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Abstract

The rising popularity of lithium in battery technology and renewable power sources has thus
turned attention to Li-Cs-Ta pegmatites for lithium. This review focuses on a description of
hyperspectral imaging (HSI) for studying lithium-repayment processes during the weathering
of such pegmatites. Hyperspectral imaging has the potential to provide a non-destructive
method to identify and map lithium bearing minerals with high spectral resolutions to identify
the mineralogical changes and movement of elements in the weathered profile. This review
describes several HSI techniques to map features of interest including SAM and machine
learning based classification methods, and highlights current limitations such as spectral
crowding and environmental variations in the context of lithium phase identification.
Additionally, the applicability of combining HSI with geochemical assays is studied with the
aim of improving lithium resource estimation. HSI result has given useful data on mobility of
lithium which assists in master plan of resource extraction and replenishment and crucial in

sustained mineral prospecting and exploitation.

Keywords: Lithium (Li),Hyperspectral Imaging (HSI), Pegmatite Weathering, Critical

Zone, Mineral Exploration, Lithium Redistribution

Introduction

Overview Of Li-Cs-Ta Pegmatites And Their Role In Mineral Supply

Lithium-caesium-tantalum (Li-Cs-Ta) pegmatites are gradually gaining significance
as deposits of critical metals, especially lithium, needed for applications in, for instance,
electric vehicles and renewable energy technologies. The increasing popularity of Li-Cs-Ta

pegmatites is due to the increase in the demand for lithium while the pegmatites are important
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in terms of their economic value as they contain rare elements used in industries today
(Averill & Olson, 1978; Cardoso-Fernandes et al., 2019). Knowledge of these pegmatites is
important for guaranteeing availability of these strategic metals especially due to the
complicated mineralogy features that slow down metal extraction (Cardoso-Fernandes et al.,

2020).

Scope And Aim Of Utilizing The Hsi Technique In Analysis Of Lithium Redistribution

Hyperspectral imaging (HSI) is gradually proving its effectiveness in assessing the
distribution of lithium in weathered pegmatites. Due to the fact that HSI offers a
non-destructive approach to define mineralogical constituents, it also facilitates spatial
reconstruction of lithium and other elements distribution within the pegmatite deposit
(Bendini & Chen, 2022; Lobo et al., 2021). Therefore, this literature review seeks to examine
HSI technology as an essential tool for determining lithium redistribution patterns of the
Li-Cs-Ta pegmatites, with emphasis on its potential to boost virtual representation of

elements in the process of weathering among other benefits to extractive industry.

Background On Pegmatite Weathering And Lithium Redistribution

Pegmatite Weathering Processes

Thus, the weathering of Li-Cs-Ta pegmatites is a process of combined physical and chemical
degradation of the primary mineral association resulting in the destruction of the initial
mineral aggregates and the liberation of connate components like lithium. First of all,
variations in temperature, changes in moisture content, and living activity are conducive to
abrasion of the exposed rocks by physical means. Next, there is a chemical change in the
granite by reaction with water, atmospheric gases and organic acid, dissolving the lithium

mineral and developing clay (Bendini & Chen, 2022).
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Key factors influencing lithium Redistribution

Transport of lithium during the weathering of pegmatites depends on the reactivity of the
minerals as well as the pegmatite itself, the pH levels, redox environment, and the
complexation by organic acids. For example, spodumene and lepidolite, lithium-containing
pegmatite minerals, are highly soluble at low pH levels due to the solubility of phosphates
that are associated with these minerals, and thus lithium can easily be released into various
ecosystem compartments, (Cardoso-Fernandes et al., 2020). The mobility of lithium is also
determined by the occurrence of secondary phases such as iron oxides and clay minerals; it
can be either immobilized by meeting physical barriers or mobilized and continue its

migration based on the geochemistry of the site (Lobo et al., 2021).

The redistribution of lithium within the weathering profile is also affected by biotic factors.
Microbial activity, as well as the synthesis of specific organic acid, can also contribute to a
more rapidrate of SNP mineral dissolution as well as lithium mobilization. These in turn
dictate the spatial distribution and movement of lithium in weathered pegmatites, hence its
economic extractability (Averill & Olson, 1978). Knowledge of these processes is important
for formulation of proper resource recovery strategies particularly for lithium from

weathered deposits.

