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ABSTRACT

Laser-induced breakdown spectroscopy (LIBS) has been widely implemented in Mars explorations as a versatile
technique for in-situ chemical analysis. Determination of elemental composition from Martian LIBS typically
relies on uni/multi-variate models trained on specific laboratory datasets, which in turn requires similarities
between this training dataset and Martian data. However, plasma excitation can affect this similarity. The
inability to identify insufficiently excited data may ignore poor focusing for some observations or lead to un-
awareness of compositional uncertainty. This study establishes the LIBS Quality Index (LQI) for Martian LIBS
data quality by evaluating the carbon ionic doublet emission around 658 nm for the Martian atmosphere,
assessing its signal-to-noise ratio as well as its deviation from the line profile standard of the instrument-specific
laboratory dataset. This method allows the LQI to be used as a confidence level for assessing LIBS excitation
quality and measurement for similarity with instrument-specific laboratory datasets. The LQI evaluation routines
were established for ChemCam, MarSCoDe, and SuperCam. Validation of LQI was carried out on the laboratory
datasets and Mars data with known quality assessments of the three instruments. The index was verified to be
sensitive to input irradiance, applicable with three current Mars LIBS instruments, robust against various ma-
terial types (except carbonate), and moderate interference from H, Fe, and Ti. Applying the LQI, the study was
able to identify the remote micro-imager (RMI) autofocus as an optimal mechanism, to discover the influence of
environmental conditions on data quality, to discuss the impact of target material consolidation and morphology
on data quality, and to investigate the contribution of data quality to quantification uncertainty. These appli-
cation examples demonstrated the feasibility of LQI as a useful and sensitive tool to assess data quality and its
potential to aid current and future Martian LIBS explorations.

1. Introduction

typically employs an MW-infrared pulsed laser, a telescope, and spec-
trometers to create and observe a laser-induced plasma on a Mars target

In-situ laser-induced breakdown spectroscopy (LIBS) has been
widely implemented in robotic Martian exploration as a versatile tech-
nique to remotely detect elemental compositions on the Martian surface,
e.g., ChemCam [1,2] (MSL Curiosity rover, NASA, 2011), SuperCam
[3,4] (Mars2020 Perseverance rover, NASA, 2020), and MarSCoDe [5]
(Tianwen-1 Zhurong rover, CNSA, 2020). Current Martian in-situ LIBS

at a 1-7 m distance, with possible co-axial instruments like micro-
imager, passive reflectance spectrometer, or Raman spectroscopy suite
to further characterize the target texture and mineralogy. Its observation
procedure does not require additional sample preparation and can be
automated (e.g., AEGIS [6]). LIBS-included suites have played important
roles in their corresponding missions by acquiring a considerable
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amount of data which has helped to understand the geological contexts
(e.g., Refs. [7-9]).

The inference of element compositions from LIBS spectra is based on
the principles of atomic emission spectroscopy (AES), where the in-
tensities of atomic or ionic emissions in the plasma are related to the
concentration of the corresponding element. However, considering the
practical situation of the LIBS technique and unknown Martian condi-
tions, factors like short plasma lifetime, uncontrolled environment, and
target matrix effect may deviate the relationship from ideal AES in the
local thermal equilibrium (LTE) condition, thus rendering the elemental
composition calibration much more difficult [10-14]. Consequently, the
current practices of elemental calibration (especially for major ele-
ments) for Martian LIBS usually prefer multi-variate machine learning
approaches, where case-specific training data is employed to optimize a
modeled relationship between spectral intensities and elemental con-
centrations: Major Oxide Composition (MOC) of ChemCam rely on a
combination of partial least square (PLS) regression and independent
component analysis (ICA) [15,16]; The models that established for
SuperCam MOC take an ensemble learning approach by combinations of
algorithms, including gradient boosting regression (GBR), Lasso
regression, PLS, and random forest regression, that achieves optimal
performance on different elements [17]; probabilistic major element
composition (PMEC) for MarSCoDe incorporated natural gradient
boosting (NGBoost [18]) for quantification with dynamic uncertainty
estimation [19], and studies also suggest that methods such as artificial
neural network (e.g., Refs. [20-23]), transfer-learning (e.g., Refs.
[22-25]), etc. could provide calibrations.

While benefiting from the complexity provided by the algorithms,
machine learning calibrations require a similarity between the input
Mars data and the training data [26,27]. In terms of LIBS data, we
suggest that the data similarity generally has three aspects: 1) instru-
ment response, 2) material types (related to composition and chemical/
physical matrix effect), and 3) plasma excitation. Instrument response
includes response functions, instrumental spectral resolution, wave-
length alignment, etc., which are determined by the optics and elec-
tronics themselves. The instrumental response is usually calibrated to be
consistent in practice. Material type similarity implies that the training
set must cover a range of materials to be prepared for Martian data with
unknown composition and matrix effect. Efforts to achieve this simi-
larity have been extensive for Mars LIBS campaigns [16,17,19].

The last aspect, plasma excitation, corresponds to the similarity of
the laser conditions (e.g., pulse duration, laser power) and the on-target
irradiance (focus condition). The laser usually remains controlled during
the operation, but the latter can vary. Inaccuracy of the focusing
mechanism or rapid removal of loose material [19,28] can lead to a loss
of focus and insufficient excitation of the plasma, inducing line-
dependent changes to emission features and thus deviating the Mars
data from the training dataset. Plasma excitation characterization is
therefore important for Mars LIBS operation. Identifying data with
insufficient excitation can help attribute additional uncertainty to
composition results and recognize potential inaccuracy in the focus
mechanism.

However, a tool to reliably assess the quality of the plasma excitation
of Mars LIBS data is not yet available. The precise determination of LTE
plasma parameters like temperature and electron density is not possible
with the current Mars LIBS instrument due to the lack of precise time
gating [1-5,29]. The total emission of LIBS spectra is sometimes used to
filter out low-quality data (e.g., in the SuperCam data inventory in the
Planetary Data System (PDS) [30]) but it is dependent on material
properties (also discussed later in Section 3.2). Previous work by Chen
et al. [19] has introduced the potential of atmospheric carbon ionic
emission around 658 nm (abbr. C-658) as a figure of merit for excitation
quality, mostly composition-independent. The work was continued in
Ref. [31] to formulate the LIBS Quality Index (LQI), a composite eval-
uation of C-658 peak signal-to-noise ratio and line shape for LIBS in-
struments on Mars. In this work, the authors have further refined the LQI
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methodology, optimized its robustness, and discussed its applicability
and potential application on current Martian LIBS operations.

2. Defining a LIBS quality index
2.1. Theory on C-658 as an indicator of input irradiance

The Martian atmosphere is characterized by its CO,-dominated
composition, which provides a ubiquitous source of carbon and oxygen
atoms to interact with the laser-induced plasma. Meanwhile, Martian
soil and rocks are not generally carbon-rich [32,33]. Thus, the presence
of carbon in LIBS data can be considered material-independent in the
absence of carbonate occurrences. The LQI to be presented is derived
from the C-658 emission using standard spectra from the laboratory
dataset. The choice of C-658 is based on the fact that the emission is a
sensitive indicator of input irradiance. This is determined by how CO,
interacts with the plasma, as explained in the simplified procedure
below:

1) The laser first vaporizes and excites the solid material around its
focus, where little CO; is directly excited by the laser due to a higher
breakdown threshold of the gas [11]. Here we consider only the
electron as the main energy transfer agent and simplify the process to
inverse-Bremsstrahlung only [10]:

e (e) +ahv=e (e+a) @

where ¢ is considered an undistinguished base kinetic energy of an
electron and a is the excess kinetic energy.

