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A B S T R A C T   

The Perseverance rover is exploring Jezero crater on Mars since February 2021. SuperCam instrument is part of 
the scientific payload, combining five different techniques in order to characterize the targets to sample: LIBS 
(Laser-Induced Breakdown Spectroscopy), Raman and Visible and Infrared (VISIR) spectroscopies, Sound 
Recording and a colored Imager. Thirty-six calibration targets have been developed for this instrument. Twenty- 
three of these calibration targets are dedicated to the LIBS technique, corresponding to rocks and/or minerals. 
Raman and VISIR spectroscopy have their own calibration targets but may also use the LIBS mineral targets as 
reference on Mars to test mineral detections. The choice and the fabrication of these calibration targets have been 
made in order to fulfill the science intents of the mission, as well as the technical and science intents of each of 
the SuperCam technique. These calibration targets have been spectrally characterized and they have shown to be 
chemically homogeneous at the SuperCam LIBS scale. Their elementary compositions are given, using two 
different quantitative methods. The composition of the calibration targets will be used as reference for future 
assessment of the quantitative capability of the SuperCam LIBS technique.   

1. Introduction 

The Mars2020 Perseverance rover was launched on July 30th, 2020, 
and landed at Jezero crater on February 18, 2021. This mission is 

contributing to the four long-term science goals of NASA’s Mars 
Exploration Program. In short form, these goals consist of [1]: 1)Search 
for habitability, 2)Characterize climate evolution, 3)Characterize the 
geology of Mars, and 4)Prepare for human exploration. The prime 
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objective of this mission is the search for signs of past microbial life on 
Mars, specifically:  

1. Look for habitability, by identifying if past conditions were capable 
of supporting microbial life  

2. Seek biosignatures, by searching for any signs of past microbial life in 
such an environment  

3. Cache samples, by selecting, drilling and collecting rocks and soils of 
interest  

4. Prepare for human explorations, by testing production of oxygen 
from the CO2-rich martian atmosphere 

On-board the Perseverance rover, the SuperCam instrument [2,3] is 
being used as a remote-sensing facility to analyze rocks and soils that are 
up to 7 m from the rover (and up to infinity for the imager and visible/ 
near-infrared (VISIR) techniques). This instrument has heritage from the 
successful ChemCam instrument [4,5] on-board the Curiosity rover of 
the Mars Science Laboratory (MSL) mission, which landed in 2012 in 
Gale crater. SuperCam is the first instrument to examine both the 
elementary and mineralogical analysis of a target on Mars. It does so by 
using a suite of five coaligned techniques: just like ChemCam, it uses the 
Laser Induced Breakdown Spectroscopy (LIBS) technique to determine 
the elemental composition of the targets, but it also uses Raman (for the 
first time in planetary science) and VISIR (for the first time in situ near- 
infrared spectroscopy in the 1.3-2.6 μm range) spectroscopic methods in 
order to access some mineralogical and structural information. A 
microphone provides a mean to study the physical parameters of the 
sampled rocks (such as hardness [6]) as well as to some atmospheric 
parameters (wind direction [7]). The context for these chemical and 
mineralogical analyses is provided by a colour Remote Micro-Imager. 
More details about each technique can be found in [2,3,8]. The Super-
Cam sampling footprint varies between 0.3 mm for LIBS at close range 
(1.56 m, distance of the calibration targets) to 1 cm for IR at 7 m dis-
tance, and larger at longer distances. 

In order to monitor the instrument’s health over time as well as to 
assess the quality of the data, there is an on-board suite of SuperCam 
Calibration Targets (SCCT). Thanks to the ChemCam experience, 
SuperCam’s LIBS targets are more comprehensive and better prepared 
than ChemCam’s, and additional targets address each of the new tech-
niques. They are located at 1.56 m from the instrument entrance win-
dow. The SCCT sample holder is significantly larger than that on 
ChemCam. An overview of the mechanical aspects and environmental 
testing of the targets is given in [9]. These SCCTs have been selected and 
prepared in accordance with the landing-site mineralogies observed 
from orbital data, in order to address the several science intents of the 
mission. 

This paper focuses on the LIBS (also called “geological”) SuperCam 
Calibration Targets. Considering our experience with the ChemCam 
instrument and the major importance of the calibration for quantitative 
LIBS characterization, most of these targets are dedicated to this tech-
nique, even though some of them will be used as reference for the Raman 
and VISIR spectroscopy techniques. We first describe the selection of 
each type of targets, depending on the different objectives. The fabri-
cation process, which is relatively new [10], is also explained in detail. 
Then, an overview of the SCCTs’ spectral signature as seen by all of the 
SuperCam techniques is presented. The main part of the paper focuses 
on the quantitative analyses of these targets with third-part techniques 
as Laser Ablation coupled with a Inductively Coupled Plasma Mass 
Spectrometry (LA-ICP-MS) and Electron Micro Probe Analysis (EMPA). 
They are well known for their accuracy and precision, and are funda-
mental to determine the reference composition of these calibration 
targets. 

2. Overview of the SuperCam calibration targets 

The on-board calibration targets were designed and implemented to 

achieve several technical and science objectives related to each tech-
nique (Imager, VISIR, Raman, LIBS, microphone). Even though Super-
Cam has been extensively tested and calibrated before launch, it is 
important to continue those calibration activities on Mars. The over-
arching objectives of the on-board calibration targets are the following:  

1. To perform a health check and performance status after launch, 
cruise, entry-descent-landing, and mast deployment; 

2. To evaluate the actual performance in a real operational environ-
ment, first and foremost the effects of temperature, pressure, and 
dust;  

3. To track any performance drift with time due to component aging 
and dust accumulation;  

4. To provide a “ground truth” solution for SuperCam LIBS quantitative 
models. 

The number of targets was constrained by the total mass budget 
allocated to the SuperCam calibration target set [9]. A total of 36 targets 
were selected, as shown in Fig. 1. In this section, we review the overall 
objectives of the calibration targets for each technique, with a particular 
focus on the LIBS targets. 

2.1. Remote Micro imager dedicated targets 

Evaluation of the SuperCam Remote Micro Imager (RMI) makes use 
of five specific targets. Two geometric plates are dedicated to 1) diag-
nosing the resolution and the modulation transfer function (MTF: target 
29 in Fig. 1; 2) characterize dynamic performance and point spread 
function (PSF) (targets 30 and 31 in Fig. 1). There are also three colored 
targets for the colour balance and for analysis of hot pixels (targets 3: 
Red, 4: Green and 5: Cyan - Fig. 1). More details about these targets can 
be found in [9], and about the RMI implementation and performance in 
[2]. 

Another particular target, a slice of a martian meteorite (ref. North 
West Africa, NWA 10170, target 36 - Fig. 1), is of interest for the imager. 
This meteorite is classified as an olivine-phyric shergottite, as it contains 
olivine phenocrysts [11,12]. In fact, this meteorite was carried into 
space by the French astronaut T. Pesquet to the International Space 
Station (ISS) from November 2016 to June 2017. Following its return to 
Earth, a slice was incorporated into the SCCT holder, close to the two 
RMI geometric plates. This target is a tribute to the sample return that 
the Mars2020 mission is preparing. More details about the story of this 
meteorite can be found in [2]. 

2.2. VISIR dedicated targets 

The VISIR (Visible and Infra-Red) targets are used for radiometric 
calibrations. There are two main standards: a white target (target 1 - 
Fig. 1) used for the white balancing of images, and to obtain relative 
reflectance spectra by ratioing two successive spectra of the sun-lit white 
target and the scientific target; and a black target (target 2 - Fig. 1) used 
for VISIR boresight registration. More details can be found in [9] and 
[13,8]. In particular, the laboratory characterization of the VISIR- 
dedicated SCCT presented in Section 5.1 was designed to match the 
spectral range and resolution of the body unit and mast unit 
spectrometers. 

2.3. Raman dedicated targets 

Remote time-resolved Raman spectroscopy is expected to yield in-
formation on the mineralogy and crystalline structure of the targeted 
rocks. The technical and scientific objectives of the Raman calibration 
targets are: 1) monitoring the health of the instrument, 2) monitoring 
the intensity of Raman signal of some reference mineral on-board in the 
real martian environmental context, 3) testing the detection of organic 
compounds once on Mars, 4) documenting the impact of UV radiation on 
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the spectroscopic properties of a reference organic compound on Mars 
surface. To achieve these objectives, Supercam features two Raman- 
dedicated targets: a diamond and an organic sample (targets 32 and 6, 
respectively in Fig. 1). 

The diamond displays a sharp and intense band at 1332 cm− 1, and is 
used for three main purposes: to verify the wavelength calibration with 
the band position, to check the alignment between the incident laser 
beam and the telescope field of view by checking the band intensity, and 
to monitor the instrument’s spectral resolution by checking the FWHM 
of the 1332 cm− 1 band. 

The organic sample is a polyethylene terephthalate (PET, C10H8O4)n - 
also called Ertalyte) exhibiting a strong Raman signature including ar-
omatic, aliphatic and ester/carboxylic functional groups. Such molecu-
lar groups are expected to be found in organic compounds trapped in 
ancient rocks, and therefore could be searched by SuperCam. Its main 
objective is to evaluate the capacity of SuperCam to detect organics at 
the surface of Mars. The ertalyte target can also be used to check the 

time-synchronization of the instrument by doing time-sweep experi-
ments: the laser pulse is scanned through time and the intensity of the 
Raman signal is plotted against the moment the ICCD gate opens. 
Another objective is to perform aging experiments by monitoring the 
possible degradation of the target under UV radiation. This material was 
also selected as the calibration target of the Raman Laser Spectrometer 
(RLS) onboard the ExoMars Rover [14], and will therefore also be used 
to compare SuperCam to RLS performance. In addition to these two 
Raman-dedicated targets, the sample holder paint (target 34) constitutes 
a third opportunistic target, especially interesting as it shows some 
spectral signatures below 1000 cm− 1, a spectral range not covered by 
the two other targets but of high interest for mineralogy. 

Some of the targets devoted to the LIBS technique (next section) are 
also used for the Raman technique as reference minerals (see part 5.2). 

Fig. 1. SuperCam Calibration targets on their sample holder. A: Sketch with position number and target number; B: Picture of the Flight Model, mounted on the 
Rover at JPL. C: Picture of the PMIOR0507 target (Orthoclase, target number 12) before being mounted. 
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2.4. LIBS targets 

The LIBS calibration targets, which are the most numerous, have 
several instrumental and science objectives. In terms of instrument di-
agnostics, five main objectives are highlighted in this manuscript: 1) The 
calibration targets are used to monitor any performance change by 
frequently analysing the targets using the same instrument parameters. 
2) The LIBS technique is sensitive to the atmospheric pressure and 
composition, so on-board calibration targets are important to compare 
the spectra obtained on Mars with those acquired on Earth by mimicking 
Mars conditions. 3) These calibration targets are also useful to better 
understand the data acquired on Mars targets (rocks and soils), as 
several parameters inherent to the LIBS technique need to be investi-
gated on Mars (laser energy, focus, gain). 4) The targets represent a 
subset of the terrestrial database [2,3] and are being used to correct any 
difference between martian and terrestrial spectra on identical targets; 
this is of great importance to understand the differences between the lab 
data and the Mars data (and avoid potential biases), and to validate the 
quantification models that are being developed for chemical composi-
tion [15,16]; 5) One target, the Ti-plate, is mainly dedicated to the 
wavelength calibration, as on ChemCam. The terrestrial database cor-
responds to more than 330 samples that have been analyzed with 
SuperCam setup [comprising an Engineering and Qualification Model 
(EQM) for the Mast Unit coupled with the Flight Model (FM) for the 
Body Unit] at the LANL laboratory (Los Alamos, NM), under a Mars-like 
atmosphere during the calibration campaign of SuperCam [3,2]. 

SuperCam contributes to all of the Mars2020 science objectives: 
investigating the geology and geochemistry, studying past environ-
ments, and seeking signs of biosignatures at Jezero crater. Therefore the 
on-board SuperCam calibration targets help fulfill these objectives. Here 
we point out the scientific purposes of the LIBS calibration targets. 1) 
Geology: selected calibration targets represent a wide range of rock 
compositions (silicate-, carbonate-, sulfate-, phosphate-bearing), 
including a subset of igneous minerals, that are consistent with the 
geological expectations at Jezero, and are also consistent with obser-
vations at previous landing sites; 2) Geochemical processes: minor ele-
ments are powerful probes to better constrain geochemical processes 
that rocks may have undergone. Therefore, the LIBS targets, both nat-
ural and synthetic, have been selected to cover a wide range in minor 
and trace element proportions, to assess the limits of detection (LOD) on 
Mars and to anchor the abundance calibration curves; 3) Past environ-
ments and climate change: some targets correspond to carbonate, hy-
drated silicate and alteration products, some others are enriched in 
sulfate; 4) Astrobiology: the LIBS technique is sensitive to the CHNOPS 
elements, which are important for life, and therefore several targets 
contain these elements, along with Cl. Also, high Mn concentrations 
were identified on Mars at Gale crater with Curiosity [17,18]; this 
element is of great importance to probe oxidizing conditions at the time 
of their formation. Si-rich targets are also important to account for the 
astrobiological aspect of amorphous silica, which has been observed 
already at several landing sites [19,20,21,22,23,24,25,26]. 

