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Alteration of pyrite-bearing basalt on Mars could provide an important source of sulfates, iron oxides/hydroxides and amorphous silica. Natural semiconducting minerals can undergo photooxidation reactions under UV irradiation due to the generation of electron holes. In this work, we experimentally investigate the photocatalysis of pyrite (FeS2)-olivine (Fo85) weathered microparticles under simulated current Martian surface conditions (pCO2 ∼ 7 mbar, UV (200–400 nm) flux ⁓ 2.3 W/m2). Our results demonstrate that chemical reactions under current Mars-like conditions facilitate hydration and transfer redox reactions of natural semiconducting minerals, driving the rapid formation of sulfates, iron oxides and amorphous silica within 72 h. These results highlight the role of natural semiconducting minerals in weathering processes under present-day Martian conditions. In addition, we performed geochemical simulations to evaluate the formation pathway of secondary minerals resulting from the weathering of pyrite-rich and pyrite-free basalt substrates during a transient warm episode on a generally cold and wet early Mars. Our models account for the contribution of oxidants to the Martian regolith via the spontaneous production of H2O2 in bulk water during the aqueous dissolution of pyrite microparticles. The models show differences in the types of secondary byproducts with sulfate and iron-oxide formation from pyrite weathering, especially during the cooling periods when gypsum formation increased significantly.
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1 INTRODUCTION
The surface of Mars, which lost most of its atmosphere to space between 4.2 and 3.5 Gyr ago (Jakosky et al., 2018), receives high levels of ultraviolet radiation (UV). Previous studies of photochemical reactions on the Martian surface have mainly focused on how organic compounds can be shielded by mineral matrices (Carrier et al., 2019) and on the formation of strongly oxidizing agents such as perchlorate (Schuttlefield et al., 2011). However, little attention has been paid to the UV-induced redox chemistry of semiconducting minerals and its effect on surrounding minerals on a planet where natural photochemical transformations could have occurred over long periods of time.
Natural minerals are excellent photocatalysts and have been widely used in advanced oxidation processes to remove organic pollutants from water because of their large surface areas and high adsorption capacities (Tang et al., 2022; Gil-Lozano et al., 2014). These include pyrite, a disulfide mineral with a suitable band gap (E.g., = 0.95eV) and high surface reactivity (Herbert et al., 2013; Galvez-Martinez et al., 2019). Previous work has demonstrated the photocatalytic ability of this semiconducting mineral to facilitate N2 fixation under Mars-simulated surface conditions (Mateo-Marti et al., 2019). However, its photo-oxidative power in a matrix with silicate primary minerals such as olivine, which is very sensitive to surface reactions, is an unexplored alteration process that may be relevant to Mars’ geologically recent past.
Although, large scale deposits of sulfide minerals have not been reported on the surface of Mars, Burns (Burns, 1988; Burns, 1993) proposed aqueous alteration of basaltic rocks containing Fe-rich olivine and sulfides, including pyrite, to form assemblages of sulfates, clays, and iron oxide/oxyhydroxides on the surface of Mars. In fact, the Martian mantle is thought to contain more sulfur than Earth’s mantle (Gaillard and Scaillet, 2009), and data from Martian meteorites suggest that the primary sulfur mineralogy is dominated by sulfide minerals (Franz et al., 2019; Chevrier et al., 2011; Lorand et al., 2018). In addition, pyrite has been identified in Martian regolith breccias NWA7533 and 7455 (Lorand et al., 2015; Wittmann et al., 2015), and has been detected in situ by the Mars Science Laboratory (MSL) at Gale Crater: in Yellowknife Bay (Vaniman et al., 2014), the Rocknest deposit (McAdam et al., 2014), and the Glent Torridon region (Wong et al., 2022). Investigation of aqueous alteration of volcanic material on Hawaii and Iceland indicates that low-temperature (<100°C) alteration of pyrite could be contributing greatly to the S cycle and production of sulfates on Mars (Moore and Szynkiewicz, 2023). Furthermore, sulfate formation via heterogeneous pathways involving volcanic SO2 emissions and interfacial water layers highlights additional processes that could contribute to sulfate distribution under current surface conditions on Mars (Góbi and Kereszturi, 2019).