2) The expanding plasma comes into contact with the atmosphere. CO,
is atomized and excited by the electron in this contact process:

CO,+e (e+a;)=C+20+e (¢) )]
CHe (e+m)=C +e (o) 3)
Cte (e+a3)=C +2e (e) @

where a; represents a molecular bonding energy of CO, (about 4 eV,
calculated from the enthalpy of formation for CO, at 298 K [34]), a2
represents the neutral line energy levels of carbon atom (e.g., 5.00 eV for
C I 247.856 nm emission [35]), a3 represents a sum of the carbon first
ionization energy (11.26 eV [34]) and the ionic line energy level (about
1.88 eV for C-658) [35].

3) Excited carbon species emit atomic and ionic lines:

C'=C+h (5)

Cract + (6)
The above reactions can be combined by stoichiometry into:

CO, + (o) 4 a)hv=C +20 + hv %)

CO, + (a1 + a3)hw=Ct +20 4+ bt + e (€) (8)

We assume that there is no self-absorption and that each reaction is
simply controlled by the probability of repeated collisions among spe-
cies and photons, which allows the reaction rates of Eq. 7 and Eq. 8 to be
formulated as power laws, as follows:

I(hy )oxp(COL I (hy)* 9

1(hv ) oxp(CO) I (hw)™ T (10)

Thus, the line intensity of the ionic carbon emission can be consid-
ered a more sensitive indicator to input irradiance than the neutral one,
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Fig. 1. Examples of C-658 spectral regions (652-663 nm) from ChemCam, MarSCoDe, and SuperCam data of "good" (first row) and "poor" (second row) quality.
Original data points are shown as black dots. The acquiring sol (Martian solar day since the landing of the spacecraft), target name, and reason for "poor" quality
(second row only [19,30,39]) are indicated in each panel. Preliminary double Voigt fittings (red line) have been applied based on Eq. 11 to highlight the C-658
(dotted and dashed yellow line) and H, (dotted and dashed blue line) emissions. The fitted baselines are shown as dashed grey lines. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

as as > a,. The exact emission is also influenced by the atmospheric
pressure (annual variation around 200 Pa [9,36,37]) and, in reality, also
by the target composition (e.g., non-electron energy transfer [10]). They
were later found to be practically less influential in the evaluation and
application of the LQI (Section 3.1).

2.2. LIBS quality evaluation with C-658

According to the established theory, the evaluation of the ionic
carbon emission can be indicative of the input irradiance and hence of
the data quality. Here, we focus on the C-658 doublet formed by ionic
carbon lines at 657.805 and 658.288 nm (C II, 25%3s — 2523p,2S—2P",
wavelengths in vacuum [35]). Two pieces of information can be
extracted from the emission: intensity and line profile. The intensity is

directly related to I(hv' ) and the line profile ideally consists of instru-
mental and physical broadening which together form a Voigt profile
with Gaussian (e.g., instrumental, Doppler broadening) and Lorentzian
(e.g., Zeeman, Stark broadening) components [10,38]. Practically, as
shown in Fig. 1, known "poor" quality LIBS spectra from Mars tend to
show weak C-658 signals, with visually low signal-to-noise ratios (SNRs)
or distorted line profiles.

To describe the C-658 emission, we incorporate multiple Voigt fits
(V(2), the convolution of a Gaussian profile and a Lorentzian profile)
around the corresponding spectral region from 652 nm to 663 nm. The
main fit includes C-658 and the neighboring H, as:

M(/‘[) = AH X V(lv Hus Vu» O-H) +AC X V(/‘L;/"CV Ve GC) + 37 (11)
where A;,p1;,7;,0i(i € {C,H} ), and B represent the line height, line center,
Lorentzian scale parameter, Gaussian standard deviation, and baseline,
respectively. Certain constraints are added to the fit: 1) limiting u.
around 657.99 + 0.3 nm according to the local pixel resolution; 2) fixing
py with py /pe = 1.00231 as a physical constraint; 3) fixing oc, oy using
presumed local instrumental full-width half maximum (FWHM), as the
Doppler broadening for C and H are generally negligible [10].

The fitting region of this model also contains several interfering iron

emissions that may come with iron-rich material common on Mars [40].
Therefore, before the main fit, there are two possible methods to reduce
the iron influences:

A) Iron lines removal: This measure pre-fits the spectra with addi-
tional iron lines and removes the fitted interfering lines from the
original data (see Fig. S1). Pre-fitted and removed lines and their
specific constraints can be found in the Appendix A.1.

B) Fitting zone clipping: Another simple measure is to cut the fitting
zone into 654-660 nm, due to fitting numerous lines in the pre-
vious measure may include uncertainty in subsequent fitting,
which practically happened for MarSCoDe.

The main fit is then performed on the Fe-suspended data. The fitting
is bootstrapped 10 times by noise-adding to produce stable means and
standard deviations of fitted parameters based on local noise (an
example without this bootstrapping is shown in Appendix A.2). 10
Gaussian noise templates with a unit amplitude were pre-generated and
used for every bootstrapping to ensure the repeatability of the results.
The actual noise amplitude to multiply the templates is the maximum of
1) the 3-sigma clipped standard deviation from 550 to 760 nm (the
methodology is the same as the sigma clipping in Ref. [15]); 2) the fitted
standard deviation of Ac; 3) the maximum absolute value among the
fitting residuals. 2) and 3) are obtained in a separate main fit without
noise-adding.

The fitting results produce the signal-to-noise ratio (SNR, Z4) and its
line shape score (Z,) of C-658. Z, is given by bootstrapped average
values of Ac (Ac) and their standard deviation (AAc):

Zy = Ac/AAc (12)
and Z, is given by comparing the bootstrapped average value of y- with a
standard distribution of the C-658 Lorentzian width (in a Gaussian form
centered at I'c and with a standard deviation AI'¢):

Z, =lyc—Tcl/Al¢ 13)
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Fig. 2. Distributions of Lorentzian full-width half maxima (FWHM) of C-658
from different LIBS instruments: CCAM for ChemCam, MSCD for MarSCoDe,
and SCAM for SuperCam. The values were obtained from the same main fit
procedure and corresponding treatments and constraints provided in Fig. 3 and
Table 1. For violin plots, the kernel density estimation (KDE) with a bandwidth
following Scott’s Rule [42] was used to generate smooth distributions.

This formulation is based on the practical discovery of consistent,
unimodally distributed C-658 Lorentzian widths among LIBS spectra in
the laboratory Mars atmosphere for each LIBS instrument (Fig. 2). A
deviation in the Lorentzian width, i.e., a high Z,, could indicate an
anomaly in the line profile of C-658 as the emission weakens, which may
originate from the local disruption to the peak fitting or the potential
change in the physical broadening [10,41]. This anomaly is quantified
by its deviation from the standard established on the laboratory datasets
(I'c £ AI'c), which has already taken into account the possible variation
in the physical broadening when ablating Mars-like materials with well-
focused laser (see the laboratory data description in the Appendix A.3).