Hyperspectral Imaging Techniques

Basics Of HSI And Benefits For Geological Studies

Remote sensing hyperspectral imaging (HSI) is an enhanced technique that obtains
spectral data at hundreds of very narrow spectral bands, covering the visible and near-infrared
as well as the short wave infrared (SWIR) part of the EM spectrum. This technology is highly

useful in geological research as it is possible to pin point a mineral using its spectral
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signature. At the same time, all minerals respond individually to the different wavelengths of
light and HSI can distinguish between slight differences in composition that are hidden from
other techniques. This capability is particularly useful when delineating mineral
concentrations of lithium-bearing minerals within Li-Cs-Ta pegmatites because of the
multiple intergrown minerals that cannot be delineated through standard techniques (Bendini

& Chen, 2022).

In geologic literature, one of the most untouched advantages of utilizing HSI in
geologic surveys is its sample collection free approach to surveying since it offers
mineralogical characterization without even having to scrape surface samples. It is very
useful, especially, when it is impossible to reach some region for investigation or it has a high
sensitivity to external impacts. Moreover, HSI enables large areas to be screened quickly, thus
being also useful for first approximation and for filtering zones which need further ground

surveys with higher accuracy (Cardoso-Fernandes et al., 2019).

Key HSI Methods For Detecting And Mapping Pegmatite Minerals

When it comes to pegmatite minerals and their detection and mapping, several HSI
methods are deemed most useful. Spectral Angle Mapping (SAM) is one of the well known
techniques where the angle between spectral signatures of image pixels and spectra of
references are used to classify minerals. This method will work well in distinguishing
Lithium containing minerals that are difficult to identify through other methods such as
spodumene, lepidolite, and petalite bearing minerals. Another crucial technique is known as
Principal Component Analysis (PCA) that minimizes hyperspectral data dimensions,
increases the contrast between different mineral phases, and emphasizes areas with possible

lithium anomaly (Lobo et al., 2021).
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Other techniques are a little more complex and use machine learning algorithms, for
example, SVM and RF to increase the accuracy of classification of mineralogical data from
hyperspectral images. These algorithms are very useful in managing the high dimensions of
HSI and hence in classifying samples with almost similar spectral characteristics of minerals
often associated with pegmatites (Cardoso-Fernandes et al., 2020). Moreover, these
techniques can directly analyze spectral endmembers and define correlations between various

spectra, which makes it easy to map lithium loaded areas.

In the context of pegmatites, the application of HSI for mapping lithium redistribution
enables accurate zonal delineation and identification of economic concentrations. This
intimate knowledge of whereabouts in pegmatites lithium is distributed helps make extraction

more effective and efficient and finally, amicable to the environment.

Application Of HSIi To Lithium Redistribution Studies

Examples Of HSI For Lithium Mineral Detection

Optical hyperspectral remote sensing with HSI has proven useful for lithium
redistribution in pegmatites, and for nondestructive mineral detection and characterization.
HSI is capable of capturing spectral data in hundreds of the narrow bands to detect not only
Lithium bearing minerals such as spodumene, lepidolite and petalite, but Li-Cs-Ta pegmatites
which are essential elements. Through this mapping, HSI contributes to understanding
localization and distribution of lithium during the weathering processes (Cardoso-Fernandes

etal., 2019).

Case studies involving pegmatite weathering analysis

Among all the HSI application in the lithium detection, the most famous example is

the utilization in the European subsidiary of HSI namely in the Fregeneda Almendra
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pegmatite field situated on the border between Spain and Portugal. Here in this study, HSI in
conjunction with SAM and artificial intelligence classified lithium prospects and delineated
the relationship between lithium and secondary alteration minerals (Cardoso-Fernandes et al.,
2020). The discoveries also showed that HSI could be capable of outlining lithium
redistribution within pegmatite, even if it had been substantially degraded by weathering and

alteration, making the process valuable for exploration in those areas.

Lobo et al. (2021) also employed HSI to study the distribution of lithium in
pegmatites subject to weathering processes. The main emphasis of the study was placed on
understanding the spectral characteristics of primary lithium minerals and secondary
alteration products such as clay minerals and iron oxides that develop owing to pegmatite
weathering. Combining hyperspectral data with a machine learning classification
methodology, the researchers were able to accurately delineate new zones of lithium
concentration that have since been displaced by chemical weathering. This offered a better
appreciation of locations of enhanced element transport and areas of possible lithium

concentration in the weather profiles.

