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ABSTRACT 

Low molecular weight carboxylates (carbonates, oxalates, formates, and acetates) 

are either known or are expected to be present on the surface of Mars. Previous work has 

suggested these phases to be present in Gale Crater materials at nearly the expected 

detection limit (LOD) for crystalline materials with the Mars Science Laboratory 

(MSL)Curiosity rover CheMin X-ray diffraction (XRD) instrument. Detection limits of 

these materials by CheMin-like XRD and reflectance spectroscopy are poorly 

constrained, thus leading to uncertainties in detectability with these types of instruments. 

I have filled this knowledge gap by making intimate mixtures of a variety of carboxylates 

with the JSC Mars-1a regolith analogue material and measured their XRD patterns with a 

CheMin-like breadboard and reflectance spectra with instruments analogous to the 

SuperCam instrument on the Mars Perseverance rover. I used simple linear regression to 

create calibration curves to estimate LODs and compared and contrasted ten different 

LOD calculations previously used for XRD. I found that the carboxylates measured have 

LODs near 1.0 wt.% by XRD. Oxalate minerals are likely undetectable by reflectance 

spectroscopy in bulk materials at expected concentrations, while acetate and formate 

minerals have relatively low LODs at near-infrared wavelengths due to their sharp and 

strong absorption bands. Carbonate minerals may show decreasing LODs with increasing 

grain size in reflectance spectra and have relatively high LODs at near-infrared 

wavelengths for fine grained powders and relatively low LODs when using the 3950 nm 

absorption band at all grain sizes. Application of these data to CheMin observations show 

that my data could accurately detect low concentrations of siderite at nearly the same 

values determined from previous CheMin data processing within error and within an 
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average of 0.5-1.0 wt.% where siderite was detected. After applying the calibration 

curves from the other carboxylates, I did not find strong evidence for their detection in 

any of the CheMin data. Some samples, primarily the Gale crater Rocknest aeolian 

material may contain some concentration of whewellite which may be consistent with the 

analysis of the Sample Analysis at Mars (SAM) data, but detection may be complicated 

by overlapping plagioclase Bragg peaks. I applied the measured reflectance spectra from 

350 to 4000 nm to some data collected by the SuperCam instrument at Jezero crater that 

were implied to contain organic compounds through analysis of Perseverance Scanning 

Habitable Environments with Raman and Luminescence for Organics and Chemicals 

(SHERLOC) data. I did not find evidence for carboxylates in the reflectance spectra 

except for Mg-rich anhydrous carbonates, and I determined the concentration to be 

between roughly 5.0 and 20.0 wt.%, which is broadly consistent with the previous 

analyses of these samples by radiative transfer modelling.
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1.0 Introduction 

1.1 Solid carbon-bearing materials on Mars 

Both endogenous and exogenous inputs of solid abiotic carbon-bearing 

compounds to the surface of Mars are known to exist (Flynn, 1996, Grady et al., 2004; 

Steele et al., 2016). Martian meteorites contain endogenous abiotic organics and 

carbonates, where numerous plausible formation scenarios have been suggested, 

including but not limited to impact synthesis, primary igneous mechanisms, and 

secondary hydrothermal alteration (Anders, 1996; Steele et al., 2016).  

The study of impact synthesis production of carbon-bearing compounds often 

acknowledges the high CO2 partial pressure of the early martian atmosphere, which 

probably led to high concentrations of dissolved inorganic carbon such as HCO3
- within 

fluids. As an example, Takeuchi et al. (2020) demonstrated the synthesis of amino acids 

by reproducing hypervelocity impacts on inorganic mixtures with dissolved HCO3- and 

CO2. Mukhin et al. (1989) showed that impact-induced gases enriched in CO and H2 

could results in the formation of polycyclic aromatic hydrocarbons (PAHs) and other 

hydrocarbons upon cooling. The distribution of PAHs in the martian meteorite ALH 

84001 was shown to possibly have been caused by Fischer-Tropsch type synthesis of 

trapped carbon oxide (CO, CO2) in impact-induced gases (Zolotov and Shock, 1999; 

Zolotov and Shock, 2000). 

Similar to impact-generation scenarios, magmatic alteration of carbon-rich gases 

would provide the necessary temperatures for synthesis of reduced solid carbon-bearing 

compounds from oxidized precursor materials. The low oxygen fugacity of the martian 
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mantle is expected to stabilize graphite at the expense of more oxidized carbon phases, 

which could reduce the ability for magmatic production of C-O-H phases (McCubbin et 

al., 2013). Steele et al. (2012) did find that that much of the PAHs found in martian 

meteorites are associated with magmatic minerals and thus could have formed during 

crystallization of the host magma. They suggested that if the martian mantle is graphite 

saturated, then partial melts could contain substantial C-O-H fluids that could have 

produced macromolecular carbon and PAHs at 1000 K. 

Martian meteorites contain small but significant concentrations of carbonates 

(Mittlefehldt, 1994; Bridges and Grady, 2000; Gooding et al., 1988; Wentworth and 

Good, 1994; Beck et al., 2006), with which macromolecular carbon and PAHs are often 

found associated (e.g., Becker et al., 1999). In their detailed analyses of several abiotic 

organic carbon-bearing martian meteorites, Steele et al. (2018) found the carbon phases 

that are not linked to carbonates and are not of igneous origin were to likely have been 

produced by the interaction of a CO2-bearing and Cl-rich brine with Fe-rich minerals 

(sulfides, spinels, titano-magnetite) via electrochemical reduction. This was noted to also 

be consistent with a number of analyses from the Sample Analysis at Mars (SAM) 

instrument on the Curiosity rover, in particular the Mojave drill sample. 

Another source of solid carbon-bearing materials exists in that the martian 

latitudinal poles exhibit seasonal CO2 ice caps (Kaufmann and Hagermann, 2017) and 

massive buried deposits of CO2 ice (Phillips et al., 2011). As described by Applin et al. 

(2016), numerous carboxylate (carbonate, oxalate, acetate, formate; Figure 1) formation 

mechanisms exist that are associated with CO2 ice, primarily various photochemical and 

radiochemical pathways (abiotic photosynthesis). Dust interactions with this ice could 
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catalyze these formation scenarios and form salts from produced acids and photochemical 

products. Resulting seasonal sublimation, dust eruptions, and other geomorphic processes 

could provide a mechanism for the introduction of CO2-ice derived carboxylates to 

become part of the global dust inventory. 

Carbonate minerals have been detected at many locations at the surface of Mars, 

including by most rovers and landers. Data from the Viking lander was used to indirectly 

suggest carbonate concentrations of <0.5 to 9.0 wt.% in the soils analyzed (Baird et al., 

1976; Hubbard 1979, Banin and Rishpon, 1979). Interpretations of data from the 

Thermal and Evolved Gas Analyzer (TEGA) and Wet Chemistry Laboratory (WCL) 

instruments carried on the Phoenix lander demonstrated calcium carbonate concentrations 

of 3-5 wt.% at the landing site (Boynton et al., 2009). Carbonate-rich outcrops were 

observed from the Mars Exploration Rover (MER), Spirit (Morris et al., 2010). The data 

showed high concentration (16-34 wt.%) of Mg-rich anhydrous carbonates that were 

associated with olivine. Further, infrared emittance spectra from the mini-TES instrument 

on board the MER rovers also supported a minor regolith component of Mg-rich 

carbonates (Christensen et al., 2004). 

Data from the SAM instrument on board the Curiosity rover has shown evidence 

for carbonate minerals at low concentrations (<0.7 wt.%) in numerous samples. The 

anhydrous Fe2+ carbonate, siderite, has been detected by the CheMin X-ray diffraction 

(XRD) instrument near the typically suggested detection limit (LOD) of 1.0 wt. %. 

Thorpe et al. (2022) detected siderite with CheMin data at concentrations from <1.0 to 

3.0 wt.% from the Kilmarie, Mary Anning, Mary Anning 3, and Groken samples, while 

ankerite was found to be present in the Mary Anning 3 and Groken samples. The SAM 
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data for these samples further supported these measurements (McAdam et al., 2022). 

Schieber et al. (2022) indicated the possibility of trace amounts of the carbonates shortite 

and pirssonite with CheMin data in the Confidence Hills and Telegraph Peak samples, 

respectively. 

Various instruments on board the Perseverance rover have detected significant 

concentrations of carbonates minerals. For example, interpretation of SuperCam data 

suggests widespread but low concentrations of carbonates in the magnesite-siderite solid 

solution series (Clave et al., 2022), and data from the Scanning Habitable Environments 

with Raman and Luminescence for Organics and Chemicals (SHERLOC) instrument 

have also indicated the presence of carbonates (Hollis et al., 2022). 

Carbonate minerals have been detected by a number of terrestrial-based, airborne 

and Mars orbiting spectrometers (Blaney and McCord, 1989, Pollack et al., 1990, 

Lellouch et al., 2000, Calvin et al., 1994, Bandfield et al., 2003; Ehlmann et al., 2008, 

Palomba et al., 2009, Brown et al., 2010; Bishop et al., 2013). Wray et al., (2016) 

provided a synthesis of detections to that time, while numerous detections have occurred 

since (e.g, Horgan et al., 2020). Clave et al. (2022) provided a list of carbonate 

detections, compositions, and concentrations from both orbital and in situ datasets of 

Mars. The list of detections is relatively extensive and include, but are not limited to, Mg-

rich carbonate detections in dust and rock units, Ca-Fe carbonate mixtures, and Mg-rich 

marginal carbonates found within Jezero crater. 
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1.2 Organic carbon on Mars 

While carbonates have been widely detected by rovers/landers, remote reflectance 

spectra, and in martian meteorites, non-carbonate abiotic carbon is not observed by 

reflectance spectra collected from ground/air-based, orbiting, or rover spectrometers (e.g., 

Singer et al., 1979; Campbell et al., 2016). Due to interplanetary dust dynamics, the 

surface of Mars contains some meteoritic component, of which a significant fraction is 

solid non-carbonate carbon phases, most of which is initially macromolecular. Flynn 

(1996) estimated a rough influx of 12x106 kg/year of interplanetary dust particles, which 

have a roughly estimated carbon content of 12 wt.% (Thomas et al., 1993). The 

accumulation of meteoritic mass to the martian regolith and soil has a wide range of 

estimates of between 1 and 20 wt. % (Flynn and McKay 1990, Morris et al., 2000; Yen 

et al., 2006). Accumulated meteoritic carbon therefore also has been estimated with a 

wide range of between 1 and 500 ppm (Benner et al., 2000; Fries et al., 2017, Carillo-

Sanchez et al., 2020, Fries et al., 2021a, Fries et al., 2021b).  

Ambiguous data from the instruments on the Viking and Phoenix landers led to 

uncertainties in the non-carbonate carbon concentration of the measured soils (Biemann 

and Lavoie 1979, Biemann 2007; Boynton et al., 2009). The lack of detection of 

organic carbon compounds had been ascribed to the generally harsh environment of the 

surface of Mars, where a number of mechanisms could result in complex chemistry of 

soil carbon, including photochemistry, radiation chemistry, and the resulting complex 

reduction/oxidation chemistry (Biemann and Lavoie 1979, Chun et al., 1978, Oro and 

Holzer 1979, Pavlov et al., 2012, Ten Kate et al., 2010, Pavlov 2002; Poch et al., 2014, 

Applin et al., 2016; Steele et al., 2018). Benner et al. (2000) suggested that the bulk 
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remnants of the carbon delivered to surface materials would be bound in simple 

carboxylic acids such as benzenecarboxylic (mellitic), acetic, and oxalic acids, due to the 

typical oxidation reaction mechanisms that are expected to occur in the soils on Mars.  

Subsequent data from MSL has indicated the presence of organic compounds and 

relatively high concentrations of carboxylates at many of the studied sites (Friessenet et 

al., 2015, Eigenbrode et al., 2018, Sutter et al., 2017), including a number detections of 

organic compounds that are variably associated with sulphur-bearing phases, which is 

similar to martian meteorites discussed by Steele et al. (2020).  The bulk of the carbon 

detected by SAM has not been associated with these potentially electrochemically-

reduced phases, but with the ambiguously identified oxidized-carbon phases that provide 

mid-temperature CO2 released in the SAM data, which has been suggested to be possibly 

attributed to oxalates and acetates (Sutter et al., 2017, Lewis et al., 2021). 

1.3 The search for non-carbonate carboxylates on Mars 

 Applin et al. (2015) indicated that the carboxylic acids suggested to have formed 

from meteoritic input by Benner et al. (2000) could be present as their Ca-Fe-Mg salts, 

and suggested that oxalates and carbonates would be the primary metastable and stable 

end products of the oxidation reaction mechanisms. They re-interpreted the pGCMS and 

calorimetry data from the Phoenix and Viking missions, and used early MSL SAM data 

to show that all were consistent with the concentration of roughly 0.1 to 1.0 wt.% oxalate 

minerals, which was qualitatively consistent with the expected accumulated carbon 

concentration in martian soils. Franz et al. (2020) showed that the evolved CO2 in SAM 

measurements could be due to a mixture of exogenous input from meteorites and IDPs, 

with carbon formed from abiotic photosynthesis and electrochemical reduction. They also 
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suggested the accumulation of oxalates and acetates in the surface materials at 

concentrations in excess of exogenous input, which implies endogenous formation 

mechanisms. They indicated the inferred carbonate concentrations could reflect a CO2 

sink of 425-640 millibar of atmospheric CO2, while an additional 100-170 millibar could 

be stored in oxalates, formed primarily through abiotic photosynthesis. 

 Lewis et al. (2021) performed extensive experiments with a SAM breadboard 

instrument and carboxylate-perchlorate mixtures, with the aim of constraining these 

oxidized-carbon phases and determining concentrations of carboxylates in the materials 

measured by the SAM pGCMS. They synthesized their results with the SAM data 

collected by that time and found that martian aeolian materials could have an average 

concentration of 0.93 and 1.18 wt.% oxalates and acetates, respectively; while the 

materials drilled from the lithified sediments could have average concentrations of 0.50 

and 0.68 wt. % oxalates and acetates, respectively. With this in context, they stated: “...if 

a crystalline oxalate or acetate was the dominant contributor to CO2 [in the pGCMS], its 

abundances would be near or above the CheMin [XRD] detection limit”. The LODs of 

carboxylates with CheMin XRD methods have not been readily established, and some 

level of empirical experimentation is needed in order to determine if the CheMin 

instrument could be used to support these ambiguous detections of carboxylate phases on 

Mars.  

Using the data collected by the SHERLOC instrument on Perseverance, Scheller et al. 

(2022) showed that a 340 nm fluorescence feature spatially correlates with a carbonate-

phosphate-amorphous silicate alteration zone in Garde, but found no association in 

Gullaumes and Bellegarde and tentatively assigned this feature to 2-ring aromatic 
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compounds such as naphthalene, and/or potentially Ce-bearing phosphates. Applin et al. 

(2016) found that some carboxylates exhibit relatively strong fluorescence peaks centered 

near 340 nm, specifically whewellite and its acid. As indicated, these are compounds that 

are either predicted to be metastable end products of organics on the surface of Mars 

(Benner et al., 2000; Applin et al., 2015), or have been widely suggested to be present 

throughout Gale Crater based on SAM data interpretations (Franz et al., 2020, Lewis et 

al., 2021). Like naphthalene, broad fluorescence features in oxalates are likely much 

stronger than Raman scattering, which would explain a non-detection from the Raman 

data if they were to be the carrier of the 340 nm fluorescence feature.  

Aaron et al. (2019) looked at Compact Reconnaissance Imaging Spectrometer for 

Mars (CRISM) regions of interest for possible spectral signatures of magnesium oxalates 

and found a ∼61 km crater located at 37.07°S, 178.23°W that could potentially exhibit 

oxalate spectral signatures, but the data were ambiguous. As with the CheMin XRD, 

LODs of carboxylates with reflectance spectroscopy have not been determined 

experimentally; this is required to constrain the capability of detecting and characterizing 

these materials with orbiting spectrometers. 

Here, I fill this knowledge gap of unknown detectability by making intimate mixtures 

of carbonates, oxalates, acetates, and formates with a Mars regolith analogue material, 

and measure XRD patterns and reflectance spectra on these samples. I calculate LODs 

and use this data to look for these carboxylates in CheMin and SuperCam data, as well as 

provide a synopsis of their detectability with similar rover and orbital instruments. 
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2.0 Materials, methods, and methodologies 

2.1 Materials and mixtures 

An aliquot of JSC Mars-1a palagonitic soil (Allen et al., 1999) was dry-sieved to 

achieve a <45 µm fraction powder. This powder was heated to 130°C for 24 hours, twice, 

which resulted in mass loss of 11.04 wt.%. This step was performed to remove some 

adsorbed water, which can complicate LOD studies at wavelengths near 2000 and 3000 

nm, where water strongly absorbs (e.g., Hale and Querry, 1973). Allen et al. (1999) 

showed the JSC Mars-1 material to be highly hygroscopic, containing up to 20 wt.% H2O 

at ambient conditions. Although much wetter, JSC Mars-1a closely resembles the 

reflectance spectra from the bright surfaces of Mars and, in general, represents a 

reasonable analogue for the physical and chemical properties of the martian dust (Evans 

and Adams, 1979, Bell et al., 1993; Morris et al., 1993, Morris et al., 2001, Allen et 

al., 1999). The soil is harvested from a tephra at the Pu’u Nene cinder cone near Mauna 

Kea, Hawaii, and is dominated by meteorically-altered hydrated and amorphous volcanic 

ash, and is termed palagonite or palaogonitic soil. Within the palagonitic matrix are 

crystallites of plagioclase and magnetite (Stroncik and Schmincke, 2002). Quantitative 

XRD analyses of JSC Mars-1a have shown it to be comprised of 82.4 wt.% X-ray 

amorphous phases, 11.7 wt. % andesine, 3.1 wt.% augite, and 2.8 wt. % olivine (Moroz 

et al., 2009), whereas CheMin results at Gale Crater have repeatedly suggested many of 

the martian samples are composed of ~40 wt.% amorphous volcanic and phyllosilicate 

material (e.g., Bish et al., 2013; Rampe et al., 2020), the bulk chemistry of JSC Mars-1a 

is generally similar to other analogue materials and soils of Mars, but is relatively 

enriched in Al2O3 and depleted in MgO (Carpenter et al., 2003). 



10 
 

The carboxylates I have focused on for this study have the shortest carbon chains 

and lowest molecular weights and are most likely to form through various processes on 

the surface of Mars, as discussed by Applin et al. (2015), Sutter et al. (2017), and Lewis 

et al. (2021). Figure 1 demonstrates the similarities and differences between the 

carboxylate conjugate bases; the two simplest (lowest molecular weight) monocarboxylic 

acids are formic and acetic, where acetic contains one carbon-carbon bond, whereas 

formic does not contain carbon bonding. Similarly, the simplest dicarboxylic acids are 

carbonic and oxalic, where oxalic contains the carbon-carbon bond and carbonate does 

not. The dicarboxylates contain two carboxyl groups and no hydrogen bonding to their 

carbons. Geochemically, this is the reason for the argued metastability and stability of 

carbonates and oxalates compared to acetates and formates on the surface of Mars. 

Synthetic formates, acetates, oxalates, and natural carbonates were ground with an 

alumina mortar and pestle and passed through a <45 µm stainless steel mesh sieve. These 

carboxylates were weighed, along with sub-aliquots of the dehydrated JSC Mars-1a 

palagonite and mixed together to produce the mixtures shown in Table 1. The acetates, 

formates, and oxalates were purchased from Alfa Aesar, Amresco, and Sigma Aldrich, 

and were all described to be at least 98.5% pure on a chemical basis. The natural siderite 

powder used here (CRB145) was a single crystal sourced from Governador Valadares, 

Minas Gerais, Brazil. The natural magnesite powder (CRB106) was a granular chunk 

from Snarum, Norway. The natural calcite powder (CRB131) was precipitated from a 

spring on Axel Heiberg Island, Nunavut, Canada. The focus was on Ca-, Mg-, and Fe-

bearing salts, since these are probably the most geochemically plausible carboxylate salts 

for martian surface materials, given the elemental composition of basalt (e.g, Eggleton et 
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al., 1987), and that these are the closest matching salts interpreted by Lewis et al. (2021). 

Further, all of the acetates used for this study appear to be quite volatile, as they smell of 

vinegar at room temperature. Natural acetate and formate minerals do exist, e.g., hoganite 

and paceite (Hibbs et al., 2002), calclacite (Van Tassel 1958), formicaite (Chukanov et 

al., 1999), and dashkovaite (Chukanov et al., 2000), which should be studied with 

follow-on work. Each mixture was thoroughly mixed in a borosilicate vial with a glass 

stir rod for one minute, then ground with an alumina mortar and pestle for 5 minutes to 

ensure homogenization.  Homogenization of the powders can be important for studying 

LODs, as different mixing scenarios can produce strongly different values of reflectance 

spectra in mixtures, particularly when there is a significant difference in grain size and 

refractive indices. Figure 2a demonstrates this large contrast in reflectance spectra 

between mixing methods on the same sample. Aggregates of heterogeneous grains may 

also result in preferred orientation and/or Laue spotting despite the piezo vibration 

performed with the transmission XRD described below. Although solvents are sometimes 

used for sample homogenization, they were not used for the homogenization, as they can 

contribute to the spectral properties of the materials even after evaporating.  

