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Abstract

The SuperCam and SHERLOC instruments onboard the NASA/Perseverance

rover are returning the first Raman spectra to be ever collected from another

planet. Similarly, the RLS instrument onboard the ESA/Rosalind Franklin

rover will collect Raman spectra from powdered rocks sampled from the

subsurface of Mars. To optimize the scientific exploitation of Raman spectra

returned from planetary exploration missions, tailored chemometric tools are

being developed that take into account the analytical capability of the men-

tioned Raman spectrometers. In this framework, the ERICA research group

is using laboratory simulators of SuperCam and RLS to perform representa-

tive laboratory studies that will enhance the scientific outcome of both

Mars2020 and ExoMars missions. On one hand, preliminary studies proved

the chemometric analysis of RLS datasets could be used to obtain a reliable

semi-quantitative estimation of the main mineral phases composing Martian

geological samples. On the other hand, it was proved the data fusion of

Raman and LIBS spectra gathered by SuperCam could be used to enhance

the discrimination of mineral phases from remote geological targets. Besides

describing the models developed by the ERICA group, this work presents an

overview of the complementary chemometric approaches so far tested in this

field of study and propose further improvements to be addressed in the

future.
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1 | INTRODUCTION

Most of the scientific discoveries achieved by exploration rovers on Mars have been driven by the use of spectroscopic
instruments. Starting from the Sojourner rover (Pathfinder mission) landed on the Ares Vallis region in 1997, the Alpha
Particle X-ray Spectrometer (APXS) onboard the vehicle successfully investigated the chemical composition of Martian
rocks and regolith over a period of 96 sols.1 Carrying identical sets of science instruments, Spirit2 and Opportunity3

rovers (Mars Exploration Rover missions, MER) landed on Mars in 2004 successfully conducted geological investiga-
tions of the Martian surface by combining elemental APXS data4 with the mineralogical information gathered by
Mössbauer5,6 and Miniature Thermal Emission Spectrometer (Mini-TES)7 systems. Deepening the current understand-
ing about the geological composition and evolution of Mars, the analytical payload of the Curiosity rover8 (Mars Science
Laboratory mission, MLS) landed on Gale crater in 2012 and still operating includes three spectrometers: an APXS,9 an
X-Ray fluorescence instrument (XRF, as part of the CheMin instrument10) and a Laser Induced Breakdown Spectrome-
ter (LIBS system, known as ChemCam11).

The set of spectroscopic data gathered over the past three decades allowed the achievement of unprecedented scien-
tific discoveries. Besides reconstructing the geological composition and evolution of Mars,6,12 the discovery of surficial
water-related alteration features proved that Mars had habitable conditions in the past.13 These findings have paved the
way for a new generation of exploration missions, the objective of which is to search for evidence of ancient or present
life on Mars.14,15 To fulfill this objective, the scientific strategy established for current and forthcoming rover missions
strongly relies on the use of the first Raman spectrometers to be ever operated beyond terrestrial boundaries. For
instance, the analytical payload of the Mars 2020/Perseverance rover15 (landed on Jezero Crater in 2021) allows to per-
form both proximity and remote Raman investigations. On one hand, the molecular investigation of proximity targets
is performed by SHERLOC,16 a UV Raman spectrometer whose design has been optimized for the detection of organics.
On the other hand, the remote spectroscopic investigation of remote targets is entrusted to SuperCam,17–19 a multi-
analytical suite capable of combining time-resolved Raman analysis with complementary LIBS, VISIR, and lumines-
cence investigations. Besides SHERLOC and SuperCam, a third Raman spectrometer will be deployed on Mars: as part
of the ExoMars analytical payload, the Raman Laser Spectrometer (RLS20) onboard the Rosalind Franklin rover will
perform multiple analyses on powdered subsurface samples (together with complementary MicrOmega NIR data21) to
select the optimal geological targets to be characterized by the Mars Organic Molecule Analyzer (MOMA) system.22

Beyond Mars, Raman spectrometers will be employed to explore further celestial bodies, including Phobos (the RAX
Instrument23 for the Martian Moons eXploration mission MMX24 coordinated by JAXA is currently under develop-
ment) and Europa (Raman spectroscopy has been selected among the techniques necessary to meet the science goals
outlined for the Europa Lander mission25–27).