Spectrochimica Acta Part B: Atomic Spectroscopy 216 (2024) 106921

The score of the line shape (Z,) thus also facilitates the evaluation of the
similarity between the laboratory data and the Martian data.

The LIBS Quality Index (LQI) is formulated by combining both of the
scores probabilistically. The established scores for SNR and line shape
can be used to define the probability of two events:

e Event A: C-658 is significantly above noise, P(A) = f(Za);
e Event B: The Lorentzian width of C-658 is not significant deviated
from the laboratory dataset, P(B) = 1— f(Z,).

f(n) here is the integral of a standard Gaussian distribution between
+n. Both of the events being true (AB) means a "well-forming" C-658
emission. We designate the LQI to characterize the inverse of the events:
the probability of either the event being false (P(AB)), to better quantify
the situation with "poor" data quality:

LQl=f'[P(AB)| = {1 -f(Zs) x [1 =£(Z,) ] } a4

The procedure to produce LQI is summarized in Fig. 3. The LQI is
established for all three Mars LIBS instruments (ChemCam, MarSCoDe,
and SuperCam) with their instrument-specific parameters, as shown in
Table 1.

3. Results and discussion
3.1. Interpretation and validation of LQI

3.1.1. Interpreting from laboratory datasets

The LQI values were first generated on the laboratory datasets of
ChemCam [16], MarSCoDe [19], and SuperCam [17] (carbon-rich and
Ti-rich targets were removed). As the laboratory datasets were used as
"standards" for the line shape score (Z,), their corresponding LQI values
are expected to be low. The LQI distributions for the three instruments
are shown in Fig. 4a. The influence of SNR (Z,) can be seen as the dis-
tributions are not perfectly centered at LQI = 0 but still with the majority

Iron lines

Input spectrum

(652-663 nm) treatment

A: Fe-fitting and removal D data
Treated
spectrum (] procedure
B: Crop to 654-660 nm Instrument-
specific

Lal Zy = Ac/DAc

I'c + Al from s
laboratory dataset Zc = lye —Tcl /AT

[ 1

Main Fit

Constraints on

bootstrapped fittings% Pre-fitting ]

peak position

e tolerances and

local Gaussian
widths

Noise to add

Fig. 3. Flowchart of the procedures and data required to calculate LQI for a LIBS spectrum. Yellow-filled instrument-specific options are further clarified in Table 1
for all three Mars LIBS instruments (ChemCam, MarSCoDe, and SuperCam). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 1

Table of instrument-specific parameters for LQI calculation. C-658 position tolerances are chosen to be larger than local pixel resolutions. Local Gaussian sigmas are
obtained from either free-Voigt fitting for the C-658 line (ChemCam), free-Voigt fitting for neighboring lines (MarSCoDe, specifically Si Il 637.312 nm, and K1766.701
nm), or standard lamp lines FWHM (SuperCam [4]). The Gaussian sigma estimations were not expected to be the very exact instrumental broadenings but they were

practically adequate as fitting constraints.

Instrument-specific parameters around C-658 Instruments
ChemCam MarSCoDe SuperCam
Local pixel resolution (nm/pixel) 0.20 0.19 0.08
C-658 position tolerance (nm) 0.3 0.3 0.3
Local Gaussian sigma (nm) 0.37 0.15 0.25
Iron lines treatment Iron lines removal Fitting zone clipping Iron lines removal
I'c (nm) 0.34 0.54 0.57
Alc (nm) 0.085 0.10 0.10
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Fig. 5. A showcase of LQI on ChemCam Z-stack on Sol 869 (first Z-stack on
target Mojave_Chunks). The mean spectrum of shot #25 to #30 from each step
is shown on the left, with colors indicating relative VNIR intensities. LQI values
and total VNIR intensities are compared on the right, where median LQI values
from shot #25 to #30 of the steps were used. Infinite LQI values were re-
assigned as 10. It is worth noting that the ratios among Si and Ca lines were
visually altered upon the loss of focus, signifying how plasma excitation affects
the spectral features.

of targets in LQI < 1 as suggested by their cumulative distributions in
Fig. 4b.

The distributions in Fig. 4 also demonstrate the insensitivity of LQI to
material and distance within the laboratory datasets. The insensitivity is
largely due to the incorporation of AI'c in the calculation which covered
the spectral variations in the laboratory dataset. As the datasets are
designed to mimic the Martian composition, this material insensitivity
can thus be inherited for its application on Mars. On the other hand, the
distance insensitivity is only limited to the laboratory dataset ranges
around 1.6-3 m. The C-658 emission of further targets could be
controlled by the decreasing irradiance over distance which negatively
affects the data quality (later described in Section 3.1.2 and Section
3.1.5).

As designed, LQI can also be interpreted as a measure of similarity
with the laboratory dataset. From Fig. 4b, we have discovered that the Z-
score interpretation provides a lower limit for the percentage of similar
data found in the laboratory dataset when LQI < 2, and an upper limit
otherwise. For example, with an LQI in the range from O to 1, one could
infer that the excitation is similar to at least 68% targets of the labora-
tory dataset; on the other hand, an LQI ranging from 2 to 3 could suggest
that at most 4% of the targets in the laboratory dataset are found similar.

The similarity inference here could help qualify the possible uncertainty
appearing in the quantification models trained on the laboratory
dataset.

3.1.2. Validating with Z-stack data

The interpretation of LQI needs to be justified by a non-laboratory
dataset with known excitation quality. A LIBS data sequence with
deliberate focus offsets scanning around the best focus, known as Z-stack
data [28], is ideal for such validation. During the ChemCam operation in
its Season 2 (Sol 815 to 980 [43]), the degradation of the focus-assisting
continuous wave laser (CWL) drove the development of a new focusing
strategy by Remote-Micro Imager (RMI) [28]. One legacy of the
campaign is a number of LIBS data with Z-stack, where the several steps
of focus position were scanned near the target surface and each step
consisted of 30 shots.

We calculate the LQIs for these Z-stack data (for data processing and
selection, see Appendix A.3) to check whether the LQI can identify well-
focused steps and compare the results with the integrated count of the
visible and near-infrared spectrometer (abbr. VNIR intensity) [2]. A
representative Z-stack is shown in Fig. 5, where the LQI minimum is
aligned with the VNIR intensity maximum.

