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Abstract To date, there are very few studies about the
spectroscopy of lithium-containing minerals (LCMSs) in the
scientific community. The main objective of this study is
to investigate the capability of Sentinel-2 image and
FieldSpec3 spectro-radiometer in terms of mapping five
important LCMs, including spodumene, lepidolite, ambly-
gonite, petalite, and eucryptite. Therefore, first the Field-
Spec3 spectro-radiometer was used to create the spectral
curves of the LCMs. Then, accurate spectral analysis and
comparison of the studied LCMs were performed using
The Spectral Geologist (TSG) and the Prism software.
These two software can show even slight difference in
absorption features of different LCMs, which can
discriminate and identify these minerals. Lithium-bearing
rocks show absorption features at ~365, ~2200, and ~2350
nm and reflective features at ~550—770 nm. These features
are consistent with Sentinel-2 bands. Therefore, the created
spectral curves were utilized for calibration of Sentinel-2
optical image to detect and map the potential zones of the
rock units containing minerals mentioned above in a part
of the central Iranian terrane. By using the Spectral Angle
Mapper (SAM) classifier module, the potential areas were
demarcated. Out of the five LCMs, petalite and spodumene
showed more extensive coverage in the study area.
Generally speaking, the largest concentration of those
LCMs can be seen in southern and centraleastern parts of
the study area. The comparison between spectral curves of
reference and classified minerals confirmed the high
capability of Sentinel-2 image for LCMs mapping. ASTER
image classification results also confirmed the presence of
the LCMs, but it cannot distinguish the LCMs type
successfully.
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1 Introduction

Due to the increasing demand for Lithium products,
appropriate techniques of analyzing lithium (Li) chemical
compounds, including lithium carbonate, lithium hydrate,
lithium chloride, and lithium bromide, are required to
search the rocks containing lithium in the Iranian
geological terrane. The primary sources for lithium
extraction are pegmatites and salars. Two of the most
important producers of lithium are North America and
Chile. North America mainly produces lithium carbonate
from pegmatites, while Chile uses salars for lithium
production. In the study of Alamdar et al. (2008), the
presence of lithium-containing minerals (LCMs) in the
pegmatites of the central Iranian terrane has been
confirmed using field survey and spectrographic analyzes.
Some research has been conducted on the study of lit-
hium minerals using remote sensing (Rossi et al., 2018;
Cardoso-Fernandes et al., 2019a, 2019b, 2020, 2021; Gao

et al., 2020). Cardoso-Fernandes et al. (2019b) applied
Landsat-5, Landsat-8, Sentinel-2, and ASTER images for
identifying Li-pegmatites through alteration mapping and
the direct identification of Li-bearing minerals. They
utilized new RGB (red, green, blue) combinations, band
ratios, and selective principal component analysis (PCA)
as processing methods. For example, RGB 1613, 2113,
and 5114 of ASTER image were applied for identifying
Li-pegmatites, and 1/3, 6/2, and 12/9 ASTER band ratios
were implemented for spodumene, lepidolite, and amblygo-
nite identification. Their results showed excellent poten-
tial for the identification of Li-bearing pegmatites using
remote sensing. Also, they concluded that their results
could be improved using sensors with a better spatial and
spectral resolution. Gao et al. (2020) applied a combina-
tion of geochemical methods, geological mapping, and
high-resolution remote sensing multispectral imagery to
identify potential locations of pegmatite-hosted Li occurr-
ences. In their study, reflectance spectra were obtained
from spodumene-bearing pegmatite samples on the
ground surface using the FieldSpec-3 spectrometer. They
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found that the spodumene-bearing pegmatites show a
strong absorption at ~2200 and ~2350 nm, and reflective
features between 560 and 760 nm. Because of the limited
data available for the whole study area, they used the
combined Worldview-2 and ASTER remote sensing
images. Their results proved successful in discovering
several significant Li deposits.

According to the results of the study of about lithium
isotopes, lithium absorption features occur in the visible
range of electromagnetic radiation. Travis and Kendall
(2017) applied thermal infrared spectroscopy for lithium
quantification within greisen-style mineralogy. Their
study showed that absorption near 1411 and 2200 ¢cm™!
shifted to higher wavelengths in samples with the highest
lithium. Based on the results of previously mentioned
works, it can be concluded that lithium has absorption
features in the electromagnetic radiation range of VNIR
(Visible and Near-Infrared), SWIR (Short Wave- Infrared),
and TIR (Thermal-Infrared). However, based on our know-
ledge, there is no record on the spectroscopy of different
LCMs (at NNIR-SWIR wavelengths) for studying their
spectral curves simultaneously so far.

