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Abstract. Laser-induced breakdown spectroscopy (LIBS) is an appropriate choice of analytical tool for analysis
of complex minerals because it is rapid, requires little sample preparation, and acquires major and trace element
compositional information on all naturally occurring elements at concentrations above their intrinsic levels of
detection for the specific analyte material. Tourmaline, a complex borosilicate mineral supergroup, was chosen
as a test mineral due to the complexity of its major and minor element composition.

Four analytical issues were investigated during project development: (1) the spacing between analytical laser
shots to avoid analysis of the recast from previous laser ablations, (2) the efficacy of using a cleaning shot prior
to data acquisition, (3) the number of ablations required to collect an average spectrum that is representative
of the tourmaline sample, and (4) the effect of spectrometer drift on principal component analysis (PCA) when
using the entire LIBS spectra to model the compositional variations within the sample suite.

The minimum spacing between locations of analysis was determined to be 800 um for the analytical conditions
used in this study by examining spectra acquired in a 2 x 2 grid across a quartz—tourmaline boundary. At a spacing
of 100 um, twice the diameter of the laser beam, the intensity of the boron I peaks at 249.68 and 249.77 nm
was very low in the first location (quartz) but quite high in the fourth location (quartz) due to deposition of
tourmaline-composition recast by laser shots in the second and third locations (both on tourmaline). Increasing
the distance between locations to 800 um ensured that the area analyzed largely avoided the recast layer from
previous ablations. Given that the distribution of recast was taken into account, no cleaning shots were collected.
PCA score plots calculated using successively larger numbers of spectra from the same sample show that a total
of 64 spots, or 16 2 x 2 grids, are needed to acquire a representative average analysis of tourmaline.

Spectrometer drift was recognized in PCA loading plots by a characteristic splitting of element peaks; half
the peak indicates positive loading and the other half of the peak indicates negative loading. Drift correction
was aligned by placing the Ca II peak at 393.34 nm in the 393.398 bin; this correction eliminated split peaks in
loading plots.

The resolution of these issues yielded LIBS spectra suitable for multivariate statistical analysis that can be
applied to understanding geologic processes. These results contribute to the application of rapid LIBS analysis
of complex geomaterials.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) analysis of
minerals requires little sample preparation and is rapid com-
pared to more traditional analytical techniques such as elec-
tron probe microanalysis (EPMA) and laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS).
In addition, LIBS spectra potentially contain a signal from
all naturally occurring elements with concentrations above
their intrinsic limits of detection in the specific type of an-
alyte (Cremers and Radziemski, 2013), some isotopic ratios
(Russo et al., 2011), and structural information (Serrano et
al., 2015a, b). Each broadband LIBS spectrum is a unique
and detailed chemical signature of the sample (Harmon et
al., 2009; McManus and McMillan, 2023). When analyzed
with multivariate statistical techniques, a set of LIBS spectra
have the potential to provide a quantitative prediction of the
lithologic origin (Farnsworth-Pinkerton et al., 2018; McMil-
lan et al., 2018; Mount, 2018). No other technique can gener-
ate analysis of hundreds of samples over a comparably short
analytical time with minimal damage to the specimens. Dur-
ing LIBS analysis, a pulsed laser is focused on the sample
surface, ablating its surface and disbursing atoms from the
sample into a high-temperature plasma that contains the sur-
rounding atmosphere as well as the ablated material. Plasma
temperatures are sufficiently high to excite bound electrons
which decay to lower-energy orbitals as the plasma cools
and release quantum packets of energy in the form of pho-
tons. This short-lived optical emission is collected and trans-
mitted to a spectrometer via a fiber-optic cable or telescope.
The optical emission is recorded on a charge-coupled device
and converted by the spectrometer to a spectrum consisting
of the intensity of peaks over a range of wavelengths, typ-
ically from ~ 200 to 1000 nm. This process takes nanosec-
onds, allowing the rapid analysis of materials (Cremers and
Radziemski, 2013). Rastering of the laser across the sample
surface in a grid allows the rapid acquisition of many spectra
from the same mineral specimen to obtain a representative
average composition.