The validation was further performed en masse in Season 2 data. For
each Z-stack, the VNIR intensities were divided by their maximum so
that the best focus position for each Z-stack has a relative VNIR intensity
value of 1.0. Two kinds of LQI statistics from each stack were compared
with the corresponding relative VNIR intensities: the median LQI from
shot #25 to #30 (Fig. 6a) and the single LQI of the #25 shot (Fig. 6b).
Qualitatively, the LQI is well-correlated to the relative VNIR intensity as
low LQI values co-occur with high relative VNIR intensity, signifying
that the LQI is indicative of the focus quality. This was further validated
by a quantitative test: using the Z-score empirical rule on LQI (filtering
the data with LQI < 1,2, or 3) to identify the good focus steps with
relative VNIR intensity >0.8. The test was evaluated by its positive and
negative predictive values (PPV and NPV), i.e., the accuracy of identi-
fying well-focused and off-focus steps, respectively:

_ Number of true positives (relative VNIR > 0.8 and LQI < n)
N Number of positive calls (LQI < n)

Number of true negatives (relative VNIR < 0.8 and LQI > n)
Number of negative calls (LQI > n)

PPV

NPV =

(15)

The test resulted in 80% PPV for using median LQI < 1 to identify the
steps with relative VNIR intensity >0.8 and 83% NPV for using median
LQI > 3 to identify the steps with relative VNIR intensity < 0.8.
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Fig. 6. Heatmaps for the distribution of ChemCam Season 2 Z-stack data over their LQI values and relative VNIR intensity. a) The distribution of Z-stack data based
on the median LQI value from shot #25 to #30; b) the distribution based on the single-shot LQI values of shot #25.

The results demonstrate that a low threshold (e.g., LQI < 1) practi-
cally performs better for selecting well-excited data. On the other hand,
a high threshold is sufficient to filter out a target or certain shots with
clearly low excitation. The comparison made in Table 2 also shows that
the median LQI over a sequence of shots is more representative of the
data quality of the entire observation than the single-shot LQI. However,
the median LQI should be used with caution in case the target may not
be homogeneous or the material ablation by the laser may cause de-
focusing.

The test on Z-stack data also validated the general robustness of the
LQI in the real Mars condition, as all the spectra were obtained from
natural targets on Mars. Still, there are some specific "misidentified"
examples where high LQI values, thus implying "poor" excitation, are
accompanied by high relative VNIR intensities. These data and their
corresponding Z-stacks were manually examined and three situations
were found: 1) far targets (around 4 to 6 m); 2) Ti-rich targets; and 3)
unconsolidated/hydrated targets. Three examples of these situations can
be found in Fig. S3. High LQI values at well-focused far targets are ex-
pected since these targets have gone out of the distance range of the
laboratory dataset (1.6 m for ChemCam) and received low input laser

ChemCam

sl H |
saa| H B
r{ | |
—_— |
ose| H I

oK1 1

"Data tags"

2 4 6 8
LQl

irradiance. This deviates the spectra from the excitation quality defined
by the laboratory dataset. Thus it should be noted that, in this long-
distance case, the terms well-focused and well-excited are not equiva-
lent from the perspective of LQI. Titanium or strong hydrogen inter-
ference may bring some uncertainty to the fitting of C-658 and thus limit
the LQI’s applicability on high-Ti or hydrated targets. The robustness of
LQI against these interferences is subsequently discussed in Section
3.1.5. Unconsolidated materials can also pose a challenge to the focusing
itself and are later found to have worse excitation than solid targets in
Section 3.3.3.

3.1.3. The LQI thresholding technique

Based on the aforementioned Z-score interpretation of LQI, LQI
distributions on laboratory datasets, and its validation on ChemCam
Season 2 data, we propose an LQI thresholding technique to evaluate the
LIBS excitation quality of Martian LIBS data and to qualify Martian data
similarity compared to laboratory datasets, as formulated in Table 3.
The evaluation by the LQI is probabilistic as the LQI itself is defined as a
statistical confidence level. Therefore, LQI < 1 and LQI > 3 are high-
confidence criteria for well-excited and outlier data, respectively. An
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Fig. 7. Distributions of LQI values of the Mars LIBS observations categorized by "data tags" for ChemCam and SuperCam. For the definition of each "tag", see Section
3.1.4. The LQI distribution for each "tag" is described by a horizontal box plot where the whiskers indicate the maximum and minimum values, and the vertical bars in
the box, from left to right, represent the first, second, and third quartiles. LQI values were calculated per observation by taking the median of the LQI of all repeated

shots in an observation. For all panels, LQI = 1,2,3 are marked vertically.
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Fig. 8. Single-shot LQI heatmap for onboard calibration target observations from Sol 65-110 by MarSCoDe on Mars. The median LQI for each observation is noted at
the right of each row. Median LQI values >1.0 are colored red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

LQI value between 1 and 3 suggests suspicious data that may have the
possibility of focus loss and some deviation in the data similarity with
the laboratory dataset. This feature of the LQI eases the data selection
process and is sufficient to raise the awareness of data users for certain
portions of the data and promote caution in further data filtering and
analysis (e.g., applying machine learning).

3.1.4. Applicability of LQI thresholding

The LQI thresholding technique should be applicable to other
ChemCam data, as well as to MarSCoDe and SuperCam data, since the
LQI calculation followed the same protocol. Here, we present an
investigation into the applicability of LQI thresholding beyond the
aforementioned Z-stacks, based on the previous knowledge of Mars LIBS
data quality.

We first check the LQI thresholding by comparing it with current
assessments of potential data quality issues for ChemCam and Super-
Cam. The PDS data inventories of both instruments contain data com-
ments on target properties, focus issues, data anomalies, etc. [30,39]
These comments come from the human inspection during the operation
and are based on target images, engineering data (e.g., autofocus pro-
file), spectral characteristics (e.g., total LIBS intensity), quantification
results (MOC), etc. There are 150 unique comments for ChemCam and
42 for SuperCam in the Mars data used in this work (see Appendix A.3
and A.4). We first manually organized these comments into 8 different
"data tags": AF (potential non-ideal autofocus result), Bad (low total
intensity; missed target; night target), Far (long target distance, usually
>6 m), Graze (laser pointing at fracture, rough surface, or pebble; high
incident angle), Loose (laser pointing at unconsolidated surface),
High MOC (anomaly in total oxide from MOC calibration), High Ti
(significant Ti content), and OK (no comment related to data quality).
Graze and Loose "tags" are unique to ChemCam and High Ti and
High_MOC "tags" are unique to SuperCam. If the comment poses mul-
tiple issues, the tagging priority will be Bad > Far > AF > Loose/High_Ti
> Graze/High_ MOC so that each observation has only one "tag". The
detailed assignment of these "tags" is listed in Appendix A.4. The dis-
tribution of LQI values for each "tag" is shown in Fig. 7.

From the comparison in Fig. 7, it is clear that the observations with
manually identified quality issues in their data comments tend to result
in higher LQI values. Around 50% of the ChemCam data and 75% of the
SuperCam data with no identified issue (OK "tag") lies within LQI < 1

and their major population is within LQI < 3. With LQI > 2, most of the
data with the Bad "tag" for both instruments and data with the Far "tag"
for ChemCam can be picked out. The long-distance data with known low
total intensities for SuperCam were always tagged Bad first so that the
rest Far-tagged data usually have moderate total intensities. Their LQIL
values were still found to be largely >1, agreeing with the suspicious
nature of the data from targets beyond the normal distance. The Graze
and Loose tagged data are related to the concern from the original
ChemCam data comments that the surface morphology and consolida-
tion may affect the data quality. These concerns are usually associated
with some uncertainty as the exact surface conditions at the natural
targets are complicated. As shown in Fig. 7, the LQI result can address
this uncertainty by providing a wide range of LQI values for Graze/
Loose-tagged data. The detailed effect of material consolidation and
morphology on the data quality will be examined in Section 3.3.3.