Furthermore, Bendini & Chen (2022) investigated a case in the Cuprite region using
PRISMA hyperspectral imagery to map the weathering profile of pegmatites. The findings
indicated that HSI could properly distinguish between primary and secondary minerals and
that it was possible to select regions in which lithium had been leached or enriched in the
course of weathering. The application of the adaptive coherence estimator algorithm was
quite helpful especially when delineating lithium bearing minerals against a background of

alteration products to show the usefulness of HSI in hard ground geology.

These case studies demonstrate the usefulness of HSI for exploration for lithium,

particularly for detecting the redistribution of lithium during the process of weathering. The
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spatial and spectral features of the HSI data provide significant information concerning the
mineralogical dynamics, key to reveal new Li mobility areas and improve the resource

extraction in the project area.

Challenges and Limitations
Technical challenges in applying HSI to pegmatite weathering

Although HSI technique does appear well applicable to the analysis of lithium
redistribution in pegmatites, its application is hindered by several technical issues. Among the
obstacles, the complexity of pegmatite mineralogy is very high and the spectra reliably
interpreted are often superimposed. It is challenging to distinguish between lithium-bearing
minerals from other related minerals where weather processes affect the spectral signature of
these minerals (Cardoso-Fernandes et al., 2020). The overprint of other phases like the clay

and iron oxides complicate the task of clear mineral identification to a greater extent.

Another major limitation is with environmental states during data acquisition In this
study it is recognized that environmental conditions are not always constant. [llumination and
localized shadowing and atmospheric moisture can alter the quality and precision of
hyperspectral data and hence the minerals’ classification (Lobo et al., 2021). It is often
required to perform a lot of preprocessing on the data, which are external, making the flow

complicated.

Data interpretation issues

Interpreting hyperspectral data also presents challenges due to the high dimensionality
of the dataset. Advanced techniques like machine learning are often required to extract
meaningful insights, but these approaches can be computationally intensive and may require

extensive training datasets, which are not always available (Bendini & Chen, 2022).
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Addressing these challenges is crucial for maximizing the reliability and utility of HSI in

lithium exploration.

Future Prospects

Technological improvements in HSI

The trends for the use of hyperspectral imaging (HSI) in geological applications are
fairly optimistic for the future with several technological developments expected to be made
in the future. The general trends of sensor-related development include increasing resolution
and thus better calibration — both of which should help in improving mineral discrimination
and thus allowing better differentiation of lithium-bearing minerals and alteration products.
Further, the ample use of satellite based hyperspectral platforms as PRISMA and future
future missions as CHIME will broaden the spatial extent of HS at yield of larger scale

exploration applications (Bendini & Chen, 2022).

Potential integration with geochemical tools

Another important advancement is in the possibility of combining HSI with
geochemical instrumentations. When integrating hyperspectral data with other kinds of
chemical analysis like X-ray fluorescence (XRF) and inductively coupled plasma mass
spectrometry (ICP-MS), it becomes possible to better explain lithium redistribution. This
integration would enable independent validation of the mineralogically based data, improving
lithium identification and measure (Cardoso-Fernandes et al., 2020). Further, the integration
of those methods can assist in determining end-member geochemical signatures linked to Li

mobility and provide a more efficient exploration model for pegmatites.

Technological and methodological updates expected from HSI these changes and

contributions are expected to further enhance the effectiveness of lithium exploration, to
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address some of the current drawbacks and thus support improved efficiency in the lithium

extraction exercise.

Conclusion

Summary of findings

Overall, the study demonstrates that hyperspectral imaging (HSI) can be an effective
approaches to investigate lithium mobility in Li-Cs-Ta pegmatites. Low-interference density,
high-resolution, and spectral data offered by HSI are useful for the exact delineation of
minerals that should map out lithium-bearing zones and a comprehensive study of how these
elements respond to weathering. Some of the obstacles of HSI include; spectral overlapping,
changes in environmental conditions, data analysis complexity, etc As technology continues
to advance, the HSI system continues to have improvements in terms of reliability and

efficiency (Cardoso-Fernandes et al., 2020; Lobo et al., 2021).

Relevance of HSI in advancing lithium exploration

The integration of HSI with geochemical methods offers even greater potential for
more accurate and comprehensive lithium exploration. As HSI technology continues to
develop, its role in optimizing lithium extraction strategies and supporting sustainable

resource management will only become more significant.
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