Having clear in mind the critical role Raman spectroscopy will play in planetary exploration missions, it is impera-
tive to develop tailored tools that, taking into consideration the analytical performances and nominal operational
modes of the flight instruments, could help maximizing their scientific return. Learning from terrestrial applications,
the information extrapolated from Raman spectra can be optimized by the use of chemometric strategies. In recent
years, the chemometric analysis of Raman datasets has found a fruitful application in many disciplines, including foren-
sic science,28,29 environmental pollution,30,31 conservation science,32,33 food chemistry,34,35 pharmaceutic,36,37 and med-
ical science.35,38 As a result, chemometric analysis in conjunction with Raman spectroscopy proved to be a reliable
approach for spectra calibration,39,40 identification,41,42 classification,43,44 and quantification45,46 purposes. The advan-
tages of employing chemometric strategies are particularly evident when Raman spectra need to be evaluated in combi-
nation with complementary data sets. Focusing on spectroscopic techniques, several works highlight the chemometric
analysis of combined complementary data (e.g., Raman-FTIR,47,48 Raman-LIBS,49,50 and Raman-XRF51,52) provides
more detailed information about the investigated target over mono-analytical interpretations strategies.

Unlike terrestrial applications, the development of tailored chemometric strategies to optimize the scientific return
of Raman spectra from Mars is still in its initial stage. Indeed, as the development of flight spares models and represen-
tative laboratory prototypes is extremely recent, the science teams of ExoMars and Mars 2020 missions have just
acquired the necessary analytical tools to reliably simulate Raman datasets from Mars.53,54 As a result, the great major-
ity of the scientific articles addressing the development/application of chemometric tools to Martian relevant/simulated
data have been published in the last few years.55–58

Being directly involved in the design and development of SuperCam and RLS systems, the ERICA research group
(University of Valladolid, Spain) contributes to this upcoming field of study. As the main advantage of the SuperCam
instrument is the capability to perform complementary spectroscopic analysis at the same spot of interest,17 the ERICA
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group is investigating low- and mid-level data fusion approaches to optimize the analytical discrimination of mineral
phases. Furthermore as the RLS will investigate between 20 and 39 spots of interest from each Martian sample,20 repre-
sentative datasets are being used to develop tailored mineral semi-quantification and rock classification strategies.

Aiming to describe the recent progress made in both research lines, the present manuscript presents the
chemometric tools the ERICA research group is developing in the framework of ExoMars and Mars 2020 missions.
After describing the application of the preliminary models to Martian-representative spectroscopic datasets, their
advantages and disadvantages are evaluated, and further improvements are proposed.

2 | MATERIALS AND METHOD

2.1 | Datasets

In this work, SuperCam and RLS representative datasets were used. As described below, the two datasets were obtained
analyzing pure mineral phases and Martian-relevant terrestrial analogues by means of representative analytical
prototypes.

2.1.1 | RLS-simulated datasets

Leading the development of the RLS system onboard the ExoMars rover, the ERICA group assembled a laboratory pro-
totype that closely emulates the operational mode and the scientific outcome of the Raman instrument onboard the
Rosalind Franklin rover. Known as RLS ExoMars Simulator (RLS-Sim), the main characteristics of the prototype have
been recently presented.53 In brief, the RLS-Sim is composed of a continuous laser source emitting at 532 nm, a high-
resolution TE Cooled CCD Array spectrometer, an optical head with a long WD objective of 50X. The range of analysis
(70–4,200 cm�1), working distance (≈ 15 mm), laser power output (20 mW), spot of analysis (≈50 μm), spectral resolu-
tion (6–10 cm�1), and signal to noise ratio of this instrument closely resemble those of the RLS instrument. Software-
wise, the RLS ExoMars Simulator integrates the same algorithms implemented by the RLS to autonomously operate on
Mars, such as dark subtraction, fluorescence quenching, and acquisition parameters optimization.59 As proven in previ-
ous works, this instrument represents the key analytical tool for the RLS science team to investigate the potential scien-
tific capability of the flight model that will operate on Mars.60–63 In this work, the RLS-Sim has been used to generate
representative Raman datasets (between 20 and 39 spectra automatically collected from each powdered target) from
both mineral mixtures (modeling sub-dataset) and terrestrial analogue materials (testing sub-dataset). With regards to
the modeling sub-data set, samples of known concentration were created by mixing pure mineral phases from the Ana-
lytical Database of Martian Minerals (ADaMM) database.64 The chemometric model was then tested using Raman data
from terrestrial analogue materials selected from the Planetary Terrestrial Analogue Library (PTAL).65,66