2.5. Lessons learned from ChemCam 

ChemCam on-board Curiosity was the first instrument to use the LIBS 
technique to measure the elemental compositions of Mars samples. To 
monitor the quality of the LIBS spectra acquired during the mission, 
calibration targets were mounted on board the Curiosity rover. Their 
LIBS spectra are regularly compared with spectra obtained in the labo-
ratory of the same targets and in similar environmental conditions. The 
ChemCam calibration targets also fulfill two additional objectives. First, 
they are used to create partial calibration curves that are compared with 
models developed from the Earth database, as a check on the Earth- 
based quantitative models; Second, they are used to check any change 
in the instrument’s performance, by repeating the measurements on the 
same target over the course of the mission. 

There are ten ChemCam calibration targets onboard Curiosity, each 
2 cm wide. They correspond to samples whose compositions are sup-
posed to mimic that of rocks expected on Mars from orbital and previous 
in situ missions, whether magmatic [27] or sedimentary [28,29]. Three 
are synthetic glass targets with basaltic compositions ranging from 
picritic, noritic, shergottitic and with variable abundances of trace ele-
ments; one is a felsic (alkali, aluminum and silicon-rich, iron and 
magnesium-poor) natural magmatic glass that is a macusanite from Peru 
[27]; and four are sulfate-bearing ceramic targets from low to high 
sulfur contents to mimic Martian sediments [28,29]. One other target is 
a graphite, chosen for carbon peak detections, and the last one is a ti-
tanium plate for wavelength calibration. 

Since Curiosity’s landing in 2012, the calibration targets have been 
widely used, with more than 200 observations on each of them. The 
titanium plate is used the most frequently, every 14 sols (martian days), 
for wavelength calibration. Besides their role to validate the quantitative 
models developed from the terrestrial database [30], they have been 
used for the investigation of the dust composition [31], as well as for the 
investigation of LIBS physical effects, such as the signal obtained 
depending on the distance of the target [32,33]. 

What we learned from the ChemCam instrument operating on Mars 
since 2012 is that optimal on-board standards should meet the following 
requirements: mechanical integrity (i.e. low porosity and ability to 
survive launch, space and landing environments); low surface rough-
ness; identical physical matrix; homogeneity of texture and composition, 
and wide range of compositions. For example, it is best to select cali-
bration targets that are homogeneous both chemically and texturally 
throughout their surface in order to obtain the same signal independent 
of the sampling location on the target. Also, rough opaque surfaces are 
better than smooth transparent ones to avoid any problem with surface 
adsorption of the laser photons, needed to create a LIBS plasma. Matrix 
effects are also important in LIBS and it is desirable to have a similar 
physical matrix for all the targets [34,35,36]. 

3. Geological calibration targets 

Perseverance’s landing site is a 50-km diameter impact crater which is 
located on the North West edge of Isidis Basin and North East of the 
Syrtis area region, in one of the unique carbonate-bearing geological 
units detected on Mars [37]. Jezero is a Noachian-aged crater, that is 
interpreted to be an open-basin lake system, with two inlet valleys and 
one outlet valley [38,39,40]. Some remnants of fluvial deltas flank the 
crater rim’s interior. The western delta is to be explored during the 
prime mission [41]. Jezero’s total watershed area has been estimated at 
more than 10,000 km2 [38,42], meaning that deposits found in Jezero 
can be sourced from the units around, which is very important for the 
overall context. 

After multiple mapping efforts [38,43,44,45], several units with 
different mineralogies have been distinguished in orbital data 
[37,46,47]. The salient mineralogies correspond to phyllosilicates, i.e. 
Fe–Mg smectites, present in the delta deposits and indicative of 
aqueous alteration [48], olivine/Mg-rich carbonates-bearing units [37] 
that have been detected inside the crater, but also regionally outside the 
crater [38,45,49,50,51], a mafic mineralogy (mainly high-Ca pyrox-
enes) mainly associated with the crater floor (but also in the deltas and 
rim). There are several hypotheses as to how these carbonate-bearing 
formed, either by serpentinization process or hydrothermalism 
[37,38,47,52,53]. Marginal Mg‑carbonate deposits have been observed 
along the west inner rim of the crater. They show the strongest and most 
diverse carbonate signature observed within the crater and may have an 
origin related to the lacustrine activity [54]. Finally, impact mega- 
breccias (with high-Ca pyroxene signatures) have also been detected 
on the western crater rim, and some of the blocks inside could represent 
pre-Noachian igneous crust, as it is interpreted to predate the Isidis basin 
formation [55]. 

Details about the mineralogy and stratigraphic relationships between 
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units can be found in [45]. In summary, Jezero crater is a unique place 
exhibiting primary and secondary mineralogies, along with carbonate- 
bearing deposits of intriguing origin. This site records the past envi-
ronment of Mars, its climate evolution, and therefore is of great interest 
in the search for biosignatures and organic compounds, in situ and for 
sample return. 

A set of 23 LIBS targets has been selected in order to fulfill both 
instrumental calibration needs and science objectives for the LIBS 
technique. The list of the on-board calibration targets is given in Table 1, 
along with their short description, their technical name and their posi-
tion on the holder. The convention for these technical names was as 
follows: 1) the length has to be less than 10 digits; 2) first letter (except 
for Titanium and Shergottite) indicates the city of the laboratory where 
the sample has been prepared, or where the replicate was sintered (see 
part 4); 3) three to five characters for the proper name of sample; 4) two 
digits for the batch number for the sintering; 5) two digits for the 
replicate number. Among these 23 calibration targets, there is a titanium 
plate dedicated to the wavelength calibration just as for ChemCam. 
More details about this target can be found in [9]. The 22 geological 
targets are split into 5 groups depending on the science intent as well as 

the calibration purpose: 

3.1. Primary igneous minerals 

From the ChemCam experience, targets with well-known stoichio-
metric compositions (such as minerals) are needed in order to validate 
the prediction models that are developed from a laboratory database. 
Such stoichiometric compositions are useful to calibrate key elemental 
ratios including Al/Si, (Fe + Mg)/Si, (Na + K)/Si, (Ca + Na)/Si, Na/K. 
These are of great interest in order to differentiate easily the different 
primary minerals: felsic (plagioclase and potassic feldspars) and mafic 
(low-, high-Ca pyroxenes and olivine) [56], but also oxides and poten-
tially phases generated by alteration. From a LIBS perspective, the use of 
these ratios can check and potentially correct for matrix effects and 
variation in ablated mass, which is the prerequisite to realize robust 
calibration curves. Moreover, they are used for geochemical comparison 
between measurements made on Mars and in the laboratory on Earth, 
and can assist in a mineralogical assessment of the martian sampled 
targets. 

To fulfill this need, several igneous minerals have been chosen: 
feldspars, olivine and pyroxenes, which are widespread on Mars both in 
igneous rocks but also in sedimentary rocks (mostly as detrital min-
erals). Igneous minerals involve various solid solutions between end- 
members: Na–Ca in plagioclase, Na–K in K-feldspar, Fe–Mg in 
olivine, and Ca-Fe-Mg in pyroxene. Due to the constraint concerning the 
number of targets, it was not possible to select all of the end-members. 
Also, a few of them would not have been relevant to the martian geol-
ogy and therefore six igneous minerals have been carefully selected. We 
made the following compromise in selecting them: a) three targets are 
solid solutions frequently observed on Mars ([57,58] and references 
therein): orthoclase and andesine for feldspar solid solutions; and For-
sterite65 (Fo65) for olivine. b) three pyroxene targets on the other hand 
have been chosen close to end-member compositions: Ca–Mg (diop-
side), Mg (enstatite) and Fe (ferro-hypersthene). Within the pyroxene 
quadrilateral composition domain, the field covered by those three 
mineral compositions encompasses a majority of pyroxene compositions 
found in Martian meteorites as well as by in situ analyses of ChemCam 
on Curiosity ([57,58]). Also, the ferro-hypersthene plays an important 
role for the Fe quantification, as it represents the highest Fe content 
among the on-board calibration set. 

Jezero crater was thought before landing to have a mafic floor unit 
[37,38,44,45,46,47,49]. Whether it does or not, it is important to have 
targets that address igneous compositions. Observations at Gale crater 
suggest that much of Mars’ sedimentary material may consist of fine- 
grained igneous material with varying amounts of clay matrix [59]. 

All these targets correspond to natural crystals. The two feldspars are 
sourced from centimeter-sized single crystals. The plagioclase presents 
an andesine composition and comes from Purdy mine Ontario (Canada); 
the K-feldspar with orthoclase composition is from Alto Ligonha in 
Mozambique. Olivine Fo65 has been extracted from polycrystalline ag-
gregates (millimeter-sized crystals) within a dunite sample from Bush-
veld stratified complex (Australia) [60]. The pyroxenes (diopside, 
enstatite and ferro-hypersthene) are centimeter-sized single crystals that 
come respectively from the Ecole des Mines collection in Paris (France), 
from Andranondambo outcrop in Maromby (Madagascar) and from 
metamorphic rocks of MansjÃ¶n Los (Sweden). 

3.2. Targets enriched in minor elements 

The terrestrial laboratory database covers a wide range of composi-
tions and rock types. Minor elements are also well covered. However, 
this database has been developed mainly to quantify the major elements, 
and therefore in these standards the trace/minor elements do not always 
permit the construction of calibration curves or limit of detection (LOD) 
determination. Also, because many of these elements have relatively a 
few emission lines, many of which are low in intensity, it is important to 

Table 1 
List of the SuperCam geological targets on-board Perseverance, with their posi-
tion on the sample holder.  

Position Target 
# 

TargetName Description Science Intent 

2.1 7 TSRICH0404 BHVO-2 basalt 
and K sulfate 
mixture 

Sulfur detection 

2.2 8 LCMB0006 Chert Past acqueous 
environment and 
astrobiology interest 

2.3 9 LCA530106 Calcite Carbonate calibration 
2.4 10 PMIFS0505 Ferrosilite Stoichiometric 

reference 
2.5 11 TAPAG0206 Fluoro-Chloro- 

Hydro Apatite 
Volatile detection, 
phosphate 

3.1 12 PMIOR0507 Orthoclase Stoichiometric 
reference 

3.2 13 PMIDN0302 Diopside Stoichiometric 
reference 

3.3 14 PMIFA0306 Olivine Stoichiometric 
reference 

3.4 15 PMIAN0106 Andesine Stoichiometric 
reference 

3.5 16 PMIEN0602 Enstatite Stoichiometric 
reference 

3.6 17 TSERP0102 Serpentine/Talc Hydrated silicate, 
alteration product 

4.1 18 LBHVO20406 BHVO-2 
standard basalt 

Mars analog, basaltic 
composition 

4.2 19 LJSC10304 JSC-1 standard Mars soil analog 
4.3 20 LANKE0101 Ankerite Carbonate calibration 
4.4 21 LSIDE0101 Siderite Carbonate calibration 
4.5 22 LJMN10106 JMN-1 standard 

Mn nodule 
Mn enrichment, 
coating detection 

5.1 23 NTE010301 Basalt dopped in 
minor elements 

Calibration and 
quantification of Cu, 
Zn 

5.2 24 NTE020106 Basalt dopped in 
minor elements 

Calibration and 
quantification of Mn, 
Ba, Cr 

5.3 25 NTE030106 Basalt dopped in 
minor elements 

Calibration and 
quantification of Zn 

5.4 26 NTE040106 Basalt dopped in 
minor elements 

Calibration and 
quantification of Li, Sr 

5.5 27 NTE050301 Basalt dopped in 
minor elements 

Calibration and 
quantification of Ni 

5.6 28 SHERG02 Shergottite ChemCam cal. Target 
replicate, cross 
calibration 

/ 33 TITANIUM Titanium Wavelength 
calibration  
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have a reference for LIBS spectra acquired on Mars. 
Five different targets have been selected to address this goal, being 

doped in several elements in various amounts: Li [10-80 ppm], Cr [500- 
3000 ppm], MnO [500-4000 ppm], Ni [500-5000 ppm], Cu [50-2000 
ppm], Zn [1000-10,000 ppm], Rb [10-1000 ppm], Sr [50-1500 ppm], 
and Ba [50-2000 ppm]. The range and contents of these elements have 
been chosen based on ChemCam’s observations at Gale crater [61,62] 
(See Supplementary Material, part 1), and the expected geology to be 
encountered in Jezero crater, along with some laboratory investigations 
(this is the case for Ni). With such targets, the LOD on Mars of all these 
elements can be well identified, along with their quantification model. 
These trace and minor elements are of interest in terms of geological 
processes undergone by the analyzed rocks. Some are being used as clues 
for a magmatic history, others for water/rock ratios in sedimentary 
processes, or also to distinguish different meteoritic falls [63,64]. These 
five targets have an overall basaltic composition. These, combined with 
the igneous mineral calibration targets and others, are useful to char-
acterize targets of igneous composition and may help to study weath-
ering processes in a sedimentary context. 

