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ABSTRACT

This thesis focuses on combining Raman spectroscopy and LIBS for planetary geochemical
investigations, specifically targeting minerals commonly found in extraterrestrial environments:
chalcanthite, calcite, halite, olivine, gypsum, nontronite, and quartz. Spectral datasets for these
minerals were obtained from the Raman Raman User Friendly Field Frequency (RRUFF)
database, and the elemental Compositions of minerals such as CuSO4*5H-0, CaCOs, NaCl,
Fe2Si04, MgzSi04, CaSO4¢2H-0, Nao.sFe**2(Si,Al)s010 (OH)22nH20 and SiO. were sourced
from the National Institute of Standards and Technology (NIST) database and imported into
Origin software. After preprocessing steps in Origin, including baseline correction and noise
reduction, the spectral data were combined using fusion. When combined, these techniques
provide complementary data, raising the question of how to optimize their use to maximize
scientific output. To address this question, we conducted a study in which we investigated LIBS
and Raman data, their mixtures, multivariate data analysis (MVA) techniques and specifically
principal component analysis (PCA) to assess the potential of identifying targeting minerals
commonly found in extraterrestrial environments using LIBS and Raman data alone, as well as
their fused data. Our findings indicate that data fusion of LIBS and Raman spectroscopy
enhanced the detection capabilities compared to individual techniques, this fusion approach
reveals new aspects that would remain hidden if the data were not integrated, highlighting the
benefits of a combined analysis.

Keywords:

Raman spectroscopy, LIBS, planetary geochemical, data fusion
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CHAPTER ONE

1. INTRODUCTION

1.1 Background of the Study

Planetary geochemical investigation involves studying the elemental composition and
mineralogical characteristics of planetary surfaces to understand their geological history,
formation processes, and potential for habitability. Before the advent of laser-induced
breakdown spectroscopy (LIBS) and Raman spectroscopy techniques, planetary
geochemical investigations were primarily conducted through visual observation, sample
collection, and remote sensing techniques such as infrared spectroscopy and X-ray

fluorescence (Pieters and Englert, 1993).

Visual observation involved analyzing images of planetary surfaces taken by orbiters or
rovers to identify geological features and potential areas of interest for sample collection.
Sample collection missions, such as the Apollo missions to the Moon, involved astronauts
collecting rock and soil samples for analysis on Earth. These samples provided direct
information about the mineralogy and geochemistry of planetary materials (Wilhelms,
1993).

Remote sensing techniques, such as infrared spectroscopy and X-ray fluorescence, allowed
researchers to analyze the composition of planetary surfaces from a distance. Infrared
spectroscopy measured the absorption and emission of infrared light by minerals to identify
their composition, while X-ray fluorescence measured the fluorescent X-rays emitted by
elements in a sample to determine their elemental composition. However, these traditional
methods had limitations in terms of sample collection, analysis time, and spatial resolution.
With the development of LIBS and Raman spectroscopy techniques, planetary geochemical
investigations have become more efficient and effective. LIBS enable rapid multi-elemental
analysis by ablating material from the sample with a laser and analyzing the resulting plasma
emission spectroscopic (Cremers and Radziemski, 2006). Raman spectroscopy, on the other
hand, is a non-destructive method that detects the vibrational and rotational states of

molecules to determine the mineralogy and molecular structure of samples (Kerr, 1959).




Spectroscopy is one of the most powerful scientific tools for studying nature. The study of
celestial bodies using spectroscopy connects astronomy with fundamental physics at atomic

and molecular levels (Clark, 1999).

Currently, laser induced breakdown spectroscopy (LIBS) is becoming increasingly
acceptable as an important tool in astronomy. In the LIBS technique, powerful laser pulses
of >1 GW/cm2 peak power are focused on a targeted sample to form a plasma. The laser-
induced plasma contains electronically excited atoms, ions, and molecules of the sample.
These excited species emit radiations characteristic of the material ingredients of the sample
via their unique spectral autographs. The light from the plasma can be detected and analyzed
at a particular delay time after the formation of plasma. Because there’s no laborious sample
preparation required, LIBS has demonstrated its potential applications in qualitative analysis
and quantitative determination of elemental composition of various samples even in hostile

environments (Singh and Thakur, 2007).

The field of LIBS has shown remarkable expansion in the past few years. The spectral lines
emitted from the plasma light can be detected, recorded, and analyzed at a certain time delay
after the initiation of the laser spark. In addition to its use as an elemental detector, LIBS is
being developed for other potential applications through combination with Raman
spectroscopy (Boss and Fredeen 1997). As a nondestructive technique, Raman spectroscopy
is one of the most attractive analytical methods and is based on scattering monochromatic
light and detecting sidebands due to an exchange of energy between the light and analytic
molecules. Thus, the combination of LIBS and Raman could give comprehensive
information on an unknown sample, including not only its elemental composition but also
the molecular configuration (Gaft, Nagli and Modiano, 2005). In brief, the LIBS technique
is well known to have better sensitivity in detecting metal than nonmetals elements. In
addition, it has better response to cations other than anionic species. This insufficiency can
be well compensated for by adding the function of Raman spectroscopy, which can identify
the anion groups in crystals and crystal forms from Raman-active lattice modes (Smith and
Dent, 2005). Similarly, inorganic composites give well-defined Raman bands in their
spectra, which are well resolved from those frequencies (Raman shift) of the organic groups
(Long, 2002). Therefore, it would be easy to use both techniques ways together to achieve
the discrimination between inorganic and organic compounds. Hence, the combined

technique is shown to be a more important analytical tool than its individual components.
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Although a few published papers have explored aspects of this hybrid technique, to the best
of our knowledge there is less general overview of this hybrid technique in the past few years
(Harmon, Russo and Hark, 2013). The goal of this research is identification and analysis of
mineral compositions by leveraging the combined use of Laser-Induced Breakdown

Spectroscopy (LIBS) and Raman spectroscopy.

The thesis is organized in four chapters. This Introductory chapter consists of background of
the study, statement of the problem, objectives of the study, beneficiary of the study and
significant of the study. The second chapter describes literature reviews that were given by
different researchers. The third chapter discusses methods and materials; which contains
study area, data source and software used during data collection and analysis. The fourth
chapter shows the result and discussion, conclusion and recommendation of this study.

1.2 Statement of the Problem

Both LIBS and Raman Spectroscopy are primarily surface analytical techniques. Research
efforts are needed to enhance their capabilities for depth profiling and subsurface analysis
of planetary materials. Developing methods that allow these techniques to probe deeper into
geological samples or penetrate regolith layers on planetary surfaces could provide more

comprehensive insights into the composition and structure of celestial bodies.

Improving the accuracy and precision of quantitative analysis using LIBS and Raman
Spectroscopy remains a significant challenge. Establishing robust calibration methods and
standards for quantification of elements and compounds on different planetary surfaces is
essential for reliable and consistent data interpretation. Addressing these research gaps will
contribute significantly to advancing the effectiveness, reliability, and applicability of Laser-
Induced Breakdown Spectroscopy (LIBS) and Raman Spectroscopy in planetary
geochemical analysis, enabling deeper insights into the composition, history, and potential
habitability of celestial bodies beyond Earth.




Research questions

e Can LIBS and Raman spectroscopy be utilized for remote or in-situ planetary
exploration?

e Does LIBS and Raman spectroscopy provide rapid elemental analysis of elemental
compositions within planetary materials?

e Can Remote Laser-Induced Breakdown Spectroscopy (LIBS) and Raman Laser

Spectroscopy play pivotal roles in investigating planetary bodies?

1.3 Objective of the Study

1.3.1 General Objective

The general objective of this study is to investigate Joint geochemical composition in the
planetary surface using remote Laser induced breakdown spectroscopy and Raman

spectroscopy techniques.

1.3.2 Specific Objective

The specific objective of this thesis is

e To analysis elemental and molecular compositions using combined LIBS and Raman
spectroscopy within planetary materials.

e To identify the joint spectra and several relevant peaks of minerals using Raman
spectroscopy and LIBS.

e To detect elements or minerals critical for characterizing extraterrestrial geological
formations,

e To visualize high dimensional data particularly within Principal Component Analysis
(PCA).

e To compare the geochemical factors analyzed through Raman spectroscopy and Laser
Induced Breakdown Spectroscopy (LIBS) for a comprehensive understanding of

planetary surface compositions.




1.4 Beneficiary of the Study

The results of this study will benefit a wide range of stakeholders, including:

e The study will provide valuable educational resources for those interested in planetary
science, spectroscopy, and astrobiology, enhancing their knowledge and understanding
of these fields.

e The evidence presented regarding planetary surface compositions and related issues will
aid geologists and space explorers in their research and exploratory missions.

e Insights into the capabilities of Laser-Induced Breakdown Spectroscopy (LIBS) and
Raman Spectroscopy will inform researchers, facilitating better analytical techniques in
planetary geochemical analysis.

e Organizations involved in space exploration will benefit from the study's findings,
which highlight the advantages of using LIBS and Raman Spectroscopy in analyzing
planetary surfaces.

The study's implications for understanding planetary compositions will be particularly

valuable for astrobiologists seeking to identify signs of life beyond Earth.