2.1.2 | SuperCam-simulated datasets

As explained in the introduction section, the SuperCam instrument onboard the Perseverance rover is capable to inves-
tigate remote targets through a combination of multiple spectroscopic measurements (Raman, VISIR, LIBS, and Lumi-
nescence). In this work, we focused on improving the capability of SuperCam to discriminate mineral phases by
developing a data fusion model that combines time-resolved Raman spectra with complementary LIBS data. As such,
the analyzed dataset was built using a laboratory prototype named SimulCam.67 Assembled by the ERICA research
group to simulate SuperCam data products, Simulcam is a remote Raman-LIBS system equipped with a Nd:YAG laser,
frequency-doubled to provide a 532 nm excitation source. LIBS analyses were carried out by setting a pulse length of
6 ns and 60 mJ energy. The laser is focused on the target with a 50 mm lens, and the emissions by the plasma plume
are collected by an Andor Mechelle500 spectrograph (with iStar Andor iCCD camera with integrated DDG) that pro-
vides simultaneous recording of the wavelength range between 200 and 975 nm in a single acquisition. Concerning
Raman analyses, the laser is delivered to the sample collimated, providing a constant irradiance with distance. The
Raman emission of the targeted sample is collected by an SLR Lens (300 mm focal, f: 4–5 mm) and delivered to a two-
track spectrometer covering a range between 100 and 4,000 cm�1. The mean spectral resolution of the instrument is
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10 cm�1, while laser output has been optimized to obtain remote Raman spectra with an SNR comparable to the Sup-
erCam instrument. Its first use as terrestrial simulator of the Mars 2020 remote spectrometer has been recently pres-
ented elsewhere.68,69 For this work, SimulCam was used to analyze pure carbonates at 3 m distance and under
terrestrial temperature and pressure conditions. Selected from the ADaMM database,64 the analyzed mineral phases are
described in Section 3.2.

2.2 | Data treatment and modeling

Prior to data analysis and modeling, all Raman and LIBS spectra were pre-treated using the Instrument Data Analysis
Tool (IDAT)/SpectPro software. As presented elsewhere,70,71 SpectPro was developed by the University of Valladolid to
receive, decodify, calibrate, and verify the telemetries generated by the RLS instrument on Mars. The software provides
access to an extended set of analytical tools for spectral analysis such as labeling, trimming, shifting, normalization,
baseline correction, and features a general-purpose spectrum calculator to perform lineal combinations, product, divi-
sion and derivative of spectra. Using SpectPro, Raman datasets were baseline-corrected, smoothed and their intensity
normalized to one. Furthermore, knowing the quantum efficiency of CCD detectors varies with the wavelength (being
the optimal value reached between 400 and 680 nm), the intensity of all spectra was corrected by dividing, for the same
wavenumbers, the intensity of the sample spectrum by the intensity of a reference standard (amorphous zinc borate,
Zn3B6O12�3,5H2O).

72 Concerning LIBS dataset, no intensity correction was required, so that spectra were only submit-
ted to normalization.

After treatment, SuperCam and RLS datasets were modeled by using two different software. On one side, different
data fusion strategies were tested on SuperCam data sets by using a multivariate method based on Principal Component
Analysis (PCA).73 To do so, the Unscrambler®7.6 software was used. On the other side, a dedicated code was created
for the semi-quantification of RLS datasets. In this case, all the calculations were performed using MATLAB R2019a.74

3 | RESULTS

3.1 | Chemometric models to optimize the scientific return of ExoMars/RLS spectra

Compared to SuperCam and SHERLOC instruments onboard the Nasa Mars2020 rover, the main advantage of the
ExoMars RLS spectrometer is the capability to investigate between 20 and 39 spot of interest from powdered samples.
As such, the nominal Raman datasets to be acquired on Mars will offer the unique opportunity to fully disclose the
mineralogical heterogeneities of the geological samples collected from the subsoil of Oxia Planum.

In this context, a few works have been recently proposed, in which the molecular data gathered by the RLS-Sim
from powdered terrestrial analogues is compared to the mineralogical results provided by a commercial X-ray
diffractometer.63,75

As a representative example,75 the multi-analytical study of basaltic lava from Reykjanes (Terrestrial analogues of
Martian olivine-bearing rocks) proved the multi-point Raman analysis of powdered samples could effectively identify
all the main mineral phases composing the samples (diopside, augite, forsterite, and anorthite), while detecting further
minor compounds that were below the detection limit of the XRD (calcite, amorphous carbon, and apatite, depending
on the sample).