3.3. Standard targets 

Standard targets are interesting as their bulk chemistry can be used 
as Mars analog compositions. Three standards have been selected: a 
basalt (BHVO-2) Basalt, Hawaiian Volcanic Observatory [65], a Mars 
regolith analog (JSC Mars-1) [66], and a manganese nodule (JMn-1) 
[67]. 

Concerning their calibration purpose, they all have a specific inter-
est. First of all, they have very distinct chemical compositions, which are 
important to encompass the chemical matrix effects that can be observed 
with LIBS [68]. Also, the JSC-1 soil (Mars regolith) analog contains the 
highest TiO2 content of the targets, which is important to validate the 
earth-based quantification model(s). The JMn-1 target is special due to 
its MnO content, up to 30 wt%. This represents the highest MnO abun-
dance among the SCCT and it helps constraining the prediction model 
(s), as high Mn values may interfere with the iron predictions based on 
ChemCam experience. Targets with a Mn-rich coating have been 
sampled with ChemCam at Gale crater [17,18], along with Mn-rich vein 
filling material and Mn-rich nodules [69]. This JMn-1 standard also has 
the highest Ni abundance among the targets, which is important due to 
the elevated LOD of this element. Those standards provide great insights 
concerning the past atmosphere on Mars, as Mn requires water and 
highly oxidizing conditions to precipitate as an oxide [70,71]. On Earth, 
coatings are also related to some biological processes (microbes can 
colonize a pre-existing coating, or they can create the coating them-
selves). Such targets are therefore of particular interest in terms of 
astrobiological potential of the planet, which is one of the main goal of 
the Mars2020 mission. The BHVO-2 basalt comes from the USGS 
collection and is considered as an analog for the martian basaltic floor, 
and could be a good reference to compare with data obtained on the 
mafic floor of Jezero. It comes from the pahoehoe lava from the Hale-
maumau crater within the Kilauea caldera, in Hawaii (USA) [65]. The 
JSC Mars-1 material comes from the Johnson Space Center and has been 
collected in a palagonitic tephra in the Pu’u Nene cinder cone in Hawaii 
(USA) [66]. The JMn-1 manganese nodule originates from the collection 
of the Geological Survey of Japan. This Mn-rich sample comes from the 
floor of the southern Central Pacific Basin, at a depth of around 5 Km 
below the water sea level [67]. 

3.4. Natural rocks 

Natural rocks are part of the calibration data set, and correspond to 
five different targets: one chert, three carbonate-bearing rocks (lime-
stones) and one serpentine/talc. 

For an instrumental point of view, these compositions fulfill the need 
of having a wide variety of rock types to minimize potential chemical 

matrix effects. These rock types are clearly different from each other, 
with limestones containing almost no Si and instead contain a significant 
amount of carbon in the form of carbonates, whereas the chert is almost 
pure SiO2, and serpentine is a hydrated silicate. The quantification of the 
SiO2 content in a relatively pure SiO2 target is really fundamental, as for 
example amorphous silica (like opaline) is known to have a role in mi-
crobial fossils preservation [72] and therefore is of interest for astro-
biological perspectives. Chert therefore accounts for the Si-rich end- 
member for calibrations. The carbonates and chert correspond to end- 
members with respect to their SiO2 and FeO content. 

Carbonate minerals have been observed in several locations on Mars 
and on Mars meteorites. However, most of the time their abundance is 
low, such as in Mars meteorites (<1 wt% [73]), or in the dust from 
orbital and in situ measurements [74]. In situ measurements revealed a 
carbonate-rich material at Comanche outcrop, explored by the Spirit 
rover (with up to 30 wt% of carbonates [75]). At Gale crater, only hints 
of carbonates have been detected [76], but siderite has been detected 
recently in the clay-rich unit [77]. However, orbital data observed 
carbonate-bearing rocks at Jezero crater and overall in the Syrtis area 
[37,54], along with some hydrated silicates such as serpentine [52]. 
Carbonates may not be easy to discriminate with LIBS when they are 
mixed with other material [78,79]. Also, the carbon content has not 
been quantified for ChemCam, and the C lines observed in the spectra 
mainly come from the breakdown with the atmospheric CO2 [78,79]. 
Therefore, to better enable detection of carbonates with SuperCam, we 
have selected 3 samples: calcite (Ca), ankerite (Ca, Fe, Mg) and siderite 
(Fe). The calcite comes from the Paleozoic “Lunel limestone” formation 
in the quarry of Ferques (northern France). The ankerite comes from the 
Dome Mine in Timmins in Ontario (Canada), and the siderite comes 
from Antler Mine in Mohave County, Arizona (USA). The Jezero crater 
carbonate-bearing rocks, observed through orbital data, correspond 
mainly to Mg‑carbonates, exposed in different contexts [45,54]. They 
are mainly spatially associated with olivine and serpentine [54,80]. This 
assemblage suggests an in situ deposition, possibly a serpentinization of 
the ultramafic igneous floor, even though this origin could locally be a 
detrital product [38,44,80] or result from precipitation [54], at the inner 
margin of the crater. In this context, a serpentine has also been selected 
as a calibration target. The selected serpentine comes from the Jeffrey 
Mine in Quebec (Canada). However, after the sintering process and its 
exposure to high temperature (see part 4), the serpentine target struc-
ture turned into talc, but with no change in terms of elemental compo-
sition. [81]. With both carbonate and serpentine (at least in chemical 
composition), the onboard calibration set contains both major products 
formed by olivine alteration under aqueous conditions, although it does 
not contain iron oxides, which are also by-products. 

Finally, hydrated silica appears to be relatively common on Mars, as 
it has been detected both from orbit and in situ. From orbit, it has been 
detected in terrains from the Noachian to the Amazonian, all over the 
surface in various geological settings, from hydrothermal origin [82], 
but also from alteration processes [83,84]. In situ observations of hy-
drated silica are also numerous, in diverse environments as well. The 
Opportunity rover team detected enriched silica (possibly hydrated) on 
the western rim of Endeavour crater, mixed with some Al-rich smectite, 
suggesting an acidic diagenetic origin [19,20]. The Spirit team also 
detected some enriched silica hypothesised to be opaline silica formed 
by hydrothermal activity [21,85,22,23], at Home Plate. At Gale crater, 
Si-rich rocks were also detected in the forms of detrital tridymite in 
mudstone suggested to come from silicic volcanism [24], and of some 
amorphous silica in fracture halos [25], suggested to be opaline silica 
from their hydration level [26]. Hydrated silica on Mars is an indicator 
of past aqueous conditions of the planet (diagenetic or hydrothermal 
events). It may also represent a particular interest in terms of astro-
biological potential [86,87,88], which is an important aspect for the 
Mars2020 mission. 

As mentioned earlier, a chert target has been selected for the 
SuperCam calibration targets. This natural target ensures that SuperCam 
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will correctly quantify high SiO2 abundances. The selected chert comes 
from the 3.46 Ga Marble Bar Chert Member of the East Pilbara Craton 
(Western Australia) [89]. 

3.5. Synthetic targets 

Taking into account all the targets presented above, some 
geochemical elements and targets of interest are still missing in the on- 
board calibration dataset, such as sulfates, chlorides, and halogens. 
Therefore, some synthetic targets have been specifically prepared in 
order to make sure that these elements are present in these calibration 
targets and well detectable by SuperCam at the different levels of con-
centration, allowing all science objectives to be addressed. 

Besides the hydrated silica mentioned earlier, remote-sensing and in 
situ observations have provided extensive evidence for the presence of 
other hydrated minerals such as phyllosilicates and sulfates on Mars. 
These hydrated minerals are important for understanding Mars’s climate 
and its past habitability. First, clear orbital signatures have shown the 
presence of Ca and Mg hydrated sulfates in light-toned layered sedi-
ments [90,91]. Sulfates have now been observed from orbit in many 
different types of outcrops ([92] and references therein). Gale crater was 
chosen as the Curiosity landing site from orbital detection of a transition 
between clay-bearing to sulfate-bearing rocks, suggesting a significant 
change in climate [83,93]. In situ analyses at Gale, approaching the 
sulfate-bearing unit capping Mount Sharp, revealed a vast network of Ca 
sulfate filling veins at certain regions [94,95,96], and most of them 
correspond to bassanite [97], even though anhydrite is also present 
([98] and reference therein). Primary Mg sulfates were also detected 
more recently [99]. A sulfate-bearing calibration target was therefore 
important to include with SuperCam, even if no sulfates have been 
identified within Jezero crater from orbit. Unfortunately, Ca and Mg 
sulfates were not possible to include in the calibration targets. Mg sul-
fates are hygroscopic, whereas the mechanical structure of Ca sulfates 
changes with temperature, along with their hydration state. These 
properties were not in accordance with the fabrication process chosen 
for the calibration targets, nor with the validation steps needed for de-
livery at JPL [9]. As featuring a pure sulfate calibration target was not 
necessary, the team decided to create a mixture between a basaltic 
material and a non-hygroscopic sulfate material that is also stable with 
temperature. The final choice was a mixture between the BHVO-2 basalt 
(see above section), and a K sulfate called arcanite. Natural arcanite is 
relatively rare on Earth and not really relevant for Mars geological set-
tings and past habitability, but it addresses the need of detecting sulfur- 
bearing targets with SuperCam, as well as of validating the quantifica-
tion model. 

Phyllosilicates are also extensively observed from orbit ([92] and 
references therein). These hydrated minerals reflect a past environment 
where water on Mars was abundant. Unfortunately, no phyllosilicate 
such as clay minerals could be part of the calibration targets on-board, as 
their physical properties made them fail all the mechanical tests [9] 
required for such flight models. Therefore, such targets are only 
included in the laboratory database. However, the serpentine represents 
an hydrated alteration product. 

Apatite is a ubiquitous magmatic mineral found in SNC meteorites. It 
is a significant reservoir of halogens in these meteorites and has been 
used to estimate the halogen budget of Mars [100]. While apatites in 
Mars meteorites are mainly enriched in Cl and H [101,102,103], apatites 
identified in sandstones and pebbles at Gale crater by ChemCam 
[104,105] are F-rich. Determining the composition of apatite-bearing 
Martian rocks is important to understand the behavior of volatiles dur-
ing planetary differentiation [102] and apatite is an important mineral 
for geochronological dating. A wide variety of apatites, including 
possible hydroxyapatites, may thus be expected. Therefore, providing a 
synthetic fluorinated and chlorinated hydroxy-apatite as a calibration 
target appears especially pertinent. One apatite composition was 
selected to give a reference for P, Cl, F and H abundances. While Cl and F 

are important in order to estimate the halogen budget of the Martian 
mantle, P and H are also relevant for organic detections. Besides its 
geochemical importance, this target is used as a reference for the 
detection of P, Cl, F and H, as this is the only target containing these 
elements, and having them well quantified. Since this is also the only 
phosphate, it will help validate the quantification model, and will be 
useful whenever P is present in significant abundance in a sample. 

Finally, the SuperCam calibration set also includes a “ChemCam 
replicate”, which is the ChemCam shergottite-composition synthetic 
glass calibration target [27]. It is used as a reference for cross-calibration 
between both instruments. It also represents a certain Martian rock type, 
as it is a basaltic shergottite that has a chemistry similar to Bounce Rock 
ejecta observed at Meridiani Planum and to basaltic shergottite 
EETA79001B [106,107]. 

We emphasize that SuperCam’s LIBS calibration targets should 
address the instrument’s purposes and also the science objectives of the 
mission. With that in mind, SuperCam should be able to determine the 
igneous chemistry of the putative mafic floor, characterize the chemistry 
of the carbonates observed from orbit within and around, and therefore 
give insight to the relationship between the olivine and some of its 
alteration products such as serpentine or Mg/Fe carbonates along with 
some phyllosilicates. Moreover, these calibration targets help identify 
diagenetic products (for example Mn/Fe oxides, Si-rich deposits), and 
also aid the search for biosignatures thanks to their content in specific 
elements such as Mn, Cl and the C, H, N, O, P, S. 