1.5 Significance of the Study

The result of this thesis gives an idea about Laser-Induced Breakdown Spectroscopy (LIBS)
and Raman Spectroscopy are invaluable tools for planetary geochemical analysis, offering
non-destructive, rapid and informative methods for studying the compositions and
characteristics of planetary surfaces, thereby contributing significantly to our understanding
of other celestial bodies in the planetary system and beyond. Hence, the findings and

recommendations will aid in the search for life and understanding planetary compositions.

The result of this study:
» Serve as valuable educational resources for students, researchers, and educators
interested in planetary science, spectroscopy, and astrobiology.
» Gives evidence for geologists, space explores about composition and related issues
on planetary surface.
> Gives insights for scientific community and researcher regarding the capabilities of
Laser-Induced Breakdown Spectroscopy (LIBS) and Raman Spectroscopy.

Overall, the findings from this thesis, highlighting the benefits of LIBS and Raman
Spectroscopy in planetary geochemical analysis, will have a wide-reaching impact on space
exploration, scientific knowledge and the pursuit of understanding planetary compositions
and potential habitats for life in the universe. The basic principles of Laser-Induced
Breakdown Spectroscopy (LIBS) and Raman Laser Spectroscopy and their applications on
Astrophysics through interpretation of LIBS and Raman data using the suitable software
Origin to show Astro spectroscopic technique is really essential for the development of space

exploration.




CHAPTER TWO

2. LITERATURE REVIEW

2.1 Theory of LIBS and Raman spectroscopy

Since the invention and ongoing development of lasers starting in the 1960s, LIBS and
Raman spectroscopy have found an increasing number of applications across diverse fields,
including the steel and nuclear industries, medical applications, and cultural heritage
preservation (Hahn and Omenetto, 2010). Moreover, both techniques have been extensively
proposed for in-situ exploration of extraterrestrial bodies (Colao et al, 2004). Their capability
for remote measurements without the need for sample preparation is a significant advantage,

making them particularly suitable for analyzing the surfaces of planetary bodies.

2.1.1 Laser induced breakdown spectroscopy process

The interaction of lasers with matter invariably involves an exchange of energy. When a
laser beam is directed at a dense material, the laser energy can be scattered at the same
wavelength, reemitted at different wavelengths, absorbed or transmitted through the sample.
This interaction can lead to partial evaporation, initiating a process known as laser-induced

ablation.

Laser Induced Breakdown Spectroscopy (LIBS) is a simultaneous multi elemental analysis
technique based on this principle. A pulsed laser beam is focused on the sample surface,
generating plasma that atomizes and excites the ablated material. When the laser irradiance
exceeds approximately 1 GW/cm? (Senesi, 2014), mass is ablated, evolving into plasma.
This plasma comprises electrons, excited atoms, ions, and simple molecules that emit
characteristic radiation. The energy released from these excited species generates emission
spectra with distinct lines representing each element in the sample. As illustrated in Fig.1
tightly focusing the radiation from a rapidly pulsed laser onto a material's surface causes
heating, ablation, vaporization, and plasma formation. Within the hot plasma, atoms and ions
are excited, and photons are emitted due to specific atomic or ionic transitions and ion
recombination during plasma cooling. This emitted light can be analyzed spectroscopic to
obtain a comprehensive chemical signature, or geochemical fingerprint, with typical

elemental detection limits of tens of ppm or lower. Spectral analysis of this radiation
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provides spectra over a wide range, from UV to NIR, with elemental emission lines and a

few molecular emission bands (Cremers and Radziemski, 2013).

In recent years, LIBS has found applications across many research areas due to its multi-
elemental capabilities, high acquisition rate (up to 1000 spectra per second), compatibility
with optical microscopy, and sensitivity from major components to trace elements (very high
sensitivity for various elements) (Hahn and Omenetto, 2010).An advantage of LIBS imaging
platforms is the ease of integrating other spectroscopic techniques using the same
microscope to provide multimodal images (Surmick, Leahy-Hoppa and Malenfant, 2016).
The previous work, demonstrated the potential of data fusion between LIBS and Plasma
Induced Luminescence for better interpretation of complex spectral signatures (Clegg,

Wiens, Maurice and Bousquet, 2009).
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Figure 1: LIBS process for multi-elemental analysis.

Attributes of LIBS for Geochemical Analysis

LIBS possess several attributes that make it a highly effective tool for analyzing geological

and environmental materials, including:

e LIBS can provide real time chemical analysis in less than one second.
e It captures the full elemental composition of a sample with a single laser pulse, as
every element in the periodic table has one or more emission lines in the ultraviolet,

violet, visible, and near-infrared spectral regions (200-900 nm).




e LIBSare particularly sensitive to light elements like H, Li, Be, B, and C, which many
other analytical methods struggle to detect.
e Itrequires only pictograms (pg) to nanograms (ng) of material for analysis.
e LIBS can perform compositional profiling to depths greater than 100 um.
e It enables in situ analysis of individual particles, mineral grains, and both liquid and
solid inclusions.
e LIBS can be used in the field with little to no sample preparation, although laboratory
use for specific applications can benefit from careful preparation.
e The system comprises only a few relatively simple components (laser, optics,
detector/spectrograph, and computer).
These attributes make LIBS suitable for a wide range of applications, from laboratory
analyses to stand-off analyses where the sample is at a distance from the system, and for the
development of portable and handheld analyzers. Laser-Induced Breakdown Spectroscopy
(LIBS) instrumentation is generally less expensive and has lower operational costs than
many other analytical techniques due to several factors. The setup of LIBS instruments is
relatively simple, comprising mainly a laser source, focusing optics, and a spectrometer. This
straightforward design reduces both manufacturing and maintenance expenses. Additionally,
LIBS requires minimal to no sample preparation, which cuts down on the time and resources
needed for analysis, in contrast to techniques like X-ray diffraction or electron microscopy
that often necessitate extensive sample preparation. The versatility and portability of LIBS
instruments allow for in-situ measurements in various environments, reducing the need for
costly, specialized laboratory facilities. Moreover, LIBS do not heavily depend on
consumables such as reagents or gases, unlike methods such as gas chromatography or mass
spectrometry, which helps in lowering ongoing operational costs. The ability of LIBS to
provide rapid, real-time analysis increases efficiency and decreases the overall cost per
analysis compared to more time-consuming methods. These factors collectively contribute
to the cost-effectiveness of LIBS, making it an attractive option for applications including
planetary (Hilbk-Kortenbruck et al., 2001).




2.1.2 Raman spectroscopy process

When energy is put into a system, the energy can be absorbed, remitted, scattered, reflected
etc. Spectroscopy deals with the measurement and interpretation of electromagnetic
radiation that is absorbed scattered or emitted by atoms, molecules or other chemical species
(Hollas, J. M. 2004).

When light passes through a transparent medium, some of it is scattered in all directions.
This scattering may be due to inhomogeneities, or small particles suspended in the medium
Tyndall Effect (Tyndall, J. 1869), but it occurs also in homogeneous media where it is due
to the molecules themselves. The classical theory of molecular scattering was proposed by
Lord Rayleigh (Rayleigh, L. 1899).

Rayleigh scattering is due to the production in the molecule of an electric dipole vibrating

with the period of the incident light and therefore the emitted light has the same frequency

. . . — 1
as the incident light. The emitted photon has the same wavelength ( vy = = ) as the
0

absorbing photon. Scattering of a A > particle size is in accordance with the Stoke’s formula,
viz.,
1
Intensity, I 1—4 (2.1)

Raman scattering finds its origins in Planck and Einstein’s formulation (E = z®) that light
is not only wavelike in nature but has the dual character of waves and particles. Once
scientists began thinking about the concept of light as particles, the possibility of inelastic
scattering of these particles became a method of proof of this new theory (Raman, C. V., and
Krishnan, K. S., 1928). Raman spectroscopy involves an inelastic scattering process where
the energy of the scattered photon is either increased (anti-Stokes) or decreased (Stokes).
The energy shift is small and can be attributed to absorbed or induced molecular or lattice
vibrations (phonons). The Raman scattered radiation produces characteristic spectra relative
to the excitation laser line. Unlike elastic scattering without energy transfer (Rayleigh
scattering), Raman scattering is weak: only one in 10° scattered photons experience an
energy shift due to the Raman Effect (Dubessy et al., 2012). Consequently, Raman
spectrometers require high sensitivity, and narrow optical filters must be used to suppress

Rayleigh scattered photons.
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Figure 2 illustrates Raman scattering processes (Stokes and anti-Stokes) compared to other
interactions between radiation and molecules. While infrared absorption and fluorescence
involve really electronic or vibrational states, Rayleigh, Stokes, and anti-Stokes scattering

involve virtual states (McCreery, 2000).

In Rayleigh scattering, the energy level remains the same as before the excitation of the
virtual state. For Stokes scattering, the excited virtual state decays into a state with higher
energy than before the excitation, resulting in the emission of a photon with less energy. In
anti-Stokes scattering, the system starts in a higher energy state before excitation and
transitions to a lower energy state after the decay of the virtual state, accompanied by the
emission of a photon with increased energy (Ferraro, J. R., Nakamoto, K., & Brown, C. W.

2003).

