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ABSTRACT

Developing and applying analytical methodology, including the collection and
subsequent analysis of chemical data, is critical for the scientific community at large.
In this dissertation, innovative analytical methods, including microspectroscopy and
microspectroscopic imaging, in conjunction with multivariate analysis methods and
chemometric techniques are employed to fundamentally study the chemical properties
of diverse, novel materials. Specifically, this dissertation will focus on three
collaborative, multidisciplinary studies. First, the high-pressure, a-PbO,-structured
polymorph of titanium dioxide, termed TiO»-1l, was investigated to understand ancient
impact events on Earth. Raman microspectroscopy was used to identify, for the first
time, TiO,-Il in grains recovered from four Neoarchean (~2.5 billion years old)
spherule layers—a discovery that has eluded researchers for nearly 30 years until now.
By further investigating these grains using Raman microspectroscopic imaging with
multivariate analysis methods, spatially-resolved chemical images and resolved
Raman spectra of the individual chemical species within these complex grains were
generated. The spatial resolution of the chemical images was increased using a
pioneering strategy, and a Raman spectrum for pure TiO,-11 was estimated for the first
time. Second, a novel analytical methodology was utilized to enhance the search for
life on Mars. In 2020, both the National Aeronautics and Space Administration
(NASA) and the European Space Agency (ESA) have planned rover missions to Mars.
The primary objective for both missions is the search for evidence of extant or past

life. Using multivariate analysis methods with Raman microspectroscopic imaging, the
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identification, differentiation, and resolution of chemical species relevant to Martian
exploration was achieved. For the first time, organic carbon was spatially and
spectrally resolved from hematite (a-Fe,O3), a chemical species abundant on Mars and
highly relevant for Martian exploration and discovery. Third, innovative analytical
methodology was used to study extraterrestrial materials. The chemical properties of
lunar meteorites, provided by the NASA Johnson Space Center, were elucidated using
microspectroscopic imaging techniques with multivariate analysis. Spatially-resolved
chemical maps with resolved Raman spectra of the pure chemical species within these
heterogeneous meteorites were produced. Overall, this dissertation aims to move
analytical chemistry in a transformative and innovative direction in ways that can

benefit and interest the broader scientific community.
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Chapter 1

INTRODUCTION

1.1 Raman Spectroscopy

Spectroscopy, a pillar of analytical chemistry, concerns the interaction of
electromagnetic radiation with matter. Typically, spectroscopic methods measure
intensity of electromagnetic radiation as a function of wavelength or wavenumber to
ultimately produce a spectrum for a given analyte of interest. Spectroscopic methods
are commonly based on emission, absorption, fluorescence, or scattering phenomena.
One of the principal spectroscopic methods based on scattering is Raman
spectroscopy. Raman spectroscopy was established after a discovery by C.V. Raman
in 1928 documenting that molecularly scattered radiation can differ from incident
radiation, and this difference is dependent upon the molecular and chemical structure
of the given analyte.[1] This discovery led to the Nobel Prize in physics being
awarded to C.V. Raman in 1931. Since its initial discovery, Raman spectroscopy has
revolutionized both the analytical chemistry and scientific community at large.

Raman spectroscopy fundamentally centers on the detection of inelastically
scattered radiation of an analyte. Specifically, exposure of a sample using
monochromatic radiation (Figure 1.1), typically from a laser source, produces both
elastic scattering, termed Rayleigh scattering and inelastic scattering, termed Raman
scattering. Subsequent to exposure of a sample with a laser of frequency vey, excitation

to a virtual energy level and reemission of a photon with a different frequency and



energy is produced.[2-4] This photon can be emitted with a lower-frequency (and
lower energy) of vex — Wy, termed Stokes scattering, the same frequency (and the same
energy) of vex termed Rayleigh scattering, or with a higher-frequency (and higher
energy) of vex + vy termed anti-Stokes scattering (Figure 1.1).[2-4] At ambient
conditions, Stokes scattering is more intense than anti-Stokes scattering because the
ground vibrational energy level is more populated than the excited vibrational energy
levels, in which at room temperature, Stokes and anti-Stokes scattering typically differ
by an order of magnitude.[5, 6] Rayleigh scattering, which involves collisions between
the molecule and photon with no energy loss, is more probable to occur than Raman
scattering.[2-4] This is due to the energy transfer of molecules in the ground
vibrational energy level to higher vibrational energy levels, followed by reemission to

return to the ground vibrational energy level, is most likely.[2-4]
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Figure 1.1: Scattering events at the molecular level. Inelastic scattering (Raman
scattering) and elastic scattering (Rayleigh scattering) are depicted. After
excitation of sample with monochromatic radiation of frequency Ve,
scattering with the same frequency vex can be observed, termed Rayleigh
scattering. Inelastic scattering with either a lower-frequency of vex — vy,
termed Stokes scattering, or inelastic scattering with a higher-frequency
of vex + vy, termed anti-Stokes scattering are generated.

Raman scattering is dependent upon several factors—the intensity of the
incident radiation, the derivative of the polarizability of the analyte, and the frequency
of the resulting scattered radiation.[5] The dependence upon the intensity of the
incident radiation displays a dramatic increase with decreasing wavelength of
excitation, yet this dependence often goes unused due to the common
photodecomposition observed with ultraviolet excitation.[2-4] This results in the
incident radiation for Raman scattering typically being in the visible or near-infrared
regions. Additionally, the intensity of Raman scattering displays a fourth-power
dependence on the frequency of the resulting scattered radiation.[5] However, this

dependence is invalid if the excitation frequency, vey, is close to the frequency of an



electron transition.[5] In this case, significantly more intense scattering events are
observed, termed resonance Raman scattering events.[5] Finally, for Raman scattering
to occur, a change in the polarizability of the molecule during vibration is required.
Unlike infrared spectroscopy, which requires a change in dipole moment or charge
distribution of a molecule, Raman scattering involves the distortion of electrons
located around a particular bond and scattering of radiation as during the return to its
normal state.[2-4] Therefore, for Raman scattering, the molecule is polarized during
this distortion, allowing for the inelastic scattering to occur.[2-4] Overall, the
phenomenon of Raman scattering, which is dependent upon incident radiation
intensity, polarizability of the analyte, and the frequency of the scattered radiation, can
be harnessed for spectroscopic purposes.

Raman spectroscopy is widely used in a myriad of disciplines, including
catalysis[7, 8], materials science[9-12], pharmaceuticals[13-15], biology and
biomedicine[4, 16-18], cancer diagnosis[19, 20], engineering[21-23], food and drug
analysis[24, 25], geological science[26, 27], environmental science[28, 29], and
planetary science[30, 31]. The wide ranging applications of Raman spectroscopy stem
from the unique advantages offered by this analytical technique. Specifically, Raman
spectroscopy is a non-destructive, non-ionizing, and non-contact analytical technique
that requires little to no sample preparation.[32] Raman spectroscopy can be
performed on samples <1 um in size, and limits of detection in the picogram regime
have been demonstrated using Raman spectroscopy with surface enhancements.[33]
Due to the use of visible and near-infrared laser excitation sources for Raman
spectroscopy, glass and quartz sample cells can be utilized. This allows for samples to

be contained within transparent cells, including high-temperature and high-pressure



cells, to retain chemical information during in situ reactions or processes.[34] Raman
spectroscopy can analyze gaseous, liquid, and solid samples. Aqueous solutions
containing water can be analyzed using Raman spectroscopy due to water being
Raman-inactive, allowing for biological or other aqueous samples to be analyzed
without any additional sample preparation.[35] Finally, a main advantage of Raman
spectroscopy is its high sensitivity to chemical and molecular structure, in which
samples with the same elemental and chemical compositions with different molecular
structure can be efficiently analyzed.[33] This allows for Raman spectroscopy to be
employed to gain chemical, molecular, and structural information about an analyte of
interest, including the differentiation and investigation of polymorphs of the same
chemical composition.[36, 37] Almost all materials display Raman scattering, except
pure metals, allowing for a variety of materials or analytes of interest to be

investigated.[2-4]

1.2 Raman Microspectroscopic Imaging

The advantages of Raman spectroscopy have led to recent advantages in the
application of Raman spectroscopy on the micrometer-scale, termed Raman
microspectroscopy.[38, 39] One of the primary uses of Raman microspectroscopy is in
the application of chemical imaging.[5, 39-41] Performing chemical imaging using
Raman microspectroscopy, termed Raman microspectroscopic imaging, has recently
gained momentum throughout the scientific community, including for applications in
chemical imaging of novel carbonaceous materials[42, 43], imaging of extraterrestrial
materials[44], label-free, non-invasive imaging of biological materials[45], cell

imaging for drug targeting[46], in vivo biomarker detection[47], and pharmokinetics



for cancer detection in living cells[48]. Raman microspectroscopic imaging is
typically employed using a Raman microscope (Figure 1.2). A Raman microscope is
commonly equipped with a laser excitation source, which directs monochromatic
radiation onto a sample using a series of scanning mirrors and an objective lens. The
use of an objective lens allows for micrometer-sized probing areas to be produced onto
a sample. After excitation of a sample with a probing area in the micrometer-regime,
the resulting scattered radiation is dispersed back through the objective lens, filtered
through a notch filter and a slit or confocal pinhole aperture, dispersed onto a grating-
based spectrometer, and finally detected using a charge coupled device (CCD)
detector. A Raman microscope also has a movable sample stage, in which this sample
stage can be controllably posited on specific locations on a sample with micrometer
precision to collect Raman spectra with a defined, independent spatial location. Using
this instrumental design, Raman microspectroscopic imaging can be performed with
ease, and ultimately, a Raman microscope can provide extensive analysis of the

locations about a sample with micrometer-sized, spatially-resolved probing regions.
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Figure 1.2: Schematic of a typical Raman microscope used to perform Raman
microspectroscopy and Raman microspectroscopic imaging.

The basis of Raman microspectroscopic imaging entails defining specific
locations on a sample to collect Raman spectra. Typically, this is accomplished by
employing spectral grids that contain hundreds, thousands, or even millions of
independent Raman spectra (Figure 1.3). Moreover, analysis of the Raman
microspectroscopic imaging data that contain these Raman spectra results in the

formation of chemical and molecular images concerning the chemical species within



the probing area. The primary use of Raman microspectroscopic imaging is therefore
for the collection of spatially-resolved chemical information about a sample. Since
Raman  microspectroscopic  imaging produces multidimensional analytical
information, including x and y spatial information with v (cm™) spectral information,
samples can be spatially and spectrally characterized given the unique advantages of
Raman microspectroscopy. Furthermore, the advantages of Raman microspectroscopic
imaging include characterizing chemical composition and molecular structure, high-
specificity, high sensitivity, non-destructive, non-ionizing, non-contacting, limited
sample preparation, low sensitivity to water, small probing area, low limits of
detection, utilizing with quartz and glass cells, and high materials availability for
analyses.[5, 40, 49] Overall, Raman microspectroscopic imaging generates extensive
spatial and spectral data about a sample, and through analysis of this collected data,
visualization of chemical, molecular, and structural information about the sample can

be obtained.
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Figure 1.3: Using Raman microspectroscopy at defined spatial locations, termed
Raman microspectroscopic imaging, to investigate the chemical and
molecular properties of the sample. Raman microspectroscopic imaging
generates extensive data sets containing spatial (x and y) with spectral
information (v) about the sample, encompassed within the three-
dimensional experimental data matrix.

1.3 Multivariate Analysis Methods and Chemometrics
The analysis of the collected spectroscopic data is essential for providing
spatially-resolved chemical and molecular information about a sample. Traditionally,

Raman microspectroscopic imaging is performed using univariate analysis methods.



Univariate analysis methods generate “heat” or intensity maps based on the integration
or amplitude of a characteristic Raman band of a known analyte of interest within a
sample. However, by using univariate analysis methods, interference effects can
significantly influence the data.[50-52] For example, if a mixed sample contains
chemical species with overlapping spectral features or contains potentially unknown
chemical species, univariate analysis methods can provide a limited or inaccurate
analysis.[50-52] Spectral overlap being present amongst chemical species is a
common occurrence when performing Raman microspectroscopic imaging and the
inadequacy of univariate analysis methods is demonstrated (Figure 1.4). If the three-
dimensional experimental data matrix, containing spatial (x and y) and spectral (v)
information about a sample, has spectral overlapping species and is analyzed using
univariate analysis methods (Figure 1.4), the integration of one particular
wavenumber region for the analyte of interest is inaccurate. This is due to the fact that
if spectral overlap is present, the integration of these overlapping bands will not
produce a chemical image for the analyte of interest. Rather, the resulting chemical
image will represent the distribution of the analyte of interest along with the other
chemical species that display overlapping spectral features. For example, if Raman
microspectroscopic imaging data is generated on a sample containing the three
chemical species of rutile (TiOy), quartz (SiO,), and TiO,-1l (TiOy), which display
spectral overlap, and univariate analysis methods are employed (Figure 1.4) to
generate a chemical image for the distribution of rutile—by integrating the 440 cm™
Raman band of rutile—the resulting distribution will not only be characteristic of
rutile, but also be heavily influenced by quartz (from the 464 cm™ band) and TiO.-1I

(from the 426 cm™ band). Therefore, univariate analysis of Raman microspectroscopic
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imaging data containing chemical species that display spectral overlap produces
chemical images that are not entirely representative of the analyte of interest.
Univariate analysis methods can also allow for critical chemical information to
go unnoticed and unused.[50-52] This is the result of the interference effects
commonly observed in Raman microspectroscopic imaging data that univariate
analysis methods fail to compensate for, including background interference,
fluorescence, laser power fluctuations, loss of focus, sample roughness, sample
opacity, and optical alignment.[50-52] Multivariate analysis methods and
chemometric analysis, however, can address these common interference effects, and
provide increased sensitivity and selectivity, enhanced visualization, and significant
data reduction when used in conjunction with Raman microspectroscopic imaging.[50-
52] Thus, multivariate analysis methods applied to Raman microspectroscopic
imaging data can be used to both identify the chemical species present within an
unknown sample and discern a representative distribution of the chemical species.[50,

53-55]
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Figure 1.4: The analysis of Raman microspectroscopic imaging data by univariate
analysis methods. Using univariate analysis methods, the integration of a
particular band, in this case the 440 cm™ band of rutile (red), generates a
chemical image. If spectral overlap is present within this spectral
region—such as the 464 cm™ of quartz (black) and the 426 cm™ band of
TiO,-11  (pink)—univariate analysis methods fail to provide a
representative distribution of the analyte of interest—rutile (red).

The application of mathematical and statistical analysis to spectroscopic data
in order to most effectively extract chemical information is termed multivariate
analysis or chemometrics. The field of multivariate analysis and chemometrics has an
underlying goal of determining the best analytical methodology to study chemical
problems. This centers around establishing the most appropriate strategy for collecting
chemical data and subsequently analyzing the collected chemical data. Moreover,
multivariate analysis and chemometrics play a role in both optimizing current
analytical methodology and leading in the development of new analytical
methodology. In this dissertation, the application of multivariate analysis and

chemometrics to spectroscopic data, especially Raman microspectroscopic imaging
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data, to most effectively solve and understand complex chemical systems will be

explored.

1.4 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS)

A variety of multivariate analysis methods have been used to evaluate Raman
microspectroscopic imaging data, including multivariate curve resolution-alternating
least squares (MCR-ALS), principal component analysis (PCA), cluster analysis,
neural networks, partial least squares (PLS), and direct classical least squares
(DCLS).[50, 56-58] Specifically, multivariate curve resolution (MCR) is a class of
multivariate analysis methods commonly used to solve mixture analysis. Multivariate
curve resolution specifically provides a bilinear description of raw, experimental data
of a mixture into meaningful profiles of the pure chemical species. Multivariate curve
resolution was first described in chemical applications by Lawton and Sylvester for
the resolution of the ultraviolet-visible spectra of two dye molecules.[59] After its
initial use in chemistry, MCR was coupled with iterative methods, such as alternating
least squares (ALS), to resolve mixed chemical information.[60] Using MCR-ALS in
conjunction with physically meaningful constraints, including non-negative
concentration and non-negative spectral features, this multivariate analysis method
gained traction in the scientific community and was able to efficiently resolve

complex, heterogeneous chemical systems.[51, 52, 55, 61, 62]
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Figure 1.5: Multivariate curve resolution-alternating least squares (MCR-ALS)
applied to Raman microspectroscopic imaging. The experimental data
generated from Raman microspectroscopic imaging contains three-
dimensional (3-D) information—spatial information (x and y) and
spectral information (v). This 3-D experimental data is unfolded into a
two-dimensional (2-D) experimental matrix, D, with spatial information
(both x and y together) and spectral information (v). Using MCR-ALS,
the concentration profile matrix, C, and the resolved spectra matrix, S',
can be resolved. These matrices ultimately allow for the generation of
spatially-resolved chemical images and corresponding resolved Raman
spectra for each individual, pure chemical species within a sample.

Multivariate curve resolution-alternating least squares has recently gained
momentum in the scientific community for its use with Raman microspectroscopic
imaging.[54, 55, 62-66] Specifically, MCR-ALS provides spatially and spectrally
resolved chemical information from Raman microspectroscopic imaging data using a
simple, additive bilinear model of pure contributions.[55, 61, 65] Multivariate curve
resolution-alternating least squares applied to Raman microspectroscopic imaging can
ultimately provide the distribution and resolved spectra for each individual, pure
chemical species within a given system (Figure 1.5). Specifically, MCR-ALS with
Raman microspectroscopic imaging begins with the generation of three-dimensional

(3-D) experimental data from Raman microspectroscopic imaging.[51, 52, 55, 61, 62]
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This 3-D experimental data matrix contains chemical information of both spatial (x
and y) and spectral (v) origin. By unfolding the 3-D experimental data matrix into a
two-dimensional (2-D) experimental matrix containing the spatial information in one
direction (both x and y) and the spectral information (v) in the other direction, the
bilinear MCR-ALS model can be employed.[51, 52, 55, 61, 62] Moreover, physically
meaningful constraints, such as non-negativity of concentrations and spectra, can be
applied during the MCR-ALS process to resolve both the concentration profile matrix
and the resolved spectra matrix.[51, 52, 55, 61, 62] Subsequent refolding of the
concentration profile matrix into its distinct spatial information (x and y separately)
produces spatially-resolved chemical images displaying the distribution of the
individual chemical species present within the experimental data.[51, 52, 55, 61, 62]
Moreover, the resolved spectra matrix contains each corresponding resolved Raman
spectra for the individual, pure chemical species present within the experimental
data.[51, 52, 55, 61, 62] Overall, using the multivariate analysis method MCR-ALS in
conjunction with Raman microspectroscopic imaging, spatially-resolved chemical
images and corresponding resolved Raman spectra of the individual, pure chemical

species within a heterogeneous, complex mixture can be deduced.

1.5 Combining Multivariate Analysis with Raman Microspectroscopic Imaging
In this dissertation, the development and application of analytical methodology
centering around both multivariate analysis methods, namely MCR-ALS, and Raman
microspectroscopic imaging was accomplished for the investigation of diverse, novel
materials. Both Raman microspectroscopic imaging and multivariate methods have

recently gained tremendous momentum in the scientific community (Figure 1.6),
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culminating into an exponential rate of growth since ~1990 for both analytical
techniques. Specifically, the combination of multivariate analysis methods with
Raman microspectroscopic imaging and Raman microspectroscopy will be utilized in

this dissertation to fundamentally study the chemical properties of diverse materials.
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Figure 1.5: The number of peer-reviewed publication per year for Raman &
Chemical Imaging (A) and multivariate curve resolution (B) per year.
Data of the publications for each year are from Web of Science
(https://webofknowledge.com/).

Overall, this dissertation aspires to move analytical chemistry in a
transformative and innovative direction in ways that can benefit the broader scientific

community. A wide range of complex chemical systems will be fundamentally studied
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for the first time using Raman microspectroscopic imaging with multivariate analysis.
Specifically, this dissertation will focus on the three primary research topics and
studies. In chapter two, the investigation of a high-pressure polymorph of titanium
dioxide, termed TiOy-1l, using microscopic, spectroscopic, and chemical imaging
techniques with multivariate analysis are presented. In chapter three, Raman
microspectroscopic imaging data containing both high spectral and high spatial
resolution are evaluated using MCR-ALS, including the presentation of the
importance of this Raman microspectroscopic imaging data to the scientific
community. In chapter four, the spatial and spectral resolution of carbonaceous
material from hematite (a-Fe;O3) using multivariate analysis with Raman
microspectroscopic imaging is accomplished. The implications of this analytical
methodology for the search for life on Mars are also offered in chapter four. In chapter
five, two lunar meteorites are investigated using Raman microspectroscopic imaging
with multivariate analysis methods, in which the chemical properties of these lunar
meteorites are elucidated. Finally, in chapter six, the conclusions and future directions

of the research presented in this dissertation are described.
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Chapter 2

RAMAN MICROSPECTROSCOPIC IMAGING WITH MULTIVARIATE
CURVE RESOLUTION-ALTERNATING LEAST SQUARES (MCR-ALS)
APPLIED TO THE HIGH-PRESSURE POLYMORPH OF TITANIUM
DIOXIDE, TiOx-1l

2.1 Abstract

The high-pressure, a-PbO,-structured polymorph of titanium dioxide (TiO,-1I)
was recently identified in micrometer-sized grains recovered from four Neoarchean
spherule layers deposited between ~2.65 and ~2.54 billion years ago. Several lines of
evidence support the interpretation that these layers represent distal impact ejecta
layers. The presence of shock-induced TiO,-Il provides physical evidence to further
support an impact origin of these spherule layers. Detailed characterization of the
distribution of TiO,-1l in these grains may be useful for correlating the layers,
estimating the paleodistances of the layers from their source craters, and providing
insight into the formation of the TiO,-Il. In this chapter, we report the investigation of
TiO,-1l-bearing grains from these four spherule layers using multivariate curve
resolution-alternating least squares (MCR-ALS) applied to Raman microspectroscopic
imaging. Raman spectra provide evidence of grains consisting primarily of rutile
(TiO) and TiO,-11, as shown by Raman bands at 174 cm™ (TiO,-11), 426 cm™ (TiO--
1), 443 cm™ (rutile), and 610 cm™ (rutile). Principal component analysis (PCA)
yielded a predominantly three phase system comprised of rutile, TiO,-1l, and
substrate-adhesive epoxy. Scanning electron microscopy (SEM) suggests

heterogeneous grains containing polydispersed micrometer- and submicrometer-sized
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particles. MCR-ALS applied to the Raman microspectroscopic imaging yielded up to
five distinct chemical components—three phases of TiO, (rutile, TiO,-Il, and anatase),
quartz (SiO,), and substrate-adhesive epoxy. Spectral profiles and spatially-resolved
chemical maps of the pure chemical components were generated using MCR-ALS
applied to the Raman microspectroscopic maps. The spatial resolution of the Raman
microspectroscopic maps was enhanced in comparable, cost-effective analysis times
by limiting spectral resolution and optimizing spectral acquisition parameters. Using
the resolved spectra of TiO,-1l generated from MCR-ALS analysis, a Raman spectrum

for pure TiO,-11 was estimated to further facilitate its identification.

2.2 Introduction

Titanium dioxide (TiO,) is an extensively studied semiconductor oxide due to
its proven capability with respect to environmental purification processes, water-
splitting reactions, pigments, ultraviolet filtration and protection, photovoltaic solar
cells, and photocatalysis.[67-70] TiO, has a wide range of uses because of its optical
and photocatalytic properties, inexpensive cost, and widespread natural availability.
There are three main polymorphs of natural TiO,: rutile (tetragonal), anatase
(tetragonal), and brookite (orthorhombic), with rutile being the most abundant
polymorph.[71] Anatase and the relatively rare brookite are generally the low-
temperature and low-pressure TiO, polymorphs.[72] At ambient pressure, anatase and
brookite are stable up to 600 °C and 700 °C, respectively.[72] The transformation of
bulk anatase to rutile is thermodynamically favorable at temperatures between 0 and
1300 K, and rutile is the stable polymorph of bulk TiO, over a wide temperature range

at ambient pressure.[72] When these polymorphs are subjected to temperatures and
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pressures in the 400-1500 °C and 4-12 GPa regime, high-pressure polymorphs of TiO;
can be produced.[73-75]

Five high-pressure polymorphs of TiO, are presently known: (1) an
orthorhombic a-PbO,-structured polymorph (TiO,-Il, space group Pbcn); (2) a
monoclinic baddeleyite-structured polymorph (MI, space group P2;/c); (3) an
orthorhombic polymorph (TiO,—Ol, space group Pbca); (4) a cubic polymorph (space
group Fm3m & Pa3); and (5) an orthorhombic cotunnite-structured polymorph (TiO,-
Oll, space group Pnma).[76, 77] Among the high-pressure polymorphs, TiO,-Il is
especially important due to its relative stability at both ambient pressure and
temperature.[78] With recent advances in its synthesis, TiO,-11 has shown initial
promise with respect to its photocatalytic and optical activity and has shown
increasing promise for applied uses in catalytic and photovoltaic processes.[78, 79]

In nature, TiO,-11 has been found as a minor phase in ultrahigh-pressure (UHP)
metamorphic rocks[80, 81] and minerals [82, 83], and in shock-metamorphosed rocks
and grains associated with three confirmed impact structures[84-86] and a confirmed
distal impact ejecta layer.[87] The precursor phases for the shock-induced TiOo-1l
associated with the impact structures appear to have been rutile [84-86] and possibly
anatase [85]. Recently, grains (~100 um in size) containing rutile and TiO,-11 have
been documented from four Neoarchean spherule layers deposited between ~2.65 and
~2.54 billion years ago (Ga).[88] These grains, which comprise the samples for the
present study, represent a new geological context for TiO-11.

These four layers are part of a larger set of ~17 spherule layers, deposited
between ~3.47 and ~2.49 Ga, that have been documented within stratigraphic

successions in South Africa and Western Australia.[89, 90] The layers contain varying
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amounts of mostly spheroidal, millimeter-sized and smaller spherules, many of which
show internal textures indicative of formation by rapid cooling or quenching of a
melt.[89-91] The spherules are interpreted as having formed from melt ejecta and/or
by condensation of rock vapor clouds produced by large impact events.[89-92] In
addition to the spherules, several lines of geologic, petrologic, geochemical and
isotopic evidence strongly support the interpretation that these early Precambrian
spherule layers represent distal impact ejecta layers.[89-91, 93-95]

A long-standing conundrum for the impact origin of the early Precambrian
spherule layers has been the near absence of documented shock-metamorphosed
grains within them. Prior to the study of [88], only a single shock-metamorphosed
grain (quartz) had been documented[96] from these layers. Using Raman
microspectroscopy, Smith et al.[88] documented TiO,-1I in 34 rutile grains recovered
from the Carawine spherule layer (CSL), Jeerinah spherule layer (JSL), and Bee
Gorge spherule layer (BGSL) in Western Australia, and Monteville spherule layer
(MSL) in South Africa. Detailed geological descriptions of these four spherule layers
are given in [89]. These TiO,-ll-bearing grains were interpreted as shock-
metamorphosed rutile grains that provide unambiguous physical evidence to further
support an impact origin for the four spherule layers[88]. These grains demonstrate
that TiO,-1l can survive for more than 2.5 billion years.[88] The TiO,-1l in these
grains is apparently the first documented shock-induced high-pressure polymorph
produced by Archean (>2.5 Ga) impact events.[88]

Several of the early Precambrian spherule layers in Western Australia have
been correlated with spherule layers in South Africa.[89] However, correlating

spherule layers is not an easy task and requires multiple lines of evidence.[97] It has
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been proposed[97] that the JSL correlates with both the CSL and the MSL, and if so,
these three layers would be the result of a single impact event that occurred ~2.63 Ga.
Correct correlation of the early Precambrian spherule layers is especially important,
since at the present time, they provide the best and virtually only record of impact
events that occurred on Earth prior to ~2.4 Ga[89], and they have been used to
constrain models of the impactor flux in the inner Solar System during the time period
of ~3.47 to ~2.49 Ga.[90, 92, 98] Therefore, detailed characterization of the
distribution of TiO.-11 in the shock-metamorphosed rutile grains from the four
spherule layers may provide a new approach to correlating the layers, may be useful
for estimating the paleodistances of the layers from their source craters, and may
provide insight into the formation of the TiOo-11.

The transformation of TiO, to TiO,-Il is kinetically and thermodynamically
limited.[78, 99] Moreover, the rutile/TiO,-11 phase equilibrium is linear after an initial
thermal activation process[99], and static high-pressure experiments estimate rutile
transforms to TiO,-1l at pressures of 4-12 GPa in the temperature range of 400-1500
°C. [73-75] Furthermore, shock-loading experiments suggest that rutile transforms to
TiO,-11 at pressures of 15-125 GPa.[100-102] In both synthetic and natural TiO,-II-
bearing samples, evidence of precursory TiO; has been consistently reported.[84, 86,
101, 103, 104] Identifying naturally occurring pure TiO-1I and obtaining a Raman
spectrum of pure TiO,-1l have thus been elusive tasks. Here we report the means by
which to discern TiO,-1l using an uncontaminated Raman spectrum, and to identify
and deconvolve TiO,-Il and other TiO, polymorphs within complex materials both
spatially and spectrally. Using Raman microspectroscopic imaging in conjunction with

multivariate data analysis, including multivariate curve resolution-alternating least
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squares (MCR-ALS) and principal component analysis (PCA), we demonstrate the
ability to determine the spatial distribution and resolved spectra of individual chemical
species and provide an estimation of the Raman spectrum of pure TiO,-Il.

Raman microspectroscopic imaging has been applied to a myriad of research
areas and can be used to collect spatially resolved molecular and chemical
information.[65, 105-108] Multivariate analysis methods, including PCA, MCR-ALS,
cluster analysis, neural networks, and PLS classifier, applied to Raman
microspectroscopic imaging can be used to both identify the chemical species present
and discern a more representative distribution of each chemical species than traditional
univariate analysis methods.[50, 53-58, 65] Specifically, MCR-based methods provide
a chemically meaningful additive bilinear model of pure contributions, and when used
with spectroscopic imaging, resolved spatial and spectral information is produced.[61,
63, 109-112] To our knowledge, we are the first to report the use of multivariate data
analysis, mainly MCR-ALS methods, applied to Raman microspectroscopic imaging
measurements to determine the distribution of TiO-1I in shock-metamorphosed grains
that resulted from Archean impact events.

Using MCR-ALS and Raman microspectroscopic imaging, spectral profiles
and spatially-resolved chemical maps of the individual chemical species—rutile, TiO,-
Il, anatase, quartz, and substrate-adhesive epoxy—were generated. We discuss the
ability to increase the spatial resolution of the chemical maps generated by Raman
microspectroscopic imaging and MCR-ALS by limiting the spectral resolution and
optimizing spectral acquisition parameters. Finally, a Raman spectrum for pure TiO,-
Il was estimated using the resolved spectra generated from MCR-ALS in order to

further facilitate the identification of TiO,-11 within complex materials. Using the
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analytical methodology employed in this chapter, we discuss the potential use of
Raman microspectroscopic imaging with multivariate methods for the broader

chemical and geological communities.

2.3 Materials and Methods

2.3.1 Sample Preparation

All samples were carbonate-rich rocks collected from surface outcrops of the
CSL, JSL, BGSL, and MSL. Details of sample location, lithology, and preparation are
given in Smith et al.[88] In brief, the surface outcrop samples (~kg samples) were
trimmed into smaller rock samples, rinsed with water, and dried at 60-70 °C for at
least 12 hrs. Sample weights ranged from ~5-5151 g. Due to the high carbonate
content in the samples, hydrochloric acid (Fisher Scientific, 12.1 N) digestion at ~60
°C was employed. After acid dissolution, the solution was equilibrated to a neutral pH
by dilution, and the acid-insoluble residues were wet sieved in conjunction with
ultrasonic agitation into five size fractions— <38 um, 38-63 um, 63-125 um, 125-250
um, and >250 um. The 63-125 pum size fractions underwent heavy liquid (p = 2.96
g/lcm?®) separation with 1,1,2,2-tetrabromoethane (Fisher Scientific, 99 %). The heavy
mineral separates were collected on filter paper (Whatman, 11 pum pore size). The
filters were rinsed with acetone (Fisher Scientific, 99%) to remove the 1,1,2,2-
tetrabromoethane.

Grain mounts of selected TiO,-I1-bearing grains identified by Smith et al.[88]
were made. Selected grains were fixed to a glass microscope slide (Fisher Scientific,

25.4 mm diameter x 1.0 mm thick) by epoxy (Buehler). Polishing was employed using
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paper strips of varying coarseness (600 um to 3 um) and a water/detergent/glycerol
solution (~70/15/15 viv %) to not only expose the grains from the substrate-adhesive
epoxy coating, but to provide a cross-sectional representation of the grain. A final
polish was completed using 0.05 pm-sized Al,O3 powder (Excel Metallurgical, Inc.,
99%) wetted with water. All samples are thus cross-sections of 63-125 pm-sized
grains.

Synthetic TiO,-1l, obtained from K. Spektor (Stockholm University), was
synthesized using the procedure outlined in [78]. In brief, static-hydrothermal
conditions were used to form TiO,-11 from rutile powder at a pressure of 10 GPa and a

temperature of 500 °C.

2.3.2 Scanning Electron Microscopy (SEM)

Backscattered electron (BSE) and secondary electron (SE) images were
obtained for TiO,-ll-bearing grains in the uncoated polished grain mounts. These
images were collected using an FEI Quanta 450 FEG scanning electron microscope

operated at low vacuum and 10-30 kV.