4. Fabrication process 

The choice of the fabrication process for the SuperCam LIBS Cali-
bration targets has been driven primarily by the lessons learned from 
ChemCam. ChemCam’s calibration target assembly [27,28,29] was 
composed of two types of material: glassy targets to simulate igneous 
compositions, and some pressed powders sintered at 800 degrees C with 
a small amount of lithium tetraborate to simulate Mars sediments. 
However, the synthetic silicate glasses had a different physical matrix 
than igneous rock (resulting in physical matrix effects that have hin-
dered their use in calibration), and the sintered material were quite 
heterogeneous at the scale of the laser beam [36]. 

Given that background with ChemCam, a renewed effort was made 
to produce more representative and more homogeneous on-board tar-
gets for SuperCam. Homogeneous targets are easiest to produce by 
vitrifying crushed powder. However, it is well known that the laser- 
matter interaction during ablation can be significantly different on 
glass and on crystalline material, as they have different optical proper-
ties as well as physical properties such as hardness. Powder pellets ob-
tained by conventional uniaxial pressing would be usable for all the 
SuperCam spectroscopies, but such pellets cannot handle the mechani-
cal and thermal constraints induced by launch and landing. Natural 
rocks are generally more robust, but they are rarely homogeneous at the 
sub-millimeter resolution of the SuperCam techniques, due to the 
mineral-grain distribution. Therefore, with all these constraints, the 
choice was to make most targets by a sintering process, using a flash 
consolidation technique, namely the Spark Plasma Sintering (SPS) pro-
cess. Only three targets have not been sintered (titanium, shergottite and 
chert - see below). 

The SPS technique is a sintering process involving high pressure 
along with an electrical current passing through the powdered sample 
[108,109]. It is a well known way to significantly improve the me-
chanical properties of the sintered samples compared to usual pressing 
techniques [110]. This technique reaches a better density and compac-
tion for a wide range of materials, and improves the bonding quality 
[111] thanks to a mechanical grain-to-grain rearrangement, the growth 
of the finest grains and lattice dislocation. In that way, sintered pellets 
have no risk of outgassing in vacuum (or under Mars environment) and 
have mechanical properties that are in accordance with NASA re-
quirements [10]. The effect of heat has been investigated in different 
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matrices and even though some mineral phases may be modified, no 
important bulk chemical changes or reduction in homogeneity have 
been noticed after SPS [10]. Also, [112] have shown the high repeat-
ability of the technique. The added value and quality of such a technique 
is discussed in a large number of studies cf. [113]. The SPS technique is 
fast, as it takes only a few minutes to sinter materials. The overall pro-
cess consists in using fine-grained powders. This powder is placed into a 
graphite die in a treatment chamber that may be put under vacuum or a 
controlled atmosphere (e.g. argon). A pulsed current is then applied, and 
passes through the sample via electrodes and the conductive die. At the 
same time, a uniaxial mechanical pressure is applied to the die for a few 
minutes. Both current and pressure are then released (this step being 
controlled if needed). The sample is then left to cool down for a few 
minutes. 

The SPS process has been performed by two laboratories: Mateis 
laboratory, INSA, Lyon (France) using an SPS HP D25 machine (FCT®, 
Germany), and CIRIMAT laboratory (PNF2 national CNRS platform) in 
Toulouse (France), using an SPS Sumitomo Dr. Sinter 2080 apparatus. 
Two different methodologies were used. In Lyon, for each composition, 
one pellet of 40 mm diameter was made and then cored to extract 6 
pellets of 10 mm each in diameter. As it is known to have a thermal 
gradient from the center to the edge of the sample [112], the 6 cores 
have been extracted from the same distance from the center. On the 
other hand, in Toulouse, for each composition, 6 individual pellets of 11 
mm in diameter each were fabricated. The pellets were then slightly 
ground in order to remove any graphite from the die, and to adjust the 
diameter to 10 mm. The machining process was performed either at 
Société Audoise de Précision (SAP) in Ambres (France) or at SCERAM ™ 
in Lyon (France), with no oil and no water to avoid any contamination of 
the samples. Table 2 gives the detailed parameters for each target, from 
Lyon and Toulouse. 

Only the standard targets (BHVO-2, JSC-1, JMn-1) were purchased in 
the form of powders, while, for all the other selected targets, several 
steps had to be performed before the sintering. 

The igneous minerals were coarse single crystals that experienced 
slow cooling to reach such a size (mm-cm). As temperature decreased, 
exsolution lamellae may be formed within some of the crystals. 

Therefore, it was necessary to crush them down to fine powders (grain 
size smaller than average exsolution lamellae) to produce mechanically 
and chemically homogeneous samples. The grain size of the powders is 
estimated to be less than 50 μm. After this grinding step, the SPS tech-
nique was performed as referred in Table 2. 

The natural targets (chert, carbonates, serpentine) were natural 
rocks that have been finely crushed, the same way as the igneous min-
erals, with grain sizes below 50 μm before the SPS process. The sintering 
process was attempted on the chert. This rock, mainly composed of SiO2 
quartz, yielded crumbly pellets by SPS at low temperatures. The sin-
tering was successful only above 1700 ◦C by melting SiO2 [10]. The 
pressure and temperature the sintering process were thus similar to 
those of chert formation. In the end, we used chert in its original state, 
after coring the main rock to get six samples from it. 

The minor-doped targets were produced the same way as the glassy 
ChemCam calibration targets [27]; they were synthesized by mixing 
powders of carbonates, silicates, oxides and sulfates in order to get the 
same bulk composition for the six replicates done for each doped targets, 
adding minor and trace elements as listed above. These mixtures went 
through several melting, cooling, and crushing cycles in order to obtain 
a homogeneous glassy material. The actual composition of the synthetic 
silicate glasses was then checked by LA-ICP-MS measurements in order 
to make sure the desired major-element composition along with the 
minor/trace element contents was reached. This glassy material was 
then crushed one last time prior to performing the SPS process. 

Concerning the sintered targets, each sample followed its own spe-
cific process. The sulfur-rich target (TSRICH) is simply a mixture of 30% 
of the BHVO-2 standard powder with 70% of the arcanite (K sulfate) 
commercial powder, before being sintered. 

The ternary F, Cl, OH-apatite target was synthesized in full at CIR-
IMAT, Toulouse. The aim here was to prepare an apatite phase simul-
taneously containing OH− , F− and Cl− ions in the hexagonal crystal 
structure. Two F− OH− apatite and Cl− OH− apatite precursor powders 
were first obtained by tuned fluorination and chlorination, respectively, 
starting from stoichiometric OH− apatite. The process was carried out in 
a tubular furnace under argon flow (1 atm) in the temperature range 
900-950∘C, and NH4F or NH4Cl were selected as halogen reagents. The 
sublimation/decomposition of these compounds led to gaseous HF and 
HCl molecules able to partially dehydroxylate the OH-apatite. The 
F− OH− apatite and Cl− OH− apatite precursor powders were then mixed 
(for 4 h) in the desired proportions selected to produce the targeted F, Cl, 
OH composition. Electron microprobe analyses have been performed in 
order to check if the desired composition was achieved. Then, the 
sample was sintered as presented in Table 2. The sintering process 
applied to this apatite target was different to that of the other targets in 
two respects. First, the applied mechanical pressure was slightly lower 
than that of other targets. But most importantly, the sintering process 
was carried under Argon (instead of vacuum) in order to minimize the 
loss of Cl. This led to a ternary F, Cl, OH apatite phase corresponding to 
the chemical formula Ca5(PO4)3(OH0.08,F0.49,Cl0.43) as assessed by 
electron microprobe analyses. 

Finally, for the shergottite ChemCam replicate [27], in order to avoid 
any contamination or change in composition during crushing and the 
SPS processes, this sample was only cored to the right size directly from 
the replicate. As it is a glassy material, this process was tricky and we 
were able to get only two samples with the correct dimensions from the 
material remaining from ChemCam. Finally, the titanium target is a 
plate from a commercial supplier [9], and as mentioned above, the Chert 
(natural target) was cored directly from the rock. 

5. Spectral characterization of the geological samples 

In this section we present the VISIR, Raman and LIBS spectral sig-
natures of the SCCTs. Qualitative observations that have been performed 
to investigate the homogeneity of the targets are presented in Supple-
mentary Material, part 2. Quantitative compositions will be given 

Table 2 
SPS parameters (temperature, pressure, and duration of constraints) used for 
each of the sintered LIBS SCCTs.  

Target Description SPS conditions 

Temperature 
(Celcius) 

Pressure 
(Mpa) 

Duration 
(min) 

PMIEN060x Enstatite 1375 100 3 
PMIOR050x Orthoclase 1150 100 5 
PMIAN010x Andesine 1200 100 3 
PMIFSI050x Ferrosilite 1050 100 3 
PMIFA010x Forsterite 1150 100 10 
PMIDN030x Clinopyroxene 1200 100 3 
NTE01030x Trace 

elements 
800 75 3 

NTE02010x Trace 
elements 

800 75 3 

NTE03010x Trace 
elements 

800 75 3 

NTE04010x Trace 
elements 

800 75 3 

NTE05030x Trace 
elements 

800 75 3 

LCA53010x Calcite C53 750 75 3 
LJSC1030x Mars soil sim. 750 75 3 
LBHVO2040x Basalt 1000 75 3 
LJMN1010x Mn-rich 750 75 3 
TAPAG030x Apatite 950 50 5 
LANKE010x Ankerite 750 75 3 
LSIDE010x Siderite 750 75 3 
TSERP010x Serpentine 750 100 3 
TSRICH040x S-rich 1000 100 3  
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below, in Section 6. 

5.1. VISIR spectra of geological targets 

VISIR spectra were acquired in two laboratories, the University of 
Winnipeg (Canada) and the Institut de Planétologie et d’Astrophysique 
de Grenoble (IPAG) at Université Grenoble-Alpes (France). Different 
replicates of the calibration target materials were used in each labora-
tory, and the separate spectral acquisition methods are described below. 

At the University of Winnipeg, reflectance spectra were collected 
with a Malvern-Panalytical Analytical Spectral Devices (ASD) LabSpec 4 
Hi-Res reflectance spectrometer. This ASD spectrometer consists of three 
separate detectors that cover the 350–1000 nm (Si photodiode array), 
1000–1830 nm, and 1830–2500 nm (InGaAs detectors with moving 
gratings) intervals. A single 2 m long fiber optic cable was used to collect 
the reflected light from samples. This cable consists of 44 separate silica 
fibers with internal diameters of 200 μm each. The full diameter of the 
bundle was 1.85 mm. This fiber optic cable was fed to an optical 
scrambler that ensured light from each fiber was combined and equally 
fed to all three optical paths that fed the detectors. The Si photodiode 
array was then fed by a fiber optic bundle consisting of 19 separate 100- 
μm diameter silica fibers. The two InGaAs detectors were fed by separate 
fiber bundles consisting of 9 separate 200-μm diameter silica fibers. 
These offsets were removed by multiplicatively scaling the low 
(350–1000 nm) and high (1830–2500 nm) wavelength portions of the 
spectrum to the middle portion. The instrument has a spectral resolution 
that ranges between 3 nm for the photodiode array and 6 nm for the 
InGaAs detectors. Dark currents were removed from all spectra during 

correction to reflectance. These spectra were corrected for the absorp-
tion properties of the Spectralon reflectance standard, but were not 
corrected for the non-Lambertian behavior of Spectralon. An in-house 
light source was used for illumination that consists of a quartz‑tungs-
ten-halogen (QTH) bulb illuminating a set of reflectors that feed the light 
through a pipe at a divergence of <1.5 degrees. The filament was 
operated at a temperature that provided sufficient output over the 350- 
2500 nm range. The measured spot was centered close to the center of 
the SCCT targets. Spectra were collected on the “unpolished” side of 
each target, even though it was done prior to the 9 LIBS point analysis. 

At IPAG laboratory, reflectance spectra of SCCTs were measured at 
IPAG using the Shadows instrument [114]. We used the standard mode 
of the instrument (around 7 mm diameter illumination spot) and spectra 
were measured under nadir illumination and using an observation angle 
of 30∘ (phase angle = 30∘). Spectra were normalized to Spectralon and 
Infragold and corrected for the non-lambertian behavior of spectralon 
[115]. Spectra were acquired at a 10 nm sampling in the 400-4200 
range, with a spectral resolution of 4.8 nm (<670 nm), 9.7 nm 
(670–1300 nm), 20 nm (1300–2500 nm) and 40 nm (2500–4200 nm). 