A Energy

Excited electronic
states

Virtual states

Vibrational states

Ground state

Infrared
Absorption
Fluorescence
Rayleigh
Stokes
Anti-Stokes

Figure 2: The processes of Raman scattering (Stokes and anti-Stokes)

Stokes and Anti-Stokes Equations

The intensity of the Raman-scattered light (both Stokes and anti-Stokes) depends on several
factors including the frequency of the incident light, the molecular vibrations, and the Raman
scattering cross-section of the molecule. The equations describing the intensities of Stokes

and anti-Stokes lines generally involve terms related to the incident light frequency, the
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Boltzmann factor (for thermal population of molecular states), and the Raman scattering
cross-section (Pieters, C. M., & Englert, P. A. J., 1993).
Mathematically, the equations for the intensity of the Stokes (I-S) and anti-Stokes (I-AS)

lines can be represented as:

1

1-e *¥BT
__he_
e AICBT

Ips X —— (2.3)
1_e AKBT

where: h is Planck’s constant, c is the speed of light, A is the wavelength of the incident light,
kg IS Boltzmann's constant, T is the temperature. These equations illustrate the relative
intensities of Stokes and anti-Stokes lines depending on the temperature (through the
Boltzmann factor) and the wavelength of the incident light (McCreery, R. L., 2000).

2.1.3 Combining LIBS and Raman spectroscopy

The combination of LIBS and Raman spectroscopy was implemented for several terrestrial
studies and led, for example, to improved identification capabilities of inks or explosives.
Also, for extraterrestrial applications, combined LIBS and Raman spectroscopy instruments
were proposed with the Super Cam instrument on NASA's Mars 2020 mission, the first
combined LIBS and Raman instrument for space exploration will be send to Mars (Wiens
et al., 2017).

Regarding the hardware of a combined instrument, the two techniques can share some
components as both need a laser, a spectrometer, and focusing and collection optics. For
example, Super Cam has like Chem Cam three spectrometers from which the VNIR spectral
range will be shared for both LIBS and Raman signal detection. Furthermore, the Super Cam
laser which is a Nd:YAG laser can be used for both types of excitations: With its fundamental
wavelength (1064 nm) it will create LIBS plasmas and due to frequency doubling its second
harmonic mode at 532 nm will be used for time-resolved Raman spectroscopy (Wiens et
al., 2017).

Not only is the possibility of sharing hardware components a reason for joint analysis,

moreover, the data is highly complementary. LIBS data yields information of elemental
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compositions of targets having a particular sensitivity to cationic elements, such as alkali
and earth alkali metals. Although LIBS is generally capable of detecting all elements, it is
challengedwith ionic elements such as halogens which have low signal intensities in the
commonly used spectral ranges (200-900 nm). Raman spectroscopy, on the other hand,
measures molecular and lattice vibrations that are mostly influenced by an ionic group such
as the silicate or sulfate anion. In contrast to LIBS, cations can often only be detected
indirectly with Raman spectroscopy via small shifts of anionic Raman modes depending
on the kind of cation (Sharma, S. K., Misra, A. K., and Lucey, P. G. 2006).

Furthermore, LIBS and Raman spectroscopy provide a similar capability that qualifies them
for robotic exploration of extraterrestrial bodies. These are in particular short measurement
times (seconds to minutes) and the capability to measure remotely at distances varying from
centimeters up to several meters. However, for remote Raman spectroscopy, dust covering
the surface can impede the measurements. With combined LIBS and Raman instruments
such as Super Cam, this problem can be overcome by removing dust with the shock wave
of LIBS plasmas prior to Raman measurements. However, the laser matter interaction
and the shock wave of LIBS measurements can alter the surface including the formation of
newmolecules (Schrdder, S., and Wiens, R. C. 2019).

2.2 Data Fusion

Data fusion, the process of combining information from multiple sources to improve
decision-making, has gained significant attention across various scientific disciplines. In the
realm of spectroscopic analysis, data fusion has emerged as a powerful tool for enhancing
the accuracy and reliability of mineralogical studies and space exploration research. The
importance of integrating information from different sources to derive comprehensive
insights and facilitate informed decision-making processes (Gaft, M., Nagli, L., and Panczer,
G. 2012).

In terrestrial studies, the fusion of Laser-Induced Breakdown Spectroscopy (LIBS) and
Raman spectroscopy data has garnered considerable interest. Researchers have explored this
approach for a range of applications, including the identification of inks, explosives, and
geological fluids. By combining the elemental analysis capabilities of LIBS with the
molecular identification capabilities of Raman spectroscopy, researchers have achieved

enhanced accuracy and specificity in material characterization (Hoehse, 2012).
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Moreover, recent advancements have extended the application of LIBS and Raman data
fusion to space exploration endeavors. Moros et al. (2018) present a pioneering study
wherein simultaneously collected LIBS and Raman data are utilized for mineral
identification on Mars. Their approach involves a stepwise decision chain, wherein the cation
component is first identified using LIBS, followed by comparison with stored Raman spectra
of minerals containing the identified cation. This high-level data fusion strategy

demonstrates the potential of integrating spectroscopic techniques for planetary exploration.

However, while existing studies have provided valuable insights into the fusion of LIBS and
Raman data, there remains a need to further explore and refine these methodologies.
Specifically, there is a dearth of research focusing on the application of Multivariate Analysis
(MVA) tools and miniaturized setups for LIBS and Raman data fusion. Such approaches
have the potential to enhance the efficiency and portability of spectroscopic analyses,
particularly in resource-constrained environments such as space exploration missions (Gaft,
M., Nagli, L., and Panczer, G. 2012).

In light of these considerations, this study aims to contribute to the existing body of literature
by investigating the fusion of LIBS and Raman spectroscopy data using advanced data
analysis tools such as Origin software. By leveraging MVA techniques and compact
instrumentation, we seek to expand upon current methodologies and advance the field of

data fusion in mineralogical studies and space exploration research.

2.3 Multivariate Data Analysis

Spectroscopic techniques like LIBS and Raman spectroscopy are commonly employed for
identifying unknown substances and determining their composition. In the identification
process, the entire spectrum is considered to account for all elements (in the case of LIBS)
or vibrations (in Raman spectroscopy). Conversely, for quantification purposes, peak
intensities are utilized to establish univariate linear regression models, where known
concentrations are correlated with the peak area of specific emission lines. However, a
drawback of univariate calibration is the failure to consider matrix effects or variations in
experimental conditions that affect the entire spectrum, limiting the accuracy of these
models. Consequently, multivariate data analysis (MVVA) methods, which consider the entire
spectrum rather than focusing on individual spectral features, have become standard

techniques for both sample identification and quantification in spectroscopic analysis.
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Numerous studies have demonstrated the efficacy of MVA methods in identifying and
quantifying substances in LIBS data. Today, MVA techniques are widely adopted for the
analysis of both LIBS and Raman spectroscopy data. For instance, in the analysis of
ChemCam data, major elements are predicted using a combination of partial least-squares

regression (PLS-R) and independent component analysis (ICA) (Forni et al., 2013).

In the subsequent sections, two MVA techniques utilized in this thesis will be discussed.
Principal component analysis (PCA) was employed for classification purposes, while partial

least squares regression (PLS-R) was applied for quantification (Kessler, 2007).

2.3.1 Principal component analysis (PCA)

Principal Component Analysis (PCA) is a method utilized to discern patterns and structures
within high-dimensional data by projecting it onto new axes, known as principal components
(PCs). This transformation serves to reduce the dimensionality of the data while capturing
its essential features. In the PCA process, the new axes are determined successively. For a
dataset consisting of n samples, each characterized by m attributes (such as wavelength
channels in spectroscopy), the first component points in the direction of the largest variance
among the samples in an m-dimensional coordinate system. Mathematically, PCA involves

solving an Eigenvalue problem to find these new axes.
X=TPT+E (2.4)

The original data matrix X is decomposed into the dot product of the score’s matrix T and
the loading matrix P, along with the residual’s matrix E. It is recommended to center the data
before performing PCA to ensure that the first component represents more than just the mean
of all input samples. The dimensions of T and P are determined by the number of components
(k), with each component being a linear combination of the original data. The loadings of
individual components in PCA plots represent the correlations of each wavelength channel
with that particular component, facilitating the identification of correlations between spectral
features in the data. The Unscrambler software was employed for the Multivariate Analyses
(MVAS) in this study. For PCA, it utilizes the non-linear iterative partial least squares
(NIPALS) algorithm to solve the Eigenvalue problem iteratively, converging after several
repetitions of the algorithm (Kessler, 2007).
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2.3.2 Partial least squares (PLS) regression

Partial least squares regression (PLS-R) stands out as one of the most commonly utilized
multivariate regression techniques. While Principal Component Analysis (PCA) operates in
an unsupervised manner, PLS-R is supervised, implying that it integrates prior knowledge
about the samples. In spectroscopy, this prior knowledge typically consists of known
concentrations of elements or groups in characterized calibration samples. Therefore, PLS-
R involves a multivariate regression between the data matrix X and a response matrix Y,
where this information is stored (Geladi, P., and Kowalski, B. R. 1986). In practical terms,
PCA is conducted separately for both X and Y, and the outer relations of both PCAs are
expressed as follows:

X=TPT+E (2.5)
Y =UQT+F (2.6)

Here, T and U represent score matrices, P and Q denote loading matrices, and E and F signify
residual matrices. In the context of PLS, the components are commonly referred to as latent
variables (LVs).
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1 Method of Data Collection

In this research paper we examining planetary geochemical minerals, the data gathered from
two prominent databases: the NIST database which is a rich repository of standard spectral
information for various elements and compounds commonly used in Laser-Induced Breakdown
Spectroscopy and the RRUFF database, a well-curated source providing Raman spectra, X-ray
diffraction data, and detailed chemistry for an extensive range of mineral species. These
databases serve as critical reference points for the spectral analysis of geochemical minerals
pertinent to planetary science. The selection of mineral samples for analysis was focuses on
those with significant relevance to planetary surfaces such as the Moon, Mars, or various

asteroid bodies.

