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Introduction: The search for carbonates on the martian surface has been ongoing since the Viking missions. Recently the Curiosity rover observed carbonate in situ in Gale crater, however it is not visible from orbit. This study investigates the role of Mg-sulfate, one of the most common secondary minerals on Mars, in obscuring the spectral signatures of carbonates in orbital datasets.Methods: We collect spectral images of polyhydrated Mg-sulfate and siderite physical mixtures in various proportions exposed to a dry environmental chamber. We also collect spectral images at multiple timepoints to track the temporal evolution of the mixtures as the Mg-sulfate component dehydrates from 7H2O epsomite to ∼2H2O X-ray amorphous forms, particularly focusing on how sulfate dehydration impacts the visibility of carbonate absorption bands at 2.3 and 2.5 µm.Results: Our results reveal that Mg-sulfate can obscure the carbonate signature, especially the 2.3 µm band.Discussion: These findings suggest that Mg-sulfate deposits may mask carbonates from orbital spectrometers like CRISM and OMEGA, implying that carbonate could be present in more locations on Mars than current orbital observations indicate.Keywords: Mars, carbonate, spectroscopy, MicrOmega, sulfate
1 INTRODUCTION
1.1 The paradox of martian carbonates
Carbonates most commonly precipitate from water, and their specific type (cation attached to the CO32− carbonate anion) is a valuable record that can constrain fluid composition, pH, and temperature. On Earth, atmospheric CO2 dissolves into surface water, producing carbonic acid which increases the capacity of the water to dissolve minerals in contact with the water; the carbonic acid can then dissociate forming bicarbonate, which can combine with cations in the water to precipitate carbonates (e.g., Drever, 1997; Bridges et al., 2019). Thermodynamic modeling of ancient martian surface waters in contact with a CO2-rich atmosphere suggests that carbonates should have formed in large quantities during the Noachian (Banin et al., 2007; Fairén et al., 2004; King and McSween, 2005), especially the Fe(II)-carbonate siderite which is the most insoluble major common carbonate and should precipitate first under early Mars conditions (Catling, 1999).
However, the field of remote sensing has noted for decades the dearth of orbital carbonate detections on Mars. Carbonates have distinct spectral features within the spectral ranges of the current generation of orbital spectrometers including CRISM and OMEGA (Changela et al., 2021). As such they have been detected by orbital spectrometers across the martian surface (Ehlmann et al., 2008; Ehlmann et al., 2009; Mustard et al., 2010; Niles et al., 2013; Bridges et al., 2019; Section 1.3 below), but rarely in as great abundance as theorized, possibly due to dust cover, spectral mixing, and instrumental limitations (Ehlmann et al., 2009; Wray et al., 2016).
It was first proposed that areally widespread stable or metastable carbonates formed on Mars, perhaps from an early dense atmosphere or gas-solid weathering (O’Connor, 1968; Gooding et al., 1992; Squyres and Kasting, 1994; Bell et al., 1996), but were either destroyed by acidic groundwaters and/or volcanic gases (Bell et al., 1996; Catling, 1999; Burns and Fisher, 1990; Fairén et al., 2004; King et al., 2004) or else were buried by sedimentary/aeolian processes or lavas, obscuring them from orbital spectroscopy which is only sensitive to the upper 10 s of micrometers of the surface (Squyres and Kasting, 1994; Bell et al., 1996). More recently, it has been proposed that Mars did not produce widespread carbonates, either due to acidic surface water, low atmospheric pCO2, atmospheric escape, or aqueous processes occurring in the subsurface out of contact with the CO2-rich atmosphere (Burns, 1993; Hurowitz et al., 2006; Chevrier et al., 2007; Ehlmann et al., 2011; Bristow et al., 2017; Tosca et al., 2018). The concept of early atmospheric escape is supported by the low atmospheric N2/CO2 ratio which should be higher than observed if a thick atmosphere had lost CO2 to carbonates (Bibring and Erard, 2001; Bibring et al., 2005; Yoshida et al., 2020).
Despite the relative absence of carbonate detections in Gale crater from orbital spectroscopy, the Mars Science Laboratory Curiosity rover detected abundant siderite in the orbitally defined “Mg-sulfate unit” (Tutolo et al., 2025). Siderite was identified in abundances of up to ∼10 wt.% of the crystalline component of the bulk sample with the CheMin X-ray diffractometer (Blake et al., 2012), along with minor amounts of starkeyite (MgSO4*4H2O) or kieserite (MgSO4*H2O). The Mg-sulfate unit covers an area of many 10 s of square kilometers, and the combination of areal extent and high concentration of siderite should have enabled its detection via orbital short-wave infrared reflectance spectroscopy.
We sought to examine whether the strong short-wave infrared absorption features of Mg-sulfate, one of the most common secondary minerals on the martian surface, may be obscuring orbital evidence of carbonates on the martian surface. Although generally forming under different pH and redox conditions, multiple primary or diagenetic aqueous episodes with changing conditions can cause physical co-occurrence of these phases, as has been seen in parts of Gale crater. It is important therefore to examine the link between small-scale co-existence of these phases and their spectral signatures that would be observed from orbit. We collected spectral image cubes of crystalline and X-ray amorphous polyhydrated Mg-sulfate and siderite, mixed at different ratios. Spectra were collected over the course of a month as the hydration state and crystallinity of Mg-sulfate evolved in exposure to the dry interior of the used environmental chamber.
1.2 Spectral features of sulfate and carbonate
Relevant minerals are listed in Table 1 and described in depth below.
TABLE 1 | Mineral name, formula, and hydration state for minerals relevant to this work.