Besides providing a qualitative assessment of the mineralogical composition of a geological sample, tailored
chemometric tools are being developed so that RLS datasets could be used to extrapolate a semi-quantitative estimation
of the main mineral phases.

Learning from these applications, a reliable semi-quantification of solid mineral mixtures is often achieved using
external calibration curves. Knowing there is a linear correlation between the intensity of the Raman signal and the
concentration of the mineral phase,76 a set of samples mixtures is generally prepared by mixing standard minerals at
known concentration ratio. All samples are then homogenized (often by grinding) and characterized by setting equal
acquisition parameters (modeling sub-data set). After calculating the intensity of the main Raman peaks, binary calibra-
tion curves are built in which the ratio between peak intensities of the two mineral phases are plotted against the con-
centration ratio measured during sample preparation. The equation describing the line or curve that best fits the
obtained data distribution is then used to convert the intensity values of Raman spectra collected from the unknown
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sample (testing sub-data set) into estimated concentration values. Considering the heterogeneous distribution of min-
eral phases within geological samples (partially minimized when analyzing powdered materials) and the reduced spot
size of Raman spectrometers (≈ 50 μm for the RLS), multiple analyses are necessary in order to achieve a reliable semi-
quantitative characterization of the unknown sample. Using this method, several works describe the successful applica-
tion of Raman spectroscopy to the semi-quantification of binary mineral mixtures, such as calcium oxalate/
hydroxyapatite,77 dolomite/calcite,78 calcium sulfate/potassium nitrate.76 By applying binary calibration curves to the
chemometric analysis of Raman spectra of more complex mixtures, Kristova et al.79 successfully quantified quaternary
mineral mixtures (hydromagnesite/huntite/dolomite/magnesite).

Focusing on the field of planetary exploration, the chemometric analysis of RLS datasets as a tool to provide a
Raman semi-quantification of mineral mixtures on Mars was first postulated by Lopez-Reyes et al.62 In that work, pure
calcite and gypsum powders were mixed at different concentration ratio (ranging from 0.01:0.99 to 0.99:0.01), and
30 spectra per sample were randomly acquired through the RLS-Sim by simulating the operational constraints of the
RLS system on Mars. By applying the classical linear Partial Least Squares (PLS) regression method, the measured
intensity ratio between the main peaks of calcite (1,086 cm�1) and gypsum (1,008 cm�1) was found to be statistically
coherent with real concentration values (r 2 values of the calibration curves ≥0.99, with an average standard deviation
≈3%), thus suggesting the chemometric analysis of RLS datasets could be used to perform semi-quantitative analysis of
mineral mixtures.

Following the research line opened by Lopez-Reyes et al.,62 the RLS science team has been working in the develop-
ment of tailored semi-quantification methods that could be used to optimize the scientific return of the Raman spec-
trometer when operating on Mars. In this context, the chemometric method tested in 2013 was recently applied to the
study of mineralogical samples having strong analogies with the geological units that are expected to be analyzed by
the ExoMars rover on Mars. For instance, the work of Veneranda et al.80 presented the use of external calibration cur-
ves (also based on PLS) to estimate the olivine/pyroxene concentration ratio from ultramafic dunite and pyroxenite
samples, these being terrestrial analogues of the ultramafic igneous rocks detected from orbit at the landing site (Oxia
Planum).81,82 As for the work of Lopez-Reyes et al.,62 external calibration curves were built by analyzing (39 spectra per
sample) binary mixtures of olivine/pyroxene at different concentration ratio and analyzed by the RLS-Sim spectrometer.
The equations obtained from the chemometric analysis of modeling sub-datasets were then applied to the testing
datasets collected from the terrestrial analogues. Raman semi quantitative result were finally compared to XRD refer-
ence data (XRD quantification values were calculated using the reference intensity ratio from pattern matching results
with XPowder 2004.04.713683). Besides confirming the reliability of the method, this work focused on correlating the
semi quantification uncertainty with the size of the employed Raman dataset (ranging from 1 to 39 spectra per sample).
As shown in Figure 1, the proportion uncertainty strongly decreases starting from the analysis of 18 spectra, thus
suggesting the Raman semi quantification of Martian samples could be achieved when working within the foreseen
operational parameters of RLS (between 20 and 39 spots).