Spectroscopy describes the interaction between electro-
magnetic radiation and materials, which produces a
spectral curve of material in a specific wavelength range
(Clark, 1999; Cloutis et al., 2010). The chemical compo-
sition of any mineral determines its nature of interaction
with the electromagnetic radiation that may cause several
physical processes such as absorption, reflection, trans-
mission, and scattering, which contain important informa-
tion about the mineral types. A unique reflectance
spectral curve is produced for every mineral due to its
response to electromagnetic radiation. Using these
spectral curves and spectral characteristics, one can
identify the minerals. The absorption of electromagnetic
energy at wavelengths is the result of several processes,
including electronic and vibrational. Absorption
characteristics of minerals in VNIR result from an
electronic process that is due to the presence of Ni, Cr, Co,
Fe, Mn, Li, etc., elements in the combination of minerals
(Zaini, 2009; Kruse, 2010). The vibrational processes of
hydroxyl ion (OH™), the water molecule (H,O), carbonate,
etc., define the absorption characteristics of minerals in
the SWIR range (Zaini, 2009). An absorption range of the
hydroxyl ion is around 1400 nm, while absorption
characteristic of the minerals containing hydroxyl ion and
water molecule occurs around 1900 nm wavelength. The
interaction between hydroxyl and metal ions (e.g., Al and
Mg) that produce hydroxyl combinations (e.g., AIOH and
MgOH) causes a vital absorption characteristic in the
range of 2200-2300 nm (Zaini, 2009). Spectroscopy has
many applications (Tappert et al., 2013; Afsharifar and
Rangzan, 2014; Zheng et al., 2016;  Cao et al., 2017,
Guha et al., 2018). Zhengetal. (2016) reviewed the
changes over time of five pedogenic soil properties of a
chronosequence, i.e., soil organic matter, iron oxide, clay
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minerals, particle size distribution, and calcium carbonate
using reflectance spectroscopy. Guha et al. (2018) used
the spectroscopy and ASTER data processing to detect
dolomite-hosted phosphate around Udaipur city in
western India. The results showed that their method could
be useful to detect Phosphate zones in similar geological
settings. The results of their study conducted by Cloutis
et al. (2010) demonstrated that spectra with a resolution
of 0.34 nm could show the most robust spectral reflection
of ortho-pyroxenes and clinopyroxenes at 506 nm
wavelength. They concluded that their results could be
considered a powerful tool to determine the combination
and structure of pyroxenes. Zaini (2009) identified the
occurrence of strong vibrational absorption using the
spectroscopy at 2.34 and 2.5365 pm for pure calcite and
ranges of 2.32138 and 2.51485 um for pure dolomite.

The main objective of this study is to investigate the
capabilities of Sentinel-2 image and FieldSpec3 for
LCMs mapping in a part of central Iran. Another
objective of the present study is to compare the spectral
characteristics of five important LCMs accurately. The
presence of LCMs in the central Iranian terrane has been
confirmed by Alamdar et al. (2008), for which the study
area was chosen. In the first step, the reflectance and
absorption characteristics of the LCMs available in the
mineralogical museum of the Department of Geology at
the Shahid Chamran University of Ahvaz were created
using FieldSpec3. Furthermore, using TSG and Prism
software, the spectral curves were analyzed. Then, based
on spectra of the LCMs and using the SAM classifier and
Sentinel-2 image, a part of the central Iranian terrane was
mapped to show the potential zones. Finally, LCMs
classification was also done using ASTER image and the
results were compared.

2 Study area and geological setting

The chosen study area is a part of the central Iranian
terrane located between 34°17'38" and 33°18'48" northern
latitudes and 53°4424" and 54°55'55" eastern longitudes

(Fig. 1).
2.1 The central Iranian terrane

The right part of Fig. 1 shows the litho-structural map of
Iran, showing the main Iranian geological zones
(Berberian and King, 1981). The central Iranian terrane is
one of the most critical and intricate structural zones in
Iran that is located in the center of the Iran litho-structural
map. This area is bordered by the Alborz Mountains in
the north, the Lut Block in the east, and the Sanandaj—
Sirjan in the south-south-west (Stocklin, 1968). Several
stages of metamorphism, magmatism, and orogeny are
related to orogenic events, and the age of the rocks is
from Precambrian to Quaternary (Ghorbani, 2016). This
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Fig.1 Location of the study area and geological setting.

terrane formed in pre-Paleozoic shows no indication of
any Variscan overprint (Delaloye et al., 1981). Magmatism
occurred in the central Iranian terrane from Precambrian
to Cenozoic. Precambrian Igneous rocks are not abundant
in this area. However, Late Neoproterozoic arc-related
magmatism (Rahmati, 2010), the extensive basaltic
eruption in Silurian (Derakhshi et al., 2014), and Devonian
Anarak basic magmatism are some of them. Metamorphic
rocks cropped out in some regions of the central Iranian
terrane, including DehSalm, Anarak, Khar Turan, and
Saghand. The metamorphic rocks are mainly composed
of the alteration of schist, phyllite, amphibolite, and
marble layers with Paleozoic to Cenozoic ages (Rahmati,
2010). During the Mesozoic, several large intrusive
bodies appeared in the central Iranian terrane, namely
Shirkuh, Shahkuh, and Troudgranitoid. This fact is due to
the subduction process of the Neo-Tethys oceanic crust
under the Iran microplate (during the Alpine orogenesis)
(Soltani, 2000; Shah et al., 2014). Magmatic activity in
the Cenozoic was affected by volcanism that is known as
the Urumieh-Dokhatr magmatic assemblage. This event
caused volcanic rocks and some igneous bodies having
acidic combinations (Amidi and Michel, 1985).