Tourmaline is a complex borosilicate mineral supergroup
that consists of 39 species (e.g., Henry and Dutrow, 2021).
Its chemical flexibility results from a structure that is capa-
ble of incorporating ions across a range of sizes and charges.
This capacity, combined with stability over a wide range in
temperature and pressure, low rates of volume diffusion, and
mechanical and chemical durability in sedimentary environ-
ments, results in a remarkable ability to record and retain the
compositional signature of the rock in which the tourmaline
formed (e.g., Dutrow and Henry, 2011). Most provenance
studies rely on quantitative studies that are time-consuming
and suited only to a relatively small number of samples.
LIBS is a possible tool for tourmaline provenance determi-
nation because correlating tourmaline composition with host
rock lithology requires a large database that encompasses the
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compositional heterogeneity found in each lithologic group
(Henry and Guidotti, 1985).

To predict host rock lithology using tourmaline chemistry,
new methods are needed, and a study using LIBS seemed
optimal after completion of a pilot study of 189 tourmaline
samples (McMillan et al., 2018). Method development for
an advanced project with nearly 800 samples was driven by
the following parameters: (1) analytical speed, needing to an-
alyze samples in a relatively short amount of time (~30d
including sample preparation); (2) minimal sample prepa-
ration, required for samples from museums, collectors, and
precious materials; and (3) addition of samples, as new sam-
ples were collected, others were being analyzed; i.e., samples
with unexpected challenges could arrive during the analytical
period.

This paper describes four challenges and lessons learned
for the analysis of complex geomaterials, such as tourma-
line, using multivariate analysis of spectra acquired by LIBS
— challenges that differ from traditional univariate analysis.
These challenges are (1) the required/optimal spacing be-
tween LIBS analytical point locations, (2) the number of
spectra required to obtain a representative analysis of tour-
maline, (3) the efficacy of LIBS cleaning shots, and (4) the
spectrometer drift. Throughout the project, the spectra were
modeled with the multivariate technique principal compo-
nent analysis (PCA).

2 Methods
2.1 Instrumental

An Applied Spectra J200 LIBS instrument was used for this
research. The instrument contains an Andor Mechelle ME
5000 spectrograph (A/AX = 5000) and Andor iStar ICCD
(intensified charge-coupled device) camera, model DH334T-
18F-03. Spectra consisted of photon intensities collected at
26770 wavelengths between 208 and 1032nm. The laser
was a Q-switched Quantel ULTRA 100 Big Sky Laser, op-
erated at 266 nm wavelength. Laser power was 150 mJ, gate
delay was 0.5us, and the laser beam diameter was nomi-
nally 50 um. Samples were analyzed in an argon atmosphere,
produced by introducing a stream of argon into the sample
chamber at the rate of 2.0 Ls~!. The presence of an inert gas
enhances the sample signal compared to that produced in the
ambient atmosphere because (1) the higher ionization energy
of argon relative to nitrogen and oxygen causes more laser
energy to be partitioned into exciting atoms ablated from the
sample and (2) the inert gas pressure retards plasma expan-
sion, permitting a longer time for species ionization (Cremers
and Radziemski, 2013).

Original analytical protocols were based on reasonable
expectations from prior research (McMillan et al., 2018;
Mount, 2018). Analysis was programmed to occur in 8 x 8
grids of 64 shots each. Spacing between the center of each
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shot was 100 um. This spacing allowed 50 um between the
outer edge of each laser spot, consistent with recommenda-
tions in Jolivet et al. (2019). Each grid was approximately
1 mm?. Two grids were collected at each analytical location.
The first was considered a cleaning grid, meant to remove
any contaminants not removed by cleaning with a lint-free
wipe and isopropyl alcohol. This study retained the clean-
ing grids. The second, analytical grid is in exactly the same
location; originally, these data were collected and used for
modeling purposes.

Spectra from each grid were averaged into a single spec-
trum for each sample. The entire wavelength range, 208 to
1031 nm, was used for the modeling purposes in this paper.

2.2 Multivariate analysis

Multivariate statistical analysis was used for modeling, tak-
ing advantage of the unique material signatures obtained by
LIBS. The Unscrambler X software by CAMO software was
used for multivariate analysis.

PCA is a dimension-reducing multivariate technique that
calculates a series of linear regressions (principal compo-
nents or eigenvectors) through the spectral data set and plots
each analysis in the space defined by the linear regressions.
Commonly PC 1, the principal component that describes the
most variability in the data set, and PC 2, the principal com-
ponent that describes the second most variability, are used as
axes that define a plane onto which the positions of spectra
are projected. Such plots, called score plots, are essentially
x—y diagrams with the principal components, representing a
combination of the variables as axes instead of single vari-
ables. Thus, the relationships in the complex data set can be
explored and understood. Score plots are interpreted in the
same manner as any x—y plot; samples that plot close to each
other are similar, and those that plot far from each other are
dissimilar.