The calibration targets acquired in laboratories with some of the 
most useful VISIR spectral signatures are shown in Fig. 2. The RMI Red 
colour target exhibits strong visible-wavelength “red” slopes whereas 
the Cyan target shows a major band centered near 1460 nm. Among the 
geologic targets, chert shows a hematite-like visible spectrum (with a 
peak near 750 nm followed by a strong downturn), resulting from minor 
hematite in the sample. The pyroxenes (Ferrosilite, Enstatite, and Cli-
nopyroxene) exhibit characteristic bands in the 2000 nm region whose 
centers depend on Fe/Mg content and mineral structure [116]. Calcite 

Fig. 2. Laboratory and Mars spectra of SuperCam calibration targets that exhibit useful spectral features in the 400-2600 nm wavelength range (cf. Fig. 1, Table 1). 
Spectra in black were acquired at the University of Winnipeg, and those in red were acquired at IPAG, Université Grenoble-Alpes. Blue spectra are those acquired on 
Mars. Stippled boxes represent regions where SuperCam does not collect data. All laboratory spectra were acquired at normal incidence and 30∘ emission angle. 
Differences in overall reflectance may occur owing to inherent differences in the target samples used by the different laboratories, and/or differences in corrections 
for the non-Lambertian nature of the Spectralon reference material (see text). (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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includes signature bands near 2340 nm and 2530 nm. The orthoclase has 
few spectral features, except for a notable increase in reflectance toward 
shorter visible wavelengths. Finally, the Serpentine spectra exhibit a 
similar “blue” slope in the visible, hydration bands near 1400 nm 1910 
nm, and a major band near 2312 nm and minor bands near 2291 nm and 
2391 nm that reflect contributions from both serpentine and talc (e.g., 
[117]). SuperCam VISIR spectra acquired on Mars are also shown for 
comparison in Fig. 2. Even though these preliminary spectra are slightly 
more noisy, the same spectral features can be observed. 

5.2. Raman signature 

Raman spectra of geological targets with a Remote sensing and time- 
resolved Raman spectrometer in a SuperCam-like configuration have 
been acquired at Institut de Minéralogie, de Physique des Matériaux et 
de Cosmochimie (IMPMC) of Sorbonne Université in Paris (France). The 
remote configuration of a customized time-resolved Raman and lumi-
nescence spectrometer built at IMPMC was used for the present study 
[118,119]. Relying on a conventional Schmidt-Cassegrain telescope 
(Celestron-C8 202 mm diameter Schmidt plate), this instrument allows 
analysis of the Raman and luminescence signals by using time-resolution 
spectroscopy. The laser is a nanosecond pulsed 532 nm DPSS laser (1.2 
ns FWHM, 1 mJ per pulse) with a 10 to 2000 Hz repetition rate. The fine 
control and synchronization of both time delay and gating time of the 
ICCD allows sub-nanosecond time resolution experiments. For the pre-
sent study, the laser beam was collimated at the sample surface (at 8 m 
from the telescope Schmidt plate) on a spot of ~6 mm in diameter, with 
an irradiance on the sample of about ~1010W.m− 2 similar to that of 
SuperCam [119]. The Raman signal was collected by the telescope from 
a surface with slightly lower diameter than the co-aligned incident laser 
beam (field of view of the optical fiber of about 4.5 mm at 8 m). A notch 
filter was used to cut off the Rayleigh scattering below 90 cm− 1 and the 
signal was collected by an optical fiber and sent into a modified Czerny- 
Turner spectrometer (Princeton IsoPlane 320) coupled with an intensi-
fied Princeton PIMAX4 ICCD camera. This spectrometer has three 
motorized gratings that can be selected depending on the spectral win-
dow and spectral resolution requested for the analysis. Here we used the 
600 lines/mm grating yielding a spectral resolution of 10-13 cm− 1 

similar to that of SuperCam. Here, we collected the spectra by using a 5 
ns ICCD gate centered on the laser pulse. In order to maximize the signal- 
to-noise ratio, we accumulated the signal corresponding to hundreds of 
thousands of laser shots. 

Not all the geological targets show a clear signal using remote time- 
resolved Raman spectroscopy. This can be due to their mineralogy, but 
also their structure and texture (e.g. grain size). For example, all the 
minor-doped targets are amorphous material and time-resolved Raman 

spectroscopy is not sufficiently sensitive to this material. Fig. 3 shows a 
spectrum of all the targets that present the best signal: these are the 
calcite, the apatite, and the Sulfur-rich targets. 

In the case of calcite, both internal (712 and 1087 cm− 1) vibrational 
modes and external lattices modes (282 cm− 1) are clearly observed. In 
the other carbonates, ankerite and siderite, only the most intense CO3 
internal symmetric stretching mode ν1 at 1085–1090 cm− 1 is clearly 
detected. Similarly, in apatite, the principal internal symmetric 
stretching mode ν1 of PO4 is observed at 960 cm− 1 as well as other peaks 
corresponding to other internal vibrations of the PO4 group. Lastly, the 
sulfur-rich target exhibits several peaks corresponding to the internal 
modes including an intense one at about 1000-cm− 1 corresponding to 
the SO4 internal symmetric stretching mode ν1. The rover paint (not 
shown) is also interesting as it has a strong Raman signature with several 
bands at frequencies lower than 1000 cm− 1. 

Since landing, Raman on SCCT has been used several times, mainly 
on the Apatite and Ertalyte targets. Fig. 3 shows the apatite spectrum 
acquired on Mars as well. The apatite spectrum shown here was 
measured with 100 laser shots. The resulting spectrum is satisfying. The 
SNR is lower compared to the laboratory spectrum but this is likely due 
to the much lower number of laser shots used on Mars. However the 
main internal symmetric stretching mode ν1 of PO4 is clearly observed at 
960 cm− 1 as well as some other internal modes. 

5.3. LIBS spectra 

Concerning the LIBS spectra, only those acquired on Mars are pre-
sented. The average LIBS spectrum obtained for some targets is pre-
sented in Fig. 4 from UV to near infra-red, normalized to the total 
intensity. Only a few targets are presented for clarity, to visualize the 
diversity of signal obtained from one target to another. 

The bottom spectrum, in dark blue corresponds to the calcite sample, 
where only Ca emission lines are observed (along with weak C lines and 
O, from the atmosphere). The ankerite, which is also a carbonate, is 
shown just above, in light blue. Along with the intense Ca peaks, the Fe 
and Mg emission lines are observed. The TSRICH target (in orange) is 
unusual, as it is a mixture between a basalt BHVO-2 and the K sulfate. 
Therefore, all the major elemental lines are observed, with very intense 
K lines. Sulfur lines are weak compared to others and therefore are 
shown in a close-up (Fig. 5). 

BHVO-2 (pink in Fig. 4) has a basaltic composition and therefore all 
major elements are present, with a complex LIBS signal. Orthoclase and 
Andesine targets (dark and light green, resp.) show mainly emission 
lines produced by alkali elements, Si, Ca and Al. Orthoclase shows 
higher K lines compared to the andesine. The apatite target (purple) has 
one of the highest Ca emission lines, and its spectrum in the UV (240- 
340 nm) and VIO (380-470 nm) ranges is quite flat except for these 
peaks (such as for the calcite). However, its Tspec spectrum shows a 
clear CaF molecular band. Fig. 5 also shows its Cl and P emission lines. 
This target is the unique one with such elements. Finally, the chert 
presents significant emission lines from only two major elements, Fe and 
Si. However, Fe is one of the elements with the highest number of 
emission lines, mainly in UV and VIO. 

The targets doped in minor and trace elements show a wide range of 
signal concerning Sr, Rb, Cr, Li, and Ba due to their different doping in 
each of them (see section 3.2).This can be observed in the LIBS spectra in 
Fig. 6, where they are shown with no offset in order to highlight their 
diversity. Unfortunately, no Ni peaks are detected in these targets, which 
suggests that their content is below the LOD, as seen in Supplementary 
Material, part 3. However, all the other minor and trace elements are 
clearly observed, with the signal intensity being consistent with the 
doping of each of these targets, as seen in Table 3 and Supplementary 
Material, part 3. 

Fig. 3. Time-resolved Raman spectra acquired remotely in a SuperCam-like 
configuration on the Apatite, Calcite and Sulfur-rich “TSRICH” calibration 
targets (in black). Spectrum of the apatite acquired on Mars is shown in red for 
comparison. (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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6. SCCT compositions 

Access to actual compositions of all the replicates is a necessity, as 
these targets will be used to check the quantitative models performed 
from the terrestrial database [30,15,16]. 

All the targets were analyzed with quantitative techniques in order to 
get their reference compositions for major and minor elements. Electron 
Microprobe Analyses (EMPA) were performed at the micro- 
characterization center of Raimond Castaing, Université Paul Sabatier 
in Toulouse (France) and the Laser Ablation - Inductively Coupled 
Plasma - Mass Spectrometry (LA-ICP-MS) measurements were per-
formed at ISTeP, ALIPP6 platform in Sorbonne Université in Paris 
(France). 

The electron microprobe measurements were performed with a 
Cameca SXFive model. All the six replicates for each calibration target 
were analyzed, on the back of the target to preserve their front-side 

surface. The analysis of all the six replicates was important in order to 
get the composition of all of them, and to make sure they were similar 
(because one is on-board, and the others are distributed in collaborating 
laboratories). The uncertainties of the EMPA technique are given in 
Supplementary Material, part 4. To be consistent with LIBS analyses, 
and considering that the LIBS spot size is around 300 μm, microprobe 
analyses were done over 3 random squares of 100 × 100 μm with a 2 μm 
analysis spot size. In each square, nine point analyses were performed. 
10 to 15 manually selected points were performed as well, in order to 
make sure that all the different phases were sampled at least once. Thus, 
a total of 37 to 42 points were analyzed on each replicate. 

The average composition of the replicate was calculated from the 
average of the mean value calculated from each random square and from 
each series of 10–15 points. The standard deviation is calculated from 
these four averages. Finally, the RSD, used to assess the homogeneity of 
the sample, is calculated from the average composition and the standard 

Fig. 4. LIBS spectra (from UV to T-spec range) obtained on some of the SCCTs on Mars. Only a few examples are shown, to illustrate the diversity in LIBS signal.  
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deviation of the sample. This methodology gives a worst case scenario 
for the homogeneity compared to data from the LIBS analyses. 

The LA-ICP-MS measurements were performed with a Agilent 
Inductively Coupled Plasma Mass Spectrometer called “QQQ” or MS/MS 
(for triple quadrupoles) that includes a reaction-collision cell sand-
wiched between two quadrupoles, and combines mass and reaction 
filtering when configured in MS/MS (mass shift/mass shift) mode. The 

advantage of this triple quadrupole mass spectrometer is therefore to 
strongly limit the isobaric interferences [120,121], as the passage of ions 
through two successive mass spectrometers, allows a better selection. All 
of the experimental parameters were daily optimized with NIST 612 
SRM in order to obtain the maximum counting rates by monitoring 
masses 7Li+, 88Sr + and 238 U+ for this tuning. After a verification test 
of key parameters (sensitivity, stability, oxide and doubled charged level 

Fig. 5. Close-up of some LIBS spectral portions to show specific signatures, particularly for the apatite (purple) and TSRICH (orange) targets. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Close-up of spectral regions of the minor-doped targets for: Li, Cr, Rb, Ba, Sr, Ni, and Cu ranges.  
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Table 3 
LA-ICP-MS/MS and EMPA compositions for major elements in all the LIBS SCCT targets (except for the TSRICH target that is theoretical). ’-’ refer to measurements not shown in table (only LA-ICP-MS given). ’/’ refers to 
not measured elements. 