2.3.3 Raman Microspectroscopic Imaging

Raman microspectroscopic imaging was performed using a Senterra Raman
spectrometer (Bruker Optics, Massachusetts, USA) coupled to a BX-51 microscope
(Olympus, New York, USA). An excitation source of 532 nm was used. The laser was
focused onto the sample using 20x, 50%, and 100x close-working-distance objective
lenses (Olympus, New York, USA) with numerical apertures of 0.40, 0.75, and 0.80,
respectively. Furthermore, using the 20%, 50x, and 100x objective lenses, the resulting

probing area of the laser is 5 um, 2 um, and 1 pm in diameter. The scattered light was
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collected by the objective lens and dispersed by a 1200 grooves/mm grating onto a
thermoelectrically-cooled charge-coupled device (CCD) detector (Bruker Optics,
Massachusetts, USA) operated at a temperature of — 65 °C. The sample was kept at a
constant nominal power ranging from 2 to 10 mW. Exposure times of 1 to 15 seconds
were used with 3 co-averages. Background measurements were collected prior to each
acquisition. For each Raman spectrum, the total collection time was ~6 to 90 seconds.
The spectral window was from 70 to 1550 cm™ and was covered under one grating
position. During each Raman spectral acquisition, source wavelength and Raman shift
calibration was internally performed using a neon lamp. The spectral resolution
produced was 3 to 5 cm™.

Using optimal spectral parameters, grids of Raman spectral acquisition points
were selected to generate the Raman microspectroscopic maps. The shape of the
spectral grids was generally rectangular and determined by the dimensions of the
particular grain. The step size between Raman spectral acquisition points ranged from
~1 to 4 um. Spectral grids consisting of 15-by-15 spectra, 20-by-20 spectra, 30-by-30
spectra, and 100-by-100 spectra were collected, and thus, maps were generated from
spectral grids consisting of 225 to 10,000 Raman spectra. For all Raman spectral
acquisitions, the z direction was held constant, and the x and y positions were
controlled using a movable stage on the Raman microscope spectrometer.

The Raman spectra were collected and initial univariate data analysis methods
were performed using the OPUS 7.2 program (Bruker Optics, Massachusetts, USA).
Furthermore, OPUS 7.2 was used for initially estimating the identity and subsequent

distribution of major chemical species (i.e., TiO,-11 and rutile) in the sample.
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2.3.4 Multivariate Data Analysis

The analysis of Raman microspectroscopic imaging data is crucial for its
ability to provide spatially and spectrally resolved chemical information. Traditionally,
univariate methods are used to analyze spectroscopic imaging techniques, in which the
scattering intensity at one particular wavenumber is used as the diagnostic for the
analyte of interest. By using univariate methods, however, interference effects can
significantly influence the data, and potentially useful information from the
spectroscopic imaging data goes unused. Furthermore, these interference effects
include background interference, fluorescence, laser power fluctuation, loss of focus,
sample roughness, sample opacity, optical alignment, and overlapping Raman bands.
By using multivariate analysis techniques, these interference effects can not only be
addressed, but these techniques provide the additional advantages of greater sensitivity
(by means of signal to noise ratio), greater selectivity, enhanced visualization of
chemical distribution, and orders of magnitude data reduction when applied to
spectroscopic imaging data. The two primary multivariate analysis methods employed
in this chapter are principal component analysis (PCA) and multivariate curve
resolution-alternating least squares (MCR-ALS).[50, 53-55, 57, 61, 113] Both PCA
and MCR-ALS were performed using Matlab 7.2 (Mathworks, Massachusetts, USA).
The PLS Toolbox (Eigenvector Research Incorporated, Washington, USA) was used
as the graphical interface to perform both PCA and MCR-ALS, in which the PLS

Toolbox is used as an add-on through Matlab.

2.3.4.1 Principal Component Analysis (PCA)
PCA is used for reducing the dimensionality of the experimental data from

hundreds of spectral data points into a few orthogonal principal components (PCs).
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PCA has been a primary technique used for multivariate analysis of spectroscopic
imaging data. Specifically, PCA decomposes the experimental data matrix, D, as
follows:
D=TP"+E (2.1)

where D is the unfolded M x N experimental spectroscopic imaging data matrix (M is
the number of pixels, and N is the number of channels), T is the M x Q score matrix, P
is the N x Q loading matrix, E is the M x N model residual matrix, and Q is the
number of PCs. Furthermore, each orthogonal PC explains a portion of the total
information contained in the experimental data; however, these PCs do not necessarily
correspond to one pure chemical component, especially in cases where spectral
overlap exists. For instance, if the Raman spectra of several pure components contain
bands that overlap, the PCs of these respective components will most likely contain
information from a mixture of chemical species (i.e., each PC will not correspond with
a pure chemical component). Furthermore, the PCs explain the variance within the
data: the maximum variance is captured by the first PC if the data is mean-centered
prior to analysis; the second PC captures the second most variance in the data, and so
forth. Overall, these PCs are created such that they are orthogonal to each other and
therefore can be used for extracting useful chemical information to describe
relationships amongst chemical systems. In this chapter, PCA was performed using
Matlab 7.2 (Mathworks, Massachusetts, USA). The PLS Toolbox (Eigenvector
Research Incorporated, Washington, USA) was used as the graphical interface to
perform PCA through Matlab. For PCA, preprocessing was accomplished by
normalization of the Raman spectra to unit area, and subsequent mean-centering of the

data. Resulting PCA plots were visualized using Matlab.
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2.3.4.2 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALYS)

MCR-ALS was applied to the Raman microspectroscopic imaging
experimental data to most effectively extract useful chemical information. By
generating resolved spectral and spatial information, MCR-ALS allows for the
determination of the pure chemical components within a sample and the respective
distribution of these components within a defined area of the sample. Furthermore, by
using MCR-ALS, the instrumental response, in the form of spectroscopic imaging
data, of a heterogeneous mixture of potentially unknown chemical species can be
mathematically decomposed into spectral and spatial information concerning pure
chemical components. Similar to PCA, the explained variance from spectroscopic
imaging data is maximized using MCR-ALS; however, MCR-ALS can also provide
both physical and chemical information regarding a sample. Overall, the resolved
spectra of the pure chemical components are interpreted and chemically identified, and
thus, the corresponding spatial distribution of the pure chemical component can be
generated given its proper spectral identification.

MCR-ALS is among a wide-ranging group of multivariate self-modeling
mixture analysis methods. This method, the goal of which is to resolve spatial and
spectral information about a mixture, requires no prior information about the sample.

Moreover, MCR-ALS resolves the experimental data matrix, D, in the following

fashion:
D=Y,D;+E (2.2)
D=Y;c;sT +E (2.3)
D=CST+E (2.4)

where C is the matrix of concentration profiles for each pure chemical component, ST

is the matrix of the resolved spectra, and E is the error matrix. Furthermore, the
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number of components contributing to D can be determined by PCA, singular value
decomposition (SVD), based on prior knowledge of the system, or a variety of other
multivariate techniques. With an initial estimation of the spectral matrix S, C and S"
are calculated and iteratively optimized using the ALS algorithm until convergence is
achieved. ALS reaches this convergence by applying the following equations, in an
alternating manner, to the updated estimates of C and S, which are denoted as C and
S, respectively:

(2.5)

¢=D5/ . (2.6)

Physically meaningful constraints, such as non-negative concentrations and
non-negative spectral intensity, are employed during the ALS process in order to more
readily guide the resulting solutions closer to the respective true value. In our study,
both the non-negative concentration constraint and the non-negative spectral intensity
constraint were used, and a convergence of 0.01% was utilized. Thus, € obtained from
Eq. (2.6) was constrained by setting all negative elements to zero and the subsequently
updated § is obtained from Eq. (2.5) using the constrained C. Also, S obtained from
Eq. (2.5) was constrained by setting all negative elements to zero and the subsequently
updated C is obtained through Eq. (2.6) using the constrained S. MCR-ALS therefore
employs non-negative concentrations and spectral intensity constraints during the
process of achieving convergence to ensure that any small deviations in the initial
estimations do not result in inconsistency within the results.

In the current study, the 3D spectroscopic imaging matrix (i.e., the matrix
containing the x, y, and cm™ information) was unfolded into the experimental data

matrix, D, and thus, each row of D is the intensity at various wavenumbers. Prior to
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ALS, the number of components was selected using initial estimations from PCA. In
cases where PCA did not suffice, the number of components was selected by
comparison of resolved spectra, in S, with Raman spectra of reference materials.
Furthermore, the number of selected components was increased until the resolved
spectra of the chemical components were adequately comparable to the Raman spectra
of respective reference materials. Initial estimates of spectra for ALS were determined
by distance criteria. The first spectrum for initialization was chosen to be furthest from
the mean of the data set. Subsequent spectra were chosen to be furthest from the mean
and all prior selected samples. The concentration matrix, C, and spectral matrix, S,
were generated by MCR-ALS methods in Matlab with the PLS Toolbox; the final C
matrix represents the concentration profile of each pure chemical component, in which
each column corresponds to a component. The corresponding chemical maps are then
reconstructed from C using Matlab 7.12 with the PLS Toolbox. Visualization of the
chemical maps was done using OriginPro (Origin Lab v9.1 Pro, Northampton, USA),
and these chemical maps are shown in the respective MCR-ALS figures. In the
spectral matrix, S, each row contains the corresponding resolved Raman spectrum. For
PCA, one spectral region was selected (100 — 900 cm™) and four principal
components were analyzed. MCR analysis was performed using the entire spectral
range (70 — 1550 cm™). No preprocessing was performed prior to analysis by MCR-
ALS. The graphical presentations of the individual spectra were prepared using

OriginPro.
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2.4 Results and Discussion

2.4.1 Raman Microspectroscopy

Raman microspectroscopy was used to gain insight into the chemical species
present within the TiO,-1l-bearing grains recovered from the four spherule layers.
Rutile (TiO,), anatase (TiO,), TiO,-Il (TiO,), and quartz (SiO) are the principal
chemical species previously documented within these grains.[88] With the samples
being comprised of a variety of chemical components, discerning the individual
chemical species—including TiO, polymorphs—is a necessity. In addition to the three
main naturally occurring polymorphs of TiO,, eight other polymorphs of titanium
dioxide—three metastable synthetic forms and five high-pressure polymorphs—are
known, so the ability to discern the chemical identity of these different polymorphs is
a challenging task.[76, 77] Raman microspectroscopy, with the inherent ability to
produce molecular signatures from polarizability and therefore crystal systems, was
thus employed to determine the major chemical species present in the geological
samples. Reference materials for each of the main chemical species—rutile, anatase,
TiO,-11, and quartz—within these samples were obtained, and Raman spectra (Figure

2.1) were collected on these reference materials.
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Figure 2.1: Raman spectra of quartz (a), rutile (b), anatase (c), and synthetic TiO,-II
(d), with an overlay of each Raman spectrum (e). TiOz-1l was
synthesized from rutile powder in a static high-pressure hydrothermal
environment[78] at a pressure of 10 GPa and a temperature of 500 °C.

The Raman active modes of TiO, and SiO, polymorphs have been extensively
studied.[103, 104, 114-121] In order to assign the Raman active modes of each
chemical species, Raman band assignments from the literature for both
experimentally-determined (when available) and/or computationally-determined
Raman active modes were used. These Raman band assignments (Table 2.1), along
with the Raman spectrum of each reference material (Figure 2.1), are used to

characterize the TiO,-Il-bearing grains from the four spherule layers.
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Table 2.1:  Assignment of the Raman bands observed in TiO,-1l-bearing grains from
the four spherule layers based on literature.[114, 115, 117, 118, 121]
Rutile (R), anatase (A), TiO-1l (T), and quartz (Q) are shown.

Wavenumber Raman Active Chemical

(cm™) Mode Origin
143 Big R
145 E, A
152 Bsg T
174 A, T
201 A Q
237 SOE® R
264 Eq Q
286 Big T
315 = T
341 Bag T
356 A Q
357 Bsg T
395 Eq Q
396 Big A
403 EL Q
412 Bag T
426 A, T
443 Eq R
464 A Q
513 Ay A
531 A, T
572 Big T
611 A R
637 Big A
815 = R

®SOE = Second-order effect

The primitive unit cell for rutile has 15 optical modes with a distribution of I"=
1A+ 1A+ 1A, + 1B, + 1B, + 2B+ 1E + 3E .[117] Of these 15 optical
g 2g 2u 1g 2g lu g u

modes, four modes are Raman active—B1q, Byg, Eg, and A14.[117] These active modes
are consistent with the tetragonal structure and P4,/mnm space group for rutile.[117]

Thus, the observed Raman bands characteristic of rutile can be assigned to By (143
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cm™), second-order effect (237 cm™), Eq (443 cm™), Agq (611 cm™), and By (815 cm’
1).

Although rutile and anatase are both tetragonal, anatase belongs to a different
space group than rutile, giving rise to differing Raman active modes. Furthermore,
anatase adopts space group 14;/amd and contains two TiO, formula units (six atoms)
in the primitive unit cell. On the basis of factor group analysis, 15 optical modes are
expected for anatase, with a distribution of 7" = 1Ay + 1Az, + 2B1g + 1By, + 3Eg +
2g..[121, 122] The Raman active modes of anatase are Aig, B1g, and Eg[123], and they
are observed at the following wavenumbers—145 cm™ (Eg), 396 cm™ (Byg), 513 cm™
(Ayg), and 637 cm ™' (Byg).

TiO,-1I is isostructural with the orthorhombic a-PbO, phase (space group
Pbcn).[114] The primitive unit cell of TiO,-I1 contains 12 atoms and gives rise to 36
optical modes, which can be decomposed as I' = 4By, + 3By, + 4B3, + 4Ag + 5Byg +
4B,y + 5B3y + 4A, with respect to the long-wavelength optical phonon modes.[114]
All of the phonon modes are nondegenerate, including four Raman active modes (Ag,
Big, B2g, and Bgg) that are assigned as follows—152 cm™ (Bsg), 174 cm™ (A,), 286 cm’
' (Byg), 315 cm™ (Byg), 341 cm™ (Byg), 357 cm™ (Bag), 412 cm™ (Byg), 426 cm™ (Ay),
531 cm™ (Ay), and 572 cm™ (Byg).[114] The spectral range selected for Raman
measurements should ideally encompass the Raman active modes for the chemical
species present. Thus, the spectral range of 70 to 1550 cm™ was used for all Raman

microspectroscopy and Raman microspectroscopic imaging measurements.
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Figure 2.2: Raman spectra showing the presence of the high-pressure, a-PbO,-
structured polymorph TiO,-1I within four grains recovered from the
Carawine spherule layer (CSL, grey), Jeerinah spherule layer (JSL,
brown), Bee Gorge spherule layer (BGSL, green), and Monteville
spherule layer (MSL, black). Raman spectra of anatase (blue), rutile
(red), synthetic TiO,-11 formed under dry, shock-induced conditions[84,
102] (Synthetic TiO.-11*, purple), and synthetic TiO,-11 formed under
hydrothermal, static conditions[78] (Synthetic TiO,-11®, pink) are also
shown. Raman spectrum labeled “Synthetic TiO»-11* is from El Goresy
et al.[84]
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Raman spectra of four TiO,-ll-bearing grains from the four spherule layers—
Carawine spherule layer (CSL), Jeerinah spherule layer (JSL), Bee Gorge spherule
layer (BGSL), and Monteville spherule layer (MSL)—show that the four grains have
different relative concentrations of TiO,-1l (Figure 2.2). The Raman spectra for the
JSL and BGSL samples show more intense and distinct bands at 174 cm™, 286 cm™,
315 cm™, 341 cm™, and 357 cm™ that are characteristic of TiO.-Il, relative to the

respective bands in the Raman spectra for the CSL and MSL samples.

2.4.2 Principal Component Analysis (PCA) and Scanning Electron Microscopy
(SEM)

The spectral features of the TiO,-11-bearing grains suggest a sample matrix
comprised of TiO, polymorphs. In order to get an accurate representation of the
chemical species within the grains, principal component analysis (PCA) was
employed. PCA is a multivariate mathematical technique used for reducing the
dimensionality of data. For Raman microspectroscopic imaging and other
spectroscopic imaging techniques, high volumes of data are accumulated due to the
amount of spectral acquisitions needed to compile an image. PCA is therefore well
suited to reduce the dimensionality of the vast data sets accumulated from Raman
microspectroscopic imaging. In this chapter, PCA is used to reduce a matrix of

hundreds to thousands of data points into several orthogonal principal components.
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Figure 2.3: Principal component analysis (PCA) plot of the scores on the first
principal component (PC 1; 53.60%) and the second principal component
(PC 2; 40.23%).

PCA was used to determine the major chemical components and their
relationships in samples. Furthermore, 3,650 Raman spectra collected from ten total
maps—three of the CSL samples, one of the JSL sample, four of the MSL samples,
and two of the BGSL samples—were normalized, mean-centered, and analyzed using
PCA. The resulting scores on PC1 and PC2 capture 53.60% and 40.23% of variance,

respectively. Comparison of sample locations on a scores-scores plot (Figure 2.3)
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with the appropriate Raman spectra reveals that the grains are comprised mainly of
TiO,-11 (Figure 2.3, top-left vertex), rutile (Figure 2.3, bottom-middle vertex), and
substrate-adhesive epoxy (Figure 2.3, top-right vertex). The dense distribution of
samples along the TiO,-lI1-rutile edge confirms that TiO,-Il and rutile are highly co-
localized within the resolution of the microscope objective. An explanation for this
result would be that rutile is the direct precursor for TiO,-Il, and thus, these chemical
components are spatially related within the grains. The large number of samples along
the substrate-adhesive epoxy—rutile edge indicates a co-localization between these two
chemical components. This is due to the fact that the grains are dominated by rutile,
and thus, the probability of the substrate-adhesive epoxy and rutile being spatially and
spectrally related (i.e., both epoxy and rutile being observed in the chemical maps and
corresponding Raman spectrum) is high. For example, if substrate-adhesive epoxy is
limited to the outside portions of a grain, and rutile is a major component within that
grain, epoxy and rutile will be spatially correlated on the surface of the grain.

In the scores-scores plot (Figure 2.3), TiO,-11 and substrate-adhesive epoxy
groupings are not readily connected. Therefore, TiO,-1l and substrate-adhesive epoxy
are much less correlated because the grains are less dominated by TiO,-Il, resulting in
a much lower probability that TiO,-ll1 and substrate-adhesive epoxy are spatially
associated. Finally, within the rutile grouping, multiple smaller groupings—
manifested as smaller triangular groupings (Figure 2.3, bottom-middle vertex)—are
observed. Two primary factors are responsible for this result. First, other secondary
chemical species (e.g., anatase or quartz) may be present within the grains, and thus,
the smaller groupings within the rutile projection may represent these additional

chemical phases. The reason for these additional chemical phases being present within
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the rutile grouping of the PCA plot (Figure 2.3) is that rutile is present within all
grains; therefore, the probability of the additional chemical species being spatially
associated with rutile is much higher than that of TiO,-1I or substrate-adhesive epoxy.
Secondly, rutile can potentially have differing chemical signatures, in the form of
Raman spectra, based on its geolocation. In this case, the smaller grouping within the
rutile grouping on the PCA plot could represent rutile from one geolocation (i.e., one
spherule layer) versus rutile from a different geolocation. In summary, we used PCA
to identify rutile, TiO,-11 and substrate-adhesive epoxy as the major chemical
components within the grains and to elucidate the relationships amongst these

chemical components.
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Figure 2.4: Backscattered electron (BSE) images of grains (a/b) from the Monteville
spherule layer (MSL). Both grains contain polycrystalline micrometer-
and submicrometer-sized particles of polydispersed sizes and shapes.
Secondary electron (SE) image of the MSL grain is shown in the inset of

(@).
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In order to further investigate the additional chemical components of the
grains, scanning electron microscopy (SEM) was employed. Backscattered-electron
(BSE) images of grains from the MSL (Figures 2.4a and 2.4b) display heterogeneity
with respect to both the size and shape of the polycrystalline particles within them.
The secondary electron (SE) image (Figure 2.4a, inset) displays spherically-shaped
nanometer-sized particles having diameters of ~50 nm, along with larger rod-shaped
particles ranging in size from 100 nm up to 5 um. Moreover, the heterogeneity extends
to larger particles (up to ~10 pm in size) that show rod, square, and spherical shapes.
Since backscattered electrons result from elastic collisions with atoms, differences in
the brightness of particles within a BSE image can deduce differences in the density
and relative weight of the elements within the sample. The heterogeneity of the grains
can thus be observed by the very bright particles accompanied by darker particles.
Although the shapes and sizes of the (sub)micrometer-sized particles can be
determined from BSE and SE imaging, chemical and molecular information about
these particles is less easily determined, especially among materials of the same
elemental composition (i.e., polymorphs of TiO;). Using SEM with energy-dispersive
X-ray spectroscopy (EDS), for example, the spatial distribution of the titanium-
bearing species can be elucidated; however, the distribution of specific TiO,
polymorphs is not readily determined using SEM-EDS. In order to determine the
distribution of chemical species with the same molecular formula, chemical and/or

molecular information, not elemental information, must be collected.
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2.4.3 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS)
Applied to Raman Microspectroscopic Imaging

The Raman spectra of the grains (Figure 2.2) from the four spherule layers
contain overlapping Raman bands. Specifically, rutile and anatase display spectral
overlap with respect to the 143 cm™ (rutile) and 145 cm™ (anatase) bands, and rutile,
anatase, TiO-11, and quartz all show overlapping Raman bands in the 350 to 650 cm™
spectral region. Due to this overlap of Raman bands, the distribution of the individual
chemical components is difficult to determine using univariate methods. Furthermore,
other common examples of interference for which univariate methods cannot
compensate include background fluorescence, blackbody radiation, laser power
fluctuations, loss of focus, sample opacity, optical alignment, sample birefringence,
and samples outside the calibration set. For these reasons, multivariate methods are
employed to determine the chemical components’ spatial distribution and spectral
profile. In this chapter, MCR-ALS applied to Raman microspectroscopic imaging was
utilized for this purpose.

The chemical maps (Figure 2.5a) and corresponding resolved Raman spectra
(Figure 2.5b) of a BGSL grain were generated using MCR-ALS applied to Raman
microspectroscopic imaging of the probed area, outlined in green, in the optical image
(Figure 2.5a). The mean (in black; Figure 2.5b) and standard deviation (+ in red, - in
blue; Figure 2.5b) of the 400 total spectra accumulated over the sample show that
TiO,-11 is the predominant chemical component. This is illustrated by the mean
spectrum displaying high-intensity Raman bands at 174 cm™ and 428 cm™, along with
distinct bands at 151 cm™, 288 cm™, 315 cm™, 340 cm™, 356 cm™, 533 cm™, and 575
cm’, all of which are characteristic of TiO,-11. The mean spectrum also displays bands

representative of rutile (244 cm™, 442 cm™, and 610 cm™) as well as bands indicative
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of substrate-adhesive epoxy (734 cm™, 820 cm™, and 1113 cm™). Using a four
component MCR-ALS model, three chemically meaningful components were
resolved—rutile, TiO-11, and substrate-adhesive epoxy. The first resolved spectrum
(Figure 2.5b) shows major Raman bands at 443 cm™ and 610 cm™ and is thus
identified as rutile. The second resolved spectrum (Figure 2.5b) shows Raman bands
at 151 cm™, 174 cm™, 287 cm™, 315 cm™, 340 cm™, 355 cm™, 427 cm™, 531 cm™, and
570 cm™ that are characteristic of TiO2-11. The third resolved spectrum (Figure 2.5b)
shows major Raman bands at 640 cm™, 734 cm™, 820 cm™, 1113 cm™, and 1185 cm™.
These Raman bands are characteristic of substrate-adhesive epoxy that has major
Raman bands at 640 cm™, 733 cm™, 819 cm™, 1112 cm™, and 1184 cm™. A detailed
characterization of the Raman spectra and vibrational/rotational behavior of epoxy is
given in Lyon et al.[124] and Chike et al.[125].

The spatial distribution of the resolved chemical species (Figure 2.5a) shows
that for the predominant chemical components within the grain, rutile is highly
concentrated towards the top of the grain, whereas TiO,-I1lI is more concentrated
towards the bottom of the grain. Furthermore, rutile and TiO»-1l appear to be spatially
complementary. This is particularly evident towards the middle of the grain, in which
the localized regions of TiO,-1l are adjacent to those of rutile. The substrate-adhesive
epoxy is localized to the outer portions of the grain. This shows that the cross-

sectional surface of the grain is fully exposed with limited coating of epoxy.
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Figure 2.5:

Spatially-resolved chemical maps with corresponding resolved Raman
spectra for a grain from the Bee Gorge spherule layer. The optical
images, with the probed area outlined in green (a), red (c), and yellow
(e), and mean spectrum (black) * one standard deviation (+ in red, - in
blue) are shown for each series of maps. Rutile, TiO,-1l, and substrate-
adhesive epoxy were resolved for each of the three areas outlined in
green (a), red (c), and yellow (e). The maps in (a) and corresponding
resolved spectra in (b) were generated using 20x magnification, whereas
the maps in (c) with corresponding resolved spectra in (d) and the maps
in (e) with corresponding resolved spectra in (f) were both generated
using 100x magnification. Each Raman microspectroscopic imaging
measurement was generated using a 20 x 20 spectral grid. The results in
(a/b, c/d, and e/f) were obtained using a four component MCR-ALS
model, and were generated using 532 nm excitation with 10 mW of laser
power.

The chemical maps (Figure 2.5¢) with their corresponding resolved Raman

spectra (Figure 2.5d) were generated using MCR-ALS applied to Raman

microspectroscopic imaging of the area outlined in red (Figure 2.5c). These results
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were generated using a higher magnification, 100x, to provide a more in-depth
investigation of the chemical components in a region of highly concentrated TiO,-II.
The mean (in black; Figure 2.5d) and standard deviation (+ in red, - in blue; Figure
2.5d) of the collected Raman spectra show Raman bands at 151 cm™, 175 cm™, 288
cm™, 316 cm™, 340 cm™, 357 cm™, 428 cm™, 532 cm™, and 574 cm™, which are all
characteristic of TiO,-11 and thus display the relatively high concentrations of TiO-11
within this region. This result is expected in light of the initial Raman
microspectroscopic imaging results done at 20x magnification (Figures 2.5a and
2.5b). Additionally, the mean (in black; Figure 2.5d) and standard deviation (+ in red,
- in blue; Figure 2.5d) display less intense Raman bands at 241 cm™ and 443 cm™,
showing the presence of rutile within the grains and Raman bands at 640 cm™, 820
cm?, 1113 cm™, and 1185 cm™, showing the presence of epoxy within the probed
area.

From MCR-ALS analysis of the Raman microspectroscopic imaging results
using a four component model, three chemically meaningful components were
resolved—rutile, TiO,-1l, and substrate-adhesive epoxy. In the first resolved spectrum
(Figure 2.5d), Raman bands at 237 cm™, 446 cm™, and 610 cm™, characteristic of
rutile, are observed. In the second resolved spectrum (Figure 2.5d), Raman bands
occur at 151 cm™, 175 cm™, 288 cm™, 316 cm™, 340 cm™, 356 cm™, 413 cm™, 428
cm™, 532 cm™, and 570 cm™; these ten Raman bands are all characteristic of TiO-lI.
In the third resolved spectrum (Figure 2.5d), Raman bands at 640 cm™, 821 cm™,
1113 cm™, and 1185 cm™ show the presence of substrate-adhesive epoxy. The spatial
distribution of the three resolved chemical components (Figure 2.5c) reveals that

TiO,-11 and rutile are complementary phases: TiO»-1l is more localized towards the
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boundaries of the grain, whereas rutile is more limited towards the interior of the
grain. The chemical map of substrate-adhesive epoxy shows that epoxy is mainly
limited to the exterior of the grain and along its boundary.

The chemical maps for the area outlined in yellow (Figure 2.5e) with their
respective resolved spectra (Figure 2.5f) were similarly generated using 100x
magnification to provide more thorough chemical information in this region of highly
concentrated TiO,-Il. Using a four component MCR-ALS model, rutile, TiO»-1l, and
substrate-adhesive epoxy were spatially (Figure 2.5e) and spectrally (Figure 2.5f)
resolved. From the mean (in black; Figure 2.5f) and standard deviation (+ in red, - in
blue; Figure 2.5f) of the Raman microspectroscopic imaging data within this region,
rutile and TiOy-1l are the predominant chemical components. This is evident by
Raman bands at 150 cm™, 175 cm™, 288 cm™, 316 cm™, 340 cm™, 357 cm™, 429 cm™,
533 cm™, and 574 cm™ that are characteristic of TiO2-11 and Raman bands at 240 cm™,
443 cm™, and 611 cm™ that are characteristic of rutile. Furthermore, the Raman bands
at 640 cm™, 819 cm™, 1114 cm™, and 1186 cm™ that are present in the mean spectrum
show that substrate-adhesive epoxy is a primary chemical component within the
probed area. For the three resolved Raman spectra (Figure 2.5f), the rutile component
shows Raman bands at 143 cm™, 238 cm™, 446 cm™, and 611 cm™, the TiO,-II
component shows Raman bands at 151 cm™, 175 cm™, 288 cm™, 316 cm™, 340 cm™,
356 cm™, 413 cm™, 428 cm™, 532 cm™, and 571 cm™, and the substrate-adhesive
epoxy shows Raman bands at 640 cm™, 819 cm™, 1114 cm™, and 1186 cm™. Within
the probed region outlined in yellow (Figure 2.5e), rutile is spatially distributed
throughout this entire portion of the grain and it is not confined to any particular

region of the grain. In contrast, TiO,-1l is more highly confined to the right, boundary
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corner of the grain. Rutile and TiO,-Il are also spatially distributed in a
complementary fashion. The substrate-adhesive epoxy is again limited to the exterior
of the grain, indicating that the grain is fully exposed. In summary, Raman
microspectroscopic imaging with MCR-ALS of a grain from the BGSL using low
(20x) and high (100x) magnification produced chemical maps and corresponding
resolved spectra that indicate the presence of three distinct chemical species: rutile,

TiO,-11, and substrate-adhesive epoxy.
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Figure 2.6: Spatially-resolved chemical maps and resolved Raman spectra generated
using MCR-ALS applied to Raman microspectroscopic imaging of grains
from the BGSL (a/b) and MSL (c/d). The optical images, with locations
of spectral grids outlined in green, and mean spectrum (black) +/- the
standard deviation (+ in red, - in blue) are shown for each series of maps.
Rutile, TiO-11, anatase, and substrate-adhesive epoxy were resolved, in
which the maps in (a) and corresponding resolved spectra in (b) were
generated using 50x magnification, and maps in (c) with corresponding
resolved spectra in (d) were generated using 20x magnification. Each of
the Raman microspectroscopic imaging results was generated using a 15
x 15 spectral grid. The results in (a/b) and (c/d) were obtained using five
and twelve component MCR-ALS models, respectively, and they were
generated using 532 nm excitation with 5 mW of laser power.

The results of Raman microspectroscopic imaging with MCR-ALS of grains
from the BGSL (Figures 2.6a and 2.6b) and MSL (Figures 2.6¢ and 2.6d) are shown.
Using 50x magnification and a 15 x 15 spectral grid, chemical imaging was done of
the area outlined in green in the optical image shown (Figure 2.6a). The mean (in
black; Figure 2.6b) and standard deviation (+ in red, - in blue; Figure 2.6b) of the
measured spectra reveal TiO,-1l is the predominant phase in the probed area, as
evidenced by distinct, high-intensity Raman bands at 149 cm™, 174 cm™, 287 cm™,
315 cm™, 340 cm™, 356 cm™, 428 cm™, 532 cm™, and 573 cm™. Additional Raman
bands of lower intensity are observed in the mean spectrum at 241 cm™, 442 cm™, and
610 cm™, which are characteristic of rutile, as well as at 820 cm™, 1113 cm™, and
1186 cm™, which are characteristic of epoxy. These Raman bands show that within the
probed area (Figure 2.6a), rutile and substrate-adhesive epoxy are present, but in
lower concentrations than TiO,-Il. Using a five component MCR-ALS model, four
chemically meaningful components—rutile, TiO,-1l, anatase, and substrate-adhesive

epoxy—were discerned from the resolved spectra (Figure 2.6b). The first resolved
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spectrum (Figure 2.6b) shows Raman bands at 237 cm™, 446 cm™, and 609 cm™ that
are characteristic of rutile. The second resolved spectrum (Figure 2.6b) shows Raman
bands at 151 cm™, 174 cm™, 287 cm™, 315 cm™, 340 cm™, 356 cm™, 427 cm™, 532
cm™, and 571 cm™, and these nine Raman bands are all characteristic of TiO,-Il. The
third resolved spectrum (Figure 2.6b) shows Raman bands at 143 cm™, 197 cm™, 396
cm™, 514 cm™, and 637 cm™ that are indicative of anatase. The fourth resolved
spectrum (Figure 2.6b) shows Raman bands at 640 cm™, 820 cm™, 1113 cm™, and
1185 cm™ that are characteristic of substrate-adhesive epoxy. The spatial distribution
of these four chemical components (Figure 2.6a) shows that rutile and TiO,-I1 are the
predominant components within the grain, with rutile being highly concentrated in the
outer portion of the grain and TiO-11, in contrast, being highly concentrated in and
near the center of the grain. Furthermore, TiO,-Il and rutile are spatially
complementary. Anatase is localized at a few small regions in the grain. The
distribution of anatase suggests a secondary origin for this chemical component. The
substrate-adhesive epoxy shows a distinct spatial distribution over almost the entire
grain, suggesting that the grain’s surface is not fully exposed.