2.2 Central Iranian terrane pegmatites
The results of mineralogical studies and chemical

analyses of the central Iranian terrane pegmatites (based
on) are presented in Table 1.

3 Material and methods

3.1 FieldSpec3 spectro-radiometer

FieldSpec3 spectro-radiometer manufactured by Analyti-
cal Spectral Devices, Inc., Boulder, Colorado, the USA
with good efficiency in the laboratory, can measure the

reflection, transmission, and radiation of different
materials. This instrument is an optical device with a
spectral range of 350-2400 nm that has a collection time
of 0.1 s for each spectrum. FieldSpec3 works in three
ranges of electromagnetic wavelengths including 350-
1000 nm (VNIR), 1000-1830 nm (SWIR1), and
18302400 nm (SWIR2) (Rangzan et al., 2019; Afsharifar
and Rangzan, 2014).

3.2 The TSG and Prism software

Using substantial similarity matching algorithms, TSG
software (available at CSIRO website) can quickly and
accurately investigate a similarity of the studied minerals
with the minerals found in its library and finally present
the similarity matching results, because of having a rich
library of minerals. The current TSG library consists of
60 classes which are 1) Mica group (illite, muscovite,
phengite, and paragonite); 2) other AIOH minerals (mont-
morillonite, prehnite, pyrophyllite, topaz); 3) kaoline
(well-crystallized kaolinite, poorly crystallized kaolinite,
dickite, andnacrite); 4) amphiboles (tremolite, actinolite,
hornblende, and riebeckite); 5) three varieties of chlorite
(magnesium, iron, and intermediate); 6) sulphates (jarosite,
gypsum, and three varieties of alunite); 7) a variety of
other MgOH and FeOH bearing minerals (biotite, phlogo-
pite, nontronite, talc); 8) carbonates (calcite, dolomite,
ankerite, magnesite, and siderite); 9) epidote and opaline
silica (Rangzan et al., 2020).

The Prism can be used as an add-on tool for ENVI
software to analyze the spectra using the United States
Geological Survey (USGS) spectral library (available at
USGS website). This library is a widely used library
containing thousands of spectra of the minerals, vegeta-
tion, and manufactured materials (Clark, 1999). Prism can
quickly and accurately calculate spectral specifications
like absorption range, area of the absorption, depth of the
absorption feature, full width at half maximum (FWHM)
of the absorption feature, etc.
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Table 1 Spectrographic analysis results of the central Iranian terrane pegmatites (Alamdar et al., 2008)

Elements/1076

Sampling site Sample No. Lithium-containing minerals
Ba Li Be Ga Nb
Yazd Shirkuh 1 60 40 <3 10 - amblygonite, spodumene, lepidolite
2 45 60 <3 12 <30
3 250 50 14 -
Robat-e-Posht-e-Badam 4 45 60 11 - amblygonite, petalite, lepidolite
5 55 40 5 40 11
250 120 12 100 11
Chadormaloo 7 60 40 <3 18 - amblygonite, spodumene, lepidolite
8 400 60 4 30 <15
9 180 40 6 11 -
Eastern Jandag 10 45 120 <13 12 - amblygonite, spodumene, lepidolite,
petalite
11 40 120 13 35 -
12 35 80 9 10 <30

3.3 Continuum removal

Continuum removal normalizes the studied spectra, and
therefore the values will be set between 0 and 1. The
continuum is a convex hull fitted to a curve between two
of its end points. The continuum can be described as
follow (Liu and Han, 2017):

xi(0) = k(i = 1) + x(Ip), (M

where x(i) is a spectral band to be normalized, and £ is the
slope of a continuum. k is calculated by the following
formula:

_ xl) - x(ly)

k= 2
L-1 @

where [/, and /. are the indices of the end points.
Therefore, continuum-removal is as follow:
x(i)

C [x()] = o0

(©)

3.4 The studied LCMs

The LCMs studied in this research are spodumene,
amblygonite, petalite, lepidolite, and eucryptite provided
by the mineralogy museum of the Department of Geology
of the Shahid Chamran University of Ahvaz (Fig. 2).
Table 2 shows the characteristics of the LCMs mentioned
above (Meshram et al., 2014). The following table shows
the theoretical amount of lithium in the minerals descri-
bed above studied by other workers in few countries.