[image: Table 1]1.2.1 Hydrated Mg-sulfates
All polyhydrated Mg-sulfates (nH2O > 1) have strong absorptions at 1.95 μm caused by the vibration of structural water attached to the sulfate anion (Gendrin et al., 2005) and a strong drop in reflectance at wavelengths >2.3 μm characteristic of sulfates due to the strength of a broad absorption ∼2.4 μm (Clark et al., 1990; Gendrin et al., 2005; Cloutis et al., 2006; Mangold et al., 2008; Viviano-Beck et al., 2014). The width and depth of the hydration feature at 1.95 μm increases as the sulfate gains structural water as the mineral must restructure to accommodate the additional H2O. Under ambient terrestrial conditions, polyhydrated Mg-sulfate is commonly found as epsomite (MgSO4·7H2O), but the hydration state is sensitive to relative humidity and Mg-sulfate can lose structural water after just minutes of exposure to a dry environment (Sheppard et al., 2022). The Curiosity rover identified starkeyite (MgSO4·4H2O) and kieserite (MgSO4·H2O) at Gale crater (Chipera et al., 2023; Tutolo et al., 2025). Starkeyite is the thermodynamically predicted phase in the Martian shallow subsurface given modern temperature and relative humidity conditions, and likely formed via dehydration of a higher hydrate, like epsomite (Chipera and Vaniman, 2007; Chipera et al., 2023). Kieserite is stable under modern martian surface conditions and may have formed from warm fluids (Chipera and Vaniman, 2007; Wang et al., 2009). Kieserite’s spectrum is distinct from polyhydrated Mg-sulfates because its 1.9 μm hydration feature is strong, broad, and angular, yielding a “boxy” or reverse check-mark shape spanning 1.9–2.1 μm; it also has a weaker but sharp 2.4 μm feature caused by (SO4)2− stretching vibrations (Cloutis et al., 2006).
1.2.2 Carbonates
The fundamental absorptions caused by vibrations of CO32− in carbonate minerals are in the mid-infrared at 7.067 (ν3), 9.407(ν1), 11.4 (ν2), and 14.7 μm (ν4); in the near-infrared range, two combination and overtone absorptions of these fundamental vibrations are visible at 2.30–2.35 μm (3ν3) and 2.50–2.55 μm (ν1+2ν3) (Clark et al., 1990; Bishop et al., 2021). These are the main absorptions that are used to identify martian surface carbonates, as they are in the wavelength range of both CRISM (0.4–4.0 μm, 18 m/pixel) and OMEGA (0.38–5.1 μm, 0.4–5 km/pixel). Three smaller fundamentals at 1.85–1.87 μm, 1.97–2.0 μm, and 2.12–2.16 μm are visible in laboratory data (Clark et al., 1990) but are unlikely to be distinguishable from orbit due to their weaker strength and conflicting atmospheric CO2 absorptions. All of these absorptions change position and shape among different types of carbonates. In particular, Mg-carbonates have absorptions at 2.30 and 2.50 μm; Fe-carbonates at 2.32 and 2.52 μm; Ca-Mg-carbonate (dolomite) at 2.32 and 2.52 μm; and Ca-carbonates at 2.34 and 2.54 μm (Hunt and Salisbury, 1970; Gaffey, 1976; Gaffey, 1986; Ehlmann et al., 2008; Wray et al., 2011; Bridges et al., 2019; Horgan et al., 2020; Bishop et al., 2021).
Although the carbonate overtone bands at 3.45 and 3.9 μm exhibit greater band depth than those at 2.3 and 2.5 μm, their use is limited due to the susceptibility of these longer wavelengths to artifacts. Both CRISM and OMEGA data beyond ∼2.7 μm suffer from increased noise and calibration challenges, including thermal background effects, residual atmospheric contributions, and detector nonlinearity. Additionally, CRISM’s signal-to-noise ratio is over four times lower beyond 2.7 μm (Murchie et al., 2007; Ehlmann et al., 2008), reducing the reliability of detections in this range. While the 3.4–3.9 μm absorptions were initially used for early carbonate identifications (Ehlmann et al., 2008), subsequent studies have prioritized the 2.3 and 2.5 μm absorptions due to their higher SNR, reduced susceptibility to instrumental artifacts, and placement in a relatively cleaner atmospheric window (Dhoundiyal et al., 2023).
Three issues that may lead to under-identification of carbonate in orbital spectra are overlapping absorptions, the ubiquity of martian dust, and instrumental detection limits. In theory, the distinct spectral features of carbonates should be identifiable when present in abundances <1 vol.% in ideal laboratory conditions when not mixed with minerals that have overlapping or conflicting absorptions (Bandfield et al., 2003; Orofino et al., 2009). However, absorptions by other minerals at similar wavelengths can partially or completely obscure the features of carbonates. For example, the 2.35 μm band of some clay minerals can overlap and obscure the carbonate feature at 2.3 μm while leaving other carbonate absorptions untouched (Bishop et al., 2008; Orofino et al., 2009).
The global distribution of martian dust and its ability to coat surfaces means that even in regions where carbonate-bearing rocks are present, their spectral signatures may be muted or masked. Martian dust is rich in nanophase iron oxides which cause reddening of the spectrum and reduce contrast in spectral features (Poulet et al., 2007; Bishop et al., 2002). The dust also contains phyllosilicates, sulfates, and carbonates, with features that can overlap and obscure relevant absorptions (Bandfield et al., 2003; Bishop et al., 2002; Berger et al., 2016).
Detection limits impose an additional challenge. Orofino et al. (2009) estimate that in many Martian basins, carbonates likely constitute only 0.1–3.0 vol.% of the sediment, keeping them below the ∼4 vol.% detection threshold for instruments such as CRISM and OMEGA. Even if carbonate-bearing sediments are exposed, their weak spectral signatures may be further reduced by atmospheric effects, instrument noise, and the influence of fine-grained dust coatings. This highlights the difficulty of detecting low-abundance carbonates from orbit, even when using high-resolution spectral imaging.
1.3 Detections of martian carbonates
1.3.1 Meteorites
Several types of carbonates have been identified in martian meteorites (Mittlefehldt, 1994; McSween, 1994; Borg et al., 1999; Bridges and Grady, 2000; Bridges et al., 2001; Gyollai et al., 2019; Kijatani et al., 2023). Carbonate veins in the nakhlites that are mostly siderite formed <670 million years ago (Bridges and Grady, 2000; Swindle et al., 2000). Strongly zoned carbonates in ALH84001 include magnesite, siderite, and ankerite, with their zoning point to evolving fluids, possibly through mixing or evaporation (Bridges et al., 2019). These carbonates in meteorites are low abundance, ∼1 vol.% (Bridges et al., 2019).