Data from Tarnas et al. (2021) were used to further investigate LODs of calcite, in 

order to supplement the data collected here. In those experiments, the host material was a 

different analogue powder, with complementary spectral properties; MGS-1, shown in 

Figure 2b (Cannon et al., 2019). These mixtures had calcite concentrations of 0, 1, 2.5, 

5, 10, 20, 50, and 100 wt.% with grain sizes of 45-75 and 125-250 µm, for the respective 

two mixture sets. The specific mixings methods for these samples is unknown. 
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2.2 Data collection methods  

2.2.1 X-ray diffraction 

X-ray diffraction patterns were acquired using a Terra portable instrument that 

collects XRD data from 5 to 55° 2θ with a 0.25° FWHM angular resolution and 0.05° 

angular sampling interval. The instrument also simultaneously collects X-ray 

fluorescence (XRF) spectra covering 2.5 to 25 keV, which are not used in this study. X-

rays are produced with a sealed Co micro-focus tube (Co Kα1,2 radiation, λ=1.79026 Å) 

operating at 30 kV and 350 uA. I used a cobalt anode due to the strong interference of Fe 

fluorescence caused by the more commonly used Cu anode; the same reason CheMin on 

Mars also uses Co.  The produced X-ray beam is passed through a collimating pinhole 

(~70 μm diameter) before interacting with the sample. About 10 mg of sample is used for 

the measurements, which is sandwiched between two thin kapton windows that are 

separated with a ~175 μm spacer. During analysis, the powder is constantly moving like a 

fluid due to vibration from a piezoelectric actuator attached to a tuning fork that holds the 

sample, which reduces or eliminates preferred orientation and Laue spotting of the grains 

as the X-rays transmit through the sample. This also decreases the need for very fine 

powders (e.g, <20 μm), and is why CheMin can analyze powders passed through a 150 

μm sieve. A fraction of a two-dimensional Debye ring is imaged by a 1024×256 pixel (26 

μm pitch) Peltier-cooled (-45°C) X-ray sensitive CCD detector placed at a ~30° tilt from 

the X-ray beam. This angle allows the sensor to be placed at a distance of ~31 mm from 

the sample. Because the read-out from the CCD is rapid, the pixel charge can be 

considered to be induced from single photon detection; therefore, photon energy can be 

measured at a resolution of roughly 230 eV and sampled at 130 eV. For this reason, Co-
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Kβ signal can be electronically filtered and removed from the Kα diffraction data. The 

CCD pixel counts on the two-dimensional image are summed circumferentially at the 

0.05º two-theta sampling interval to produce the diffraction pattern of Kα radiation. In 

my experiments, each exposure consisted of a 10 second integration time, and a total of 

500 exposures were collected and averaged to increase signal-to-noise ratio (S/N). 

Manual inspection of the Debye ring images indicated no significant Laue spots in any of 

the datasets produced by the samples, an example of which is shown in Figure 2c. In 

most instances, the XRD data were normalized by total Kα counts to better account for 

X-ray transmittance variability, integration time differences, and other instrument effects 

such as the difference in source flux, which allows for more accurate comparisons with 

CheMin data, which are collected with different operational parameters, primarily 

differences in flux and integration time 

The Terra XRD used in this study is a commercial spin-off of the CheMin 

instrument on the MSL Curiosity rover, which collects diffraction patterns of similar 

range, resolution, and sampling interval, with similar sensitivity. The powders are moved 

with the same mechanical method, while the sample holders are similar in configuration. 

The two instruments are fundamentally similar in design and operation, whereas CheMin 

patterns are collected at a slightly lower angular resolution (0.35 vs. 0.25 °2-theta Co-Kα) 

but are sampled with the same interval (0.05 °2-theta Co-Kα). Blake et al. (2009) stated: 

“During its refinement prior to flight, a prototype portable CheMin instrument called 

“Terra” was developed. Terra shares its diffraction geometry with CheMin, but in many 

ways exceeds CheMin’s performance. Terra delivers more X-ray flux to the sample, 

yielding much improved diffraction intensity as well as slightly improved 2θ resolution”. 
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I did not strip the Co-Kα2 contribution prior to analyses for either the laboratory patterns 

nor the CheMin patterns; therefore, each pattern is presented as °2-theta Co-Kα. Ten 

measurements of the JSC Mars-1a material were collected as a blank, and each mixture 

and endmember sample was measured one time, with the exception of the 2.53% siderite 

mixture, which was measured eight times to evaluate LOD statistics. 

2.2.2 Visible and Near Infrared Reflectance Spectroscopy 

A Malvern-Panalytical Analytical Spectral Devices (ASD) LabSpec 4 Hi-Res 

reflectance spectrometer was used to collect the reflectance spectra. 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 is 

fed to an optical scrambler that ensured light from each fiber was combined and equally 

fed to all three optical paths to 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. Reflectance offsets at the wavelength boundaries of the three 

detectors, if existing, 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 current signals were subtracted from all spectra 

during correction to reflectance. These spectra were corrected for the absorption 
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properties of the Fluorilon reflectance standard but were not corrected for the non-

Lambertian behavior of Fluorilon. An in-house light source was used for illumination that 

consists of a quartz-tungsten-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.  

These measurements are highly applicable to interpreting SuperCam data, which 

carries a NIR reflectance spectrometer (Fouchet et al., 2022). The infrared spectrometer 

measures over a range of 1300-2600 nm at a spectral resolution increasing from 5 to 20 

nm (32 cm-1 resolution). Between 2000 and 2500 nm, the resolution decreases from ~12 

to 20 nm, whereas the spectrometer used in this work has a spectral resolution of ~6 nm 

at these wavelengths. 

Ten measurements of the JSC Mars-1a material were collected as a blank, and 

each mixture and endmember sample was measured one time. In contrast, I used three 

measurements from RELAB of the MGS-1 material from Tarnas et al. (2021) for the 

same LOD computations. 

2.2.3 Mid-infrared Reflectance Spectroscopy 

Mid-infrared (MIR) reflectance spectra were collected with a Bruker (Billerica, 

MA) Vertex 70 Fourier Transform Infrared (FTIR) spectrometer equipped with an 

infrared Globar light source, a liquid nitrogen-cooled InSb detector and KBr broadband 

beamsplitter over the wavelength range of 1.0–5.0 µm, which I define here as MIR. 

Reflectance spectra were acquired relative to a Labsphere Infragold® 100% reflectance 

standard measured at i=30° and e=0° using a SpecAc Monolayer grazing angle specular 
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reflectance accessory. A total of 1500 spectra, collected at a scanner velocity of 40 kHz, 

were averaged to improve SNR. All measurements were made using an identical viewing 

geometry, integration time, and number of averaged spectra. For both NIR and MIR 

reflectance experiments, the samples were packed using the method described by 

Mustard and Hays (1997), which is to gently pour the powder into sample cup and tap it 

~5 times. The sample cup was scraped across with a glass slide held at 45° away from the 

sample to minimize pressing/packing of the powder and to produce a flat matte surface. 

The samples cups used here were made of 6061 aluminum alloy, with a 13 mm diameter 

beveled hole, 5 mm deep, and painted black. These methods ensure high quality data by 

remove ambiguities associated with porosity variation and sample depth from 

preparation. All MIR data were scaled multiplicatively to the VNIR data at 2000 nm due 

to the spectral differences between Fluorilon and Infragold. 

2.3 Data processing methodologies 

2.3.1 Quantitative X-ray diffraction and detection limit calculations 

Several methods exist for quantifying mineral concentrations in mixed materials 

by XRD (Cullity 1956; Pecharskey and Zavalij, 2003). The most labour-intensive 

require pure standards and/or doping of samples, such as the internal (Popovich et al., 

1983) and external (Leroux et al., 1953), and reference intensity ratioing (RIR) (Chung 

et al., 1975) standard methods. A number of other methods have been increasingly 

developed and adopted, such as full pattern summation (Chipera and Bish, 2002) and 

Rietveld refinement (Rietveld 1967). 
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The internal standard method involves the construction of a calibration curve after 

making several mixtures and measurements. It follows Equation 1: 

𝑰𝒂

𝑰𝒃
= 𝒌

𝑿𝒂

𝒀𝒃
,        (1), 

where (Ia) and (Ib) are the intensities of the (usually) strongest Bragg peaks for phase a 

(unknown amount) and phase b (known amount/standard), (Xa) is the unknown amount 

of phase a, (Yb) is the amount of the standard, and K is the slope of the plot. The 

unknown concentration of phase a can be found by using the constructed calibration 

curve when applied to successive measurements doped with the standard. 

The RIR method is an instrument-dependent analysis derived from the internal 

standard method where a known weight of a standard material is homogenously mixed 

with a sample of unknown composition, typically of equal proportions, and typically 

using corundum. The intensity of the major diffraction line component under study is 

divided by that for the standard material, which results in an equation that is linear in 

weight with the phase under study and can be used to create a calibration curve and 

determine mineral concentrations. For quantification of amorphous component, this 

method will derive the concentration of the crystalline component relative to the bulk 

weight of the sample, and the amorphous component can be found by the difference. 

Rietveld refinement employs a nonlinear least squares optimization routine to fit a 

modelled diffraction pattern to that of the sample under investigation. The model includes 

inputs from theoretical diffraction patterns calculated from the indexed crystal structures 

of the minerals, and the physical experimental parameters to deal with instrument effects.  
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Full pattern fitting (FULLPAT) is a method that uses the summation of the 

mixture component diffraction values in a model to reproduce the observed pattern. The 

analysis varies the proportion of the components using least-squares minimization, 

producing a best fit to the observations. An internal standard, typically corundum, is 

added to reference materials in a library and to the samples under investigation. This 

allows normalization of the patterns relative to corundum concentration, which removes 

instrument, absorption, and matrix effects. The quantitative determination of the minerals 

in the mixtures can be found by calculating the amount that the library standards need to 

be scaled to match the corundum diffraction intensity in the samples under investigation. 

One benefit of full pattern fitting is the use of multiple Bragg peaks instead of a single 

reflection, thus increasing the accuracy. For example, Xiao et al. (2023) found full pattern 

fitting Rietveld refinement to be more accurate than the RIR method; however, Hillier et 

al. (2000) did find Rietveld and RIR methods to be equivalent. 

For interpreting my data, I chose not to perform full pattern fitting, as I do not 

currently have a mineral library constructed of relevant minerals with internal standards 

and collected with the Terra instrument. Similarly, I chose not to perform Rietveld 

refinement on CheMin data, as the prime objective of my study is to estimate the LODs 

of carboxylates by a method that I can quickly use to qualitatively look for carboxylates 

in CheMin data and determine their detectability. I used a method that involves doping an 

analogue material (JSC Mars-1a) with known weights of a carboxylate as a doping agent. 

I am not concerned with determining the concentration of the crystalline components in 

the JSC Mars-1a analogue or using a peak other than those from the doping agent. Thus, 

due to the high similarity between the Terra instrument and CheMin, and similar 
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chemical composition of JSC Mars-1a to many martian materials, I created calibration by 

removing the unknown fraction of Xa from Equation 1, assuming it is absent, while 

minimizing but not eliminating instrument and matrix effects. Because my samples are 

doped with known concentrations of crystalline materials, future processing by other 

methods can be facilitated. 

The laboratory diffraction patterns were first processed by dividing the patterns 

by the total counts, which minimizes some instrument effects (such as flux difference and 

CCD efficiency) and facilities comparison between samples and with CheMin data. Peak 

amplitudes were then calculated by removing a straight-line continuum across the 

diffraction peak, then isolating that peak by dividing the pattern by the continuum 

(Figure 3a, Equation 2): 

𝑷𝒂 = (
𝑫𝒃

𝑫𝒄
)                                   (2), 

where (Pa) is the peak amplitude, (Db) is the maximum normalized count value of the 

diffraction peak, and (Dc) is the normalized count value of the continuum at the same °2-

theta Co-Kα as the (Db). 

The International Union of Pure and Applied Chemistry (IUPAC) defines the 

LOD to be expressed as a concentration or amount derived from the smallest measure 

that can be detected with reasonable certainty for a given analytical procedure (IUPAC 

1978; Long and Winedorfer, 1983). The definition of reasonable certainty is highly 

variable, and there have been a number of methods used to determine that in XRD 

measurements, which is often dependent on the data processing methods and number of 

measurements available for both the sample and background. Long and Winedorfer 
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(1983) demonstrated that a signal value of three times the measured uncertainty, 

typically the standard deviation of a finite number of blank measurements with normally 

distributed values, would satisfy the requirement of a reasonably certain signal in the 

IUPAC model at a confidence of 99.86%. They showed that more accurate 

determinations of the uncertainty involve the propagation of errors in the slope and 

intercept, and result in a more liberal determination of the LOD – an order of magnitude 

lower in their test case. However, the majority of work determining LODs by XRD (and 

other analytical methods) employ some method of determining the standard deviation of 

background measurements without propagation of errors in the slope and intercept when 

constructing calibration curves and commonly adopt a LOD defined as around three 

times that signal. 

 

The LOD by XRD defined by Davis (1987) is the concentration that will produce 

a signal equivalent to some defined number of standard deviations of the background. 

The work by Hillier et al. (1999), at two standard deviations of the background signal 

(95% probability of detection) gave: 

 

𝟐 𝛔𝐛

𝑰𝒋/𝑾𝒋  
       (3), 

 

where (𝛔𝐛) is the standard deviation of background signal (N) where there is one 

measurement, and is given as the (√N), (𝑰𝒋) is the measured analyte j signal, and (𝑾𝒋) is 

the mass fraction of the analyte j. They further indicated that analyte signal and 
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background signal are required to evaluate (𝑰𝒑), thus further defined a LOD that retains a 

95% probability of detection to approximate six standard deviations above background: 

 

𝟒√𝟐𝛔𝐛

𝑰𝒋/𝑾𝒋
       (4). 

 

Ali et al., (2022) defined the LOD by XRD to be a concentration of analyte that 

produces a measurable signal from the analyte (𝑰𝒋) larger than 3 standard deviations (𝛔𝐛) 

above background signal (N), where (𝛔𝐛) is defined as (√N), and 𝑾𝒋 is the mass fraction 

of the analyte j. Following Equation 3, this can be expressed as: 

 

𝑰𝒋/𝑾𝒋 > 𝟑𝛔𝐛      (5). 

 

Hanchar et al. (2000) followed the relation outlined by Lyman et al. (1990) for 

LODs from Electron Dispersive Spectroscopy experiments and defined the XRD LOD 

as a measured signal equivalent to: 

 

𝟑𝛔𝐛

(𝑰𝒋−𝑰𝒃)/𝑾𝒋
      (6), 

 

where (𝛔𝐛) is the standard deviation of background signal (N) where there is one 

measurement, and is given as the (√N), 𝑰𝒋 is the measured signal of the analyte, 𝑰𝒃 is the 

measured background signal, and 𝑾𝒋 is the mass fraction of the analyte j.  
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Vyverberg et al. (2018) defined the LOD as the smallest analyte concentration in 

an unknown sample that can be reliably distinguished from zero with chosen 

significance (false negative). They outlined several methods for determining LODs with 

XRD measurements, including using prediction bands from linear regression and as the 

abscissa of the intersection of the parallel line to the x-axis of a calibration curve passing 

through the decision limit with the lower one-sided band of the prediction function. 

They also showed that it can be determined by: 

 

𝟑𝐒𝐲𝐱

𝒎
       (7), 

 

where 𝐒𝐲𝐱 is the sum of the variance of the samples around the calibration curve, and 𝒎 

is the slope of the regression. 

Döbelin (2020) defined the LOD by XRD as: 

 

𝑰𝒃 +  𝟑𝛔𝐫      (8), 

 

where 𝑰𝒃 is the signal of the blank measurement and 𝛔𝐫 is the standard deviation of the 

determined concentration on 10 analyses of the sample. 

Kim et al. (2012), following Corley (2003), used the root mean square error 

method to determine LODs by XRD: 

 

𝟑
𝑹𝒎𝒔𝒆

𝒎
       (10), 
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where 𝑹𝒎𝒔𝒆 is the root mean square error which describes the difference between 

predicted values and measured ones based on the linear calibration curve, and 𝒎 is the 

slope of the regression. 

Kontoyannis and Vagenas (2000) used a version of the Student’s t-test method to 

determined LODs by XRD: 

 

𝒕𝛔𝒃 √
𝑵+𝟏

𝑵
      (11), 

 

where 𝒕 is the Student’s 𝒕-value they defined as: 

 

(𝒙−µ)

𝛔𝐬
       (12), 

 

where 𝛔𝐬 is the standard deviation of the measurements and (𝒙 − µ) represents the 

absolute deviation from the mean value; 𝛔𝒃 is the standard deviation of the blank 

measurements, and 𝑵 is the number of blank measurements. 

 The U.S. EPA defined a method LOD (MDL) as “the minimum concentration that 

can be measured and reported with 99% confidence that the analyte concentration is 

greater than zero” (EPA, 1984). Su (1998) iterated that this is not the quantitative limit, 

which can be found by multiplying the 𝛔𝐬 of seven replicated measurements of a 

concentration at or within a factor of 5 of the MDL by ten, or by multiplying the MDL 

of 7 replicates by 3.18. Zhang (2007) indicated that the MDL can be determined by 

using the Student’s t-distribution value (𝐭𝐭) corresponding to a 99% confidence by: 
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𝛔𝐬 𝐭𝐭       (13), 

 

which, in contrast to Equation 11 does not take into account the blank signal, and the 

chosen confidence to determine (𝐭𝐭) can be found with: 

 

(𝟏 − 𝜶)𝟏𝟎𝟎      (14), 

 

for a two-tailed test where is (𝜶) the chosen significance level and: 

 

(𝟏 − 𝜶/𝟐)𝟏𝟎𝟎     (15)., 

 

for a one-tailed test. 

For this study, I have multiple measurements of my background sample and 

single measurements of my mixtures; thus, I use: 

 

𝟑𝛔𝒃

𝒎
       (16). 

 

where (𝛔𝒃) is the standard deviation of the background signal, and (𝒎) is the slope 

derived from constructed calibration curves. Because I constructed calibration curves, 

(𝒎) replaces  (𝑰𝒋/𝑾𝒋 ) from Equations 3-6, and I have chosen to use three standard 

deviations of the background as a liberal estimation of the LOD, which is evaluated in 

section 3.5. 
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Derived peak amplitude values (Equation 2) were compared to the known 

concentrations of the analytes in the mixtures in order to perform regression analyses. 

Simple linear regression was used for each series of mixtures, in order to determine the 

Y-intercept and the regression slopes, to be used to estimate the LODs with Equation 16.  

2.3.2 Quantitative reflectance spectroscopy and detection limit calculations 

Reflectance spectroscopy is arguably the most widely used analytical technique 

for studying the composition of planetary surfaces (e.g., Pieters and Englert, 1993; 

Bishop et al., 2019). Methods exist for extracting qualitative to quantitative 

compositional information from reflectance spectra of some mineral mixtures where they 

are generally transparent to semi-transparent (e.g., Clark and Roush 1984, Cloutis et 

al., 1986; Gaffey et al., 1993), such as comparisons with empirically calibrated band-

area-ratios, band depth analysis, and radiative transfer modelling. In general, materials 

that have a high imaginary component of the refractive index (k) will spectrally mix with 

abundance near-linearly; an observation that has been demonstrated with some mixtures 

at ultraviolet and infrared wavelengths where strong light absorbing mechanisms are 

active (Lyon 1964; Ramsey and Christensen, 1998; Applin et al., 2018). In this 

scenario, reflectance spectra can often be modelled simply by the areal abundance of 

minerals because the interacting light is absorbed and exhibits limited scattering within 

the medium. In contrast, materials that exhibit widely different optical properties and/or 

are relatively transparent will not spectrally mix linearly with abundance due to high 

multiple scattering within an intimately mixed medium (Hapke 2012). This can be 

observed at VNIR wavelengths where many remote observations are made. Here, it is 

also often the case that physically impossible work effort is required to produce 
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adequately calibrated parameters for extracting mixture compositions. It is in this 

scenario where the use of radiative transfer equations have been advocated and can be 

most useful for extracting quantitative information about planetary surface compositions 

(Clark and Roush 1984; Mustard and Pieters 1987; Lucey 2004; Poulet and Erard 

2004; Wilcox et al., 2006; Cahill and Lucey 2007; Lawrence and Lucey 2007; Denevi 

et al., 2007; Denevi et al., 2008, Cahill et al., 2009, Poulet et al., 2009, Yang et al., 

2019). 

Chandrasekhar (1960) first described computational methods for calculating the 

interaction of light with particulate media: radiative transfer theory. Early formulations 

were used for transmittance measurements of planetary and stellar atmospheres (Goody 

1964; Sobolev 1975). Hapke (1981; 1986; 1993; 2012) and Shkuratov et al., (1999) 

described treatments of radiative transfer for the reflectance and emittance of particulate 

media, which have since been extensively used and revised for the extraction of 

quantitative parameters from remotely collected spectra. For the Hapke treatment of 

bidirectional reflectance observations, formulations typically require the conversion of 

the spectra to single scattering albedo, knowledge of the illumination and emergence 

angles and the scattering phase functions.  