Type Target_Name wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%) wt % RSD (%)
Ankerite LANKE0101 8.03 40.97 8.32 45.78 0.00 / / / 0.44 27.27 0.42 104.88 10.14 6.56 9.46 8.92 0.52 5.77 0.49 1.27 17.46 5.33 17.25 3.68 27.59 1.32 33.83 1.62 0.03 33.33 0.03 50.36 0.11 36.36 0.10 25.90
BHVO2 LBHVO20406 49.90 / - 2.84 8.49 - 12.98 6.98 - 11.39 6.03 - 0.19 5.04 - 7.47 8.28 - 10.96 3.55 - 2.53 6.75 - 0.59 9.39 -
Calcite LCA530106 0.05 68.30 0.02 73.14 0.00 / / / 0.01 0.00 0.01 58.90 0.01 31.07 0.01 44.89 0.00 / 0.02 47.25 0.22 6.63 0.19 15.45 / / 55.38 2.33 0.01 16.45 0.02 58.05 0.00 / 0.01 55.25
Chert LCMB0006 / / 95.90 1.92 0.00 / 0.00 74.94 0.12 25.40 0.04 64.90 9.02 31.04 2.59 53.12 0.00 33.04 0.01 16.30 0.04 26.54 0.00 25.47 0.05 34.17 0.07 111.37 0.02 33.50 0.00 47.98 0.02 51.30 0.01 63.47
JMn1 LJMN10106 15.14 5.09 - 0.91 6.59 - 4.41 0.00 - 13.41 10.18 - 30.73 8.75 - 3.02 7.28 - 2.90 14.83 - 4.30 10.00 - 1.04 9.62 -
JSC1 LJSC10304 43.70 / - 3.05 7.76 - 20.83 2.59 - 16.15 4.98 - 0.34 8.86 - 3.55 7.60 - 5.65 4.12 - 3.00 9.93 - 0.86 14.06 -
Siderite LSIDE0101 12.85 12.68 13.46 52.60 0.00 / / / 0.02 0.00 0.03 62.93 37.82 1.77 35.21 42.97 0.05 0.00 0.06 36.46 1.06 5.66 1.26 25.33 20.07 9.89 29.69 28.45 0.02 0.00 0.03 45.04 0.01 0.00 0.03 20.88
NTE01 NTE010301 47.30 5.50 48.04 1.26 0.49 2.04 0.53 2.74 10.01 2.10 9.79 1.53 17.94 8.44 16.56 4.51 0.12 0.00 0.12 3.92 6.66 2.25 6.58 1.55 13.95 0.25 13.73 1.72 1.52 6.58 1.12 3.24 1.02 8.82 1.01 5.63
NTE02 NTE020106 47.62 4.51 45.51 1.20 0.37 14.51 0.46 2.05 9.47 1.80 8.98 2.17 17.67 1.94 14.66 5.33 5.03 1.79 4.81 5.56 6.31 1.54 6.22 1.54 11.37 9.85 12.94 2.30 1.46 2.98 1.14 5.58 0.95 7.89 0.99 7.53
NTE03 NTE030106 47.13 3.59 48.37 0.73 0.38 10.53 0.50 2.25 9.54 1.89 9.82 1.56 17.64 0.99 16.85 0.87 0.70 5.71 0.70 1.05 6.47 1.08 6.60 3.84 11.84 7.60 13.51 1.93 1.42 2.11 1.10 4.24 0.80 6.25 0.85 4.32
NTE04 NTE040106 47.24 3.66 47.64 3.53 0.46 2.17 0.50 4.98 9.91 2.52 9.72 2.67 17.81 3.82 16.55 4.52 1.31 3.05 1.38 2.57 6.61 2.72 6.62 2.06 13.22 0.61 13.38 4.21 1.52 3.95 1.22 3.92 1.04 2.88 1.03 5.61
NTE05 NTE050301 47.26 2.75 49.26 1.29 0.49 2.04 0.52 2.17 10.13 1.58 9.95 1.01 17.25 3.02 15.60 3.86 0.15 0.00 0.15 9.65 6.64 1.36 6.62 1.30 13.97 0.82 13.86 1.18 1.54 3.25 1.18 1.92 1.04 4.81 1.09 3.18
Andesine PMIAN0106 63.60 3.62 59.09 0.93 0.02 100.00 0.02 45.64 24.84 0.00 24.84 0.98 0.62 18.70 0.59 30.18 0.04 0.00 0.04 13.68 0.45 6.67 0.48 10.13 6.24 4.89 8.07 1.96 7.30 1.64 6.68 1.21 0.37 5.41 0.45 8.36
Diopside PMIDN0302 53.04 3.09 52.84 0.82 0.23 4.35 0.27 7.22 3.26 3.99 3.13 8.43 3.68 9.12 3.05 6.11 0.33 3.03 0.29 11.07 16.60 4.34 16.04 0.98 24.89 0.44 24.96 0.61 0.20 5.00 0.15 8.26 0.10 30.00 0.02 41.03
Ensta�te PMIEN0602 57.05 2.21 58.08 0.11 0.02 0.00 0.03 34.90 0.09 22.22 0.11 33.91 9.14 0.60 8.81 4.90 0.04 0.00 0.04 24.45 33.59 1.96 33.27 1.32 0.20 10.26 0.26 26.31 0.01 0.00 0.02 41.99 0.00 / 0.01 30.12
Olivine PMIFA0306 38.62 / 38.62 5.23 0.02 0.00 0.03 79.70 0.06 25.52 0.06 156.55 31.50 2.15 29.59 6.06 0.44 3.02 0.40 3.58 31.10 2.51 30.94 4.51 0.61 20.80 0.60 125.45 0.01 21.01 0.02 121.12 0.00 / 0.01 36.80
Ferrosilite PMIFS0505 42.87 3.38 45.14 4.59 0.02 0.00 0.03 10.03 1.09 17.43 0.62 33.66 47.04 0.91 45.24 5.20 1.90 1.58 2.00 5.15 4.58 3.06 5.11 6.62 1.93 10.88 1.92 17.02 0.09 22.22 0.04 26.45 0.07 28.57 0.04 34.93
Orthoclase PMIOR0507 68.64 4.81 66.37 0.75 0.00 / 0.00 54.81 18.18 0.00 18.18 0.75 0.41 17.28 0.30 31.93 0.01 0.00 0.02 45.47 0.04 50.00 0.02 60.16 0.05 66.67 0.02 41.16 2.02 4.46 1.82 11.81 12.23 7.77 13.03 3.77
Shergo�te SHERG02 54.33 4.42 55.48 2.04 0.36 2.78 0.36 5.65 11.14 3.41 10.93 0.40 13.24 0.60 12.84 4.56 0.00 / 0.01 41.53 5.51 1.09 5.58 4.01 13.73 3.64 12.68 2.95 1.89 6.35 1.82 6.73 0.16 12.50 0.17 8.49
Serpen�ne TSERP0102 48.39 / 48.39 4.16 0.01 77.91 0.00 141.41 0.22 13.49 0.68 135.14 2.40 6.19 3.20 30.56 0.05 3.40 0.05 21.45 44.40 2.84 46.95 3.17 0.01 83.61 0.01 50.05 0.00 / 0.01 44.74 0.00 / 0.01 33.28
Apa�te TAPAG0205 / / / / / / / / / / / / / / / / / / / / / / / / / / 54.85 0.37 / / / / / / / /

S-rich basalt TSRICH0404 3.42 0.67 37.99
MgO (wt %) - theore�cal CaO (wt %) - theore�cal Na2O (wt %) - theore�cal K2O (wt %) - theore�cal
2.1714.97 0.82 4.05 3.32 /

SiO2 (wt %) - theore�cal TiO2 (wt %) - theore�cal Al2O3 (wt %) -theore�cal FeO (wt %) - theore�cal MnO (wt %) - theore�cal

MnO
EPMA LA-ICPMS EPMA LA-ICPMSEPMA LA-ICPMS

 SiO2      TiO2      Al2O3     FeO      
LA-ICPMS EPMA LA-ICPMS EPMA LA-ICPMS

 MgO      
LA-ICPMS

 CaO       Na2O      K2O      
EPMA EPMA LA-ICPMS EPMA LA-ICPMS EPMA
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tests, and 232Th-238 U ratio), the instrument is ready to perform 
measurements. An oxide level test is performed by measuring the 
254UO+/238 U+ ratio with typical values inferior to 0.05%. Doubled 
charged level is performed by measuring 22Ca + and 44++ ratio with 
typical value less than 0.2%. 232Th/238 U >95% to minimize volatile/ 
refractory fractionation. We performed analyses along 8 lines of 1 mm, 
with a laser spot size of 200 μm. These lines give a good assessment of 
the bulk composition (major and minor elements) of the target 
compared to individual points, which could sample individual phases. 
This technique is more sensitive for the detection of trace and minor 
elements than EMPA, but also the spot size is closer to the LIBS spot size. 
Thus LA-ICP-MS results will give a better comparison with LIBS data. As 
previously checked by XRF and EMPA, all the replicates for each sample 
are similar [81,122] (See supplementary material, part 2), and therefore 
only the back of the Flight and Spare model replicates were analyzed 
with this technique. The composition of each target is given by aver-
aging the eight different measurements made on each sample. The 
Relative Standard Deviation is calculated from the mean composition 
and the standard deviation of the sample, as done with the EMPA 
technique. 

All the flight targets (except one, see below) were analyzed both with 
the EMPA and the LA-ICP-MS techniques. Fig. 7a shows the major 
element compositions obtained for the flight targets from both tech-
niques. Most of the points plot on the 1:1 line (in red), showing the very 
good agreement between the two techniques. Some analyses are farther 
away from the 1:1 line and correspond mainly to the standard targets 
(triangles) and natural targets (diamonds). However, when looking at 
the RSDs obtained from each quantitative technique (Fig. 7b), these 
targets have much higher RSDs from the microprobe technique 
compared to those from the LA-ICP-MS/MS. We will conclude that this 
result is mainly due to the difference of the fields of view (2 μm 
compared to 200 μm) relative to the size of the grains/minerals consti-
tuting the sample, and not to a possible chemical heterogeneity. 

This section will describe the differences observed between the two 
quantitative analyses, followed by the final compositions of the Flight 
Model calibration targets. 

6.1. Standard targets 

Among the 23 SCCTs, three of them correspond to standards: BHVO- 
2 (basalt - [65]), JMn-1 (Mn nodule - [67]) and JSC-1 (Mars soil 
analogue - [66]) samples. 

We observed some discrepancy for these targets between the EMPA 
and LA-ICP-MS analyses, as seen in Fig. 7a. Moreover, from the EMPA 
technique, RSDs from the accepted values can be as high as 60% whereas 
with LA-ICP-MS the RSDs are much lower, less than 10%. The reason is 

explained below, for each of the standard target. 
Concerning the BHVO-2 target (green triangles in Fig. 7), RSDs from 

the EMPA results go up to 50% for most of the major elements. Indeed, 
Fig. 8a shows a Back-Scatter Electron detector (BSE) image of this target 
(on the left), where at least 3 different phases can be easily detected: 
plagioclase (darker grains), pyroxene and olivine (brighter grains). The 
orange cross represents the EMPA spot size, which is clearly smaller than 
these three different mineral types, therefore explaining this high het-
erogeneity and the deviation to the composition deduced from EMPA 
compared to LA-ICP-MS/MS. Moreover, black areas between the grains 
represent voids, signifying that the surface state was not perfect. This is 
probably due to the presence of multiple phases in that sample; the 
polishing of the surface was difficult as many grains were being exca-
vated during this process. The presence of these voids can affect the 
quality of the quantification, as they return a biased composition. The 
composition obtained from LA-ICP-MS is however in very good agree-
ment with the known reference composition (Fig. 9b and Supplementary 
Material part 5). 

Concerning the JMn-1 standard (blue triangles in Fig. 7), a BSE 
image is shown in Fig. 8b. Dark areas of more than 30 μm wide are 
observed and correspond to quartz and feldspars. Even though the sili-
cate phases are the most present, lots of very small bright grains are 
observed, which correspond to Fe or Mn oxides (this sample being 
chosen for these Mn oxides). When considering all the data points from 
the EMPA’s predictions (Fig. 10), we can observe a good agreement with 
the BSE image. Mn oxides are widespread, along with some Fe oxides, 
and these Mn oxides are enriched in Cu and Ni. Some feldspars can be 
detected as the SiO2 is mainly correlated with Al2O3 and alkalis, even 
though some pure quartz has been sampled (but still quite rare). This 
reveals at least four different phases in this sample, most of them giving 
a sum of oxides far from 100 wt%. These observations can explain the 
higher Si content (25 wt%) obtained from the EMPA technique 
compared to the result from the LA-ICP-MS (15 wt% SiO2), that is more 
representative of the bulk. The EMPA technique, even though performed 
with 40 to 50 points on this specific target emphasizes this heterogeneity 
that is clearly linked to the poly-crystallinity of that sample, with a high 
abundance of Mn oxides. 

Due to its larger spot analysis, the LA-ICP-MS results are more 
consistent with the bulk composition. Fig. 9c (and Supplementary Ma-
terial, part 5) shows the comparison with its reference composition [67]. 
Most elements are on the 1:1 line, even though a few small differences 
can be observed mainly for the SiO2 and MnO contents, and to less extent 
for Na2O and FeO contents. However, the reference composition is 
within the variations observed in the LA-ICP-MS measurements. 