1.3.2 Orbital and in situ observations beyond Gale crater
Despite possessing strong spectral features and a clear formation pathway, the orbital record of martian carbonates is notably sparse (Bibring et al., 2005; Bibring et al., 2006; Milliken et al., 2009). Thermal evolved gas analysis in northern soils at the site of the Phoenix Lander suggested 3–6 wt.% carbonate, mostly likely Mg- or Fe-carbonates (Boynton et al., 2009; Sutter et al., 2012). Mg-carbonates were detected in martian dust (2–5 wt.%) using Thermal Emission Spectrometer data in the mid-infrared (6–30 μm) (Bandfield et al., 2003).
The Spirit rover observed Mg-Fe-carbonates in the Comanche outcrop in Gusev crater at high abundance, ∼26 wt.% of the outcrop (Morris et al., 2010). The carbonates were hypothesized to have formed from hydrothermalism associated with local volcanic activity. These in situ observations were later complemented by orbital observations that detected carbonates mixed with olivine at the sub-pixels cale in the Comanche outcrop (Carter and Poulet, 2012). The mineralogy of the carbonates here is similar to those observed in ALH84001. Uncertain carbonate (siderite) detection at Oxia Planum based on the 2.5 μm feature alone (Mandon and Parkes Bowen, 2021) will be investigated with the upcoming Rosalind Franklin rover (Kereszturi et al., 2016).
Identification of carbonates in near-infrared wavelengths covered by the CRISM and OMEGA instruments has been challenging. Carbonates have been identified from orbit in CRISM data in a few locations, most commonly in association with impact craters (Wray et al., 2011; Sun and Milliken, 2015; Bultel et al., 2015). It is unclear whether cratering processes formed the carbonates via hydrothermal processes or just exposed them from greater depths (Ehlmann et al., 2008; Edwards and Ehlmann, 2015).
The only regional carbonate unit thus far identified on Mars (Niles et al., 2013; Bridges et al., 2019) spans the areas of Syrtis Major, Nili Fossae, and Terra Tyrrhena southwest of the Isidis basin (Ehlmann et al., 2008; Mustard et al., 2008; Mustard et al., 2010; Edwards and Ehlmann, 2015). Its thickness appears to be 10 s of meters (Bramble et al., 2017) and its carbonate mineralogy is variable. Nili Fossae and west of Isidis Basin contains magnesite (Ehlmann et al., 2008), whereas uplifted Noachian crust in craters in Tyrrhena Terra appear to contain siderite. Weak detections of dolomite have been identified in Libya Montes (Ehlmann et al., 2008; Bishop et al., 2013). Ca- or Fe-carbonates have been exhumed by a crater near Syrtis Major (Michalski and Niles, 2010). Nearby Jezero crater has Mg-carbonates in basin-filling sediments and fluvio-deltaic deposits visible from orbit (Goudge et al., 2017; Stack et al., 2020) and Mg- and Ca-carbonates found in situ by the Perseverance rover (Horgan et al., 2020; Phua et al., 2024).
1.3.3 Carbonates in Gale crater
Despite recent improvements in spectral analysis algorithms and atmospheric detection, carbonates have not been orbitally identified in Gale crater (Sheppard et al., 2020; Sheppard et al., 2021; Dhoundiyal et al., 2023). However, in situ detections of carbonates of ∼5–10 wt.% from the CheMin instrument (Tutolo et al., 2025) have repeatedly raised the question of why these spectrally distinct and environmentally important minerals are not seen from orbit in Gale. The Curiosity rover detected trace carbonate in Gale Crater (i.e., below orbital detections) in lower strata (Leshin et al., 2013; Archer, 2014; Ming et al., 2014; Yen et al., 2017). The Sample Analysis at Mars (SAM) instrument suite detected Fe-rich carbonates in aeolian deposits via evolved gas analysis (Sutter et al., 2017). CheMin had theorized about the presence of Fe-carbonates since this SAM detection, but it remained below CheMin detection limits until the clay-rich Glen Torridon unit, where Fe(II)-carbonate was detected in abundances of 1–3 wt.% in samples derived a few cm below the surface (Rampe et al., 2020; Thorpe et al., 2022).
More recently, CheMin observed siderite in the Mg-sulfate rich strata in the drill targets Tapo Caparo, Ubajara, and Sequoia in abundances as high as 10.5 wt.% (Table 2; Figure 1). These siderite detections are consistent with observations of a 400°C CO2 release peak in SAM EGA data (Clark et al., 2024). Amorphous abundances are based on mass balance calculations performed using the chemical composition of the bulk sample, the chemical compositions of individual phases, and the relative proportions of those phases in the crystalline component (Blake et al., 2012; Blake and Morris, 2013). Fits of CheMin data model the entire diffraction pattern rather than individual peaks using FULLPAT1, including the scatter (i.e., enhanced noise above the background) from poorly ordered or amorphous materials (Thorpe et al., 2022; Chipera et al., 2023).
TABLE 2 | CheMin-derived Mg-sulfate and carbonate abundances (in wt.%) for all drill targets that contain Mg-sulfate and carbonate above the CheMin detection limits. Errors are 1-sigma. Abundances are available in the planetary data system.
[image: Table 2][image: Figure 1]FIGURE 1 | Orbital map of relevant Curiosity rover drill holes. Samples where Curiosity detected Fe(II)-carbonate with CheMin are underlined: Glen Etive (GE, sol 2486), Mary Anning (MA, sol 2838), Mary Anning 3 (MA3, sol 2870), Groken (GR, sol 2912) (Thorpe et al., 2022), Nontron (NT, sol 3056), Bardou (BD, sol 3094), Tapo Caparo (TC, sol 3752), Ubajara (UB, sol 3823), and Sequoia (SQ, sol 3980). Targets where Fe(II)-carbonate was not detected are not underlined: Glasgow (GG), Hutton (HU), Edinburgh (EB), Pontours (PT), Maria Gordon (MG), Zechstein (ZE), Avanavero (AV), and Canaima (CA). The drill holes are superimposed over HiRISE images and an updated version of the mineral map based on CRISM data presented by Sheppard et al. (2020), with polyhydrated Mg-sulfate mapped in pink.