PCA loading plots are used to understand which variables
are correlated with each other along any principal compo-
nent. In a loading plot, the influence of each variable (wave-
length) is plotted against wavelength. Wavelengths that have
a strong control on the direction of the principal component
through multi-dimensional space will have high influence;
wavelengths with influence near zero do not contribute to the
position of the principal component. Influence can be posi-
tive or negative. Elements whose wavelengths have positive
influence increase in concentration in the positive direction
of the principal component; elements with negative influence
increase in concentration in the negative direction of the prin-
cipal component. The combination of score plots and loading
plots allows one to understand the compositional relation-
ships in the data set.
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3 Experimental design and results
3.1 Introduction

Spectra for this project were acquired over a 2-year period
in nine sessions, each lasting 4-16d. During this time, it
was necessary to understand four issues: (1) the distance be-
tween laser shot locations to avoid the deposition of recast
(ablated material) deposited on adjacent analysis locations,
(2) the minimum number of analyses required to obtain an
average spectrum that is representative of the sample, (3) the
efficacy and necessity of cleaning shots, and (4) the effects
of spectrometer drift throughout the day on the multivariate
analysis.

3.2 Surface contamination by recast layer

The LIBS plasma is a dynamic environment that contains hot
atoms, ions, molecules, and particles (Russo et al., 2013).
These particles can be ablated fragments of the analyte or
molecules that nucleate during condensation in the cooling
plasma. A broad area around the ablation crater becomes
covered with a recast layer because much of the ablated mass
falls back to the surface propelled by a shock wave and ballis-
tic ejection processes (Wang et al., 2004; Bruder et al., 2007;
Russo et al., 2007). The diameter of the recast layer varies
widely with laser energy, the efficiency of laser—sample cou-
pling, and laser wavelength (Russo et al., 2013).

The analytical shot pattern used in Mount (2018) was 8 x 8
grids of 64 shots, with spacing between laser shots of 100 um.
This allowed 50 pm between laser shots, each with a beam di-
ameter of 50 um. Each grid was approximately 1 mm x 1 mm
in area, which was convenient for the rapid analysis of sam-
ples, many of which were small (< 1 cm long). The assump-
tion was that because the laser shot analytical pits did not
overlap, each shot would sample fresh material (e.g., Jolivet
et al., 2019). This method worked well for the samples used
in the Mount (2018) study of tourmaline provenance.

The sample set here contained tourmaline crystals with
associated minerals and mineral inclusions, typically quartz
(Fig. 1a). Multivariate analysis that identifies spectra from
different minerals can create mineralogical maps of complex
geologic samples (Fabre et al., 2018; Jolivet et al., 2019;
Merk et al., 2023; Moncayo et al., 2018; Nardecchia et al.,
2021, 2022; Romppanen et al., 2017); thus, we decided to
collect spectra from the entire grid and later screen out any
spectra not acquired on tourmaline, saving analytical time
and cost. Ideally, the non-tourmaline spectra could be elimi-
nated from the database by screening for the boron I lines at
249.68 and 249.77 nm. However, spectra of all shots, includ-
ing those on quartz grains, contained boron peaks, compli-
cating the use of hyperspectral imaging techniques. This con-
tamination was due to the recast layer of tourmaline material
deposited by the cooling plasma as the ablated material fell
back onto the sample surface of quartz. Thus, it was neces-
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sary to empirically determine the minimum spacing between
analysis locations to avoid analyzing the ejecta blanket.

The effect of recast was investigated by placing an analyt-
ical grid across the boundary between an inclusion-free tour-
maline and the surrounding quartz (Fig. 1b) and examining
quartz spectra along the edge of the grid to determine if B
was present in the spectra (analyses 1, 16, 17, 32, 33, 48, 49,
and 64 in Fig. 1b). Shot 1 has negligible intensities for the Fe
and B peaks and a significant Si peak (Fig. 1c), as would be
expected for quartz. However, as the grid analysis continues,
the Fe and B peaks become more intense in spectra acquired
on the quartz, suggesting that the recast layer thickens on the
quartz as the grid develops. Only the first quartz spectrum,
acquired prior to any tourmaline shots, is free of contami-
nation. The intensities of Fe, B, and Si peaks in spectra on
tourmaline from the other edge of the grid (Fig. 1d) show
no correlation with the order of analysis, probably because
the recast layer has essentially the same composition as the
tourmaline analyzed.