3.1.1 Raman data

Raman spectra of minerals of astronomical analogues on Earth were collected primarily from
RRUFF database. Here, one can find Raman and XRD data of numerous minerals including that
of meteorites and their respective synthetic data. Some target minerals that may be found beyond
Earth, that is, those that can be of any unearthly origin were selected. These minerals targeted
involved chalcanthite, calcite, halite, olivine, gypsum, Nontronite and Quartz. Thus, intensity vs.

wavenumber (Raman shift) data of these targets was obtained from RRUFF database website.

17



Screenshots of some of these data were taken as a sample in the following figures.

##NAMES=Chalcanthite

#HRRUFFID=R@50293

##IDEAL CHEMISTRY=Cu*2+"5"6+"0_4 &#183;5H 2 O
##LOCALITY=792 mine, 4th level, Hayden, Gila County, Arizona, USA
##OWNER=RRUFF

##S0URCE=George Godas, John Callahan
##DESCRIPTION=Blue fibrous crust

##STATUS=The identification of this mineral has been confirmed by X-ray diffraction and chemical amalysis
##URL=rruff.info/RE56293

##MEASURED CHEMISTRY=Cu 1.88 5 1.80 0 4 -5H 2 0
12%.7456, 745.5238

131.6741, 741.7949

133.6625, 735.8936

135.531@, 732.1678

137.4595, 733.3480

139.3879, 733.5468

141.3164, 730.4779

143.2449, 723.3304

145.1733, 714.4413

147.1@18, 783.4059

14%.8383, 698.3610

158.9537, 678.5061

152.8872, 667.7724

154.8157, 658.8654

156.7441, £49.2462

158.6726, 648.38596

160.6811, 633.8266

162.5295, 628.5413

164.4530, 624.8521

Figure 3: Raman Data of Chalcanthite R050293 from 79 mine, Arizona. (Source: rruff.info/)

#HNAMES=Calcite

#HRRUFFID=RG42870

##IDEAL CHEMISTRY=CaCO_3_

#HLOCALITY=Pryor Mountain, Big Horn County, Montana, USA
H#HOWNER=RRUFF

#HSOURCE=University of Arizona Mineral Museum
#HDESCRIPTION=Orange scalenchedral crystals
##H5TATUS=The identification of this mineral has been confirmed by X-ray diffraction and chemical amalysis
##URL=rruff.info/Re40870

#HMEASURED CHEMISTRY=(Ca_©.99 Mg ©.81_)C0_3_
117.9119, 382.2266

119.8483, 494 .9488

121.7688, 617.8251

123.6973, 745.8114

125.6257, 881.55861

127.5542, 931.7645

129.4827, 968.2148

131.4111, 1823.874

133.33%6, 1088.147

135.2681, 1138.971

137.1965, 1262.275

139.1258, 1364.376

141.@535, 1546.5367

142.981%, 1937.2%8

144.91e4, 2682.347

146.8389, 3418.879

148.7673, 4433.732

150.6958, 6@48.733

152.6243, 7120.731

Figure 4: Raman Data of Calcite R040070 from Pryor mountain 21346 big horn country. (Source:
rruff.info/)
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j Calcite_ RO40070-1_Infrared_Infrared_Data_Processed_224 - Notepad — C

File Edit Format View Help

h#NAMES=Calcite

##RRUFFID=R@40070

##IDEAL CHEMISTRY=CaCO_3_

##LOCALITY=Pryor Mountain, Big Horn County, Montana, USA
FHHOWNER=RRUFF

##S0URCE=University of Arizona Mineral Museum
##DESCRIPTION=0range scalenchedral crystals
#HH#STATUS=The identification of this mineral has been confirmed by X-ray diffraction and chemical analysis
#URL=rruff.info/R040670

##MEASURED CHEMISTRY=(Ca_0.99 Mg _©.01_)C0_3_

3.991926e+002, 0.000000=+000
4.011211e+002, 2.849211e-0802
4.83849e+002, 2.857392e-6802
4.849780e+002, 2.189416e-6802
4,069065e+002, 2.241742e-002
4.0888350e+002, 2.115792e-0802
4.107634e+002, 2.0206086-002
4.126919e+0802, 1.975611e-802
4.146204e+002, 1.878077e-0802
4,165488e+002, 1.782739e-0802
4.184773e+002, 1.786092e-002
4.204058e+002, 1.796866e-002
4.223342e+002, 1.699551e-6802
A IR TeAR? 1 RIIATAR=-PRT
Ln1, Col1 100%  Unix (LF) UTF-8
I 4 F TNTIIMETVar@onmy Was O0SelveED DETWEETTINE IUSDeCrarsamoes .
Figure 5: Raman Data of Calcite R040070 from Pryor mountain 224 big horn country montana.
(Source: rruff.info/)
j Fayalite_ R100104_Broad_Scan_532_0_unoriented_Raman_Data_RAW_21358 - Notepad - O

File Edit Format View Help

B#IANES=Fayalite

##RRUFFID=R100164

##IDEAL CHEMISTRY=Fe*2+* 2 5i0 4
##LOCALITY=Dannemora, Uppsala Province, Sweden
#HOWNER=RRUFF

##50URCE=American Museum of Natural History
##DESCRIPTION=Dark brown fragment, variety knebelite
##S5TATUS=The identification of this mineral is confirmed by single-crystal X-ray diffraction and chemical analysis.
##URL=rruff.info/R100104

##MEASURED CHEMISTRY=(Fe"+2"_1.828_Mn"+2"_8.931 Mg 8.852 (a_0.002_Zn_0.801_) 7=2.886 _Si_0.997 0 4
136.7961, 6.339495

132.7246, 7.396263

134.6531, 9.365674

136.5815, 12.50185

138.5108, 16.85220

140.4385, 21.84457

142.3669, 27.39234

144,2954, 33.53014

146.2239, 39.76959

148.1523, 45.56940

150.0808, 51.86460

152.0893, 59.28204

153.9377, 68.56099

185 RAR? 77 RAT74

Ln1, Col1 100%  Unix (LF) UTF-8

Figure 6: Raman Data of Fayalite R100104 from Dannemora 21559 swede. (Source: rruff.info/)
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mj Helvine_R060621_Broad_Scan_532_0_unoriented_Raman_Data_Processed_24462.rruff - Notepad - O

File Edit Format View Help

f#NAMES=Helvine

##RRUFFID=R060621

##IDEAL CHEMISTRY=Mn*2+* 4 (BeSi0 4 ) 3 §*2-»
##LOCALITY=Foote mine, Kings Mountain District, Cleveland County, North Carclina, USA
#HOWNER=RRUFF

##S0URCE=Michael Scott
##DESCRIPTION=Yellowish-brown tetrahedra
##S5TATUS=The identification of this mineral is confirmed by single-crystal X-ray diffraction and chemical analysis.
#URL=rruff.info/RO60621

95.17188, 1826.995

97.16034, 188@.165

99.82881, 1941.425

100.9573, 2042.015

1082.8857, 2158.767

le4.8142, 2292.753

1086.7427, 2455.974

168.6711, 2618.195

110.5996, 2738.757

112.5281, 2861.255

114.4565, 3008.643

116.3850, 3144.623

118.3135, 3319.069

1204 7419 35A1 A34
£

Ln1, Col 1 100%  Unix (LF) UTF-8

Figure 7: Raman Data of Helvine R060621 from foote mine kings 24462 mountain district. (Source:
rruff.info/)

3.1.2 LIBS data

LIBS spectra of minerals of astronomical analogues on Earth were collected from the National
Institute of Standards (NIST) LIBS database. The elemental composition of minerals such as
Fayalite (Fe.SiO4), Chalcanthite (CuSOas-5H:0), Calcite (CaCOs), Forsterite (Mg2SiOa),
Gypsum (CaSO4:2H20), Halite (NaCl), Nontronite (Nao.sFe*"2(S1,A1)s010(OH)2-nH20), and
Quartz (Si02), the NIST (National Institute of Standards and Technology) database used utilized
for precise and accurate analysis. The NIST database provides comprehensive information on
various elements' X-ray diffraction patterns and spectral data, which can be employed for
mineral identification and verification. For each mineral, the elemental analysis involves several
steps. First, the chemical formula of the mineral is broken down into its constituent elements.
Then, using the NIST database, the atomic weights, standard reference patterns, and
characteristic spectral lines of these elements are identified. Thus, intensity vs. wavelength data

of these targets was obtained from this website of database.
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Screenshots of some of these data were taken as a sample in the following figures.