While variations in the equations exist, those below assume the laboratory 

measurements use a Lambertian scatterer as a reflectance standard. The reflectance factor 

or radiance coefficient is then defined as: 

𝑹𝑬𝑭𝑭(𝒊, 𝒆, 𝒈) =
𝒘

𝟒

𝟏

𝝁𝟎+𝝁
{[𝟏 + 𝑩(𝒈)]𝑷(𝒈) + 𝑯(𝝁𝟎)𝑯(𝝁) − 𝟏}             (17), 
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where  u0 = cos(i) and u = cos(e); i and e are the incidence and emergence angles, and g 

is the phase angle. Following the results by Mustard and Pieters (1989), many researchers 

set the backscattering function B(g) to zero if the laboratory measurements are done at 

phase angles greater than 15°. A two-term Legendre polynomial (below) can be used to 

approximate the single scattering phase function P(g): 

𝑷(𝒈) = 𝟏 + 𝒃 ∗ 𝐜𝐨𝐬(𝒈) + 𝒄 ∗ [𝟏. 𝟓𝒄𝒐𝒔𝟐(𝒈) − 𝟎. 𝟓]                     (18), 

where the degree of forward/backward scattering is the phase function coefficient b, and 

the degree of side scattering is the phase function coefficient c. 

For closely-packed particles, the extinction efficiency of a particle (Qe) can be 

assumed to be 1, so the single scattering albedo (w) can be defined in this case 

specifically as: 

𝑤 ≅ 𝑸𝒔 = 𝑺𝒆 + (𝟏 − 𝑺𝒆)
𝟏−𝑺𝒊

𝟏−𝑺𝒊𝚯
𝚯                                   (19), 

where Qs is the scattering efficiency of a particle, and Se is the Fresnel reflectance of 

externally incident light, and Si is the Fresnel reflectance of internally scattered light. For 

the purposes of the radiative transfer equations, these variables can be approximated as: 

𝑺𝒆 =
(𝒏−𝟏)𝟐+𝒌𝟐

(𝒏+𝟏)𝟐+𝒌𝟐
+ 𝟎. 𝟎𝟓                  (20), 

and 

𝑺𝒊 = 𝟏. 𝟎𝟏𝟒 −
𝟒

𝒏(𝒏+𝟏)𝟐
                  (21). 

The internal transmission factor of a grain (𝚯) can be expressed as: 
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𝚯 =
𝒓𝒊+𝒆𝒙𝒑(−√𝒂(𝒂+𝒔)〈𝑫〉)

𝟏+𝒓𝒊𝐞𝐱𝐩 (−√𝒂(𝒂+𝒔)〈𝑫〉)
                                      (22), 

where 𝒔 is the sum of 𝑺𝒆 and 𝑺𝒊, and the bihemispherical reflectance of a semi-infinite 

medium (ri) is: 

𝒓𝒊 =
𝟏−[

𝒂

(𝒂+𝒔)
]
𝟏/𝟐

𝟏+[
𝒂

(𝒂+𝒔)
]
𝟏/𝟐            (23), 

and where the absorption coefficient (a) is defined as: 

𝒂 =
𝟒𝝅𝒌

𝛌
.            (24). 

The H-function, described by Chandrasekhar (1960), can be found in his lookup tables of 

u, w, and H(x), or approximated with Equations 25 and 26 here, which are from Hapke 

(2012): 

𝑯(𝒙) = {𝟏 − 𝒘𝒙 [𝒓𝟎 +
𝟏−𝟐𝒓𝟎𝒙

𝟐
𝐥𝐧 (

𝟏+𝒙

𝒙
)]}

−𝟏

         (25), 

where 

𝒓𝟎 =
(𝟏−√𝟏−𝒘)

(𝟏+√𝟏−𝒘)
           (26). 

Using one or the other depends on the single scattering albedo of the material; when the 

value is close to 1 (very bright), the approximation is found to be inadequate, and the 

exact numbers are required. 

The reflectance of materials mix linearly in single scattering albedo and are not 

grain size dependent, but knowledge of the optical constants n (real component) and k 

(imaginary component) are required to accurately perform this. Herein lies a major 



29 
 

problem in using radiative transfer modelling for extracting quantitative mineral 

abundances from planetary surfaces: too few studies have determined the optical 

constants of rock-forming minerals with appropriate chemical compositions, which is the 

limiting factor on the application of these methods (Lucey 1998; Roush and Dalton, 

2004; Cruikshank et al., 2005). The absence of these data is largely due to the difficulty 

obtaining appropriate volumes of sufficiently pure samples and in generating the required 

spectroscopic data accurately through laboratory measurements. Below, I describe 

methods for producing optical constants for radiative transfer modelling. 

A common method for indirectly deriving MIR optical constants is to make use of 

classical dispersion theory, followed by fitting a Fresnel reflectance model to specular 

reflectance spectra collected on pressed pellets or other flat surfaces such as single 

crystals (e.g., Roush et al., 1991,  Wenrich and Christensen, 1996; Roush et al., 1996, 

Lane et al., 1999; Esposito et al., 2000, Glotch and Rossman 2007, Glotch et al., 

2009; Zeidler et al., 2015; Sklute et al., 2015; Ye et al., 2021). This method 

mathematically defines the fundamental vibrational transitions within a mineral as the 

sum of lattice harmonic oscillators. For each oscillator, four parameters are defined: 

center of frequency of oscillation (ν), band strength (4πρ), band width (γ), and the 

frequency dielectric constant, or vacuum permittivity (ε0). The number of oscillators are 

identified by the number of readily apparent Reststrahlen bands observed in the measured 

specular reflectance spectra. This number of oscillators is iteratively adjusted during the 

fitting process. Roush et al. (1991) simplified the dielectric constant by showing that it 

can be approximated by n2
vis. As such, the existence of Na D-line (589.29 nm) n values 

can be used for the approximation, which is now commonly done. Following this, the 
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refractive indices can be found with one of several iterations of the dispersion equations 

found in the literature; the following equations were used by Glotch and Rossman (2007) 

and Glotch et al. (2009) and were adopted from Spitzer and Kleinman (1961): 

 

𝒏𝟐 − 𝒌𝟐 = 𝛆𝟎 + ∑
𝟒𝛑𝛒𝒋𝒗𝒋

𝟐(𝒗𝒋
𝟐−𝒗𝟐)

(𝒗𝒋
𝟐−𝒗𝟐)+(𝛄𝒋

𝟐𝒗𝒋
𝟐𝒗𝟐)

𝒋

           (27), 

where j represents the jth oscillator, and 

 

𝒏𝒌 =∑
𝟒𝛑𝛒𝒋𝒗𝒋

𝟐(𝛄𝒋𝒗𝒋𝒗)

(𝒗𝒋
𝟐−𝒗𝟐)+(𝛄𝒋

𝟐𝒗𝒋
𝟐𝒗𝟐)

𝒋

           (28). 

Then, the Fresnel reflectance equations can be used to relate the optical constants 

described here to the total reflectance for non-normal incidence angles: 

𝑹𝑻 =
𝑹⟂
𝟐+ 𝑹∥

𝟐

𝟐
                                   (29), 

where 

𝑹⟂
𝟐 =

[(𝒏𝟐−𝒌𝟐) 𝒄𝒐𝒔∅−𝝁]
𝟐
+(𝟐𝒏𝒌 𝒄𝒐𝒔∅− 𝒗)𝟐 

[(𝒏𝟐−𝒌𝟐) 𝒄𝒐𝒔∅+𝝁]
𝟐
+(𝟐𝒏𝒌 𝒄𝒐𝒔∅+ 𝒗)𝟐

                                         (30), 

𝑹∥
𝟐 =

(𝒄𝒐𝒔∅−𝝁)𝟐+ 𝒗𝟐

(𝒄𝒐𝒔∅+𝝁)𝟐+ 𝒗𝟐
                        (31), 

     𝝁 =  (
𝒏𝟐−𝒌𝟐−𝒔𝒊𝒏𝟐∅+[(𝒏𝟐−𝒌𝟐−𝒔𝒊𝒏𝟐∅)

𝟐
+𝟒𝒏𝟐𝒌𝟐]

𝟏/𝟐

𝟐
)

𝟏/𝟐

                               (32), 
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𝒗 =  (
−(𝒏𝟐−𝒌𝟐−𝒔𝒊𝒏𝟐∅)+[(𝒏𝟐−𝒌𝟐−𝒔𝒊𝒏𝟐∅)

𝟐
+𝟒𝒏𝟐𝒌𝟐]

𝟏/𝟐

𝟐
)

𝟏/𝟐

                                (33), 

and where ∅ is the incidence angle. 

From here, some researchers use a non-linear least squares optimization routine 

(e.g., Bevington, 1969) to find the best fit that minimizes the associated errors, and 

therefore arrive at the best estimated optical constants (Glotch et al., 2007; Roush et al., 

2007). This method is only valid at wavelengths where materials are opaque and strongly 

absorbing, and where wavelengths are sufficiently large relative to surface asperities in 

the measured surfaces. The dispersion technique also deals with fundamental vibrational 

modes, not electronic transitions. For these reasons, this technique is generally unusable 

at UV and VNIR wavelengths, and can often lead to significant errors since crystals and 

the pellet-making process cannot be perfect.  

Transmittance spectra can also be used to derive optical constants on thin films 

and crystals (Irvine and Pollack, 1968; Warren, 1984; Mooney and Knacke 1985; 

Roush et al., 2007). Transmittance measurements of fine particles suspended in KBr 

matrices have also been used, to varying degrees of success (e.g., Koike et al., 1989; 

Marzo et al., 2004). The theoretical treatment of determining the optical constants from 

transmittance measurements are described in detail by Heavens (1970) and Bohren and 

Huffman (1983), and applied to gypsum crystals by Roush et al. (2007), as an example. 

The light transmitted by a slab of material is given as: 

𝑻𝒔𝒍𝒂𝒃 =
(𝟏−𝑹)𝟐+𝟒𝑹𝒔𝒊𝒏𝟐𝝋

𝑹𝟐𝒆−𝒂𝒅+𝒆𝒂𝒅−𝟐𝑹𝒄𝒐𝒔(𝜹+𝟐𝝋)
                (34), 

where 
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𝑹 = |𝒓 |𝟐 = |
𝒎𝟎−𝒎𝟏

𝒎𝟎+𝒎𝟏
|
𝟐

,        𝒎 = 𝒏+ 𝒊𝒌, 

and 

𝝋 = 𝒕𝒂𝒏−𝟏 (
𝟐𝒏𝟎𝒌𝟏

𝒏𝟏
𝟐+𝒌𝟏

𝟐−𝒏𝟎
𝟐),       𝟎 ≤ 𝝋 ≤ 𝝅,      𝜹 =

𝟒𝝅𝒏𝟏𝒅

𝝀
,      𝜶 =

𝟒𝝅𝒌𝟏

𝝀
, 

where d is the thickness of the sample, m0 is the absorption coefficient of air, m1 is the 

absorption coefficient of the slab, and r ̃is the Fresnel reflectance. Transmittance 

measurements are of limited use in practice; they are only valid if a measurable amount 

of light is transmitted at the wavelengths under investigation, and if these values are also 

below 0.80 (e.g., Roush et al., 2007 and references therein). The films and crystals 

need to be near-perfectly flat without aberrations, which is nearly impossible for most 

minerals. Although pellets of KBr matrices produce orientation-averaged spectra, they do 

induce significant scattering which is not accurately accounted for in the theoretical 

treatments. 

Ellipsometric methods are similar to the classical dispersion and Fresnel 

reflectance combination of methods outlined above and in Glotch et al. (2007, 2009), in 

that the optical constants can be found indirectly by fitting oscillator models to 

experimentally-measured data (Fujiwara, 2007; Blake et al., 2017; Spencer 2019; 

Myers et al., 2020). The key difference is that ellipsometry measures variations in 

polarization of reflected light, which is a function of the optical properties of materials. 

Ellipsometers characterize the optical properties by illuminating the sample with linearly 

s- and p-polarized light. The change in polarization by interaction with the sample can be 

mathematically related to the optical constants; see equations 1 to 3 from Myers et al. 
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(2020). Similar to other techniques, ellipsometry cannot be used for most materials, as the 

accuracy of the measurements depends on having highly uniform surfaces and the 

presence of significant k at the measured wavelengths. As such, its application is 

generally restricted to thin films, semiconductor layers, and evaporated and deposited 

materials. However, ellipsometry has been used successfully to determine the optical 

constants of metals with a focus on space weathering (e.g, Cahill et al., 2012 and 2019). 

Further, recent work has successfully performed ellipsometry on pressed pellets of fine 

powders (Myers et al., 2020); where they stated “spectroscopic ellipsometry should be 

less sensitive to pellet surface quality since it does not rely on measuring the absolute 

radiation intensity…”. This highlights the need for a direct comparison of ellipsometry 

with pressed pellets on which other data processing techniques are performed. 

Radiative transfer methods have been used to determine optical constants of 

minerals at VNIR wavelengths by a number of groups (Roush et al., 1990, Lucey et al., 

1998; Roush (2003, 2005); Pitman et al., 2005; Marra et al., 2006; Roush et al., 2007; 

Dalton and Pitman, 2012; Trang et al., 2013; Pitman et al., 2014, Sklute et al., 2015, 

Carli et al., 2016; Lucey et al., 2018; Ye et al., 2019; Ye et al., 2021, Roush et al., 

2021). For brevity, here I discuss the Hapke-based models that have found wide 

application. Other radiative transfer models exist, such as the Skuratov approach, and 

detailed discussion of their relative benefits can be found in the literature (e.g., Roush et 

al., 2007). The general approach is to first have a priori knowledge of n at wavelengths 

under investigation, generally determined at the Na D-line. This value is set as a constant 

over the entire wavelength range, and k is iteratively forced to the point where modelled 

spectra conform to the measured laboratory spectra. More accurate data is acquired if 
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there are multiple well-defined grain size fractions in the laboratory measurements, since 

the single scattering albedo does not theoretically change with grain size. With the 

absence of these measurements, the single scattering albedo and derived optical constants 

can become grain size dependent (e.g, Roush et al., 2007 and 2021). Although 

approximations exist for the absence of multiple phase angle measurements in the 

laboratory component (e.g., Roush et al., 2007), the existence of the data allow for more 

accurate phase function determinations, and therefore more accurately derived optical 

constants. 

The radiative transfer method for the determination of optical constants is most 

useful for weakly-absorbing materials, which is the majority of rock-forming minerals at 

VNIR wavelengths. For this reason, this method has emerged as the generally preferred 

framework for deriving optical constants in the VNIR. Because these methods 

underperform at MIR wavelengths because of high k, researchers generally combine 

multiple methods to derive wide wavelength range optical constants (Roush et al., 2007; 

Pitman et al., 2014; Sklute et al., 2015; Ye et al., 2021). 

Kramers-Kronig analyses have been used in various capacities for determining 

optical constants of materials in the UV to VNIR (Calvin, 1990; Roush et al., 1990; 

Hiroi and Pieters, 1992; Hiroi and Pieters, 1994; Lucey 1998; Cruikshank et al., 

2001, Lucarini et al., 2005; Roush et al., 2007; Kitamura et al., 2007). Variations of 

this method have previously been used to specifically determine the optical constants of 

visibly opaque minerals (Strens et al., 1979, Bell et al., 1985; Querry et al., 1985, 

1987). These equations, in general, derive n as a function of wavelength from known k 

values. True Kramers-Kronig equations deal with all wavelengths, which is not a 
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measurement that is possible in the laboratory or theoretically. Subtractive Kramers-

Kronig analyses use the widest wavelength range accessible (e.g, Warren 1984, Roush 

et al., 1991, Roush et al., 1996). Sklute et al. (2015) and Ye et al. (2021) have used a 

singly subtractive Kramers-Kronig measurement to help extend the wavelength range of 

optical constants determined for classical dispersion theory. The singly subtractive 

Kramers-Kronig transformation can be written as: 

𝒏(𝒗) = 𝒏𝟎 +
𝟐(𝒗𝟐−𝒗𝟎

𝟐)

𝝅
𝑷∫

𝟎

∞ 𝒗′𝒌(𝒗′)

(𝒗′𝟐−𝒗𝟐)(𝒗′𝟐−𝒗𝟎
𝟐)
𝒅𝒗′         (35), 

where n(v) is the real refractive index at frequency v, and n0 is a known value of the real 

refractive index at a specific frequency, which is usually at the Na D-line. V’ is a dummy 

variable, and P denotes the Cauchy principal value of the integral. 

Roush et al. (2007) stated: “In respect to k, if 0.01 < k <1, i.e., in the strong bands 

then comparison of values derived from dispersion analysis and Kramers-Kronig analysis 

agree to within a few percent”. As such, the use of singly subtractive Kramers-Kronig 

analyses to extend MIR optical constants derived from dispersion analyses to overlap 

with those from VNIR radiative transfer methods is appropriate. The main drawbacks of 

using Kramers-Kronig analyses are the requirements for existing knowledge of k values, 

which are rarely available without already existing n values. 

Because of the labour intensive nature of producing optical constants to facilitate 

radiative transfer modelling on my mixtures to derive LODs and to analyze SuperCam 

data, I have opted to use the simple and common method of continuum-removal and band 

depth percentage computation. This is a common method for interpreting reflectance 

spectra (e.g., Clark and Roush 1984; Cloutis et al., 2004) and has been noted to be key 
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to successful spectral identification in complex mixtures (Clark 1999). First, I calculated 

a straight line in wavelength space across the absorption band (Figures 3c and 3d), then I 

process the data according to Equation 37: 

𝑩𝒅 = (𝟏 −
𝑹𝒃

𝑹𝒄
) 𝟏𝟎𝟎                                  (36), 

where Bd is the band depth percentage, Rb is the minimum reflectance value of the 

absorption band, and Rc is the value of the continuum at the same wavelength of Rb. 

The majority of mineral and cation LODs by reflectance spectroscopy have been 

qualitative or semi-quantitative (expressed on an ordinal scale; not highly precise or 

accurate), and based entirely on the visual observation of changes in the reflectance 

spectrum (e.g., Scheinost et al., 1998; Gaffey 1985; Lorenz et al., 2018). 

Recent work has attempted to quantify LODs of some materials by reflectance 

spectroscopy. Kaplan and Milliken (2016) looked at the relationship between C-H 

spectral reflectance band depth (Eqution 37) and total organic carbon (TOC) in clay 

mixtures and estimated a conservative LOD of <1 wt.% for TOC with this relationship. 

They defined the LOD in this case as the TOC at which spectral evidence (3.4 µm C-H 

band) was no longer present. They also constructed calibration curves through linear 

regression to estimate the LOD. They found that applying a 95% confidence to the x-

intercept, that in all cases except the darkest montmorillonite sample, the LOD was 

estimated to be generally between 0.20 and 1.00 wt.% TOC. Kaplan and Milliken (2018) 

extended their sample suite to include a number of Proterozoic shales and kerogen to 

assess the impact of H/C on the reflectance spectra and LOD of TOC. They found that in 

general as H/C increases, the LOD of TOC decreases due to the increased absorption 
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strength of the 3.4 µm C-H band. Through visual inspection, they estimated that the LOD 

of TOC with low H/C to be near 1.0 wt.% and with high H/C to be near 0.1 wt.%. Kaplan 

et al. (2019) applied the similar methods for investigating the reflectance properties of 

insoluble organic matter from chondritic meteorites in addition to a suite of carbonaceous 

chondrite meteorites and found that when H/C <0.4 the 3.4 µm C-H band is not readily 

observable, thus further complicating LOD estimations of TOC when H/C is unknown. 

  Some work has been done to estimate LODs by reflectance spectroscopy through 

other methods. Zhang et al. (2001) defined LODs of clay minerals by reflectance 

spectroscopy to be equivalent three standard deviations of the background signal and 

found that quartz-kaolinite and quartz-dickite mixtures showed detection limits of ~5 

wt.% in relative abundance. Tarnas et al. (2021) found that dynamic aperture factor 

analysis/target transformation (DAFA/TT) and factor analysis/target transformation 

(FA/TT) algorithms on hyperspectral images of mixtures of the MGS-1 Mars analogue 

materials with the 125-250 µm and 45-75 µm calcite powder had LODs of 10% and 20%, 

respectively.  

 For the purposes of this study, I estimate the LOD of carboxylates by using band 

depth values derived with Equation 36 and processing these data the same way as those 

from XRD with Equation 16, which is similar to how LODs were determined by Kaplan 

et al. (2016) and Zhang et al. (2001). 
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3.0 Results 

3.1 The endmembers by X-ray diffraction 

The diffraction patterns collected on the JSC Mars-1a analogue sample are shown 

in Figure 4. The sample is highly amorphous with a broad diffraction hump centered 

near 30 °2-theta Co-Kα and a strong low angle rise in diffraction. The crystalline 

component is dominated by andesine with small concentrations of augite and olivine, 

which is consistent with the XRD analyses by Moroz et al. (2009) who showed their 

aliquot to be composed of 82.4 wt.% X-ray amorphous phases, 11.7 wt. % andesine, 3.1 

wt.% augite, and 2.8 wt. % olivine. Figure 4 also demonstrates the increased S/N with 

collection time; the average diffraction pattern is plotted against all 10 analyses and 

shows a significant increase in S/N. 

The diffraction patterns on the carbonate powders are shown in Figure 5a. These 

samples are highly crystalline, with XRD peaks with higher amplitudes than those 

observed in the JSC Mars-1a sample. This further demonstrates the high amorphous 

content of the analogue sample with its very weak diffraction peaks. The strongest 

diffraction peaks for the carbonates are listed in Table 2; siderite at 37.50, calcite at 

34.25, and magnesite at 38.10 °2-theta Co-Kα. 