Using 20x magnification and a 15 x 15 spectral grid, Raman
microspectroscopic imaging was done of the area outlined in green in the optical
image (Figure 2.6¢c). The results of the MCR-ALS applied to Raman
microspectroscopic imaging of this area are shown in terms of chemical maps (Figure
2.6¢) and corresponding resolved spectra (Figure 2.6d). The mean (in black; Figure
2.6d) and standard deviation (+ in red, - in blue; Figure 2.6d) of the measured Raman
spectra reveal that rutile is the predominant phase in the grain, as evidenced by the

most intense Raman bands occurring at 241 cm™, 443 cm™, and 610 cm™. Minor
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Raman bands at 176 cm™, 316 cm™, 341 cm™, and 358 cm™, indicative of TiO,-II and
at 820 cm™, 1113 cm™, and 1185 cm™, indicative of substrate-adhesive epoxy are also
present in the mean spectrum. Thus, the primary chemical components from the mean
and standard deviation of the Raman spectra measured on this grain show the presence
of rutile, TiO2-1l, and substrate-adhesive epoxy. However, using a twelve component
MCR-ALS model applied to the measured Raman spectra, four chemically meaningful
components were identified—rutile, TiO,-1l, anatase, and substrate-adhesive epoxy.
The first resolved spectrum (Figure 2.6d) shows Raman bands at 142 cm™, 243 cm™,
443 cm™, and 608 cm™ that are indicative of rutile. The second resolved spectrum
(Figure 2.6d) shows Raman bands at 150 cm™, 174 cm™, 287 cm™, 314 cm™, 339 cm
1356 cm™, 411 cm™, 426 cm™, 531 cm™, and 571 cm™ that are characteristic of TiO,-
1. The third resolved spectrum (Figure 2.6d) shows Raman bands at 142 cm™, 395
cm™, 516 cm™, and 636 cm™ that are indicative of anatase. The fourth resolved
spectrum (Figure 2.6d) shows Raman bands at 639 cm™, 820 cm™, 1112 cm™, and
1185 cm™ that are characteristic of substrate-adhesive epoxy. Regarding the spatial
distribution of these chemical components (Figure 2.6c), rutile occurs in high
concentrations at virtually all locations within the grain. TiO,-Il is concentrated
towards the left and bottom margins of the grain. Anatase is more localized than the
other chemical species and is spatially distributed mainly towards the bottom portion
of the grain. Substrate-adhesive epoxy is present both exterior to the grain and within

several parts of the grain.
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Figure 2.7: Spatially-resolved chemical maps and corresponding resolved Raman
spectra were generated using MCR-ALS methods applied to Raman
microspectroscopic imaging of a grain from the CSL (a/b). The optical
image, with the spectral grid location outlined in green, and mean
spectrum (black) +/- the standard deviation (+ in red, - in blue) are shown
for the series of maps. Rutile, TiO,-1l, anatase, quartz and substrate-
adhesive epoxy were resolved, in which the maps in (a) and
corresponding resolved spectra in (b) were generated using 50x
magnification and a 20 x 20 spectral grid. The results were obtained
using 532 nm excitation, 10 mW of laser power, and a twenty component
MCR-ALS model.

Raman microspectroscopic imaging with MCR-ALS was also used to analyze
grains from the CSL (Figures 2.7a and 2.7b). Using 50x magnification and a 20 x 20
spectral grid, chemical imaging was done of the area outlined in green in the optical
image (Figure 2.7a). The results of the MCR-ALS applied to Raman
microspectroscopic imaging are shown in terms of chemical maps (Figure 2.7a) and
corresponding resolved Raman spectra (Figure 2.7b). The mean and standard
deviation of the measured spectra reveal Raman bands of high-intensity at 144 cm™,
243 cm™, 443 cm™, and 611 cm™. The high-intensity of the band at 144 cm™ and the
minor Raman band at 513 cm™ indicate the presence of anatase. The Raman bands at
243 cm™, 443 cm™, and 611 cm™ show the presence of rutile. Raman bands of lower
intensity at 174 cm™, 317 cm™, 340 cm™, and 361 cm™ show the presence of TiO,-I1
within the grain, and Raman bands at 640 cm™, 821 cm™, 1113 cm™, and 1186 cm™
show the presence of substrate-adhesive epoxy. Using a twenty component MCR-ALS
model, five chemically meaningful components—rutile, TiO,-1l, anatase, quartz and
substrate-adhesive epoxy—were resolved. The first resolved spectrum (Figure 2.7b)
shows Raman bands at 237 cm™, 443 cm™, and 610 cm™ that are indicative of rutile.

The second resolved spectrum (Figure 2.7b) shows Raman bands at 174 cm™, 286 cm™
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! 314 cm™, 340 cm™, 357 cm™, 424 cm™, 532 cm™, and 569 cm™ that are indicative of
TiO,-11. The third resolved spectrum (Figure 2.7b) shows Raman bands at 145 cm™,
197 cm™, 395 cm™, 514 cm™, and 637 cm™ that are indicative of anatase. The fourth
resolved spectrum (Figure 2.7b) shows Raman bands at 128 cm™, 205 cm™, 263 cm™,
395 cm™, and 464 cm™ that are indicative of quartz. The fifth resolved spectrum
(Figure 2.7b) shows Raman bands at 640 cm™, 822 cm™, 1113 cm™, 1186 cm™, 1230
cm™, 1298 cm™, and 1462 cm™ that are indicative of substrate-adhesive epoxy. The
spatial distribution of the five resolved chemical species (Figure 2.7a) shows that
rutile and anatase are the predominant chemical components within this grain from the
CSL. Rutile is distributed throughout the entirety of the grain, with high
concentrations towards the bottom and upper-right portions of the grain. Anatase is
distributed throughout most of the grain and has five locations of very high
concentration towards the bottom-right portion of the grain. TiO,-11 appears to have a
lower concentration within this grain, with high concentrations complementary to
rutile towards the top and middle portions of the grain. Similarly, quartz appears to
have less of a presence throughout the grain and is distributed in localized areas.
Finally, substrate-adhesive epoxy is distributed not only exterior to the grain but also
within the grain, given that the grain is not fully exposed. Moreover, it can be seen in
the optical image of the grain (Figure 2.7a) that portions of the grain are still covered
by the substrate-adhesive epoxy.

Using 50x magnification and a 20 x 20 spectral grid, Raman
microspectroscopic imaging was done of the area shown in the optical image (Figure
2.8a) of a grain from the MSL. The results of MCR-ALS applied to Raman

microspectroscopic imaging are shown in terms of chemical maps (Figure 2.8a) and
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corresponding resolved Raman spectra (Figure 2.8b). The mean and standard
deviation of the measured Raman spectra show high-intensity Raman bands at 241 cm’
! 444 cm™, and 610 cm™ that are indicative of rutile and at 174 cm™, 285 cm™, 315
cm?, 340 cm™®, 357 cm™®, 429 cm™, and 534 cm™ that are indicative of TiO,-Il. In the
mean spectrum, there are Raman bands of lower intensity at 639 cm™, 822 cm™, 1113
cm™?, and 1187 cm™ that are characteristic of substrate-adhesive epoxy. Therefore,
Raman bands for rutile, TiO,-Il, and substrate-adhesive epoxy were identified from
the mean of the 400 total measured Raman spectra. Using a twenty component MCR-
ALS model, five chemically meaningful components—rutile, TiO,-Il, anatase, quartz

and substrate-adhesive epoxy—were resolved.
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Figure 2.8: Spatially-resolved chemical maps and corresponding resolved Raman
spectra were generated using MCR-ALS methods applied to Raman
microspectroscopic imaging of a grain from the MSL (a/b). The optical
image, with the spectral grid location outlined in green, and mean
spectrum (black) +/- the standard deviation (+ in red, - in blue) are
shown. Rutile, TiO,-1l, anatase, quartz and substrate-adhesive epoxy
were resolved, in which the maps in (a) with corresponding resolved
spectra in (b) were both generated using 50x magnification. The Raman
microspectroscopic imaging measurements were generated using a 20 x
20 spectral grid. The results were generated using 532 nm excitation with
5 mW of laser power, and they were obtained using a twenty component
MCR-ALS model.

The first resolved spectrum (Figure 2.8b) shows Raman bands at 237 cm™,
443 cm™, and 609 cm™ that are characteristic of rutile. The second resolved spectrum
(Figure 2.8b) shows Raman bands at 151 cm™, 173 cm™, 285 cm™, 314 cm™, 339 cm
! 357 cm™, 409 cm™, 423 cm™, 533 cm™, and 565 cm™ that are characteristic of TiO,-
1. The third resolved spectrum (Figure 2.8b) shows Raman bands at 144 cm™, 197
cm™, 514 cm™, and 635 cm™ that are characteristic of anatase. The fourth resolved
spectrum (Figure 2.8b) shows Raman bands at 127 cm™, 206 cm™, 396 cm™, and 464
cm™ that are characteristic of quartz. The fifth resolved spectrum (Figure 2.8b) shows
Raman bands at 640 cm™, 821 cm™, 1002 cm™, 1113 cm™, 1186 cm™, 1229 cm™, 1252
cm™, 1299 cm™, and 1461 cm™ that are characteristic of substrate-adhesive epoxy.

Regarding the spatial distribution (Figure 2.8a) of these identified chemical
species, rutile is distributed throughout the grain in high concentration. TiO,-Il,
anatase, and quartz also appear to be distributed throughout large portions of the grain.
The uppermost portion of the grain displays the main differences in the distribution of
rutile, TiO,-Il, anatase, and quartz. The locations of the highest intensities of TiO,-II

and rutile appear to have a complementary distribution. In terms of high-intensity
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locations, anatase is distributed similarly to TiO,-Il, and quartz is distributed below
the anatase and TiO,-Il locations. Finally, the substrate-adhesive epoxy is distributed
both exterior to the grain and within some portions on the grain, the latter distribution

indicating some epoxy coating of the grain.

2.4.4 Evaluation of Component Selection for MCR-ALS

The effects of increasing the number of components used in MCR-ALS
applied to Raman microspectroscopic imaging were investigated. A Monteville
spherule layer (MSL) grain was used for this investigation, in which the final results of
MCR-ALS applied to Raman microspectroscopic imaging of this MSL grain is shown
(Figures 2.6¢ and 2.6d). Using a four component MCR-ALS model with Raman
microspectroscopic imaging applied to this MSL grain (Figure 2.9) that is estimated
by PCA, rutile (Figure 2.9b) and substrate-adhesive epoxy (Figure 2.9c) were
resolved. Furthermore, TiO,-1l and anatase are both unresolved in this case. The
additional two resolved spectra display initial estimates of the potential presence of
TiO,-1l (Figure 2.9a) and a component indicative of baseline fluctuations (Figure
2.9d). Overall, using a four component MCR-ALS model, only rutile and substrate-

adhesive epoxy were spectrally resolved, whereas TiO,-1l and anatase were not.
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Figure 2.9: Resolved spectra resulting from MCR-ALS applied to Raman
microspectroscopic imaging of a MSL grain. The MCR-ALS model was
built with four components.

The resolved Raman spectra resulting from an eight component MCR-ALS
model (Figure 2.10) show that rutile (Figure 2.10b), substrate-adhesive epoxy
(Figure 2.10c), and TiO,-1l (Figure 2.10d) can be resolved. Anatase cannot be
resolved using an eight component MCR-ALS model. However, the band at 141 cm™
in the resolved Raman spectrum (Figure 2.10e) suggests the potential presence of
anatase. Using an eight component MCR-ALS model, the additional resolved spectra
are attributed to baseline and background interference (Figure 2.10a), fragmentation
of the substrate-adhesive epoxy component into two additional components (Figures

2.10f and 2.10g), and fragmentation of the rutile component—specifically, the 611
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cm™ band in the rutile Raman spectrum—into an additional component (Figure
2.10h). Thus, using the eight component MCR-ALS model, TiO-11 is spectrally

resolved in addition to rutile and substrate-adhesive epoxy, yet anatase is not.
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Figure 2.10: Resolved spectra resulting from MCR-ALS applied to Raman
microspectroscopic imaging of a MSL grain. The MCR-ALS model was

built with eight components.
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MCR-ALS applied to Raman microspectroscopic imaging using a twelve
component model (Figure 2.11) successfully shows the ability to spectrally resolve
rutile (Figure 2.11b), substrate-adhesive epoxy (Figure 2.11c), TiO-1l (Figure
2.11d), and anatase (Figure 2.11e). Due to this twelve component MCR-ALS model
resolving all four chemical species within this MSL grain, this was the final number of
components selected. Moreover, the twelve component MCR-ALS model provides the
most representative resolved Raman spectra for rutile, substrate-adhesive epoxy, TiO,-
I1, and anatase with respect to the Raman spectra of reference materials (Figure 2.1).
Additional components attributed to noise and background/baseline fluctuations
(Figures 2.11g, 2.11i, 2.11j, 2.11k, and 2.11l) are observed. As in the MCR-ALS
model with eight components (Figure 2.10), similar fragmentation of the substrate-
adhesive epoxy (Figures 2.11a and 2.11f) component and the rutile (Figure 2.11h)
component is observed. Therefore, the twelve component MCR-ALS model generated
the most appropriate resolved Raman spectra of the chemical species present within
this MSL sample, whereas MCR-ALS models with fewer components failed to

spectrally resolve and therefore properly identify all chemical species.
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resulting from MCR-ALS applied to Raman

microspectroscopic imaging of a MSL grain. The MCR-ALS model was
built with twelve components.
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2.4.5 Spatial Resolution Enhancements

For the investigation of materials using MCR-ALS applied to Raman
microspectroscopic imaging, high spectral and spatial resolution are desired. However,
maximizing both spectral and spatial resolution can produce expensive, lengthy
analysis times. Moreover, sample defocusing, loss of signal intensity, and background
fluctuations can be observed for these longer analysis times. For most of the Raman
microspectroscopic maps (Figures 2.5-2.7), 400 total Raman spectra were measured,
using a 20 x 20 spectral grid, in ~200 minutes. In order to increase the spatial
resolution of the chemical maps, the total number of Raman spectra collected over the
same probed area was increased to 10,000 using a 100 x 100 spectral grid. These
Raman microspectroscopic maps were collected in ~167 minutes. Overall, the analysis
time and cost of generating chemical maps using MCR-ALS applied to Raman
microspectroscopic imaging was held essentially constant, while the spatial resolution

of the chemical maps was greatly enhanced.
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Figure 2.12: Spatially-resolved chemical maps and resulting Raman spectra of TiO,-11
generated using MCR-ALS applied to Raman microspectroscopic
imaging of a grain from the MSL. The chemical maps and resolved
spectrum shown in (a) were generated using 400 spectra (20 x 20 grid)
obtained with 15 seconds of integration time and one co-average, termed
“high spectral”. The chemical maps and resolved spectrum shown in (b)
were generated using 10,000 spectra (100 x 100 grid) obtained using 1
second of integration time and no co-averages, termed “high spatial”.
The results shown in (a) and (b) were both obtained using 50x
magnification, 532 nm excitation, and a twenty component MCR-ALS
model.

The chemical map of TiO,-Il in a grain from the MSL was used to investigate
the effects of increasing the number of Raman spectra collected while simultaneously
limiting spectral acquisition. Furthermore, the chemical maps and resolved spectrum
(Figure 2.12a) generated using a matrix of 400 total Raman spectra (20 x 20 spectral
grid) with integration times of 15 seconds and one co-average were termed “high
spectral” resolution. The chemical maps and resolved spectrum (Figure 2.12b)

generated using a matrix of 10,000 total Raman spectra (100 x 100 spectral grid) with
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an integration time of 1 second and no co-averages were termed “high spatial” high-
spatial resolution.

The distribution of TiO,-1I in both the “high-spectral” and ‘“high-spatial”
Raman microspectroscopic imaging measurements is represented by both chemical
contour maps and pixelated images to most appropriately exhibit differences in spatial
resolution. Chemical contour maps, traditionally used with MCR-ALS applied to
Raman microspectroscopic imaging, provide a useful representation of the distribution
of chemical species within a sample. Furthermore, chemical contour maps produce a
rendering of the distribution of chemical components with an enhanced spatial
resolution. This enhanced spatial resolution is due to interpolation between respective
contours within the chemical map. Therefore, in order to observe the true spatial
resolution of the Raman microspectroscopic imaging with MCR-ALS measurements,
pixelated images are also shown (Figure 2.12). Each pixel is representative of a single
Raman spectrum, and thus, the “high-spectral” measurements (Figure 2.12a) are 20 x
20 pixels, whereas the “high-spatial” measurements (Figure 2.12b) are 100 x 100
pixels. This pixelated image shows the true spatial resolution of both measurements.

The ‘“high-spectral” chemical maps (Figure 2.12a) show that TiO,-Il is
distributed throughout almost all of the grain, including the upper right and lower
portions of the grain where this component is most highly concentrated. For the
corresponding resolved spectrum (Figure 2.12a), the Raman bands at 151 cm™, 173
cm?, 285 cm™, 314 cm™, 339 cm™, 357 cm™, 409 cm™, and 533 cm™ are in agreement
with those of synthetic TiO,-II that occur at 152 cm™, 174 cm™, 286 cm™, 315 cm™,
341 cm™, 357 cm™, 412 em™, and 531 cm™. These Raman spectra do show slight

differences in bands assigned to TiO,-II with the resolved “high spectral” Raman
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spectrum showing bands at 422 cm™ and 561 cm™, whereas the Raman spectrum for
synthetic TiO,-II (Figure 2.1d) shows bands at 426 cm™ and 572 cm™. However, the
spectral shapes agree well, and thus, TiO,-Il can be identified as a chemical
component using this resolved “high spectral” Raman spectrum (Figure 2.12a) and its
distribution can be subsequently produced.

The “high-spatial” chemical maps (Figure 2.12b) show that TiO-Il is
distributed throughout most of the grain, including localized areas of this component
in the upper-right and lower-left portions of the grain. The distribution of TiO-11 is
much more resolved in the “high-spatial” chemical maps, in which high
concentrations of TiO,-II are observed as small as ~2 pum in size. For the
corresponding resolved “high spatial” Raman spectrum (Figure 2.12b), the Raman
bands at 155 cm™, 173 cm™, 286 cm™, 314 cm™, 339 cm™, 356 cm™, 424 cm™, and
531 cm™ are in agreement with those of synthetic TiO,-11 at 152 cm™, 174 cm™, 286
cm™, 315 cm™, 341 cm™, 357 cm™, 426 cm™, and 531 cm™. However, the band at 412
cm™ in the Raman spectrum of synthetic TiO2-1I was not resolved in the “high-spatial”
Raman spectrum. Furthermore, the higher frequency TiO,-11 band occurs at 572 cm™
in the Raman spectrum of synthetic TiO,-1l and at 565 cm™ in the resolved “high-
spatial” Raman spectrum. The spectral shapes of these two Raman spectra are
consistent, but for the resolved ‘“high-spatial” Raman spectrum, the 155 cm™ and 173
cm™ bands are merging and the 400-500 cm™ bands are less distinct than the
corresponding bands in the Raman spectrum of synthetic TiO,-Il. Overall, with 25x
more Raman spectra acquired over the same area of the grain using limited spectral

acquisition parameters, the spatial resolution of the Raman microspectroscopic
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imaging can be increased in comparable analysis times and is sufficient to identify

TiO-1l.

2.4.6 Estimated Raman Spectrum of Pure TiOg-11

Synthetic TiO,-11, formed under hydrothermal, static conditions[78], was
investigated using two excitation wavelengths with varying laser power. Raman
spectra collected using 785 nm excitation and laser powers of 1, 10, 25, 50, and 100
mW are shown (Figure 2.13a). At low power, the Raman spectra show 12 bands in
the range of 150 cm™ to 610 cm™. With increasing laser power, the Raman bands
show the following changes: the 150 cm™ and 175 cm™ bands merge into one band
centering at 168 cm™, the bands in the 289 cm™ to 357 cm™ region broaden while
changing relative intensity, the three bands in the 412 cm™ to 443 cm™ region merge
into one centering at 414 cm™, and the three bands from 534 cm™ to 610 cm™ broaden
and merge to form two bands at 532 cm™ and 564 cm™. Similarly, Raman spectra
collected using 532 nm excitation and laser powers of 0.2, 2, 5, 10, and 20 mW are
shown (Figure 2.13b). At low power, the Raman spectra show 13 bands in the range
of 150 cm™ to 610 cm™. With increasing laser power, the Raman bands show the
following changes: the bands at 150 cm™ and 175 cm™ merge, the bands in the 289
cm™ to 357 cm™ region broaden while changing relative intensity—specifically, the
340 cm™ and 357 cm™ bands merge and change in relative intensity—the four bands
in the 412 cm™ to 455 cm™ region form two bands at 424 cm™ and 440 cm™, and the
three bands from 534 cm™ to 610 cm™ broaden and become less distinguishable. For
both excitation wavelengths, increasing the laser power causes broadening, relative
intensity changes, and merging of bands within the 150 to 610 cm™ spectral range in

the Raman spectra for this sample of synthetic TiO,-1l. Spektor et al. demonstrated
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that changes similar to these were due to heating of the TiO,-Il and they were

reversible.[78]

71



Figure 2.13:
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Raman spectra from synthetic TiO2-1l using 785 nm excitation with a
laser power of 1 to 100 mW (a) and 532 nm excitation with a laser
power of 0.2 to 20 mW (b). In (c), an estimated Raman spectrum (in
black) for pure TiO2-11 is compared with a Raman spectrum (in pink)
for synthetic TiO2-II.
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The excitation wavelength and laser power used during spectral acquisition
clearly affect the resulting Raman spectrum of TiO,-Il (Figures 2.13a and 2.13b). An
estimated Raman spectrum of pure TiO,-1l thus should be compared to the Raman
spectrum of synthetic TiO,-1l at an analogous excitation wavelength and laser power.
A Raman spectrum for pure TiO,-1l was estimated using the resolved Raman
spectrum for the TiO,-11 chemical component generated from MCR-ALS applied to
Raman microspectroscopic imaging measurements. In total, resolved Raman spectra
from nineteen Raman microspectroscopic imaging measurements—which produced
7,075 Raman spectra—on unique portions of six TiO,-1l-bearing grains were used to
generate the estimated Raman spectrum of pure TiO,-1l. Furthermore, MCR-ALS
models were built using 20 component models to ensure no other chemical species
were present within the resolved Raman spectrum other than TiO,-Il. Thus, nineteen
resolved Raman spectra of pure TiO,-1l were generated using MCR-ALS, and the
average of these spectra was used to generate the Raman spectrum of pure TiO,-Il.

The estimated Raman spectrum of pure TiO-11 (in black in Figure 2.13c)
shows bands at 151 cm™, 173 cm™, 286 cm™, 315 cm™, 340 cm™, 356 cm™, 412 cm™,
425 cm™, 531 cm™, and 571 cm™. For comparison, a Raman spectrum of synthetic
TiO2-11 (in pink in Figure 2.13c) was collected using 532 nm excitation and a laser
power of 10 mW, and this spectrum shows bands at 152 cm™, 174 cm™, 286 cm™, 315
cm™, 341 cm™, 357 em™, 412 cm™, 426 cm™, 443 cm™, 531 cm™, 572 cm™, and 609
cm™. The spectral shape of the estimated Raman spectrum of pure TiOx-1l is very
similar to that of synthetic TiO,-Il, with the most intense bands being at 173/174 cm™
and 425/426 cm™. The Raman spectrum for synthetic TiO,-1l shows bands at 443 cm™

and 609 cm™ that are not present in the estimated Raman spectrum of pure TiO-ll.
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These two bands may be representative of rutile, the precursor phase of TiO,-Il in this
sample. The estimated Raman spectrum of pure TiO,-11 generated from MCR-ALS
applied to Raman microspectroscopic imaging contains ten bands in the region of 150
cm™ to 600 cm™, and this Raman spectrum can be used to facilitate the identification

of TiO,-11 within complex materials.

2.4.7 Geologic Importance of Characterizing the TiO,-11-Bearing Grains using
MCR-ALS Applied to Raman Microspectroscopic Imaging

The identification of chemical species within complex geological materials can
be accomplished with limited sample preparation in a non-destructive, non-invasive
manner using Raman microspectroscopic imaging with multivariate analysis
techniques. Raman microspectroscopic imaging with MCR-ALS is an excellent tool
for the discovery and characterization of fine-grained shock-metamorphosed materials.
The global supply (n = 34) of documented TiO,-1l-bearing grains from the CSL, JSL,
BGSL, and MSL is still quite small[88], but hundreds to thousands of such grains
should be recoverable from these layers using greater amounts of sample material.
Detailed characterization of the distribution of chemical species in the TiO,-11-bearing
grains can provide insight into the mechanisms of formation of TiO,-Il. For example,
in highly shock-metamorphosed gneiss clasts from impact breccia at the Ries impact
structure, Germany, TiO,-I1 occurs along the outer margins of the rutile grains that are
enclosed within biotite, and the TiO,-11 is interpreted as having formed by direct phase
transition from rutile during shock compression.[84] In moderately shock-
metamorphosed gneiss clasts from impact breccia at the Xiuyan crater, China, some of
the TiO,-11 occurs as irregular layers, commonly <1.5 pum in width, along fractures

and cracks within the precursor rutile grains.[86] The TiO,-II in this context may have
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formed during the decompression stage at elevated shock temperatures.[86] Although
the number of TiO,-ll-bearing grains used in our study is limited, chemical maps for
the five grains (Figures 2.5-2.8 and 2.12) show differences in the distribution and
relative concentration of TiO,-1l in these grains. For the two grains from the BGSL,
TiO2-11 is widely distributed in the first grain (Figure 2.5a), whereas TiO,-1l is more
highly concentrated in the interior of the second grain (Figure 2.6a). For the two
grains from the MSL, TiO,-Il is more concentrated near the margins of the first grain
(Figure 2.6c), whereas TiO,-11 occurs more widely within the second grain (Figure
2.12). In contrast to these four grains, in the grain from the CSL (Figure 2.7a), TiO-11
shows a more localized distribution and lower overall concentrations. Our results
demonstrate that differences in the distribution and concentration of TiO,-1l are
revealed in a limited number of grains using Raman microspectroscopic imaging with
MCR-ALS. Future studies of tens to hundreds of TiO,-11-bearing grains from these
layers using these methods should allow a more complete characterization of the
chemical species, including TiO,-11, within these grains. These results should be
useful in determining the mechanism(s) of formation of the TiO,-1l, as well as
evaluating the potential of these grains to serve as a tool to shed light on the
paleodistances of the layers from their source craters and to test the proposed
correlation[97] of the CSL, JSL, and MSL.

Raman microspectroscopic imaging with MCR-ALS also provided information
concerning the detection and distribution of anatase and quartz within these TiO,-II-
bearing grains (Figures 2.6 and 2.7). In the study of TiO,-Il within the Chesapeake
Bay impact structure, USA, it was suggested that both rutile and anatase were

precursor phases for some of the TiO,-11.[85] For our TiO,-11-bearing grains, however,
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Raman microspectroscopic imaging with MCR-ALS shows that the distributions of
rutile and TiO,-1l are highly complementary, suggesting that rutile is the direct
precursor phase for TiOy-11.

Raman microspectroscopic imaging with MCR-ALS did not detect coesite or
stishovite, high-pressure polymorphs of SiO,, in these TiO,-1l-bearing grains, in
agreement with the results of Smith et al.[88] Our results therefore suggest that
anatase and quartz are secondary phases formed after the deposition of the spherule

layers.

2.5 Conclusions

Multivariate analysis methods, including MCR-ALS, in conjunction with
Raman microspectroscopic imaging have offered unique advantages to investigating
TiO,-l1-bearing grains as compared to univariate analysis methods. With high spectral
overlap observed in the Raman spectra of TiO, polymorphs (rutile, anatase, and TiO,-
I1), SiO, polymorphs (quartz), and substrate-adhesive epoxy, the determination of the
individual chemical species’ spatial distribution using univariate methods is a
challenging task. Using MCR-ALS, however, resolved Raman spectra and spatial
distributions of these chemical components were determined. Thus, MCR-ALS
allowed for the resolution of chemical maps of all species present within the TiO,-11-
bearing grains, whereas univariate methods cannot due to the spectral overlap.
Additionally, MCR-ALS allowed for the identification of minor chemical species
within the grains. MCR-ALS generated the resolved Raman spectra of minor chemical
phases, including anatase and quartz, and using this resolved spectrum, proper

identification of the chemical component was achieved. Subsequent to identification,
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MCR-ALS also provides the spatial distribution of the minor chemical species present,
allowing for accurate chemical maps to be determined. Using univariate methods,
misidentification could potentially occur if the spectral overlap is significant enough,
and even when identification is successful, the distribution still may be indeterminable
due to this overlap. MCR-ALS also allows for the identification of chemical
components embedded within low signal to noise spectra. Specifically, in the low
signal to noise data we present, no reliable chemical map could be constructed using
univariate methods; however, MCR-ALS resolved reasonable chemical maps and
constituent spectra of quality comparable to that from high signal to noise data.
Overall, MCR-ALS applied to Raman microspectroscopic imaging allowed for
spatially-resolved chemical maps and resolved Raman spectra to be determined even
with high spectral overlap present, and allowed for the investigation of minor chemical
species within the sample.

Raman microspectroscopic imaging with MCR-ALS shows that the TiO,-1I-
bearing grains consist primarily of rutile and TiO»-Il, confirming the results of Smith
et al.[88] PCA yields a predominantly three-phase system comprised of rutile, TiO-11,
and substrate-adhesive epoxy. BSE and SE images show the grains to be
heterogeneous and to consist of polydispersed, micrometer- and submicrometer-sized
particles. Using MCR-ALS applied to Raman microspectroscopic imaging, we
generated spectral profiles and spatially-resolved chemical maps of up to five distinct
chemical species—rutile, TiO,-Il, anatase, quartz, and substrate-adhesive epoxy—for
these grains. The spatial resolution of the Raman microspectroscopic maps was
increased in cost-effective analysis times by limiting spectral resolution and

optimizing spectral acquisition. Using MCR-ALS applied to Raman
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microspectroscopic imaging, we estimated a Raman spectrum for pure TiO,-Il that
can be used to facilitate the identification of TiO,-Il within complex materials. This
Raman spectrum contains the following ten bands in the region of 150 cm™ to 600 cm’
© 151 cm™, 173 cm™, 286 cm™, 315 cm™, 340 cm™, 356 cm™, 412 cm™, 425 cm™, 531
cm?, and 571 cm™. To our knowledge, this is the first report of an estimated Raman
spectrum for pure TiO.-1l. Raman microspectroscopic imaging with MCR-ALS
revealed differences in the distribution of TiO-1l1 even within a limited number of
TiO,-11-bearing grains. Using these methods, future studies of tens to hundreds of
TiO,-11-bearing grains from these spherule layers should help to elucidate the
formative mechanism(s) of TiO-ll in these grains and to better understand the
formation of these layers. Our results suggest that rutile is the direct precursor of TiO,-
Il in these grains and that anatase and quartz are secondary phases. The methodology
we used to investigate these TiO,-ll-bearing grains should be applicable for the
investigation of other high-pressure polymorphs, e.g., coesite, in shock-

metamorphosed materials.
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Chapter 3

HIGH SPECTRAL AND HIGH SPATIAL RESOLUTION RAMAN
MICROSPECTROSCOPIC IMAGING OF THE HIGH-PRESSURE
POLYMORPH, TiO,-1I: PROVIDING DATA SETS FOR MULTIVARIATE
AND CHEMOMETRIC ANALYSIS

3.1 Abstract

The recent identification of the high-pressure, a-PbO,-structured polymorph of
titanium dioxide, TiO,-Il, in grains recovered from four Neoarchean spherule layers
has provided physical evidence to further support an impact origin of these layers.
Smith et al. (2017) investigated these TiO,-ll-bearing grains using Raman
microspectroscopic imaging with multivariate curve resolution-alternating least
squares (MCR-ALS) to spatially and spectrally resolve the individual chemical species
within the grains. In this chapter, we provide an analysis of high spectral and spatial
resolution Raman microspectroscopic imaging data collected on the TiO,-ll-bearing
grains and offer a discussion of the importance of this Raman microspectroscopic
imaging data to the scientific community. Moreover, in this chapter, we provide
chemical maps, chemical images and Raman spectra of rutile, TiO,-11, anatase, quartz,
and substrate-adhesive epoxy that were resolved using MCR-ALS applied to the
Raman microspectroscopic imaging data. The results of Raman microspectroscopic

imaging—collected using both high spectral resolution and high spatial resolution—
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provide a myriad of opportunities for the scientific community in wide ranging

applications, including the chemical imaging and chemometric disciplines.

3.2 Introduction

Titanium dioxide (TiO,) is extensively utilized in a variety of applications,
ranging from photocatalysis to water splitting reactions.[67, 68, 70] Rutile, anatase,
and brookite are the main natural TiO, polymorphs, with rutile being most
abundant.[71] Five high-pressure polymorphs of TiO, exist.[76, 77] A primary focus
of this chapter is the orthorhombic, a-PbO,-structured high pressure polymorph,
termed TiO,-Il, which has recently gained momentum due to its stability at ambient
pressure and temperature.[78]

Natural TiO.-1l has been documented in both ultrahigh-pressure
metamorphic[80-83] and shock-metamorphosed[84-87] materials. Recently, shock-
metamorphosed grains containing rutile and TiO,-Il have been documented from four
Neoarchean spherule layers—Carawine spherule layer (CSL), Jeerinah spherule layer
(JSL), Monteville spherule layer (MSL), and Bee Gorge spherule layer (BGSL)—
deposited between ~2.65 and ~2.54 billion years ago.[88] These grains, which provide
unambiguous physical evidence to further support an impact origin for these
layers[88], comprise the samples for this study.

Raman microspectroscopic imaging is employed in various research areas,
including biological and materials sciences.[65, 105-108] Multivariate analysis
methods, including MCR-ALS, applied to Raman microspectroscopic imaging can
provide spatially resolved chemical images and spectra of the individual chemical

species within a sample.[50, 53-55, 65] Recently, Smith et al. were the first to employ
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Raman microspectroscopic imaging with MCR-ALS to determine the distribution of
TiO2-11 in these shock-metamorphosed grains, in which spectral profiles and spatially-
resolved chemical maps of rutile, TiO,-ll, anatase, quartz, and substrate-adhesive
epoxy were generated at different spatial resolutions.[51]

In this chapter, we present the Raman microspectroscopic imaging data
collected on the TiO,-ll-bearing grains using both high spectral and high spatial
resolution and the results of MCR-ALS applied to this Raman microspectroscopic
imaging data on a selected grain from the MSL. We offer a detailed comparison
between high spectral and high spatial resolution imaging data, and a discussion of the

data’s importance to the scientific community.