The spectral curves of the studied LCMs obtained using
the FieldSpec3 spectro-radiometer from a distance of
about 2 cm. The radiance spectrum was normalized to
that of a standard white reference panel (99% standard).
To reduce the noise level, the FieldSpec3 was kept
stationary and ~100 spectra were recorded. As mentioned

before, based on the study of Birchetal. (1978), a
spectral behavior of the lithium isotopes indicated that the
lithium element absorption usually occurs in the visible
range of electromagnetic radiation, especially in the
purple, blue, green, and red bands. Also, based on Gao
etal. (2020), Li-bearing samples show absorption
features at ~2200 nm, and ~2350 nm and reflective
features at ~550-770 nm. These features are consistent
with Sentinel-2 bands. Therefore, the spectral features
will be searched at the VNIR-SWIR wavelength of the
obtained spectral curves. Then, absorption area, FWHM
(full width of the absorption at the half depth of it),
absorption depth (measured in a continuum removed
curve from a convex hull to the deepest point of the
absorption feature), absorption center (the exact wave-
length in the middle of the absorption feature), absorption
range (e.g., 2200-2300 nm) of the absorption features on
the spectral curves will be measured using PRISM
software and will be compared. Those are spectral
absorption parameters which are very important for
separating spectral curves.

3.5 Satellite images

Sentinel-2 optical satellite was launched in the year 2015,
with a 7-year operational period to land monitoring,
including vegetation, water, soil, and coasts, preparation
of land use and change detection maps, land cover
studies, water change monitoring, and climate changes.
The height of this sun-synchronous satellite is 786 km,
the angle of the orbit is 98.5 degrees, and it has a repeat
cycle of ten days, which is five days due to the
simultaneous existence of two satellites. The Sentinel-2
satellite image contains 13 bands of optical range
and 10-60 m spatial resolution. These images are
geometrically and radiometrically corrected that can be
downloaded for free from the European Space Agency or
ESA (available at ESA website). The utilized Sentinel-2
image (S2A platform) date in the present study is July
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Fig.2 The studied LCMs available in the mineralogical museum of the Department of Geology: (a) spodumene, (b) lepidolite, (c)

petalite, (d) amblygonite, and (e) eucryptite.

Table 2 LCMs characteristics (Meshram et al., 2014) and their formula

Lithium-containing minerals Theoretical amount of Li% (w/w) Formula Maximum concentration in the world
Range Center

Spodumene 3.3-19 2.6 LiAlSi,Os Australia

Lepidolite 3.6-1.53 2.565 KLiAl; 5(F,OH,00.5),(AlSi301) Zimbabwe

Amblygonite 4.2-35 3.85 LiAIPO4(F,OH) Canada, Brazil, Surinam

Petalite 2.1-1.6 1.85 LiAlSi4O10 Zimbabwe

Eucryptite - 2.34 LiAISiO4 Zimbabwe

2018. Atmospheric correction of the image was
performed using the Sen2Cor module and therefore the
reflectance values were obtained. The spectral curve of
each image pixel will be compared to the LCMs spectral
curves using the SAM classifier in terms of mapping the
LCMs in the study area. The atmospheric correction will
produce reflectance values in the range of 0-1. The
FieldSpec3 spectral curves are also in the range of 0—1.
Sentinel-2 bands are in the range of 443-2190 nm which
is almost the same as the FieldSpec3. Therefore, the SAM
classifier can classify the study area accurately without
the need for more image preprocessing. The results of this
classifier based on the error percentage will be displayed
as follow: Percent error = [(Exact value—Approximate
value)/Exact value] x 100.

The ASTER multispectral data was acquired in
September 2003. The image was geometrically corrected
and only atmospheric correction was applied and
therefore reflectance values were obtained. The spectral
bands of the ASTER image contain NIR and SWIR bands
with a resolution of 15 m. Three bands of the ASTER
between 520 and 860 nm (VNIR B1-B3) and six bands
from 1600 to 2430 nm (SWIR B4-B9) are for measuring
reflectance radiations. Also, five bands in the 8120
11650 nm wavelength region (TIR B10-B11) with 90 m
spatial resolution are for measuring emitted radiation
(Gao et al., 2020). Table 3 shows the specifications of the
image.

3.6 The Spectral Angle Mapper (SAM) classification
method

The SAM measures and assesses the similarities of the

spectra using the following equation (Kuching, 2007):

nb
2 it
—1 i=1
a=cos (——),

nb nb
DRERY DT
i=1 i=1

where nb is the number of image bands, ¢ is the pixel
spectrum, 7 is the reference spectrum, and a is the spectral
angle. Less amount of a shows more similarity of the
image spectrum with the reference spectrum and vice
versa.