The High Ti tagged data with high LQI values are the consequence of
Ti’s interference on C-658 fit, which will be further discussed in Section
3.1.5. The erroneous MOC seems to be less correlated to data quality
from the LQI values of High_MOC tagged data. The relationship between
major element quantification and data quality of ChemCam and
SuperCam will be investigated later in Section 3.3.4.

To test the applicability of the technique on MarSCoDe, we selected
several observations of its onboard calibration targets from Sol 92 to 110
that were previously known to be out of focus. At the start of Zhurong’s
mission, from Sol 21 to Sol 110, the calibration observations were
designed to be focused based on their pre-determined distances to
MarSCoDe from pre-flight measurements. But examinations of the data
from Sol 92 to 110 revealed lower total intensities, higher shot-by-shot
standard deviations, worse C-658 SNR, and significant quantification
errors (also partially discussed in Ref. [19]) compared to earlier cali-
bration data. Thus, the predefined distances were presumably shifted
during the rover operation and the focus strategy for calibration targets
was consequently reprogrammed to rely on the same autofocus mech-
anism that was used to probe Mars surface targets (defined in Ref. [5]
and also discussed in Section 3.3.1).

The shot-by-shot LQI values of these out-of-focus observations were
compared with several previous sols without the focus issue, as shown in
Fig. 8. The difference in LQI values is significant: the out-of-focus data
has LQI > 1 for most of the observations and up to a 60-shot median LQI
of 3.8, while well-focused data has achieved LQI values close to 0. One
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Fig. 9. Robustness tests for LQI against H and Fe emissions. a) LQI values of four selected steps from a ChemCam Season 2 Z-stack (first Z-stack on Mojave_Chunks)
upon adding various levels of simulated H signal. LQI = 1,2,3 are marked horizontally. b) LQI values of the laboratory datasets from the three instruments as a

function of their certified FeOT contents [16,17,19].

exception is the Sol 110 dolomite target which contains mineralogical
carbon. The dolomite observation itself should be also out-of-focus since
the first shot on the dust had a high LQI. But later ablations on the
dolomite, which excited carbon from the target, scored quite low in LQI
values. This additionally signifies the influence of carbonate on the LQI,
which could hinder the use of LQI in carbonate-rich targets. Several
studies have proposed methods to distinguish carbonate through LIBS
spectra (e.g., Refs. [44-46]) and possible laboratory experiments could
help determine an upper limit for carbonate concentration before it in-
terferes with LQI. These are subjected to further study.

These investigations demonstrate that the interpretation based on
LQI thresholding is generally consistent with the current knowledge of
Mars LIBS data quality status that previously relied on human inspection
or simple parameters such as the total intensity. Therefore, LQI thresh-
olding is considered to be an applicable and cross-instrument tool for the

evaluation of Martian LIBS data. The possible limitations and interfering
factors are discussed in the following section.

3.1.5. Robustness against interference

The concern that the surrounding H, and Fe lines would interfere
with the main fit was addressed either by the main fit itself, which fits
both H, and C-658 emission, or the Fe treatments mentioned in Section
2.2. The effectiveness and possible limitations of these methods were
verified in this section.

First, the effect of different levels of H emission on the LQI values was
investigated by introducing a series of additive simulated H signals to
the actual LIBS data and calculating the resulting LQI. Four steps with
different focus offsets from a ChemCam Season 2 Z-stack (first Z-stack on
Mojave_Chunks, same as Fig. 5, with the original H:C peak ratios being
around 0.4-0.5 for selected steps) were tested here. The added H lines

a
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Fig. 10. a) A scatter plot of ChemCam Season 2 Z-stack steps over their LQI values (x-axis), O-777 quality index (y-axis), and relative VNIR intensity (points with
intensity below 0.6 were colored the same). b) Shot-by-shot integrated VNIR intensity heatmap for onboard calibration target observations from Sol 65-110 by
MarSCoDe on Mars. The intensity unit is originally W/m?/sr/nm [5]. Common logarithm values are used here for better visualization. The mean integrated VNIR
intensity for each observation is noted at the right of each row. Mean values <1.0 is colored red. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Table 2

Evaluation of positive and negative predictive values (PPV and NPV) on task:
using the Z-score empirical rule on LQI (filtering the data with LQI < 1,2, or 3) to
identify the good focus steps with relative VNIR intensity >0.8. Both results from
median LQI values and single-shot LQI values are shown.

Median LQI Single LQI
Thresholds PPV NPV PPV NPV
LQI<1 80% 69% 62% 70%
LQI< 2 73% 80% 61% 79%
LQI < 3 62% 83% 55% 83%

were set to have a uniform Voigt profile with oy = 0.37 (Table 1) and
yu = 0.52 (mean values for hydrogen lines from the ChemCam labora-
tory dataset). The LQI variations against the added H:C peak ratios were
tracked in Fig. 9a. It was discovered that an H addition up to 5 times the
C-658 peak area could be tolerated by the algorithm: for observations
with LQI < 3, the LQI changes <1 upon the additions; for LQI > 3, H
additions didn’t induce any categorical change when following the
designation in Table 3. The simulation suggests that the H signal may
bring uncertainty to the main fit and level the LQI values only at a high
relative intensity (H:C ratio > 5), which may affect some dust or hy-
drated mineral observations whose H:C ratios can go up to 20 (e.g.,
Ref. [47]).

We then checked the LQI’s robustness against the Fe emissions by
correlating the LQI values on the laboratory datasets with their FeOT
contents, since multiple Fe lines are hard to simulate directly as is the
case with the H emission. No significant correlation was found among
the three instruments (Fig. 9b), which implies that the surrounding Fe
lines have little interference with the LQI method within the given FeOT
contents by laboratory datasets. However, the majority of the samples in
the laboratory datasets lie within a low-medium FeOT range, e.g.,
<20-25%, leaving higher FeOT contents yet to be tested. In practice,
there has been no correlation between predicted FeOT content and LQI
value for the Mars data (Fig. S4) but an interaction between data quality
and FeOT model behavior can’t be ruled out.

Another interference may be present by several Titanium emissions
in this region as mentioned in Section 3.1.2 and Section 3.1.4, e.g., Ti I
656.743 nm, Ti I 657.700 nm, etc. (all wavelength in vacuum [35]).
While no treatment for Ti is presented in this study, LQI values for
laboratory datasets also show no significant correlation with TiOy con-
tents up to about 3 wt% (Fig. S5). The ChemCam example interfered by
Ti peaks as shown in Fig. S3(2) has a modeled TiO3 of 2.12 + 0.79 wt%.
The High_Ti tagged SuperCam data in Fig. 7 are usually commented to
have TiOy > 2.4 wt%. Therefore, we could consider an approximate
TiO4 content upper limit for LQI use as 2-3 wt%.