3.3 Materials and Methods

3.3.1 Sample Preparation

Uncoated, polished grain mounts of selected TiO,-Il1-bearing grains identified
by Smith et al.[88] were made. Moreover, surface outcrop samples (~kg-sized
samples) of the four spherule layers—Carawine spherule layer (CSL), Jeerinah
spherule layer (JSL), Bee Gorge spherule layer (BGSL), and Monteville spherule layer
(MSL)—were trimmed, rinsed with water, and dried for at least 12 hours at 60-70 °C.
Due to these samples having a high carbonate content, acid digestion with
hydrochloric acid (Fisher Scientific, 12.1 N) at ~60 °C was performed. The pH of the
solution was subsequently neutralized by dilution with water. The acid-insoluble
residues were wet sieved and ultrasonically agitated, resulting in the collection of five

size fractions: <38 um, 38-63 um, 63-125 um, 125-250 um, and >250 um. Heavy
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liquid (p = 2.96 g/cm®) separation of the 63-125 um size fractions was performed with
1,1,2,2-tetrabromoethane (Fisher Scientific, 99 %), and the resulting heavy mineral
separates were collected (Whatman filter paper, 11 um pore size) and rinsed with
acetone (Fisher Scientific, 99%). Grains were subsequently fixed to a glass slide
(Fisher Scientific, 25.4 mm diameter x 1.0 mm thick) using epoxy (Buehler), and
polished to expose the grains. Details of locations, lithologies, and preparation are

given in Smith et al.[88]

3.3.2 Scanning Electron Microscopy (SEM)
Backscattered electron (BSE) images, collected using an FEI Quanta 450 FEG
scanning electron microscope operated at 10-30 kV and low vacuum, were obtained

for TiO,-11-bearing grains in the polished grain mounts.

3.3.3 Raman Microspectroscopic Imaging

A Senterra Raman spectrometer (Bruker Optics, Massachusetts, USA) coupled
to a BX-51 microscope (Olympus, New York, USA) was used for all Raman
microspectroscopic imaging measurements. A 532 nm laser excitation source was
focused onto the sample using objective lenses (Olympus, New York, USA). The
objective lenses, with numerical apertures (NA) listed, were 20x (0.40 NA), 50x (0.75
NA), and 100x (0.80 NA) magnification, which yield a laser spot size of 5 um, 2 um,
and 1 pm in diameter, respectively. Scattered light from the sample was collected by
the objective lens, dispersed by a 1200 grooves/mm grating, and detected by a charge-
coupled device (CCD) detector (Bruker Optics, Massachusetts, USA)
thermoelectrically-cooled to — 65 °C. A constant laser power of 2 to 10 mW was used.

Integration times of 1 to 15 seconds with 0 to 3 co-averages were used. Background

82



measurements equal to the respective integration time were acquired for each
measurement. In total, the collection time for each Raman spectrum was ~6 to 90
seconds. A spectral region of 70-1550 cm™, covered under one grating position, was
used for all measurements. Excitation wavelength and wavenumber calibration were
internally performed using a neon lamp prior to each measurement. Ultimately, the
spectral resolution of each Raman spectrum was 3 to 5 cm™.

Raman microspectroscopic imaging data was generated using rectangular grids
with assigned size and locations for the collection of Raman spectra based on the
dimensions of the grain being analyzed. The step size between collected Raman
spectra within a spectral grid was ~1 to 4 um. Spectral grids consisting of 15 by 15
(225 total), 20 by 20 (400 total), and 100 by 100 (10,000 total) Raman spectra were
generated. The lateral and horizontal motion was controlled using a motorized stage,
and the height above the sample was held constant for all measurements.

Data collected using “high spectral” resolution were generated using typically
400 total Raman spectra (20 by 20 spectral grid) with 10 seconds of integration time
and 3 co-averages. Using this methodology, the total analysis time is ~200 minutes.
For “high spatial” resolution data, 10,000 total Raman spectra (100 by 100 spectral
grid) were collected over the same area with typically 1 second of integration time and
no co-averages. Using this methodology, the total analysis time is ~167 minutes.
Furthermore, the “high spectral” resolution chemical maps and resolved spectra shown
in this chapter were generated using 400 total Raman spectra (20 by 20 spectral grid)
with integration times of 15 seconds. The “high spatial” chemical maps and resolved
spectra shown in this chapter were generated using 10,000 total Raman spectra (100

by 100 spectral grid) with an integration time of 1 second and no co-averages.
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3.3.4 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALYS)
MCR-ALS[53, 55, 61, 113] is used to resolve the spatial and spectral

information about unique components that are imbedded in a hyperspectral image. A
significant advantage of MCR-ALS is that prior information about the sample is not
essential. MCR-ALS resolves an experimental data matrix, D, using:

D=CST+E (3.1)
where C is the concentration profile matrix of each chemical component, S is the
resolved spectra matrix, and E is the error matrix. The number of components
contributing to D can be determined by prior knowledge of the system, principal
component analysis (PCA), or other multivariate techniques. The calculation and
iterative optimization of C and S" by ALS is subsequently performed after an initial
estimation of S. Constraints of non-negative concentrations and non-negative spectral
intensity are often employed during ALS to help guide solutions to the true value.
Convergence is achieved by applying Eq. (3.2) and Eq. (3.3) in an alternating fashion
to the updated estimates of C and S, dgnoted as C and §, respectively:

=D/ e (32)
¢=D5/ (33)

In the current study, MCR-ALS is applied to the experimental data matrix, D,
containing the spatial and spectral information. Each row of D is the intensity at
various wavenumbers. The number of components was selected prior to the ALS step
using initial estimations from PCA. When the model derived from these initial
estimations did not suffice, the number of components was optimized by comparison
of the resolved spectra in S with Raman spectra of appropriate reference materials.

Therefore, the number of selected components was increased until the resolved spectra
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were sufficiently comparable to the Raman spectra of respective reference materials.
The MCR-ALS results shown in this chapter were generated using twenty-component
models. Initial estimates of spectra for ALS were determined by distance criteria, in
which the first spectrum for initialization was selected to be furthest from the mean.
Moreover, subsequent spectra were selected to be furthest from the mean and all prior
selected samples. The constraints of non-negative concentration and non-negative
spectral intensity were applied, and a 0.01% convergence was used.

All MCR-ALS results were generated in Matlab 7.12 (Mathworks) with the
PLS toolbox (Eigenvector Research Inc.). The final concentration profile matrix, C,
contains each chemical component’s concentration profile, and each column in C thus
corresponds to a component. Chemical maps are subsequently reconstructed from C
using Matlab with the PLS Toolbox. OriginPro (Origin Lab v9.1 Pro) was used for
visualization of the chemical maps, as shown in the respective MCR-ALS figures. The
chemical maps are presented in terms of percent spectral contributions to investigate
the relative magnitude of the chemical species within a sample. Furthermore, this
percent spectral contribution is based on the chemically meaningful species within the
sample. For example, if six chemically meaningful species are identified within a
sample, each chemical map generated is the concentration matrix, C, of the respective
chemical species divided by the summation of six total chemical species’
concentration matrices. In the resolved spectra matrix, S, each row contains the
resolved spectrum. The entire spectral range, 70-1550 cm™, was used for MCR-ALS
analysis. No preprocessing was performed prior to analysis by MCR-ALS. The

graphical representations of the individual spectra were generated using OriginPro.

85



3.4 Results and Discussion

3.4.1 Raman Microspectroscopy with High Spectral and High Spatial
Resolution

Raman microspectroscopy was recently employed to document TiOy-lI-
bearing grains recovered from the CSL, JSL, BGSL, and MSL.[88] Subsequently,
detailed characterization, including chemical imaging and spectroscopic probing, of
the TiO,-Il and the additional chemical species within these grains was performed
using Raman microspectroscopic imaging with multivariate analysis methods.[51] In
this chapter, Raman microspectroscopy (Figure 3.1) and Raman microspectroscopic
imaging (Figures 3.2 and 3.3) were used to investigate TiO,-ll-bearing grains
recovered from the four spherule layers using both “high spectral” and “high spatial”
resolution. Moreover, here we present the results of MCR-ALS applied to the Raman
microspectroscopic imaging data of a selected grain from the MSL. This chapter thus
provides the results of MCR-ALS using both “high spectral” resolution (Figure 3.2)
and “high spatial” resolution Raman microspectroscopic imaging (Figure 3.3).

Raman microspectroscopy was employed on selected locations of the MSL
grain in order to gain an initial estimation of the chemical species present.
Backscattered electron (BSE) images (Figure 3.1A) show that the selected MSL grain
contains polydispersed sized particles with varying shapes. Furthermore, these
particles are polycrystalline, and are micrometer and sub-micrometer in size. Raman
spectra (Figure 3.1B and 3.1C) and their corresponding locations (Figure 3.1A) on
the grain are displayed. For the Raman spectra collected with “high spectral”

resolution (Figure 3.1B), rutile, TiO,-Il, quartz, and substrate-adhesive epoxy are
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identified. Anatase, due to the intensity of the 145 cm™ band (Figure 3.1B, spectra
#3), may be present within the sample. Similarly, for the Raman spectra collected with
“high spatial” resolution (Figure 3.1C), rutile, TiO-1l, quartz, and substrate-adhesive
epoxy are identified, and anatase is again potentially present within the sample due to

the intense 145 cm™ Raman band.
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Figure 3.1: Backscattered electron (BSE) image (A) of a selected MSL grain. Raman
spectra acquired with high spectral resolution (B) were collected at the
corresponding numbered locations shown in blue (A). Raman spectra
acquired with high spatial resolution (C) were collected at the
corresponding numbered locations shown in red (A).

3.4.2 High Spectral Resolution Raman Microspectroscopic Imaging with
Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS)

MCR-ALS applied to the Raman microspectroscopic imaging data collected on
the MSL grain with “high spectral” resolution (Figure 3.2) results in chemical maps,
pixel-by-pixel chemical images, and resolved Raman spectra of rutile, TiOx-Il,
anatase, quartz, and substrate-adhesive epoxy. The resolved Raman spectra generated
from MCR-ALS confirm the presence of these five chemical species. Furthermore, the

first resolved Raman spectrum (Figure 3.2B) displays bands at 237 cm™, 443 cm™,
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and 609 cm™ that are indicative of rutile. The second resolved Raman spectrum
(Figure 3.2C) displays bands at 151 cm™, 173 cm™, 285 cm™, 314 cm™, 339 cm™®, 357
cm™, 409 cm™, 423 cm™, 533 cm™, and 565 cm™ that are indicative of TiO,-1l. The
third resolved Raman spectrum (Figure 3.2D) displays bands at 144 cm™, 197 cm™,
514 cm™, and 635 cm™ that are indicative of anatase. The fourth resolved Raman
spectrum (Figure 3.2E) displays bands at 127 cm™, 206 cm™, 396 cm™, and 464 cm™
that are indicative of quartz. Finally, the fifth resolved Raman spectrum (Figure 3.2F)
displays bands at 640 cm™, 821 cm™, 1002 cm™?, 1113 cm™, 1186 cm™, 1229 cm™,
1252 cm™, 1299 cm™, and 1461 cm™ that are indicative of substrate-adhesive epoxy.
The distributions of these five chemical components are also generated using
the “high spectral” resolution Raman microspectroscopic imaging data with MCR-
ALS. Moreover, the Raman microspectroscopic imaging data generated using “high
spectral” resolution contains the 400 total Raman spectra collected within the given
probed area (Figure 3.2A). Using a twenty component MCR-ALS model in
conjunction with this “high spectral” resolution data, the distributions of rutile, TiO,-
Il, anatase, quartz, and substrate-adhesive epoxy are resolved. Specifically, rutile is
primarily distributed throughout the grain, and TiO,-1l is distributed in a
complementary fashion to rutile. Anatase is localized in the grain, and quartz is
primarily distributed on the outer portions of the grain. Finally, substrate-adhesive
epoxy is located primarily outside of the grain boundaries. These distributions can be
observed in both the chemical maps and the pixel-by-pixel chemical images in Figure

3.2.
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Figure 3.2: Spatially-resolved chemical maps, spatially-resolved pixel-by-pixel
chemical images, and resolved Raman spectra of rutile (B), TiO»-1l (C),
anatase (D), quartz (E), and substrate-adhesive epoxy (F) generated using
MCR-ALS applied to Raman microspectroscopic imaging. The
backscattered electron (BSE) image (A), optical image (A), and mean
spectrum (black, A) +/- the standard deviation (+ in red, - in blue; A) are
shown. Raman microspectroscopic imaging results were generated using
532 nm excitation and a 20 by 20 spectral grid.

3.4.3 High Spatial Resolution Raman Microspectroscopic Imaging with MCR-
ALS

MCR-ALS applied to the Raman microspectroscopic imaging data collected on
the MSL grain with “high spatial” resolution (Figure 3.3) results in chemical maps,
pixel-by-pixel chemical images, and resolved Raman spectra for rutile, TiO-Il,
anatase, quartz, and substrate-adhesive epoxy. The presence of these five chemical
species is confirmed by the resolved Raman spectra. Moreover, the first resolved
Raman spectrum (Figure 3.3A) displays bands at 237 cm™, 437 cm™, and 605 cm™
that are indicative of rutile. The second resolved Raman spectrum (Figure 3.3B)
displays bands at 173 cm™, 286 cm™, 314 cm™, 339 cm™, 356 cm™, 423 cm™, 531 cm
! and 569 cm™ that are indicative of TiOx-1l. The third resolved Raman spectrum
(Figure 3.3C) displays bands at 146 cm™, 199 cm™, 401 cm™, 513 cm™, and 638 cm™
that are indicative of anatase. The fourth resolved Raman spectrum (Figure 3.3D)
displays a band at 465 cm™ that is indicative of quartz. The fifth resolved Raman
spectrum (Figure 3.3E) displays bands at 640 cm™, 820 cm™, 1002 cm™, 1113 cm™,
1185 cm™, 1230 cm™, 1248 cm™, 1298 cm™, and 1458 cm™ that are characteristic of
substrate-adhesive epoxy.

The resolved spectrum for quartz (Figure 3.3D) also displays large, broad

bands at 376 cm™ and 965 cm™ that are attributed to baseline fluctuations and
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background interference effects. With the limited spectral acquisition parameters in
the “high spatial” resolution measurements (i.e., 1 second integration times and no co-
averages), it is more difficult to resolve the minor chemical phases. Furthermore,
although the spatial resolution is increased in these “high spatial” resolution Raman
microspectroscopic imaging measurements, the spectral intensity and signal-to-noise
ratio can be lower, and in turn, resolving chemical species spectrally can be more
difficult.

The distributions of these five chemical components are also generated using
the “high spatial” resolution Raman microspectroscopic imaging data with MCR-ALS.
This “high spatial” resolution Raman microspectroscopic imaging data consists of
10,000 total Raman spectra collected within the given probed area (Figure 3.2A). By
applying a twenty component MCR-ALS model to this “high spatial” resolution
Raman microspectroscopic imaging data, the distributions of rutile, TiO,-11, anatase,
quartz, and substrate-adhesive epoxy are resolved. The “high spatial” resolution
Raman microspectroscopic imaging data produces a more refined distribution of the
chemical species present, which is especially noticeable in the pixel-by-pixel chemical
images (Figure 3.3). Specifically, rutile is located throughout the entire grain, whereas
TiO2-11 is distributed in a complementary fashion to rutile throughout the grain.
Anatase is highly localized towards the top of the grain. Quartz is distributed
throughout most of the grain, including towards the outer-left portions of the grain.
Finally, substrate-adhesive epoxy is located primarily outside of the grain boundaries.
These distributions can be observed in both the chemical maps and the pixel-by-pixel

chemical images in Figure 3.3.
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Figure 3.3: Spatially-resolved chemical maps, spatially-resolved pixel-by-pixel
chemical images, and resolved Raman spectra of rutile (A), TiO2-1l (B),
anatase (C), quartz (D), and substrate-adhesive epoxy (E) generated using
MCR-ALS applied to Raman microspectroscopic imaging. Raman
microspectroscopic imaging results were generated using 532 nm
excitation and a 100 by 100 spectral grid.

344 Value of High Spectral and High Spatial Resolution Raman
Microspectroscopic Imaging Data Sets to the Scientific Community

In total, nineteen data sets, directly provided in Smith et al.[52], of Raman
microspectroscopic imaging measurements collected on TiO,-ll-bearing grains from
the four spherule layers—CSL, JSL, MSL, and BGSL—were generated. Of the
nineteen data sets, fifteen data sets are deemed “high spectral” resolution data and four
are deemed “high spatial” resolution data. The “high spectral” resolution data are
collected using typically 20 by 20 spectral grids with long integration times and co-
averages. The “high spatial” resolution data are collected using 100 by 100 spectral
grids with short integration times and no co-averages. Of the “high spectral” resolution
data, one data set is of a CSL grain, two data sets are of a JSL grain, five data sets are
of MSL grains, and seven data sets are of BGSL grains. Of the “high spatial”
resolution data, one data set is of a JSL grain, two data sets are of MSL grains, and one
data set is of a BGSL grain. Overall, each Raman microspectroscopic imaging data is
directly available to the scientific community in Smith et al.[52]

Specifically, each data set is stored as a two-dimensional matrix. The columns
of this matrix are the number of spectra collected—typically 400 total Raman spectra
for the “high spectral” resolution data and 10,000 total Raman spectra for the “high
spatial” resolution data—which correspond to the location of the collected Raman

spectrum. The rows of this matrix are the spectral region—70 to 1550 cm™ in
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increments of 0.5 cm™. These Raman microspectroscopic imaging data sets were
validated by comparison of the resulting Raman spectra with corresponding Raman
spectra of reference materials. Furthermore, comparison of the measured Raman
spectra—including the Raman band locations and spectral shapes—resulting from
Raman microspectroscopic imaging of the TiO,-ll-bearing grains with both Raman
spectra of reference materials and Raman spectra from the RRUFF database
project[126] provided validation of the data sets. Additionally, during Raman spectral
acquisition, calibration of both the source wavelength and Raman shift are internally
performed using a neon lamp. Through this internal calibration, the accuracy of the
resulting Raman spectra is confirmed.

The data discussed in this chapter, which contains Raman microspectroscopic
imaging results using both “high spectral” and ‘“high spatial” resolution, offers
significant value to both the chemical and broader scientific community in several
ways. First, the data offers the ability to develop and test diverse algorithms for image
processing, especially for multivariate analysis given the multidimensional chemical
information available within the data sets. Second, the data offers a comparison
between high spectral and high spatial resolution chemical imaging, and therefore,
provides the ability to pursue both data fusion of these two measurements for
improved imaging capabilities and image enhancements for certain regions of interest.
Third, the data provides a vast resource for developing and testing multivariate
analysis and chemometric methods. Specifically, with the data being comprised of
three diverse TiO, polymorphs, it can serve as a textbook data set for the classification

of TiO, polymorphs. Overall, this data provides a myriad of opportunities for the
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scientific community in wide ranging applications, including the chemical imaging

and multivariate analysis disciplines.

3.5 Conclusions

A high-pressure polymorph of titanium dioxide, termed TiO,-11, was recently
identified in grains (~100 um) recovered from four Neoarchean spherule layers.[88]
These findings are the first to report a shock-induced, high-pressure polymorph
formed by an Archean (>2.5 billion years old) impact event and provide unambiguous
physical evidence to further support an impact origin for the spherule layers.[88] A
subsequent study by Smith et al.[51] recently provided spatially and spectrally
resolved chemical information of these grains and novel information regarding TiO,-II
and its Raman spectrum.[51] This chapter builds off this by presenting Raman
microspectroscopic imaging data of both high spectral and high spatial resolution
collected on a model TiO,-ll-bearing grain from one of these Neoarchean spherule
layers—the Monteville spherule layer (MSL).

In this chapter, both Raman microspectroscopy and Raman microspectroscopic
imaging were used to investigate this TiO,-ll-bearing grain from the MSL.
Backscattered electron (BSE) imaging of the MSL grain initially reveals a
heterogeneous sample with polydispersed micron- and submicron-sized and shaped
particles. Raman spectra collected with both high spectral and high spatial resolution
indicate the presence of four chemical species—rutile, TiO,-Il, quartz, and substrate-
adhesive epoxy.

High spectral resolution Raman microspectroscopic imaging with MCR-ALS

collected on this MSL grain provided chemical maps, pixel-by-pixel chemical images,
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and resolved Raman spectra for five distinct chemical species—rutile, TiO,-Il,
anatase, quartz, and substrate-adhesive epoxy. Additionally, using high spatial
resolution Raman microspectroscopic imaging with MCR-ALS, these five chemical
species were also resolved, yet the resulting chemical maps and pixel-by-pixel
chemical images provided a more refined spatial distribution of the chemical species.
However, given the limited spectral acquisition parameters during high spatial
resolution measurements, it is more difficult to spectrally resolve some minor
chemical species.

Ultimately, the Raman microspectroscopic imaging data presented in this
chapter, also available in Smith et al.[52], offers significant value to both the chemical
and broader scientific community. The data offers the ability to develop and test
diverse algorithms for image processing, including using the high spectral and high
spatial resolution chemical imaging data to pursue both data fusion for improved
imaging capabilities and image enhancements for certain regions of interest. The data
also provides an ideal resource for developing and testing multivariate analysis and

chemometric methods, such as classification of TiO, polymorphs.
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Chapter 4

SPATIAL AND SPECTRAL RESOLUTION OF CARBONACEOUS
MATERIAL FROM HEMATITE (e-Fe;O3) USING MULTIVARIATE CURVE
RESOLUTION-ALTERNATING LEAST SQUARES (MCR-ALS) WITH
RAMAN MICROSPECTROSCOPIC IMAGING: IMPLICATIONS FOR THE
SEARCH FOR LIFE ON MARS

4.1 Abstract

The search for evidence of extant or past life on Mars is a primary objective of
both the upcoming Mars 2020 rover (NASA) and ExoMars 2020 rover
(ESA/Roscosmos) missions. This search will involve the detection and identification
of organic molecules and/or carbonaceous material within the Martian surface
environment. For the first time on a mission to Mars, the scientific payload for each
rover will include a Raman spectrometer, an instrument well-suited for this search.
Hematite (a-Fe,O3) is a widespread mineral on the Martian surface. The 2LO Raman
band of hematite and the Raman D-band of carbonaceous material show spectral
overlap, leading to the potential misidentification of hematite as carbonaceous
material. In this chapter, we report the ability to spatially and spectrally differentiate
carbonaceous material from hematite using multivariate curve resolution-alternating
least squares (MCR-ALS) applied to Raman microspectroscopic imaging under both
532 nm and 785 nm excitation. A sample comprised of hematite, carbonaceous
material, and substrate-adhesive epoxy in spatially distinct domains was constructed

for this study. Principal component analysis (PCA) reveals that both 532 nm and 785
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nm excitation produce representative three-phase systems of hematite, carbonaceous
material, and substrate-adhesive epoxy in the analyzed sample. MCR-ALS with
Raman microspectroscopic imaging using both 532 nm and 785 nm excitation was
able to resolve hematite, carbonaceous material, and substrate-adhesive epoxy by
generating spatially-resolved chemical maps and corresponding Raman spectra of
these spatially distinct chemical species. Moreover, MCR-ALS applied to the
combinatorial data sets of 532 nm and 785 nm excitation, which contain hematite and
carbonaceous material within the same locations, was able to resolve hematite,
carbonaceous material, and substrate-adhesive epoxy. Using multivariate analysis with
Raman microspectroscopic imaging, 785 nm excitation more effectively resolved
hematite, carbonaceous material, and substrate-adhesive epoxy as compared to 532 nm
excitation. To our knowledge, this is the first report of multivariate analysis methods,
namely MCR-ALS, with Raman microspectroscopic imaging being employed to
differentiate carbonaceous material from hematite. We have therefore provided an
analytical methodology useful for the search for extant or past life on the surface of
Mars. Furthermore, our analytical methodology is applicable to investigating
terrestrial and other extraterrestrial materials and environments, including the search

for microbial life in ancient rocks on Earth.

4.2 Introduction

A primary objective for the upcoming Mars 2020 rover mission of the National
Aeronautics and Space Administration (NASA) and the ExoMars 2020 rover mission
operated jointly by the European Space Agency (ESA) and the Russian Federal Space

Agency (Roscosmos) is to search for evidence of extant or past life (fossils) on the
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surface of Mars.[127-130] The search for organic molecules or carbonaceous material
on the surface of Mars is a challenging task since this environment is exposed to a
high flux of ultraviolet and ionizing charged particles[131-133] and can contain
chemically oxidizing species, e.g., perchlorates[134]. Recently, however, the Sample
Analysis at Mars instrument suite that is aboard NASA’s Mars Science Laboratory
Curiosity rover has definitively identified the first organic molecules on the surface of
Mars.[131, 135, 136] Trace amounts of chlorobenzene (150-300 parts per billion by
weight, ppbw) and C, to C4 dichloroalkanes (up to 70 ppbw) were identified in
powdered samples recovered from the Cumberland drill hole (~6.5 cm deep) within a
mudstone interpreted as having been deposited in an ancient lake within Gale
Crater.[131, 135-137] Although the carbon is believed to be indigenous to the
mudstone, it is unknown whether the carbon is of Martian origin or of exogenous (e.g.,
meteoritic material) origin.[131] These results do show, however, that reduced
material with covalent bonds can be preserved on the highly oxidizing surface of
Mars[131], a discovery with significance for the upcoming rover missions to Mars.
Inclusion of a Raman spectrometer on a space mission to an extraterrestrial
body in order to identify mineral phases and to search for organic molecules and
carbonaceous material has been proposed.[31, 44, 138] For the first time[130], Raman
spectrometers will be included in the science instrument payloads for both the Mars
2020 rover[127] and the ExoMars 2020 rover[139, 140]. The arm-mounted Scanning
Habitable Environments with Raman & Luminescence for Organics & Chemicals
(SHERLOC) instrument on the Mars 2020 rover will perform both Raman and
fluorescence spectroscopy using a Deep Ultraviolet (248.6 nm) excitation source.[127]

Raman spectra obtained by SHERLOC can detect Raman shifts >810 cm™, and this
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spectral range will allow the identification of many species of organic molecules, e.g.,
hopanes, steranes, organic macromolecules, and mineral groups, e.g., carbonates,
perchlorates, sulfates, and phyllosilicates of astrobiological interest.[127] The
SHERLOC instrument is capable of detecting and classifying aromatics at a sub-parts
per million (ppm) concentration, aliphatics at a <100 ppm concentration, and mineral
grains <20 pm in size.[127] The SHERLOC instrument can analyze natural surfaces,
abraded surfaces, and boreholes, and it incorporates a subsystem for autofocusing and
contextual imaging.[127] The SHERLOC instrument has four operational modes
including autofocus and imaging, macro-mapping, micro-mapping, and point
spectra.[127] In micro-mapping mode, the laser is rastered over a 1 x 1 mm area in
order to collect 400 fluorescence and Raman spectra with 400 laser pulses per 50 pm
spot size.[127]

The Raman spectrometer onboard the ExoMars 2020 rover will analyze
samples from drill holes that will reach a maximum depth of ~2 m.[139] A close-up
imager on the rover will provide high-resolution images of the sample before the
sample is crushed to a powder with a grain size of <200-250 um.[139] It should be
noted that by crushing the sample, Raman spectral information cannot be correlated
directly with detailed in situ geological textural and structural information.[139] The
sample powder will be flattened, and in automatic scanning mode, the Raman
spectrometer will analyze a minimum of 20 points (~50 um spot size) at a regularly
spaced distance using a 532 nm excitation source.[139] The Raman spectrometer will
be able to detect and identify a wide range of organic molecules and mineral

phases.[139]
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In light of the evidence documented by recent Martian rovers for surface
environments on ancient Mars that were more habitable than present
environments[141, 142], as well as the highly oxidizing nature of the present Martian
surface, if evidence of life is found on Mars, it is more likely to be in the form of
fossilized carbonaceous material.[128] The Raman spectrometers on the upcoming
Martian rovers will need to be able to detect minor or trace amounts of carbonaceous
material, whether of biotic or abiotic origin[128], and to clearly differentiate this
component from the more abundant components in the samples. Recently, laboratory
experiments have been performed on terrestrial samples containing trace-to-minor
amounts of fossilized carbonaceous material to test the capabilities of the Raman
spectrometer that will fly on the ExoMars 2020 rover.[128, 130, 139] Raman
spectrometers used in these experiments were similar to the flight model, and they
operated under conditions similar to those that will be employed on the surface of
Mars.[128, 130, 139] In the first study, the Raman spectrometer analyzed a powdered
sample of a 3.3 billion-year-old hydrothermally-silicified volcanic sediment (chert)
from South Africa that contained carbonaceous microfossils.[139] The Raman
spectrometer detected trace amounts of carbon as well as all the mineral phases in the
sample that had been identified by other analytical techniques.[139] In the second
study, the Raman spectrometer analyzed 21 powdered samples of shales that contained
varying amounts of carbonaceous material of biotic origin.[128] Most of the samples
were grey-black in color, and their total organic carbon content ranged from 0.16% to
3.42%.[128] Three samples also contained hematite (a-Fe;O3), giving them a red
color, and their total organic carbon content ranged from 0.08% to 0.1%.[128] The

Raman spectrometer readily detected the carbonaceous material in both the grey-black
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and red shale samples.[128] For the red shale samples, the Raman spectra showed the
presence of quartz, hematite, and carbon, the latter indicated by both the D
(disordered) band at ~1350 cm™ and the G (graphitic) band at ~1600 cm™.[128, 132]
In the third study, Raman spectrometers using 532 nm and 785 nm excitation sources
were used to analyze 12 chert samples from Western Australia that are ~3.49 to 3.43
billion years old.[130] The Raman spectra for all 12 samples show bands for quartz,
and the spectra for a number of the samples show bands for hematite, including the
band at ~1320 cm™.[130] Hematite was more readily detectable using 785 nm
excitation.[130] Carbonaceous material, indicated by both the D and G bands, was
readily detected in all 12 samples using 785 nm excitation, but was detected in only
six of the samples using 532 nm excitation.[130] Relative to the Raman spectra
obtained using 532 nm excitation, Raman spectra for the carbonaceous material
obtained using 785 nm excitation show reduced background levels and both the D and
G bands have a much higher signal-to-noise ratio.[130] The ability of Raman
spectroscopy to detect low levels of carbonaceous material in hematite-bearing rocks
is of major significance for the search for life by the upcoming Martian rover missions
given the following evidence for the widespread distribution of hematite on the
surface of Mars.[128, 143]

Orbital spectroscopy has detected hematite at several areas on the surface of
Mars.[143-145] In 1997, the Mars Pathfinder spacecraft landed at Ares Vallis, and
combined elemental and visible/near-infrared (VNIR) multispectral data obtained by
this mission was used to infer the presence of hematite at this site.[146] In 2004, the
Mars Exploration Rovers Spirit and Opportunity landed on opposite sides of Mars at

Gusev Crater and Meridiani Planum, respectively, and the rovers used Mdssbauer
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spectroscopy to confirm the presence of hematite in rocks and soils at both sites.[147,
148] VNIR multispectral imaging data acquired by the Opportunity rover also detected
hematite at multiple locations at Meridiani Planum.[149] Since 2012, the Curiosity
rover has been studying the habitability of ancient environments as recorded by
sedimentary rocks in Gale Crater.[150] The Chemistry and Mineralogy (CheMin) X-
ray diffraction instrument on the Curiosity rover has confirmed the presence of
hematite in samples recovered from five drill holes in mudstones, one drill hole in
sandstone, and in loose material scooped from an eolian dune.[137, 151-154] The drill
hole samples were from depths of ~1.5 to 6.5 cm,[155] so the sample material was
from below the very surficial material (O to ~1.5 cm depth), commonly reddish in
color, that was dumped around the peripheries of the drill holes.[137, 155] The
CheMin instrument determined the concentration of hematite in these samples to be
~0.6 wt% to 8.4 wt% with four of the values (<1 wt%) being at, or near to, the
detection limit.[137, 151-153] Therefore, both the hematite (0.7 wt%) and the organic
molecules found in the Cumberland drill hole are from depths of ~1.5 to 6.5 cm.[131,
135-137] Orbital spectroscopy has detected red crystalline hematite within the
uppermost stratum of a ridge, named Hematite Ridge, that extends for ~6.5 km in Gale
Crater,[156] and long-distance (3-5 km) spectra obtained using laser-induced
breakdown spectroscopy with the Chemistry and Camera (ChemCam) instrument on
the Curiosity rover are consistent with the orbital spectral results.[153] Hematite is
therefore a widespread component on the surface of Mars, and in the Cumberland drill
hole in Gale Crater, its low concentration is still more than four orders of magnitude

higher than that of the organic molecules.
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Since it is likely that many, if not all, of the samples analyzed by the upcoming
Martian rovers will show some degree of oxidation,[128, 132] and they may contain at
least trace amounts of hematite, it will be necessary to detect organic molecules or
carbonaceous material in the presence of hematite, and to be able to spectrally
differentiate these chemical species. Differentiating carbonaceous material from
hematite using Raman microspectroscopy, however, can be a challenging task. There
is spectral overlap in the 1320-1350 cm™ range involving the Raman band at ~1318
cm™ (2LO mode) of hematite and the Raman band at ~1320 cm™ (A4 mode; D-band)
of carbonaceous material.[132, 157-159] This spectral overlap can lead to the Raman
band at ~1318 cm™ of hematite being misidentified as the D-band of disordered
carbonaceous material[132, 140, 158-160] that can lead to the misidentification of
hematite as carbonaceous material[159, 160].