Figure 5b shows the diffraction patterns for the oxalate samples, which are more 

complex than carbonates, in that they have more diffraction peaks; these carbonates 

crystallize in the more symmetric trigonal crystal system (Dufresne et al., 2018) than 

these oxalates, which crystallize as monoclinic (Vlasov et al., 2023). All of these samples 

have a number of major diffraction peaks that could be used for identification and 



39 
 

discrimination; the strongest of which are listed in Table 2. For this study, I make use of 

three diffraction peaks in humboldtine at 21.45, 34.60, and 39.40 °2-theta Co-Kα. The 

strongest diffraction peaks for whewellite and glushinskite are situated at 17.35 and 21.00 

°2-theta Co-Kα, respectively. 

The diffraction patterns for the acetate samples are shown in Figure 5c. The Fe2+-

acetate sample is X-ray amorphous, with no discernible XRD peaks. The magnesium 

acetate tetrahydrate shows a much stronger diffraction peak than those exhibited by the 

calcium acetate monohydrate sample. The peaks I use in this study are listed in Table 2, 

and are situated at 14.75 and 10.50 °2-theta Co-Kα for the magnesium acetate and 

calcium acetate samples, respectively. 

Figure 5d displays the diffraction patterns for the formate samples. Table 2 

shows the major peaks I used in this study, which are found at 18.35 and 20.95 °2-theta 

Co-Kα for the calcium formate and magnesium formate dihydrate samples, respectively. 

3.2 The endmembers by reflectance spectroscopy 

The collected reflectance spectra for the JSC Mars-1a analogue powder is shown 

in Figure 2a. The spectra show a Fe3+ absorption edge in the visible spectrum and a weak 

absorption band near 1000 nm. The NIR spectra show a high overall reflectance, which is 

the reason the analogue material was initially used as a comparison with the bright 

regions of Mars. The sample shows relatively strong OH and H2O related absorption 

nears near 1420, 1920, and 3000 nm, despite baking off ~11 wt.% of water in the sample. 

There is a very weak Al-OH feature situated near 2200 nm, which is likely contributed 

from the amorphous phyllosilicate component. This is consistent with the observations 
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that JSC Mars-1a is enriched in Al2O3 compared to other analogue materials and much of 

the martian soils. The overall reflectance and spectral features strongly match those 

observed in the <40 um particle separate measured by Moroz et al. (2009). My sample 

exhibits observable C-H features related to organic contamination at ~3400 and ~3500 

nm (e.g., Clark et al., 2009, Izawa et al., 2014, Kaplan et al., 2016) but does not show 

any observable carbonate contribution (Figure 2a). 

The reflectance spectra for the MGS-1 material used by Tarnas et al. (2021) are 

contrasted with those from JSC Mars-1a in Figure 2a. The sample is significantly darker 

with more hematite-like contribution in the visible spectrum. The H2O-associated 

absorption bands are weaker, and there are fewer weak absorption bands in the NIR. 

Cannon et al. (2019) showed that the MGS-1 material showed broadly similar albedo and 

spectral shape to the data collected on the Rocknest material at Gale Crater. They indicate 

that at longer wavelengths, the material is similar to the low albedo regions on Mars. 

The reflectance spectra for the carbonate samples are shown in Figure 6a in 

contrast to the spectra from JSC Mars-1a. Reflectance spectra of these minerals have 

been heavily studied and are well understood (Hunt and Salisbury, 1971; Gaffey 1985, 

1986, 1987; Crowley 1986; Bishop et al., 2021). The major absorption bands used for 

detection and discrimination are listed in Table 2. For siderite, the major absorption band 

minima are at ~2322, 2524, and 3964 nm; for magnesite they are situated at 2301, 2502, 

and 3943 nm; for calcite they are at 2340, 2536, and 2979 nm. The band minima for these 

are all shifted in wavelength due to the variations in their crystal structures and major 

cations and provide the ability to discriminate between them and/or interpret where they 

exist in solid solution. The spectra are very bright at wavelengths outside of the 
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absorption bands, with the exception of a relatively weak split absorption near 1200 nm 

in the magnesite and siderite samples which is due to the presence of Fe2+ in the minerals. 

Magnesite forms a solid solution with siderite and natural samples typically have small 

concentrations of Fe2+ (e.g., Gaffey 1987), and therefore exhibit this weak absorption 

band. For this study, I do not make use of the ~3400 nm absorption bands, as they 

overlap with the C-H features found in the JSC Mars-1a sample and have slightly weaker 

absorption than those situated near 3900 nm. 

Figure 6b shows the reflectance spectra of the oxalate samples. These samples 

have previously been studied in detail (Applin et al., 2016). Due to the inclusion of water 

in the crystal structure, they exhibit more complex reflectance spectra in comparison with 

anhydrous carbonates, similar to the XRD patterns. Features from H2O are situated near 

1500, 2000, and 3000 nm. Like siderite, the inclusion of Fe2+ in humbdoltine causes the 

presence of the split Fe2+ absorption bands in the VNIR. The features of interest used 

here are listed in Table 2. For humboldtine, the strongest and most unique feature is 

situated at 2048 nm which is due to H2O. For whewellite and glushinkite, I use weak 

features situated at 2436 and 2442 nm, respectively. At longer wavelengths, oxalates 

exhibit weak absorption bands near ~3600 nm, which are not present in most carbonates, 

and are also listed in Table 2. For humboldtine, the band minima are at 3546 and 3606 

nm, for whewellite at 3610 nm, and for glushinskite at 3590 nm. 

Due to the inclusion of C-H in their structure (e.g., Figure 1), acetates and 

formates exhibit even more complex reflectance spectra (Figures 6c and 6d; Applin et 

al., 2017). In the NIR for acetates, the overtones of the C-H absorption bands are broad 

doublets centered near 1700 nm. These features are weaker in the formates. Acetates 
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exhibit carbonate-like overtones and combinations near 2300 and 2500 nm, comprised of 

partially resolved and overlapping absorption bands. The amorphous Fe2+ acetate shows a 

non-split absorption feature near 1000 nm. The features used in this study for detection 

are listed in Table 2. For the X-ray amorphous Fe2+ acetate, the features are at 2260 and 

4057 nm, for the calcium acetate monohydrate they are at 2263 and 4188 nm, and for the 

magnesium acetate tetrahydrate they are at 2250 and 4085 nm. 

The formate samples show sharp and strong doublet/triplet absorption features in 

the NIR. The spectra of calcium formate is relatively complex, with numerous weaker 

absorption bands. The strongest features for the formates are used here and are listed in 

Table 2; these are at 2355 nm for calcium formate and 2340 nm for magnesium formate 

dihydrate. The formates also exhibit some absorption bands near 3600-3700 nm that 

could be used for detection and discrimination. 

The acetates and formates, with the exception of the anhydrous calcium formate, 

show characteristic H2O absorption features near 1400, 1900, and 3000 nm. Due to the 

inclusion of C-H in their structure, acetates and formates exhibit the C-H features near 

3400 and 3500 nm that are characteristic of organic materials (e.g., Clark et al., 2009, 

Izawa et al., 2014, Kaplan et al., 2016). 

3.3 The mixtures by X-ray diffraction 

The diffraction patterns and the isolated peak amplitude patterns for the carbonate 

minerals mixed with JSC Mars-1a are shown in Figures 7a to 7j. The peak amplitude 

pattern for the siderite mixtures is shown in Figure 3b. The major peak situated at 37.50 

°2-theta Co-Kα was detectable above continuum in all of the mixtures. The measured 
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peak amplitudes are listed in Table 3 and are 1.17, 1.59, 2.78, and 3.69 with increasing 

siderite content. The peak amplitude of pure siderite was 14.64. Siderite does show other 

observable diffraction peaks at the higher concentration mixtures. For calcite, the major 

diffraction peak situated at 34.25 °2-theta Co-Kα overlaps with the weak pyroxene and 

olivine diffraction peaks in the JSC Mars-1a material, limiting its detectability. Despite 

this, signal is observed readily at 2.02 wt.% and can be observed slightly at 0.55 wt.%. 

The peak amplitudes are 1.27 and 1.53 with increasing concentration and 59.04 for pure 

calcite. The main magnesite peak at 38.10 °2-theta Co-Kα does not overlap with a feature 

in the JSC Mars-1a material and is therefore more readily detectable at lower 

concentration. The peak amplitudes are 1.17 and 1.54 with increasing concentration and 

37.31 for the pure mineral. 

The diffraction patterns and the isolated peak amplitude patterns for the oxalate 

minerals mixed with JSC Mars-1a are shown in Figures 8a to 8h. I analyzed three of the 

stronger peaks for humboldtine. The first, a doublet situated at 21.45 °2-theta Co-Kα at 

its strongest amplitude does not overlap with any peaks in the JSC Mars-1a material and 

is observable at the lowest concentration. The peak amplitudes are 1.19, 1.49, 2.09, and 

2.73 with increasing concentration and 13.05 for the pure mineral. The second, situated at 

34.60 °2-theta Co-Kα has peak amplitudes of 1.22, 1.27, 1.47, and 2.73 with increasing 

concentration, while the pure mineral shows a peak amplitude of 5.62. The third, situated 

at 39.40 °2-theta Co-Kα shows peak amplitudes of 1.25, 1.37, 1.54, and 1.82 with 

increasing concentration and the pure mineral shows a peak amplitude of 5.44. Both the 

second and third peaks overlap with weak diffraction peaks found in the JSC Mars-1a 

material. 
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For glushinskite, I analyzed the peak situated at 21.00 °2-theta Co-Kα, which does 

not overlap with another peak in the JSC Mars-1a material. For this sample, the lowest 

concentration of 0.49 wt.% is observable above continuum, but the peak shape is not 

recognizable. The peak amplitudes are 1.15 and 1.37 with increasing concentration and 

13.20 for the pure mineral. For whewellite, I analyzed the peak situated at 17.35 °2-theta 

Co-Kα, which is arguably observable above continuum at 0.51 wt.%. The peak 

amplitudes are 1.08 and 1.23 with increasing concentration and 12.78 for the pure 

mineral. 

The diffraction patterns of the acetates mixtures are shown in Figures 8i to 8m. 

Because the Fe2+ acetate sample was X-ray amorphous, I did not do any analysis on the 

diffraction patterns of those mixtures. For calcium acetate monohydrate I analyzed the 

10.50 °2-theta Co-Kα peak, which had peak amplitudes of 1.08 and 1.26 with increasing 

concentration and 25.13 for the pure material. For magnesium acetate tetrahydrate I 

analyzed the 14.75 °2-theta Co-Kα peak. At the concentration of 0.59 wt.%, this peak 

was effectively unobservable. The mixtures showed peak amplitudes of 1.02 and 1.15 

with increasing concentration and 25.13 for the pure material. 

The diffraction patterns of the formate mixtures are shown in Figures 8n to 8p. 

For the magnesium formate dihydrate, I did not observe any features above continuum at 

the mixtures concentrations made. For the calcium formate, I analyzed the diffraction 

peak at 18.35 °2-theta Co-Kα. The peak amplitudes were 1.08 and 1.29 with increasing 

concentration and 28.88 for the pure material. 
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3.4 The mixtures by reflectance spectroscopy 

The reflectance spectra and the continuum-removed spectra on the mixtures are 

shown in Figures 9a to 9o. Because of the weak absorption bands exhibited by 

carbonates in the NIR, they were not observable in the mixtures with JSC Mars-1a. For 

example, Figure 9b shows that siderite did not contribute any significant absorption to 

the reflectance spectrum at 2300 and 2500 nm at even the 11.08 wt.% concentration. The 

absorption bands for carbonates near 3900 nm are much stronger, however. For siderite, 

there was observable band depth at 3964 nm with the exception of the 0.53 wt.% 

mixtures. The band depths percentages are listed in Table 2 and are 0.59, 3.80, and 6.55 

with increasing concentration and 57.62 for the pure sample. The absorption band for 

calcite at 3979 nm was observable even at 0.55 wt.%. The band depth percentages were 

0.54 and 2.40 with increasing concentration and 77.76 for the pure sample. Like siderite, 

the lowest concentration of magnesite (0.65 wt.%) was not observable. The band depth 

percentage for the 2.00 wt.% mixture was 1.54 and for the pure samples it was 71.13. 

I supplemented my carbonate mixture spectra with those collected by Tarnas et al. 

(2021), who used the MGS-1 analogue material, multiple grain size fractions of calcite 

(45-75 and 125-250 µm) and a more extended concentration suite of samples and 

measured the spectral reflectance at NIR wavelengths (1.0, 2.5, 5.0, 10.0, 20.0, 50.0 wt.% 

calcite). Here, I isolated the 2340 nm band of calcite, and the data are shown in Figures 

10a to 10e. For both grain size fractions, the 2340 nm band is observable at all 

concentrations. For the calcite sample with a grain size fraction of 45-75 µm, the band 

depth percentages are 0.30, 0.59, 0.75, 1.07, 2.38, and 5.38 with increasing concentration 

and 20.16 for the pure sample. For the calcite samples with a grain size fraction of 125-



46 
 

250 µm, the band depth percentages are 0.55, 0.63, 0.82, 1.13, 4.10, and 10.39 with 

increasing concentration and 38.76 for the pure sample. Figure 10e displays the calcite 

spectra collected by Tarnas et al. (2021) in comparison with those measured here on a 

small grain size fraction. This demonstrates the strong increase in absorption band 

strength with increasing grain size fraction. 

The reflectance spectra of the oxalate mixtures are shown in Figures 9h to 9k. 

With the exception of humboldtine at concentrations of 5.54 wt.% and higher, none of the 

spectral features associated with these oxalates were observable. For humboldtine, the 

H2O-related feature near 2080 nm had a band depth percentage of 0.77 and 3.60 with 

increasing concentration and 42.56 for the pure sample. 

Figures 9l to 9p show the reflectance spectra of the acetate mixtures. In these 

samples, absorption bands were only observable at NIR wavelengths. These absorption 

bands overlap with a very weak band present in JSC Mars-1a, but this doesn’t 

significantly affect their detectability. For the Fe2+ acetate sample, the band depth 

percentages for the absorption band at 2260 nm were 1.25 and 1.86 with increasing 

concentration and 30.54 for the pure sample. For the magnesium acetate tetrahydrate 

mixtures, the absorption band at 2259 nm showed band depth percentages of 0.14 and 

0.38 with increasing concentration and 26.53 for the pure sample. For the calcium acetate 

monohydrate, the absorption band at 2263 nm showed band depth percentages of 0.18 

and 0.56 with increasing concentration and 46.43 for the pure material. 

The reflectance spectra of the formate mixtures are shown in Figures 9q to 9t. 

Like the acetates, discernible absorption bands were only observable at NIR wavelengths. 

As with the acetate mixtures, JSC Mars-1a display some absorption features that overlap 
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with these formates, but at the concentrations measured it does not significantly affect 

their detectability. For the calcium formate sample, the absorption band at 2355 nm 

showed band depth percentages of 0.47 and 2.15 with increasing concentration and 68.28 

for the pure sample. For the magnesium formate dihydrate sample, the absorption band at 

2340 nm showed band depth percentages of 0.36 and 1.28 with increasing concentration 

and 40.60 for the pure sample. 

3.5 Detection limits by X-ray diffraction 

The resulting simple linear regression parameters derived from the peak 

amplitudes and band depth percentages are listed in Table 4.  

The computed LODs by XRD of the samples studied here using Equation 16 are 

listed in Table 6. Some of the linear regression models and resulting R2 values are shown 

in Figures 11a to 11e. For the samples that were only comprised of a set of two mixtures, 

I assumed a linear relationship and derived the linear regression parameters through that 

as an estimation of the LODs. This was done because of the relatively high linearity 

between the lowest two concentrations relative to the measured regression curves for 

siderite by XRD and calcite by NIR reflectance. For the purposes of this study it provides 

a reasonable approach for a qualitative estimation of LOD and concentration when 

unknown, which will be expanded on in future work with multiple measurements of a 

concentration near the estimated LOD. 

Siderite powder with a grain size fraction of <45 µm shows a LOD of 0.65 wt.% 

when using Equation 16. To compare and contrast, I computed LODs for the methods 

outlined in Section 2.3.1 (for Equations 2, 4, 5, 6, 7, 8, 10, 11, and 16) and these are 
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listed in Table 5. For some of these where it was necessary to determine the standard 

deviation in determined concentration from multiple measurements, I used the approach 

outlined by Zhang (2007) to measure a concentration of the analyte (siderite in this case) 

at a concentration within a factor of 1-5 of the estimated LOD eight separate times. I used 

the 2.53 wt.% siderite mixture and found that the standard deviation in concentration 

derived through regression analysis was 0.48 wt.%, while the range of peak amplitudes 

from these measurements is graphically shown in Figure 7b. The confidence in the 

determination of this concentration can be evaluated by using a t-distribution, as 

described in Section 2.3.1, and this can be applied to all of the methods outlined in 

Section 2.3.1 to qualitatively compare and contrast the confidence levels. This shows the 

method I used here to determine LODs is a liberal estimation of LOD, producing a 2-

sided confidence of 78% (Figure 7c), but is more conservative than Equations 2 and 11. 

Equations 4, 7, 8, 10, and 13 produce LODs greater than the 99% confidence, which is 

1.57 wt.% (Table 5). The computed confidence of detection for siderite in palagonite 

with this specific XRD method is shown graphically in Figure 7c, which shows that a 

detection at 0.34 wt.% would contain 50% confidence. Figure 7d graphically 

demonstrates the difference between a confidence of 78% and 99%. Here, I show that the 

0.65 wt.% siderite at a confidence of 78% shows a peak amplitude significantly greater 

than the mean of the background palagonite measurements, and that a concentration 

between this and the 99% confidence level would likely produce peak amplitudes that are 

observable by visual inspection. Because in XRD analyses in the context of exploration, 

specifically in CheMin data, an observable peak by visual inspection would not be 
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ignored and a concentration would be estimated, this generally justifies the use of the 

liberal Equation 16 for LOD determination. 

I estimated the error in determined concentration for the 2.53 wt.% siderite 

sample by propagating the standard deviations of the regression slope, intercept, and of 

the multiple measurements: 
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𝟐

 

 (37), 

where (𝛔𝐬) is the standard deviation in the concentration of the measured 2.53 wt.% 

siderite sample and (�̅�𝒔) is the mean concentration determined from those measurements 

using the regression parameters, (𝛔𝐢) is the standard deviation of the intercept (𝒊), and 

(𝛔𝐦) is the standard deviation of the regression slope (𝒎).This produced a relative error 

of ~22%, or specifically 2.53 ± 0.55 wt.%. These errors can be extended for the range of 

peak amplitudes from determined siderite concentrations, with the assumption that the 

standard deviation in peak amplitude of those measurements would remain 0.11. Figures 

7d to 7f show this for determined concentrations of siderite from 0 to 10 wt.%, and 

demonstrates that the determined LOD using Equation 16 would exhibit value of 0.65 ± 

0.54 wt.%, or a relative error of ~83%. The error value here nearly converges with the 

LOD, which may further indicate that any concentration between this LOD and that of 

99% confidence should be observable by visual inspection of the diffraction patterns. The 

standard deviation in peak amplitude for the background JSC Mars-1a material was 

~0.05, therefore it may be likely that the standard deviation of multiple measurements at 
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the LOD of 0.65 wt.% would be smaller than that at 2.53 wt.%. However, using the 

standard deviation for the background results in an error at the LOD of 0.65 ± 0.33 wt.%, 

which is not very different and would represent a liberal best-case scenario. Future work 

will determine these values for other carboxylates studied here, but this provides a rough 

guideline that can be qualitatively applied to measurements with the same method, since 

the peak amplitudes and concentrations are directly related to Bragg peak strength. 

For calcite, the LOD is 0.99 wt.%, and for magnesite the LOD is 0.56 wt. %. The 

three peaks from humboldtine show LODs of 1.00, 1.86, and 1.89 wt.%, respectfully. The 

LOD for whewellite is 1.02 wt.% and that of glushinskite is 0.78 wt.%. I did not 

determine a LOD for Fe2+ acetate, as it is X-ray amorphous. Calcium acetate 

monohydrate had a LOD of 0.93 wt.% and that of magnesium acetate tetrahydrate was 

1.25 wt.%. I did not determine the LOD of magnesium formate dihydrate as the 

diffraction peak of interest was not observable in the mixtures, thus the LOD exceeds the 

mixture concentrations used. For calcium formate, the LOD was determined to be 0.95 

wt.%. Broadly, the LOD for all of these materials when intimately mixed with the JSC 

Mars-1a analogue material appears to hover near 1.00 wt.%. 

3.6 Detection limits by reflectance spectroscopy 

The LODs by reflectance spectroscopy for the mixtures are listed in Table 6 for 

both NIR and MIR wavelength ranges. Here, I used the same method as with the XRD 

data; Equation 16. As mentioned, the 2322 and 2524 nm absorption bands were not 

observable for siderite even at the mixture containing 11.08 wt.% siderite. For the 3964 

nm band, the LOD is not determined quantitatively but is somewhere between the 

concentrations of 0.53 and 2.53 wt.%, as the latter was observable in the data. Similarly, 



51 
 

for magnesite, the LOD was not determined at these wavelengths, but is somewhere 

between 0.62 and 2.00 wt. % for the 3943 nm band. Calcite, however, exhibited lower 

LODs. For the <45 µm particle size fraction at the 2340 nm band, the LOD would be 

situated somewhere higher than the 2.02 wt.% concentration measured, and should be 

lower than both magnesite and siderite due to the higher band depth of the pure material. 