Inspired by the work of Kristova et al.,79 binary calibration curves were also used to semi-quantify terrestrial ana-
logues of higher mineralogical complexity. Being the main components of Martian basaltic rocks, Veneranda et al.84

prepared binary mixtures of lepidocrocite, augite, and forsterite phases. The obtained Raman calibration curves were
then used to semi-quantify ternary mixtures of feldspar, pyroxene, and olivine minerals. As displayed in Figure 2, the
obtained Raman semi-quantification results were in good with real concentration values. Thanks to this comparison, it
was also proved the proposed chemometric model tends to underestimate the concentration of feldspar phases, espe-
cially when the collected spectra display a high variability in the intensity of the fluorescence background. To improve
the reliability of the results, the RLS science team is evaluating the factors affecting the fluorescence
(e.g., granulometry) and the magnitude of their influence in the variation of Raman peaks intensities.

Following this line of study, members of the RLS team recently extended the use of external calibration curves to
the Raman semi-quantification of organo-mineral mixtures. In detail, Demaret et al.85 presented optimized calibration
curves in which the relation between peak intensity ratios and real concentration values have been improved by the
introduction of a correction factor that takes into account the apparent Raman scattering coefficient of the analyzed
compounds. Using this method, the concentration ratio of calcite-gypsum mineral mixtures spiked with amino acids
(L-Cysteine) was successfully achieved. Beyond improving the mineralogical characterization of geological samples, this
proves the chemometric analysis of RLS datasets could also optimize the contribution of RLS for astrobiological
investigations.
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Despite the promising results obtained by the mentioned Raman semi-quantification methods, the RLS quantitative
analysis of real Martian samples could present additional challenges that need to be addressed. For instance, the uncer-
tainty of the measurement could increase due to the analysis of mineral phases having different degree of crystallinity

FIGURE 2 Ternary diagram displaying real and calculated phase proportion of ternary mixtures. As reference, feldspar-pyroxene-

olivine ratio of Martian basaltic rocks and soils measured by Spirit and Curiosity rovers are also provided (from Veneranda et al.84).

FIGURE 1 Prediction uncertainty of feldspar/pyroxene (blue), olivine/feldspar (red) and pyroxene/olivine (green) binary calibration

curves as a function of the number of analyzed spots per line.
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or elemental composition (e.g., forsterite vs. fayalite) to the mineral specimens used for the construction of calibration
curves. To minimize the potential issues related to the use of (terrestrial) modeling sub-dataset for the chemometric
analysis of Raman spectra from Mars, the chemometric model should take into account a wider set of vibrational indi-
cators (e.g., maximum intensity position of additional peaks from different spectroscopic regions as well as their FWHM
and intensity ratio). Through the analysis and comparison of the mentioned parameters, correlation coefficients could
be elaborated to better adapt Terrestrial external calibration curves to the Raman datasets received from Mars.

3.2 | Chemometric models to optimize the scientific return of Mars 2020/SuperCam
spectra

The SuperCam instrument is a multi-analytical suite that combines microphone recordings with the spectroscopic
VISIR, LIBS, Raman and luminescence investigation of remote targets. As explained elsewhere, SuperCam is a highly
evolved version of the ChemCam LIBS instrument onboard the Curiosity rover,86 which is operating on Mars since
2012. Taking advantage of the overwhelming amount of analytical data collected in the past decades (more than
800,000 spectra from over 20,000 observation points87), the ChemCam team developed multiple chemometric methods
to quantify the major rock forming elements as oxides. As presented elsewhere,87 the quantification of major elements
is based on the use of multivariate models,88,89 while minor and trace elements are calibrated using a combination of
univariate models and peak-fitting methods.90,91

Learning from the chemometric analysis of ChemCam data and taking advantage of the large number of on-board
SuperCam calibration targets (that cover a greater compositional range than ChemCam19), tailored chemometric
models are being developed to optimize the elemental quantification of LIBS data. For instance, Kostantinidis et al.55

recently described a novel statistical model based on spectral clustering and a linear mixture model for the elemental
quantification of LIBS data from planetary missions. Focusing on SuperCam, the work of Anderson et al.92 presents a
set of novel multivariate and univariate calibration models (based on PLS) to quantify major and minor/trace elements
detected by SCAM LIBS analysis on Mars.