1.3.4 Sulfates in Gale crater
Sulfate minerals in Gale crater exhibit diverse mineralogical compositions, hydration states, and crystallinity, reflecting complex aqueous histories. Monohydrated (·1H2O) and polyhydrated (·2 + H2O) sulfates have been identified through in situ and orbital data, with variations in hydration states indicating past fluctuations in water activity. These sulfates commonly occur as diagenetic features, including veins, nodules, and cemented horizons, suggesting post-depositional fluid interactions that altered primary sedimentary compositions (Nachon et al., 2017; Sun et al., 2019; Kronyak et al., 2019; Achilles et al., 2020). Spectrally, sulfates exhibit characteristic absorptions around 1.4 µm and 1.9–2.1 µm (indicative of structural water) and 2.4 µm (S–O stretching in sulfate anions). The crystallinity of these phases varies, with some sulfates preserving well-defined crystalline structures, while others become X-ray amorphous, likely due to diagenetic recrystallization or alteration in low-water activity environments including exposure to modern surface conditions (Sheppard et al., 2022). The spatial distribution and stratigraphic occurrence of sulfates in Gale crater highlight their role as records of past aqueous alteration, episodic wetting events, and changing geochemical conditions during the crater’s sedimentary evolution.
While many sulfates on the martian surface are thought to be primary deposits that formed as the planet dried out, recording large-scale desiccation events in the Hesperian period (Bibring et al., 2006), the complex diagenetic history of sulfates observed in Gale crater suggests that later processes can also generate or modify these minerals. Observations in Gale crater of Amazonian-aged jarosite, a ferric sulfate phase that typically forms in acidic, oxidizing conditions, indicates continued aqueous alteration well after initial sulfate deposition, likely driven by localized or transient fluid activity (Martin et al., 2017). These findings suggest that sulfate formation on Mars is not limited to a singular period of surface desiccation but may have continued episodically through diagenetic processes influenced by groundwater migration, ice interactions, and surface-atmosphere exchange. Recent work suggests that sulfate formation on Mars may still be occurring under present-day conditions through heterogeneous reactions involving microscopic interfacial water films, which can form in volcanic plumes or at ice-grain boundaries, allowing for aqueous oxidation of sulfur species even at subzero temperatures (Góbi and Kereszturi, 2019).
1.4 Laboratory experiments designed to investigate the lack of orbital carbonate signatures on Mars
Because of the proximity of Mg-sulfate- and carbonate-bearing materials in samples analyzed along the Curiosity traverse (as described above), we seek to identify whether the SO4 and H2O related features in Mg-sulfates may spectrally mask the presence of Fe-carbonate in VNIR wavelengths when the two minerals are intimately mixed. While radiative-transfer modeling of spectral mixtures can reproduce checkerboard and intimate mixing spectra within 2% under certain conditions and mineral species, the ability to model abundances <10 wt% is often challenging (Stack and Milliken, 2015; Robertson et al., 2016). We use exposure to a N2-purged environmental chamber under variable temperature to dehydrate the Mg-sulfates within the mixture, while collecting spectral images through time, to track how the presence of different Mg-sulfate hydration states affects the visibility of carbonate absorptions. Compared to spectral modeling, laboratory experiments are beneficial as they allow for the study of mixture spectra without needing to provide optical constant or textural information a priori. Similar experiments collecting spectra of mixtures throughout sample dehydration have shown that clay minerals can obscure spectral evidence of phyllosilicates using a point spectrometer (Sheppard et al., 2022). The detail of spectral images collected by MicrOmega allow us to ensure we are capturing areas within the mixture that contain both types of mineral grains, and to examine the spatial variability in spectra within the mixtures.
2 METHODS
2.1 Sample selection and preparation
We created five physical mixtures of polyhydrated Mg-sulfate and siderite powders at different ratios by mass to examine whether Mg-sulfate can obscure the ∼2.3 and 2.5 μm spectral absorption features most commonly used to map siderite from orbit in CRISM and OMEGA data (Table 3). We created mixtures with polyhydrated sulfate (epsomite at laboratory conditions) and not monohydrated Mg-sulfate because the sulfate unit in Gale crater has an orbital signature of polyhydrated Mg-sulfate.
TABLE 3 | Contents of the 5 physical mixtures analyzed in this work. Each physical mixture was analyzed at 3 timepoints (t0, t1, t2).
[image: Table 3]The polyhydrated Mg-sulfate was purchased commercially and its composition and hydration state verified with FTIR spectroscopy (Figure 2). The siderite was a hand sample collected from Guizhou Province, China that was powdered with an agate mortar and pestle and its composition was verified with FTIR spectroscopy (Figure 2). The grain size of both the Mg-sulfate and siderite spanned 250–700 μm (fine to coarse sand), which includes is an appropriate comparison for martian rocks (Rivera-Hernández et al., 2020). The samples were not sieved.
[image: Figure 2]FIGURE 2 | FTIR spectra of the siderite (green) and polyhydrated Mg-sulfate (pink) before analysis. At laboratory conditions here, the Mg-sulfate is approximately epsomite. Relevant absorption centers are labeled.
Samples were weighed with a balance and then physically mixed in glass sample vials to combine at the grain scale before placing in metal sample cups (total volume ∼0.5 cm3, 3 mm thick) for analysis. When adding to the sample cup, care was taken to achieve a mix of both grains at the optical surface. Samples were gently leveled with a sheet of weighing paper to ensure a relatively smooth sampling surface for imaging.
2.2 FTIR spectrometer
Both starting materials were analyzed on a Fourier Transform IR (FTIR) spectrometer (Perkin Elmer Spectrum 100 N) under ambient temperature and pressure conditions with a spectral resolution of 4 cm−1. For reflectance spectroscopy, the system uses biconical reflectance (the incoming light is projected to an ellipsoid mirror and focused onto the sample, then scattered and the diffuse part is collected by another ellipsoid mirror—the Selector Diffuse Reflectance Accessory by Specac).
This spectrometer was used to confirm their composition before beginning the experiment with MicrOmega. FTIR spectra were collected against diffuse gold standard and Spectralon white reference from Labsphere.
2.3 MicrOmega imaging spectrometer
2.3.1 Instrument setup
MicrOmega is an infrared (0.99–3.65 μm) hyperspectral microscope with a FoV of 5 × 5 mm, a pixel size of ∼22 μm, and a spectral resolution of 20 cm−1 (Bibring et al., 2017), originally developed for the ExoMars Rosalind Franklin rover. The instrument used in this study is a flight-spare (FS) model of MicrOmega.