For the 3979 nm band, the LOD was determined to be 0.26 wt.% for the <45 µm particle 

size fraction. The 125-250 µm particle size fraction exhibited a LOD of between 1.15 and 

3.65 wt.%, and the 45-75 µm particle size fraction exhibited a LOD of between 2.31 and 

3.01 wt.% for the 2340 nm band. The reason for giving a range here is because I 

computed LODs for these materials from two different regression slopes (Figure 11d), as 

there was significant non-linearity in the band depth vs. concentration over the full range 

of concentrations.  

The only LOD I could estimate for the oxalates was somewhere between 5.54 

wt.% and 10.28 wt.% for the 2048 nm band for humbdoltine. All other features for the 

oxalate minerals were not observable in the mixtures. 

Both acetates and formates exhibited relatively low LODs at NIR wavelengths but 

were not observable at the measured concentration at the MIR wavelengths. The Fe2+ 

acetate showed a LOD of 0.21 wt. % at 2260 nm, the calcium acetate monohydrate 

showed a LOD of 0.31 wt.% at 2263 nm, and the magnesium acetate tetrahydrate showed 

a LOD of 0.43 wt. % at 2259 nm. The calcium formate samples showed a relatively low 

LOD of 0.04 wt.% at 2355 nm, and the magnesium formate dihydrate showed a LOD of 

0.31 wt.% at 2340 nm. 
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4.0 Discussion  

4.1 Difference in detection limits within and between carboxylate groups 

My results indicate significant differences in detectability within and between 

carboxylate groups, as well as between different analytical techniques. Relating to the 

latter and the majority of the analyses, this is not due to overlapping features found in the 

JSC Mars-1 and MGS-1 analogue powders, with the exception for diffraction of calcite, 

where the major Bragg peak significantly overlaps with a weak peak from pyroxene and 

olivine in JSC Mars-1a. With XRD, carbonates have lower LODs, in general, than 

oxalates, acetates, and formates. This correlates with the endmember peak amplitude 

values of the carbonates, which, especially for magnesite and calcite, are higher. If calcite 

was not masked by the pyroxene/olivine peak, all three carbonates would likely have 

XRD LODs near 0.60 wt.%. In contrast, the oxalates studied here have XRD LODs near 

1.00 wt.%, as do the acetates and formates with the exception of the X-ray amorphous 

Fe2+ acetate and the magnesium formate dihydrate. 

With reflectance spectroscopy, there is a marked contrast in LODs between 

acetates/formates and carbonate/oxalates. Acetates and formates show relatively strong 

NIR absorption bands, with band depth percentages between 25 and 45 for <45 µm 

particle size fractions. The LODs of these were roughly near 0.30 wt.%, with the calcium 

formate sample showing a LOD at 0.04 wt.% due to its strong absorption band. In 

contrast, the <45 µm particle size fractions of the carbonates showed very weak 

absorption bands with band depth percentages near 10. For the oxalates, the only LOD 
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that was estimated was for the humboldtine H2O band near 2040 nm and was found to 

between 5.0 and 10 .0 wt.%. 

At MIR wavelengths shorter than 4000 nm, only the carbonates were detectable, 

which is expected given their strong absorption bands near 3900 nm. The band depth 

percentage of calcite was 77.76, magnesite was 71.13, and siderite was 57.62. In 

particular, the LOD for calcite was found to be only 0.26 wt.%. Some of the oxalates, 

acetates, and formate mixtures did show observable absorption features at wavelengths 

longer than 4000 nm, but I opted not to analyze LODs on those because the feature are 

broad and most observational data do not analyze this wavelength range due to the strong 

contribution of sample emittance. 

4.2 Comparison with previous studies 

The LOD of minerals by XRD is instrument, sample, and mixture dependent due 

to instrument and matrix effects. A LOD of 1.0-2.0 wt.% for crystalline materials for 

CheMin data has been cited (Bish et al., 2014; Rampe et al., 2020). For other 

instruments, detection limits for crystalline phases in mixed materials have been broadly 

stated at near ~2.0 wt.%, in general (Bunaciu et al., 2015). Xiao et al. (2023) performed 

extensive testing with mixtures of quartz, albite, calcite, dolomite, halite, kaolinite, and 

montmorillonite with a Panalytical X’pert Pro XRD, using Cu- radiation. They performed 

similar regression analyses and tested RIR, Rietveld, and FULLPAT methods. They 

found that the RIR method is the simplest quantitative approach yet is plagued by the 

caveats discussed in this study. They found that in these mixtures, calcite exhibited a 

LOD of 0.06 wt.%. Using the RIR method, Hillier (1999), using a mixture of quartz, k-

feldspar, calcite, dolomite, and pyrite, found a LOD for calcite of 0.22 wt.%. Thus, my 
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calculated LODs are consistent with the known broad LOD suggestions for CheMin-

specific instruments. In my mixtures, if the calcite peak did not exhibit strong 

interference, the LOD would likely approach that found by Hillier (2000), since the peak 

amplitude is higher than the strongest Bragg peak exhibited by siderite (Table 3). The 

major caveat here is that the work by Hillier et al. (1999) used Equation 4 for their 

analyses, which, in general, produces a LOD an order of magnitude larger than Equation 

16 used here. 

Detection limits by reflectance spectroscopy are highly dependent on matrix 

effects. When significant concentrations of opaque mineral are present in a mixture, 

absorption bands and features can be strongly masked even at very high concentrations 

(e.g., Figure 2a). Thus, there is no usable reference for LODs of carboxylates or other 

materials that can be broadly applied to reflectance spectra. Kaplan et al. (2019) did 

estimate the LOD for bulk organic carbon in carbonaceous chondrites when using the 

~3400 nm C-H bands to be ~1.0 wt.%, as discussed in Section 2.3.2. When studying 

pyroxene-bearing rocks and mixtures, Pompilio et al. (2007) stated:  

“In general, the way to establish detection limits for the absorber-related features, 

as a function of the relative abundance of the spectroscopically active species randomly 

distributed within a solid rock surface, is not straightforward.” 

In comparison with the analyses by Tarnas et al., (2021) on the same 

measurements, I observe a significant difference in LOD estimation. The band depth 

analyses presented here indicate LODs using the 2300 nm band of relatively large 

grained calcite mixed with the MGS-1 analogue powder to be near 3 wt.%, whereas the 

hyperspectral imaging methods used by Tarnas et al., (2021) could accurately detect 
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calcite at 10-20 wt.%. I can compare my estimated LODs with data from samples known 

to contain small concentrations of carbonates to assess the robustness. Alexander et al. 

(2015) found both CI and CM chondrites to have an average of ~0.18 wt.% carbonate 

concentration, and some CM chondrites exhibit the carbonate absorption band near 3950 

nm (Beck et al., 2018). Specifically, ALH 83100 was shown by Alexander et al. (2015) 

to have 0.32 wt.% carbonate, and is one of the two CM chondrite found by Beck et al. 

(2018) to show carbonate absorption bands. This exceeds the 0.26 wt.% LOD I 

determined for calcite in my mixtures, whereas those that had lower carbonate 

concentrations did not exhibit the 3950 nm absorption band. Thus, my LOD values 

represent a baseline for understanding carboxylate detectability in similar materials, 

which are bright, highly amorphous, and highly fine grained with basaltic chemical 

compositions. Fortunately, this is applicable to many known martian terrains. In 

particular, the LODs for carbonate at 3950 nm provide input on their high detectability 

with spectrometers covering this range because most materials are bright and without 

absorption features over this range. 

4.3 Difference in detection limits by powder particle size fraction 

With the inclusion of the data presented by Tarnas et al. (2021), I have analyzed 

the effect of grain size distribution on the LOD of calcite at NIR wavelengths. As 

expected for semi-transparent materials (e.g., Hapke 2012), the band depth for calcite at 

2340 nm becomes stronger (larger) with increasing grain size (Figure 10). The band 

depth percentage increased from 9.42 for the <45 µm particle size fraction to 38.76 for 

the 125-250 µm particle size fraction, a four-fold increase. The 2340 nm band was not 

observable in the <45 µm particle size fraction when mixed with JSC Mars-1a at 2.02 wt. 
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%, but the LOD for the 45-75 µm particle size fraction when mixed with MGS-1 was 

2.31-3.01 wt.% and 1.15-3.65 wt.% for the 125-250 µm particle size fraction. Given the 

expected formation scenarios for the non-carbonate carboxylates, such as abiotic 

photosynthesis, their particle sizes on the surface of Mars are likely very small, thus 

indicating the detectability of oxalates by reflectance spectroscopy would be difficult on 

the surface of Mars. In contrast, acetates and formates have high detectability at NIR 

wavelengths even at small grain sizes. Because carbonate minerals have a wide variety of 

possible formation conditions on the surface of Mars, larger grain sizes could be expected 

in addition to a relatively higher concentration, and are therefore more accessible to 

identification by reflectance spectroscopy. 

4.4 Implications for exploration and caveats 

These results lead to a number implications for Mars exploration that can inform 

the detection and characterization of these materials with XRD instruments and 

reflectance spectrometers on the surface. Acetate and formate minerals can be detected at 

relatively low concentrations with NIR reflectance spectrometers when mixed with 

relatively bright materials such as the JSC Mars-1a analogue material, even at fine grain 

sizes. In particular, the anhydrous calcium formate exhibited a very sharp and strong 

absorption band on which I calculated a LOD of only 0.04 wt.%. Oxalates will likely not 

be detected by orbital spectrometers or in situ reflectance spectrometers if the 

concentration of these minerals is at or below the LODs by XRD and at the 

concentrations suggested by SAM data. These are not expected to be rock-forming 

minerals, thus their concentration is not expected to exceed the LODs by reflectance. 

Oxalates can be identified by XRD at concentrations detected by SAM, and further 
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analyses by CheMin may provide opportunities for their detection and characterization. 

In contrast, carbonates can be detected and have been detected at NIR wavelengths when 

the concentration is significant and/or the particle sizes are large. For larger grain sizes 

they could be detected at concentrations much lower than 5.0 wt.%. At MIR wavelengths, 

carbonates are readily detectable even at small grain sizes. This is consistent with the 

observation of carbonates at wavelengths of ~3900 nm in various carbonaceous chondrite 

meteorites where the concentration is not high and their particle sizes are small.  

I have confirmed that the LOD for these minerals is very close to the often cited 

concentration of 1.0 wt.% by CheMin XRD. The exception, in general, is anhydrous 

carbonates which can be observed at lower concentrations because of their stronger 

diffraction peaks, but the error in the regression curves overlap with the 1.0 wt.% value. 

One large caveat is that my LOD calculations are based on the standard deviation 

of measurements taken on the pure JSC Mars-1a material. This introduces an unrealistic 

low-noise component when comparing my experimental procedures with the data 

collected on the surface of Mars, e.g., CheMin and SuperCam. Thus, when data are 

noisier, the LODs will be higher; therefore, these numbers represent best-case-scenarios. 

Another caveat is that the CheMin XRD measurements are not relative measurements. 

Therefore, instrument effects are not removed from comparative measurements such as 

they are with ratioed reflectance spectra. The Terra breadboard is an excellent analogue 

for CheMin, and the normalization procedure to minimize differences in incident X-ray 

flux and quantum efficiency of the CCDs did help, but do not completely eliminate 

instrument effects that could change peak amplitudes between instruments.  
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Matrix effects are important when considering both XRD and reflectance 

spectroscopy measurement and are not removed by relative measurements. In particular, 

for CheMin-like XRD, the grain size distribution, sample composition, microabsorption, 

and bulk chemical composition, can have strong effects on detectability and LODs. 

Similarly, for reflectance spectroscopy, the grain size distribution, sample composition 

(not least opaque mineral composition), can strongly affect the band depths of the target 

materials. Thus, my results provide a rough guideline for detectability where these 

caveats need to be considered. 

5.0 Application to rover data 

5.1 Application to CheMin data 

Because of the strong similarities between my Terra instrument and CheMin, the 

data I collected facilitates interpretation of CheMin data without necessarily performing 

FULLPAT or Rietveld analysis. There is precedent for using these commercial 

breadboards for building usable databases and interpreting CheMin data. For example, 

Blake et al. (2012) stated:  

“Several Terra® instruments (a commercial spinoff instrument of CheMin, 

manufactured by inXitu, Inc., Campbell, CA) are in use at Ames Research Center, Jet 

Propulsion Laboratory, Los Alamos National Laboratory, Johnson Space Center and 

Goddard Space Flight Center. They are battery-operated, field-portable instruments 

designed with enough fidelity to the CheMin FM to allow practical evaluation of how the 

CheMin design functions in field situations and for the development of XRD libraries. 

The Terra® instrument at GSFC is being used for direct comparisons of mineral and rock 
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analyses between SAM and CheMin testbeds. The Terra instrument at JSC is likewise 

being used for direct comparisons of mineral and rock analyses between CheMin and the 

ChemCam testbed at LANL.” 

To demonstrate the accuracy of the calibration curves here to detect and 

discriminate carboxylates, I have compared analyses of recent CheMin data that have 

detected siderite with the application of my mixtures series with siderite. Figure 12a 

demonstrates the °2-theta Co-Kα accuracy of my Terra instrument, showing a normalized 

plot of quartz powder measured by the Terra in comparison with the quartz:beryl 

standard carried on CheMin. For all of my analyses, I used Kapton windows; Figure 12b 

shows the diffraction patterns for both Kapton and mylar windows, both of which were 

used for CheMin analyses (Table 7). These can be used to eliminate false detections of 

minerals at regions of °2-theta Co-Kα where these materials can contribute to diffraction. 

 Archer et al. (2020) demonstrated a potential detection of siderite in the Kilmarie 

and Glen Etive 1 samples near the stated CheMin LOD of 1.0 wt.%. Thorpe et al. (2022) 

showed siderite and/or ankerite detections in several samples by CheMin; concentrations 

in the bulk material materials to be 0.8 ± 0.9 wt. % for Glen Etive 1, 2.2 ± 1 wt. % for 

Kilmarie, 1.4 ± 0.9 wt. % for Mary Anning, 1.1 ± 1.7 wt. % for Mary Anning 3, and 3.2 ± 

2.6 wt. % for Groken. Table 8 shows a comparison of my application of the calibration 

curves derived from my mixtures to the results presented by Thorpe et al. (2022). I find 

that my determined concentrations of siderite for these samples closely match those 

determined by Thorpe et al. (2022), all within error. Here, I used the error derived in my 

siderite mixtures from propagating errors, described in Section 3.5. The estimated 

siderite concentrations display a difference from the CheMin values of only 0.16, 0.30, 
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0.26, and 1.84 wt.% for the Kilmarie, Mary Anning 3, Glen Etive 1, and Groken samples, 

respectively. The Groken and Mary Anning 3 samples were suggested to contain 

concentrations of ankerite, but the tabulated values were not separated from siderite, my 

measurements are therefore likely closer than the difference of 1.84 wt.% for the relative 

siderite concentrations for Groken. Thus, for all samples, my analyses are within an 

average of roughly 0.50-1.00 wt.% of the derived values from the FULLPAT analyses 

outlined in previous work. This may demonstrate the robustness of the FULLPAT 

methods used for determining concentrations of minor phases in bulk samples on Mars 

with CheMin data and the applicability of my method for analyzing isolated peaks with 

the same data. The likelihood that both methods correctly determine the same 

compositions rests on both methods using Bragg reflection strength underpinning the 

concentration estimations. 

This indicates that my simple continuum-removal method for determining the 

peak amplitudes and calibration cures for estimating LODs of the carboxylates can be 

applied to CheMin data to quickly identify potential identifications of other carboxylates. 

The CheMin files I used are listed in Table 7, and span data collected from sol 77 to sol 

2921. The quantified mineral abundances for the crystalline component of each sample 

are listed in Table 9. Figures 13a to 13i show the CheMin data analyzed in comparison 

with the JSC Mars-1a sample, after normalization to reduce instrument effects. I have 

also listed major peak positions in °2-theta Co-Kα for these minerals, and have identified 

which overlap with the major peaks for the carboxylates studied here (Table 10). To 

identify potential detections, I processed the CheMin files with the simple linear 

regression parameters listed in Table 4, and computed concentrations. Carboxylate peaks 
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that overlapped with the minerals listed in Table 10 were eliminated, as were those that 

overlapped with secondary and minor peaks not identified in that table. I also eliminated 

peak analysis where the determined concentrations were significantly below the LODs 

determined in this study for the respective carboxylate. My results are listed in Table 11, 

which show that for the majority of the samples analyzed by CheMin, carbonates, 

oxalates, and acetates are either not present or below the LODs determined in this study.  

Figures 14a to 14d show diffraction patterns where most detections and false 

detections occurred. Here, the only carboxylates that produced detections or false 

detections were siderite, magnesite, whewellite, and calcium acetate monohydrate. 

Figure 14b clearly shows the siderite diffraction peaks are observable above noise. In 

addition to the samples identified as siderite-bearing by Thorpe et al. (2022), my analyses 

also indicate that Aberlady and Greenhorn samples exhibit siderite concentrations at 2.11 

and 0.68 wt.%, respectively, which are near or above the LOD. Very weak peaks that are 

below or near the noise floor that are consistent with whewellite are observable in the 

Rocknest diffraction patterns (Figure 14a). A number of other samples also show 

possible evidence for this weak peak: Ogunquit Beach, John Klein, Cumberland, 

Windjaana, Confidence Hill, Mojave, Telegraph Peak, Glen Etive, Glasgow, Mary 

Anning 3, Kilmarie, and Big Sky. The major peak for calcium acetate monohydrate 

overlaps with the broad amorphous phyllosilicate peaks near 10° 2-theta Co-Kα in many 

samples (Figure 14c), which produced a number of false detections.  

If the peak in the Rocknest material is due to whewellite, it would indicate an 

average of 1.22 wt.%, which is close to the oxalate value of 1.10 wt.% determined by 

Lewis et al. (2021) with SAM data. Complicating this identification is a variable peak 
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position attributed to plagioclase minerals, specifically fit to andesine for the Rocknest 

material. However, all of the samples measured by both CheMin and SAM contain 

relative large concentrations of plagioclase, and only about half of these samples show 

this peak. The average oxalate value determined by SAM on samples that show this peak 

in CheMin data is 0.74 wt.%, and the average value on samples that do not show this 

peak is 0.28 wt.%. This may indicate that oxalate is indeed in these samples at higher 

concentrations and observable by CheMin, but further analyses are needed for 

confirmation. If the false detections of oxalate and acetate in my analyses did contribute 

to the XRD patterns, it may indicate that the aeolian materials are enriched in 

carboxylates, which was the conclusion determined by Lewis et al. (2021), who showed 

that the aeolian materials could have an average concentration of 0.93 and 1.18 wt.% 

oxalates and acetates, respectfully; while the materials drilled from the lithified sediments 

could have average concentrations of 0.50 and 0.68 wt. % oxalates and acetates. 

However, none of the other samples with suggested oxalate and acetate 

concentrations near or above the LODs determined in this study were confidently 

identified in the CheMin data. This could be due to decreased LODs in CheMin data due 

to the higher noise floor stemming from the lower X-ray flux from the tube in 

comparison to the Terra. The non-detection could also indicate that the concentrations of 

oxalate and acetate are closer to the minimum values determined by Lewis et al. (2021) 

which would be below the CheMin LOD for the carboxylates, that other materials are 

responsible for the CO2 release in the SAM data, that oxalate and acetate phases may be 

amorphous, or that other oxalate and acetate minerals that were not studied here or by 

Lewis et al. (2021) are present. As indicated by Applin et al. (2015), isomorphous 
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substitution of metals in oxalate minerals can occur; oxalate can also form in double and 

triple metal and multi-anion minerals that include sulphate and chloride, bioxalate and 

hydroxide phases, including formation alumino-silicate minerals. Further, the oxidation 

of organic-bearing clays can form trioxalato-complexes. Due to the presence of 

perchlorate on the surface, it could be possible for chlorinated carboxylates to form and 

significantly contribute to SAM data. Most of these materials have not been studied and 

may contribute to the observed CO2 released in SAM data ascribed to carboxylates. 