3.2. Comparison with other quality indicators

Oxygen emissions are sometimes considered constant across Mars
materials due to the near-constant abundance of oxygen, and oxygen
line intensity has been used as a good normalization divisor (e.g., Refs.
[15, 471). Do these properties make Oxygen another indicator of data
quality? We applied a similar formulation as LQI to Oxygen triplets
around 777 nm (neutral emissions at 777.408, 777.631, and 777.753 nm
in vacuum, abbr. 0-777) to check if it behaves like C-658-based LQI. The
quality index from O-777 was evaluated with ChemCam Season 2 in the
same way as described in Section 3.1.2. The LQI and O-777 quality index
were plotted together and compared in Fig. 10a. The O-777 quality
index shows a clear threshold of about 2, beyond which relative VNIR
intensities are low. However, it discriminates the data less effectively
below 2, rendering it less sensitive to excitation than LQI (PPV and NPV
for 0-777 quality index <2 are 46% and 90%, respectively, following the
same evaluation as Table 2). Oxygen, although approximately constant
in most of the targets, is partially excited directly from the target by the
laser, unlike the atmospheric carbon, which is likely to give a different
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Fig. 11. Synthesis of LQI results on the three Martian LIBS instruments
(ChemCam, MarSCoDe, and SuperCam). Calibration data were not included.
For all panels, LQI = 1,2,3 are marked with horizontal lines corresponding to
Table 3. The LQI axis is linearly scaled for LQI < 3, beyond which a square-root
scale is applied to plot a wider LQI range. a) ChemCam data distribution based
on target LQI values with operation sols. The sols are binned in a 25-sol interval
and the distribution is normalized per sol interval for better visualization, i.e.,
each pixel value represents the data percentage among the data in the same sol
interval, and the darker the colour, the greater the value. Beginnings of oper-
ational seasons are marked with vertical dotted lines (Season 2 @ Sol 801,
Season 3 @ Sol 983). b) MarSCoDe target LQI values along all sols with LIBS
operation. Each sol always contains two targets. ¢) SuperCam data distribution
based on target LQI values with sols. The sols are binned in a 5-sol interval. The
normalization is the same as the panel a).

reaction of the 0-777 quality index to the input irradiance. This result
emphasizes the philosophy behind a good quality index, that not only a
constant presence is required, but also a theoretical and practical
sensitivity to the input irradiance is necessary.

Another common quality indicator is the total VNIR intensity of the
spectrum. However, it can be fuzzy when setting thresholds for the fine
evaluation of quality beyond picking outliers. The same MarSCoDe ex-
amples shown in Section 3.1.4 were also evaluated by shot-by-shot and
averaged integrated VNIR intensity (Fig. 10b, VNIR range for MarSCoDe
is defined from 540 nm to 850 nm). We found that the boundary be-
tween the good data (Sol 65-87) and out-of-focus data (Sol 92-110)
cannot be clearly defined by simply thresholding the integrated VNIR
intensity. Furthermore, there is a significant scatter of VNIR intensities
among the good data. This property makes the VNIR intensity as a less
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refined quality indicator than LQI.

3.3. LQI applications on Martian LIBS data

With the LQI technique, we evaluated the data quality of the LIBS
spectra from the three Martian LIBS instruments, ChemCam (Sol
10-3546), MarSCoDe (Sol 32-299), and SuperCam (Sol 12-538) in
Fig. 11. The LQI value for each individual shot was calculated, from
which a median LQI was generated for each target, namely the target
LQI value. The discussion below focuses on demonstrating LQI’s capa-
bility and the insights that the LQI can provide from the focus strategy,
environmental conditions, target properties, and elemental
quantification.

3.3.1. Autofocus (AF) strategy

Several AF strategies have been utilized on Mars by current LIBS
instruments. Continuous wavelength laser (CWL) AF technique is
implemented on all three Martian LIBS instruments [1,3,5]. This active
AF technique utilizes the reflected CWL intensity to determine the best
focus, which is less affected by environmental illumination or target
texture [3]. However, ChemCam’s CWL failed in 2014, 2.3 years into the
mission [28], which led to the development of Remote Micro-Imager
(RMI) AF. The RMI technique is passive and image-based, relying on
the target’s illumination and sharpness to focus, but its searching for the
best focus is thought to be finer than CWL in certain cases and can focus
with no distance limit [3]. RMI AF is now used by ChemCam and
SuperCam as the primary technique [3,28]. Both techniques above
require a correction from their best focus to the best laser focus. LIBS AF
searches the best focus directly using a series of LIBS intensity feedback,
which has been previously tried on ChemCam during Season 2 [28] and
also implemented in MarSCoDe as the fine-focusing mechanism guided
by CWL [5]. Also, focusing laser with the LIBS acoustic signal [48] can
be considered as a kind of LIBS AF.

Through the LQI evaluation, we discovered that these AF techniques
(and their combinations) may not perform equally well in reproducing
an optimal excitation, as shown in Table 4. ChemCam achieved better
LQI in Season 3 than in Season 1 after employing the RMI AF. Super-
Cam’s RMI AF performed very well with 94% of target LQI values lying
within LQI < 2. Meanwhile, MarSCoDe’s CWL + LIBS AF scored simi-
larly to early ChemCam’s CWL AF while the result carries some uncer-
tainty due to the data being limited in number. The limitation of LIBS AF
is that the technique disturbs the target prior to the main observation
and may ablate off some material that should have been at the best focus
position, which is expected to affect the method on some unconsolidated
targets [19]. The influence of target material is discussed further in
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Section 3.3.3. The result here suggests that RMI AF is a better technique
to achieve optimal excitation on Mars compared to other implemented
techniques.

3.3.2. Environmental condition

From Fig. 11a, we also discovered a seasonal oscillation in the data
distribution for ChemCam Season 3. This phenomenon is further clari-
fied in Fig. 12a by plotting the distribution as a function of solar
longitude (L;). A similar oscillation of the carbon-oxygen line ratio has
also been discovered by Beck et al. [46]. Many correlations were found
in this seasonal phenomenon, e.g., between LQI values and atmospheric
pressure (Fig. S6b), and between LQI values and ChemCam Mast-unit
(MU) optical box (OBOX) temperature (the MU_OBOX_TELESCOPE
parameter in ChemCam LIBS data headers), as shown in Fig. 12b and
Fig. S6a. These may indicate that some seasonal conditions may have
influenced the data quality.

The strong correlation between LQI and MU_OBOX_TELESCOPE may
explain the seasonal oscillation better than involving atmospheric
pressure since the positive correlation with pressure (Fig. S6b) contra-
dicts Eq.10 which implies that a high p(CO,) enhances C-658 emission.
This correlation with pressure may be only coincidental due to the weak
co-variation of the pressure and MU_OBOX_TELESCOPE (Fig. S6c¢). The
influence of MU_OBOX_TELESCOPE on the data quality may be related
to instrumental aspects such as the wavelength calibration or the AF
mechanism.

The temperature-variable wavelength calibration may affect the line
width of C-658. However, this effect should be present in all targets,
including calibration targets, whose LQI values do not show significant
seasonal changes (Fig. S6d).