Cu 110 {mew wwindowr)

Figure 8: LIBS Data of Cu. (Source: rruff.info/)
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Figure 9: LIBS Data of O. (Source: rruff.info/)
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Figure 10: LIBS Data of Ca. (Source: rruff.info/)
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Figure 11: LIBS Data of Si. (Source: rruff.info/)
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3.2 Method of Data Analysis

The first step of data analysis consisted of the selection of key spectral indicators for both Raman
and LIBS datasets. To do so, the LIBS and Raman spectra data collected from the sample
mixtures described in Section 3.1 were first pre-processed (baseline correction and intensity
normalization) using the Origine software. i.e., each element is associated with a specific
wavelength (for LIBS) or mineral phases are linked to a potentially specific wavenumber (for
Raman). Afterwards, the same software was used to evaluate the correlation between the
dependence of characteristic spectral features (peak position, intensity, etc.) with the

concentration ratio between sample mixtures.

When we electrolyte minerals with lasers using a technique called Laser-Induced Breakdown
Spectroscopy, we get spectra, which are like the mineral's fingerprints. In our study, we took a
close look at seven different mineral samples and checked their fingerprints. We did this a
number of times for each mineral and mixed the results together, then merged for detailed

analysis.

3.2.1 Raman Spectral Analysis

The Raman spectral analysis of minerals imported the spectral data into Origin software. The
imported data were processed to identify and analyze the characteristic peaks. Using Origin, a
graph was plotted that clearly illustrated the prominent Raman shifts corresponding to the
vibrational modes of the minerals structure. i.e. Calcite, a carbonate mineral, exhibits prominent
Raman peaks that correspond to the symmetric stretching and bending modes of the carbonate
ion (CO32"). These spectral characteristics, verified using the National Institute of Standards
and Technology (NIST) database, confirm the mineralogical identity of calcite and provide
insights into its molecular structure. Raw spectral data is imported into the software from an
external source or entered manually. The software processes the data, which may include
baseline correction and normalization. The processed data is then plotted as a spectrum, showing
peaks that correspond to different molecular vibrations. It’s analyzing the spectrum to identify

substances or molecular structures based on the characteristic absorption peaks.
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Figure 12: Graphical illustration for Raman spectra of calcite Origin.

3.2.2 LIBS Spectral Analysis

The LIBS spectral analysis of Calcite (CaCOs) imported the spectral data into Origin software.
The imported data were processed to identify and analyze the characteristic peaks of calcite.
Using Origin, a graph was plotted The LIBS spectra of two calcium-based minerals, i.e. calcium
carbonate (Calcite, CaCO3) and calcium sulfate dihydrate (gypsum, CaS04.2H20). In both
cases, all the major emission lines of calcium were observed throughout the spectral region. The
LIBS spectra of calcite, gypsum and calcium sulfate appear very similar, as expected since the
major cations present in all these samples are calcium (Ca). On the basis of LIBS alone, these
samples cannot thus be distinguished from each other. However, a weak Hydrogen emission
line observed at 656.28 nm for the gypsum sample, indicates that it may be a hydrated sample,
namely, Gypsum.
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Figure 13: Graphical illustration for LIBS Data Origin.

The LIBS spectra for fayalite, were recorded over the wavelength range of 200-1500 nm. The
spectra revealed that fayalite primarily consists of iron (Fe), silicon (Si), and oxygen (O), with
iron being the dominant element detected. However, the olivine-based minerals such as fayalite
and forsterite based solely on LIBS data.
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Figure 14: Graphical illustration for LIBS Data Origin.

25



CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1 Results

4.1.1 Raman spectra molecular identification

Fayalite (Fe:SiO4)

Here, Raman spectra of four Fayalite minerals were presented from different four origins;
R100104 the Dannemora Uppsala Province, R100103 Franklin Sussex County, X050077
synthetic and X050076.4. Each of these samples likely has its own unique Raman spectrum,
which show peaks corresponding to the vibrational modes of the mineral's molecular structure.
The spectra of different samples, the positions and intensities of these peaks vary depending on
factors such as crystallographic orientation, impurities, and structural defects. A peak
representing a specific vibrational mode appeared at slightly different wavenumbers (frequency

units in Raman spectroscopy) or have different intensities in spectra from different samples.
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Figure 15: Results on the Raman spectra datasets of Fayalite for R100103 and R100104.
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The above figure shows two Raman spectra for Fayalite, labeled R100103 and R100104. In the
spectrum of Fayalite R100103, there is a prominent peak at 821.1873 cm™. For Fayalite
R100104, the most intense peak appears at 815.4019 cm™. Both spectra exhibit a major peak
around 820 cm™, indicating similar structural characteristics in the samples, with Fayalite
R100103 showing a peak at 821.1873 cm™ and Fayalite R100104 at 815.4019 cm™. This
suggests slight differences in their vibrational modes. Additionally, the peak at 500.2545 cm™
in the Fayalite R100103 spectrum, absent in the Fayalite R100104 spectrum, points to a
difference in the vibrational modes between the two samples.

The intensity of the major peak in Fayalite R100104 is significantly higher than that in Fayalite
R100103, which could imply a higher concentration of the phase or differences in crystal quality
or orientation. Both spectra display characteristic Raman signatures for Fayalite, yet the
differences in peak positions and intensities suggest slight variations in crystal structure or
composition. Overall, while both samples exhibit similar vibrational characteristics, the

variations in the spectra indicate differences in their structural properties.
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Figure 16: Results on the Raman spectra datasets of Fayalite for X050076.4 and X050077.
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The above figure shows the spectroscopic analysis of Fayalite with two distinct samples labeled
“Fayalite X050706.4” and “Fayalite X050707.” The left graph shows a prominent peak at
approximately 350 cm™ and several smaller peaks between 200 and 600 cm™, suggesting
characteristic vibrational modes of the mineral’s molecular structure. The right graph features a
significant peak at around 820 cm™, with additional minor peaks spread at 110 cm™. Both graphs
exhibit baseline intensity near zero, except at the peaks, indicating the specific interactions of
Fayalite with light within this spectral region. These results are crucial for material science
research and quality control processes involving Fayalite, providing insights into its
composition at a molecular level. The sharpness and height of the peaks are indicative of the

purity and concentration of Fayalite in the samples analyzed.

Forsterite

Here, Raman spectra of four Forsterite minerals were presented from different four origins;
R050117 Sapat Gilgit, R060539 Sri Lanka, X050081 East Africa and X050080.4 Synthetic end
member. By comparing the Raman spectra of Forsterite samples from different origins,
variations in peak positions, intensities, and spectral features was identifyed. These differences

arises from crystal structure, geological setting, and post-depositional processes.
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Figure 17: Results on the Raman spectra datasets of Forsterite for R060539 and R050117.
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The image presents two graphs that analyze the intensity of Forsterite samples labeled
“Forsterite  R060539” and “Forsterite ROS0117.” Both graphs plot intensity against
wavenumber, with the most notable peak occurring just before 1000 cm™. The left graph shows
a higher intensity peak compared to the right, indicating a stronger presence or concentration of
Forsterite in sample R060539. These graphs are essential for comparing the characteristics of
Forsterite samples, particularly in mineralogy and materials science, where understanding
mineral compositions is crucial. The data suggests that both samples contain Forsterite, but with
varying intensities, which could be due to differences in sample purity, size, or preparation
methods. The spectroscopic analysis provides a non-destructive way to study the samples’
molecular structure and composition.
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Figure 18: Results on the Raman spectra datasets of Forsterite for X050080.4 and X050081.

The image features two graphs that represent the spectroscopic analysis of Forsterite samples,
labeled “Forsterite X05008.04” and “Forsterite X05081.” The left graph shows a significant
peak at approximately 824 cm™ with intensity just above 6000, along with other smaller peaks,
particularly around 400 and 1000 cm. The right graph displays a similar pattern, with the most

substantial peak at roughly 835 cm™ and intensity close to 1600. These peaks are indicative of
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the molecular structure and composition of Forsterite, and the differences in peak intensities and
wavenumber shifts suggest variations between the two samples.
Gypsum

Here, Raman spectra of two Gypsum minerals were presented from different two origins;
R040029.1 Twin Buttes Pima County and X0500098 Lake Mead Arizona.
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Figure 19: Results on the Raman spectra datasets of Gypsum Origin

The image showcases two graphs that analyze the intensity of peaks across different
wavenumbers for Gypsum samples. The left graph, labeled “Gypsum R040029,” features
multiple peaks, with the most significant at approximately 1015 cm™ and smaller peaks around
1620 cm™ and 3400 cm™. The right graph, labeled “Gypsum X050098,” presents a single
dominant peak at roughly 1008 cm™. These graphs, likely from infrared spectroscopy, are used
to identify and compare gypsum samples based on their absorption bands, which is vital for
scientific research or quality control in material identification. The data indicates that while both
samples contain gypsum, the left sample has a more complex spectrum, suggesting additional

components or variations in purity. The right sample’s spectrum is simpler, with a single

30



pronounced peak, implying a more uniform composition. This analysis is crucial for

understanding the molecular structure and characteristics of gypsum.