“4)

3.7 The Spectral Information Divergence (SID)
classification method

The Spectral Information Divergence (SID) is a spectral
classification method that uses a divergence measure to
match pixels to reference spectra. The smaller the
divergence, the more similar the pixels are. Pixels with a
measurement more than the specified maximum diver-
gence threshold are not classified. Reference spectra used
by SID can come from spectral libraries (Du et al., 2004).

4 Results

In this study, the LCMs absorption characteristics in the
VNIR and SWIR ranges were recorded by the FieldSpec3
spectro-radiometer. All processing steps were performed
in the spectrometry laboratory of remote sensing and GIS
department of the Shahid Chamran University of Ahvaz,
without destruction of the samples. However, due to the
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small size of mineral samples, the contact probe device
that is one of the main tools of the FieldSpec3 was used
to improve the accuracy of the spectra with less or no
atmospheric noises. This device can measure 2x2 cm?
area of the samples. Then, the spectral curves of the
LCMs were studied and compared using the TSG soft-
ware. A continuum removal, absorption center, absorption
depth, FWHM, and other characteristics were determined
using the Prism software. The spectral and absorption
characteristics of five important LCMs, including
spodumene, lepidolite, amblygonite, petalite, and eucryp-
tite, were assessed, and finally, the classification was
implemented. The following sections will be discussed
the above-mentioned steps carefully.

As mentioned in Section 3.5, the utilized Sentinel-2
image was geometrically and radiometrically corrected,
which is downloaded for free from the ESA website. The
utilized Sentinel-2 image (S2A platform) date in the
present study is July 14, 2018. Atmospheric correction of
the image was performed using the Sen2Cor module.
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Therefore, its values convert to reflectance values
(Section 3.5).

4.1 Assessing the LCMs using the TSG

As previously mentioned, having a rich library of the
minerals and substantial similarity matching algorithms,
the TSG can quickly and accurately investigate the
similarity of the minerals. Finally, the TSG presents the
similarity matching results as a percentage. Figure 3
shows the stacked reflectance curves extracted by using
the TSG for all the five LCMs.

The continuum removal described in Section 3.3 was
applied for a more accurate comparison of the LCMs. The
same procedure was used in the Prism to find the absorp-
tion characteristics. In addition, this method can remove
the effects of the grain size and topography (Noda and
Yamaguchi, 2017). Figure 4 shows the stacked spectra of
the continuum removed LCMs using the TSG, and Fig. 5
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Fig. 4 The stacked spectra of the continuum removed LCM using the TSG software.
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shows the similarity matching process of the TSG.

A summary of the specific features of the identified
minerals similar to the LCMs was obtained using the
TSG (Fig. 6).

4.1.1 Analyzing and identifying Lithium element
absorption based on the TSG

As mentioned before, the study of the spectral behavior of
the Lithium isotopes by Birch et al. (1978) indicated that
the Lithium element absorption usually occurs in the
visible range of the electromagnetic radiation, especially
purple, blue, green, and red bands. The most considerable
absorption of this element in the LCM is observed from
purple to blue bands (Fig. 7).

4.2 Analyzing and identifying Lithium element absorption
based on the Prism software

In this step, the absorption characteristics of the Li
element in spodumene, lepidolite, amblygonite, petalite,
and eucryptite, were assessed using the Prism software
and the obtained results were compared (Fig. 8). The
absorption characteristics of the Li element, OH™, H,O,
and hydroxyl combination in the studied LCMs are
shown in Table 4.

4.3 Sentinel-2 data output
In the processing step, the SAM classifier was applied

and the output data was obtained as Fig. 9, the results of
which will be interpreted in Section 5.3.

5 Discussion
5.1 The TSG outputs

The TSG software is a specialized spectral analysis tool
designed specifically for the mining and exploration
industry geoscientists. In this study, the TSG has been
used to analyze the studied LCMs. The TSG outputs are
displayed in Figs. 4-8.

One of the most essential analytical processes
performed by the TSG is similarity matching between the
input studied minerals and its robust spectral library, as
described in Section 3.2. The results of this step indicate
the minerals that have specific characteristics near the
given wavelength (e.g., SWIR wavelength range of
1400-2500 nm, in which the TSG will perform an
accurate similarity matching). Based on the results
presented in Fig. 5, the mineral having specific charac-
teristics similar to amblygonite is alunite-k (Fig. 5(a)),
and the mineral containing specific characteristics similar
to eucryptite is montmorillonite (Fig. 5(b)). 50% of the
specific characteristics of petalite are similar to musco-
vite, and another 50% is similar to Kaolinite (Fig. 5(c)).
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Lepidolite has 73% of the specific characteristics similar
to paragonite, and 27% similar to montmorillonite
(Fig. 5(d)), and finally, spodumene contains 60% of the
specific characteristics similar to montmorillonite and
another 40% similar to paragonite (Fig. 5(e)). These
percentages are obtained as a report below each figure of
the TSG similarity matching outputs by the software

(Fig. 5).
5.2 The Prism outputs

The exact characteristics, including the center of the
absorption range, FWHM, the absorption area, slope, and
ratio of the continuum, were calculated for the determined
absorption ranges using the Prism. Some of the resulted
data by calculating the absorption characteristics are
summarized in Table 3. Using the Prism outputs, the
absorption ranges of the minerals can be easily compared,
and their differences can be detected.