A method to determine the spacing between shots that
would avoid contamination from the plasma recast layer was
devised. A series of 2 x 2 grids at progressively greater spot
spacings was placed across tourmaline—quartz boundaries on
widely separated crystals (Fig. le). Shots 1 and 4 were on
quartz; 2 and 3 were on tourmaline. If the shot distance was
large enough to place shot 4 beyond the recast layer created
by shots 2 and 3, the Fe and B intensities in shot 4 would
be close to the background levels in shot 1. Grids with shot
spacings of 100, 400, 500, 600, 700, 800, and 1000 um were
acquired; the spectra of shot 4 in selected grids is illustrated
in Fig. 1f with a spectrum from background quartz for com-
parison. As shot spacing increases, the B and Fe peaks in shot
4 become less intense, suggesting that the recast layer thins
with increasing distance from the shot location. The shot 4
spectra from 800 and 1000 um grids are essentially the same,
with low intensities of B and Fe peaks, although not quite as
low as the background quartz. Shot spacing of 800 um in 2 x2
grids was chosen for the spatial analytical protocol for the
project because the results were the same for 1000 um shot
spacing. Using grids saves valuable analytical time compared
to single shots because the grid is automated, and the 2 x 2
grid possible could be used on many of the small crystals in
the study.

3.3 Size of representative spectrum set

Earth materials, specifically tourmaline, can be inhomoge-
neous, and for determination of lithologic provenance, care
must be taken to collect spectra that can be averaged to
represent the sample’s overall composition (i.e., Diaz Pace
et al., 2011). Preliminary work on tourmaline analysis by
Mount (2018) suggested that the average of 64 shots in an
8 x 8 grid (1 mm? area) would produce a spectrum that is
representative of the sample. The decision to analyze in 2 x 2
grids, also 1 mm? area, necessitated a reevaluation of the
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number of spectra needed to acquire an average spectrum
that is representative of the sample because the time involved
in saving more spectrum files significantly lengthened total
analysis time. LIBS spectra of a tourmaline sample vary nat-
urally because of two different phenomena. First, shot-to-
shot variation is characteristic of laser ablation techniques
because the laser does not couple identically at two locations
on the same material (Colao et al., 2004; Harmon et al., 2006,
2009; Tucker et al., 2010; Fabre et al., 2011; Ollila et al.,
2012). This feature could be due to differences in the sur-
face texture or orientation, small differences in composition,
or small amounts of contamination (from the recast layer or
other sources). Second, commonly tourmaline is chemically
zoned and may vary significantly in composition, typically
over short distances in the same crystal. The goal was to ob-
tain an average spectrum that is representative of the outer
surface of the crystal that likely was in equilibrium with the
final host rock in which it was found.

The three large tourmaline crystals used as drift standards
were used to determine the numbers of shots needed for a
representative spectrum, in part because they had large ana-
Iytical surfaces and are unzoned to the naked eye. The three
tourmalines were from Badakhshan, NE Afghanistan (AFG)
(Dutrow et al., 2019), the Black Hills in South Dakota, USA
(SD), and North Carolina, USA (NC). To estimate the num-
ber of 2 x 2 (four-shot) grids necessary to obtain a represen-
tative average spectrum, 12 or 16 2 x 2 grids were acquired
from widely spaced locations on each crystal. A PCA (prin-
cipal component analysis) score plot was constructed for av-
erages of the spectra in an increasing number of grids, i.e.,
the average for grid 1, the average for grids 1-2, the average
for grids 1-3, and so on to the average of all grids 1 —n. The
average of all 16 grids contained the same number of shots
as the original 8 x 8 grid, but they were more widely spaced
over the crystal surface. The strategy in this analysis is that
the average spectrum positions would eventually stop chang-
ing in the PCA score plot when incorporating more spectra
did not alter the average spectrum.

PCA plots for this experiment are shown in Fig. 2. The
scatter in the individual grids reflects the variation in compo-
sition of the 2 x 2 grids. In contrast, the spectra for cumula-
tively averaged spectra show large changes between averages
with only a few grids (1-3) but vary less as the number of
grids used in the average increases. The average spectra of
15 and 16 grids are very similar (Fig. 2b and c). Thus, col-
lecting 16 2 x 2 grids from every sample, yielding 64 shots
that would be averaged to make a single spectrum for the
sample, was considered optimal.