Raman microspectroscopic imaging has been utilized in a myriad of research
areas, including biology and materials science, due to its ability to produce spatially-
resolved molecular and chemical information.[51, 52, 106, 108] Multivariate analysis
methods, including principal component analysis (PCA) and multivariate curve
resolution-alternating least squares (MCR-ALS), can be used to evaluate Raman
microspectroscopic imaging data, and can provide more comprehensive chemical
information from this data, especially if the data contains species with spectral
overlap.[50-55, 57, 61, 65, 113] Furthermore, multivariate analysis methods, namely
MCR-ALS, applied to Raman microspectroscopic imaging can identify the pure,
individual chemical species within complex, heterogeneous samples and determine the

spatial distribution of these pure chemical species. Raman microspectroscopic imaging
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and multivariate analysis methods have therefore recently gained momentum in the
scientific community.[51-54, 57, 61, 113]

In this chapter, we offer the ability to detect and differentiate carbonaceous
material, in the form of fossilized material, from hematite using MCR-ALS applied to
Raman microspectroscopic imaging. Moreover, MCR-ALS applied to Raman
microspectroscopic imaging of carbonaceous material, hematite, and substrate-
adhesive epoxy produced spatially-resolved chemical maps and resolved Raman
spectra for each individual chemical component. The efficacy of MCR-ALS with
Raman microspectroscopic imaging for the spectral and spatial resolution of these
three chemical species was evaluated using both 532 nm and 785 nm excitation.
Furthermore, using combinatorial data sets, which provide experimental data in which
hematite and carbonaceous material are spatially non-differentiable, MCR-ALS with
Raman microspectroscopic imaging was further assessed. Using our proposed
methodology, the Raman spectroscopic data collected on Martian samples by the
upcoming rover missions can be analyzed to most effectively identify, differentiate,

and spatially-resolve chemical components, including carbonaceous material.

4.3 Materials and Methods

4.3.1 Materials and Sample Preparation

A sample of carbonaceous material in the form of a fossilized fern spore and a
sample of hematite were obtained from the Department of Geological Sciences at the
University of Delaware. A cross-sectional sample consisting of hematite,

carbonaceous material, and substrate-adhesive epoxy was prepared. Using a porcelain

105



mortar and pestle, a hematite sample (~80 g) was broken into smaller pieces (~5 Q)
that were ground into a powder. A selected portion of the fossilized fern spore (~0.5 g)
containing ample carbonaceous material atop the rock substrate was placed onto a
microscope glass slide (25.4 mm diameter x 1.0 mm thick, Fisher Scientific, Hampton,
New Hampshire, USA). The glass slide was used as the substrate for the cross-
sectional sample. With the fossilized fern spore atop the glass substrate, the powdered
hematite sample was placed directly next to the fossilized fern spore. A small portion
of the fossilized fern spore was also coated in hematite to ensure the final sample
would have areas with hematite and carbonaceous material on distinct portions. With
hematite and carbonaceous material directly adjacent to one another, substrate-
adhesive epoxy (Buehler Ltd, Lake Bluff, Illinois, USA) was used to fix these
components to the glass substrate. The epoxy was allowed to harden at room
temperature for ~5 hours. Initial hand polishing to expose the surface of both hematite
and carbonaceous material was done using a water/detergent/glycerol solution
(~70/15/15 v/v %) and paper strips ranging in coarseness from 600 ym to 3 pm. A
final hand polish was done using Al,O3 powder (0.05 pum-sized, Excel Metallurgical,
Inc., Springfield, Massachusetts, USA, 99%) wetted with water. The final sample
consisted of a flat, cross-sectional area of hematite and carbonaceous material fixed to

the underlying glass substrate using epoxy.

4.3.2 Raman Microspectroscopic Imaging

Raman microspectroscopic imaging was performed using a Senterra Raman
spectrometer (Bruker Optics, Billerica, Massachusetts, USA) coupled to a BX-51
optical microscope (Olympus, Tokyo, Japan). Both 532 nm and 785 nm sources were

used for excitation of the sample. The respective laser was focused onto the sample
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using a 20x (0.40 numerical aperture, NA) or a 50% (0.75 NA) close-working-distance
objective lens (Olympus, Tokyo, Japan), yielding a probing area of 5 um and 2 um in
diameter, respectively. Subsequent to excitation, the scattered light was collected by
the objective lens, filtered by a 50 by 1000 um slit aperture, and dispersed by a 1200
grooves/mm grating onto a charge-coupled device (CCD) detector, which was
thermoelectrically-cooled to —65 °C. The resulting spectral range, covered under two
grating positions, was 70 to 2735 cm™ for 532 nm excitation and 80 to 2635 cm™ for
785 nm excitation.

During Raman microspectroscopic imaging measurements, a constant nominal
power, ranging from 5 to 10 mW for 532 nm excitation and 25 to 50 mW for 785 nm
excitation, was applied to the surface of the sample. For all Raman spectral
acquisitions, a laser exposure time of 5 to 10 seconds with 3 co-averages was
employed, and background measurements equal to the respective exposure time were
collected prior to each acquisition. The total collection time for each Raman spectrum
was therefore ~90 to 180 seconds. During the collection of each Raman spectrum,
both Raman shift and source wavelength calibration were internally performed using a
neon lamp. The resulting spectral resolution achieved was 3 to 5 cm™.

In order to generate Raman microspectroscopic imaging data, a selected grid
containing locations of Raman spectral acquisition was used. The rectangular-shaped
grids were positioned on specific locations of the sample to ensure that all three
chemical species would be present in the resulting Raman microspectroscopic imaging
data. Specifically, the grids were positioned so that the probed area contained hematite
spatially on the left, substrate-adhesive epoxy spatially in the middle, and

carbonaceous material spatially on the right. The grids contained a total of 400 Raman
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spectral acquisition points, in which grids of 20 by 20 spectral acquisition points with
a ~5 um step-size between acquisition points were utilized. The x and y positions were
controlled using an automatic, movable stage, which resulted in the collection of
Raman spectra at the defined acquisition points within each grid. The z direction was
held constant during all measurements. All Raman microspectroscopic imaging
measurements were performed using the OPUS 7.2 program (Bruker Optics, Billerica,

Massachusetts, USA).

4.3.3 Multivariate Data Analysis

In order to provide spatially and spectrally resolved information from Raman
microspectroscopic imaging data, the analysis of the collected data is critical.
Traditionally, this data analysis relies on univariate methods, in which the intensity or
integrated intensity of a characteristic Raman band is used to represent the analyte of
interest. By using univariate analysis methods, however, the data can be influenced by
interference effects, such as background interference, fluorescence, fluctuations in
laser power, loss of focus, sample roughness, sample opacity, and spectral overlap,
and potentially useful information can go unrecovered.[50-52] Multivariate data
analysis methods can address these interference effects and provide increased signal-
to-noise ratio, increased selectivity, increased visualization of results, and significant
data reduction.[50-52] In this chapter, the multivariate analysis methods used are
principal component analysis (PCA)[50, 51, 54, 57, 161] and multivariate curve
resolution-alternating least squares (MCR-ALS)[51-55, 57, 61, 65, 113, 162].
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4.3.3.1 Principal Component Analysis (PCA)

PCA, a multivariate analysis method commonly used with spectroscopic data,
reduces the dimensionality of the experimental data. Moreover, PCA can reduce
spectroscopic data from sizeable data sets, such as data sets containing hundreds of
spectra, into several orthogonal principal components (PCs). PCA achieves this
reduction by decomposition of the experimental data using:

D=TP"+E (4.1)

where D is the experimental data matrix, T is the score matrix, P is the loading matrix,
and E is the model residual matrix. Each orthogonal PC thus explains a portion of the
total information within the experimental data. These PCs, however, are not
necessarily representative of pure chemical components. Moreover, if spectral overlap
is present within the spectroscopic data, the PCs will most likely contain information
from multiple chemical species rather than a pure chemical component. The variance
within the data is explained by the PCs, and if the spectroscopic data is mean-centered
prior to analysis, the first PC captures the maximum variance, the second PC captures
the second most variance, etc. As such, these orthogonal PCs can provide useful
chemical information extracted from the spectroscopic data, and ultimately, can
determine relationships amongst the chemical species.

In this chapter, PCA was performed using Matlab 7.12 (Mathworks,
Massachusetts, USA). The PLS Toolbox (Eigenvector Research Incorporated,
Washington, USA) was used as the graphical interface to perform PCA through
Matlab. Preprocessing of the spectroscopic data was performed by initial
normalization of the Raman spectra to unit area, and subsequent mean-centering of the

data. PCA was performed using the spectral ranges of 150 to 1800 cm™ and 120 to
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1800 cm™ for 532 nm and 785 nm excitation measurements, respectively. Resulting

PCA plots were visualized using Matlab.

4.3.3.2 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALYS)

MCR-ALS, a multivariate self-modeling mixture analysis method, was applied
to the Raman microspectroscopic imaging data to generate chemical maps and
resolved Raman spectra of the pure chemical components within the sample. A
primary advantage of MCR-ALS is that it allows spectroscopic data to be
mathematically decomposed into spatial and spectral information, even if the
spectroscopic data is collected on a heterogeneous sample, about which there is no
prior information. The explained variance of the data is maximized using MCR-ALS
in a similar fashion to PCA; however, MCR-ALS not only provides chemical
information regarding the sample, but also physical information as well. Specifically,
MCR-ALS resolves the experimental data matrix, D, by:

D=CST+E (4.2)

where C is the concentration profile matrix, S" is the resolved spectral matrix, and E is
the residual error matrix. The number of components contributing to D can be
determined by PCA, singular value decomposition, from prior knowledge of the
system, or a variety of other multivariate techniques. By providing initial estimates, C
and ST are calculated and iteratively optimized using the ALS algorithm until
convergence is achieved. Physically meaningful constraints, such as non-negative
concentrations and non-negative spectral intensities, are employed during the ALS
process to guide the resulting solutions closer to the true value and to ensure that no
inconsistencies caused by small deviations in the initial estimates are observed within

the final results.
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In this chapter, the three-dimensional Raman microspectroscopic imaging data
(i.e., the matrix containing the x, y, and cm™ information) was unfolded into the
experimental data matrix, D. Each row in D is the intensity at various wavenumbers.
The number of components was selected prior to ALS using initial estimates from
PCA. If PCA was insufficient, the number of components was selected by comparison
of resolved spectra, in S, with Raman spectra of reference materials. The number of
selected components was thus increased from the initial estimates of PCA until the
resolved spectra, in S, were comparable to the Raman spectra of reference materials.
Initial estimates of the spectral matrix for ALS were determined by distance criteria.
Moreover, the first spectrum for initialization was selected to be furthest from the
mean of the data set, and subsequent spectra were selected to be furthest from the
mean and all prior selected spectra. The non-negative concentration constraint and the
non-negative spectral intensity constraint were applied during ALS optimization, and a
convergence of 0.01% was utilized. The concentration profile matrix, C, and spectral
matrix, S, were generated by MCR-ALS methods in Matlab 7.12 with the Matlab
toolbox by Jaumot et al.[162] and the PLS Toolbox. The final C matrix contains the
concentration profile of each pure chemical component, in which each column
corresponds to a component. The corresponding chemical maps are reconstructed from
C using Matlab 7.12. Final chemical maps were visualized using OriginPro (Origin
Lab v9.1 Pro, Northampton, Massachusetts USA). In the spectral matrix, S, each row
contains the corresponding resolved Raman spectrum. The graphical presentations of
the individual spectra were prepared using OriginPro.

MCR-ALS was performed using the spectral range of 150 to 1800 cm™ for 532

nm excitation and 120 to 1800 cm™ for 785 nm excitation. Prior to MCR-ALS

111



analysis, preprocessing was performed on the spectroscopic data using an asymmetric
least squares baseline correction[163] to remove all variation in the Raman spectra,
such as background fluctuations, that is unrelated to the chemical species. Asymmetric
least squares baseline correction is an iterative method based on fitting the baseline of
the data using a Whittaker smoother, and is both fast and flexible with large
spectroscopic data sets.[55, 163] No other preprocessing was performed prior to

MCR-ALS analysis.

4.3.4 Combinatorial Data Sets

Combinatorial data sets were utilized to determine the efficiency of MCR-ALS
and Raman microspectroscopic imaging to resolve hematite and carbonaceous
material if both chemical species are located in the same, non-differentiable space.
Combinatorial data sets were generated using the respective experimental data matrix
from Raman microspectroscopic imaging measurements using both 532 nm and 785
nm excitation. A combinatorial data set is the sum of the two-dimensional
experimental data matrix, D, with the horizontally-flipped two-dimensional
experimental data matrix, H, as follows:

X=D+H (4.3)

where X is the resulting combinatorial data set. In this chapter, the two-dimensional
experimental data matrix, D, contains spectral information about a sample with
hematite, substrate-adhesive epoxy, and carbonaceous material spatially on the left, in
the middle, and on the right, respectively. By horizontally-flipping D to form the
resulting matrix, H, the spectral information within this newly formed matrix contains
the opposite spatial information of D. Moreover, in this chapter, this horizontally-

flipped matrix, H, contains spectral information with hematite now spatially located
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on the right, carbonaceous material now spatially located on the left, and substrate-
adhesive epoxy still spatially located at the interface of hematite and carbonaceous
material. By summing these matrices as in Eq. 4.3, a combinatorial data set, X, is
produced. Thus, in this chapter, the resulting matrix contains spectral information with
hematite spatially located on both the left and right portions of the sample,
carbonaceous material spatially located on both the left and right portions of the
sample, and substrate-adhesive epoxy still spatially located at the interface of these
two chemical species. A combinatorial data set, X, therefore can provide a challenging
data set for MCR-ALS to differentiate hematite, carbonaceous material, and substrate-
adhesive epoxy because hematite and carbonaceous material are now localized in the

Same space.

4.4 Results and Discussion

4.4.1 Raman Spectra of Hematite and Carbonaceous Material

Reference materials of hematite and carbonaceous material, in the form of a
fossilized fern spore, were investigated using Raman microspectroscopy (Figure 4.1)
with both 532 and 785 nm excitation. The Raman spectrum of hematite under 532 nm
excitation (Figure 4.1A) displays primary bands at 226 cm™, 245 cm™, 298 cm™, 411
cm?, 501 cm™, 613 cm™, and 1317 cm™. The Raman spectrum of hematite under 785
nm excitation (Figure 4.1B) displays primary bands at 227 cm™, 246 cm™, 299 cm™,
412 cm™, 497 cm™?, 613 cm™, and 1321 cm™. In the ~200 to 650 cm™ spectral range,
the relative intensities of the 226 cm™, 245 cm™, and 298 cm™ bands are inversely

related with respect to wavelength of excitation—532 nm excitation produces a
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decreasing intensity of these Raman bands with increasing wavenumber, whereas 785
nm excitation produces an increasing intensity of these Raman bands with increasing
wavenumber. The relative intensity of the Raman band at 411 cm™ using 532 nm
excitation is much lower than that of this band when using 785 nm excitation. Using
785 nm excitation, this band, now at 412 cm™, is the most intense band in the Raman
spectrum. Additionally, under 532 nm excitation, the 1317 cm™ band is the most
intense band whereas under 785 nm excitation, this band, now at 1321 cm™, is one of
the lower intensity bands. The Raman spectrum of hematite is thus greatly dependent

upon excitation wavelength.
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Figure 4.1: Raman spectra of hematite (A) and carbonaceous material (C) using 532
nm excitation and Raman spectra of hematite (B) and carbonaceous
material (D) using 785 nm excitation.

The Raman active modes of hematite have been extensively studied.[164-168]
The irreducible distribution of hematite’s vibration modes are given by I'vip = 2A1g +
2A1, + 3Ayg + 2Ay, + 5 Eg + 4E,. Of these modes, the optically silent modes are the
Ay, and the Ay, modes, the Raman active modes are the symmetric modes, and the
infrared active modes are the antisymmetric modes.[164, 165, 168] Moreover, no
modes are both Raman and infrared active due to the inversion center in the hexagonal

crystal structure of hematite.[164] The observed locations of the Raman bands of
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hematite using 532 nm and 785 nm excitation, with their assigned Raman active
modes,[164-168] are displayed (Table 4.1). The Raman bands of hematite using 532
nm excitation (Figure 4.1A) are thus assigned as follows: 226 cm™ (Agg), 245 cm™
(Eg), 298 cm™ (E,), 411 cm™ (Ey), 501 cm™ (Ayg), 613 cm™ (Eg), and 1317 cm™
(2L0O).[168] Similarly, the Raman bands of hematite using 785 nm excitation (Figure
4.1B) are 227 cm™' (Ayg), 246 cm™ (Ey), 299 cm™ (Ey), 412 cm™ (Ey), 497 cm™ (Ayy),
613 cm™ (Eg), and 1321 cm™ (2L.0).[168]

Table 4.1: Assignment of the Raman bands observed in hematite (H) and
carbonaceous material (CM) under 532 nm and 785 nm excitation. Band
assignments are from the literature.[164-172]

Wavenumber (cm™): Wavenumber (cm™): Raman Active ~ Chemical
532 nm excitation 785 nm excitation Mode Origin
226 227 Agg H

245 246 Eq H

298 299 Eq H

411 412 Eq H

501 497 Aqq H

613 613 Eq H
1317 1321 2LO H
1338 1310 D-band, Ay CM
1603 1594 G-band, Eyq CM

The Raman spectrum of carbonaceous material, in the form of a fossilized fern
spore, under 532 nm excitation (Figure 4.1C) displays bands at 1338 cm™ and 1603
cm™. The Raman spectrum of this carbonaceous material under 785 nm excitation
(Figure 4.1D) displays bands at 1310 cm™ and 1594 cm™. For carbonaceous material,
unlike hematite, relative band intensities show little change with a change in excitation

wavelength. However, using 785 nm excitation, the Raman bands for carbonaceous
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material are redshifted as compared to using 532 nm excitation (cf., Figures 4.1C and
4.1D).

The Raman spectra of both carbonaceous material[169-171] and fossilized
material[172, 173] have been extensively studied. The Raman spectra of carbonaceous
material show two distinct Raman bands—the D-band at ~1310-1350 cm™ and the G-
band at ~1590-1610 cm™.[158, 169, 170] The D-band of carbonaceous material is
assigned to K-point phonons of Aiy symmetry, whereas the G-band of carbonaceous
material is assigned to zone-center phonons of E,y symmetry.[169] The Raman bands
of carbonaceous material using 532 nm excitation (Figure 4.1C) are thus assigned as
follows: 1338 cm™' (D-band, A1y mode) and 1603 cm™ (G-band, E»q mode).[169] The
Raman bands of carbonaceous material using 785 nm excitation (Figure 4.1D) are

1310 cm™' (D-band, Ay, mode) and 1594 cm™ (G-band, E,y mode).[169]
g g

4.4.2 Spectral Overlap of Chemical Species

The labeled Raman spectra of hematite and carbonaceous material collected
using both 532 nm and 785 nm excitation (Figure 4.1) along with their Raman active
modes and locations of bands (Table 4.1) provide the ability for a direct comparison
of the Raman spectra of these two chemical species. The direct overlay of the Raman
spectra of hematite and carbonaceous material (Figure 4.2) displays a high degree of
spectral overlap. Specifically, under both 532 nm and 785 nm excitation, the spectral
overlap is evident in the 200 to 1700 cm™ spectral range. In the 200 to 1700 cm™
spectral range with 532 nm excitation (Figure 4.2A), hematite displays Raman bands
at 226 cm™, 245 cm™, 298 cm™, 411 cm™, 501 cm™, 613 cm™, and 1317 cm™, and
carbonaceous material displays Raman bands at 1338 cm™ and 1603 cm™. In the 200

to 1700 cm™ spectral range with 785 nm excitation (Figure 4.2B), hematite displays
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Raman bands at 227 cm™, 246 cm™, 299 cm™, 412 ecm™, 497 cm™, 613 cm™, and 1321
cm™, and carbonaceous material displays Raman bands at 1310 cm™ and 1594 cm™.
Spectral overlap is thus present, especially with respect to the 2LO band of hematite
(1317 cm™ with 532 nm excitation; 1321 cm™ with 785 nm excitation) and the D-band
of carbonaceous material (1338 cm™ with 532 nm excitation; 1310 cm™ with 785 nm

excitation).
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Figure 4.2: Overlay of Raman spectra (A) of hematite (green), carbonaceous material

(blue), and substrate-adhesive epoxy (grey) using 532 nm excitation.
Overlay of Raman spectra (B) of hematite (green), carbonaceous material
(blue), and substrate-adhesive epoxy (grey) using 785 nm excitation.
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The direct overlay of the Raman spectra of hematite and carbonaceous material
(Figure 4.2) shows that the most significant spectral overlap is present in the ~1200 to
1400 cm™ spectral range, which is primarily used for identification of the respective
chemical species. This spectral overlap has been extensively outlined in the
literature[132, 140, 157-159, 174], and has been linked to potential misidentification
of the two chemical species[159, 160], especially with respect to surface exploration
of Mars.[132, 140, 174] Moreover, the 2LO band of hematite is significantly more
intense using 532 nm excitation as opposed to 785 nm excitation, resulting in a more
prominent spectral overlap of hematite and carbonaceous material when using 532 nm
excitation.

When comparing the Raman spectrum of substrate-adhesive epoxy with that of
hematite and carbonaceous material (Figure 4.2), the spectral overlap observed is
even more substantial. In the 200-1700 cm™ spectral range with 532 nm excitation
(Figure 4.2A), substrate-adhesive epoxy displays eleven major Raman bands at 640
cm™, 671 cm™, 736 cm™, 820 cm™, 1002 cm™, 1113 cm™, 1185 cm™, 1230 cm™, 1297
cm™, 1463 cm™, and 1609 cm™. In the 200-1700 cm™ spectral range with 785 nm
excitation (Figure 4.2B), substrate-adhesive epoxy displays major Raman bands at
640 cm™, 671 cm™, 737 cm™, 820 cm™, 1001 cm™, 1113 cm™, 1185 cm™, 1229 cm™,
1299 cm™, 1460 cm™, and 1610 cm™. In this chapter, substrate-adhesive epoxy was
used to affix the hematite and carbonaceous material to the glass substrate, and thus, it
IS necessary to compare the Raman spectra of substrate-adhesive epoxy with those of
hematite and carbonaceous material. Furthermore, if samples of Martian origin are
prepared in the laboratory, including samples cached by the Mars 2020 rover that are

later returned to Earth[127], substrate-adhesive epoxy could potentially be used in
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their preparation, e.g., polished thin sections and grain mounts. The Raman spectrum,
Raman active modes, and Raman band assignments of substrate-adhesive epoxy have

been extensively studied[124, 125] and will not be covered further in this chapter.

4.4.3 Principal Component Analysis (PCA) of Raman Microspectroscopic
Imaging Data

PCA was employed to initially evaluate the potential of Raman
microspectroscopic imaging for the differentiation of a three-phase mixture containing
hematite, carbonaceous material, and substrate-adhesive epoxy. Raman spectra
compiled from two Raman microspectroscopic imaging measurements, using both 532
nm and 785 nm excitation, collected on the hematite, carbonaceous material, and
substrate-adhesive epoxy sample were investigated using PCA. Moreover, the Raman
microspectroscopic imaging measurements—each containing 400 total Raman
spectra—were collected and analyzed using PCA under 532 nm excitation (Figure
4.3A) and 785 nm excitation (Figure 4.3B). The scores-scores plot using 532 nm
excitation (Figure 4.3A) captures 66.42% of the variance with the first principal
component (PC1) and 14.65% of the variance with the second principal component
(PC2), totaling 81.07% of the variance. The scores-scores plot using 785 nm excitation
(Figure 4.3B) captures 80.13% of the variance with PC1 and 11.69% of the variance
with PC2, totaling 91.82% of the variance.
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Figure 4.3: Principal component analysis (PCA) plot (A) of the scores on the first
principal component (PC 1; 66.42%) and the second principal component
(PC 2; 14.65%) using 532 nm excitation. PCA plot (B) of the scores on
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The results of PCA for both 532 nm and 785 nm excitation show separation
into a three-phase system, comprised of hematite, carbonaceous material, and
substrate-adhesive epoxy. The scores-scores plot using 532 nm excitation (Figure
4.3A), however, demonstrates the increased difficulty of Raman microspectroscopic
imaging to resolve the three chemical species as compared to using 785 nm excitation.
This is evident in the clear triangular separation within the scores-scores plot using
785 nm excitation (Figure 4.3B) as compared to the less defined, broader triangular
depiction within the scores-scores plot using 532 nm excitation (Figure 4.3A). The
more efficient separation using PCA of Raman microspectroscopic imaging data
collected using 785 nm excitation as opposed to using 532 nm excitation is attributed
to the increased spectral overlap between hematite, carbonaceous material, and
substrate-adhesive epoxy when using 532 nm excitation. This increased spectral
overlap using 532 nm excitation rather than 785 nm excitation makes it more difficult
to resolve the three chemical species, as observed in the respective scores-scores plot

from PCA.

4.4.4 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALYS)
Applied to Raman Microspectroscopic Imaging

The results of Raman microspectroscopic imaging with MCR-ALS of the
three-phase mixture—hematite, carbonaceous material, and substrate-adhesive
epoxy—using both 532 nm (Figure 4.4) and 785 nm excitation (Figure 4.5) are
shown. Specifically, MCR-ALS applied to Raman microspectroscopic imaging data
collected using 532 nm excitation (Figure 4.4) of the hematite, carbonaceous material,
and substrate-adhesive epoxy sample produced spatially-resolved chemical maps and

corresponding Raman spectra of these three chemical species. The mean (in black;
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Figure 4.4A) and standard deviation (+ in red, - in blue; Figure 4.4A) of the 400 total
Raman spectra accumulated over the probed area (Figure 4.4A) demonstrate that all
three chemical species are present. This result is shown by the mean Raman spectrum
displaying major bands at 226 cm™ (hematite), 245 cm™ (hematite), 293 cm™
(hematite), 640 cm™ (epoxy), 669 cm™ (epoxy), 737 cm™ (epoxy), 820 cm™ (epoxy),
1002 cm® (epoxy), 1113 cm™ (epoxy), 1186 cm™ (epoxy), 1333 cm™
(hematite/carbonaceous material), 1462 cm™ (epoxy), and 1608 cm™ (carbonaceous

material/epoxy).
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Figure 4.4: Spatially-resolved chemical maps and resolved Raman spectra of
carbonaceous material (B), substrate-adhesive epoxy (C), and hematite
(D) generated using MCR-ALS applied to Raman microspectroscopic
imaging using 532 nm excitation. The optical image (A) and mean
spectrum (black, A) +/- the standard deviation (+ in red, - in blue; A) are
shown. A five-component MCR-ALS model was employed.

Using a five component MCR-ALS model, the three chemically meaningful
components —hematite, carbonaceous material, and substrate-adhesive epoxy—were
resolved. Specifically, the first resolved spectrum (Figure 4.4B) shows Raman bands
at 1334 cm™ and 1594 cm™ characteristic of carbonaceous material. The second
resolved spectrum (Figure 4.4C) shows major Raman bands at 640 cm™, 670 cm™,
737 cm™, 820 cm™, 1002 cm™, 1113 cm™, 1185 cm™, 1229 cm™, 1298 cm™, 1462 cm’
! and 1610 cm™ characteristic of substrate-adhesive epoxy. The third resolved
spectrum (Figure 4.4D) shows major Raman bands at 226 cm™, 245 cm™, 293 cm™,
411 cm™, 501 cm™, 612 cm™, and 1319 cm™ characteristic of hematite.

The spatial distributions of the chemical species within the probed area are in
agreement with the sample design. Moreover, the spatial distribution of carbonaceous
material (Figure 4.4B) is located in the right portion of the probed area, as expected
from the corresponding optical image (Figure 4.4A). The spatial distribution of
substrate-adhesive epoxy (Figure 4.4C) reveals that a small portion of the epoxy is in
the center of the probed area, located at the interface of the carbonaceous material and
the hematite. The spatial distribution of hematite (Figure 4.4D) confirms that hematite
is located towards the left portion of the probed area.

MCR-ALS applied to the Raman microspectroscopic imaging data collected

using 532 nm excitation is able to differentiate hematite, carbonaceous material, and
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substrate-adhesive epoxy. However, the MCR-ALS results for hematite display some
interference from carbonaceous material. This interference is shown in the chemical
map of hematite (Figure 4.4D), in which a low signal for hematite is present on the
right side of the probed area. Moreover, this interference is further displayed by the
low intensity Raman band at 1601 cm™, attributed to carbonaceous material, observed
in the resolved Raman spectrum of hematite (Figure 4.4D).

Spatially-resolved chemical maps and their corresponding Raman spectra of
hematite, carbonaceous material, and substrate-adhesive epoxy were also generated
using MCR-ALS applied to Raman microspectroscopic imaging data collected using
785 nm excitation (Figure 4.5). The probed areas for the Raman microspectroscopic
imaging measurements collected using 532 nm excitation (Figure 4.4A) and 785 nm
excitation (Figure 4.5A) were specifically selected to be the same in order to most
easily facilitate a direct comparison between the two sets of measurements. The mean
(in black; Figure 4.5A) and standard deviation (+ in red, - in blue; Figure 4.5A) of the
400 total Raman spectra accumulated over the probed area (Figure 4.5A) demonstrate
that all three chemical species are present. This result is shown by the mean Raman
spectrum of the Raman microspectroscopic imaging data collected using 785 nm
excitation displaying major Raman bands at 226 cm™ (hematite), 292 cm™ (hematite),
411 cm™ (hematite), 612 cm™ (hematite), 1112 cm™ (epoxy), 1315 cm™

(hematite/carbonaceous material), and 1600 cm™ (carbonaceous material/epoxy).
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Figure 4.5: Spatially-resolved chemical maps and resolved Raman spectra of
carbonaceous material (B), substrate-adhesive epoxy (C), and hematite
(D) generated using MCR-ALS applied to Raman microspectroscopic
imaging using 785 nm excitation. The optical image (A) and mean
spectrum (black, A) +/- the standard deviation (+ in red, - in blue; A) are
shown. A five-component MCR-ALS model was employed.

Using a five component MCR-ALS model, hematite, carbonaceous material,
and substrate-adhesive epoxy were resolved. Specifically, the first resolved spectrum
(Figure 4.5B) shows major Raman bands at 1315 cm™ and 1596 cm™ characteristic of
carbonaceous material. The second resolved spectrum (Figure 4.5C) shows major
Raman bands at 640 cm™, 670 cm™, 736 cm™, 819 cm™, 1001 cm™, 1113 cm™, 1185
cm™, 1230 cm™, 1297 cm™, 1464 cm™, and 1610 cm™ characteristic of substrate-
adhesive epoxy. The third resolved spectrum (Figure 4.5D) shows major Raman
bands at 226 cm™, 245 cm™, 292 cm™, 411 cm™, 498 cm™, 612 cm™, and 1320 cm™
characteristic of hematite.

The chemical maps generated using MCR-ALS applied to Raman
microspectroscopic imaging data collected using 785 nm excitation show that the
carbonaceous material (Figure 4.5B) is distinctly located in the right portion of the
probed area. The chemical map of substrate-adhesive epoxy (Figure 4.5C) shows that
the epoxy is mainly localized in the center of the probed area, at the interface of the
carbonaceous material and the hematite, but also occurs in other minor locations
throughout the probed area. The chemical map of hematite (Figure 4.5D) shows that
the hematite is distinctly located towards the left portion of the probed area. The
chemical maps thus confirm that the locations of the chemical species are as designed

during sample preparation—i.e., hematite on the left, substrate-adhesive epoxy in the
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middle, and carbonaceous material on the right of the probed area. Additionally, using
785 nm excitation, the resolved Raman spectrum of hematite (Figure 4.5D) displays
no influence from carbonaceous material, and therefore, as expected, the spatial
distributions of these two chemical species are distinctly located on their respective
portions of the probed area.

The results of MCR-ALS applied to Raman microspectroscopic imaging data
collected using both 532 nm and 785 nm excitation on a hematite, carbonaceous
material, and substrate-adhesive epoxy sample demonstrate that both wavelengths of
excitation are able to resolve the three chemical species. MCR-ALS with Raman
microspectroscopic imaging using 785 nm excitation is more effectively able to
spatially and spectrally resolve the three-phase mixture as compared to using 532 nm
excitation. This result is due to the more severe spectral overlap of the chemical
species using 532 nm excitation as opposed to using 785 nm excitation, as is mainly
displayed in the resolved Raman spectra of hematite. The resolved Raman spectrum of
hematite using 532 nm excitation (Figure 4.4D) is influenced by carbonaceous
material—in the form of the 1601 cm™ Raman band—whereas the resolved Raman
spectrum of hematite using 785 nm excitation (Figure 4.5D) displays no influence
from carbonaceous material as shown by the absence of a 1600 cm™ band. Therefore,
using the ideal sample containing hematite and carbonaceous material in separate,
distinct locations within a probed area, MCR-ALS with Raman microspectroscopic
imaging data collected using both 532 nm and 785 nm excitation can be employed to
spatially and spectrally differentiate hematite, carbonaceous material, and substrate-

adhesive epoxy.
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445 Multivariate Curve Resolution-Alternating Least Squares Applied to
Combinatorial Data Sets

Combinatorial data sets were employed in order to most appropriately test the
efficacy of MCR-ALS in conjunction with Raman microspectroscopic imaging using
both 532 nm and 785 nm excitation for the spatial and spectral resolution of hematite,
carbonaceous material, and substrate-adhesive epoxy. Combinatorial data sets were
generated using the experimental data from Raman microspectroscopic imaging
measurements using both 532 nm and 785 nm excitation. Specifically, a combinatorial
data set, which is a matrix resulting from the summation of the original two-
dimensional experimental data matrix with a horizontally-flipped two-dimensional
experimental data matrix, can produce data containing hematite and carbonaceous
material localized in the exact same area. For example, in this chapter, a sample was
designed so that hematite, carbonaceous material, and substrate-adhesive epoxy were
located in distinct portions of a probed area—hematite on the left, carbonaceous
material on the right, and substrate-adhesive epoxy in the middle. Thus, the original
two-dimensional experimental data matrix generated from Raman microspectroscopic
imaging of this sample contains spectral information on a sample with hematite
spatially on the left, carbonaceous material spatially on the right, and substrate-
adhesive epoxy spatially in-between hematite and carbonaceous material. By
horizontally-flipping this two-dimensional experimental data matrix, a data set with
spectral information on a sample of opposite spatial information is produced—the
horizontally-flipped two-dimensional experimental data matrix contains spectral
information with hematite now spatially located on the right, carbonaceous material
now spatially located on the left, and substrate-adhesive epoxy still spatially located

in-between hematite and carbonaceous material. By summing this new horizontally-
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flipped two-dimensional experimental data matrix with the original two-dimensional
experimental data matrix, a combinatorial data set is produced, and thus, the resulting
matrix contains spectral information with hematite spatially located on both the left
and right portions of the sample, carbonaceous material spatially located on both the
left and right portions of the sample, and substrate-adhesive epoxy still spatially
located in-between these two chemical species.