The most crucial absorption feature of the LCMs is the
lithium element absorption (Fig. 8). Based on Fig. 10 and
Table 3, even slight differences in the lithium absorption
feature can be seen in the studied LCMs. For example,
the lithium absorption center in spodumene, lepidolite,
amblygonite, eucryptite, and petalite was 362, 357, 370,
360, and 372 nm, respectively, which can be used as a
factor for LCMs discrimination. There is a direct and
positive correlation between the absorption depth of an
element and its amount in a mineral. As can be seen in
Table 3, the absorption depth of the Ilithium in
amblygonite, spodumene, eucryptite, lepidolite, and
petalite is 13.7, 20.5, 1.1, 46.1, and 13.6, respectively.
Therefore, it may be concluded that lepidolite contains
more amount lithium, and eucryptite has the least amount
of lithium in comparison to the other LCMs. Other
spectral characteristics such as the absorption center of
OH™ show shift in spodumene, lepidolite, amblygonite,
eucryptite, and petalite at 1410 nm, 1408 nm, 1451 nm,
1423 nm, and 1410 nm, respectively (Fig. 10). In
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Table 3 Specifications of the used satellite images

# Satellite images Wavelength/nm # Bands Spatial resolution/m
1 Sentinel-2 443-2190 13 10-60
2 ASTER 520-2430 14 15-90

Table 4 The results obtained by analyzing the absorption characteristics of LCM using the Prism software

Lithium-containing Absorption area

minerals Absorbers /(umxref) FWHM/nm  Absorption depth ~ Absorption center/nm  Absorption range/nm
Spodumene lithium 0.0002861 12.7 0.0205 362 352-377
OH~ 0.009 343 0.2423 1410 1355-1458
H,0 0.019 60.3 0.2731 1913 1865-2050
Hydroxyl combination 0.021 58.5 0.3477 2202 2132-2262
Lepidolite lithium 0.0004908 10.4 0.0461 357 352-371
OH~ 0.024 389 0.5758 1408 1350-1455
H,0 0.0013 30.8 0.0392 1906 1869-1935
Hydroxyl combination 0.032 522 0.5864 2194 21372250
Amblygonite lithium 0.0002383 16.7 0.0137 370 353-388
OH~ 0.041776 105 0.3849 1451 1300-1530
H,0 0.04776 121.7 0.3858 1946 1860-2090
Hydroxyl combination 0.01384 77.2 0.2043 2145 21002237
Eucryptite lithium 0.0000021 2 0.0011 360 352-362
OH~ 0.04043 88.2 0.4038 1423 1350-1600
H,0 0.05815 97 0.6099 1915 1840-2040
Hydroxyl combination 0.00967 46.2 0.1860 2208 2140-2255
Petalite lithium 0.0003154 25.1 0.0136 372 355-391
OH~ 0.00750 40 0.1758 1410 1348-1450
H,0 0.02586 101.3 0.2536 1915 1855-2056
Hydroxyl combination - 41.6 0.2427 2202 2120-2245

addition, the FWHM of OH™ in spodumene, lepidolite,
amblygonite, eucryptite, and petalite is 34.3 nm, 38.9 nm,
105 nm, 88.2 nm, and 40 nm, respectively.

The H,O absorption center also exhibits a shift in
different LCMs. As it can be seen in Table 3, the H,0O
absorptioncenter in spodumene, lepidolite, amblygonite,
eucryptite, and petalite is 1913 nm, 1906 nm, 1946 nm,
1915 nm, and 1915 nm, respectively (Fig. 11).

5.3 The SAM classification using Sentinel-2 image

As mentioned before, a Sentinel-2 (S2A) optical image of
July 14, 2018 containing 13 bands and spatial resolution
of 10 mx10 m was used to determine the potential places
of LCMs in part of the central Iranian terrane. Therefore,
the study area was classified using the Spectral Angle
Mapper (SAM). A geometrically corrected S2A image
was downloaded from the ESA and then atmospheric
correction of the image was performed using the Sen2Cor
module.

The spectral curves of the studied LCMs were used as
end-members for the SAM. An automated SAM method

is used for comparing image spectra with individual
spectra or with a spectral library (Kruse, 2010). The
results of the SAM classifier are displayed in Fig. 12.
SAM classifier has been implemented using ENVI 4.8
software, and its outputs have been displayed on Google
Earth.