5.2 Application to SuperCam data 

In general, reflectance spectra are relative measurements and are calibrated to remove 

instruments effects, which the general exception of systemic noise, spectral resolution, 

sampling interval, and other discrepancies not accounted for by ratioing. As such, my 

reflectance spectra can be used to interpret those from the SuperCam IRS instrument. The 

SuperCam files I used are listed in Table 12. These targets, Guillaumes, Garde, and 

Bellegarde were chosen because they represent the targets that Scheller et al. (2022) 

identified as exhibiting the 340 nm fluorescence feature in the SHERLOC data that could 

be due to organic materials. I complemented these targets with the data collected by 

SuperCam on the Penne target, which was shown by Wiens et al. (2022) to display NIR 

carbonate features. The NIR reflectance spectra for these targets are shown in Figure 

15a, and the normalized reflectance spectra are shown in Figure 15b. The spectra show 

overall reflectance that are not highly different than my JSC Mars-1a or MGS-1 samples 

in the NIR, thereby facilitating my calibration curves to measure at least order of 

magnitude accurate concentrations for any potential identification. As can be seen in 

Figure 15b, there does not appear to be any significant absorption near 2260 nm where 
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acetates absorb strongly. The features observed at 2340 nm are indicative of Fe3+ 

phyllosilicates (Wiens et al., 2022) rather than formates. There does not appear to be any 

indication for the presence of oxalates. These samples do appear to show absorption 

bands that are consistent with an Mg-rich carbonate near 2305 nm. Clave et al. (2022) 

showed that these absorption bands are consistent with carbonates on the magnesite-

siderite solid solution. In their analyses, they determine there to be 3.0 to 20.0 vol.% 

carbonate for the Garde abraded patch at the mm scale, acknowledging the difficulty in 

accurately determining concentration due to the number of variables that affect the 2300 

nm band depth. Continuum-removed reflectance for the samples analyzed here are shown 

in Figure 15c. This shows that for the Guillaume and Bellegard targets, there does not 

appear to be a significant contribution from carbonates. Normalized continuum-removed 

reflectance spectra of the Penne target compared with my magnesite spectra are shown in 

Figure 15d. This demonstrates that magnesite is not a perfect match; the center of the 

absorption band for Penne is shifted to longer wavelengths, thus suggesting the carbonate 

shifted towards siderite in the solid solution. I applied my calibration curves derived from 

the calcite spectra collected by Tarnas et al. (2021), with the assumption that the same 

regression parameters could be used for magnesite because they have very similar band 

depths at the same grain size distribution; Table 3 shows the 2340 nm band depth 

percentage for calcite at a <45 µm particle size to be 9.42 and magnesite at 2301 nm to be 

10.42. Note that as the mineral progressively moves towards siderite in solution, the band 

depth would progressively become smaller when all other variables are similar, as the 

band depth percentage is 4.31 for siderite. The concentrations I produced for these targets 

are listed in Table 13. For the Garde abrasion patch, I show a carbonate concentration of 
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9.75 wt.% if the particle size fraction was 125-150 µm, and a concentration of 18.74 

wt.% if the particle size fraction was 45-75 µm. The concentration would be higher for 

finer particles. These values are consistent with the 3.0-20.0 vol.% suggested by Clave et 

al. (2022). Further, the Garde cuttings show a lower concentration when assuming the 

same particle size fraction; 6.12 to 11.48 wt.%. This would be consistent with the 

carbonate particles becoming finer during abrasion and therefore the sample exhibited a 

shallower band depth (Figure 15c). Due to the large number of variables that affect band 

depth in intimate mixtures and not knowing the grain size distribution of the carbonates, 

these represent only an estimated range of carbonate concentration for these samples. 

6.0 Summary and conclusions 

 I have measured a series of intimate mixtures of carboxylates (carbonates, 

oxalates, acetates, and formats) with Mars analogue materials and collected CheMin-like 

XRD and reflectance spectra from 350 to 5000 nm. I processed these data to determine 

LODs of carboxylates and applied these results to some CheMin and SuperCam data in 

order to determine whether carboxylates were present and at what concentrations. 

 I found that most of these carboxylate minerals have LODs that hover near 1.0 

wt.% with CheMin-like measurements, which is consistent with previous suggestions for 

CheMin LODs. In particular, carbonate minerals have LODs near 0.60 wt.%, lower than 

the other minerals studies here. Acetate and formate minerals can be detected at relatively 

low concentrations at NIR wavelengths due to their  strong and sharp absorption bands. 

Calcium formate exhibited a NIR LOD of 0.04 wt.%, much lower than the other minerals 

studied here. In contrast, oxalate minerals will not likely be detected by orbiting 

spectrometers due to their weak absorption bands and likely presence below LODs by 
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reflectance spectroscopy. Anhydrous carbonates minerals have relatively low LODs at 

NIR wavelengths, which may decrease with increasing grain size. At 3950 nm, relatively 

low (<<1.0 wt.%) concentrations of carbonates can be detected at all grain sizes. I found 

that my resulting LOD for calcite at 3950 nm was consistent with the threshold for the 

detection of carbonate minerals in carbonaceous chondrites at this wavelength. 

 I found that the XRD calibration curve method detected siderite concentrations 

within 0.50-1.00 wt.% on average, similar to previous analyses using FULLPAT 

processing of CheMin data for the Kilamarie, Mary Anning 1, Mary Anning 3, Glen 

Etive 1, and Groken samples, thus demonstrating robustness for both methods. I further 

detected siderite in the Aberlady and Greenhorn samples. After processing all of the 

diffraction patterns available to compare with the SAM results by Lewis et al. (2021), I 

found that there was no strong evidence for the contribution of oxalates, acetate, and 

formate minerals in CheMin data, with the exception of potentially 1.22 wt.% whewellite 

in the averaged Rocknest data, and the possibility of a number of other samples showing 

weak evidence for the same mineral. Plausible scenarios that could explain the absence of 

carboxylate detection at or near the derived XRD LODs include other materials being 

responsible for the CO2 release in the SAM data, that oxalate and acetate phases may be 

amorphous, or that other oxalate and acetate minerals not included in this study are 

present. Isomorphous substation of metals in oxalate minerals can occur; oxalate can also 

form in double and triple metal and multi-anion minerals that include sulphate and 

chloride, bioxalate and hydroxide phases, including formation of alumino-silicate 

minerals. Trioxalato and chlorinated carboxylates could potentially form. Most of these 
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materials have not been studied and may contribute to the observed CO2 released in SAM 

data ascribed to carboxylates. 

Similarly, I looked for the presence of carboxylate minerals in data from 

SuperCam on samples that were suggested to have the presence of organic materials by 

Scheller et al. (2022). I did not observe any absorption bands that could be associated 

with oxalates, acetates, and formate minerals. I did observe the ~2300 nm absorption 

band that has been ascribed to the magnestite-siderite solid solution mineral and found 

that when my calibration curves are crudely applied, I derived concentrations of roughly 

5.0-20.0 wt.%, which are highly dependent on grain size, where the mineral is situated on 

the solid solution, and the usual radiative transfer matrix effects. These results were 

consistent with the results by Clave et al. (2022), who suggested the absorption band 

could indicate 3.0 to 20.0 vol.% carbonate. 

Thus, my results provide a baseline for the detection, discrimination, and 

concentration estimation of carboxylate minerals on the surface of Mars with XRD and 

reflectance spectroscopy instruments. These results can inform processing of data 

collected by CheMin and future XRD systems in the context of carboxylate detection. As 

SuperCam continues to operate, these data can be used for organic compounds in 

combination with SHERLOC data. 
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5.0 Supplemental Material 

5.1 Python script for retrieving I/F data from PDS archived SuperCam files 

 

from astropy.io import fits 

import pandas as pd 

# open fits file 

hdulist=fits.open('INPUT FITS FILE NAME.fits) 

x = hdulist[7].data['Wavelength (um)'] 

y = hdulist[6].data['I_F_atm'] 

df = pd.DataFrame({"Wavelength" : x, "I_F_ATM_CORR" : y}) 

df.to_csv("OUPUT CSV FILE NAME.csv",index=False) 

 

5.2 Excel file with reflectance spectra 

5.3 Excel file X-ray diffraction patterns 
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Table List 

Table 1. Samples used in this study. See Table 2 for chemical formulas. 

Sample ID Wt. % carboxylate Wt. % Mars analogue carboxylate sample ID carboxylate 

CBXMIX001 0.00 100.00 none none 

CBXMIX002 2.50 97.50 ACT006 calcium acetate monohydrate 

CBXMIX003 2.33 97.67 ACT005 magnesium acetate tetrahydrate 

CBXMIX004 2.02 97.98 ACT004 ferrous acetate 

CBXMIX005 2.12 97.88 FRM001 formicaite 

CBXMIX006 1.98 98.02 FRM003 magnesium formate 

CBXMIX007 1.98 98.02 ART003 whewellite 

CBXMIX008 2.05 97.95 CRB715 humboldtine 

CBXMIX009 1.98 98.02 CRB720 glushinskite 

CBXMIX010 2.02 97.98 CRB131 calcite 

CBXMIX011 2.00 98.00 CRB106 magnesite 

CBXMIX012 2.53 97.47 CRB145 siderite 

CBXMIX013 0.53 99.47 ACT006 calcium acetate monohydrate 

CBXMIX014 0.59 99.41 ACT005 magnesium acetate tetrahydrate 

CBXMIX015 0.53 99.47 ACT004 ferrous acetate 

CBXMIX016 0.60 99.40 FRM001 formicaite 

CBXMIX017 0.61 99.39 FRM003 magnesium formate 

CBXMIX018 0.51 99.49 ART003 whewellite 

CBXMIX019 0.59 99.41 CRB715 humboldtine 

CBXMIX020 0.49 99.51 CRB720 glushinskite 

CBXMIX021 0.55 99.45 CRB131 calcite 

CBXMIX022 0.62 99.38 CRB106 magnesite 

CBXMIX023 0.53 99.47 CRB145 siderite 

CBXMIX024 6.90 93.10 CRB145 siderite 

CBXMIX025 5.54 94.46 CRB715 humboldtine 

CBXMIX026 11.08 88.92 CRB145 siderite 

CBXMIX027 10.28 89.72 CRB715 humboldtine 

FRM001 100.00 0.00 FRM001 formicaite 
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FRM003 100.00 0.00 FRM003 magnesium formate 

ACT005 100.00 0.00 ACT005 magnesium acetate tetrahydrate 

ACT004 100.00 0.00 ACT004 ferrous acetate 

CRB105 100.00 0.00 CRB106 magnesite 

CRB131 100.00 0.00 CRB131 calcite 

CRB145 100.00 0.00 CRB145 siderite 

ART003 100.00 0.00 ART003 whewellite 

CRB715 100.00 0.00 CRB715 humboldtine 

CRB720 100.00 0.00 CRB720 glushinskite 

ACT006 100.00 0.00 ACT006 calcium acetate monohydrate 

C3JT101 0.00 100.00 none none 

C1JT110 1.00 99.00 C1JT120 calcite 

C1JT109 2.50 97.50 C1JT120 calcite 

C1JT108 5.00 95.00 C1JT120 calcite 

C1JT107 10.00 90.00 C1JT120 calcite 

C1JT185 20.00 80.00 C1JT120 calcite 

C1JT184 50.00 50.00 C1JT120 calcite 

C1JT120 100.00 0.00 C1JT120 calcite 

C2JT105 1.00 99.00 C2JT106 calcite 

C2JT104 2.50 97.50 C2JT106 calcite 

C2JT103 5.00 95.00 C2JT106 calcite 

C2JT102 10.00 90.00 C2JT106 calcite 

C2JT183 20.00 80.00 C2JT106 calcite 

C2JT182 50.00 50.00 C2JT106 calcite 

C2JT106 100.00 0.00 C2JT106 calcite 
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Table 2. Absorption band minima and diffraction peak maxima for endmember samples used in this study. 

Sample 

number 

Chemical 

formula 

phases identified 

XRD 

Particle 

size (µm) 

VNIR band 

minima (nm) 

MIR band 

minima (nm) 

XRD peak 

maxima  

(°2-theta; Co 

Ka) 

CRB145 Fe2+CO3 siderite <45 2322, 2524 3964 37.50 

CRB131 CaCO3 calcite <45  2340, 2536 3979 34.25 

C2JT106 CaCO3 
nm 45-75 2340, nm nm nm 

C1JT120 CaCO3 
nm 125-250 2340, nm nm nm 

CRB106 MgCO3 magnesite <45 2301, 2502 3943 38.1 

CRB715 

Fe2+C2O4 · 

2H2O humboldtine <45 2048 3546, 3606 

21.45a, 34.60b, 

39.40c 

ART003 CaC2O4 · H2O whewellite <45 2436 3610 17.35 

CRB720 

MgC2O4 · 

2H2O glushinskite <45 2442 3590 21.00 

ACT004 

Fe2+(CH₃CO2)

₂ X-ray amorphous <45 2260 4057 none 

ACT005 

Mg(CH₃CO2)₂ 

· 4H2O 

magnesium acetate 

tetrahydrate <45 2259 4085 14.75 

ACT006 

Ca(CH₃CO2)₂ 

· H2O 

calcium acetate 

monohydrate <45 2263 4188 10.50 

FRM001 Ca(HCO2)2  formicaite <45 2355 various 18.35 

FRM003 

Mg(HCO2)2 · 

2H2O magnesium formate <45 2340 various 20.95 
nm not measured 
a   The 21.45 °2-theta Co Ka peak 

b   The 34.60 °2-theta Co Ka peak 

c   The 39.40 °2-theta Co Ka peak 
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Table 3. Measured and depths and peak amplitudes for samples used in this study.  

Sample ID 
Wt. % 

carboxylate 

Wt. % Mars 

analogue  

Carboxylate 

sample ID 

VNIR 

band 

depth 

MIR 

band 

depth 

XRD 

peak 

amplitude 

CBXMIX001 0.00 100.00a none nm nm nm 

CBXMIX002 2.5 97.50a ACT006 0.56 0.00 1.26 

CBXMIX003 2.33 97.67a ACT005 0.38 0.00 1.15 

CBXMIX004 2.02 97.98a ACT004 1.86 0.00 0.00 

CBXMIX005 2.12 97.88a FRM001 2.15 0.00 1.29 

CBXMIX006 1.98 98.02a FRM003 1.28 0.00 0.00 

CBXMIX007 1.98 98.02a ART003 0.00 0.00 1.23 

CBXMIX008 2.05 97.95a CRB715 0.00 0.00 

1.49b, 

1.27c, 

1.37d 

CBXMIX009 1.98 98.02a CRB720 0.00 0.00 1.37 

CBXMIX010 2.02 97.98a CRB131 0.00 2.40 1.53 

CBXMIX011 2.00 98.00a CRB106 0.00 1.54 1.54 

CBXMIX012 2.53 97.47a CRB145 0.00 0.59 1.59 

CBXMIX013 0.53 99.47a ACT006 0.18 0.00 1.08 

CBXMIX014 0.59 99.41a ACT005 0.14 0.00 1.02 

CBXMIX015 0.53 99.47a ACT004 1.25 0.00 0.00 

CBXMIX016 0.60 99.40a FRM001 0.47 nd 1.08 

CBXMIX017 0.61 99.39a FRM003 0.36 nd 0.00 

CBXMIX018 0.51 99.49a ART003 0.00 0.00 1.08 

CBXMIX019 0.59 99.41a CRB715 0.00 0.00 

1.19b, 

1.22c, 

1.25d 

CBXMIX020 0.49 99.51a CRB720 0.00 0.00 1.15 

CBXMIX021 0.55 99.45a CRB131 0.00 0.54 1.27 

CBXMIX022 0.62 99.38a CRB106 0.00 0.00 1.17 

CBXMIX023 0.53 99.47a CRB145 0.00 0.00 1.17 

CBXMIX024 6.90 93.10a CRB145 0.00 3.80 2.78 

CBXMIX025 5.54 94.46a CRB715 0.77 0.00 

2.09b, 

1.47c, 

1.54d 

CBXMIX026 11.08 88.92a CRB145 0.00 6.55 3.69 

CBXMIX027 10.28 89.72a CRB715 3.60 0.00 

2.73b, 

2.10c, 

1.82d 

FRM001 100.00 0.00 FRM001 68.28 nd 28.88 

FRM003 100.00 0.00 FRM003 40.60 nd 14.61 
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ACT005 100.00 0.00 ACT005 26.53 nd 25.13 

ACT004 100.00 0.00 ACT004 30.54 nd 0.00 

CRB106 100.00 0.00 CRB106 
19.03b, 

10.43c 
71.13 37.31 

CRB131 100.00 0.00 CRB131 
18.54b, 

9.42c,  
77.76 59.04 

CRB145 100.00 0.00 CRB145 
11.06b, 

4.31c 
57.62 14.64 

ART003 100.00 0.00 ART003 16.67 nd 12.78 

CRB715 100.00 0.00 CRB715 42.56 nd 

13.05d, 

5.62e, 

5.44f 

CRB720 100.00 0.00 CRB720 19.14 nd 13.20 

ACT006 100.00 0.00 ACT006 46.43 nd 25.13 

C3JT101 0.00 100.00g none nm nm nm 

C1JT110 1.00 99.00g C3JT101h 0.55 nm nm 

C1JT109 2.50 97.50g C3JT101h 0.63 nm nm 

C1JT108 5.00 95.00g C3JT101h 0.82 nm nm 

C1JT107 10.00 90.00g C3JT101h 1.13 nm nm 

C1JT185 20.00 80.00g C3JT101h 4.10 nm nm 

C1JT184 50.00 50.00g C3JT101h 10.39 nm nm 

C1JT120 100.00 0.00 C3JT101h 38.76 nm nm 

C2JT105 1.00 99.00g C2JT106i 0.30 nm nm 

C2JT104 2.50 97.50g C2JT106i 0.59 nm nm 

C2JT103 5.00 95.00g C2JT106i 0.75 nm nm 

C2JT102 10.00 90.00g C2JT106i 1.07 nm nm 

C2JT183 20.00 80.00g C2JT106i 2.38 nm nm 

C2JT182 50.00 50.00g C2JT106i 5.38 nm nm 

C2JT106 100.00 0.00 C2JT106i 20.16 nm nm 

nm  Not measured. 

nd  Not determined. 

a   JSC Mars-1a. 

b   The 2.5 µm band with continuum wavelength extending short of the 2.3 µm band. 

c   The 2.3 µm band only. 

d   The 21.45 °2-theta Co Ka peak 

e   The 34.60 °2-theta Co Ka peak 

f   The 39.40 °2-theta Co Ka peak 

g   MGS-1 
h   125-250 µm 
i    45-75 µm 
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Table 4. Parameters derived from linear regression for samples used in this study. 

Sample number carboxylate Particle size (µm) XRD m XRD b VNIR m VNIR b MIR m MIR b 

CRB145 siderite <45 0.2435 1.0256 nd nd 0.6501 0.7046 

CRB131 calcite <45 0.1772 1.1749 nd nd 1.2651 0.1529 

C2JT106 calcite 45-75 nd nd 0.1033 0.224 nd nd 

C1JT120 calcite 125-250 nd nd 0.0656 0.4777 nd nd 

CRB106 magnesite <45 0.2698 1.0008 nd nd nd nd 

CRB715a humboldtine <45 0.1581 1.1428 nd nd nd nd 

CRB715b humboldtine <45 0.0913 1.0913 nd nd nd nd 

CRB715c humboldtine <45 0.057 1.2352 nd nd nd nd 

ART003 whewellite <45 0.1022 1.0257 nd nd nd nd 

CRB720 glushinskite <45 0.1477 1.0732 nd nd nd nd 

ACT004 ferrous acetate <45 nd nd 0.4074 1.035 nd nd 

ACT005 magnesium acetate tetrahydrate <45 0.0734 0.9798 0.1392 0.0593 nd nd 

ACT006 calcium acetate monohydrate <45 0.0883 1.038 0.1914 0.0801 nd nd 

FRM001 formicaite <45 0.1384 0.9952 1.0995 0.1834 nd nd 

FRM003 magnesium formate <45 nd nd 0.3566 -0.096 nd nd 

nd   not determined 
a    The 21.45 °2-theta Co Ka peak 
b    The 34.60 °2-theta Co Ka peak 
c    The 39.40 °2-theta Co Ka peak 
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Table 5. Detection limits of CRB145 siderite on palagonite determined by different methods.  

Reference Uncertainty method Equation LOD 

2-sided 

confidence % 

Kontonyannis and Vagenas 

2000 

t-test; sample and background standard 

deviation 11 0.29 

60 

Hillier 1999 2(standard deviation of background) 2 0.43 64 

Ali et al., 2022, Hanchar et 

al., 2000, this work 3(standard deviation of background) 5, 6, 16 0.65 

78 

Dobelin 2020 

(background signal) + 3(standard deviation 

in determined concentration) 8 1.67 

99 

Zhang 2007 

t-test; standard deviation in determined 

concentration 13 1.69 

99 

Vyverberg et al., (2018) 3(sum of variance around regression curve) 7 2.18 >99 

Kim et al., 2012 

3(root mean square error of regression 

curve) 10 2.59 

>99 

Hillier 1999 ~6(standard deviations of background) 4 5.34 >99 
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Table 6. Calculated LODs for samples used in this study. 

Sample number Carboxylate Particle size (µm) 

XRD LOD  

(wt. %) 

VNIR LOD  

(wt. %) 

MIR LOD  

(wt. %) 

CRB145 siderite <45 0.65 >11.08 >0.65 

CRB131 calcite <45 0.99 >2.02 0.26 

CRB131 calcite 45-75 nm 2.31-3.01 nm 

CRB131 calcite 125-250 nm 1.15-3.65 nm 

CRB106 magnesite <45 0.56 nd >0.65 

CRB715a humboldtine <45 1.00 >5.00 nd 

CRB715b humboldtine <45 1.86 nm nm 

CRB715c humboldtine <45 1.89 nm nm 

ART003 whewellite <45 1.02 nd nd 

CRB720 glushinskite <45 0.78 nd nd 

ACT004 ferrous acetate <45 nd 0.21 nd 

ACT005 magnesium acetate tetrahydrate <45 1.25 0.43 nd 

ACT006 calcium acetate monohydrate <45 0.93 0.31 nd 

FRM001 formicaite <45 0.95 0.04 nd 

FRM003 magnesium formate <45 nd 0.31 nd 
nd   not determined 

nm  not measured 
a    The 21.45 °2-theta Co Ka peak 

b    The 34.60 °2-theta Co Ka peak 

c    The 39.40 °2-theta Co Ka peak 
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Table 7. CheMin files used in this study. 