For the safety of the instrument, and to optimize the observational conditions of multiple samples, a dedicated and semi-automated setup “PTAL chamber” (Planetary Terrestrial Analogue Library) was built for the use of the MicrOmega instrument (Loizeau et al., 2020). The PTAL chamber consists of a large glove box flushed with pure N2, within which MicrOmega is installed in a dedicated box also flushed with N2 at higher pressure. A movable platform allows the precise position of the sample under MicrOmega FS. MicrOmega FS interface and the sample stage can be cooled down to about −20°C each to allow better signal/noise and to mimic Martian conditions. Samples are put into the glovebox through an air-lock that can be also flushed with N2. Operating under N2 purged atmosphere avoids any dust settling and any water condensation or ice on the instrument and samples. In addition, within the airlock, a small setup can be used to heat the samples to 100°C to help drying them.
This setup allows for repeated spectral image collection (capturing spatial variability) during dehydration of samples (capturing temporal variability).
2.3.2 Sample measurement
The five samples were added to 1 cm diameter gold-plated copper sample cups, and MicrOmega spectra were collected against a diffuse gold standard (Infragold©) and a homogeneous bright standard (Spectralon© 99%) for radiometric calibration. We collected MicrOmega spectral image cubes of each sample at three exposure times: 0 h (t0), 3 h (t1), and 1 month (t2) to capture changes in spectral signatures induced by the dehydration of polyhydrated Mg sulfate at dry conditions. Samples remained in the MicrOmega N2-purged instrument chamber (RH<0.1%) during the entirety of the experiment.
During the measurement of spectra at t0, the sample stage was set to −23°C to slow dehydration of the polyhydrated Mg-sulfate samples, which were measured first given its capability for rapid dehydration and subsequent mineralogical restructuring; the siderite sample was measured last. After t0 and before measurement of spectra at t1, samples were brought to the N2 purged airlock and heated to 100°C to encourage the loss of structural water from the Mg-sulfate. Both sample heating and exposure to N2 dry air have been shown to remove structural water from polyhydrated Mg-sulfate within minutes (Sheppard et al., 2022). The samples were then stored in the N2 purged glovebox for 1 month before collection of the spectra at t2 at ambient temperature after 1 month of continuous exposure to dry air.
2.3.3 Post-processing and analysis
After MicrOmega data calibration similar to the one used by Riu et al. (2022), we calculated relevant spectral parameters to aid in identification of specific grains within the mixture and investigated the spectra individually to look for features visible at the grain (μm-mm) and image (5 × 5 mm) scales. Here we focus on the spectral parameters SINDEX2 which measures the drop in reflectance and resulting convexity of spectral shape seen in sulfates >2.1 μm, and MIN2345_2537 which measures the two carbonate absorptions at 2.345 and 2.537 μm frequently seen in Fe-carbonates (Viviano-Beck et al., 2014). Spectral parameter maps were stretched to 0–0.5 such that only positive detections in an image were highlighted, which was used to identify distinct mineral grains and clumps of grains for analysis. Spectral parameters were calculated using the CAT 7.4 package for ENVI, available from the PDS Geosciences Node. Calculation of SINDEX2 (Equation 1) takes the median over 5 channels around R2120; 7 channels around R2290; and 3 channels around R2400; calculation of MIN2345_2537 (Equation 2) takes the median over 5 channels surrounding all reflectance values (Viviano-Beck et al., 2014).
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3 RESULTS
3.1 FTIR spectra
The Mg-sulfate at laboratory conditions as measured on the FTIR spectrometer has features consistent with epsomite. This includes the defined doublet appearance of the 1.4 μm (H2O), as well as a strong 1.93–1.95 μm (H2O), weak 0.97 and 1.15 μm absorptions (H2O overtones), and a strong drop in reflectance after ∼2.3 μm (Figure 2; Wang et al., 2011; Chou et al., 2013; Clark et al., 1990; Gendrin et al., 2005; Cloutis et al., 2006). Epsomite at ambient conditions has been observed in other laboratory experiments (Sheppard et al., 2022).
The siderite has absorption features consistent with pure-Fe(II) carbonates described above: strong combination and overtone absorptions at 2.32, 2.52, 3.4, and 3.9 μm (Figure 2). Siderite is nominally anhydrous, but the natural sample we used has small vibrational OH absorptions at 2.79 and 3.09 μm that are likely due to surface weathering not fully removed during sample preparation. The weathering products are likely hydrated Fe-carbonate or Fe-bearing (oxy)hydroxides.
3.2 MicrOmega spectral parameter maps
Exposure to the MicrOmega dry chamber resulted in physical and spectral changes to the sulfate-bearing samples.
Spectral parameter maps of the image cubes of the five physical mixtures can be used to distinguish Mg-sulfate and siderite grains by identifying spatially coherent areas with consistently high values of the two relevant spectral parameters SINDEX2 and MIN2345_2537, respectively (Figure 3). SINDEX2 measures the spectrum convexity seen in sulfates rather than the hydration bands, which is why the SINDEX2 values do not change much in Figure 3 despite the individual spectra changing as the sulfate dehydrates (Figure 4). Mg-sulfate in the samples at t0 and t1 have higher values of the SINDEX2 parameter. At t2, Mg-sulfate appears somewhat texturally condensed into a tiger-stripe texture as it loses volume due to exposure to the dry chamber. The 100% siderite samples appear identical as siderite is nominally anhydrous and should not dehydrate in the chamber through time. While there does appear to be a minor weathering component noted above in the FTIR spectrum causing OH absorptions at 2.79 and 3.09 μm, this should have little effect on these observations that are based on the SINDEX2 and MIN2345_2537 parameters. Siderite grains in some mixtures are seen as bright green in these parameter maps (high MIN2345_2537 values), while in some samples they appear relatively black (low MIN2345_2537 values) and are only identifiable as voids in the SINDEX2 signal, implying that their spectra are less consistent with carbonate features.