Nontronite

Here, Raman spectra of two Nontronite minerals were presented from different two origins;
X050120 Twin Buttes Pima County and X050121 Lake Mead Arizona. Both graphs show a

series of sharp peaks, which are indicative of the vibrational modes of the molecules in the
Nontronite samples.
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Figure 20: Results on the Raman spectra datasets of Nontronite Origin

The image contains two graphs that illustrate the spectroscopic analysis of Nontronite samples,
labeled as (a) Nontronite X0OS0120 and (b) Nontronite XOS0121. Both graphs show a
prominent peak at approximately 288 cm™, which is a characteristic feature of Nontronite’s
molecular structure. The intensity scale differs between the two graphs, with graph (a) ranging
up to 2.4 and graph (b) up to 800, suggesting different concentrations or sample conditions.
These peaks are significant as they provide insights into the physical properties of the samples,
such as their composition and purity. The rest of the spectra display smaller peaks and troughs,

which may represent other molecular interactions within the samples. This type of data is
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essential for material scientists and researchers who analyze minerals and need to understand
their unique spectral signatures. The red text highlighting the peak at 288 cm™ draws attention

to this important feature in both samples.

Quartz

Here, Raman spectra of three Quartz minerals were presented from different three origins;
R040031 Spruce Claim King County, R050125 Linopolis, Minas Gerais and R110108 synthetic.
The image displays three graphs, each representing the spectral analysis of Quartz samples. The
top left graph, labeled “Quartz R110108,” and the top right graph, “Quartz R040031,” both show
a prominent peak at approximately 465 cm™, which is characteristic of the Quartz mineral. The
bottom left graph, “Quartz R050125,” and the bottom right unlabeled graph, follow a similar
pattern with the same notable peak. The intensity of this peak varies across the graphs,
suggesting differences in the Quartz samples composition or concentration. These spectral
fingerprints are crucial for identifying and comparing Quartz samples in scientific research, as
they provide insights into the samples molecular structure and interactions with light. The data
indicates that while all samples contain Quartz, there may be variations in purity or other mineral

inclusions within the samples.

32



464 5091
574381

7000 4 —— Quartz R110108 | —— Quartz R040031
6000 4 mmj
1 000
5000 ]
i 5000 4
%4000- o g 1.
c 1z e 400 3
£ 30004 8 £ 15
= ] =004 o
2000 —
10001 1000 - LW
04 T T T T T T T T 04 T T T T T T T |__F
0 400 @200 1200 1500 2000 2400 2800 3200 0 400 500 1200 1800 2000 2400 2800 2200
5 Wavenumber (cm-1) Wavenumber {cm-1)
— —— Quarkz R050125
£000 4
5000 -
E:@mn- @
§ {8
Ea000{ 3
] (&}
2000 4
1000
n_ T

0 400 200 1200 1600 2000 2400 2800 3200
Wavenumber (cm-1)

Figure 21: Results on the Raman spectra datasets of Quartz Origin

All graphs show a similar pattern of peaks, indicating that the samples are indeed quartz. But
there are slight variations in peak intensity and position, suggesting differences in sample
purity or structure. The consistent presence of characteristic absorption peaks across all samples
confirms their quartz composition. The variations in peak details provide insights into the
samples’ unique properties or quality. The sharp peak at ~465 cm”-1 is a signature feature of
quartz and is attributed to the symmetric stretching vibration of the Si-O bond in the quartz
crystal lattice. A less intense peak at ~800 cm”-1 is also observed, which is likely due to the
bending vibrations of the oxygen atoms in the SiO2 structure. All three graphs show that the

molecular structure of quartz is consistent across different samples.
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Calcite

Here, Raman spectra of three Calcite minerals were presented from different origins; R040170
from University of Arizona Mineral Museum, R050130 from Dave Bunk Minerals.
Additionally, a comparison to Quartz (R050128) is included to provide a broader context for the
spectral analysis. These spectra are instrumental in studying the vibrational modes of minerals,

which can reveal insights into their structural properties and potential geological origins.
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Figure 22: Results on the Raman spectra datasets of Calcite Origin
Each graph plots intensity against wavenumber, with prominent peaks near 700 cm™ and 1400-

1500 cm™, characteristic of carbonate ion vibrations in calcite’s structure. These peaks provide

insights into the samples’ purity and composition, valuable for identifying minerals and
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understanding their properties in geology, materials science, and chemistry. The graphs are
labeled (a) Calcite R050128, (b) Calcite R050130 and (c) Calcite R040170 each showing
variations in peak intensity and position, indicating differences in the physical properties of the

calcite samples. Such analysis is crucial for scientific research and quality control processes.
Chalcanthite (CuSO4-5H:20)

Here, Raman spectra of two Chalcanthite minerals were presented from different two origins;
R520293 79 mine 4th level Hayden and R060102 synthetic.

Graph (a) Chalcanthite R050293: The figure 19 (a) shows the Raman spectrum for a sample
labeled “R050293”. The peaks in the graph correspond to different vibrational modes of the
molecules in the sample. The most prominent peak is just before 1000 cm”-1, which could be
indicative of a specific molecular bond or structure within the Chalcanthite. Graph (b)
Chalcanthite R060102: This is also similar to graph (a) but for a different sample labeled
“R060102”. It shares a similar pattern of peaks with graph (a), suggesting that the two samples
are of the same or similar substances. The intensity scale and wavenumber range are the same

as in graph (a), allowing for direct comparison between the two.
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Figure 23: Results on the Raman spectra datasets of Chalcanthite.

Both graphs show a series of peaks, each representing a different vibrational mode of the

Chalcanthite molecules. The similarity in the pattern of peaks between the two graphs suggests
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that the samples have similar molecular structures. The intensity of the peaks can provide
information about the concentration of different molecular bonds or groups within the samples.
Therefore, these figures provide a visual representation of the vibrational modes of Chalcanthite,

which can be used to deduce its molecular structure and composition.

4.1.2 LIBS spectra for elemental identification

Calsite

Here, elemental Composition of the two LIBS spectra for a Calcite mineral sample, focusing on
the elements Calcium (Ca) Carbon (C) and Oxygen (O). The Calcium Spectrum Wavelengths
Prominent peaks at approximately 393.366 nm, 396.847 nm, and 422.673 nm. The peaks reach
an intensity of up to 2x10”-8 in arbitrary units. The Carbon Spectrum Wavelengths significant
peak is observed at approximately 247.857 nm. Similar to calcium, the peak intensity is up to
2x107-8 in arbitrary units.
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Figure 24: Results for major elements extracted from Libs spectra datasets of Calcite Origin.
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Both spectra are plotted with intensity on the y-axis and wavelength on the x-axis. These spectral
signatures are crucial for identifying the presence of these elements in the mineral using LIBS
technique. The specific wavelengths correspond to the atomic transitions of electrons in calcium
and carbon atoms when they return to lower energy states after being excited by the laser pulse.
This information is valuable for geochemical analysis and understanding the composition of

planetary materials.

Forsterite

The figure presents three spectroscopic graphs, each illustrating the light absorption or emission
characteristics of forsterite, a naturally occurring mineral. The top left graph spans wavelengths
from 3900 nm to 4000 nm, showcasing sharp peaks, particularly at approximately 3989.23 nm
and 3997.53 nm. The top right graph, labeled “Si,” ranges from 30 nm to 40 nm, with distinct
peaks near 33.06 nm and a cluster around 36.08 nm, highlighting silicon’s spectral lines in
forsterite. The bottom graph extends from about 365.5 nm to 385 nm, with numerous peaks,
notably around 369.73 nm and between 373 and 375 nm. These spectra are valuable in
mineralogical studies as they reveal the elemental composition and structural properties of
forsterite by indicating which wavelengths of light its atoms absorb or emit.
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Figure 25: Results for major elements extracted from Libs spectra datasets of Forsterite Origin.
Quartz

The figure shows two graphs related to the spectroscopic analysis of Quartz, focusing on the
elements Silicon (Si1) and Oxygen (O). The left graph, labeled ‘Si,” displays several peaks with
notable ones at wavelengths of approximately 1680 nm, 2880 nm, and 3030 nm. The right graph,
labeled ‘O,” exhibits significant peaks at roughly 365 nm and 777 nm. These peaks represent
points where the intensity of light, measured in arbitrary units, is higher due to the presence of
these elements. Such spectral data are critical in identifying the elemental composition of Quartz
through spectrometry, as each element has characteristic emission or absorption lines at specific
wavelengths. This analysis is vital in material science and geology for determining the mineral
composition of samples.
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Figure 26: Results for major elements extracted from Libs spectra datasets of Quartz Origin.

Chalcanthite (CuSO4+5H:0)

Here, elemental Composition of the LIBS spectra for chalcanthite showed emission lines for
copper (Cu) indicating the presence of this element. Additionally, the sulfur (S), hydrogen (H)
and oxygen (O) lines were observed. The peaks observed at approximately 324.75 nm and
327.40 nm indicate the presence of copper. Significant peaks around 288.16 nm and 303.90 nm
suggest silicon’s presence. Notable peaks near 372.00 nm and 373.70 nm confirm oxygen.
Strong emissions near 486.13 nm and another peak just before reaching 434 nm are
characteristic of hydrogen. These emission spectra confirm the presence of Copper, Silicon,
Oxygen, and Hydrogen in the sample. These elements are identified by their distinct spectral

lines at specific wavelengths, which match known transitions for each element.
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Figure 27: Results for major elements and spectra peaks extracted from LIBS spectra datasets of
Chalcanthite.

Fayalite (Fe:SiO.)

Here, elemental Composition of the LIBS spectra for fayalite indicated the presence of iron (Fe)
and silicon (Si), which are the main constituents of the mineral. Strong emission lines for iron
were observed at wavelengths such as 452.31 nm and 493.4 nm. These lines are highly intense
and undergo self-reversal effects due to the high concentration of Fe in fayalite. Silicon showed

prominent lines as well, contributing to the identification of fayalite.
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Figure 28: Results for major elements extracted from Libs spectra datasets of Fayalite Origin.