Sample name 
File name 

Sol Window 

Integration time 

(minutes) 

4th scooped soil; Rocknest 

CMA_404470826rda00790050104ch1150

3p1 

0077-

0088 

1a 

(kapton) 1140 

5th scooped soil, Rocknest 

(a) 

CMA_405889312RDA00950050104CH1

1504P1 

0094-

0119 7a (mylar) 1578 

John Klein drill 

CMA_414856883RDA01960060000CH1

2240P1 

0196-

0269 

13b 

(mylar) 1590 

John Klein Drill 

CMA_414856883MIN01960060000CH12

240P2 0196-? 

13b 

(mylar) 2034 

Highfield drill 

CMA_595174954RDA22270730550CH0

0111P1 

0226-

0237 

10a 

(mylar) 1350 

Rock Hall drill 

CMA_598547494RDA22650731206CH0

0111P1 264 7b (mylar) 120 

Cumberland drill 

CMB_434685266RDA04190180786CH0

0113P1 

0418-

0432 

12b 

(mylar) 1247 

John Klein drill 

CMB_439549561RDA04740240192CH0

0111P1 

0473-

0488 

13b 

(mylar) 1348 

Windjana 

CMB_452848863RDA06240311330CH0

0111P1 

0623-

0632 

13a 

(mylar) 1320 

Confidence Hill drill (b) 

CMB_465487684RDA07660421020CH0

0113P2 

0765-

0785 

12a 

(mylar) 2246 

Mojave2 drill (b) 

CMB_476051894RDA08850450000CH0

0113P2 

0884-

0894 

6a 

(kapton) 1348 

Telegraph Peak drill 

CMB_479423416RDA09230450450CH0

0113P2 

0923-

0949 

5b 

(kapton) 2247 

Buckskin drill 

CMB_492814566RDA10740490642CH0

0111P1 

1073-

1079 

14b 

(kapton) 899 

Big Sky drill 

CMB_497096076RDA11220500592CH0

0113P1 

1121-

1129 7b (mylar) 1348 
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Greenhorn drill 

CMB_498699740RDA11400500676CH0

0113P1 

1139-

1148 8a (mylar) 1348 

Gobabed dune scoop 

CMB_509595663RDA12630530000CH0

0111P1 

1262-

1279 7a (mylar) 1350 

Lubango drill 

CMB_515083970RDA13250540746CH0

0113P1 

1323-

1330 8a (mylar) 1350 

Okoruso drill 

CMB_515987369RDA13350540938CH0

0111P1 

1334-

1347 7b (mylar) 1727 

Oudam drill 

CMB_518482923RDA13630542280CH0

0113P1 

1361-

1364 

12a 

(mylar) 900 

Marimba2 drill 

CMB_524082694RDA14260561236CH0

0113P1 1426 8b (mylar) 450 

Quela drill 

CMB_528182076RDA14720580642CH0

0113P1 

1470-

1480 

5a 

(kapton) 1800 

Sebina drill 

CMB_530590971RDA14990582136CH0

0113P1 1496 

4b 

(kapton) 450 

Ogunquit Beach scoop © 

(OG3) 

CMB_569138401RDA19340672420CH0

0113P1 1931 

1a 

(kapton) 450 

Duluth drill 

CMB_581124537RDA20690701752CH0

0111P1 

2068-

1095 

13b 

(mylar) 1350 

Stoer drill 

CMB_587626717RDA21420721316CH0

0111P1 

2141-

2151 

10a 

(mylar) 1350 

Aberlady drill 

CMB_608205076RDA23740751386CH0

0111P1 

2373-

2383 8a (mylar) 1350 

Kilmarie drill 

CMB_609535789RDA23890751398CH0

0111P1 

2388-

2400 9b (mylar) 1800 

Glen Etive drill 

CMB_618807226RDA24920763002CH0

0113P1 

2492-

2502 8b (mylar) 1350 

Glen Etive drill 2nd 

CMB_623314115RDA25430763002CH0

0111P1 

2543-

2553 8a (mylar) 1350 

Hutton drill 

CMB_634766364RDA26720790000CH0

0111P1 

2672-

2676 

12a 

(mylar) 900 
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Edinburgh drill 

CMB_638579868RDA27150790654CH0

0111P1 

2715-

2722 7b (mylar) 1350 

Glasgow drill 

CMB_642400648RDA27580792008CH0

0111P1 

2758-

2771 7b (mylar) 1350 

Mary Anning drill 

CMB_649856565RDA28420822176CH0

0111P1 

2841-

2853 7a (mylar) 1350 

Mary Anning 3 

CMB_653942038RDA28880822176CH0

0111P1 

2887-

2894 7a (mylar) 1350 

Groken 

CMB_656073671RDA29120822188CH0

0111P1 

2912-

2921 9a (mylar) 1350 
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Table 8. Comparison of determined siderite concentrations by CheMin with those from my regression analysis. 

 Siderite Siderite 

Sample CheMin Terra 

Glen Etive 1 0.8 ± 0.9 0.50 ± 0.54 

Mary Anning   1.4 ± 0.9 0.00 ± 0.54 

Mary Anning 3 1.1 ± 1.7 0.84 ± 0.54 

Groken 3.2 ± 2.6 1.36 ± 0.54 

Kilmarie 2.2 ± 1.0 2.04 ± 0.55 
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Table 9. Mineral concentrations determined by CheMin of Gale Crater samples. 

 RN RN JK  JK  HF  RH  CL CL JK  

 scooped soil scooped soil drill drill drill drill drill drill drill 

Mineral 4th 5th a b   a b c 

andesine 45.8 40.8 43.8 43.5   43.6 43.2  

feldspar         46.5 

k-feldspar          

plagioclase     47.3 38.2    

pyroxene     10.1 17.1   25.3 

forsterite 18.2 22.4 5.1 5.7   1.8 1.8 6.9 

olivine          

Fe-forsterite          

augite 18.1 14.6 8.5 7.6   8.1 6.5  

pigeonite 11.4 13.8 12.7 11.3   15.6 13.4  

enstatite          

magnetite 2.7 2.1 7.0 7.6 1.4  8.7 8.7 6.4 

anhydrite 2.1 1.5 3.3 5.3 8.2 21.2 1.6 1.8 4.6 

quartz 1.6 1.4 0.6 0.9 1.3  0.2  0.8 

cristobalite          

opal-CT          

tridymite          

sanidine  1.3 1.7 2.4 3.7  3.2 3.4  

hematite  1.1 1.2 1.2 20.0 5.4 1.3 1.1 0.9 

ilmenite  0.9     1.0 0.5 0.7 

akaganeite   2.4 2.3  11.3 3.4 3.6 2.2 

orthopyroxene   6.8 6.1   8.1 11.1  

halite   0.2 0.3   0.2 0.1 0.7 

pyrite   0.4 0.6      

pyrrhotite   1.5 2.0   1.9 2.1 2.0 

basanite   2.0 2.1 2.6  1.4 2.5 2.3 

gypsum     5.2     

ankerite          

siderite          

jarosite      4.3    

apatite      2.5    

SUM 99.9 99.9 97.2 98.9 99.8 100.0 100.1 99.8 99.3 
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Table 9 (cont.). Mineral concentrations determined by CheMin of Gale Crater samples. 

 WJ CH CH MO2  MO2  TP  BK  BS  GH 

  drill drill drill drill drill drill drill drill 

Mineral  a b a b     

andesine          

feldspar          

k-feldspar 21.1 8.0 9.4   5.9    

plagioclase 5.6 38 38.3 55.1 55.5 38.0 42.8 46.7 42.4 

pyroxene          

forsterite 5.2 3.3 2.3  0.4     

olivine          

Fe-forsterite    2.0      

augite 29.0 11.4 12 2.6 5.2 2.1    

pigeonite 16.7 9.9 9.9 12.7 10.9 7.0  19.1 5.0 

enstatite 1.0 5.4    2.8    

magnetite 13.8 6.9 5.6 6.8 7.1 10.9 6.9 13.1 17.0 

anhydrite 1.4     0.5 1.8 1.1 16.1 

quartz 0.2 0.8 1.3 1.5 1.9 1.2  1.5 2.4 

cristobalite      8.7 6.0   

opal-CT      14.5    

tridymite       34.1 1.7  

sanidine       8.4   

hematite 0.9 13.4 12.8 7.4 7.1 1.6  2.8 5.5 

ilmenite 1.1 1.4  0.9  0.9    

akaganeite 2.5         

orthopyroxene   3.9     13.9 7.6 

halite          

pyrite          

pyrrhotite 1.3         

basanite 0.2     0.5   3.9 

gypsum          

ankerite          

siderite          

jarosite  1.5 2.1 6.8 7.6 2.4    

apatite   2.4 4.2 4.3 3.0    

SUM 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.9 99.9 
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Table 9 (cont.). Mineral concentrations determined by CheMin of Gale Crater samples. 

 GD GD  LB OK OD MR2  QU  SB OB  

 scoop scoop drill drill drill drill drill drill scoop 

Mineral a b       a 

andesine          

feldspar          

k-feldspar    2.9      

plagioclase 35.8 50.3 43.2 41.9 51.1 45.8 44 38.4 47.1 

pyroxene     9.7 3.6 5.3 6.8  

forsterite      5.3 5.1 3.0 18.2 

olivine 28.0 10.7        

Fe-forsterite          

augite 20.2 8.6       15.7 

pigeonite 10.9 6.9 5.9 20.8     10.2 

enstatite          

magnetite 2.8 8.5 11.1 17.3     2.5 

anhydrite 1.0 6.0 12.3 0.8 5.8 10.2 10.7 16.9 2.3 

quartz 0.7 2.3 3.5 1.4 1.9 1.2 1.1 1.2 1.6 

cristobalite          

opal-CT          

tridymite          

sanidine      7.7 6.1 5.1  

hematite 0.5 6.8 2.3 1.1 26.0 16.4 20.0 20.4 2.3 

ilmenite          

akaganeite          

orthopyroxene   10.4 11      

halite          

pyrite          

pyrrhotite          

basanite   9.0 1.2  1.9 4.5 1.8  

gypsum   2.3  5.5 6.4 1.8 3.8  

ankerite          

siderite          

jarosite      1.5 1.4 2.6  

apatite    1.6      

SUM 99.9 100.1 100.0 100.0 100.0 100.0 100.0 100.0 99.9 
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Table 9 (cont.). Mineral concentrations determined by CheMin of Gale Crater samples. 

 OB  DL  ST  AL  KM GE GE  HT EB 

 scoop drill drill drill drill drill drill drill drill 

Mineral b         

andesine          

feldspar          

k-feldspar          

plagioclase 53.1 55.8 44.1 34.7 32.5 40.0 63.0 49.7 39.6 

pyroxene  9.0 7.3 14.7 13.4 6.0 11.0 14.1 27.6 

forsterite 10.4         

olivine          

Fe-forsterite         11.5 

augite 13.2         

pigeonite 8.5         

enstatite          

magnetite 2.4 1.6 0.7 1.9    12.4 14.0 

anhydrite 3.1 3.0 5.3 18.9 29.3 34.0 10.0 1.2  

quartz 2.5 1.3 1.5 2.1 0.8 2.0 2.0  0.2 

cristobalite        9.3  

opal-CT          

tridymite          

sanidine  9.0 4.0 3.9 2.3 5.0 6.0 4.7 4.6 

hematite 6.8 13 28.3 5.5 3.8 7.0 4.0 4.8 0.5 

ilmenite          

akaganeite   1.6       

orthopyroxene          

halite          

pyrite          

pyrrhotite          

basanite  5.4 0.8 18.4 10.0 3.0 3.0   

gypsum  1.8 4.2       

ankerite          

siderite     8.0 3.0    

jarosite   2.2       

apatite        3.8 2.0 

SUM 100.0 99.9 100.0 100.1 100.1 100.0 99 100.0 100.0 
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Table 9 (cont.). Mineral concentrations determined by CheMin of Gale Crater samples. 

 GG MA MA 

 drill drill  

Mineral   3 

andesine    

feldspar    

k-feldspar    

plagioclase 50.4 70.5 63.7 

pyroxene 5.8 11.6 13.9 

forsterite    

olivine    

Fe-forsterite    

augite    

pigeonite    

enstatite    

magnetite    

anhydrite 18.5 3.9 4.6 

quartz 3.3 2.1 2.3 

cristobalite 0.7   

opal-CT    

tridymite    

sanidine 3.7 6.3 6.3 

hematite 13.4 2.5 1.9 

ilmenite    

akaganeite    

orthopyroxene    

halite    

pyrite    

pyrrhotite    

basanite 3.2  4.8 

gypsum    

ankerite  3.1 2.3 

siderite    

jarosite    

apatite 1.0   

SUM 100.0 100.0 99.8 
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Table 10. Major d-spacings converted to °2-theta Co Ka for minerals identified by CheMin, for assessment 

of overlapping diffraction peaks with those identified with carboxylates. 
 

 °2-theta °2-theta °2-theta  Overlapping 

Mineral Co Ka 1 Co Ka 2 Co Ka 3 Reference carboxylate 

andesine 32.38 32.64 25.58 Xu et al., 2016  

feldspar 32.51 27.38 16.09 Smith 1956 whewellitec 

K-feldspar 31.36 27.45 24.48 Nagelschmidt 1937  

plagioclase 32.54 32.78 25.65 Wenk et al., 1980  

pyroxene 
34.8 41.44 36.02 De Wolff 1959 

calcitea, 

humboldtinea 

forsterite 42.68 41.70 26.66 Swanson and Tatge 1951  

olivine 42.18 37.20 41.16 Redfern et al., 2000  

Fe-forsterite 42.25 41.25 37.29 Brown 1973 sideritec 

augite 
34.71 41.48 35.17 Smith 1971 

calcitea, 

humboldtinea 

pigeonite 
34.48 32.39 35.92 Moromoto 1970 

calcitea, 

humboldtinea 

enstatite 32.81 36.29 42.04 NBS 1956  

magnetite 41.38 74.11 35.09 NBS 1967  

anhydrite 29.63 36.59 45.19 McMurdie et al., 1986  

quartz 31.04 24.27 58.95 Kern 1993  

cristobalite 25.58 44.91 42.12 NBS 1953  

opal-CT 25.20 23.90 41.93 Wilson 2014  

tridymite 25.16 23.86 27.10 Sato 1964  

sanidine 31.18 27.31 32.23 Donnay 1952  

hematite 
38.71 41.59 63.72 Wolska 1989 

magnesitea, 

humboldtinea 

ilmenite 37.91 41.17 62.42 NBS 1978 sideritea 
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akageneite 
13.77 41.09 31.18 Post et al., 2003 

magnesium acetate 

tetrahydratea 

orthopyroxene 42.98 58.74 61.57 Zhang et al., 2013  

halite 36.97 53.31 66.66 Swanson 1953  

pyrite 
38.61 66.41 43.37 Nodland et al., 1989 

magnesitea, 

humboldtinea 

pyrrhotite 
51.36 39.61 34.94 Mukherjee 1969 

calcitec, 

humboldtineb 

bassanite 

29.87 34.64 17.09 Busheuv 1982 

calciteb, 

humboldtineb, 

whewellitec, 

formicaitec 

gypsum 
13.47 24.11 33.94 NBS 1980 

calcitec, magnesium 

acetate tetrahydratea 

ankerite 
35.85 59.69 47.91 

Keller and McCarthy 

1985 

 

siderite 37.33 62.21 61.94 NBS 1978 magnesitea 

jarosite 

33.82 33.36 20.28 

Keller and McCarthy 

1985 

calciteab, magnesitea, 

humboldtinea, 

glushinskitec, 

magnesium formatec 

apatite 37.07 37.47 38.4 de Wolff 1957 sideritea 
a    Overlaps with a D1 peak.      

b    Overlaps with a D2 peak. 
c    Overlaps with a D3 peak. 
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Table 11. Concentrations of carboxylates derived by SAM studies and by CheMin data analyzed here. 

 oxalate  oxalate  oxalate  acetate   acetate acetate Oxalate  Acetate  Magnesite Siderite 

 wt. % wt. % wt. % wt. %  wt. % wt. % wt. % wt. % wt. % wt. % 

 SAM SAM SAM SAM  SAM SAM XRD XRD XRD XRD 

  min max   min max     

FESTa            

Edinburgh 0.75 0.00 1.54 0.96  0.00 1.99 <LOD <LOD <LOD <LOD 

Hutton 2 0.53 0.00 1.12 0.77  0.00 1.66 <LOD <LOD <LOD <LOD 

Glasgow 0.24 0.00 0.66 0.35  0.00 0.98 <LOD <LOD <LOD <LOD 

Mary Anning 1.13 0.30 1.96 1.64  0.35 2.93 <LOD <LOD <LOD 0.84 

Glen Etive 2 0.95 0.13 1.77 1.39  0.13 2.65 <LOD <LOD <LOD <LOD 

Kilmarie 2.45 0.83 4.07 3.56  1.01 6.11 <LOD <LOD <LOD 2.04 

Rock Hall 0.20 0.00 0.65 0.26  0.00 0.83 <LOD <LOD <LOD <LOD 

Highfield 0.21 0.00 0.81 0.31  0.00 1.21 <LOD <LOD <LOD <LOD 

Stoer 0.23 0.00 0.79 0.33  0.00 1.16 <LOD <LOD <LOD <LOD 

Duluths 0.14 0.00 0.28 0.2  0.00 0.42 <LOD <LOD <LOD <LOD 

Avg. 0.68 0.13 1.37 0.98  0.15 2.00 0.00 0.00 0.00 0.34 

            

CHIMRAb            

Marimba 0.06 0.00 0.34 0.09  0.00 0.49 <LOD <LOD <LOD <LOD 

Oudam 0.04 0.00 0.23 0.06  0.00 0.33 <LOD <LOD <LOD <LOD 

Greenhorn 2 0.12 0.03 0.21 0.16  0.05 0.27 <LOD <LOD <LOD 0.68 

Big Sky 0.24 0.01 0.47 0.31  0.01 0.61 <LOD <LOD <LOD <LOD 

Buckskin 0.14 0.00 0.28 0.17  0.00 0.36 <LOD <LOD 0.98 <LOD 

Telegraph Peak 0.08 0.00 0.25 0.10  0.00 0.31 <LOD <LOD <LOD <LOD 

Mojave 0.22 0.00 0.62 0.28  0.00 0.80 <LOD <LOD <LOD <LOD 

Confidence Hills 0.46 0.01 0.91 0.59  0.00 1.18 <LOD <LOD <LOD <LOD 

Windjana 1.21 0.45 1.97 1.54  0.53 2.55 <LOD <LOD <LOD <LOD 

Cumberland 3 0.30 0.06 0.54 0.38  0.06 0.70 <LOD <LOD <LOD <LOD 

John Klein 4 0.65 0.12 1.18 0.83  0.13 1.53 <LOD <LOD <LOD <LOD 
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Avg. 0.32 0.06 0.64 0.41  0.07 0.83 0.00 0.00 0.09 0.06 

            

Aeolian            

OG3 0.65 0.25 1.05 0.83  0.29 1.37 <LOD <LOD <LOD <LOD 

Gobabeb 1.03 0.34 1.72 1.32  0.40 2.24 <LOD <LOD <LOD <LOD 

Rocknest average 1.10 0.54 1.66 1.40  0.65 2.15 1.22 <LOD <LOD <LOD 

Avg. 0.93 0.38 1.48 1.18  0.45 1.92 0.41 0.00 0.00 0.00 
a feed-extended sample transfer 
b Collection and Handling for Interior Martian Rock Analysis 
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Table 12. SuperCam files used in this study.   