As the development of chemometric systems for the quantitative analysis of LIBS spectra is at a relatively advanced
stage, the greatest analytical challenge provided by SuperCam consists in combining the interpretation of LIBS data
with the results gathered by complementary spectroscopic systems from the same spot of interest (e.g., Raman, VISIR,
and luminescence). As highlighted in the literature, data fusion strategies have been successfully applied in several ter-
restrial applications49,50,93–96 to enhance the exploitation of complementary spectroscopic data. Focusing on the field of
space exploration, most of the few manuscripts published to date present the combination Raman-LIBS spectra based
on the low-level chemometric strategies.58,97–99 For instance, knowing that epsomite, anhydrous sodium sulfate, and
hexahydrate magnesium chloride are widely present on both Mars and Europa (Jupiter's satellite), Manrique-Martinez
et al.97 achieved a reliable semi-quantification of their binary mixtures by developing a tailored multivariate strategy
that combines PCA, with artificial neural networks (ANN). Focusing on optimizing the exploitation of SuperCam data,
the method proposed by Rammelkamp et al.58 combines PCA and partial least squares discriminant analysis (PLS-DA)
to evaluate the advantages provided by the fusion of LIBS and Raman spectra in the discrimination of unknown geolog-
ical targets.

To support the SuperCam science team, the ERICA research group is evaluating and comparing the capability of
several data fusion strategies to improve the multi-analytical discrimination of mineral phases on Mars. As a represen-
tative example, the SimulCam laboratory simulator has been recently used to perform remote spectroscopic analysis of
carbonate minerals within the Ca-Mg-Fe ternary diagram. In detail, calcite (CaCO3), aragonite (CaCO3), dolomite
(CaMg [CO3]2), huntite (CaMg3[CO3]4), magnesite (MgCO3), siderite (FeCO3), and ankerite (Mg,Fe [CO3]2) mineral
samples were selected from the ADaMM mineral database. After powdering and pellet preparation, a set of 5 Raman
and LIBS spectra per sample were collected at a representative distance (3 m) by trying to closely simulate the acquisi-
tion parameters of the SuperCam instrument. After baseline correction and normalization, each Raman spectrum
(4,000 channels) was attached to the LIBS spectrum (16,000 channels, collected from the same spot of analysis) to
obtain a single spectral file (20,000 channels) (see Figure 3).

By performing the same procedure to all the analyzed spots, a data matrix with a total size of 20,000 columns
(as the number of total channels for each combined Raman-LIBS spectra) and 35 rows (given as the number of analyzed
spot per sample multiplied by the number of total samples) was obtained. The PCA of the Raman-LIBS data matrix was
then performed using the Unscrambler software, and the results compared with those provided by the PCA of Raman
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spectra and LIBS spectra alone. As presented in Figure 4, 3D graphs were created to represent the three main Principal
Components (PC1, PC2, and PC3) along the X, Y, and Z axes, respectively.

The Euclidean distance between the average points of each mineral phase in the PC1, PC2, PC3 three-dimensional
space was calculated by using the following equation:

ED a, bð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PC1b�PC1að Þ2þ PC2b�PC2að Þ2þ PC3b�PC3að Þ2

q
,

where a and b being the average points of two mineral clusters and PC1, PC2, and PC3 the main principal components
describing the variance of the data. The measured ED are represented in Table 1.

Knowing the discrimination capability between two mineral phases is directly related to the Euclidean distance
between their clusters (together with their size), the results summarized in Table 1A suggests PCA based on LIBS
results effectively discriminate most of the carbonate phases within the Ca-Mg-Fe ternary phases, having the lower ED
values measured between aragonite-calcite (ED = 0.38), dolomite-aragonite (0.47) and ankerite-dolomite (0.21) clusters.
Similarly, the lower ED extrapolated from the PCA of Raman results (Table 1B) were calculated between aragonite-
calcite (0.32), siderite-calcite (0.50) and ankerite-dolomite (0.27) clusters.

The results obtained from LIBS and Raman spectra were finally compared to the ED measured from the PCA of the
combined Raman-LIBS data matrix. As represented in Table 1C, most of the measured ED was higher than both mono-
analytical approaches. Knowing the variation on cluster sizes was negligible, this comparison clearly proved the
chemometric analysis of low-level combined Raman-LIBS data could increase the capability of the SimulCam instru-
ment to discriminate carbonate phases. Besides low-level strategies, the mid-level combination of spectroscopic data ret-
urned by the SuperCam instrument are also being evaluated. The preliminary results of this extensive work will be
soon described in a dedicated paper.

