lines represent altered samples. The mean spectrum of petalite is also shown.
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Analyzing the spectra from the different lithologies (Figure 2), it is observed, as expected, that the reflectance of the
fresh samples is always lower than the one from the altered samples. Regarding the Li-pegmatite spectra, the main
absorption features appear to coincide with the features present in the petalite spectrum. Also, the altered samples of
granite and metasediments show less pronounced but similar absorption features around ~1400 and ~2200 nm, and
around ~1900 nm in the case of the altered granite (Figure 2). This is again visible in the continuum removed spectra of
Figure 3, however, the magnitude of the reflectance is distinct in each lithology. The position of the absorption features
was identified after the removal of the continuum, and some of these features are diagnostic of the presence of certain
ions/molecules in the samples.

The fresh samples of metasediments show a typical broad (ramp-like) ferrous iron (Fe?*) feature that disappears in the
altered samples probably as a result of the oxidation process and the passage to ferric iron (Fe3*) [15]. The 745, 924, and
1158 nm iron diagnostic absorptions, which also don’t persist in altered samples, may correspond to mixtures between
chlorite and biotite, as well as evidenced by the SWIR absorption feature in 2349 nm associated to the inflection in
~2240 nm [16]. The weak absorption around ~1934 nm indicates that only a small amount of water (H,O) is present, and
the feature around ~1413 nm, mainly due to the hydroxide ion (OH") [1], when associated to the AI-OH 2213 nm
absorption, indicates the presence of white mica, also evidenced by the secondaries 2349 nm and 2446 nm absorptions,
despite the deeper 2349 nm feature because of the chlorite/biotite presence effect. These features almost disappear in the
altered samples (Figure 3).

Oppositely, the Li-pegmatite and petalite spectra present a deep, asymmetrical feature around ~1910 nm indicating the
presence of water. In the case of Li-pegmatite, the molecular water indicated by the ~1413 nm (OH+H,O) feature and
the main Al-OH absorption by around 2200 nm, with the associated secondaries in 2350 and 2437 nm, are diagnostic of
the presence of illite (and/or white mica) probably in mixtures with clay-minerals from the smectite group, mainly in
altered samples, where the 2200 nm feature moves to slightly longer wavelengths [1]. Similarly, petalite shows important
features in these same main positions, but, the OH" feature more asymmetric, the water absorption significantly deeper
than the main A—OH absorption, and the almost absent AI-OH secondaries features, indicate that smectite dominates the
spectra [1] (Figure 3).

In what concerns the granite, the broad Fe?" absorption is present in both altered and fresh samples, although more
pronounced in the fresh ones (Figure 3). Also, in both cases, the absorption pair ~2251 nm/2340-2350 nm, related to the
Fe—OH and Mg—OH bonds, respectively [17], is due to the presence of biotite. The Al-OH feature, also present,
indicates the presence of white mica or sericite, and maybe a clay mineral in altered samples (Figure 3).

Ultimately, the field validation allowed to define important areas where these different lithologies outcrop clear of
vegetation. The new field data were used with good results in a new classification attempt in the study area [18].

3.2 Areas misclassified as Li-pegmatite

Four areas misclassified as Li-pegmatite by both the SVM and RF algorithms were also sampled. These false positive
areas mainly correspond to regions where the soil was disturbed and plowed for wine or olive plantations, exposing
boulders of metasedimentary rocks. Other areas correspond to slope areas where this type of rocks are naturally exposed.
Figure 4 shows the mean spectral signature of these false positive areas. The identified absorption features are compared
with the ones from Li-minerals.

In general, the samples collected in the false positive areas present the same absorption features related to OH™ +/- H,O
(~1414 nm), H,O (~1910 nm) and Al-OH (~2208 nm) [1]. However, the spectra from the misclassified areas present
clear distinct features in the VNIR region associated with the presence of ferrous and ferric iron (Figure 4). Additionally,
the distinct absorptions depths of the SWIR features indicate the occurrence of different mineral assemblages. For
example, the spectra from the false positive areas no. 2 and no.4 show a deeper absorption around ~2200 nm when
compared with the water feature at ~1910 nm. This is diagnostic of the presence of illite [3, 16]. On the opposite, the
altered samples from false positives areas no. 1 and no. 3 have the ~1910 nm feature deeper than the AI-OH (~2208 nm),
indicating the presence of clay minerals. These features were not identified in the samples collected in the training areas
for the metasediments lithological class.

The presence of illite may occur in the metasedimentary rocks interstratified with muscovite or, more commonly, can be
formed in retrograde metamorphic conditions linked to meteoric alteration. At this stage, the presence of clay minerals is
not yet fully understood. Additional geological data will be acquired through petrographic and geochemical analysis to
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complement and explain the obtained results. More field campaigns are scheduled to complete the spectral library,
including spectral measurements made in the field to better match the solar conditions verified when acquiring satellite
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Figure 4. Mean spectral signature of the areas misclassified as Li-pegmatite in previous studies (reflectance spectra to the
left; continuum removed spectra to the right). Dotted lines represent fresh samples while full lines represent altered samples.
The mean spectral signal of petalite is also shown.
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4. CONCLUSIONS

This study aimed at obtaining field and laboratory data for satellite-based Li exploration. Overall, the proposed
objectives were fulfilled:

1. A reference spectra of main outcropping lithologies was obtained. Despite all lithologies presenting similar
features related to the presence of water/hydroxide in the structure of rock-constituent minerals, the absorptions
depths are higher in the Li-pegmatites probably due to the occurrence of clay minerals. These absorptions depths
differences aligned with the presence of iron-related features in the VNIR region and the distinct reflectance
magnitudes of each lithology should be enough to spectrally discriminate them using satellite data. Also important
is the variation in Al-OH absorption position, showing longer wavelengths in metasediments (probably due to
relatively Al-poorer white mica), shorter in Li-pegmatite, and intermediate in granite, petalite, and altered rocks.
Moreover, due to the distinct spectral behaviors, the fresh and altered samples were treated separately. The higher
reflectance of the altered samples, when compared to the fresh ones, may be related to the presence of alteration
minerals like clays and iron-oxides.

2. The spectra of the metasedimentary rocks from the false positive areas were confronted with the spectra of Li-
minerals. The results show that, in fact, the outcropping rocks from these areas have similar water/hydroxide and
Al-OH-related features to ones observed in the Li-minerals. This is due to the presence of clays/illite not
observed in the samples from the training areas. Nonetheless, as before, the metasediments show iron-related
absorption features that are not observed in the Li-minerals/pegmatites. Thus, it is necessary to improve the
previous methodology employed in lithological classification.

Future studies will include the collection of more spectral and geological data for further analysis and interpretation. The
spectra will be analyzed sample by sample, instead of the mean spectral signal, to identify the mineral assemblages in
each lithology through the characterization of their respective diagnostic features.
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