The offset between the RMI AF focus and the exact LIBS focus could
play a role in this phenomenon. The offset is temperature dependent and
both ChemCam and SuperCam rely on calibration to facilitate the RMI
AF at varying temperatures [3]. However, no significant seasonal vari-
ation was observed for SuperCam (Fig. S6e). A key difference between
ChemCam and SuperCam is that the ChemCam RMI AF was remotely
experimented and calibrated on Mars and only for a small part of a
Martian year. The offset-temperature calibration established during this
period has a limited OBOX temperature coverage from —29.8 to —7.5 °C,
according to Season 2 data on PDS, but the exact temperatures of OBOX
could be as low as —32.7 °C throughout the whole year. The possibly
inadequate calibration of the ChemCam may have contributed to the
seasonal inaccuracy of the ChemCam RMI AF. While identifying a def-
inite cause for the problem is beyond the scope of this study, this
investigation of the environmental condition by LQI evaluation dem-
onstrates the technique’s sensitivity and its diagnostic potential for
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a. ChemCam (season 3)
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b. SuperCam

LQl
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Solid

Unconsolidated

Solid Unconsolidated

KDE-estimated LQI distribution

Fig. 13. Violin plots for LQI distributions between solid (rock, bedrock, vein in the master lists) and unconsolidated (regolith, dune, pile, sand in the master lists)
target types [30,39] for a) ChemCam Season 3 and b) SuperCam. The median LQI values of the targets were used. The KDE methodology is the same as Fig. 2. For all

panels, LQI = 1,2,3 are marked horizontally.
Martian LIBS instruments.

3.3.3. Material consolidation and morphology

The influence of material consolidation on plasma excitation was
also investigated by LQI. For both ChemCam and SuperCam, targets
identified as unconsolidated (including anything recorded as regolith,
dune, pile, sand, etc., in the master lists) scored relatively higher LQI
values than targets identified as solid (rock, bedrock, vein in the master
lists [30,391), while for SuperCam the difference is visually smaller than
for ChemCam (Fig. 13, differences in median LQI between rock and soil
subsets were 1.15 and 0.12 for ChemCam and SuperCam, respectively).

The influence of consolidation may originate from the laboratory
datasets on which the LQI evaluation was built, which typically contain
only consolidated ceramic, glass, or pellet targets (e.g., Refs. [19,
49-511). This determined that the excitation could be different for un-
consolidated targets. Also, the line broadening may also have been
affected by the consolidation [41]. The reason why SuperCam is less
affected than ChemCam may be related to the higher irradiance: at 3 m,
the intensity is greater than 6 GW/cm? for SuperCam compared to

ChemCam

around 3 GW/cm? for ChemCam [1,3], given a general excitation
threshold for solids around 1 GW/cm? [1]. We believe that an expanded
database with unconsolidated material (and even a dedicated LQI
established on powder standards) could be beneficial for a better un-
derstanding of data quality, as well as a better quantification by LIBS.

The morphology of the material surface can also influence the data
quality of LIBS spectra, as demonstrated in the previous section (Section
3.1.4) by the wide range of LQI values from the data that were produced
on fractured, rough, or pebbly surfaces (Graze-tagged data in Fig. 7).
Two factors may be involved: the surface roughness and the ablation
angle. The surface roughness at mm-scale is known to influence the
hydrogen signal [52]. The increase of the exposed surface in contact
with the LIBS plasma may supply an additional hydrogen signal to
strengthen the H, emission [52], potentially levelling the H:C ratio
beyond the tolerance mentioned in Section 3.1.5. Meanwhile, the
roughness at sub-laser spot scales may also act like the porosity in the
unconsolidated material, affecting the total amount of material ablated.
These can collectively cause the observation on a target appearing to
have a rough surface to score a higher LQL.

SuperCam
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Fig. 14. Distributions of quality statistics (LQI or LIBS total emission) of Martian LIBS data categorized by their MOC-predicted sum of oxide contents (including
SiO,, TiO3, Al;03, FeOT, MgO, Ca0, Na,0, and K;0). The distributions are illustrated in a series of violin plots estimated by the same KDE methodology as Fig. 2. The
LIBS data in each violin are filtered according to their sum of oxides values which are within a 5 wt% interval centered at the value annotated on the corresponding x-
axis category. The "invalid" category represents the data whose MOC are not present on the PDS. The quality statistic and the instrument for each panel: a) LQI of
ChemCam data; b) LQI of SuperCam data; c) LIBS total emission of ChemCam data; d) LIBS total emission of SuperCam data.
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Fig. 15. Inconsistency between selected models as a function of oxide types (by major x-axis offsets and colors) and LQI ranges (by minor x-axis offsets and markers).
The relative error is defined as the absolute error between two predictions divided by their mean. The marker position represents the median of relative errors. The

error bars indicate the min-max relative error ranges.

Surface roughness or specific morphology may cause the laser to
ablate the target at a high incident angle. Previous studies have reported
a decrease in total LIBS intensity for incident angles >50°-60° [53-55].
The systematic investigation by Breves et al. [56] has also suggested the
significantly lower laser irradiance at a high ablation angle, which could
affect the irradiance-sensitive C-658 emission. The LQI distribution of
the ChemCam data tagged Graze in Fig. 7 agrees with this statement.
Among these data tagged, for example, ten observations on consolidated
target Barto_Lake were clearly commented with high ablation angles
and resulted in a median LQI value of 1.8, and seven of them scored LQI
> 1. A systematic investigation of the Mars target images, LQI values,
and other data quality metrics could help to determine the optimal
surface morphology for LIBS observations on Mars, which would be a
worthy topic for future study.

3.3.4. Major elements quantification

3.3.4.1. Major Oxide Composition (MOC) for ChemCam and SuperCam.

We checked what information the LQI evaluation could provide for the
Major Oxide Composition (MOC) of both ChemCam [16] and SuperCam
[17]. As LQI is also an assessment of the data similarity compared to the
laboratory dataset, significant quantification errors are expected to
correlate with high LQI values. From Fig. 14a, high sums of oxides

Table 3

(>100 wt%) correlate well with high LQI values, signifying an influence
of data quality on the quantification results. However, this was not
observed for SuperCam (Fig. 14b), suggesting possible problems other
than data quality. This anomaly was further explored by checking
Fig. 14cd, where SuperCam data with a high sum of oxides, unlike
ChemCam, actually corresponded to higher total emissions than other
data. This suggests that there are other factors for erroneous SuperCam
MOC results, such as the behaviors of the underlying algorithms be-
tween ChemCam (PLS + ICA) and SuperCam (ensemble learning) to-
wards their specific local materials. This analysis showed that the
erroneous quantification for LIBS spectra could be analyzed and attrib-
uted distinguishably to the data quality or the other factor using LQI as a
figure of merit for data quality.

3.3.4.2. Quantification for MarSCoDe. MarSCoDe carried by China’s
first Mars rover Zhurong marked a new frontier for the LIBS operation in
Utopia Planitia. Many quantification attempts have been made for the
MarSCoDe LIBS to better understand the local chemistry, which presents
an opportunity to study how LIBS data quality influences the results of
different models. Here, we have selected three studies with three
different quantification methodologies summarized in Table 5 and tried
to examine how the inconsistency among their results on Martian targets
evolved with the data quality.

Proposed LQI thresholds, intervals, and their interpretations for data similarity, focus quality, spectral quality, etc. The factors that may
cause outlier situations, i.e., possible issues with LQI robustness, are further discussed in Section 3.1.5.

inf

LQI range 0 1 2 3
Quality Evaluation Good Moderate Cautious
Excitation Well-excited Intermediate excitation

Insufficient excitation with
high confidence

Similarity

Excitation similar to at least
~68% of the laboratory
dataset, good for applying
machine learning models.