The JSC-1 standard (red triangles in Fig. 7) differs mainly about its 
iron content that is higher from the LA-ICP-MS compared to the EMPA 

Fig. 7. Comparisons of the results obtained between microprobe and LA-ICP-MS techniques. All major elements are shown here (SiO2, TiO2, Al2O3, FeOT, MgO, 
Na2O, K2O). A/ EMPA composition versus LA-ICP-MS compositions for all of the LIBS SCCTs. B/ RSDs obtained from the EMPA analyses vs RSDs obtained from the 
LA-ICP-MS analyses, for all major elements. RSD values represent the average scatter from the average composition obtained for the three squares and the 10 to 15 
independent points; for the LA-ICP-MS results, RSD represents the variations of the average obtained from the eight scan lines. As a reminder, EMPA technique has a 
spot size of 2 μm, whereas the LA-ICP-MS has a spot size of 200 μm. 
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results (17.9 wt% for 11 wt%, resp.), but this is the target with the 
highest dispersion for all its major elements from the EMPA analyses. In 
LA-ICP-MS/MS, its RSDs are acceptable, lower than 10%. The variability 
observed in EMPA is mainly explained by the presence of Fe and Ti 
oxides in that sample, which are clearly observed on the BSE image 
(Fig. 8c, bright small grains) and the EMPA analyses. The LA-ICP-MS 
composition are more representative of its bulk, even though some 
differences are observed from the reference composition (Fig. 9a and 
Supplementary Material, part 5). The main differences concern the 
Al2O3 and FeO contents, but the variations observed in LA-ICP-MS data 
are larger than the difference between our measurement and the refer-
ence value. 

The JMn-1 target is the worst sample in terms of chemical quantifi-
cation, which was expected as this sample was chosen for its content of 
Mn oxides, whereas BHVO-2 and JSC-1 samples also show much more 
variability than expected in terms of mineral phases. That is why only 
the LA-ICP-MS values are reported in Table 3, as the scanning lines are 
more representative of the bulk chemistry for these poly-crystalline 
targets. Comparison of the LA-ICP-MS quantifications for these targets 
with their reference values (Fig. 9) reveals that they are really close to 
each other, reinforcing our choice for the LA-ICP-MS technique for these 
particular targets. The table of compositions from the literature and 
from LA-ICP-MS is shown for these three standards in the Supplementary 
Material part 5 (Table S3). 

Fig. 11 from LA-ICP-MS data shows that the major elements for these 
standard targets (represented by triangles) have a RSD < 10%, except for 
the JMn-1 with the CaO that has a RSD at 14.8%. However, with RSD 
<15%, these targets are homogeneous at the LA-ICP-MS scale. Even the 
minor elements of these targets have RSD overall <15%, except Cr that 
is up to 40%. JSC-1 has 0.1 wt% of Sr (RSD 8.8%), JMn-1 contains 0.18 
wt% of Ba (RSD 12%), 1.47% Ni (RSD 9.7%), 1.35% Cu (RSD 10.4%), 

and 0.1% Zn (RSD 11.6%). 

6.2. Natural rocks 

Among the natural targets (calcite, ankerite, siderite, serpentine and 
chert), the ankerite, siderite and chert have LA-ICP-MS results that differ 
from the microprobe ones, as can be observed on Fig. 7a (diamonds). 

The ankerite and siderite have LA-ICP-MS and EPMA results that 
differ mainly by their CaO content, which is higher in microprobe than 
in LA-ICP-MS (33 wt% vs 27.6 wt% for ankerite, 29.6 wt% vs 20 wt% for 
siderite, Table 3). In the case of siderite, the two techniques also differ by 
their FeO content, which is higher in LA-ICP-MS/MS. Their RSDs are also 
clearly higher in the EMPA analyses, even for the main element of these 
samples. These differences in composition and variability are also 
related to several phases in these samples. The siderite shows from the 
EMPA analyses (Fig. 12a) that at least three different phases have been 
sampled: Fe oxides, a silicate phase, and calcite. This can be explained 
by two factors: i) the siderite chosen is not pure, i.e. it contains some 
silicates; ii) during the flash-sintering process, the siderite mineral 
dissociated to become calcite with some Fe oxides. This phenomenon is 
explained in [10], and the consequences are also observed in the Raman 
signal for that target [81]. Concerning the Ankerite, high RSD is 
observed for SiO2 only, as observed by both techniques (even though 
lower in LA-ICP-MS/MS). EMPA data show that this target actually 
contains some quartz grains (Fig. 12b), as observed with Raman as well 
[81]. 

The chert is the only target that did not undergo a sintering process. 
Therefore some impurities and variations in composition are possible. Its 
LA-ICP-MS and EMPA data differ (Fig. 7, green diamond), especially 
regarding its iron content, which was expected as the Marble bar chert 
has a lot of jaspar bands running through it [89]. This target, almost pure 

Fig. 8. BSE images obtained on the Flight target of: A/BHVO-2; B/JMn-1; C/JSC-1. White circle represents the microprobe spot size, and red circle represents the 
LIBS spot size. (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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SiO2, contains a significant amount of FeO with an elevated RSD (31% 
from LA-ICP-MS vs 53% from EMPA - Fig. 7b). EMPA data, due to the 
very small scale analysis, revealed some points enriched in FeO, and low 
in SiO2 (Fig. 13). The FeO content is too low to come from a sampling of 
pure Fe oxides (< 30%), but is anticorrelated with all other possible 
elements (as shown with SiO2). Moreover, the BSE image shows very 
small bright spots (<1μm) that correspond to Fe oxides and that are 
scattered all over the target surface. Therefore these higher abundances 
in FeO in some points correspond to some mixtures between the chert 
and Fe oxides, too small to be sampled individually even with the EMPA 
technique. This explains the overall lower FeO content (but higher RSD) 
obtained with the EMPA technique, compared to the results from LA- 
ICP-MS/MS. The LA-ICP-MS technique, with a bigger spot size and a 
scanning line, is more representative of the bulk composition. 

Microprobe data for the calcite target show that it is almost entirely 
pure Ca carbonate, with no silicate or Fe oxides. RSDs are very low for 
the CaO (< 3%, Table 3). The CaO content is 55.4 wt%, which is stoi-
chiometrically consistent with a natural calcite. The CO2 content can 
therefore be estimated at 43.9 wt%. The CaO being the only major 
element of that target, it was used as the internal standard for the LA- 
ICP-MS data normalization, and therefore is not reported in Table 3. 

The last natural target is the serpentine. Compositions from EMPA 
and LA-ICP-MS are very close to each other (Fig. 7 and Table 3), with 
RSD values much lower from the LA-ICP-MS analyses. However, the 
main difference concerns the MgO content that is lower from the LA-ICP- 
MS compared to EMPA (44.4 wt% compared to 46 wt% respectively), 
with comparable RSDs (Table 3). This target is of great interest also for 
its H2O content. It has been measured using Thermal Gravity Analysis 
(TGA) technique at IPAG (Grenoble, France) and estimated as well using 
the ChemCam-LIBS technique, with the same methodology as the one 
developed in [97]. The water content is between 1 and 3 wt% H2O, 
which is consistent with the overall composition obtained from LA-ICP- 
MS and EMPA (the sum of oxides is at 95-98 wt% from LA-ICP-MS and 
100-102 wt% from EMPA, when taking into account the H2O content). 

6.3. Minor-element-enriched targets and shergottite 

These targets (NTE01, NTE02, NTE03, NTE04 and NTE05) show 
similar major-element results for LA-ICP-MS and microprobe analyses, 
with very low RSD for major elements (<10%, Table 3). Moreover, they 
all have a similar composition in terms of major elements, except NTE02 
that has a lower content in most of them to compensate its MnO 

Fig. 9. Comparison between compositions obtained from LA-ICP-MS on the Flight Model replicate and from their reference compositions. A. JSC-1 standard; B. 
BHVO-2 standard; C. JMn-1 standard. In the left column, all major elements are shown in the same plot and the red dashed line corresponds to the 1:1 line. In the 
right column, the blue error bars correspond to the RSDs obtained from LA-ICP-MS/MS. Reference values come from [67] for the JMn, [65] for BHVO-2, and [66] for 
JSC. Details can be found in Table S1. (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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enrichment (> 4 wt%). In Fig. 11, these targets are represented by cir-
cles. Even for their minor element concentrations, their RSDs are lower 
than 20% except for a few exceptions, such as the Cr for NTE04 (light 
blue circle). In this target, there is 0.55 wt% of Cr2O3, which is the 
highest amount of Cr in all the calibration targets. Cr is known to form 
chromites when its content is elevated [27], which can explain the 
elevated RSD at 73% for the Cr content. Chromites are indeed observed 
in the BSE image (Fig. 14), corresponding to the bright spots. Never-
theless, besides Cr, the RSDs obtained for the minor elements in these 
targets are mostly below 10 wt%, which make them very useful for the 
minor elements’ calibration. 

Minor and trace element’s quantification is given in Table 4, for these 
particular targets along with all the others. 

The shergottite target is a replicate from ChemCam Calibration tar-
gets [27]. Besides the SPS process, it has been made from the same 
methodology as the minor-doped targets, and therefore is a glassy ma-
terial, and very homogeneous. Both quantitative techniques give very 
comparable results. Observed differences are smaller than the RSDs of 
both techniques, as seen for the Si and Ca contents (1 wt% difference for 
the SiO2 content, with RSDs between 2 and 4% and 1 wt% difference in 
the CaO content with 3% RSD for both techniques. 

6.4. Primary igneous minerals 

Quantitative analyses of these targets (Andesine, Diopside, Enstatite, 
Olivine, Ferrosilite) are presented in Table 3. The LA-ICP-MS composi-
tions are similar to the EMPA results (squares in Fig. 7-1). A few dif-
ferences can still be observed, as these samples correspond to natural 
minerals and therefore a few impurities can still be present. Neverthe-
less, LA-ICP-MS measurements give generally smaller RSDs, as the 
analysis spot size is wider. 

Fig. 15 ab shows the quantitative values of these feldspars, pyroxenes 
and olivine in their respective ternary diagram, where the LA-ICP-MS 
values are represented by squares and the EMPA values by circles. It 
can be observed that the composition (obtained from both techniques) 
falls into the appropriate field for each target. Olivine is calculated to be 
a Fo64 from LA-ICP-MS and Fo65 from EMPA, which is in concordance 
with the description of this natural target. One difference can be noted 
though, concerning the andesine target: the Ca content is higher with the 
EMPA than with the LA-ICP-MS technique (8.07 wt% vs 6.24 wt%, rep). 
To a lesser extent, the EMPA results for the orthoclase target also show a 
slight enrichment in K2O compared to the LA-ICP-MS predictions (13.03 
vs 12.23 wt%, resp.). This can be observed as well in Table 3, and in 
Supplementary Material, part 6. In both cases, the EMPA technique gives 
Si and alkali contents closer to the theory. Besides the fact that both 
techniques give appropriate results with a sum of oxides around 100 wt 
%, it seems in this case that the EMPA technique gives results more 
consistent with the expected stoichiometry. However, in Fig. 15c it can 
be noted that both techniques give a similar result in the Al/Si vs (Fe +
Mg)/Si plot. One reason to include mineral targets among the SCCT was 

Fig. 10. EMPA results obtained for JMn. All the 35 points are shown, for several elements. High values of MnO and FeO are observed for low SiO2 content. These 
high Mn locations are also enriched in Ni and Cu. 

Fig. 11. RSDs obtained from the LA-ICP-MS technique depending on the 
elemental content. All quantified major and minor elements are shown (Si, Ti, 
Al, Fe, Mn, Mg, Ca, Na, K, Si, Li, Rb, Cr, Ba, Ni, Cu, Zn). Red dashed vertical 
lines correspond to 10% and 15% RSD for clarity. (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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to be able to create this type of reference plot, in order to better 
constrain our quantitative models for Martian igneous rocks. In that 
sense, both techniques give consistent compositions and can be used for 
reference. 

In Fig. 11, these mineral targets are represented by squares. It can be 
observed that the RSD values for major elements (>1 wt%) are below 
10% relative error. Concerning the minor elements, some show a high 
RSD, such as the diopside (orange square) with a RSD > 100% for the Cr, 
Ni and Cu elements (1461, 360 and 7.8 ppm, resp.), but most of the 
minor elements have a RSD below 40% for the Orthoclase (light green 
squares), with only 20% RSD for Sr, present at 2.9 ppm. Rb, which 
substitutes easily with K, is elevated (0.9 wt%) and has a low RSD 
(2.6%). Also, for minor elements are all < 25% for the Enstatite target 
(red squares). 

In summary, these results show that these minerals are overall ho-
mogeneous with very few impurities. 

6.5. Synthetic targets 

The synthetic targets (TSRICH and Apatite) were not sampled with 
the LA-ICP-MS technique. The Apatite being a phosphate, this would 
have required a different setup for the LA-ICP-MS method due to the 
important isobaric interferences on mass 31P. Moreover, as this target 
was designed stoichiometrically, its composition was checked frequently 

Fig. 12. Microprobe data obtained in the siderite (A) and in ankerite (B).  