SuperCam file Target Sol 

scam_0162_0681322341_713_cp2_scam02162_guillaumes_162_scam__02p03.fits  Guillaumes 162 

scam_0162_0681322556_728_cp2_scam02162_guillaumes_162_scam__03p03.fits Guillaumes 162 

scam_0162_0681323109_713_cp2_scam02162_guillaumes_162_scam__05p03.fits  Guillaumes 162 

scam_0168_0681855158_102_cp2_scam02168_guillaumes_168_scam__01p03.fits  Guillaumes 168 

scam_0168_0681855379_093_cp2_scam02168_guillaumes_168_scam__02p03.fits  Guillaumes 168 

scam_0168_0681855595_093_cp2_scam02168_guillaumes_168_scam__03p03.fits  Guillaumes 168 

scam_0168_0681855849_114_cp2_scam02168_guillaumes_168_scam__04p03.fits Guillaumes 168 

scam_0168_0681856065_072_cp2_scam02168_guillaumes_168_scam__05p03.fits  Guillaumes 168 

scam_0168_0681856282_117_cp2_scam02168_guillaumes_168_scam__06p03.fits Guillaumes 168 

scam_0168_0681856539_088_cp2_scam02168_guillaumes_168_scam__07p03.fits  Guillaumes 168 

scam_0168_0681856755_310_cp2_scam02168_guillaumes_168_scam__08p03.fits  Guillaumes 168 

scam_0168_0681857052_182_cp2_scam02168_guillaumes_168_scam__09p03.fits  Guillaumes 168 

scam_0187_0683540867_823_cp2_scam01187_bellegarde_187_scam__01p02.fits  Bellegarde 187 

scam_0187_0683541086_999_cp2_scam01187_bellegarde_187_scam__02p02.fits  Bellegarde 187 

scam_0187_0683541303_089_cp2_scam01187_bellegarde_187_scam__03p02.fits  Bellegarde 187 

scam_0187_0683541565_982_cp2_scam01187_bellegarde_187_scam__04p02.fits  Bellegarde 187 

scam_0187_0683541875_859_cp2_scam01187_bellegarde_187_scam__05p02.fits  Bellegarde 187 

scam_0187_0683542090_838_cp2_scam01187_bellegarde_187_scam__06p02.fits  Bellegarde 187 

scam_0187_0683542353_070_cp2_scam01187_bellegarde_187_scam__07p02.fits  Bellegarde 187 

scam_0187_0683542569_046_cp2_scam01187_bellegarde_187_scam__08p02.fits  Bellegarde 187 

scam_0187_0683542867_857_cp2_scam01187_bellegarde_187_scam__09p02.fits  Bellegarde 187 

scam_0188_0683628754_979_cp2_scam01188_bellegarde_188_scam__01p02.fits  Bellegarde 188 

scam_0188_0683628984_953_cp2_scam01188_bellegarde_188_scam__02p02.fits  Bellegarde 188 

scam_0188_0683629210_919_cp2_scam01188_bellegarde_188_scam__03p02.fits  Bellegarde 188 

scam_0188_0683629474_948_cp2_scam01188_bellegarde_188_scam__04p02.fits  Bellegarde 188 

scam_0188_0683629700_915_cp2_scam01188_bellegarde_188_scam__05p02.fits  Bellegarde 188 

file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/desktop.ini
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0162_0681322341_713_cp2_scam02162_guillaumes_162_scam__02p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0162_0681322556_728_cp2_scam02162_guillaumes_162_scam__03p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0162_0681323109_713_cp2_scam02162_guillaumes_162_scam__05p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681855158_102_cp2_scam02168_guillaumes_168_scam__01p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681855379_093_cp2_scam02168_guillaumes_168_scam__02p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681855595_093_cp2_scam02168_guillaumes_168_scam__03p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681855849_114_cp2_scam02168_guillaumes_168_scam__04p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681856065_072_cp2_scam02168_guillaumes_168_scam__05p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681856282_117_cp2_scam02168_guillaumes_168_scam__06p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681856539_088_cp2_scam02168_guillaumes_168_scam__07p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681856755_310_cp2_scam02168_guillaumes_168_scam__08p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0168_0681857052_182_cp2_scam02168_guillaumes_168_scam__09p03.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683540867_823_cp2_scam01187_bellegarde_187_scam__01p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683541086_999_cp2_scam01187_bellegarde_187_scam__02p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683541303_089_cp2_scam01187_bellegarde_187_scam__03p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683541565_982_cp2_scam01187_bellegarde_187_scam__04p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683541875_859_cp2_scam01187_bellegarde_187_scam__05p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683542090_838_cp2_scam01187_bellegarde_187_scam__06p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683542353_070_cp2_scam01187_bellegarde_187_scam__07p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683542569_046_cp2_scam01187_bellegarde_187_scam__08p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0187_0683542867_857_cp2_scam01187_bellegarde_187_scam__09p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683628754_979_cp2_scam01188_bellegarde_188_scam__01p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683628984_953_cp2_scam01188_bellegarde_188_scam__02p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683629210_919_cp2_scam01188_bellegarde_188_scam__03p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683629474_948_cp2_scam01188_bellegarde_188_scam__04p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683629700_915_cp2_scam01188_bellegarde_188_scam__05p02.fits


123 
 

scam_0188_0683629926_917_cp2_scam01188_bellegarde_188_scam__06p02.fits  Bellegarde 188 

scam_0188_0683630194_898_cp2_scam01188_bellegarde_188_scam__07p02.fits  Bellegarde 188 

scam_0188_0683630420_961_cp2_scam01188_bellegarde_188_scam__08p02.fits  Bellegarde 188 

scam_0188_0683630728_916_cp2_scam01188_bellegarde_188_scam__09p02.fits  Bellegarde 188 

scam_0191_0683893869_697_cp2_scam01191_bellegarde_191a_scam_01p02.fits Bellegarde 191 

scam_0191_0683894117_654_cp2_scam01191_bellegarde_191a_scam_02p02.fits  Bellegarde 191 

scam_0191_0683894361_718_cp2_scam01191_bellegarde_191a_scam_03p02.fits  Bellegarde 191 

scam_0191_0683894651_805_cp2_scam01191_bellegarde_191a_scam_04p02.fits  Bellegarde 191 

scam_0191_0683894895_671_cp2_scam01191_bellegarde_191a_scam_05p02.fits Bellegarde 191 

scam_0191_0683895139_666_cp2_scam01191_bellegarde_191a_scam_06p02.fits  Bellegarde 191 

scam_0191_0683895429_666_cp2_scam01191_bellegarde_191a_scam_07p02.fits  Bellegarde 191 

scam_0191_0683895672_681_cp2_scam01191_bellegarde_191a_scam_08p02.fits Bellegarde 191 

scam_0191_0683896001_698_cp2_scam01191_bellegarde_191a_scam_09p02.fits  Bellegarde 191 

scam_0207_0685310942_124_cp2_scam01207_garde_207_scam_______01p02.fits  Garde 207 

scam_0207_0685311141_198_cp2_scam01207_garde_207_scam_______02p02.fits  Garde 207 

scam_0207_0685311338_224_cp2_scam01207_garde_207_scam_______03p02.fits Garde 207 

scam_0207_0685311576_165_cp2_scam01207_garde_207_scam_______04p02.fits  Garde 207 

scam_0207_0685311775_184_cp2_scam01207_garde_207_scam_______05p02.fits  Garde 207 

scam_0207_0685311972_226_cp2_scam01207_garde_207_scam_______06p02.fits Garde 207 

scam_0207_0685312212_211_cp2_scam01207_garde_207_scam_______07p02.fits  Garde 207 

scam_0207_0685312409_194_cp2_scam01207_garde_207_scam_______08p02.fits Garde 207 

scam_0207_0685312681_197_cp2_scam01207_garde_207_scam_______09p02.fits  Garde 207 

scam_0208_0685405541_839_cp2_scam01208_garde_cuttings_208___01p02.fits Garde cuttings 208 

scam_0208_0685405672_836_cp2_scam01208_garde_cuttings_208___02p02.fits  Garde cuttings 208 

scam_0208_0685405802_827_cp2_scam01208_garde_cuttings_208___03p02.fits  Garde cuttings 208 

scam_0208_0685405932_796_cp2_scam01208_garde_cuttings_208___04p02.fits Garde cuttings 208 

scam_0208_0685406063_819_cp2_scam01208_garde_cuttings_208___05p02.fits  Garde cuttings 208 

scam_0208_0685406192_819_cp2_scam01208_garde_cuttings_208___06p02.fits  Garde cuttings 208 

scam_0208_0685406322_917_cp2_scam01208_garde_cuttings_208___07p02.fits Garde cuttings 208 

scam_0208_0685406452_841_cp2_scam01208_garde_cuttings_208___08p02.fits  Garde cuttings 208 

file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683629926_917_cp2_scam01188_bellegarde_188_scam__06p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683630194_898_cp2_scam01188_bellegarde_188_scam__07p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683630420_961_cp2_scam01188_bellegarde_188_scam__08p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0188_0683630728_916_cp2_scam01188_bellegarde_188_scam__09p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683893869_697_cp2_scam01191_bellegarde_191a_scam_01p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683894117_654_cp2_scam01191_bellegarde_191a_scam_02p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683894361_718_cp2_scam01191_bellegarde_191a_scam_03p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683894651_805_cp2_scam01191_bellegarde_191a_scam_04p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683894895_671_cp2_scam01191_bellegarde_191a_scam_05p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683895139_666_cp2_scam01191_bellegarde_191a_scam_06p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683895429_666_cp2_scam01191_bellegarde_191a_scam_07p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683895672_681_cp2_scam01191_bellegarde_191a_scam_08p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0191_0683896001_698_cp2_scam01191_bellegarde_191a_scam_09p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685310942_124_cp2_scam01207_garde_207_scam_______01p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685311141_198_cp2_scam01207_garde_207_scam_______02p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685311338_224_cp2_scam01207_garde_207_scam_______03p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685311576_165_cp2_scam01207_garde_207_scam_______04p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685311775_184_cp2_scam01207_garde_207_scam_______05p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685311972_226_cp2_scam01207_garde_207_scam_______06p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685312212_211_cp2_scam01207_garde_207_scam_______07p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685312409_194_cp2_scam01207_garde_207_scam_______08p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0207_0685312681_197_cp2_scam01207_garde_207_scam_______09p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0208_0685405541_839_cp2_scam01208_garde_cuttings_208___01p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0208_0685405672_836_cp2_scam01208_garde_cuttings_208___02p02.fits
file:///F:/F:/CBX%20project%20230905/Supercam%20data%20IRspec/To%20Process/FITS%20files%20finished%20processing/scam_0208_0685405802_827_cp2_scam01208_garde_cuttings_208___03p02.fits
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scam_0208_0685406582_796_cp2_scam01208_garde_cuttings_208___09p02.fits  Garde cuttings 208 

scam_0208_0685406792_807_cp2_scam01208_garde_cuttings_208___10p02.fits  Garde cuttings 208 

scam_0209_0685487671_795_cp2_scam01209_garde_209a_scam______01p02.fits Garde 209 

scam_0209_0685487916_851_cp2_scam01209_garde_209a_scam______02p02.fits  Garde 209 

scam_0209_0685488157_866_cp2_scam01209_garde_209a_scam______03p02.fits  Garde 209 

scam_0209_0685488437_857_cp2_scam01209_garde_209a_scam______04p02.fits Garde 209 

scam_0209_0685488758_977_cp2_scam01209_garde_209a_scam______05p02.fits  Garde 209 
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scam_0210_0685577665_463_cp2_scam01210_garde_210_scam_______01p02.fits  Garde 210 

scam_0210_0685577900_430_cp2_scam01210_garde_210_scam_______02p02.fits  Garde 210 

scam_0210_0685578130_405_cp2_scam01210_garde_210_scam_______03p02.fits Garde 210 

scam_0210_0685578396_399_cp2_scam01210_garde_210_scam_______04p02.fits  Garde 210 
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Table 13. Concentrations of carboxylates derived from SuperCam data analyzed here. 

Target 

wt. % 

oxalate 

wt. % 

acetate 

wt. % 

formate 

wt. % 

carbonatea  

wt. % 

carbonatea  

wt. % 

carbonatea  

 <45 µm <45 µm <45 µm <45 µm 45-75 µm 125-250 

Bellegarde < LOD < LOD < LOD < LOD < LOD < LOD 

Guillaume < LOD < LOD < LOD < LOD < LOD < LOD 

Garde < LOD < LOD < LOD >> 18.74 18.74 9.75 

Garde 

cuttings < LOD < LOD < LOD >> 11.48 11.48 6.12 

Penne < LOD < LOD < LOD >>21.19 21.19 10.96 
a The carbonate is assumed to be magnesite, a combination of magnesite and siderite, or a Fe-rich phase like breunnerite. 

The linear regression parameters of the calcite mixtures were used, as the absorption strength of magnesite and calcite are 

similar, and therefore have similar refractive indices and LODs. 
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Figure 1. Molecular comparison of the carboxylate conjugate bases that form the 

minerals used in this study. The carboxyl groups are encircled in red. 



127 
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Figure 3a. Representation of the computed straight-line continuum and line of maximum 

peak amplitude (green) in an X-ray diffractogram. 
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Figure 3b. Relative diffraction peaks after continuum-removal for the JSC Mars 1a and 

siderite mixtures. The maximum value for each pattern is used for computing LODs. 
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Figure 3c. An example of the continuum across an absorption feature, the band 

minimum, and the reflectance at the computed straight line continuum. 
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Figure 3d. The absorption band after division by the straight line continuum. This shows 

how the band depth is calculated by using the two points at the wavelengths where the 

band minimum is situated. 
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Figure 4. X-ray diffraction patterns for JSC Mars-1a, illustrating the increased S/N with 

a tenfold increased collection time. An = andesine, Au = augite, Olv = olivine. 
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Figure 5a. X-ray diffraction patterns for the carbonate minerals used in this study. 
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Figure 5b. X-ray diffraction patterns for the oxalate minerals used in this study. 
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Figure 5c. X-ray diffraction patterns for the acetate minerals used in this study. 
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Figure 5d. X-ray diffraction patterns for the formate minerals used in this study. 
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Figure 6a. Reflectance spectra of the JSC Mars-1A analogue and carbonate mineral 

powders used in this study. 
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Figure 6b. Reflectance spectra of the JSC Mars-1A analogue and oxalate mineral 

powders used in this study.  
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Figure 6c. Reflectance spectra of the JSC Mars-1A analogue and acetate mineral 

powders used in this study. 
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Figure 6d. Reflectance spectra of the JSC Mars-1A analogue and formate mineral 

powders used in this study. 
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Figure 7a. X-ray diffraction patterns of the JSC Mars-1a + siderite mixtures. 
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Figure 7b. X-ray diffraction patterns of the JSC Mars-1a + 2.53 wt.% mixture, 

demonstrating the variance in measured signal between scans. 
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Figure 7c. Graphical demonstration of confidence levels in siderite concentrations 

determined with this specific method. 
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Figure 7d. Graphical demonstration of confidence levels in LOD determinations for 

CRB145 siderite by XRD. 
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Figure 7e. Relative error percentage for given determined concentrations of siderite by 

XRD. 
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Figure 7f. Error (wt.%) of determined siderite concentration by XRD. 
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Figure 7g. X-ray diffraction patterns of the JSC Mars-1a + calcite mixtures. 
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Figure 7h. Continuum-removed XRD patterns of the JSC Mars-1a + calcite mixtures. 
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Figure 7i. X-ray diffraction patterns of the JSC Mars-1a + magnesite mixtures. 
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Figure 7j. Continuum-removed XRD patterns of the JSC Mars-1a + magnesite mixtures. 
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Figure 8a. X-ray diffraction patterns of the JSC Mars-1a + humboldtine mixtures. 
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Figure 8b. Continuum-removed XRD patterns of the JSC Mars-1a + humboldtine 

mixtures. 
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Figure 8c. Continuum-removed XRD patterns of the JSC Mars-1a + humboldtine 

mixtures. 
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Figure 8d. Continuum-removed XRD patterns of the JSC Mars-1a + humboldtine 

mixtures. 
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Figure 8e. X-ray diffraction patterns of the JSC Mars-1a + glushinskite mixtures. 
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Figure 8f. Continuum-removed XRD patterns of the JSC Mars-1a + glushinskite 

mixtures. 
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Figure 8g. X-ray diffraction patterns of the JSC Mars-1a + whewellite mixtures. 
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Figure 8h. Continuum-removed XRD patterns of the JSC Mars-1a + whewellite 

mixtures. 
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Figure 8i. X-ray diffraction patterns of the JSC Mars-1a + calcium acetate monohydrate 

mixtures. 
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Figure 8j. Continuum-removed XRD patterns of the JSC Mars-1a + calcium acetate 

monohydrate mixtures. 
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Figure 8k. X-ray diffraction patterns of the JSC Mars-1a + magnesium acetate 

tetrahydrate mixtures. 
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Figure 8l. Continuum-removed XRD patterns of the JSC Mars-1a + magnesium acetate 

tetrahydrate mixtures. 
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Figure 8m. X-ray diffraction patterns of the JSC Mars-1a + ferrous acetate mixtures. 
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Figure 8n. X-ray diffraction patterns of the JSC Mars-1a + calcium formate mixtures.



166 
 

Figure 8o.  Continuum-removed XRD patterns of the JSC Mars-1a + calcium formate 

mixtures. 
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Figure 8p. X-ray diffraction patterns of the JSC Mars-1a + magnesium formate dihydrate 

mixtures. 

 



168 
 

 

Figure 9a. Reflectance spectra of the siderite + JSC Mars-1a mixtures compared with 

pure JSC Mars-1a. 

 



169 
 

 

Figure 9b. Continuum-removed reflectance of the NIR band of the siderite + JSC Mars-

1a mixtures compared with pure JSC Mars-1a. 

 



170 
 

 

Figure 9c. Continuum-removed reflectance of the MIR band of the siderite + JSC Mars-

1a mixtures compared with pure JSC Mars-1a. 
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Figure 9d. Reflectance spectra of the calcite + JSC Mars-1a mixtures compared with 

pure JSC Mars-1a. 
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Figure 9e. Continuum-removed reflectance of the MIR band of the calcite + JSC Mars-

1a mixtures compared with pure JSC Mars-1a. 
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Figure 9f. Reflectance spectra of the magnesite + JSC Mars-1a mixtures compared with 

pure JSC Mars-1a. 
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Figure 9g. Continuum-removed reflectance of the MIR band of the magnesite + JSC 

Mars-1a mixtures compared with pure JSC Mars-1a. 
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Figure 9h. Reflectance spectra of the humboldtine + JSC Mars-1a mixtures compared 

with pure JSC Mars-1a. 



176 
 

 

Figure 9i. Continuum-removed reflectance spectra of the humboldtine + JSC Mars-1a 

mixtures compared with pure JSC Mars-1a. 
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Figure 9j. Reflectance spectra of the glushinskite + JSC Mars-1a mixtures compared 

with pure JSC Mars-1a. 
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Figure 9k. Reflectance spectra of the whewellite + JSC Mars-1a mixtures compared with 

pure JSC Mars-1a. 
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Figure 9l. Reflectance spectra of the Fe2+ acetate + JSC Mars-1a mixtures compared with 

pure JSC Mars-1a. 
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Figure 9m. Reflectance spectra of the magnesium acetate tetrahydrate+ JSC Mars-1a 

mixtures compared with pure JSC Mars-1a. 
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Figure 9n. Continuum-removed reflectance of the MIR band of the magnesium acetate 

tetrahydrate + JSC Mars-1a mixtures compared with pure JSC Mars-1a. 
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Figure 9o. Reflectance spectra of the calcium acetate monohydrate + JSC Mars-1a 

mixtures compared with pure JSC Mars-1a.  
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Figure 9p. Continuum-removed reflectance of the MIR band of the calcium acetate 

monohydrate + JSC Mars-1a mixtures compared with pure JSC Mars-1a. 
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Figure 9q. Reflectance spectra of the calcium formate + JSC Mars-1a mixtures compared 

with pure JSC Mars-1a. 
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Figure 9r. Continuum-removed reflectance of the MIR band of the calcium formate + 

JSC Mars-1a mixtures compared with pure JSC Mars-1a. 
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Figure 9s. Reflectance spectra of the magnesium formate monohydrate + JSC Mars-1a 

mixtures compared with pure JSC Mars-1a. 
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Figure 9t. Continuum-removed reflectance of the MIR band of the magnesium formate 

monohydrate + JSC Mars-1a mixtures compared with pure JSC Mars-1a. 
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Figure 10a. Reflectance spectra for the 45-75 micron fraction of calcite mixed with the 

MGS-1 analogue. 
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Figure 10b. Continuum-removed reflectance of the 2.3 micron band for the 45-75 micron 

fraction of calcite mixed with the MGS-1 analogue. 
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Figure 10c. Reflectance spectra for the 125-250 micron fraction of calcite mixed with the 

MGS-1 analogue. 
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Figure 10d. Continuum-removed reflectance of the 2.3 micron band for the 125-250 

micron fraction of calcite mixed with the MGS-1 analogue. 
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Figure 10e. Reflectance spectra of calcite at different grain size fractions, normalized to 

unity at 1690 nm. 
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Figure 11a. Linear regression model of the diffraction peak for the JSC Mars-1 with 

siderite mixtures. 
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Figure 11b. Linear regression models of the 3 diffraction peaks for the JSC Mars-1 with 

humboldtine mixtures. 
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Figure 11c. Linear regression model of the 2.3 micron band for the MGS-1 with calcite 

mixtures. 
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Figure 11d. Linear regression model of the 2.3 micron band for the MGS-1 with calcite 

mixtures. 
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Figure 11e. Linear regression model of the 4.0 micron band for the JSC Mars-1a with 

siderite mixtures. 
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Figure 12a. A comparison of a quartz sample measured with the Terra instrument and 

the quartz-beryl standard on CheMin. This demonstrates the °2-theta calibration of the 

Terra instrument and the capability of interpreting CheMin data with that from the Terra. 
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Figure 12b. A comparison of diffraction data from empty mylar and kapton windows in 

the Terra instrument 
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Figure 13a. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13b. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13c. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13d. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13e. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 

 



205 
 

 

Figure 13f. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13g. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13h. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 13i. A comparison of several CheMin datasets analyzed here with the JSC Mars-

1a analogue collected with the Terra instrument. 
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Figure 14a. The weak diffraction peak displayed in some CheMin data that could 

potentially have contribution from whewellite. 
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Figure 14b. The diffraction peak in some CheMin data that are likely due to a 

contribution from siderite. 
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Figure 14c. The weak diffraction peak displayed in some CheMin data that could 

potentially have contribution from calcium acetate. 
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Figure 14d. The weak diffraction peak displayed in the Bucksin Drill CheMin data that 

could potentially be due to magnesite. 
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Figure 15a. Average reflectance spectra for the targets from the SuperCam instrument 

analyzed here. 
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Figure 15b. Normalized reflectance for the targets from the SuperCam instrument 

analyzed here. 
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Figure 15c. Continuum-removed reflectance for the targets from the SuperCam 

instrument analyzed here. 
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Figure 15d. Comparison of the continuum-removed reflectance for the 2300 nm band 

between fine grained magnesite and the Penne target measured by SuperCam.
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