[image: Figure 3]FIGURE 3 | Complete MicrOmega infrared images (5 × 5 mm) of all physical mixtures (columns) at three times (rows) where t0 is immediate at initial laboratory conditions, t1 is 3 h, and t2 is 1 month. The physical sample remains the same between time steps but the FOV of the image changes as 5 × 5 mm is only a portion of the sample cup size. SINDEX2 is mapped here in the red and blue channels such that large SINDEX2 values (convexity at 2.29 μm due to 2.1 and 2.4 μm absorptions which are attributed to Mg-sulfate grains) are shown in magenta. MIN2345_2537 spectral parameter shown in green, highlighting siderite grains in the mixture. Spectral parameters are stretched identically in all images (0–0.5).
[image: Figure 4]FIGURE 4 | (a) MicrOmega spectra of pure Mg-sulfate samples at t0, t1, and t2. These spectra are averages over the entire MicrOmega image since the sample is homogeneous. Based on comparison with previous work, we find these spectra most consistent with the hydration states of: t0 epsomite (7H2O), t1 starkeyite (4H2O), and t2 X-ray amorphous polyhydrated ∼2H2O. (b) Polyhydrated Mg-sulfate spectra from one dehydration experiment in Sheppard et al. (2022), wherein epsomite and X-ray amorphous samples were verified with XRD; starkeyite ID is based on Wang et al. (2011); Chou et al. (2013).
3.3 MicrOmega spectra
3.3.1 Mg-sulfate dehydrates in the MicrOmega chamber
The dehydration of Mg-sulfate due to exposure to the MicrOmega chamber is also reflected in the individual pixel spectra (Figure 4). The approximate hydration state of Mg-sulfate can be identified using the shape and position of the hydration bands in Mg-sulfate (Wang et al., 2011; Chou et al., 2013; Sheppard et al., 2022). The t0 Mg-sulfate is consistent with epsomite (7H2O); t1 is most consistent with starkeyite (4H2O); and t2 is most consistent with hydrated X-ray amorphous Mg-sulfate (∼2H2O). This is consistent with previous work (Wang et al., 2011; Chou et al., 2013; Sheppard et al., 2022).
3.3.2 The 2.3 and 2.5 μm carbonate absorptions
The two dominant features currently used for orbital identification of carbonates in CRISM and OMEGA datasets, the 2.3 and 2.5 μm absorptions, are affected differently in our experiments. We find that the 2.5 μm absorption is consistently observable in all the samples containing siderite, but the 2.3 μm feature can only be resolved in localized analyses (5 × 5 pixel average) focusing on individual siderite grains (Figure 5). However, when the image is averaged (150 × 150 pixel average), which is more analogous to orbital observations where pixels likely contain mixed mineralogy, the 2.3 μm feature is no longer identifiable (Figure 5, black spectra). This suggests that the 2.3 μm absorption is more susceptible to dilution by other phases in a mixed spectral signal, whereas the 2.5 μm feature remains more resilient to spectral mixing effects. One possible explanation is that the 2.3 μm band is intrinsically weaker and may be masked by the strong slope in this spectral region, from the local maximum at 2.2 μm to the strongly absorbing 3 μm region.
[image: Figure 5]FIGURE 5 | MicrOmega spectra of the 25% Mg-sulfate + 75% siderite sample (sample 4, 9, 14 in Table 3) at all three timestamps: (a) t0, (b) t1, and (c) t2. Black spectra are averages of the entire image (150 × 150 pixel average) and green spectra are 5 × 5 pixel averages over just a siderite grain. Important absorptions at 2.3, 2.5, and 3.4 μm have been highlighted.
This can also be seen in measures of SINDEX within sulfate, MIN2345_2537 within sulfate, and the band depth at 2.52 (BD at 2.52) within carbonate (Table 4). These constitute high values within each image. BD at 2.52 was calculated using Equation 3 (Clark and Roush, 1984) with a continuum spanning 2.40–2.61 μm. For calculation of the two spectral parameters of carbonate grains, MIN2345_2537 and BD at 2.52, the images were linked so that the same grain was used, allowing for direct comparison.
[image: image]
TABLE 4 | Example elevated spectral parameter values from within grains in each experiment.
[image: Table 4]Within Table 4, it can be seen that SINDEX2 is higher in the samples which have a higher proportion of sulfate. For one sample measured through time, SINDEX2 is also slightly higher in t0 than in t1, and slightly higher in t1 than in t2, as the dehydration of sulfate decreases the contrast between reflectance before and after 2.2 μm, part of what SINDEX2 is calculating. For the carbonate spectral parameters, it can be seen that both spectral parameters are highest for the 100% carbonate samples. Further implications of these two carbonate spectral parameters are discussed in Section 4.3.
We also note that the 2.79 μm feature seen in the FTIR spectrum from the ambient sample (Figure 2) is visible in the individual siderite grain at t1 spectrum (Figure 5b). Because of the movable sample stage, MicrOmega images are collected over different areas of the sample cup at each timepoint, meaning this grain may have a small weathering component. We believe this does not affect the rest of the spectrum or results.
3.3.3 Conditions under which siderite spectra are obscured
We find that if the Mg-sulfate in the mixture is crystalline epsomite (t0), spectral evidence of siderite is easily lost, with the 2.3, 3.4, and 3.9 μm absorptions essentially absent and only a small 2.5 μm absorption visible (Figure 6a). We find that the presence of less hydrated starkeyite (t1, Figure 6b) and amorphous (t2, Figure 6c) forms of Mg-sulfate are less capable of obscuring the spectral features of siderite grains at the 5 × 5 pixel level, likely due to the effects of scattering within the mixture, and that absorptions at the 2.3, 2.5, 3.4, and 3.9 μm are visible in some of these spectra.
[image: Figure 6]FIGURE 6 | MicrOmega images and region of interest (ROI) spectra of three physical mixtures: (a) Sample 2: 75% MGS + 25% siderite at t0, (b) Sample 7: 75% MGS + 25% siderite at t1, (c) Sample 12: 75% MGS + 25% siderite at t2. The top row shows the SINDEX2 and MIN2345_2537 image from Figure 3. The middle row shows a false-color image (Red: reflectance at 2.6 μm, Green: reflectance at 2.2 μm, and Blue: reflectance at 1.1 μm) that helps highlight individual siderite (appear yellow) and sulfate (appear blue) grains. The bottom row shows mean ROI spectra highlighted in each MicrOmega image. Pink spectra (top 3 spectra) are sulfate spectra from the ROIs highlighted in black. Green spectra (bottom 3 spectra) are siderite spectra from the ROIs highlighted in green. Important absorptions at 2.3, 2.5, and 3.4 μm have been highlighted.