Placemarks in part a are some of the locations of
potential LCMs in part of the central Iranian terrane, and
Figs. 12(b)-12(e) are the zoom-in parts of part a, which
display different LCMs in the study area. As shown in
Fig. 12, the amount of petalite and spodumene is the
highest in the study area. In addition, other LCMs such as
eucryptite and amblygonite were also observed in several
places in the study area. The main concentration of the
LCMs was observed in the southern and central-eastern
parts of the study area. As previously mentioned, the
presence of the LCMs of spodumene, amblygonite,
petalite, and lepidolite in the pegmatite rocks of the
central Iranian terrane was confirmed using field survey
and spectrographic analysis by Alamdar etal. (2008).
According to the spectrographic analyses of the
pegmatitic rocks of the central Iranian terrane by Alamdar
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et al. (2008), their Lithium amount was between 40x1076
and 60 x107¢ in Yazd Shirkuh, 40x1076-120x107° in
Robat-e-Posht-e-Badam, 40x1070-60x107° in Chador-
maloo, and 80x1070-120x107% in the east of Jandag. It
should be noted that sampling performed by Alamdar
et al. (2008) was limited and discrete. While classification
results obtained in the present study are continues and
cover a wide area. Since Alamdar et al. (2008) sampling
of the study area was carried out as points, some of the
results may be incomplete (e.g., unlike SAM results,

Alamdar et al. (2008) did not sample and recognize
eucryptite mineral in the study area). As mentioned
before, eucryptite has been recognized in several places
(green color in Fig. 12) in the study area (e.g.,
33°26'37.78"N latitude and 54°27'S.06"E longitude). It
should be noted that the samples provided by the
mineralogy museum of the Department of Geology of the
Shahid Chamran University of Ahvaz were considered as
reference spectrum in this study, and the research of
Alamdar et al. (2008) was considered as field survey and
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The SAM output using S2A image
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Fig.9 The SAM output using S2A image.
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Fig. 10 The absorption center of OH™ in the LCMs.

spectrographic analysis. Therefore, ground photos of the
minerals are not available. In the following, a detailed
comparison of the spectral curves of the recognized
minerals obtained from the classification and the
reference minerals will be performed to validate the
results. Also, quantitative results validation will be done
in Section 5.4 (Table 5).

It can be concluded that the SAM is an appropriate
classification method, due to providing accurate results
for spectrum similarity of the input samples and ground
samples by using an accurate examination. The satellite
image of Sentinel-2, due to having 13 bands in the VNIR
and SWIR wavelengths, is very appropriate data for
various studies such as geological studies. The
spectroscopy method and the SAM classification of the
Sentinel-2 image indicated the high capability to map the
rare minerals such as the LCMs. It should be noted that
based on the objective of this research which is assessing
the capability of Sentinel-2 image and FieldSpec3

spectro-radiometer for LCM mapping, this image was
chosen. As mentioned before the specific reflectance and
absorption features of LCMs (absorption feature at
~2200, and ~2350 nm and reflective features at ~550-770
nm based on Gaoetal. (2020)) are consistent with
Sentinel-2 bands. Also, compared to other free optical
images, the Sentinel-2 is a new satellite with good spatial,
spectral, and radiometric resolutions and because of the
ability of free download.

To validate the results of the SAM classification
(qualitative accuracy assessment), the spectral curves of
the extracted LCMs using the SAM classifier have been
compared to the spectral curves of the studied reference
LCMs (Fig. 13). Based on the ENVI statistical analysis,
SAM identified all five LCM. However, an exact position
of lepidolite could not be found to compare spectral
curves. Therefore, another SAM classification has been
performed to map only lepidolite mineral. The result
shows that the SAM classifier could not recognize any
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Fig. 12 The outputs of the SAM classification method displayed on Google Earth: (a) some of the locations of LCMs (b)—(e).

lepidolite in the study area. Considering that, the SAM
classification method compares the spectrum of one pixel
of a Sentinel-2 image (with a spatial resolution of 10 m x
10 m) with each of the reference spectra, the lack of a
classification of this mineral in the study area indicates its

low spatial distribution. In other words, the distribution is
less than the pixel size of the image. Therefore, according
to the proof of the existence of this mineral in the region
by Alamdar et al. (2008) to classify it, an image with a
smaller pixel size, another classification method or
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applying image like ASTER which is suitable for
geological studies should be tested. Thus, Sections 5.4
and 5.5 will discuss applying the SID classifier and the
ASTER image for LCM mapping.

Based on the results shown in Fig. 13, the spectral
curves of the SAM results in the present study are well
matched to the reference studied LCMs. Therefore, it can
be concluded that the results of the SAM classification
are reliable and have high accuracy.