3.4 Efficacy of LIBS cleaning shots
Although cleaning shots are commonly employed for LIBS
analyses (Alvey et al., 2010; Hark et al., 2012; Noll, 2012;

Wang et al., 2016; Syvalay et al., 2019), they produce a
layer of recast that can pre-contaminate the analytical sur-
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Figure 1. Photographs of tourmaline and quartz samples and the spectra used to investigate the optimal spacing between laser shots. (a) Tour-
maline (dark) with quartz inclusions (white) showing the 8 x 8 location grid. Because tourmaline commonly contains mineral inclusions, it is
necessary to be able to discriminate between laser shots on inclusions and laser shots on quartz. (b) The 8 x 8 location grid located across the
boundary between a tourmaline grain and its quartz host. Numbers refer to the shot numbers in Fig. 3c and d. (¢) LIBS spectra between 249
and 251 nm for locations on quartz (location numbers shown in Fig. 2b). Peaks of Fe, B, and Si are annotated. (d) LIBS spectra between 249
and 251 nm for locations on tourmaline (location numbers shown in Fig. 3b). Peaks of Fe, B, and Si are annotated. (e) A 2 x 2 grid located
across a tourmaline—quartz boundary that illustrates the method used to determine the optimal shot spacing. The numbers indicate the order
in which spectra were acquired. (f) LIBS spectra between 249 and 251 nm for the fourth shot in 2 x 2 grids for shot spacings between 100
and 1000 um. Peaks of Fe, B, and Si are labeled.

face. The surficial material is ablated by the cleaning shot, or ples were cleaned with methanol and a lint-free wipe; spectra

grid of cleaning shots, and spectra are collected from a sub-
sequent shot or shots in the same location. Typically, spectra
from cleaning shots are not used. Mount (2018) examined the
efficacy of cleaning shots when analyzing tourmaline with
LIBS. Analytical surfaces of three different tourmaline sam-
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from cleaning shots and analytical shots in the same locations
were modeled with PCA. The compositional fields for clean-
ing shots and analytical shots completely overlapped for each
sample, suggesting that any contamination that might have
existed on the surface prior to the cleaning shot had an in-
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Figure 2. PCA score plots that show the results of averaging an increasing number of LIBS spectra from 2 x 2 grids on three different
tourmaline samples. Open symbols represent the compositions of individual grids. Filled squares represent the compositions of averages
of an increasing number of grids. Numbers indicate the number of grids averaged. (a) Sample AFG (12 grids). (b) Sample SD (16 grids).

(c¢) Sample NC (16 grids).

significant effect on the overall composition obtained. Given
the results of Mount (2018) and the effect of the plasma re-
cast, cleaning shots were not used because it appears that the
first laser ablation is more representative of the material ana-
lyzed.

3.5 Effect of instrumental drift on multivariate analysis

Instrumental drift is caused mainly by the thermal expan-
sion of the diffraction grating in the spectrometer. As a re-
sult, peaks are located at slightly higher wavelengths through
time. Because this project employs multivariate analysis of
raw spectra rather than calculating concentrations of ele-
ments from a calibration curve, a multivariate method to es-
timate and understand the effects of drift was needed. PCA
was again used for this purpose.

Two types of materials were analyzed at the beginning and
end of each analytical session. Synthetic quartz was the first
sample analyzed, followed by the three large and inclusion-
free tourmaline samples, termed drift samples. This order
was reversed at the end of the session, with the synthetic
quartz sample analyzed last. Each analytical session lasted
from 4 to 16d. Spectra from the synthetic quartz sample,
lacking the compositional heterogeneity of the tourmaline
drift samples, provide a clear record of drift. In contrast, the
drift samples provide insight into how drift affects multivari-
ate analysis of the more complex tourmaline spectra.