This loss of distinctive siderite absorptions (2.3, 2.5, 3.4, and 3.9 μm) is also seen in whole-image average spectra of all three physical mixtures of Mg-sulfate and siderite (Figure 7).
[image: Figure 7]FIGURE 7 | MicrOmega spectra of physical mixtures at t0, t1, and t2. All spectra are averages over the entire image (150 × 150 pixels) so include spectra influence of both Mg-sulfate (MGS) and siderite grains. (a) Samples 2, 7, 12: 75% MGS + 25% siderite. (b) Samples 3, 8, 13: 50% MGS + 50% siderite. (c) Sample 4, 9, 14: 25% MGS + 75% siderite. Important absorptions at 2.3, 2.5, and 3.4 μm have been highlighted.
4 DISCUSSION
4.1 MicrOmega spectra highlight the spatial variability in sulfate-carbonate mixture spectra
Even in high carbonate abundance mixtures (75 wt%), we find that the 2.3 μm absorption is lost in the presence of sulfate unless analysis focuses on pixels from just a carbonate grain without the influence of sulfate grains (Figure 5), which is unlikely in Mars orbital spectra.
In low carbonate abundance mixtures (25 wt%), crystalline polyhydrated Mg-sulfate is able to obscure the spectral evidence of carbonate even when carbonate grains are focused on alone for analysis (Figure 6a). If sulfate and carbonate grains both contribute to the spectra, at least three distinct hydration states and crystallinities of Mg-sulfate are capable of obscuring carbonate spectra (Figure 7a). This effect may be due to multiple scattering within the intimately mixed grains, which enhances the spectral dominance of the sulfate. This is consistent with past work showing that intimate mixtures of hydrated sulfates can obscure the spectral evidence of other components, such as chloride salts (Ye and Glotch, 2019; Hughes et al., 2023), nitrates, or carbonates (Sutter et al., 2007).
While the dehydration of Mg-sulfate will result in changes to wt% and vol% within the sulfate-carbonate physical mixtures, this does not appear to be driving these changes in spectra through time. The 2.5 μm absorption at t0 is slightly stronger than at t1 or t2 (Figures 7b, c), while the opposite would be expected if the smaller volumetric proportion of the Mg-sulfate were driving the changes in spectral signatures.
4.2 Mg-sulfate may be the reason gale crater carbonates are not visible from orbit
All the drill holes where siderite has been identified in Gale crater are in areas orbitally mapped as polyhydrated Mg-sulfate (Figure 1). Given the laboratory results in Figures 6, 7, it is conceivable that crystalline or amorphous polyhydrated Mg-sulfate is obscuring the absorption features used to map siderite in CRISM and OMEGA data.
Three drill targets that span nearly 90 m of elevation change within the sulfate unit in Gale crater have crystalline and X-ray amorphous Mg-sulfate and Fe(II)-carbonate. Going up section, TC has kieserite, amorphous Mg sulfate, and siderite; UB has kieserite, amorphous Mg sulfate, and siderite; and SQ has kieserite, amorphous Mg sulfate, and siderite (Chipera et al., 2023; Tutolo et al., 2025; Table 2). Chipera et al. (2023) calculated the hydration state of amorphous Mg-sulfate in the Canaima drill target, drilled from the base of the sulfate unit and devoid of carbonate in CheMin data. These calculations suggest the amorphous Mg-sulfate measured by CheMin contains 3.2 H2O per formula unit. Based on our laboratory measurements, we hypothesize that both crystalline and amorphous polyhydrated Mg-sulfate can obscure siderite absorption bands in CRISM data.
An important difference between CheMin and CRISM mineral detections is the depth of the materials being interrogated. CheMin measures drill powder from a depth of ∼4 cm, whereas CRISM measures the top few micrometers of the martian surface, which can be affected by dust cover and diurnal temperature and relative humidity variations. Starkeyite is likely the most prevalent crystalline polyhydrated Mg-sulfate just below the martian surface at depths sampled by Curiosity. However, at the uppermost surface, exposure to solar heating and varying temperature and humidity may cause some starkeyite to partially dehydrate and transition to amorphous polyhydrated Mg-sulfate. Therefore, both starkeyite and amorphous Mg-sulfate are expected to be present at the martian surface, consistent with recent observations (Chipera et al., 2023).
Amorphous Mg-sulfate is also observed in CheMin measurements from the subsurface, but in this case it is likely a result of an additional phase transition induced during analysis inside the rover where elevated temperatures and reduced relative humidity can drive further dehydration of starkeyite to the amorphous phase. Thus, while amorphous Mg-sulfate is naturally present at the surface due to environmental exposure, some of it may also form artificially during sample processing within the rover.
It is possible that the absence of siderite features may be related to the abundance of hydrated Mg-sulfate in upper Mt. Sharp. Other features of Mt. Sharp may contribute to this lack of orbital carbonate features, such as the small volumetric proportion of carbonates, textural effects such as grain size or surface roughness, and dust cover. Mg-sulfate deposits elsewhere on the planet could similarly mask 2.3 and (to a lesser extent) 2.5 μm absorptions related to carbonate if it is present at ∼25 wt.% (e.g., Figure 6) meaning the abundance of carbonate on the martian surface might be much higher than expected from orbital measurements. This is consistent with Tutolo et al., 2025, which proposed that the major layered polyhydrated and monohydrated sulfate deposits may have carbonates at the abundances seen in Gale crater.