5.4 The SID classification using Sentinel-2 image

In terms of a better validation of the results, the SID
classification method was also implemented (Fig. 14),
and its results were compared to the SAM results.
Figure 15 displays similarity matching of the extracted
LCM spectral curves based on the SID classifier and the
studied reference LCMs.

Table 5 Accuracy assessment of the SAM and SID results (%)

Eucryptitie Ambligonite Spodumene Petalite Lepidolite
SAM 80 70 90 90 -
SID 20 50 10 20 20

In terms of quantitative validation and comparison of
the SAM and the SID results, ten classified pixels of each
class were chosen. The spectral curves of the chosen
pixels were compared to the reference LCM spectral
curves, and therefore, the error has been calculated based

on the number of unmatched spectra (Table 5).
As can be seen in Table 5, the SAM classifier obtained
the best results while the SID results are poor.

5.5 LCM mapping using ASTER image

In terms of improving the spatial resolution of the
ASTER image, image fusion of the ASTER image and
band 2 of the Sentinel-2 image has been implemented
based on the Gram-Schmidt fusion method (Pohl and Van
Genderen, 2016). Therefore, the output ASTER image
has a 10 m spatial resolution. As mentioned before,
ASTER 2113, 5114, and 1613 RGBs are useful for LCMs
mapping (Cardoso-Fernandes et al., 2019a, 2019b). There-
fore, in this step, the above-mentioned RGBs were
applied for LCM mapping using ASTER image. The
following figure shows lithium regions identified by the
above RGBs compared to the SAM results using the S2A
image.

As shown in Fig. 16, unlike the SAM results, ASTER
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Fig. 15 The similarity matching of (a) eucryptite, (b) amblygonite, (c) spodumene, (d) petalite, and (e) lepidolite.

RGBs can only map LCMs without distinguishing their
type. Therefore, in the next step, three band ratios
mentioned in Cardoso-Fernandes et al. (2019a, 2019b)
were applied for distinguishing amblygonite, lepidolite,
and spodumene (Fig. 17).

In evaluating the results of applying the above band
ratios for distinguishing LCMs, a comparison between
spectral curves of the lithium minerals identified in the
above maps and spectral curves of the reference LCMs

was performed (Fig. 18).

As can be seen above, in Fig. 18(a) middle part of the
spectral curve of the amblygonite identified using a 12/9
ASTER band ratio is more similar to the spectral curve
of the reference spodumene. The spectral curve of the
identified spodumene (Fig. 18(b)) and lepidolite
(Fig. 18(c))(based on 1/3 and 6/2 ASTER band ratios,
respectively) are mostly similar to the reference petalite
in the middle part. It can be concluded that these band
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ratios and also the RGBs are very beneficial for Li @ Conclusions
containing regions identification but not for distingui-
shing different LCMs types. The main purpose of the present study was to investigate
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Fig. 18 The similarity matching of (a) amblygonite, (b) spodumene, and (c) lepidolite.

the capability of Sentinel-2 image and FieldSpec3 for
LCMs mapping of a part of central Iran. Another purpose
of this study was to compare the spectral characteristics
of five important LCMs, including spodumene, lepidolite,
amblygonite, petalite, and eucryptite accurately. There-
fore, after creating the spectral curves of the LCMs using
FieldSpec3, the spectral curves underwent rigorous
analyses using the TSG and the Prism software. It was
found that each mineral absorption feature has different

properties such as position, depths, FWHM, etc. There-
fore, minerals can be easily discriminated by studying
their spectral characteristics.

An important absorption feature of LCMs was the
lithium absorption center, which showed minor
differences and can be used to discriminate and identify
these minerals. The lithium absorption center has a
noticeable shift, different depth, and FWHM in the
LCMs. Since lepidolite and eucryptite have the highest
and the lowest lithium absorption depth, respectively,
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therefore it can be concluded that lepidolite has the
highest and eucryptite has the lowest amount of lithium in
comparison with other studied LCMs. Other absorbing
elements such as OH™, H,O, etc., showed differences in
the LCMs as well.

For mapping LCMs in the study area, after confirming
the LCMs in several samples of pegmatite rocks of the
Central Iranian Terrane (using field survey and
spectrographic analyses performed by other researchers),
the SAM classifier has been used. The classification
results showed the presence of spodumene, amblygonite,
petalite, and eucryptitein several places in the study area.
An accurate comparison of the classified minerals
spectral curves based on the SAM with the reference
LCMs showed suitable matches. The results indicated
that spectroscopy and the SAM classification of Sentinel-2
image have high capability to identify, discriminate and
map rare minerals such as LCMs. Applying the SID
classifier obtained poor results for LCM mapping. LCM
mapping was also done using different RGBs and band
ratios of the ASTER image. The results showed that these
band ratios and also the RGBs are very beneficial for Li
containing regions identification but not for distingui-
shing different LCMs types.
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