FIGURE 3 (A) baseline-corrected Raman spectra, (B) LIBS spectra, and (C) low-level fused Raman-LIBS spectra collected from the

calcium carbonate sample.
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FIGURE 4 Three-dimensional graph representing how the different mineral clusters are discriminated by considering PC1, PC2, and

PC3 values obtained from the PCA analysis of Raman (A), LIBS (B), and Raman + LIBS (C) data matrixes.
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4 | CONCLUSIONS

This work provides an updated overview on the chemometric tools the scientific community is developing with the pur-
pose of optimizing the scientific outcome of the Raman spectra returned from planetary exploration missions. Besides
providing a review of the main chemometric models that are expecting to enhance the exploitation of SuperCam and
RLS data, this manuscript presents the chemometric solution the ERICA research group is developing for both spectro-
scopic instruments. Focusing on the interpretation of RLS spectra, the information here provided suggests the datasets
the RLS will collect from powdered subsoil material (between 20 and 39 spectra per sample) could be used to semi-
quantify the main mineral phases of a geological matrix. So far, uni- and multi-variate chemometric models based on
the use of external calibration curves (based on PLS) have been applied to semi-quantification of both synthetic mineral
mixtures and natural terrestrial analogue samples. The reliability of Raman results was in line with reference XRD data,
thus suggesting that Raman spectroscopy could be effectively used to perform semi-quantitative analysis on Mars.
Despite the promising results, further developments need to be addressed in the future to increase the robustness of the
proposed semi-quantification models. For instance, the analysis of a wider set of vibrational indicators (see Section 3.1)
could minimize the issues related to the use of calibration curves made from the analysis of Terrestrial mineral mixtures

TABLE 1 ED measured between mineral clusters from the PCA of LIBS (A), Raman (B), and fused LIBS-Raman (C) spectra

A. LIBS ED CAL ARG DOL HUN MAG SID ANK

CAL 0.00

ARG 0.38 0.00

DOL 0.83 0.47 0.00

HUN 1.26 1.05 0.77 0.00

MAG 2.00 1.85 1.63 0.89 0.00

SID 2.03 1.85 1.77 1.66 1.69 0.00

ANK 0.89 0.56 0.21 0.61 1.45 1.60 0.00

B. Raman ED CAL ARG DOL HUN MAG SID ANK

CAL 0.00

ARG 0.32 0.00

DOL 1.79 1.96 0.00

HUN 1.73 1.73 2.03 0.00

MAG 2.05 1.95 1.70 2.30 0.00

SID 0.50 0.70 1.60 2.09 1.97 0.00

ANK 1.64 1.80 0.27 2.07 1.52 1.41 0.00

C. Raman-LIBS ED CAL ARG DOL HUN MAG SID ANK

CAL 0.00

ARG 0.19 0.00

DOL 1.81 1.85 0.00

HUN 1.87 1.71 2.21 0.00

MAG 2.82 2.76 2.17 2.06 0.00

SID 1.94 1.95 2.53 2.72 2.30 0.00

ANK 1.75 1.79 0.40 2.15 1.88 2.18 0.00
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for the semi-quantification of Raman datasets from Mars. In this case, complementary chemometric model will be eval-
uated, in which the predictive ability of the ANN (coupled to PCA) will be compared to the PLS regression method used
so far. Further chemometric models are being tested to increase the capability of the SuperCam instrument to discrimi-
nate mineral phases. As SuperCam can interrogate the same spot of interest with multiple spectroscopic techniques,
the ERICA research group is evaluating the advantages provided by the data fusion of Raman-LIBS data. In this frame-
work, the preliminary results of the proposed low-level data combination strategy (based on PCA) prove the discrimina-
tion capability among Ca-Mg-Fe carbonate phases strongly increase when fused Raman-LIBS spectra are considered.
As this is just the first attempt towards the development of a SuperCam-dedicated data fusion strategy, further methods
also need to be evaluated and compared. The next step consists in the application of a mid-level data fusion method, in
which the fusion of raw spectra will be replaced by the combination of pre-selected spectroscopic indicators (e.g the
wavelength position of Raman peaks and the intensity value of selected LIBS emission lines). Considering the lessons
learnt from terrestrial applications, and in light of the encouraging results obtained so far from the analysis of simulated
SuperCam and RLS datasets, the development of tailored chemometric models clearly represents a promising approach
to optimize the scientific outcome of Raman data returned from Mars.
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