4.3 The orbital search for carbonates on Mars should revisit images, searching for the 2.5 μm feature alone
We see that when the image is averaged (150 × 150 pixels averaged into one spectrum), which would be more analogous to orbital observations where pixels are likely to have mixed mineralogy, the 2.3 μm feature are more difficult to identify, even in samples with 75% siderite (Figure 5, black spectra). The finding that the 2.5 μm absorption is easier to resolve than the 2.3 μm absorption in these mixtures suggests that in a CRISM pixel (18 m × 18 m) with Mg-sulfate present, it is likely the 2.3 μm feature would be difficult to rely upon for a confident carbonate detection. In Table 4, we show that the siderite grains have consistently higher BD at 2.52 μm values than MIN2345_2537. This makes sense as MIN2345_2537 is essentially the minimum of the two band depths at 2.345 μm and 2.537 μm (Equation 2). However, it also demonstrates our point that relying on MIN2345_2537 and the presence of both absorptions to identify martian carbonates, especially in the presence of sulfates, may yield under-detection of carbonates. Indeed, Figure 8 updates the approach shown in Figure 3 by identifying carbonate grains using BD at 2.52 μm instead of MIN2345_2537. The carbonate spectral parameter values are overall higher (also seen in Table 4), and there are fewer “void” spaces where carbonate grains can only be identified by a lack of SINDEX2 values.
[image: Figure 8]FIGURE 8 | A version of Figure 3 except now the green channel is mapping BD at 2.52 μm instead of MIN2345_2537. Spectral parameters are stretched identically in all images in both Figures 3, 8 (0–0.5).
Current spectral parameter maps and algorithmic methods of searching for martian surface carbonates rely on the search for both absorptions for a positive detection (Viviano-Beck et al., 2014; Dhoundiyal et al., 2023; Stepcenkov et al., 2022). In areas with sulfates, the 2.5 μm feature should be examined closely for the possibility of indicating the presence of carbonates. Given the uncertain carbonate detections at Oxia Planum and other locations that are based only on a 2.5 μm absorption with no 2.3 μm, it is important to revisit surface spectra to look for 2.5 μm features alone, especially within scenes that also have polyhydrated sulfates (Mandon and Parkes Bowen, 2021). As one of the most common secondary minerals on Mars, this affects many orbital images that can be reexamined. When doing this, care should be taken to identify a distinct, sharp 2.5 μm band so as to not misidentify other surface minerals with a 2.5 μm absorption as potential carbonates (Bishop et al., 2021). This includes clay minerals (including certain smectites, serpentines, chlorites) and sulfates which can have broader absorptions and shoulders at 2.5 μm related to structural OH combination stretching + bending vibrations (Ehlmann et al., 2008; Bishop et al., 2008).
The environmental implications for coexisting sulfates and carbonates remain an area of investigation on Mars. It may point to multiple generations of fluid or fluid evolution over time, as both generally require water to form and sulfates have been seen to be part of a complex history of multiple diagenetic events in Gale crater (Nachon et al., 2017; Sun et al., 2019; Kronyak et al., 2019; Achilles et al., 2020). The purity of siderite analyzed by CheMin in the sulfate unit and the absence of cation substitution for Fe2+ in the siderite structure demonstrates the fluids from which the siderite precipitated were enriched in Fe2+. The lack of Mg2+ or Ca2+ in the siderite structure and the co-occurrence of Mg-sulfate and Ca-sulfate in the siderite-bearing rocks may indicate the sulfates formed from different fluid events (Tutolo et al., 2025). Alternatively, in the eolian-dominated depositional environments preserved in the sulfate unit, these minerals could have been mixed together physically. In the absence of petrographic information, it is difficult to definitively determine the aqueous processes that led to the precipitation of carbonate and Mg-sulfate in the same rocks. Mars Sample Return and the delivery of samples from Mars to laboratories on Earth can help address the timing of secondary mineral precipitation and the conditions under which different phases formed. Carbonates and sulfates have been found in some drill cores collected by the Perseverance rover in Jezero crater (e.g., Siljeström et al., 2024), and analyses of the physical relationships between these phases, along with their crystal chemistries and isotopic compositions in terrestrial laboratories will flesh out the carbonate-sulfate history in at least one location on Mars.
Our finding that hydrated Mg-sulfate may obscure carbonate detections on Mars has important implications for the atmospheric density and C cycle on early Mars. Not only could Mg-sulfate be acting as an enormous sink for the martian water budget (Vaniman et al., 2004; Robertson and Bish, 2013), it could also be obscuring the complete extent of a mineral class that is central to the planet’s aqueous history. It is important to properly identify the extent of carbonates as it is used to constrain past atmospheric thickness and aqueous conditions in the Noachian.
5 CONCLUSION
Our laboratory experiments show that both crystalline and amorphous Mg-sulfate can obscure the 2.3 μm siderite absorption band in the VNIR spectrum. We found that if sulfate and carbonate grains both contribute to the spectra, as is more analogous to Mars orbital spectra including CRISM and OMEGA, at least three distinct hydration states and crystallinities of Mg-sulfate are capable of obscuring carbonate spectral signatures even in high carbonate abundance mixtures (75 wt%). The 2.3 μm carbonate absorption is especially easily obscured in the presence of sulfate unless analysis focuses on an isolated carbonate grain. In low carbonate abundance mixtures (25 wt%), crystalline polyhydrated Mg-sulfate is able to obscure the spectral evidence of carbonate even when carbonate grain spectra are isolated.
These results have critical implications for Mars’ surface mineralogy. The findings help explain why Fe(II)-carbonates detected in situ by the Curiosity rover in Gale Crater remain invisible in orbital data despite recent advances in orbital spectral processing. The co-occurrence of siderite with Mg-sulfate in several Gale Crater drill targets suggests that sulfates may be masking carbonates in orbital data. These results are also consistent with Tutolo et al., 2025, which proposed that major layered sulfate deposits may have carbonates at the abundances seen in Gale crater. This spectral obscuration is particularly evident when analyzing large pixel averages that mimic the spatial resolution of orbital spectrometers.
The results emphasize the need to revisit orbital datasets with a focus on detecting the 2.5 µm carbonate feature independently, without relying on the simultaneous presence of the 2.3 µm band, which may not always be visible in sulfate-bearing regions. As carbonates and sulfates both require water to form and their abundance may help constrain past atmospheric conditions, properly identifying their complete extent and cooccurring minerals in orbital data is vital. These laboratory results provide new information that can aid both spectral modeling and orbital analysis that may help resolve a long-standing mismatch in orbital vs. in situ mineralogy of Mars.
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