The Figure 28 shows multiple peaks, which are indicative of the wavelengths at which iron
emits or absorbs light. The presence of these peaks confirms the presence of iron in the sample.
Similar to the iron graph, the silicon graph displays peaks at different wavelengths. These peaks
correspond to the spectral lines of silicon, confirming its presence. The oxygen graph also shows

peaks, which are characteristic of the oxygen present in the sample.

The graphs provide both qualitative (presence of elements) and quantitative (concentration of
elements) information. The intensity of the peaks is proportional to the concentration of the

elements in the sample, which is crucial for quantitative analysis.
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4.1.3 Combined Analysis of Libs and Raman Spectra

By integrating the LIBS and Raman data in Origin software, we were able to produce
comprehensive spectral profiles for the samples. The fusion of LIBS and Raman spectra
provided both elemental and molecular information, it enhances our ability to identify and
characterize the minerals. For instance, while LIBS effectively detected the presence of iron in
fayalite, Raman spectroscopy provided detailed insights into the vibrational modes of the

mineral's molecular structure.
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Figure 29: Results on the Raman and LIBS fused datasets of Chalcantite minerals.

The Figure 30 shows fused Raman and LIBS (Laser-Induced Breakdown Spectroscopy) spectra
for the mineral Calcite (CaCO:s), specifically the sample labeled Calcite RO50048. The Raman
spectrum is shown on the left, Main Peaks are at 281 cm™, 714 cm™ and 1087 cm™' The most
prominent peak, corresponding to the symmetric stretching mode of the carbonate ion (COs*").
The dominant peak at 1087 cm™ is characteristic of the carbonate group in calcite, confirming
the presence of calcite. The presence of peaks at lower wavenumbers (281 cm™! and 714 cm™)

related to lattice vibrations indicates a well-crystallized structure. while LIBS Spectra Various
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peaks, with the most prominent ones around 393.37 nm and 396.85 nm, indicating the presence
of calcium. A significant peak around 247.86 nm, confirming the presence of carbon. Notable

peaks around 777.19 nm and 844.63 nm, indicating the presence of oxygen.

Therefore, by fusing the spectra we found the molecular structure and lattice vibrations,
confirming the presence of the carbonate ion (COs*") and indicating the crystalline structure of
calcite. Also the elemental composition data, confirming the presence of calcium (Ca), carbon
(C), and oxygen (O), which are the fundamental elements in calcite. The Raman spectrum's
confirmation of calcite through the carbonate ion's vibrational modes is validated by LIBS
detecting its constituent elements (Ca, C, and O).
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Figure 30: Raman and LIBS spectra of Calcite Origin.
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4.2 Discussions

The results clearly indicate that there were variations in several aspects of the spectral peaks for
minerals from different sources. Some minerals had peaks within similar ranges of Raman shift
but with different intensities. Others had similar intensities but the peaks occurred at different
Raman shift ranges. In some cases, both types of differences were observed. These variations
can be attributed to issues with line shifts, the presence of impurities, and additional spectral
peaks seen in minerals from similar groups. Therefore, a key aspect we considered in this study
is the need to correct instrumental issues (such as different technical settings) that may arise
from collecting measurements using two different spectroscopies with different lasers
simultaneously, before analyzing the data. More information on the LIBS pretreatment can be
found in and will be briefly explained. On the other hand, the preprocessing of Raman data
specific to this study will be described in detail. To begin with, the entire data set was divided
into subsets of spectra, each forming a separate sub-image.

Using advanced data analysis tools like Origin software, the spectral data were accurately
visualized, allowing precise peak identification of these minerals. The integration of LIBS and
Raman spectroscopy effectively addressed challenges related to impurities, providing a
thorough and reliable identification of the mineralogical composition and structural integrity of

the samples.

The combined use of LIBS and Raman spectroscopy proved highly effective in identifying key
elements such as Fe, Si, and O in minerals like Fe»S104 (fayalite), Chalcanthite (Cu(SOa4)*5H-0),
Calcite (CaCO:s), Fayalite (Fe2Si10a4), Forsterite (Mg2S104), Gypsum (Ca(SOa4)*2H-0), Halite
(NaCl), Nontronite (Nao.sFe**2(Si,Al)s010(OH)22nH20), and Quartz (SiO2) using the NIST
database for reference. For instance, the Calcite showed a central peak around 1086 cm™!, for
R040070 and R050048. Similarly, the olivine fayalite exhibited a central peak around 820 cm™,
detectable in both of our olivine forsterites, reflecting the occasional co-occurrence of these

minerals.

44



TODDD -
S0000 <
50000 <

40000 <

Intensity

i;ﬂm .
\ 14362683

30000 <
20000
10000 <

04

a) Calcite R0O40070

1086 002

1748.395

=1 =1 =] =]
[ =] ~i -]
1 1 L |

Intensity

0.2 4

0.1

0.0 4

=1
w

1308 138

871667

b) Calcite RO40170

P A

1]

16-).'|-_'|_-
1‘--).]'.]—-
12-J\.'I'.'I—-
1-.'I-J\.'I'.'I—-

8000

Intensity

G000
4000

2000

a

200 400 800 80D 1000 1200 1400 1600 180D 2000

2857720

Wavenumb@ (cm-1)

108

c) Calcite R05004 8

PNy

a

T
20

T T T T T T T T 1
200 800 800 1000 1200 1400 1800 1800 2000

Wavenumber (cm-1)

i}

500

1000 1500 2000 2500 3000 3500

Wavenumber {cm-1)

Figure 31: Raman spectra peaks of Calcite
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The LIBS technique provided rapid elemental analysis, highlighting strong emission lines for

critical elements. For Fe.SiO4 (fayalite), significant emission lines for iron (Fe), silicon (Si), and

oxygen (O) were identified. Chalcanthite showed strong emission lines for copper (Cu) and

sulfur (S), while Calcite exhibited intense lines for calcium (Ca) and carbon (C). Raman

spectroscopy further confirmed these findings by identifying the vibrational modes of the

minerals. For example, the Raman spectral analysis of Calcite revealed key peaks of the

carbonate ion (COs*) at around 1396 cm™!, with additional peaks at 871 cm™ corresponding to

bending modes and Gypsum revealed key peaks of the SO at ~1105 cm™, with additional peaks

at 597 cm™, 669 cm™'. Identification of both SO4 and Ca supports gypsum.
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Figure 32: Raman spectra peaks of Calcite and Gypsum Origin.

The Raman spectral analysis of Calcite (CaCOs) was performed by importing the spectral data
into Origin software for detailed examination The most intense peak typically appears around
1395 em™!, representing the symmetric stretching vibration of the CO3 group. Additionally, the
bending modes are observed near 871 cm™ and 1435 cm™. The lattice vibrations of calcium
ions (Ca?") and their interactions with the carbonate groups also contribute to the spectral
features, producing weaker bands at lower wavenumbers, typically below 800 cm™. figure 20
shows the spectra peak analysis of calcite (CaCO3).

The time-gated Raman spectra of the two calcium carbonate minerals, CaSO4 and CaSO4.2H20
in low and high-frequency regions. In the case of gypsum, two sharp bands are observed at 3410
and 3493 cm-1, corresponding to the stretching vibrational mode of water molecule. The two
bands show the two types of water molecules in the sample, one attached to sulfate ions by
hydrogen bonding, and the other directly linked with the cation (Ca). The strongest Raman band
in both cases lies between 1000 and 1030 cm-1.

This combined analytical approach was further validated as many of our samples were
confirmed through X-Ray Diffraction (XRD) and chemical analysis methods, ensuring the
accuracy of our findings. Overall, the study demonstrates the strength of using both LIBS and

Raman spectroscopy together, as they complement each other to provide a detailed and reliable
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analysis of mineral samples, enhancing the identification of elements and the understanding of

mineral structures.

4.2.1 Element Identification in Minerals Using LIBS and Raman Spectroscopy

The LIBS and Raman spectra peaks obtained for Fayalite (Fe.SiO4), Chalcanthite
(CuS0s4-5H-0), Calcite (CaCOs) and Forsterite (Mg2SiO.), is given in Table 1. Peak labels were
assigned according to the National Institute of Standards (NIST) LIBS database. LIBS spectra
tend to be structurally complex, containing multiple emission lines for most of the elements
corresponding to both the primary mineral and other minerals present in the specimen. For
instance, the prominent Ca lines fingerprint is partially associated with the calcite (CaCO3).
However, the peaks that dominate each of the measured spectra are those of the most abundant
divalent and trivalent cations that fit into the layer and interlayer sites of the mineral phase (ie.
Mg, Al, Fe, Ca, Na). These peaks are observed in the spectral fingerprints from each specimen

with relative strong intensity patterns.