By generating combinatorial data sets using the experimental data of Raman
microspectroscopic imaging using both 532 nm and 785 nm excitation, the most
difficult scenario for the spatial and spectral resolution of hematite, carbonaceous
material, and substrate-adhesive epoxy can be evaluated. Moreover, using
combinatorial data sets, the hematite and carbonaceous material are now within the
same spatial location. Thus, if MCR-ALS applied to Raman microspectroscopic
imaging can resolve the pure chemical species given that hematite and carbonaceous
material are located within the same pixel, this method would be an important tool for
the identification of carbonaceous material in the presence of hematite on
extraterrestrial bodies, especially Mars.

The results of Raman microspectroscopic imaging with MCR-ALS of the
combinatorial data sets, which contain spectral and spatial information regarding the
three-phase mixture in which hematite and carbonaceous material are located within
the same space, are shown for 532 nm excitation (Figure 4.6) and 785 nm excitation
(Figure 4.7). MCR-ALS applied to the combinatorial data set generated using 532 nm
excitation (Figure 4.6) of the hematite, carbonaceous material, and substrate-adhesive
epoxy sample produced spatially-resolved chemical maps and corresponding Raman

spectra of the chemical species. The combinatorial data set was generated using the
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Raman microspectroscopic imaging data collected in the probed area shown in Figure
4.4A.

Using a five component MCR-ALS model, hematite, carbonaceous material,
and substrate-adhesive epoxy were resolved. The first resolved spectrum (Figure
4.6A) shows major Raman bands at 1340 cm™ and 1603 cm™ characteristic of
carbonaceous material. The second resolved spectrum (Figure 4.6B) shows major
Raman bands at 640 cm™, 670 cm™, 737 cm™, 820 cm™, 1002 cm™, 1113 cm™, 1185
cm™, 1229 cm™, 1299 cm™, 1462 cm™, and 1609 cm™ characteristic of substrate-
adhesive epoxy. The third resolved spectrum (Figure 4.6C) shows major Raman
bands at 226 cm™, 245 cm™®, 292 cm®, 411 cm?, 612 cm™, and 1319 cm

characteristic of hematite.
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Figure 4.6: Spatially-resolved chemical maps and resolved Raman spectra of
carbonaceous material (A), substrate-adhesive epoxy (B), and hematite
(C) generated using MCR-ALS applied to the 532 nm excitation
combinatorial data set. A five-component MCR-ALS model was
employed.
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The spatial distribution of the chemical species, generated using MCR-ALS
applied to the combinatorial data set collected at 532 nm excitation, is consistent with
the results obtained on the original experimental data. Specifically, the spatial
distribution of carbonaceous material (Figure 4.6A) is located on both the right and
left portions of the probed area as expected given the original experimental data
(Figure 4.4B). The spatial distribution of substrate-adhesive epoxy (Figure 4.6B)
shows that the epoxy is localized in the center of the probed area, and this distribution
is in agreement with the spatial distribution observed using the original experimental
data (Figure 4.4C). The spatial distribution of hematite (Figure 4.6C) shows that
hematite is localized on both the right and left portions of the probed area in
agreement with the original experimental data (Figure 4.4D).

Similar to the chemical map of hematite from the original experimental data
(Figure 4.4D), the distribution of hematite from the combinatorial data set using 532
nm excitation (Figure 4.6C) displays some influence from carbonaceous material.
This is observed in the resolved Raman spectrum of hematite (Figure 4.6C), in which
the Raman band at 1603 cm™, characteristic of carbonaceous material, is present. The
intensity of this band at 1603 cm™ is higher in the results obtained from the
combinatorial data set (Figure 4.6C) as compared to those observed in the original
experimental data (Figure 4.4D). As it appears that carbonaceous material is
influencing the resolved Raman spectrum of hematite more when using the
combinatorial data set, the difficulty of resolving hematite and carbonaceous material
using 532 nm excitation is greater if these two chemical species are located in the
same spatial region. Overall, the chemical maps generated from MCR-ALS applied to

the 532 nm excitation combinatorial data set (Figure 4.6) display that hematite and

135



carbonaceous material can be resolved even if these two chemical species are located
in the same spatial region, and these chemical maps are in agreement with those
generated using the original experimental data (Figure 4.4).

Spatially-resolved chemical maps and corresponding resolved Raman spectra
of hematite, carbonaceous material, and substrate-adhesive epoxy were generated
using MCR-ALS applied to the combinatorial data set collected at 785 nm excitation
(Figure 4.7). Specifically, the Raman microspectroscopic imaging data within the
previously probed area (Figure 4.5A), collected using 785 nm excitation, was used to
produce this combinatorial data set. Hematite, carbonaceous material, and substrate-
adhesive epoxy were spatially and spectrally resolved using a five component MCR-
ALS model applied to this combinatorial data set. The first resolved spectrum (Figure
4.7A) shows major Raman bands at 1316 cm™ and 1600 cm™ characteristic of
carbonaceous material. The second resolved spectrum (Figure 4.7B) shows major
Raman bands at 640 cm™, 670 cm™, 736 cm™, 819 cm™, 1001 cm™, 1113 cm™, 1185
cm™, 1231 cm™, 1298 cm™, 1461 cm™, and 1609 cm™ characteristic of substrate-
adhesive epoxy. The third resolved spectrum (Figure 4.7C) shows major Raman
bands at 226 cm™, 245 cm™, 292 cm™, 410 cm™, 498 cm™, 611 cm™, and 1311 cm™

characteristic of hematite.
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Figure 4.7: Spatially-resolved chemical maps and resolved Raman spectra of
carbonaceous material (A), substrate-adhesive epoxy (B), and hematite
(C) generated using MCR-ALS applied to the 785 nm excitation
combinatorial data set. A five-component MCR-ALS model was
employed.
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The chemical maps (Figure 4.7) generated using MCR-ALS applied to the
combinatorial data set collected with 785 nm excitation are consistent with the results
obtained using the original experimental data (Figure 4.5). The chemical map of the
carbonaceous material (Figure 4.7A) shows it to be distinctly located, in agreement
with the original experimental data (Figure 4.5B), on both the right and left portions
of the probed area, and to have a high intensity in both portions of the probed area.
The chemical map of substrate-adhesive epoxy (Figure 4.7B) shows that epoxy is
distributed primarily throughout the center of the probed area, between the hematite
and carbonaceous material, and this result agrees with that of the original experimental
data (Figure 4.5C). The chemical map of hematite (Figure 4.7C) shows that the
hematite is located on both the right and left portions of the probed area, and this result
agrees with that of the original experimental data (Figure 4.5D).

Using MCR-ALS applied to the combinatorial data set collected using 785 nm
excitation, hematite, carbonaceous material, and substrate-adhesive epoxy were
spatially and spectrally differentiated. Moreover, the spatial distributions of hematite,
carbonaceous material, and substrate-adhesive epoxy (Figure 4.7) resulting from
MCR-ALS applied to the combinatorial data set acquired using 785 nm excitation are
highly consistent with those of the original experimental data (Figure 4.5). However,
using the combinatorial data set with 785 nm excitation, the resolved Raman spectrum
of hematite (Figure 4.7C) is influenced by carbonaceous material as evidenced by the
band at 1589 cm™. Furthermore, given that this 1589 cm™ band, characteristic of
carbonaceous material, is observed in the resolved Raman spectrum of hematite using
the combinatorial data set and not observed in the resolved Raman spectrum using the

original experimental data (Figure 4.5D), it is more challenging to differentiate
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hematite and carbonaceous material using MCR-ALS applied to Raman
microspectroscopic imaging data if these two chemical species are localized in the
same area.

The results obtained by applying MCR-ALS to combinatorial data sets
collected using both 532 nm (Figure 4.6) and 785 nm (Figure 4.7) excitation show
that Raman microspectroscopic imaging in conjunction with multivariate analysis
methods can be used to spatially and spectrally resolve hematite, carbonaceous
material, and substrate-adhesive epoxy even when hematite and carbonaceous material
are located within the same area. However, using both 532 nm and 785 nm excitation,
the results using MCR-ALS applied to the respective combinatorial data set reveal the
difficulty in resolving carbonaceous material from hematite. This is evidenced by
bands characteristic of carbonaceous material—1603 cm™ for 532 nm excitation
(Figure 4.6C) and 1589 cm™ for 785 nm excitation (Figure 4.7C)—being present
within the resolved Raman spectra of hematite. This band, which displays a much
higher intensity in the resolved Raman spectrum of hematite using 532 nm excitation
(Figure 4.6C) than it does using 785 nm excitation (Figure 4.7C), illustrates the
greater difficulty in differentiating hematite from carbonaceous material using 532 nm
excitation as compared to using 785 nm excitation if these two chemical species are
located in the same spatial region. For carbonaceous material, hematite, and substrate-
adhesive epoxy, the chemical maps generated using MCR-ALS applied to the
combinatorial data set collected at 785 nm excitation (Figure 4.7) display much more
distinct distributions of the three chemical species as compared to those collected at
532 nm excitation (Figure 4.6). These results demonstrate the effectiveness of 785 nm

excitation for the resolution of hematite from carbonaceous material if these two
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chemical species are located in the same spatial region. This increased effectiveness of
785 nm excitation as opposed to that of 532 nm excitation for the resolution of these
three chemical species can be attributed to the much greater spectral overlap of the
three chemical species that is observed using 532 nm excitation rather than 785 nm
excitation. Overall, combinatorial data sets produced using both 532 nm (Figure 4.6)
and 785 nm (Figure 4.7) excitation, which allow for hematite and carbonaceous
material to be localized in the exact same spatial region, revealed that MCR-ALS in
conjunction with Raman microspectroscopic imaging can be employed for the
resolution of hematite, carbonaceous material, and substrate-adhesive epoxy, in which
the differentiation of these three chemical species is more efficient using 785 nm

excitation as opposed to using 532 nm excitation.

4.4.6 Implications for Planetary Science, Geochemistry, and Geology

This chapter provides an analytical methodology to help solve the basic
problem of distinguishing carbonaceous material from hematite (a-Fe,O3) that has
been encountered in Raman spectroscopic analysis of various geologic samples.[132,
140, 158-160, 174] Our results are timely in that both the upcoming Mars 2020 rover
and ExoMars 2020 rover missions to Mars will search for evidence of extant or past
life, and will, for the first time, conduct Raman spectroscopy on the surface of
Mars.[127, 139] Given the widespread distribution of hematite on the Martian
surface[137, 143-149, 151-154, 156] and the recent discovery that trace amounts of
organic molecules and hematite are present in the same samples from a drill hole
within Gale Crater on Mars [131, 135-137], it is likely that any organic molecules
and/or carbonaceous material detected in Martian samples by the upcoming rover

missions will occur in the presence of hematite.[132] It will therefore be crucial to
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robustly distinguish carbonaceous material from hematite in Raman spectra obtained
by the upcoming rover missions to Mars, and the analytical methodology proposed
here should help to solve this problem. The Mars 2020 rover mission will cache
samples for a possible future return to Earth[127], and our results should help mission
scientists in their selection of those samples.

Our results have an increased importance for these upcoming Mars missions
given the excitation wavelengths of 248.6 nm and 532 nm used by the Raman
spectrometers onboard the Mars 2020 rover[127] and the ExoMars 2020 rover[139],
respectively. The wavenumbers displayed in the Raman spectra collected by the
SHERLOC instrument onboard the Mars 2020 rover will be >810 cm™.[127] These
Raman spectra, therefore, will not include several bands for hematite present in the
200 to 700 cm™ spectral region (Figures 4.1A and 4.1B) that are key to identifying
this phase.[158] In the Raman spectra collected by the SHERLOC instrument,
therefore, the 2LO band of hematite will have an increased importance for the
identification of this phase, so our results have important implications for robustly
distinguishing hematite from carbonaceous material in these Raman spectra. In
addition, as with 532 nm excitation (Figure 4.1A), under 248 nm excitation, the 2LO
band of hematite is again a broad high-intensity band[175] that will have spectral
overlap with the D-band for carbonaceous material. As regards Raman spectra
collected by the ExoMars 2020 rover mission using 532 nm excitation, our analytical
methodology can resolve carbonaceous material from hematite that are located in the
same spatial region, but it is more difficult to resolve the two chemical species using

532 nm excitation as opposed to using 785 nm excitation. Our analytical methodology
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used to distinguish carbonaceous material from hematite will, therefore, be especially
useful for the upcoming rover missions in their search for extant or past life on Mars.

In addition to Mars, our proposed analytical methodology for distinguishing
carbonaceous material from hematite should be applicable to a wide variety of studies
involving extraterrestrial bodies or materials containing carbonaceous material and
hematite, especially when these components have a close spatial association. For
example, Raman spectroscopy has been used to document both micron-sized
magnetite-hematite grains[176] and carbonaceous material containing both the D- and
G-bands in micron-sized fragments[177] from different grains returned by the Stardust
mission from comet 81P/Wild 2. Most of the magnetite-hematite grains are believed to
be indigenous to the comet as opposed to being artifacts of capture or analysis.[176]
Raman spectroscopy has also been used to document hematite and organic carbon on a
micron-scale in a stratospheric dust particle (10 pum x 9 um in size) of putative
extraterrestrial origin.[178]

For geological studies, the problem of distinguishing carbonaceous material
from hematite is especially acute in the search for evidence of microbial fossils in
ancient geologic samples. The spectral overlap of the 2LO band of hematite and the D-
band of carbonaceous material has contributed to the misidentification of hematite as
carbonaceous microfossils in 3.5-billion-year-old cherts.[158-160] Our proposed
analytical methodology used to distinguish carbonaceous material from hematite,
therefore, should help researchers who are engaged in the difficult task of searching
for evidence of early life on Earth. Furthermore, our results should have applications
for studies on redbeds and banded iron formations (BIFs) that comprise two major

types of iron-bearing sedimentary rocks. For example, a recent study of Early Permian
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redbed mudstones in Texas, USA, containing well-preserved plant macrofossils shows
that the rocks contain hematite and minor amounts (~0.08-0.27 wt%) of total organic
carbon.[179] Raman spectroscopy on a polished thin section of a sample from the
Vichadero BIF, Uruguay, shows that carbonaceous material and hematite locally have
an intimate spatial association on a micron-scale.[180] It is clear, therefore, that our
proposed analytical methodology to distinguish carbonaceous material from hematite
will have applicability to a host of studies involving both terrestrial and extraterrestrial

samples and environments.

4.5 Conclusions

The search for extant or past life on Mars in the form of organic molecules or
carbonaceous material will be a primary objective of both the upcoming Mars 2020
rover and ExoMars 2020 rover missions. For the first time, Raman spectroscopy and
Raman microspectroscopic imaging will be conducted on the surface of Mars.
Hematite (a-Fe,O3) is a widespread mineral on the Martian surface. As the 2LO
Raman band of hematite and the Raman D-band of carbonaceous material show
spectral overlap, a detailed analytical methodology for both the collection and analysis
of Raman spectroscopic data is needed to robustly differentiate carbonaceous material
from hematite in samples on the surface of Mars. Moreover, the differentiation of
carbonaceous material from hematite is a challenging task using univariate analysis
due to the high spectral overlap of these components that is observed using both 532
nm and 785 nm excitation. In this chapter, we have shown the ability of multivariate
analysis, in the form of multivariate curve resolution-alternating least squares (MCR-

ALS), in conjunction with Raman microspectroscopic imaging, to identify and
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differentiate, both spatially and spectrally, carbonaceous material from hematite. Our
measured Raman spectra of hematite and carbonaceous material display increased
spectral overlap using 532 nm excitation as compared to using 785 nm excitation. This
result is evidenced by 2LO band of hematite being more intense under 532 nm
excitation as compared to under 785 nm excitation. A sample comprised of hematite,
carbonaceous material, and substrate-adhesive epoxy in spatially distinct domains was
prepared for this investigation. On this sample, using both 532 nm and 785 nm
excitation, spatially-resolved chemical maps and corresponding Raman spectra of the
individual chemical species—hematite, carbonaceous material, and substrate-adhesive
epoxy—were generated using MCR-ALS with Raman microspectroscopic imaging.
Furthermore, Raman microspectroscopic imaging with MCR-ALS using both 532 nm
and 785 nm excitation was able to differentiate hematite and carbonaceous material
when these species were in spatially distinct domains. Principal component analysis
(PCA) applied to the Raman microspectroscopic imaging data demonstrated that both
532 nm and 785 nm excitation produced three-phase systems comprised of hematite,
carbonaceous material, and substrate-adhesive epoxy, in which 785 nm excitation
provided a more refined differentiation of the three chemical species. MCR-ALS
applied to the Raman microspectroscopic imaging data confirmed this result: 785 nm
excitation better resolved hematite, carbonaceous material, and substrate-adhesive
epoxy. Combinatorial data sets were also used to analyze experimental data with
hematite and carbonaceous material within the same, non-differentiable space. MCR-
ALS applied to combinatorial data sets using both 532 nm and 785 nm excitation was
able to resolve carbonaceous material from hematite that are located in the same

spatial region, and again, 785 nm excitation was better able to differentiate hematite,
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carbonaceous material, and substrate-adhesive epoxy. Using multivariate analysis
methods, including PCA and MCR-ALS, with Raman microspectroscopic imaging,
785 nm excitation was more effective at resolving hematite, carbonaceous material,
and substrate-adhesive epoxy as compared to 532 nm excitation. This result can be
attributed to the increased spectral overlap of the 2LO band of hematite with the D-
band of carbonaceous material using 532 nm excitation as compared to using 785 nm
excitation. To our knowledge, this is the first time multivariate analysis methods with
Raman microspectroscopic imaging have been employed to differentiate carbonaceous
material from hematite. We have therefore provided an analytical methodology,
including both data collection and analysis, which should prove useful in the
upcoming rover missions that will search for extant or past life on the surface of Mars.
In addition to Mars, our proposed analytical methodology for differentiating
carbonaceous material from hematite should be useful for a wide range of studies of
both terrestrial and extraterrestrial materials and environments, including the daunting

task of finding evidence of microbial life in ancient rocks on Earth.
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Chapter 5

MULTIVARIATE CURVE RESOLUTION-ALTERNATING LEAST
SQUARES (MCR-ALS) WITH RAMAN MICROSPECTROSCOPIC IMAGING
APPLIED TO LUNAR METEORITES

5.1 Abstract

Lunar meteorites provide a more random sampling of the Moon’s surface than
do the returned lunar samples, and they provide valuable information to help estimate
the chemical composition of the lunar crust, the lunar mantle, and the bulk Moon. As
of July 2014, ~96 lunar meteorites had been documented and 10 of these are
unbrecciated mare basalts. Using multivariate curve resolution-alternating least
squares (MCR-ALS) with Raman microspectroscopic imaging, portions of two
polished thin sections of two paired, unbrecciated, mare-basalt lunar meteorites that
had been collected from the LaPaz Icefield (LAP) of Antarctica—LAP 02205 and
LAP 04841—were investigated. Polarized light microscopy displays that both
meteorites are heterogeneous and consist of polydispersed sized and shaped particles
of varying chemical composition. For two distinct probed areas within each meteorite,
the individual chemical species were elucidated using MCR-ALS applied to Raman
microspectroscopic imaging. Spatially-resolved chemical images and corresponding
resolved Raman spectra of these chemical species were generated using MCR-ALS in
conjunction with Raman microspectroscopic imaging. For LAP 02205, MCR-ALS
with Raman microspectroscopic imaging spatially and spectrally resolved

clinopyroxene, ilmenite, substrate-adhesive epoxy, and diamond-polish within the
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probed areas. Similarly, for LAP 04841, spatially-resolved chemical images with
corresponding resolved Raman spectra of clinopyroxene, troilite, a high-temperature
polymorph of anorthite, substrate-adhesive epoxy, and diamond-polish were generated
using MCR-ALS with Raman microspectroscopic imaging. In both LAP 02205 and
LAP 04841, substrate-adhesive epoxy and diamond-polish were more readily
observed within fractures/veinlet features. Spectrally-diverse clinopyroxenes were
resolved in LAP 04841 using MCR-ALS with Raman microspectroscopic imaging.
Factors that allow these resolved clinopyroxenes to be differentiated include crystal
orientation, spatially-distinct chemical zoning of pyroxene crystals, and/or chemical
and molecular composition. The minerals we identified using our analytical
methodology—clinopyroxene, anorthite, ilmenite, and troilite—are consistent with the
results of previous studies of the two meteorites using electron microprobe analysis.
To our knowledge, this is the first report of MCR-ALS with Raman
microspectroscopic imaging used for the investigation of both lunar and other types of
meteorites. We have demonstrated the use of multivariate analysis methods, namely
MCR-ALS, with Raman microspectroscopic imaging to investigate heterogeneous
lunar meteorites. Our analytical methodology can be used to elucidate the chemical,
molecular, and structural characteristics of phases in a host of complex, heterogeneous

geological, geochemical, and extraterrestrial materials.

5.2 Introduction
Raman spectroscopy has been proposed as a tool for the in situ detection,
identification, and characterization of various materials, e.g., minerals, glasses, and

organic molecules, on the surfaces of extraterrestrial bodies including Mars and the
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Moon.[30, 31, 44, 138, 181] The upcoming Mars 2020[127] and ExoMars 2020[129,
139] rover missions to Mars that are being developed by the National Aeronautics and
Space Administration (NASA)[127] and the European Space Agency (ESA)/Russian
Federal Space Agency (Roscosmos)[139], respectively, will use Raman spectrometers,
for the first time[130], to investigate the surface materials of an extraterrestrial
body.[127, 139] As for lunar materials, Raman spectroscopy and Raman
microspectroscopic imaging have been shown to readily identify and determine the
spatial distribution of mineral phases in both Apollo lunar samples[30, 44, 181-183]
and lunar meteorites found on Earth[44, 182].

Lunar meteorites provide a more random sampling of the Moon’s surface than
the samples returned to Earth by the Apollo and Luna missions.[184] Lunar meteorites
provide valuable information that is used to help estimate the chemical composition of
both the lunar crust and the bulk Moon, as well as to help constrain the Mg/(Mg + Fe)
ratio of the lunar mantle.[184, 185] Furthermore, the chemical, molecular, and
structural characteristics of the mineral phases within lunar samples are used to
elucidate the petrogenesis of their host rocks.[182, 184, 186-190] From the discovery
of the first lunar meteorite in 1979 until June 2005, ~36 lunar meteorites had been
identified, analyzed, and described, and ~86% of them had been found in Antarctica
and the deserts of northern Africa and Oman.[184] Lunar meteorites continued to be
discovered so that by July 2014, ~96 lunar meteorites had been documented.[191]
Most of these meteorites are different types of breccias with only 10 (~10%) of them
being unbrecciated mare basalts.[191] In this chapter, we investigated two
unbrecciated mare-basalt meteorites, and we now provide some basic background on

the minerals in these rocks that we analyzed.
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The common silicate minerals pyroxene, plagioclase feldspar, and olivine
together comprise >90 vol.% of many lunar rocks, including mare basalts.[181, 184,
190] These phases are readily distinguished from each other using Raman
spectroscopy since their major Raman bands do not overlap.[30, 44, 181] limenite is a
common oxide mineral (<5 vol.%) and troilite is a common, but minor, sulfide mineral
in lunar samples.[184, 190] Olivine was not analyzed in this chapter, so we do not
discuss it here.

Pyroxenes comprise an important rock-forming group of minerals,[182] and
pyroxene is the most abundant phase in mare basalts.[190] Pyroxenes crystallize in
either the orthorhombic (orthopyroxene) or monoclinic (clinopyroxene) crystal
systems, and they have a wide range of chemical compositions.[192] For this chapter,
we need only consider those pyroxenes that have the general formula
(Mg,Fe®*,Ca),Si,0 and are plotted on the pyroxene quadrilateral.[192, 193] The
pyroxene quadrilateral is an isosceles trapezoid with the left and right vertices of the
lower base being the end member compositions Mg,Si,Os (enstatite, En) and
(Fe?),Si,05 (ferrosilite, Fs), respectively, and the left and right vertices of the upper
base being the end member compositions CaMgSi,Os (diopside, Di) and CaFe?*Si,Og
(hedenbergite, Hd), respectively.[192, 193] The Ca,SiOs (wollastonite, Wo)
component of the chemical compositions of pyroxenes plotted on the pyroxene
quadrilateral ranges from Wo, along the lower base (En-Fs series) to Wos, along the
upper base (Di-Hd series).[192] Pyroxenes of the En-Fs series are orthopyroxenes
with space group Pbca that may contain up to five molecular percent of the
wollastonite component.[192] Clinopyroxenes have a higher molecular percentage of

the wollastonite component than do orthopyroxenes, and they have a variety of names
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based on their chemical compositions.[192, 193] We here consider the clinopyroxene
varieties pigeonite and augite. Pigeonite—(Mg,Fe’*,Ca),Si,O¢—refers to a low-Ca
clinopyroxene having a wollastonite component with values of Wo0s.50.[192] Low-
temperature pigeonite has space group P2;/c, and upon heating, high-temperature
pigeonite has space group C2/c.[192] Augite— (Ca,Mg,Fe?"),Si,0s—refers to
clinopyroxenes having a wollastonite component with values of Wo020.45.[192] Augite
and the clinopyroxenes of the Di-Hd series have space group C2/c.[192] With
increasing Fe content, pigeonite and augite have been referred to as ferropigeonite and
ferroaugite, respectively[193], although these terms are now considered obsolete.[192]
The mineral pyroxferroite (~Cay;7Fes7SiO3) is a triclinic pyroxenoid with space group
P1 and it would plot along or close to the Di-Fs leg of the pyroxene quadrilateral
corresponding to compositions with very high Fe contents (molecular Mg/(Mg + Fe)
ratios of ~0.05.[181, 182, 190, 193] In lunar mare basalts, orthopyroxene is rare or
absent, augite and pigeonite are typical pyroxenes that commonly coexist, and
pyroxferroite may form during late-stage rapid crystallization of Fe-enriched
melt.[190]

Feldspar-group minerals are common rock-forming minerals in the crust of
terrestrial bodies, e.g., Earth, Mars, and the Moon, and they include the plagioclase
and alkali feldspar series of minerals.[194] Plagioclase feldspar commonly consists of
a solid solution of CaAl,Si,Og (anorthite, An) and NaAlSizOg (albite, Ab), and alkali
feldspars commonly have a composition of NaAlSi3;Og to KAISi;Og.[194] The
plagioclase and alkali feldspar series both have members that have different structural

states.[194] For many lunar rocks, calcic plagioclase is the major feldspar mineral
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with compositions typically ranging from ~Angs to Angg, and alkali feldspar is
commonly a minor mineral.[181]

IImenite (FeTiOs3) is an abundant oxide mineral in lunar samples, especially in
lunar mare basalts. llmenite in lunar mare basalts contains up to ~6 wt.% MgO.[190]
The distribution of Mg between ilmenite and coexisting silicate minerals may provide
information on the crystallization sequence of minerals from a melt. llmenite may be
associated with other Fe- and/or Ti-bearing minerals, and these various mineral
associations can provide information on oxygen fugacities and temperatures during the
formation of these phases.[195, 196] Troilite (FeS) commonly occurs as a late-stage
crystallization product in mare basalts, and its presence is consistent with the highly-
reducing, low-oxygen characteristics of lunar magmas and post-crystallization lunar
environment.[190]

In this chapter, we investigated two polished thin sections of two lunar
meteorites that had been found in the LaPaz Icefield (LAP) of Antarctica. Lunar
meteorite LAP 02205 was found during the 2002 Antarctic Search for Meteorites
(ANSMET) field season[184, 193] and lunar meteorite LAP 04841 was found during
the 2004 ANSMET field season[197]. LAP 02205 and LAP 04841 are both
unbrecciated mare basalts[184, 193, 197], so they represent a relatively rare type of
lunar meteorite [191]. When collected, LAP 02205 had a mass[184] of 1226 g making
it the largest known mare-basalt meteorite[193], and LAP 04841 had a mass of 60
g.[197] LAP 04841 is most likely paired with LAP 02205[197], meaning that the two
rocks were most likely part of the same meteoroid prior to atmospheric entry.

Mineralogy and mineral chemistry clearly indicate a lunar origin for LAP

02205[193, 198-200] and LAP 04841[197]. Modal mineralogy, texture, and mineral
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chemistry have been well-characterized for LAP 02205[193, 198-200] and LAP
04841[197]. LAP 02205 and LAP 04841 are unbrecciated, coarse-grained,
holocrystalline basalts, and according to the scheme of Neal and Taylor[186], the
meteorites are classified as low-titanium (Ti) mare basalts.[193, 197] Pyroxene ranges
from 43.9 to 56.9 modal percent in LAP 02205[193, 198] and it comprises 56.2 modal
percent of LAP 04841[197]. Plagioclase feldspar ranges from 33.1 to 45.3 modal
percent in LAP 02205[193, 198] and it comprises 31.9 modal percent of LAP
04841[197] Pyroxene and plagioclase feldspar together comprise ~90 and ~88 modal
percent of LAP 02205[193, 198] and LAP 04841[197], respectively. Electron
microprobe analysis of LAP 02205 and LAP 04841 shows that most of the pyroxene
grains are chemically zoned (core to rim) with pigeonite (relatively high Mg) in the
core transitioning to augite, ferropigeonite and ferroaugite (ferropyroxene), and finally
to very Fe-rich rims, some of which have compositions of pyroxferroite.[193, 197-
200] Electron microprobe analysis of plagioclase feldspar grains show compositional
variation from Ang; to Ang; for both LAP 02205[199] and LAP 04841[197]. For LAP
02205, electron microprobe analysis shows that plagioclase feldspar is zoned from
cores of Angy composition to rims of Angs composition.[198] limenite is by far the
major oxide mineral ranging from 2.74 to 3.7 modal percent in LAP 02205[193, 198,
199] and comprising 3.34 modal percent of LAP 04841[197]. Electron microprobe
analysis shows low contents of MgO in ilmenite, up to 0.24 wt.% for LAP 02205[193,
198, 199], and up to 0.13 wt.% for LAP 04841[197]. Troilite comprises up to 1.4
modal percent in LAP 02205[193, 198] and occurs in trace amounts in LAP
04841[197]. Lunar meteorites LAP 02205 and LAP 04841 both show several types of

shock-metamorphic effects.[193, 197-199] The level of shock metamorphism in LAP
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02205 and LAP 04841 is quite variable, even on the scale of a thin section[197], so
estimates of shock pressures show a wide range from ~10 GPa up to ~50 GPa, with
localized shock pressures perhaps exceeding 60 GPa[197-199].

Given these chemical species of interest within lunar meteorites, Raman
microspectroscopic imaging can be employed for the investigation of extraterrestrial
materials[44] for planetary science applications as well as in a variety of other
disciplines, ranging from pharmaceuticals to material sciences[49, 106, 201-205].
Raman microspectroscopic imaging is primarily employed in order to collect spatially-
resolved chemical information about a sample. By providing multidimensional
analytical information, Raman microspectroscopic imaging can spatially and
spectrally characterize materials with unique advantages, including high specificity,
molecular fingerprinting ability, low sensitivity to water, and high sampling versatility
with limited preparation.[5, 40, 49] Furthermore, Raman microspectroscopic imaging
centers on the ability to collect Raman spectra at defined locations within a sample,
and thus, hundreds to millions of independent, spatially-resolved spectra can be
accumulated using this technique.[5, 40] These extensive data sets ultimately allow for
the visualization of chemical, molecular, and structural information about a sample.

The analysis of Raman microspectroscopic imaging data subsequent to its
collection is essential for the ability of this technique to provide spatially-resolved
chemical and molecular information. The analysis of Raman microspectroscopic
imaging data is traditionally performed using univariate methods, in which “heat” or
intensity maps are generated based on the integration or amplitude of a characteristic
Raman band of a known analyte of interest. By using univariate methods, however,

interference effects can significantly impact the data and its analysis.[50-52]
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Moreover, if a sample is a mixture of chemical species containing either a potentially
unknown composition or overlapping spectral features, univariate methods can
provide a limited analysis that could ultimately allow for critical chemical information
to go unnoticed and unused.[50-52] Additionally, other interference effects commonly
observed in Raman microspectroscopic imaging data that univariate methods
frequently fail to overcome are background interference, fluorescence, laser power
fluctuation, loss of focus, sample roughness, sample opacity, and optical
alignment.[50-52] Multivariate and chemometric analysis methods, however, can
address these interference effects, and provide increased sensitivity, increased
selectivity, enhanced visualization, and significant data reduction when used in
conjunction with Raman microspectroscopic imaging.[50-52] Thus, multivariate
analysis methods applied to Raman microspectroscopic imaging data can be used to
both identify the chemical species present within an unknown sample and discern a
representative distribution of the individual, pure chemical species.[50, 53-55]

A variety of multivariate methods have been used to analyze Raman
microspectroscopic imaging data, including multivariate curve resolution-alternating
least squares (MCR-ALS), principal component analysis (PCA), cluster analysis,
neural networks, partial least squares (PLS), and direct classical least squares
(DCLS).[50, 56-58] Specifically, MCR-ALS has recently gained momentum due to its
ability to provide spatially- and spectrally-resolved chemical information from Raman
microspectroscopic imaging data using a simple, additive bilinear model of pure
contributions.[55, 61, 65] Unlike other multivariate analysis methods, the results of
MCR-ALS applied to Raman microspectroscopic imaging data can be evaluated by

both spectroscopists and chemometricians.[55, 61] By using the straightforward MCR-
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ALS algorithm with Raman microspectroscopic imaging, spatially-resolved chemical
images and corresponding resolved Raman spectra of the individual, pure chemical
species within a complex, unknown sample can be generated.