Excitation is deviated from
at least ~68% of the
laboratory dataset, apply
machine learning with
caution.

Excitation similar to at most
~5% of the laboratory
dataset; machine learning
may produce higher
uncertainty.

Excitation deviated from the
laboratory dataset; not
suitable for applying
machine learning.

Other comment

Optimal excitation/focus

Distorted line ratios may appear; possible suboptimal focus,

or target beyond usual distance;
possible interference*.

Possibly strong
interference*, poor focus, or
far target

* Interference by Fe, H, or Ti to the C-658 fit.
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Table 4
Target LQI value distributions for Martian LIBS instruments with different AF
strategies.

Instrument AF strategy LOI < 1<LQI< 2<LQI < LOI >
1 2 3 3
ChemCam CWL (before sol 33% 21% 14% 32%
801)
RMI (after sol 48% 25% 13% 14%
983)
MarSCoDe CWL + LIBS 26% 31% 21% 22%
SuperCam Mostly RMI 65% 29% 3% 3%

Here, the inconsistency between any two particular models was
measured by the relative errors between their predictions, as shown and
explained in Fig. 15. Inconsistencies were found to increase with LQI
values for certain occasions. Examples of high inconsistency gains upon
low quality include the Al;03, SiO3, Nay0, K2O models between PMEC
and Liu(CEE), Na0, K50 models between Zhao(NSR) and Liu(CEE), and
Fey03T, Nay0, K20 models between PMEC and Zhao(NSR).

The inconsistency between models could be attributed to two factors:
1) systematic bias caused by the model architectures themselves; and 2)
uncertainty brought by the low data quality. Similar to the previous
section, these factors can be distinguished in this investigation using the
LQI assessment of data quality. From the comparison in Fig. 15, NayO
and K,0 inconsistencies were considered to be dominated by the data
quality. The explanation may relate to the methodologies for Na, K
predictions that focus only on certain emissions: Na1589.2 and K1766.7
carried high prediction importance in PMEC [19] and were both used by
Zhao(NSR) [57] and Liu(CEE) [24], leading to less inter-model sys-
tematic bias. On the other hand, the systematic bias can overwhelm the
inconsistency due to data quality when the model architectures are very
different, e.g., the univariate Zhao(NSR) models versus the more
complicated Liu(CEE) and PMEC models.

4. Conclusions

The LIBS Quality Index (LQI) developed in this paper is an evaluation
of the plasma excitation for Martian in-situ LIBS spectra. The LQI eval-
uation uses the sensitive and atmospheric emissions of the C II doublet
around 658 nm (C-658) as an indicator of the input irradiance and
therefore the plasma excitation to form a Z-score-like index that de-
scribes: 1) the signal-to-noise ratio of the emission and 2) the consis-
tency of the Lorentzian width of the emission compared to those from
laboratory datasets, based on the fact that the Lorentzian width values in
laboratory datasets are found to be unimodal.

The methodology practically includes 1) a main multi-Voigt fit
involving both C-658 and neighboring H, emission; 2) treatments of the
surrounding Fe emissions to reduce their interference on the results; 3)
noise-adding bootstrapping of the main fit to produce stable statistics for
fitted parameters. Uncertainty in the evaluation can be further reduced
by using the median LQI from single-shot LQI values within a given
observation.

The LQI routine for each instrument was established with

Table 5
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instrument-specific parameters and laboratory dataset. Its Z-score-like
formulation allows the use of a general 1,2,3-sigma rule and provides the
interpretations of the LQI as 1) a confidence level for "poor" excitation
and 2) a measure for similarity to the laboratory dataset, as proposed in
Table 3. These interpretations were justified with the laboratory datasets
from ChemCam, MarSCoDe, and SuperCam, the Z-stack data from
ChemCam Season 2 focus experiments, ChemCam and SuperCam data
from Mars with manually commented quality issues, and the known out-
of-focus calibration data from MarSCoDe on Mars. The methodology
also outperformed other possible indicators such as the oxygen emis-
sions around 777 nm and the total VNIR intensities in assessing the data
quality.

Certain limitations were posed for the methodology: 1) LQI is not
compatible with carbonate targets; 2) interference from other emissions
could compromise the evaluation under certain conditions such as high
hydrogen (H:C peak ratio > 5), possibly high Fe (FeOT over 20-25 wt%),
or high Ti (TiO, over 2-3 wt%) materials; 3) single-shot LQI values still
carry some uncertainty in identifying the well-excited data. The
boundaries/conditions for these limitations are well-defined so that
suspicious LQI values can be treated with caution.

With the LQI in hand, we evaluated the data quality of the Martian
LIBS spectra from ChemCam, MarSCoDe, and SuperCam. Several dis-
coveries were made with the index:

1. ChemCam data quality has improved following the reworking of the
autofocus strategy after the CWL failure. Currently, the in-operation
RMI AF of ChemCam and SuperCam outperforms the previous CWL
AF and CWL + LIBS AF as indicated by their data LQI values. The
result suggests that RMI AF is a better AF mechanism for in-situ
operation on Mars.

2. For the RMI AF of ChemCam in its Season 3 operation, a seasonal
variation in data quality was discovered, which may be related to the
temperature calibration on the offset between RMI focus and LIBS
focus.

3. Target consolidation and morphology can affect the data quality.
Data on solid targets are better-excited than those on unconsolidated
targets. Surface roughness and the laser ablation angle can also in-
fluence the data quality.

4. Both model behavior and data quality could contribute to the pre-
diction uncertainty and the inconsistency among multiple method-
ologies of the major element quantification from LIBS spectra.

These application examples demonstrate the feasibility of the LQI as
a useful and sensitive tool to evaluate data quality and its potential to
select the optimal instrumental design, to assist the operational decision,
and to investigate the quantification uncertainty. We believe that this
well-quantified and excitation-related data quality index will help to
reveal the focus effect of Martian in-situ LIBS in future works: How does
the plasma excitation affect the spectra? What kind of normalization
should we implement to unify observations of various excitations, not
only for each individual instrument but also for all Martian LIBS alike?

Selected quantification models to compare in this study. Except for the probabilistic major element composition (PMEC) by Ref. [19], model nomenclatures are
formatted in First Author(Journal abbreviation) for the ease of discussion: Liu(CEE) from Ref. [24] and Zhao(NSR) from Ref. [57].

Model Algorithms Training Detail Number of Normalization
Features

PMEC [19]  NGBoost Models were trained with 93 standards measured by the MarSCoDe flight model.  full spectrum Integrated intensity of full
(245-845 nm) spectrum (Norm1)

Liu(CEE) Transferred Models were trained with spectra of 295 samples measured by ChemCam replica 14 selected lines Sum intensity of 14 lines

[24] multivariable [16] and transferred to MarSCoDe using shared Norite calibration targets.
polynomial
Zhao(NSR)  Univariable Models were fitted with 4 MarSCoDe Norite observations on Mars. 1 line for each C1247.9 nm

[57]

oxide
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