No | Mineral species LIBS elemental peaks Raman shift peaks
1 Chalcanthite Strong Cu Peaks at 271 nm, 357 nm | Strong peaks at 463 cm-1, 985
R050293 (Cu (SO4) -5H20) cm-1
2 Chalcanthite Strong Cu Peaks at 271 nm, 357 nm | Strong peaks at 982 cm-1, 3196
R060102 (Cu (SOs) -5H,0) cm-1
3 Calcite R040070 Strong Ca Peaks at 3038 nm, 3107 nm | Strong peaks at 281 cm-1, 1086
(Ca (COq)) cm-1
4 Calcite R040170 (Ca (COs)) Strong Ca Peaks at 3038 nm, 3107 nm | Strong peaks at 871 cm-1, 1398
cm-1
5 Calcite R050048 (Ca (CO3)) Strong Ca Peaks at 3038 nm, 3107 nm | Strong peaks at 285 cm-1, 1089
cm-1
6 Fayalite Strong Fe Peaks at 118 nm, 148 nm | Strong peaks at 821 cm-1, 900
R100103 (Fe**5(Si04)) cm-1
7 Fayalite Strong Fe Peaks at 118 nm, 148 nm | Strong peak at 815 cm-1
R100104 (Fe?*5(SiO4))
8 Fayalite Strong Fe Peaks at 118 nm, 148 nm | Strong peaks at 814 cm-1, 839

X050076.4 (Fe?*5(SiOs))

cm-1
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9 Fayalite X050077 Strong Fe Peaks at 118 nm, 148 nm | Strong peak at 820 cm-1
(Fe?*3(Si0s))

10 | Forsterite R040052 Strong Fe Peaks at 998 nm, 1013 nm | Strong peaks at 822 cm-1, 855
(Mg2(SiOa)) cm-1

11 | Forsterite R050117 Strong Fe Peaks at 998 nm, 1013 nm | Strong peaks at 826 cm-1, 857
(Mg2(SiOa)) cm-1

12 | Forsterite Strong Fe Peaks at 998 nm, 1013 nm | Strong peaks at 824 cm-1, 855
R060539 (Mg2(SiOx)) cm-1

13 | Forsterite X050080.4 Strong Fe Peaks at 998 nm, 1013 nm | Strong peaks at 824 cm-1, 857
(Mg2(SiOa)) cm-1

14 | Forsterite X050081 Strong Fe Peaks at 998 nm, 1013 nm | Strong peaks at 823 cm-1, 855
(Mg2(SiOs)) cm-1

15 | Forsterite X050090.4 Strong Fe Peaks at 998 nm, 1013 nm | Strong peaks at 820 cm-1, 852
(Mg2(SiO4)) cm-1

Table 1: Illustrates LIBS and Raman Spectral peaks of different minerals.

4.2.2 PCA Analysis of LIBS and Raman Spectral Signatures for Mineral Identification

The PCA model built from the LIBS and Raman spectral data of minerals such as Fayalite,
Chalcanthite, Calcite, Fayalite, Forsterite, Gypsum, Halite, Nontronite and Quartz was analyzed
using Origin software. The data were imported into Origin, where PCA was performed to reveal
distinct clustering patterns based on the spectral signatures. The first and second principal
components highlighted the variations in mineral compositions, with strong loadings from
specific emission lines corresponding to the major elements in each mineral. This analysis
effectively demonstrated the ability of LIBS and Raman spectroscopy, combined with advanced
data processing in Origin, to differentiate between mineral groups and identify their elemental

compositions.
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Figure 33: PCA Analysis of LIBS and Raman Spectral of different mineral groups (Source, org)

In the LIBS data scatter plot from the Principal Component Analysis (PCA) shows the

distribution of four data points in a two-dimensional space defined by the first two principal

components. PC-1 This axis accounts for 35.6% of the variance within the data, indicating it’s

the most significant pattern of variation. PC-2 accounts for 20.3% of the variance, showing a

secondary pattern of variation. The coordinates of the points (0.03175, 0.9217) represent their

scores on the principal components.

Also, the imported Raman data were subjected to PCA, scatter plot from a Principal Component

Analysis (PCA) shows the horizontal axis (PC-1) accounts for the majority of the variance

(64.48%) in the dataset. The vertical axis (PC-2) represents the second principal component,

which explains a smaller portion of the variance (14.97%). The four points plotted on the graph

are the projections of the original data onto these two principal components. Their coordinates

(-0.40705, 0.74272) indicate their position relative to each principal component. Together, PC
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1 and PC 2 account for a significant amount of the total variance (79.45%), which means they
capture most of the information in the original data. Therefore, this PCA graph helps to visualize
and understand the main patterns in the dataset by reducing its dimensionality. It’s particularly
useful in spectroscopy for identifying which wavelengths (or other variables) contribute most

to the differences between samples.
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CHAPTER FIVE

5. CONCLUTIONS AND RECOMMENDATIONS

5.1 Conclusions

The conclusion drawn from this thesis demonstrate that the fused Raman and LIBS spectral
analyses of various minerals from different origins yielded distinct and detailed findings
regarding their molecular structures and elemental compositions. For Fayalite minerals, each
sample exhibited unique Raman spectra with peaks corresponding to specific vibrational modes,
reflecting variations in crystallographic orientation, impurities, and structural defects. Forsterite
samples showed significant variations in peak positions and intensities, attributable to
differences in crystal structure, geological setting, and post-depositional processes. Chalcanthite
spectra revealed consistent patterns of peaks indicating similar molecular structures, while slight
differences in peak intensities suggested variations in molecular bond concentrations. The
results indicate that each mineral species has unique and consistent LIBS elemental peaks and
Raman shifts, allowing for clear differentiation. For Chalcanthite (Cu(SO4)*5H-0), the LIBS
analysis consistently identified strong copper peaks at 271 nm and 357 nm across different
samples. Gypsum samples exhibited characteristic peaks confirming their identity, with
variations in peak intensities pointing to differences in chemical structure or purity. Nontronite
spectra showed sharp peaks characteristic of specific molecular bonds, with variations in peak
intensities hinting at differences in molecular group concentrations. Quartz samples displayed
consistent patterns of sharp peaks, confirming their composition, while slight variations in peak
details provided insights into purity and structural differences.

The LIBS spectra complemented the Raman data by identifying the elemental compositions of
the minerals. For Chalcanthite, the presence of copper, sulfur, hydrogen, and oxygen was
confirmed through distinct spectral lines. Fayalite's elemental analysis indicated strong

emissions of iron and silicon, confirming their presence and concentrations in the samples.

By integrating the LIBS and Raman spectral data, comprehensive profiles were generated,

enhancing the identification and characterization of the minerals. For instance, in the case of
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Calcite, the Raman spectra provided detailed insights into molecular vibrations and lattice
structures, while the LIBS spectra confirmed the elemental composition of calcium, carbon, and
oxygen. This combined analysis validated the presence of carbonate ions and the crystalline
structure of calcite, demonstrating the effectiveness of fusing these two spectroscopic
techniques to achieve a more thorough understanding of mineral properties. The Raman shifts
showed strong peaks around 463 cm™', 982 cm™, and 3196 cm™, facilitating the identification
of chalcanthite samples. Calcite (Ca(COs)) samples were characterized by strong calcium peaks
at 3038 nm and 3107 nm in the LIBS spectra, with Raman analysis revealing peaks at 281 cm™,
1086 cm™, 871 cm™, and 1398 cm™, confirming the presence of calcite. Fayalite (Fe2"2(S10a))
samples exhibited strong iron peaks at 118 nm and 148 nm in the LIBS spectra, with Raman
spectra showing peaks around 814 cm™ to 839 cm™, indicative of the fayalite structure and
composition. Forsterite (Mg2(SiOa)) consistently showed strong iron peaks at 998 nm and 1013
nm in the LIBS analysis, with Raman spectra indicating peaks around 820 cm™ to 857 cm™,

characteristic of forsterite.

Multivariate Analysis (MVA) tools were applied separately to LIBS and Raman data and to a
combined dataset of both. The primary objective was to identify different samples and mixtures,
utilizing various strategies to compare and evaluate LIBS and Raman data through Principal

Component Analysis (PCA) and Partial Least Squares (PLS) models.

A future target is to estimate the lithium and boron contents within the individual phases, as
these elements could be of diagnostic relevance for proxies of mineral deposits. Moreover, for
this task, the proposed combination of methods could help.
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5.2 Recommendations

Future researchers and students should prioritize addressing potential instrumental issues that
arise when using LIBS and Raman spectroscopy simultaneously. Ensuring proper calibration
and correction before data analysis is essential to obtain accurate results. Efficient preprocessing
of data, such as dividing it into subsets, can significantly enhance computational efficiency and
should be adopted in future studies. Advanced software tools like Origin should be utilized for
precise peak identification and comprehensive spectral analysis. Combining LIBS and Raman
spectroscopy, along with validating findings through X-Ray Diffraction (XRD) and chemical
analysis, can provide a robust and reliable analysis of mineral samples. Researchers should also
consider the presence of impurities and potential line shifts when interpreting spectral data.
Expanding the analysis to include a broader range of minerals will further enhance
understanding of mineral compositions and structures. Detailed documentation of
methodologies and results is crucial for transparency and reproducibility. Educational programs
should emphasize practical training in these advanced analytical techniques, preparing students
for future research. Interdisciplinary collaboration should be encouraged to leverage the
strengths of different scientific domains. In our country this combined analytical approach can
be particularly beneficial. This can lead to better resource management, improved economic
development, and sustainable exploitation of natural resources. By building local expertise in
these advanced analytical methods, Ethiopia can strengthen its research infrastructure and

contribute to global scientific advancements in mineralogy.
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