In this chapter, we present the results of an initial investigation of lunar
meteorites LAP 02205 and LAP 04841 that was accomplished using Raman
microspectroscopic imaging in conjunction with MCR-ALS. Spatially-resolved
chemical images and corresponding resolved Raman spectra of the individual
chemical species within distinct areas of both lunar meteorites were generated using
MCR-ALS with Raman microspectroscopic imaging. Polarized light microscopy was
employed to initially determine the heterogeneity of the lunar meteorites with respect
to particle size, shape, and composition. MCR-ALS with Raman microspectroscopic
imaging was subsequently utilized to elucidate the chemical properties of distinct
areas within both LAP 02205 and LAP 04841. To the best of our knowledge, this is
the first report of MCR-ALS with Raman microspectroscopic imaging applied to lunar
or other types of meteorites. Overall, we demonstrate and evaluate the effectiveness of
multivariate analysis methods with microspectroscopic chemical imaging to

investigate mineralogically heterogeneous meteorites.

5.3 Materials and Methods

5.3.1 Materials and Sample Preparation

Polished thin sections LAP 02205,51 and LAP 04841,18 from the two lunar
meteorites LAP 02205 and LAP 04841, respectively, were kindly provided by the
Meteorite Working Group (MWG) and the NASA Johnson Space Center. Polished
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thin sections LAP 02205,51 and LAP 04841,18 have surface areas of ~0.45 cm? and
~1.35 cm?, respectively. The samples are flat, cross-sectional representations of the
given meteorite, in which the surface of the meteorite was fully exposed and the total
sample depth was ~30-40 um. All sample preparation was performed by the MWG at
the NASA Johnson Space Center. In brief, a portion of the meteorite is mounted in
epoxy and polished to produce a flat surface. This flat, polished surface is
subsequently fixed to a glass substrate using epoxy. The meteorite sample is then cut
to a thickness of ~100 um such that the newly prepared surface is parallel to the glass
substrate. The meteorite is then polished to a final thickness of ~30-40 um and has a
flat, polished upper surface. Overall, the polished thin section contains a cross-
sectional representation of the lunar meteorite, in which the meteorite is fixed to a

glass substrate with epoxy.

5.3.2 Polarized Light Microscopy

A SZM1500 stereomicroscope (Nikon) was used for the collection of all
polarized light images. Both plane polarized and cross polarized optical images were
collected. A magnification ranging from 0.75% to 11.25x was utilized for polarized

light microscopy measurements.

5.3.3 Raman Microspectroscopic Imaging

A Senterra Raman spectrometer (Bruker Optics) coupled to a BX-51 optical
microscope (Olympus) was used for all Raman microspectroscopic imaging
measurements. Both 532 nm and 785 nm excitation sources were used for Raman
microspectroscopic imaging measurements. For the respective excitation source, the

laser was focused onto the sample using a 20x (0.40 numerical aperture, NA) or a 50x
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(0.75 NA) close-working-distance objective lens (Olympus). The laser spot size
resulting from 20x and 50x magnification was ~5 pm and ~2 pm in diameter,
respectively. After excitation of the sample, scattered light was collected by the
objective lens, filtered by a 50 x 1000 um slit aperture, and dispersed by a 1200
grooves/mm grating onto a thermoelectrically-cooled charge-coupled device (CCD)
detector held at a temperature of —65 °C. For 532 and 785 nm excitations, the spectral
ranges were 70 to 1550 cm™ and 80 to 1525 cm™, respectively. These spectral ranges
were both covered under one grating position.

A constant nominal power of either 5 or 10 mW was used for 532 nm
excitation Raman microspectroscopic imaging measurements, and a constant nominal
power of either 25 or 50 mW was used for 785 nm excitation Raman
microspectroscopic imaging measurements. This laser power was applied to the
sample’s surface for all Raman microspectroscopic imaging measurements.
Integration times of 5 to 10 seconds with 3 co-averages were employed for Raman
microspectroscopic imaging measurements. During Raman microspectroscopic
imaging, a background measurement was collected prior to each Raman spectral
acquisition, in which the background measurement contained an integration time equal
to that of the respective Raman spectral acquisition. A total collection time of 30 to 60
seconds was utilized for each Raman spectral acquisition. Raman shift and source
wavelength calibration were internally performed using a neon lamp. A spectral
resolution of 3 to 5 cm™ was achieved for all Raman microspectroscopic imaging
measurements.

A grid containing the selected locations of Raman spectral acquisition was

generated for Raman microspectroscopic imaging measurements. These grids, which
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were rectangular in shape, were positioned on specific locations of interest of the
respective lunar meteorite sample. Moreover, the grids were generated in a 20 by 20
spectral arrangement with a step-size between spectra of ~5 um. Thus, each grid
contained a total of 400 Raman spectral acquisition points. An automated sample stage
was utilized to controllably define specific x and y positions on the sample to collect
Raman spectra. The height, or z direction, of the sample stage was held constant
during Raman microspectroscopic imaging measurements. The OPUS 7.2 program
(Bruker Optics) was used for the collection of all Raman microspectroscopic imaging

data.

5.3.4 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALYS)

The analysis of Raman microspectroscopic imaging data was performed using
the multivariate self-modeling mixture analysis method of MCR-ALS. Using MCR-
ALS in conjunction with Raman microspectroscopic imaging allows for the generation
of spatially-resolved chemical images and corresponding resolved Raman spectra of
the individual chemical species within a given sample area. Furthermore, MCR-ALS
provides a unique advantage due to its ability to spatially and spectrally resolve
chemical information about a heterogeneous, unknown sample. Mathematically,
MCR-ALS decomposes the experimental data matrix, D, as follows:

D=CS"+E (5.1)

where C is the concentration profile matrix, S" is the resolved spectral matrix, and E is
the residual error matrix. Using a variety of multivariate techniques, including
principal component analysis (PCA), or prior knowledge of the chemical species, the
number of components contributing to D can be determined. After providing an initial

estimation, the calculation and iterative optimization of C and S are accomplished
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using ALS until convergence is reached. During the ALS calculation, constraints of
physically meaningful origin can be applied to readily guide the solution. With Raman
microspectroscopic imaging, these constraints are typically the non-negative
concentrations and non-negative spectral intensities due to the fact that the
concentration of a particular chemical species within each pixel and the intensity of
the scattered radiation should not be negative.

In this chapter, the Raman microspectroscopic imaging data, which initially
contained a three-dimensional matrix consisting of spatial information (x and y) and
spectral information (cm™) was unfolded into a two-dimensional experimental data
matrix, D. Furthermore, each row in D is the intensity at various wavenumbers. The
number of components was selected prior to ALS using initial estimates from PCA, or
by comparison of resolved Raman spectra, in S', with Raman spectra of reference
materials. An initial estimation of S" was determined prior to ALS using distance
criteria, in which the first Raman spectrum for initialization was selected to be furthest
from the mean, and subsequent Raman spectra were selected to be furthest from the
mean and all prior selected Raman spectra. The physically meaningful constraints of
non-negative concentration and non-negative spectral intensity were both employed
during ALS. A convergence of 0.01% was achieved for all MCR-ALS models. MCR-
ALS methods were utilized in Matlab 7.12 (MathWorks) with the Matlab toolbox by
Jaumot et al.[162] and the PLS Toolbox (Eigenvector Research) to generate both the
concentration profile matrix, C, and the resolved spectral matrix, S'. The final
concentration profile matrix, C, was reconstructed in Matlab 7.12 to form chemical
images for each respective resolved component. These chemical images were

subsequently visualized using OriginPro (Origin Lab v9.1 Pro). The final spectral
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matrix, S, contains the resolved Raman spectrum for each chemical species. These
resolved Raman spectra were visualized using OriginPro.

MCR-ALS was performed using the spectral range of 200 to 1550 cm™ for 532
nm excitation and 200 to 1525 cm™ for 785 nm excitation. Prior to MCR-ALS
analysis, preprocessing was performed on the Raman microspectroscopic imaging data
using an asymmetric least squares baseline correction[163] to remove all variation in
the Raman spectra unrelated to chemical species. Moreover, the asymmetric least
squares baseline correction is an iterative method based on fitting the spectral baseline
using a Whittaker smoother, and is both fast and flexible with the large data sets
generated from Raman microspectroscopic imaging.[55, 163] No other preprocessing

was performed prior to MCR-ALS analysis.

5.4 Results and Discussion

5.4.1 Polarized Light Microscopy of Lunar Meteorites LAP 02205 and LAP
04841

An initial investigation of polished thin sections LAP 02205,51 and LAP
04841,18 using polarized light microscopy was performed. Plane polarized images of
LAP 02205 and LAP 04841 (Figures 5.1a and 5.1c, respectively) and cross polarized
images of LAP 02205 and LAP 04841 (Figures 5.1b and 5.1d, respectively) display
the mineral heterogeneity of these lunar meteorites. The polarized light images of LAP
02205 (Figures 5.1a and 5.1b) show features within the meteorite consistent with
previous studies.[193] For example, the high modal abundance of pyroxene (56.9%)
and plagioclase feldspar (33.1%) within LAP 02205[193] was observed in the

polarized light images. Polarized light images of LAP 02205 (Figures 5.1a and 5.1b)

160



also provided insight into the structural and chemical variation amongst these
abundant chemical species, including an initial differentiation of pyroxene, plagioclase
feldspar, and ilmenite within LAP 02205. Moreover, polarized light images of LAP
02205 (Figures 5.1a and 5.1b) display that this sample contains polydispersed
micrometer-sized particles of various shapes. Specifically, pyroxenes within LAP
02205 are ~100 to 1000 pm in size and show diverse shapes, including rectangular-,
oval-, and circular-shaped crystals. Due to the contrasting nature of plane polarized
and cross polarized images, the chemical and structural heterogeneity of the major

chemical species was observed for LAP 02205.

1000 pm

Figure 5.1: Polarized light microscopy images of LAP 02205 (a/b) and LAP 04841
(c/d).
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Similarly, as shown by the polarized light images (Figures 5.1c and 5.1d),
LAP 04841 displays a high degree of heterogeneity. Again, the polarized light images
of LAP 04841 (Figures 5.1c and 5.1d) display features within the meteorite
consistent with previous studies.[197] Specifically, the high modal abundance of both
pyroxene (56.2%) and plagioclase feldspar (31.9%) within LAP 04841[197], similar to
the respective abundance of these phases in LAP 02205[193], was observed using
polarized light microscopy. As with LAP 02205, LAP 04841 displays polydispersed
micrometer-sized particles of various shapes, including pyroxenes ranging in size from
~100 to 1000 um and having rectangular and elongated shapes. The polarized light
images of LAP 04841 (Figures 5.1c and 5.1d) display the general heterogeneity and
complexity of the chemical species within this lunar meteorite. Overall, using
polarized light microscopy, both lunar meteorites—LAP 02205 and LAP 04841—
display high heterogeneity and are comprised of polydispersed, micrometer-sized

particles of various shapes and diverse chemical properties.

5.4.2 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS)
with Raman Microspectroscopic Imaging of Lunar Meteorite LAP 02205

The modal abundances of the varying chemical species within lunar meteorite
LAP 02205 show that undifferentiated pyroxene (56.9%) and plagioclase
feldspar/maskelynite (33.1%) comprise most of this sample.[193] Maskelynite is a
shock-induced diaplectic glass formed from plagioclase feldspar[197], and in LAP
02205, the plagioclase feldspar shows only partial conversion to maskelynite.[193]
Raman spectroscopy has previously been employed for the characterization of
pyroxenes, including distinguishing the three general structural types of quadrilateral

pyroxenes, i.e., orthorhombic (orthopyroxene), monoclinic (clinopyroxene), and
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triclinic (pyroxenoid).[30, 44, 181, 182, 206, 207] A detailed discussion of using
Raman spectroscopy, including detailed interpretation of Raman spectra, relative
intensities, Raman spectral patterns, and Raman band locations, for the
characterization of the structural types and chemical compositions of the quadrilateral
pyroxenes is given in Wang et al.[182]. We present some of the key results needed for
the identification and differentiation of quadrilateral pyroxenes using Raman
microspectroscopic imaging in the following discussion.

A key spectral region within the Raman spectra of pyroxenes is ~200 to 1100
cm™. Specifically, in the 600-800 cm™ spectral region, Raman spectra for
orthorhombic pyroxenes show two bands (a doublet) near ~670 cm™.[182] Similar
results have also been reported[30, 181, 206, 207] that show this doublet to commonly
consist of Raman bands near ~660 cm™ and ~678/683 cm™. Within this same spectral
region (600-800 cm™), clinopyroxenes (monoclinic) with space group C2/c, in contrast
to orthopyroxenes, have only a single major Raman band near ~670 cm™ [182], and
again, similar results have been reported extensively in the literature.[30, 181, 206,
207] Like the monoclinic pyroxenes, Raman spectra for triclinic pyroxenoids have a
single major band in the 600-800 cm™ spectral region, but this band commonly occurs
at frequencies somewhat lower than ~660 cm™.[182] Furthermore, other Raman band
positions for the triclinic pyroxenoids are shifted to lower wavenumbers as compared
to those for clinopyroxenes and orthopyroxenes, such that the band positions for
pyroxferroite are ~10-20 cm™ lower than those for augite.[182] For the quadrilateral
pyroxenes, only the major cations Mg®*, Fe?*, and Ca?* have a significant effect on the
Raman band positions.[182] For the Raman spectra of quadrilateral pyroxenes, the

most useful bands for estimating cation ratios appear to be those that occur near ~1000
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cm?, ~670 cm™, and ~325 cm™.[182] The positions of these Raman bands shift to
higher frequencies with an increase in molar ratio of Mg®*.[182] A similar pattern in
the shift of frequencies of Raman band positions as a function of the molar ratio of
Mg®* was reported for several bands in both orthopyroxenes and clinopyroxenes.[206,
207] These shifts in Raman band positions appear to be more sensitive for
orthopyroxenes as compared to clinopyroxenes.[206, 207]

The vibrational modes of pyroxenes, including Raman active vibrational
modes, producing these key spectral features have been extensively studied.[182, 208-
210] In this chapter, monoclinic pyroxenes, termed clinopyroxenes, will be the
primary focus. Per factor group analysis, monoclinic pyroxenes of the space group
C2/c display 57 optical vibrational modes, in which 30 are Raman active.[182] Of
these 30 Raman active modes, typically 3 to 10 Raman bands are observed for most
naturally occurring monoclinic pyroxenes.[30, 181, 182] Specifically, these major
Raman bands detected within monoclinic pyroxenes are as follows: the symmetric
stretching mode of the Si-O bond containing nonbridging oxygen within [SiO4]*
subunits at ~1000 cm™ (Ag), the symmetric stretching mode of Si-O-Si bonds
containing bridging oxygen at ~670 cm™* (Ag), and crystal lattice modes resulting from
translational motion of the cations in the lower wavenumber spectral region (~300-400
cm™).[182] It is clear, therefore, that Raman spectroscopy provides a valuable tool for
investigating the nature of pyroxenes, including those in lunar samples.[30, 44, 181,
182]

In addition to pyroxenes, ilmenite (FeTiO3) has a modal abundance of 3.3%
within  LAP 02205.[193] Ilmenite contains a hexagonal close-packed oxygen

framework with Fe and Ti cations ordered among the two-thirds-filled octahedral
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sites, and has ten predicted Raman active vibrational modes—5Ay + 5E.[211, 212]
Moreover, the major bands observed in the Raman spectrum of ilmenite are assigned
as follows—226 cm™ (Ag), 370 cm™ (A,), and 679 cm™ (Ag). Moreover, the intense
Raman band at 679 cm™ corresponds to the symmetric stretching vibration of Ti*"Og
octahedra.[211] Given that the Raman spectra and Raman active modes of both
pyroxene[30, 181, 182, 206, 207] and ilmenite[211, 212] have been reported, Raman
microspectroscopic imaging can provide a valuable tool for investigating the nature of
both pyroxenes and ilmenite in lunar samples.[44] Additionally, given the importance
of both chemical species within lunar meteorites, distinct probing areas of LAP 02205
that contain pyroxene and ilmenite were investigated using Raman microspectroscopic
imaging with multivariate curve resolution-alternating least squares (MCR-ALS).
Spatially-resolved chemical images (Figures 5.2b, 5.2c, and 5.2d) and
corresponding resolved Raman spectra (Figures 5.2b, 5.2c, and 5.2d) of a probed area
(Figure 5.2a) of LAP 02205 were generated using MCR-ALS applied to Raman
microspectroscopic imaging. The mean (in black; Figure 5.2a) and standard deviation
(+ inred, - in blue; Figure 5.2a) of the 400 total Raman spectra accumulated over the
probed area (Figure 5.2a) show the presence of pyroxene, substrate-adhesive epoxy,
and diamond-polish. This is illustrated by the mean spectrum displaying major Raman
bands at 393 cm™, 665 cm™, and 1002 cm™ characteristic of pyroxene, major Raman
bands at 640 cm™, 823 cm™, 1002 cm™, 1113 cm™, 1186 cm™, and 1462 cm™
characteristic of substrate-adhesive epoxy, and a major Raman band at 1332 cm™
characteristic of diamond-polish. Using a five component MCR-ALS model, three
chemically meaningful components were resolved—diamond-polish, monoclinic-

structured pyroxene (clinopyroxene), and substrate-adhesive epoxy. The first resolved
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Raman spectrum (Figure 5.2b) shows a major Raman band at 1333 cm™ indicative of
diamond-polish. Detailed descriptions of the Raman spectra of diamond and diamond-
polish are given in Solin et al.[213] and Nasdala et al.[214], respectively. In brief,
diamond displays a major Raman band at ~1332 cm™ within the spectral region
covered in this chapter, and this band corresponds to the overlap of three zone-center
phonons—one longitudinal and two transverse optical modes—of Fyy symmetry.[213,
214] The second resolved Raman spectrum (Figure 5.2c) shows major Raman bands
at 324 cm™, 389 cm™, 532 cm™, 661 cm™, 995 cm™, and 1007 cm™ indicative of
clinopyroxene. The third resolved Raman spectrum (Figure 5.2d) shows major Raman
bands at 640 cm™, 822 cm™, 1003 cm™, 1113 cm™, 1185 cm™, 1298 cm™, and 1462
cm™ characteristic of substrate-adhesive epoxy. Moreover, these seven major Raman
bands closely match those reported for epoxy.[124, 125] A more detailed description
and interpretation of Raman spectra for epoxy, including Raman active modes, is
given in Chike et al.[125] and Lyon et al.[124].

The distributions of these resolved chemical species, in the form of spatially-
resolved chemical images (Figures 5.2b, 5.2c, and 5.2d), were generated using MCR-
ALS with Raman microspectroscopic imaging. Specifically, diamond-polish is
localized (Figure 5.2b) within the fracture/veinlet feature within the probed area. This
fracture/veinlet feature appears dark in the optical image (Figure 5.2a). The
distribution of clinopyroxene (Figure 5.2c) displays that clinopyroxene is the
predominant chemical species within the probed area, as clinopyroxene is spatially
distributed throughout this entire area except for the fracture/veinlet feature. The

spatial distribution of substrate-adhesive epoxy (Figure 5.2d) shows that the substrate-
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adhesive epoxy is located throughout the entire probed area, with high concentrations

within the fracture/veinlet feature as well as along the right portion of the probed area.
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Figure 5.2: Results of MCR-ALS applied to Raman microspectroscopic imaging
using 532 nm excitation of LAP 02205. Spatially-resolved chemical
images and corresponding resolved Raman spectra of diamond-polish
(b), pyroxene (c), and substrate-adhesive epoxy (d) are shown. The
optical image (a) and mean spectrum (black, a) +/- the standard deviation
(+ in red, - in blue; a) are shown. A five-component MCR-ALS model
was employed.

Another location within LAP 02205 was analyzed using Raman
microspectroscopic imaging with multivariate analysis methods (Figure 5.3). The
resulting spatially-resolved chemical images (Figures 5.3b, 5.3c, and 5.3d) and
corresponding resolved Raman spectra (Figures 5.3b, 5.3c, and 5.3d) were generated
from MCR-ALS applied to Raman microspectroscopic imaging of the probed area
displayed in the optical image (Figure 5.3a). The mean (in black; Figure 5.3a) and
standard deviation (+ in red, - in blue; Figure 5.3a) of the 400 total Raman spectra
collected over this probed area demonstrate that ilmenite, pyroxene, and substrate-
adhesive epoxy are present. Specifically, the mean spectrum of the Raman
microspectroscopic imaging data displays primary bands with corresponding chemical
species as follows: 226 cm™ (ilmenite), 370 cm™ (ilmenite), 678 cm™ (ilmenite), 822
cm™ (substrate-adhesive epoxy), 992 cm™ (pyroxene), 1112 cm™ (substrate-adhesive
epoxy), 1185 cm™ (substrate-adhesive epoxy) and 1378 cm™ (epoxy/substrate-
adhesive epoxy). Using a three component MCR-ALS model, three chemically
meaningful components were resolved—ilmenite, clinopyroxene, and substrate-
adhesive epoxy. The first resolved Raman spectrum (Figure 5.3b) shows major
Raman bands at 226 cm™, 370 cm™, and 679 cm™ characteristic of ilmenite. The
second resolved Raman spectrum (Figure 5.3c) shows major Raman bands at 318 cm”

1 354 cm? 387 cm? 536 cm? 663 cm®, and 993 cm? characteristic of
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clinopyroxene. The third resolved Raman spectrum (Figure 5.3d) shows major Raman
bands at 640 cm™, 822 cm™, 1113 cm™, 1185 cm™, and 1225 cm™ characteristic of
substrate-adhesive epoxy. Furthermore, the resolved Raman spectrum of substrate-
adhesive epoxy (Figure 5.3d) also displays a high-intensity, broad Raman band at

1378 cm™ characteristic of the glass substrate.
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Figure 5.3: Results of MCR-ALS applied to Raman microspectroscopic imaging
using 785 nm excitation of LAP 02205. Spatially-resolved chemical
images and corresponding resolved Raman spectra of ilmenite (b),
pyroxene (c), and substrate-adhesive epoxy (d) are shown. The optical
image (a) and mean spectrum (black, a) +/- the standard deviation (+ in
red, - in blue; a) are shown. A three-component MCR-ALS model was
employed.

The spatial distributions of the resolved chemical species (Figures 5.3b, 5.3c,
and 5.3d) were also generated using MCR-ALS applied to Raman microspectroscopic
imaging of the probed area shown in the optical image (Figure 5.3A). The distribution
of ilmenite (Figure 5.3b) shows that this chemical species occupies a large amount of
the probed area, with a higher concentration towards the lower portion of this area.
The distribution of clinopyroxene (Figure 5.3c) shows that clinopyroxene is located
towards the top and right portions of the probed area in fashion complementary to that
of ilmenite. The spatial distribution of substrate-adhesive epoxy (Figure 5.3d), which
is also influenced by glass (1378 cm™ band in the resolved Raman spectrum of Figure
5.3d), shows that the substrate-adhesive epoxy is located towards the top-left and

bottom-right portions of the probed area in a similar fashion to that of clinopyroxene.

5.4.3 Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS)
with Raman Microspectroscopic Imaging of Lunar Meteorite LAP 04841

The modal abundances of the varying chemical species within lunar meteorite
LAP 04841 show that undifferentiated pyroxene (56.2%) and plagioclase
feldspar/maskelynite (31.9%) comprise most of this sample.[197] These values are
quite similar to their respective values in LAP 02205.[193] In addition to
pyroxenes[182, 206, 207], Raman spectroscopy can also readily characterize

plagioclase feldspars[194], including distinguishing calcic plagioclase feldspar from
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alkali feldspars in lunar samples.[30, 44, 181] Moreover, a Raman spectroscopic study
of natural feldspar-group minerals having a wide range of compositions, crystal
structures, and degrees of cation disorder concluded that ten types of feldspars can be
classified using this technique alone, but that the cation compositions of the various
feldspar phases could not be quantitatively determined using Raman band
positions.[194]

The Raman active modes of plagioclase feldspar, including anorthite
(CaAl,Si,0s), have been extensively investigated.[194, 209] Anorthite is a member of
the plagioclase feldspar mineral group and belongs to the triclinic space group P1 at
low temperatures.[209] Upon heating, anorthite can form high-temperature
polymorphs, and specifically, it can transform to a high-temperature polymorph with a
body-centered structure and a space group of 11.[194] From factor-group analysis, 156
Ay (Raman active) and 156 A, (infrared active) optical modes are predicted for
anorthite.[209] Of these 156 predicted Raman active optical modes, anorthite typically
displays only seven well-resolved Raman bands in the ~200 to 1550 cm™ spectral
region[194], with the strongest Raman band being at ~505 cm™.[194, 209] This band,
which is characteristic of the plagioclase feldspar structure, is attributed to motion of
the oxygen (O) atom along a line bisecting the T-O-T angle, where T represents either
a Si or Al atom.[209, 215]

In LAP 04841, in contrast to the abundant pyroxene and plagioclase feldspar,
troilite (FeS) has a modal abundance of <0.07%.[197] In meteorites, troilite is the
most common and abundant sulfide phase.[216] Troilite belongs to the P6s/mmc space
group and contains a NiAs-type structure with both the Fe and S atoms in a six-fold

coordination.[216] Using Raman spectroscopy, Fe-rich sulfides, including troilite, are
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difficult to identify and characterize.[216] Specifically, the Raman spectrum of troilite
typically displays a low signal-to-noise ratio, and can be characterized by low-signal
Raman bands within lower wavenumber regions, including bands at 160 cm™, 290 cm®
! and 335 cm™.[216] Moreover, a sample from the RRUFF database project
documented to be troilite by electron microprobe analysis displays Raman spectra with
very low signal-to-noise ratios and primary Raman bands at ~720 cm™ and ~840 cm’
! [126] The variation in the spectral location of these Raman bands is high due to the
intense noise observed in the Raman spectra of troilite.

We here present the results of our investigation of pyroxenes, plagioclase
feldspar (e.g., anorthite) and troilite in two probed areas of LAP 04841 using Raman
microspectroscopic imaging in conjunction with MCR-ALS. Specifically, spatially-
resolved chemical images (Figures 5.4b, 5.4c, 5.4d, 5.4e, and 5.4f) and corresponding
resolved Raman spectra (Figures 5.4b, 5.4c, 5.4d, 5.4e, and 5.4f) of a probed area of
LAP 04841, shown in the optical image (Figure 5.4a), were generated using MCR-
ALS applied to Raman microspectroscopic imaging. The mean (in black; Figure 5.4a)
and standard deviation (+ in red, - in blue; Figure 5.4a) of the 400 total Raman spectra
accumulated over the probed are (Figure 5.4a) show the presence of pyroxene and
substrate-adhesive epoxy. The mean Raman spectrum has major Raman bands at 327
cm?, 394 cm™, 667 cm™, and 1010 cm™ characteristic of pyroxene and major Raman
bands at 640 cm™, 822 cm™, 1113 cm™, 1186 cm™, and 1462 cm™ characteristic of
substrate-adhesive epoxy. Using a five component MCR-ALS model, five chemically
meaningful components were resolved—three clinopyroxenes, troilite, and substrate-
adhesive epoxy. The first resolved Raman spectrum (Figure 5.4b) shows major

Raman bands at 329 cm® 398 cm?, 670 cm?, and 1000 cm™ indicative of
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clinopyroxene. The second resolved Raman spectrum (Figure 5.4c) shows major
Raman bands at 324 cm™, 360 cm™, 394 cm™, 666 cm™, and 1010 cm™ indicative of
clinopyroxene. The third resolved Raman spectrum (Figure 5.4d) shows major Raman
bands at 320 cm™, 664 cm™, and 1006 cm™ indicative of clinopyroxene. The fourth
resolved Raman spectrum (Figure 5.4e) shows major Raman bands at 311 cm™, 345
cm™, 750 cm™, and 823 cm™. On the basis of the presence of the lower wavenumber
bands, the overall low signal-to-noise ratio of the spectrum, and comparison with the
Raman spectra of troilite from the RRUFF database project[126], this resolved Raman
spectrum (Figure 5.4e) is interpreted as that of troilite. The fifth resolved Raman
spectrum (Figure 5.4f) shows major Raman bands at 640 cm™, 823 cm™, 1113 cm™,
1186 cm™, 1228 cm™, 1299 cm™, and 1463 cm™ characteristic of substrate-adhesive
epoxy.

The spatially-resolved chemical images (Figures 5.4b, 5.4c, 5.4d, 5.4e, and
5.4f) generated from MCR-ALS applied to Raman microspectroscopic imaging of the
probed area (Figure 5.4a) of LAP 04841 highlight the distribution of the resolved
chemical species. The distribution of the three clinopyroxenes (Figures 5.4b, 5.4c,
and 5.4d) show that clinopyroxene is the dominant chemical species in this probed
area of LAP 04841 and that the clinopyroxenes are distributed in a complementary
fashion. Specifically, the first clinopyroxene (Figure 5.4b) is distributed primarily
towards the bottom and center portions of the probed area. The second clinopyroxene
(Figure 5.4c) is distributed towards the center and right portions of the probed area.
The third clinopyroxene (Figure 5.4d) is distributed towards the left and bottom
portions of the probed area in a more localized fashion than the other resolved

clinopyroxenes. The three clinopyroxenes are thus distributed in a complementary
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fashion with high concentrations towards the center of the probed area. The
distribution of troilite (Figure 5.4e) is highly localized and it primarily occurs towards
the left region of the probed area. This result is consistent with the very low modal
abundance of troilite within LAP 04841.[197] The distribution of substrate-adhesive
epoxy (Figure 5.4f) shows that this chemical species is prevalent throughout most of

the probed area with higher concentrations towards the right portion of this area.
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Figure 5.4: Results of MCR-ALS applied to Raman microspectroscopic imaging using
532 nm excitation of LAP 04841. Spatially-resolved chemical images
and corresponding resolved Raman spectra of pyroxene (b), pyroxene (c),
pyroxene (d), troilite (e), and substrate-adhesive epoxy (f). The optical
image (a) and mean spectrum (black, a) +/- the standard deviation (+ in
red, - in blue; a) are shown. A five-component MCR-ALS model was
employed.

Spatially-resolved chemical images (Figures 5.5b, 5.5¢, 5.5d, 5.5e, 5.5f, and
5.5g) and corresponding resolved Raman spectra (Figures 5.5b, 5.5¢, 5.5d, 5.5e, 5.5f,
and 5.5g) were produced from utilizing MCR-ALS with Raman microspectroscopic
imaging of a second probed area of LAP 04841, shown in the optical image (Figure
5.5a). The mean (in black; Figure 5.5a) and standard deviation (+ in red, - in blue;
Figure 5.5a) of the 400 total Raman spectra accumulated over this probed area
demonstrate the presence of pyroxene, substrate-adhesive epoxy, and diamond-polish.
The mean Raman spectrum shows the following primary Raman bands and their
assigned chemical species are in parentheses—325 cm™ (pyroxene), 392 cm™
(pyroxene), 533 cm™ (pyroxene), 644 cm™ (pyroxene), 822 cm™ (substrate-adhesive
epoxy), 1001 cm™ (pyroxene/substrate-adhesive epoxy), 1113 cm™ (substrate-adhesive
epoxy), 1186 cm™ (substrate-adhesive epoxy) and 1331 cm™ (diamond-polish). Using
a six component MCR-ALS model, six chemically meaningful components were
resolved—diamond-polish, three clinopyroxenes, substrate-adhesive epoxy, and a
high-temperature polymorph of anorthite. The first resolved Raman spectrum (Figure
5.5b) shows a major Raman band at 1331 cm™ characteristic of diamond-polish. The
second resolved Raman spectrum (Figure 5.5¢) shows major Raman bands at 324 cm”
' 392 cm?, 533 cm?, 555 cm™, 666 cm™, and 1009 cm™ characteristic of

clinopyroxene. The third resolved Raman spectrum (Figure 5.5d) shows major Raman
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bands at 640 cm™, 822 cm™, 1113 cm™, 1187 cm™, 1228 cm™, and 1464 cm™
characteristic of substrate-adhesive epoxy. The fourth resolved Raman spectrum
(Figure 5.5e) shows major Raman bands at 325 cm™, 397 cm™, 539 cm™, 666 cm™,
and 996 cm™ characteristic of clinopyroxene. The fifth resolved Raman spectrum
(Figure 5.5f) shows major Raman bands at 312 cm™, 350 cm™, 384 cm™, 659 cm™,
992 cm™, and 1006 cm™ characteristic of clinopyroxene. The sixth resolved Raman
spectrum (Figure 5.5g) shows major Raman bands at 287 cm™, 404 cm™, 486 cm™,
506 cm™, and 562 cm™, characteristic of a high-temperature polymorph of anorthite.
This high-temperature polymorph of anorthite has a body-centered crystal structure
with 1T symmetry and exhibits primary bands in its Raman spectrum at 286 cm™, 405
cm?, 485 cm™, 505 cm™, and 564 cm™.[194] Furthermore, under equilibrium
conditions, this high-temperature polymorph of anorthite forms above ~240 °C and
retains a high degree of long-range Al-Si order up to the melting temperature of ~1557
°C[217]. Electron microprobe analysis shows the plagioclase feldspar in LAP 04841
to have a composition of Ang;.91,[197] similar to that (Ansg) of the sample of the high-
temperature polymorph of anorthite with 11 symmetry whose Raman spectrum is
previously reported[194]. For LAP 04841, an initial eruption temperature of the
basaltic melt, whose crystallization formed this lunar meteorite, was estimated to be
1217 °C.[197] Given this measured anorthite composition and estimated eruption
temperature, our identification of the high-temperature polymorph of anorthite having
a body-centered crystal structure with 11 symmetry in LAP 04841 is consistent with
the proposed temperature-composition diagrams for polymorphs of calcic

plagioclase.[218]
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Figure 5.5: Results of MCR-ALS applied to Raman microspectroscopic imaging
using 532 nm excitation of LAP 04841. Spatially-resolved chemical
images and corresponding resolved Raman spectra of diamond-polish
(b), pyroxene (c), substrate-adhesive epoxy (d), pyroxene (e), pyroxene
(f) and high-temperature polymorphic anorthite (g). The optical image (a)
and mean spectrum (black, a) +/- the standard deviation (+ in red, - in
blue; a) are shown. A six-component MCR-ALS model was employed.