As the diffraction grating expands during run hours and
peaks are recorded at higher wavelength, the amount of
drift increases non-linearly with wavelength, as illustrated in
Fig. 3. The change in bin width (nm bin~!) across the spec-
trum is also non-linear. In univariate analysis, uncorrected
drift results in peak intensities recorded that are not at the
highest intensity for the peak. In multivariate analysis, drift
affects both the position of samples on score plots and the
shape of loading plots.
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In PCA score plots calculated using spectra from each drift
standard, the spectra fall into two groups rather than one, as
expected for multiple analyses of the same tourmaline sam-
ple. The two groups are clearly defined by the time at which
the spectra were acquired. Figure 4a is a PCA score plot for
spectra for one of the tourmaline drift samples with analy-
ses labeled for time of day: AM for prior to analysis and PM
for end of analysis. In contrast, Fig. 4b is the same score plot
with spectra labeled by the date of the analytical run. The po-
sition of spectra on the plot is not correlated to analytical run
date, indicating that the daily drift far exceeds any long-term
instrumental drift. Some of the scatter in these score plots is
probably related to compositional heterogeneity in the tour-
maline and some due to different lengths of time between
the AM and PM analyses and thus different amounts of drift.
Figure 4c is a PCA score plot for all analyses of all three
tourmaline drift samples. The spectra fall into six regions:
AM and PM groups for each sample.

In loading plots, drift results in split peaks, with part of the
peak indicating a positive influence and part indicating a neg-
ative influence (Fig. 5a). This phenomenon occurs because
multivariate models such as PCA are sensitive to the shape
of the peaks. In the model, the AM peak, which is located
at a slightly lower wavelength, has a positive influence, and
the direction of the principal component through the data,
as well as the PM peak, at slightly higher wavelength has a
negative influence. The directions of the split peaks correlate
with the relative positions of the AM spectra with positive
scores along PC1 and the PM spectra with negative scores
along PC1 in Fig. 4a. This drift effect is more pronounced
in PCA models with spectra from a single sample because
the effect of drift is greater than the effect of compositional
heterogeneity among several samples. For instance, Fig. 5b
shows the loading plot for the same spectral range in Fig. 6a
but for the score plot of all three tourmaline drift standards
(Fig. 4c). While there is a notch at the peak position, the ma-
jority of the peaks are negative. Although the loading plot
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end of day (PM) analyses. Note that the spectra fall into six groups, AM and PM for each standard, rather than the expected three groups.

peak positions are no longer split, the effect of drift is not
completely eliminated when modeling hundreds of tourma-
line spectra; a method for correcting drift was needed.

The loading plot peak notch observed in Fig. 5b is re-
lated to the self-absorption (Cremers and Radziemski, 2013)
of the Ca peaks in spectra of the tourmaline standards. Self-
absorption happens when Ca photons encounter and are ab-
sorbed by cool Ca atoms in the outer part of the plasma. Self-
absorption occurs when the element has high concentration

https://doi.org/10.5194/ejm-36-369-2024

in the sample. It is interesting that Ca peak intensities in spec-
tra acquired by the new grid spacing that avoids ablation of
the recast layer are significantly lower than those acquired
on the drift standards; split loading peaks are not observed in
PCA models using spectra with the new grid spacing.
Because all the tourmalines analyzed contain Ca, drift cor-
rection was performed by placing the Ca Il peak at 393.34 nm
in the 393.398 bin, the most frequent location of the highest
intensity of this Ca II peak. This repositioning was accom-
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Figure 5. Effect of drift on PCA loading plots. (a) Ca and Al
doublet peaks in the PC 1 loading plot for score plots shown in
(a) and (b) for a single tourmaline drift sample. The peaks, which
normally would be entirely in either the positive or negative direc-
tion, are split because the peaks in the spectra are offset by drift. (b)
Ca and Al doublet peaks in the PC 1 loading plot for the score plot
for three tourmaline drift samples shown in Fig. 4c. The additional
chemical complexity of the system overwhelms the drift signal and
the peaks are entirely in the positive direction (see text for discus-
sion).

plished simply by adding or deleting cells at the beginning
of the spectra to align the Ca II peaks in all spectra. This
technique is similar to that used in NASA’s ChemCam LIBS
system (Wiens et al., 2013), in which Ti peak positions are
used as a wavelength-channel map that correlates peak posi-
tion to bin number.