Fig. 13. Microprobe data (FeOT vs SiO2) obtained in the chert (A) and BSE image of this target (B).  

Fig. 14. BSE image from the NTE04 flight model. Bright spots correspond to 
Cr oxides. 
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using the EMPA technique, which demonstrated the good homogeneity 
of the sample with RSDs < 12% (Tables 3, 4, and Fig. 11). Besides cal-
cium, it contains 41.65 wt% P2O5, with 2.98 wt% Cl, 1.82 wt% F, along 
with 0.016 wt% H. The apatite chosen for the flight model (called 
“TAPAG”) is represented in a ternary diagram where the apatites found 
in meteorites are overplotted [102], as well as apatites observed with 
ChemCam on MSL (blue area) [104] (Fig. 16). 

The TSRICH target was not analyzed by LA-ICP-MS either (nor with 
EPMA), due to technical issues and the lack of reference for the sulfur 
content. However, a good estimation of its composition can be made 
from the known composition of its components, which are the BHVO-2 
basalt and a commercial K sulfate. Even though this target has been 
shown to be relatively heterogeneous for most of its elements from LIBS 
and XRF analysis [81,122], K and S are overall homogeneous in this 
sample, at least at the LIBS scale (see Supplementary Material, part 2). 
Table 3 shows that it contains almost 40 wt% K2O and 32 wt% SO3 based 
on its theoretical content. Even though these contents are only theo-
retical (not measured), they are nonetheless consistent with the XRF 
observations [81]. 

6.6. Comparison between flight targets and calibration replicates 

One complete set of replicates (CR) were analyzed at Los Alamos 
National Laboratory (LANL) in New Mexico (USA) during the calibration 
campaign, using the FM BU and the EQM MU [2,3]. They were placed at 
1.56 m from the instrument (some of them were also sampled at 2.86 
and 4.25 m), under Mars atmosphere (7 Torr of CO2). The instrument 
was placed in a cold chamber, at − 15∘C. 

These replicates were only quantified using EMPA. This set of CR and 
the flight targets are homogeneous and qualitatively they present similar 
compositions ([81] and Supplementary Material, part 2). Therefore, 
flight targets can be used to validate the quantification models that are 
developed using the CR calibration targets acquired in LANL [15,16]. 

Quantitative results from EMPA for these two sets of replicates are 
presented in Fig. 17. The average content for each element is shown for 
both CR and FM replicates, along with their RSDs as error bars. The 
compositions deduced from EMPA on the CR and the FM replicates are 
in excellent agreement. A few differences are only observed for Si, Fe 
and Ca, but the RSDs always overlap between the two replicates. The 
main difference is for the SiO2 in the Chert sample, with relatively low 
RSDs that overlap only partially. However, the shift observed in SiO2 
content is lower than the RMSE observed on ChemCam (which is around 
11 wt% for this SiO2 content - [30]). Therefore, there are no differences 
in quantitative values between the two sets of replicates (LANL cali-
bration and flight) that could impact the accuracy of the modeling. 

6.7. Summary 

The distribution of the major and minor element concentrations 
(Fig. 18) covers a wide range of contents, and often larger than those 
observed on Mars with ChemCam up to sol 2500. The iron content in the 
SCCT is not as elevated as seen on Mars, but the values higher than 50 wt 
% at Gale crater correspond either to iron meteorites [63,64,129] or to 
iron oxide-rich diagenetic features [130,131]. Some gaps in the range 
can still be observed, for example the SiO2 content, with no target be-
tween 70 wt% and 95 wt%. Such high SiO2 is not uncommon in nature, 
but will be covered by the wide terrestrial database [30]. Ca, K and Mn 
each have a single high value well above the other standards, and the 
terrestrial database will fill the gaps. These calibration targets cover a 
wide range, from a mafic to felsic silicate composition, to a carbonate or 
a phosphate-type of sample. Extreme compositions such as pure Fe or 
Mn oxides will be covered by the terrestrial database, as well as phyl-
losilicates or pure sulfates samples. 

Minor and trace elements from the SCCT also show a wide range of 
distributions. Compared to the terrestrial database, Li, Rb and Cu go 
beyond its range and therefore will be of great help if uncommonly high Ta
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values are observed on Mars. Compared to ChemCam’s observations at 
Gale crater for Ba, Rb, Sr and Li, the SCCT are covering their distribution 
well. Moreover, these calibration targets are covering a sufficient range 
in terms of minor element to build calibration curves. Thanks to their 
homogeneity at LIBS scale and their well-known compositions, these 
SuperCam Calibration targets are of great use on Mars (See Supple-
mentary Material, part 7 for more details about this topic). 

7. Conclusions 

On-board the Perseverance rover, the SuperCam instrument is being 
used as a remote-sensing facility to analyze the surface at Jezero crater 
using a suite of five coaligned techniques: the LIBS technique to deter-
mine the elementary composition of the targets, Raman and VISIR 
spectroscopy for the mineralogy and structural information, a micro-
phone to give access to some physical parameters of the sampled rocks 
along with atmospheric science, and a colour remote micro imager to 
give the context of the analyses. Supercam requires constant monitoring 
of the signal acquired from each technique, and this is why a set of 36 
calibration targets have been developed. A dedicated set of 22 geological 
samples mimic the martian composition previously observed in Gale 
crater but also at Jezero from orbit. These targets were derived from 
igneous minerals, standards, natural rocks, basaltic glasses doped with 
minor elements and synthesized targets. A Titanium plate, a former 
ChemCam shergottite target and a martian meteorite thin section are 
also on-board as calibration support. Thus, all of the target compositions 
cover a wide range of major (Si, Ti, Al, Fe, Mg, Ca, Na and K) and minor 

Fig. 15. A.Ternary diagram for feldspars; B. Ternary diagram for pyroxenes and Mg number for olivines; C. Al/Si vs (Fe + Mg)/Si plot in molar ratios to show the 
reference compositions of these minerals. LA-ICP-MS values are represented by squares and EMPA values by circles. 

Fig. 16. Cl, F, H ternary diagram modified from [102]. Apatites found on the 
Moon, terrestrial basalts and Mars meteorites are shown in circles 
[123,124,125,126,127,128]. Apatites found by ChemCam at Gale crater are 
represented by the blue area [104]. The TAPAG sample, on-board the Perse-
verance rover, is represented by a pink diamond. (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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elements’ (Ba, Sr, Li, Zn, Mn, Ni, Cr, Cu, Rb) contents. These targets can 
be specifically dedicated to LIBS analysis or/and to non-destructive 
analysis for mineralogical studies. Replicates as well as the flight unit 
targets have been heavily analyzed by various analytical techniques (LA- 
ICP-MS, EMPA, XRF, LIBS, Raman, VISIR) to check their compositional 
homogeneity. These analyses demonstrate that these geological cali-
bration targets display a very homogeneous composition between the 
replicates and within each specimen, even for the trace elements. This 
allows the use of the flight unit targets for the establishment of future in 

situ calibration curves, and for validation of quantitative models. 
Considering that the thousands of analyses performed by ChemCam 
since 2012 allowed multiple discoveries and insight on Mars geological 
history, SuperCam will be able to provide essential clues about Jezero’s 
geological settings in order to better choose the samples to drill and for 
eventual return to Earth on Mars Sample Return. 

Fig. 17. Average values from EPMA technique for the FM (orange) and CR (blue) replicates of the SCCTs. Error bars represent the RSDs obtained from EMPA. The 
RMSE obtained from ChemCam LIBS quantitative model can be found in [30]. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 18. Quantitative compositional range of the SCCTs onboard Perseverance, for major and minor elements. The TSRICH target is not included here, as its 
composition is theoritical only. Dashed red line represents the range observed at Gale crater from ChemCam for the major elements (left), and the distribution of 
minor elements from SuperCam’s Earth database on the right. (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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Q.M. Lee, C. Legett, R. Leveille, E. Lewin, C. Leyrat, G. Lopez-Reyes, R. Lorenz, 
B. Lucero, J.M. Madariaga, S. Madsen, M. Madsen, N. Mangold, F. Manni, J. 
F. Mariscal, J. Martinez-Frias, K. Mathieu, R. Mathon, K.P. McCabe, 
T. McConnochie, S.M. McLennan, J. Mekki, N. Melikechi, P.Y. Meslin, 
Y. Micheau, Y. Michel, J.M. Michel, D. Mimoun, A. Misra, G. Montagnac, 
C. Montaron, F. Montmessin, J. Moros, V. Mousset, Y. Morizet, N. Murdoch, R. 
T. Newell, H. Newsom, N. Nguyen Tuong, A.M. Ollila, G. Orttner, L. Oudda, 
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D. Sumner, Chemistry of diagenetic features analyzed by ChemCam at Pahrump 
Hills, Gale crater, Mars 281 (2017) 121–136, https://doi.org/10.1016/j. 
icarus.2016.08.026. 

[96] R.E. Kronyak, L.C. Kah, N.B. Miklusicak, K.S. Edgett, V.Z. Sun, A.B. Bryk, R.M. 
E. Williams, Extensive polygonal fracture network in Siccar point group strata: 
fracture mechanisms and implications for fluid circulation in Gale crater, Mars, 
Journal of Geophysical Research (Planets) 124 (2019) 2613–2634, https://doi. 
org/10.1029/2019JE006125. 

[97] W. Rapin, P.-Y. Meslin, S. Maurice, D. Vaniman, M. Nachon, N. Mangold, 
S. Schroeder, O. Gasnault, O. Forni, R. Wiens, G. Martinez, A. Cousin, V. Sautter, 
J. Lasue, E. Rampe, D. Archer, Hydration state of calcium sulfates in gale crater, 
mars: identification of bassanite veins, Earth and Planetary Science Letters 452 
(2016) 197–205, https://doi.org/10.1016/j.epsl.2016.07.045. 

[98] E. Rampe, D. Blake, T. Bristow, D. Ming, D. Vaniman, R. Morris, C. Achilles, 
S. Chipera, S. Morrison, V. Tu, A. Yen, N. Castle, G. Downs, R. Downs, 
J. Grotzinger, R. Hazen, A. Treiman, T. Peretyazhko, D. Des Marais, R. Walroth, 
P. Craig, J. Crisp, B. Lafuente, J. Morookian, P. Sarrazin, M. Thorpe, J. Bridges, 
L. Edgar, C. Fedo, C. Freissinet, R. Gellert, P. Mahaffy, H. Newsom, J. Johnson, 
L. Kah, K. Siebach, J. Schieber, V. Sun, A. Vasavada, D. Wellington, R. Wiens, 

Mineralogy and geochemistry of sedimentary rocks and eolian sediments in gale 
crater, mars: a review after six earth years of exploration with curiosity, 
Geochemistry 80 (2020), 125605, https://doi.org/10.1016/j. 
chemer.2020.125605. 

[99] W. Rapin, B. Ehlmann, G. Dromart, J. Schieber, N. Thomas, W. Fischer, V. Fox, 
N. Stein, M. Nachon, B. Clark, L. Kah, L. Thompson, H. Meyer, T. Gabriel, 
C. Hardgrove, N. Mangold, F. Rivera-Hernandez, R. Wiens, A. Vasavada, An 
interval of high salinity in ancient gale crater lake on mars, 2019. 

[100] A.E.P. Douce, M.F. Roden, J. Chaumba, C. Fleisher, G. Yogodzinski, 
Compositional variability of terrestrial mantle apatites, thermodynamic modeling 
of apatite volatile contents, and the halogen and water budgets of planetary 
mantles, Chemical Geology 288 (2011) 14–31, https://doi.org/10.1016/j. 
chemgeo.2011.05.018. 

[101] F.M. McCubbin, A. Smirnov, H. Nekvasil, J. Wang, E. Hauri, D.H. Lindsley, 
Hydrous magmatism on mars: a source for water on the ancient martian surface 
and the current martian subsurface?, in: Lunar and Planetary Science Conference, 
Lunar and Planetary Science Conference, 2009, p. 2207. 

[102] F.M. McCubbin, S.M. Elardo, C.K. Shearer Jr., A. Smirnov, E.H. Hauri, D. 
S. Draper, A petrogenetic model for the comagmatic origin of chassignites and 
nakhlites: inferences from chlorine-rich minerals, petrology, and geochemistry, 
Meteorit. Planet. Sci. 48 (2013) 819–853, https://doi.org/10.1111/maps.12095. 

[103] J. Filiberto, A.H. Treiman, The effect of chlorine on the liquidus of basalt: first 
results and implications for basalt genesis on mars and earth, Chemical Geology 
263 (2009) 60–68, https://doi.org/10.1016/j.chemgeo.2008.08.025. 

[104] O. Forni, M. Gaft, M.J. Toplis, S.M. Clegg, S. Maurice, R.C. Wiens, N. Mangold, 
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