The spatial distribution of these six resolved chemical species (Figures 5.5b,
5.5¢, 5.5d, 5.5e, 5.5f, and 5.5¢g) in the probed area of LAP 04841 (Figure 5.5a) was
generated using MCR-ALS with Raman microspectroscopic imaging. The optical
image of this probed area (Figure 5.5a) displays numerous fractures/veinlets,
including a prominent fracture/veinlet feature in the center of the area. The spatial
distribution of diamond-polish (Figure 5.5b) and substrate-adhesive epoxy (Figure
5.5d) demonstrate that both of these chemical species, which are employed during
sample preparation, are primarily located within this prominent fracture/veinlet
feature. Specifically, the spatially-resolved chemical image of diamond (Figure 5.5b)
demonstrates that diamond is highly localized, including within this fracture/veinlet
feature. The spatially-resolved chemical image of substrate-adhesive epoxy (Figure
5.5d) demonstrates that epoxy is also localized throughout the probed area, and again,
is primarily located within this fracture/veinlet feature. The spatially-resolved
chemical images of clinopyroxene (Figures 5.5¢c, 5.5e, and 5.5f) demonstrate that all
three resolved clinopyroxenes are distributed in a complementary fashion. The
distribution of the first resolved clinopyroxene (Figure 5.5¢) shows that this
clinopyroxene is primarily located towards the bottom-left and top-right portions of
the probed area. The distribution of the second resolved clinopyroxene (Figure 5.5¢)

shows that this clinopyroxene is primarily located towards the top-right portion of the
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probed area, with minor localizations on the bottom-left portion of the probed area.
The distribution of the third resolved clinopyroxene (Figure 5.5f) shows that this
pyroxene is located primarily towards the bottom-left portion of the probed area,
including minor localizations towards the top-right portion of the probed area that are
complementary to the second resolved clinopyroxene (Figure 5.5e). Finally, the
spatially-resolved chemical image of the high-temperature polymorph of anorthite
(Figure 5.5g) shows that this chemical species is highly localized towards the top-left
portion of the probed area and displays an oval-shaped distribution.

In both probed areas (Figures 5.4a and 5.5a) of LAP 04841, multiple chemical
species were resolved using MCR-ALS with Raman microspectroscopic imaging,
including three spectrally-diverse clinopyroxenes within each area. The
clinopyroxenes are identified as such by comparing their resolved Raman spectra that
were generated using MCR-ALS applied to Raman microspectroscopic imaging data
with Raman spectra from the literature.[30, 44, 181, 182, 206, 207] All the resolved
Raman spectra identified as monoclinic pyroxene (clinopyroxene) display several key
spectral features. First, the resolved Raman spectra of clinopyroxenes do not display
two distinct Raman bands (a doublet) at ~670 cm™ that are characteristic of
orthorhombic pyroxenes (orthopyroxenes)[182]. Second, the resolved Raman spectra
of the clinopyroxenes show a single major Raman band near ~670 cm™ that is
characteristic of clinopyroxene.[182] Third, this major Raman band is not observed to
be significantly (~10-20 cm™) redshifted to lower frequencies as is characteristic of
triclinic pyroxenoids.[182] Moreover, the other major Raman bands within the
resolved Raman spectra of the clinopyroxenes do not display significant redshifting, as

would be expected for Raman spectra of triclinic pyroxenoids.[182] Therefore, the
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pyroxenes in both probed areas within LAP 04841 all appear to be clinopyroxenes, but
their resolved Raman spectra show distinct differences in their spectral features. These
differences include the band location and relative intensity of the high-intensity
Raman bands at ~667 cm™ and ~1000 cm™ as well as with the number of bands and
their relative intensities in the lower wavenumber spectral range of ~230 cm™ to 400
cm™. In this lower wavenumber spectral range, there can be three Raman bands at 312
cm™?, 350 cm™, and 384 cm™ (Figure 5.5f), two moderate-intensity Raman bands at
~324 cm™ and ~392 cm™ (Figures 5.4b, 5.4c, and 5.5c), or a single, moderate-
intensity Raman band at ~325 cm™ (Figures 5.4d and 5.5e). Furthermore, these bands
show differences in relative intensities. Therefore, for both probed areas of LAP
04841, the three resolved clinopyroxenes display differences in their spectral features
that include the locations and relative intensities of the high-intensity Raman bands at
~667 cm™ and ~1000 cm™ as well as the number of Raman bands that are present in
the ~230 cm™ to 400 cm™ spectral range and the relative intensities of these latter
bands.

We now discuss the factors that may be responsible for the differences in the
spectral features of the resolved Raman spectra of the clinopyroxenes that were
observed in our samples. The crystal orientation of a chemical species, including
pyroxene[30], relative to the direction of the excitation laser beam is known to affect
Raman band intensities and spectral patterns. In the study by Haskin et al.[30], a single
grain of orthopyroxene was oriented in three different positions relative to the
direction of excitation, and marked changes in the Raman spectral patterns and relative
intensities of the Raman bands, including those in the ~300 to 400 cm™ spectral

region, were observed. Moreover, Wang et al.[182] noted that with a high (3-4 cm™)
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resolution spectrometer, such as was used in our study, the major Raman band at
~1000 cm™ for monoclinic pyroxenes may appear as two overlapping bands at ~1000
cm™ and ~1010 cm™, and that the relative intensity of these two bands depends on
crystal orientation. A second possible factor concerns chemical zonation within
clinopyroxene crystals. Strong compositional zoning of pyroxene crystals in lunar
samples has been documented previously using Raman spectroscopy, including zoning
from orthopyroxene to pigeonite to Fe-augite over distances of a few micrometers
within a polished thin section of an Apollo 14 impact-melt rock.[30] Moreover, a
single pyroxene grain of ~500 um in size within that same sample was previously
determined to be zoned (core-to-rim) from orthopyroxene to pigeonite to
pyroxferroite.[181] Electron microprobe analysis of LAP 02205 and LAP 04841
shows that most of the pyroxene grains are chemically zoned with pigeonite (relatively
high Mg) cores transitioning to augite, Fe-rich pyroxene (ferropyroxene), and finally
to very Fe-rich rims, some having compositions of pyroxferroite.[193, 197-200] We
speculate that for the second probed area in LAP 04841 (Figure 5.5a), the differences
in the spectral features of the resolved Raman spectra of the clinopyroxenes (Figures
5.5¢, 5.5e, and 5.5f) may reflect chemical zonation of the clinopyroxenes. As observed
in the spatially-resolved chemical images, the resolved Raman spectrum for the
clinopyroxenes near their margins (Figure 5.5f) is distinctly different than the
resolved Raman spectra (Figures 5.5¢ and 5.5e) for the more interior portions of the
clinopyroxene crystals. Finally, a third possible factor involves the chemical
composition of the pyroxenes. Previous studies[193, 197] on both LAP 02205 and
LAP 04841 have highlighted that the pyroxene within both lunar meteorites is

primarily the monoclinic-structured pyroxene (clinopyroxene) and specifically, augite,
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pigeonite, and Fe-rich clinopyroxene. For example, the modal abundances of pyroxene
varieties within LAP 02205 are as follows—29.0% augite, 12.0% pigeonite, and
15.9% Fe-pyroxene.[193] This variation of the chemical composition of augite,
pigeonite, and Fe-rich clinopyroxenes can therefore be a potential factor in the

resolution of the spectrally diverse clinopyroxenes.

5.5 Conclusions

The chemical, molecular, and structural information of the chemical species
within lunar meteorites can help to reveal the petrogenesis of these rocks as well as to
provide important constraints on the chemical composition of the Moon’s crust and
mantle. In this chapter, using chemical imaging with chemometric analysis, we
investigated two polished thin sections of two paired, unbrecciated, mare-basalt lunar
meteorites—LAP 02205 and LAP 04841—that had been collected from the LaPaz
Icefield (LAP) of Antarctica. Initial investigation of LAP 02205 and LAP 04841 using
polarized light microscopy showed these samples to be heterogeneous and comprised
of polydispersed sized and shaped particles of varying chemical composition. Using
multivariate curve resolution-alternating least squares (MCR-ALS) applied to Raman
microspectroscopic imaging, two distinct areas in each of the meteorites were
analyzed to elucidate their respective chemical properties. Using MCR-ALS with
Raman microspectroscopic imaging, spatially-resolved chemical images and
corresponding resolved Raman spectra of diamond-polish, clinopyroxene, and
substrate-adhesive epoxy were generated on the first probed area of LAP 02205.
Similarly, using MCR-ALS with Raman microspectroscopic imaging, the second

probed area of LAP 02205 yielded the spatial and spectral resolution of ilmenite,
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clinopyroxene, and substrate-adhesive epoxy. For the first probed area of LAP 04841,
MCR-ALS with Raman microspectroscopic imaging generated spatially-resolved
chemical images and resolved Raman spectra of three spectrally distinct
clinopyroxene phases, as well as troilite and substrate-adhesive epoxy. A second
probed area of LAP 04841 analyzed by MCR-ALS with Raman microspectroscopic
imaging produced the spatial and spectral resolution of six individual chemical
species—diamond-polish, three spectrally distinct clinopyroxene phases, substrate-
adhesive epoxy, and a high-temperature, body-centered-structured (11 space group)
polymorph of anorthite. The minerals we resolved in our samples of LAP 02205 and
LAP 04841—<clinopyroxene, ilmenite, troilite, and anorthite—are consistent with the
results of previous studies of these lunar meteorites using electron microprobe
analysis. Substrate-adhesive epoxy and diamond-polish, introduced into the meteorites
during sample preparation, were more readily observed within the fracture/veinlet
features of both meteorites. In the four probed areas of LAP 02205 and LAP 04841
that we investigated using MCR-ALS with Raman microspectroscopic imaging, no
orthopyroxene or triclinic pyroxenoids were resolved. Moreover, the resolution of the
spectrally diverse clinopyroxene phases within LAP 04841 can be attributed to
chemical zoning of pyroxenes, which is commonly observed in lunar meteorites,
crystal orientation of the pyroxenes, and chemical composition of clinopyroxenes, e.g.,
pigeonite, augite, and Fe-rich clinopyroxenes. Overall, using MCR-ALS applied to
Raman microspectroscopic imaging, we generated spatially-resolved chemical images
and corresponding resolved Raman spectra of individual chemical species in diverse
probed areas of lunar meteorites LAP 02205 and LAP 04841, and our results are

consistent with those of previous studies using electron microprobe analysis. To the
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best of our knowledge, this is the first report of MCR-ALS used in conjunction with
Raman microspectroscopic imaging as applied to lunar or other meteorites. We
therefore demonstrate the use of multivariate analysis methods with Raman
microspectroscopic imaging to investigate complex, heterogeneous meteorites. This
analytical methodology can be used in conjunction with other analytical techniques,
e.g., electron microprobe analysis, to elucidate the chemical, molecular, and structural
characteristics of phases within a host of geological, geochemical, and extraterrestrial

materials (e.g., meteorites and samples returned by spacecraft).
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Chapter 6

CONCLUSIONS AND FUTURE DIRECTIONS

In this dissertation, the development, application, and evaluation of innovative
analytical methodology utilizing Raman microspectroscopic imaging with multivariate
analysis methods was performed. This dissertation thus focuses on both the collection
and analysis of chemical data resulting from Raman microspectroscopic imaging.
Furthermore, by combining both Raman microspectroscopic imaging and multivariate
analysis methods, the chemical properties of complex, heterogeneous materials were
elucidated and fundamentally investigated. Specifically, this dissertation encompasses
three primary studies. First, the high-pressure, o-PbO,-structured polymorph of
titanium dioxide, termed TiO,-Il, was investigated for applications in geological
sciences, geochemistry, and solar system modeling. Second, the search for life on
Mars was enhanced by demonstrating the effectiveness of Raman microspectroscopic
imaging with multivariate analysis methods to spatially and spectrally resolve
chemical species relevant to Martian exploration and discovery. This study ultimately
has implications not only in analytical chemistry, but in planetary science, geology,
and astrobiology. Third, lunar meteorites, directly provided by the NASA Johnson
Space Center, were fundamentally investigated using Raman microspectroscopic
imaging with multivariate analysis methods. The results of this investigation are of
significant interest for further application in meteoritics, cosmochemistry, planetary
science, and solar system exploration and discovery. This dissertation has therefore

aimed to advance analytical chemistry in innovative ways that are beneficial to the
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scientific community at large, including developing and applying analytical

methodology to fundamentally study complex, diverse materials.

6.1 Conclusions of the Investigation of the High-Pressure, a-PbO,-Structured
Polymorph of Titanium Dioxide, TiO,-11

In this dissertation, the high-pressure, a-PbO,-structured polymorph of
titanium dioxide (TiO,-Il), recently identified in micrometer-sized grains recovered
from four Neoarchean spherule layers deposited between ~2.65 and ~2.54 billion
years ago[88], was investigated using a variety of analytical techniques. This
discovery of TiO,-ll, accomplished using Raman microspectroscopy, provides
physical evidence to further support an impact origin of these spherule layers. In this
dissertation, Raman microspectroscopic imaging with multivariate analysis, namely
multivariate curve resolution-alternating least squares (MCR-ALS) and principal
component analysis (PCA), were utilized to provide a detailed characterization of
these TiO,-l1-bearing grains. Moreover, PCA applied to Raman microspectroscopic
imaging data initially determined the TiO,-1l-bearing grains were displaying a
representative three-phase chemical system comprised of rutile, TiO,-11, and substrate-
adhesive epoxy. Backscattered electron (BSE) and secondary electron (SE) imaging
revealed the grains to be heterogeneous, complex samples consisting of polydispersed
micrometer- and submicrometer-sized particles. By employing MCR-ALS with
Raman microspectroscopic imaging, spatially-resolved chemical maps and
corresponding resolved Raman spectra of up to five distinct chemical species—rutile,
TiO,-1l, anatase, quartz, and substrate-adhesive epoxy—were resolved within the
grains. Moreover, the results of MCR-ALS with Raman microspectroscopic imaging

suggest that rutile is the direct precursor of TiO,-Il in these grains, and anatase and
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quartz are secondary phases. This finding is in agreement with previous studies.[88]
Additionally, using a unique, cost-effective strategy, the spatial resolution of the
chemical images resulting from Raman microspectroscopic imaging with MCR-ALS
was greatly increased. This was accomplished in a comparable analysis time to
traditional measurements by limiting spectral acquisition parameters during Raman
microspectroscopic imaging. Finally, the Raman spectrum of pure TiO.-1l was
estimated, for the first time, using the resolved Raman spectra generated by MCR-
ALS.

Throughout this investigation of the TiO,-11-bearing grains, unique advantages
of utilizing multivariate analysis methods with Raman microspectroscopic imaging
were observed. The high spectral overlap between the chemical species within these
grains—Ti0O, polymorphs (rutile, anatase, and TiO,-1l), SiO, polymorphs (quartz), and
substrate-adhesive epoxy—ensures that univariate analysis methods cannot be
employed with Raman microspectroscopic imaging. Multivariate analysis methods,
especially MCR-ALS, were able to overcome this spectral overlap and ultimately
produced spatially-resolved chemical maps and resolved Raman spectra for the
individual chemical species within these grains. Multivariate analysis methods also
were able to identify and resolve minor chemical species within the grains.
Specifically, MCR-ALS successfully resolved both anatase and quartz within the
grains, demonstrating the ability of this analytical methodology to discern minor
chemical species within complex samples. Finally, MCR-ALS allowed for the spatial
and spectral resolution of chemical species within low signal-to-noise Raman spectra.
Overall, MCR-ALS applied to Raman microspectroscopic imaging was able to

successfully investigate and fundamentally study complex, heterogeneous TiO,-II-
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bearing grains and offer unique advantages over traditional univariate analysis

methods.

6.2 Conclusions of High Spectral and High Spatial Resolution Raman
Microspectroscopic Imaging Data and its Analysis by Multivariate Methods

An investigation of Raman microspectroscopic imaging data of both high
spectral and high spatial resolution collected on TiO,-11-bearing grains was offered in
chapter three of this dissertation. Specifically, a Monteville spherule layer (MSL)
grain was initially analyzed using BSE imaging, revealing this grain contains
polydispersed micron- and submicron-sized and shaped particles. Raman
microspectroscopy, using both high spectral and high spatial resolution, was
subsequently utilized to investigate diverse locations on this MSL grain. Resulting
Raman spectra collected with both high spectral and high spatial resolution indicate
the presence of four chemical species—rutile, TiO,-1l, quartz, and substrate-adhesive
epoxy. By using MCR-ALS—a multivariate analysis method—with Raman
microspectroscopic imaging, chemical maps, pixel-by-pixel chemical images, and
resolved Raman spectra of the individual chemical species within this MSL grain were
generated. Moreover, high spectral resolution Raman microspectroscopic imaging
with MCR-ALS spatially and spectrally resolved five distinct chemical species—
rutile, TiO,-11, anatase, quartz, and substrate-adhesive epoxy—within this MSL grain.
Similarly, high spatial resolution Raman microspectroscopic imaging with MCR-ALS
also resolved these five chemical species. However, the resulting chemical maps and
pixel-by-pixel chemical images displayed a drastically increased spatial resolution and
therefore, a superior spatial distribution for each chemical species. A disadvantage of

using high spatial resolution Raman microspectroscopic imaging measurements was
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an increased difficulty for the spectral resolution of the minor chemical species. This
is due to the limited spectral acquisition parameters used during high spatial resolution
measurements, which produce lower signal-to-noise data as compared to the high
spectral resolution measurements. Overall, both high spectral and high spatial
resolution Raman microspectroscopic imaging measurements were utilized with
MCR-ALS to investigate a TiO,-ll-bearing grain from the MSL, in which both
analytical methodologies were evaluated.

The Raman microspectroscopic imaging data presented in this dissertation,
also available in Smith et al.[52], offers significant value to both the chemical and
broader scientific community. The data offers the ability to develop and test diverse
algorithms for image processing. For example, high spectral and high spatial
resolution spectroscopic imaging data can be used for data fusion, and specifically, for
improving imaging capabilities as well as for image enhancements for certain regions
of interest. The Raman microspectroscopic imaging data of high spectral and high
spatial resolution also provides a textbook data set for developing and testing
multivariate analysis and chemometric methods. For example, the classification of
TiO; polymorphs using multivariate analysis methods can be explored using this data.
Overall, the data generated using high spectral and high spatial resolution Raman
microspectroscopic imaging measurements can be employed for advanced data

analysis for a variety of applications.
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6.3 Conclusions of the Spatial and Spectral Resolution of Carbonaceous
Material from Hematite (a-Fe,O3) using Raman Microspectroscopic
Imaging and Multivariate Analysis

In this dissertation, the ability of multivariate analysis with Raman
microspectroscopic imaging to spatially and spectrally resolve a mixture of
carbonaceous material, hematite, and substrate-adhesive epoxy was demonstrated.
Given that two rover missions to Mars are being planned by both the National
Aeronautics and Space Administration (NASA) and the European Space Agency
(ESA) jointly with the Russian Federal Space Agency (Roscosmos) for the year 2020,
the development and application of this innovative analytical methodology is both
urgent and essential. Specifically, the primary objective of both rover missions is the
search for extant or past life. For this search, Raman microspectroscopy and Raman
microspectroscopic imaging will be directly employed on the rover missions. This will
be the first time that a Raman spectrometer is used in a rover or planetary mission.

Hematite (a-Fe,O3) is an abundant chemical species on the surface of Mars.
Using Raman spectroscopy, it is difficult to differentiate carbonaceous material from
hematite. This difficulty has even led to the misidentification of hematite as
carbonaceous material in terrestrial samples previously.[158-160] Misidentification
can occur because the 2LO Raman band of hematite and the Raman D-band of
carbonaceous material displaying high spectral overlap. As such, an analytical
methodology that can solve this challenging task is needed. In this dissertation, an
analytical methodology has been developed and applied to robustly identify,
differentiate, and resolve carbonaceous material from hematite using Raman
microspectroscopic imaging with MCR-ALS.

Using Raman microspectroscopy with 532 nm and 785 nm excitation, hematite

and carbonaceous material were initially evaluated. In both cases, the Raman spectra
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of hematite and carbonaceous material displayed spectral overlap, in which increased
spectral overlap was observed using 532 nm excitation as compared to using 785 nm
excitation. In order to investigate the spatial and spectral resolution of carbonaceous
material from hematite, a sample comprised of hematite, carbonaceous material, and
substrate-adhesive epoxy in spatially distinct domains was prepared. Principal
component analysis was employed to initially assess the ability of Raman
microspectroscopic imaging using 532 nm and 785 nm excitation to differentiate
carbonaceous material from hematite. The results of PCA demonstrated that both 532
nm and 785 nm excitation were able to produce representative three-phase systems of
hematite, carbonaceous material, and substrate-adhesive epoxy. Spatially-resolved
chemical maps and corresponding resolved Raman spectra of the individual chemical
species—hematite, carbonaceous material, and substrate-adhesive epoxy—were
generated by MCR-ALS with Raman microspectroscopic imaging using both 532 nm
and 785 nm excitation. Therefore, Raman microspectroscopic imaging with MCR-
ALS was able to spatially and spectrally differentiate hematite and carbonaceous
material when these species were in spatially distinct domains.

The ability of MCR-ALS with Raman microspectroscopic imaging for the
differentiation of carbonaceous material from hematite was further evaluated by
employing combinatorial data sets. Combinatorial data sets were used because they
contain experimental data with hematite and carbonaceous material within the same,
non-differentiable space. MCR-ALS applied to these combinatorial data sets of 532
nm and 785 nm excitation successfully resolved carbonaceous material from hematite,
even though these two chemical species were located in the same spatial region. When

hematite and carbonaceous material are in spatially distinct domains and when
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hematite and carbonaceous material are within the same spatial domain, 785 nm
excitation better resolved the mixture containing hematite, carbonaceous material, and
substrate-adhesive epoxy. This result is attributed to the presence of increased spectral
overlap of the 2LO band of hematite with the D-band of carbonaceous material using
532 nm excitation as compared to using 785 nm excitation.

To our knowledge, this is the first report of multivariate analysis methods with
Raman microspectroscopic imaging being utilizing for the identification,
differentiation, and resolution of carbonaceous material from hematite. In this
dissertation, we have thus provided an analytical methodology, including both
collection and analysis of chemical data, that can directly enhance the search for
extant or past life on Mars during the 2020 rover missions. In addition to Mars, this
analytical methodology should prove useful for terrestrial and other extraterrestrial
materials and environments, including finding evidence of microbial life in ancient

rocks on Earth.

6.4 Conclusions of the Investigation of Lunar Meteorites Using Raman
Microspectroscopic Imaging and Multivariate Analysis

Investigating lunar meteorites to determine the chemical properties of the
species within the meteorites can provide valuable information related to the
petrogenesis of the meteorites as well as the composition of the Moon’s crust and
mantle. In this dissertation, two paired, unbrecciated mare-basalt lunar meteorites
collected from the LaPaz Icefield (LAP) of Antarctica—LAP 02205 and LAP
04841—were investigated using multivariate analysis with Raman microspectroscopic
imaging. These lunar meteorites were prepared by the meteorite working group

(MWG) at the NASA Johnson Space Center as polished thin sections. Initially,
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polarized light microscopy determined that both LAP 02205 and LAP 04841 were
heterogeneous samples comprised of polydispersed sized and shaped particles of
varying chemical composition. Using MCR-ALS with Raman microspectroscopic
imaging, two distinct areas in each of the lunar meteorites were analyzed to elucidate
their respective chemical properties. Spatially-resolved chemical images and
corresponding resolved Raman spectra of diamond-polish, clinopyroxene, and
substrate-adhesive epoxy were generated on the first probed area of LAP 02205 by
MCR-ALS with Raman microspectroscopic imaging. Similarly, using MCR-ALS with
Raman microspectroscopic imaging, the second probed area of LAP 02205 yielded
spatially-resolved chemical images and corresponding resolved Raman spectra of
ilmenite, clinopyroxene, and substrate-adhesive epoxy. For the first probed area of
LAP 04841, MCR-ALS with Raman microspectroscopic imaging produced spatially-
resolved chemical images and resolved Raman spectra of three spectrally distinct
clinopyroxene phases, troilite, and substrate-adhesive epoxy. A second probed area of
LAP 04841 analyzed by MCR-ALS with Raman microspectroscopic imaging
generated spatially-resolved chemical images and resolved Raman spectra of six
individual chemical species—diamond-polish, three spectrally distinct clinopyroxene
phases, substrate-adhesive epoxy, and a high-temperature, body-centered-structured
(11 space group) polymorph of anorthite.

The chemical species resolved in LAP 02205 and LAP 04841—clinopyroxene,
ilmenite, troilite, and anorthite—are consistent with the results of previous
studies[193, 197] of both samples using electron microprobe analysis. Substrate-
adhesive epoxy and diamond-polish, introduced into the meteorites during sample

preparation, were more readily observed within the fracture/veinlet features of LAP
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02205 and LAP 04841. In the four probed areas of the lunar meteorites that we
investigated using MCR-ALS with Raman microspectroscopic  imaging,
orthopyroxene and triclinic pyroxenoids were not identified. The resolution of the
spectrally diverse clinopyroxenes within LAP 04841 can be attributed to chemical
zoning of pyroxenes, which is commonly observed in lunar meteorites, crystal
orientation of the pyroxenes, and chemical composition of clinopyroxenes, e.g.,
pigeonite, augite, and Fe-rich clinopyroxenes.

Overall, using MCR-ALS applied to Raman microspectroscopic imaging,
spatially-resolved chemical images and corresponding resolved Raman spectra of
individual chemical species within distinct areas of the lunar meteorites LAP 02205
and LAP 04841 were produced. The results displayed in this dissertation are consistent
with those of previous studies[193, 197] using electron microprobe analysis. To the
best of our knowledge, this is the first report of MCR-ALS and Raman
microspectroscopic imaging being applied to lunar or other meteorites. Therefore, this
dissertation has demonstrated the use of multivariate analysis methods with Raman
microspectroscopic imaging to investigate complex, heterogeneous extraterrestrial
meteorites. This analytical methodology can be used in conjunction with more
traditional analytical techniques, e.g., electron microprobe analysis, to elucidate the
chemical, molecular, and structural characteristics of chemical species within a variety

of geological, geochemical, and extraterrestrial materials.

6.5 Future Directions
There are a variety of future directions for the research presented throughout

this dissertation. Moreover, this dissertation has demonstrated the ability of
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multivariate analysis and Raman microspectroscopic imaging to spatially and
spectrally resolve the individual, pure chemical species within complex,
heterogeneous materials. Given its efficacy, this analytical methodology can be
employed in a variety of different future applications, ranging from in situ
investigation of biological or protein crystallization processes to utilization on
planetary rover missions for biomarker detection. In this chapter, the future directions
will be tailored to the previous studies presented in this dissertation and will focus on
the most prevalent future directions.

A natural future direction focusing on the results obtained during the TiO,-II
investigation entails analyzing tens to hundreds of TiO,-1l-bearing grains from the
spherule layers using Raman microspectroscopic imaging with MCR-ALS. This future
direction would allow for a more complete characterization of the chemical species,
especially TiO,-11, within these grains. The results of this future direction coupled
with the results of this dissertation should be useful for determining the mechanism(s)
of formation of the TiO,-1l, evaluating the potential of these grains to serve as a tool
for determining paleodistances of the layers from their source craters, and testing the
proposed correlation of the spherule layers. Another future application of this
dissertation is to use Raman microspectroscopic imaging with multivariate analysis for
the identification of other high-pressure polymorphs within complex geological
samples. In this dissertation, Raman microspectroscopic imaging and multivariate
analysis have spatially and spectrally resolved a high-pressure polymorph, a direct
precursor to this polymorph, and secondary phases coupled with these chemical
species. This analytical methodology can therefore be used to search for other

polymorphs within geological materials, including high-pressure polymorphs of SiO,
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(coesite or stishovite), as well as determining precursors or secondary phases within
materials containing the respective polymorphs. Moreover, this analytical
methodology could also be employed to detect low concentration or minor
polymorphic species (i.e., high-pressure polymorphs) within samples. Overall, Raman
microspectroscopic imaging with multivariate analysis methods can be utilized in
future studies for the robust detection and investigation of complex, heterogeneous
geological samples, especially samples containing high-pressure polymorphs.

An additional future direction of this dissertation is to develop a novel
component determination strategy for MCR-ALS. In this dissertation, the effects of
increasing the number of components used in MCR-ALS during the analysis of
Raman microspectroscopic imaging data were investigated. During this investigation,
the appropriate number of components for MCR-ALS was determined by comparing
the resolved Raman spectra from MCR-ALS with Raman spectra of reference
materials. The initial findings of this study demonstrated that in some cases, the major
chemical species within a sample were better resolved by MCR-ALS with lower
numbers of components (i.e., the number of components predicted by PCA), whereas
more minor chemical species were better resolved by MCR-ALS with an increased
number of components. Therefore, a future direction of this dissertation will be a
comprehensive study of this method for component determination during MCR-ALS.
Moreover, this future study will include comparison of the resolved Raman spectra
from MCR-ALS with the Raman spectra of reference materials from a variety of
sources, including Raman spectra from the RRUFF database project[126] as well as
Raman spectra collected on the Raman microscope used for the study. This future

direction would include determining the most effective component selection strategy
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for various chemical systems, and ultimately, this study can offer a novel, quantitative
approach for determining the appropriate number of components for MCR-ALS.

Future directions of this dissertation also involve utilizing the Raman
microspectroscopic imaging data for developing and testing novel chemometric
analysis methods. Using the Raman microspectroscopic imaging data collected with
both high spectral and high spatial resolution, future work developing and testing
algorithms for image processing can be pursued. This data also allows for future
studies in data fusion, including improving imaging capabilities and enhancing certain
regions of interest within images. Overall, this data can provide a valid resource for
future studies developing and evaluating multivariate and chemometric analysis
methods.

Additionally, a future direction of this dissertation is to further replicate the
instrumental and experimental conditions for collecting Raman microspectroscopic
imaging data on a planetary rover mission. This future study would entail collecting
Raman microspectroscopic imaging data on Raman spectrometers that mimic
instruments used on planetary rover missions. Using an instrumental design similar to
rover-based Raman spectrometers, the exact collection parameters for Raman spectral
acquisition being proposed by NASA and ESA/Roscosmos can be used to generate
Raman microspectroscopic imaging data. Subsequent analysis of this more
representative data by MCR-ALS can further validate this analytical methodology for
the search for life on Mars in the upcoming rover missions. Similarly, another future
direction is use Raman microspectroscopic imaging with MCR-ALS for the resolution
of carbonaceous material from a true simulated martian environment. Instead of using

only hematite as the abundant chemical species on the surface of Mars, preparing an
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exact replica of Martian sediment and resolving carbonaceous material from this
replica would further validate this analytical methodology for use on the upcoming
rover missions to Mars. Other related future directions are to employ MCR-ALS with
Raman microspectroscopic imaging for identification of carbonaceous material within
terrestrial and other extraterrestrial materials. These future studies could involve
resolving carbonaceous material from hematite within comets or stratospheric dust
particles. In addition, this analytical methodology could be applied to searching for
evidence of ancient microbial life on Earth, such as investigating redbeds and banded
iron formations known to contain both organic carbon and hematite.

Finally, the remaining future directions of this dissertation involve advancing
the investigation of lunar meteorites using Raman microspectroscopic imaging with
MCR-ALS. A future study providing more in-depth analysis of certain regions of
interest within the lunar meteorites can certainly be pursed. Probing interesting areas
of lunar meteorites, such as shock-melt veins, using Raman microspectroscopic
imaging can be accomplished. During the study presented in this dissertation,
fracture/veinlet features of the lunar meteorites frequently contained high
concentrations of substrate-adhesive epoxy and diamond-polish, introduced to the
meteorites during sample preparation. A future study that increases the magnification,
the integration times, and the co-averages of Raman spectral acquisition could allow
for the resolution of the chemical species within these areas that are inherent to the
meteorites. Other future directions of this dissertation involve investigating not only
lunar meteorites, but also martian and asteroidal meteorites. The MWG within the
NASA Johnson space center can directly provide martian and asteroidal meteorites for

analysis. Given the accessibility of extraterrestrial meteorites, a comprehensive study
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of these samples using Raman microspectroscopic imaging with multivariate analysis,
especially MCR-ALS, can be performed. Overall, the future directions outlined in this
dissertation can help propel Raman microspectroscopic imaging with multivariate
analysis to the forefront of the scientific community as an effective analytical
methodology for the investigation of complex materials, especially materials of

geological and planetary importance.
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