Wiens et al. (2013) note that the intensities in each bin are
related, in part, to bin width; resampling of the intensities is
accomplished by using a spline fit to all peaks in ChemCam
spectra. Our use of drift-corrected data in multivariate PCA
models found that the simple shift in the data resolved many
of the drift-related issues. Figure 6a and b are PCA score and
loading plots using drift-corrected spectra for the same tour-
maline drift sample. The non-corrected score plot is shown
in Fig. 4a; the corresponding loading plot is in Fig. 5a. The
drift-corrected AM and PM spectra plot in areas that nearly
completely overlap in the score plot, and the peaks in the
loading plot are no longer split. Similarly, the score plot for
all three tourmaline drift samples now has three groups (one
for each sample, Fig. 6¢), although the loading plot peaks still
have the small splits. It is likely that this approach works to
remove drift needed by modeling because shifting the spectra
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is similar to the physical shift that occurs when the diffrac-
tion grating expands during heating; essentially, photons are
recorded on a different pixel as the grating expands.

In an effort to overcome the bin width problem, lineariza-
tion of the spectra was explored. This technique recalculates
the spectra so that all the bins have the same width. The
spectra from one tourmaline drift standard were linearized
using proprietary software KestrelSpec™ from Catalina Sci-
entific. The spectra were then shifted to align the Ca II
393.34 peak. The results of this process were very similar to
shifting the non-linearized data. Linearization was not cho-
sen for all the spectra in the larger study because the drift cor-
rection results for linearized spectra were similar to those us-
ing non-linearized spectra, the linearization process is time-
consuming, and minimizing the number of changes to the
spectra avoids the introduction of unintended correlations in
the data set.

Overcoming each of these analytical issues results in ro-
bust analyses of tourmaline “hand” samples using LIBS
(Dutrow et al., 2024). Consequently, the spectra obtained
from tourmaline can be used for a variety of scientific ap-
plications in future studies.

4 Discussion

LIBS analysis of Earth materials for geochemical research
remains in its early stages as researchers explore the use of
off-the-shelf LIBS instruments. Thus, the development of an-
alytical protocols for different mineral-group analysis is im-
portant for using LIBS as an analytical technique. Identifying
and solving these analytical issues provides confidence to ex-
pand to use of LIBS to other geomaterials and advancing the
use of comparing entire spectra as proxies for the chemical
signature of materials more widely.

Several important outcomes of this work include that the
recast diameter was ~ 800 pum, much larger than 100 um
(twice the laser spot diameter). The recast-contaminated
quartz inclusions in tourmaline made it impossible to mathe-
matically screen for non-tourmaline data and eliminate their
spectra from the database. Because of the wide distribution
of recast, no cleaning shots were collected. The wide spacing
between shot locations necessitated moving from analysis in
8 x 8 1 mm? grids to many 2 x 2 1 mm? grids, which vastly
increased the time involved in analysis, mainly in scanning
for suitable surfaces and in saving the increased number of
data files. Principal component analysis of spectra with an
increasingly larger number of spectra showed that composi-
tions changed significantly when 4-8 spectra were averaged
but that compositions changed much less when 60-64 spec-
tra were averaged. Thus, optimal acquisition of data was for
16 2 x 2 grids, a total of 64 shots, for each sample whenever
possible.

Spectrometer drift from thermal expansion of the diffrac-
tion grating during the analytical day significantly affected
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Figure 6. Effect of drift correction on PCA score plots and loading plots. (a, b) Score plot and loading plot for the single tourmaline drift
sample shown in Fig. 5a and b using drift-corrected spectra. Note that the specific spectra now plot in a single cluster. (¢, d) Score plot and
loading plot for three tourmaline drift standards shown in Fig. 5c using drift-corrected spectra. These data plot per tourmaline sample rather

than in AM and PM clusters.

PCA score and loading plots. On score plots, spectra of
tourmaline drift standards plotted as pre-analysis and post-
analysis groups rather than as a single group. Peaks in load-
ing plots reflected wavelength drift with split peaks, where
the lower-wavelength part of the peak had a positive influ-
ence on the direction of the principal component and the
higher-wavelength part of the peak had a negative influence.
Interestingly, the drift during any one analytical day was
greater than the drift over the 2 years during which spectra
for the project were collected. Drift correction was accom-
plished by shifting the spectra so that the most intense part
of the Ca II 393.34 nm peak was located in the 393.398 bin.
This procedure caused pre-analysis and post-analysis spec-
tra of drift tourmaline standards to plot in the same field in a
PCA score plot and minimized the problem of split peaks in
loading plots. These solutions can be applied to multivariate
analysis such as PCA of LIBS spectra acquired from other
materials.

Code and data availability. Spectra were modeled using PCA in
the Unscrambler X software by CAMO software. PCA can also be
performed in MATLAB and R.
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