Looking back at the aqueous geochemical history of the planet, sulfide weathering has also been considered an important mechanism of sulfate and iron oxy (hydroxide) formation at several locations on the surface of Mars, such as the sulfate veins (Schwenzer et al., 2016) or the akaganeite deposits (Peretyazhko et al., 2021) at Gale Crater, the sulfate- and phyllosilicate-bearing sedimentary rocks at Meridiani Planum (Zolotov and Mironenko, 2016), or the alunite-bearing deposit at Cross Crater (Ehlmann et al., 2016). Previous experimental studies have shown that the oxidative weathering of pyrrhotite (Chevrier et al., 2006; Chevrier et al., 2004), as well as pyrrhotite-silicate mixtures under a CO2 atmosphere (Dehouck et al., 2012; Dehouck et al., 2016), and the weathering of pyrite and pyrrhotite after exposure to highly oxidizing Cl and Br fluids (Mitra et al., 2023), can lead to the formation of abundant sulfate and oxidized iron minerals. However, the ability of pyrite microparticles to spontaneously generate hydrogen peroxide (H2O2) and other reactive oxygen species (ROS) during their aqueous dissolution (Borda et al., 2001; Javadi Nooshabadi and Hanumantha Rao, 2014; Gil-Lozano et al., 2017) is a reaction mechanism that has never been tested in an ancient aqueous Mars geochemical environment under a thicker CO2-rich atmosphere, where O2 does not appear to have been a major oxidant. While oxidation reactions under anoxic conditions induced by mineral surfaces have been well documented in the laboratory, their importance in natural environments has only recently been demonstrated with the formation of O2 under anoxic conditions on the ocean floor associated with polymetallic nodules (Sweetman et al., 2024). This finding could have significant implications for the geochemical evolution of Earth’s atmosphere and the development of life, and it may also have been of similar importance on ancient Mars.
In the present study, we first experimentally investigate the photocatalysis of an initially weathered sample composed of FeS2-Fo85 microparticles after 72 h of irradiation under simulated present-day Martian surface conditions (CO2 pressure pCO2 ∼ 7 mbar, UV (200–400 nm) flux ⁓ 2.3 W/m2). Our aim in this first part of the study is to analyze the evolution of the oxidized layer and its effect on the paired silicate mineral. In a second part of the study, we theoretically simulate the weathering of a pyrite-rich, pyrite-free basaltic soil in an early Martian environment. Our goal in this modeling component is to investigate the oxidation mechanism triggered by the spontaneous production of H2O2 during pyrite dissolution and its effect on secondary mineral formation.
2 EXPERIMENTAL
2.1 Samples and experimental procedure
Olivine and igneous pyrite samples were collected from the island of Lanzarote, Spain. The samples were crushed and dry sieved to a particle size of less than 20 microns to increase the surface area of the grains. X-ray diffraction patterns showed that the olivine -rich sample (Fo85) also contains enstatite and diopside, whereas no other mineral was identified in the pyrite sample (Supplementary Figure S1). Powder samples were cleaned using a stepwise procedure consisting of sonication followed by centrifugation. First, the samples were sonicated in ethanol to remove organic contaminants, followed by hydrochloric acid (HCl, 0.1N) to dissolve surface oxides. Finally, the samples were washed twice in deoxygenated deionized water (Milli-Q, N2-purged) to ensure the removal of residual impurities. The FeS2-Fo85 pairing sample was prepared by weight (60 wt% pyrite and 40 wt% olivine). Despite recent advances in the field of Martian simulants preparations (Ramkissoon et al., 2019), a simplified mixture of olivine and a high amount of pyrite was intentionally used to clearly identify surface alteration within the time scale of laboratory experiments. The selection of olivine as an accessory mineral was based on its rapid weathering behaviour and the development of an SiO2-rich alteration layer during the initial stages of alteration (Delvigne et al., 1979). The sample was then exposed to anoxic water (Milli-Q, N2-purged) at a fluid to rock ratio in mass units of ⁓10 g H2O/1 g mineral mixture (olivine + pyrite) under CO2 atmosphere (pCO2 = 0.5 bar) to simulate a thicker and anoxic early Martian atmosphere (Supplementary Figure S2A). Visible light was included to accelerate the dissolution of pyrite (Schoonen et al., 2000). The duration of aqueous weathering (42 days) was based on previous studies that observed surface mineral alteration within this time lapse (Dehouck et al., 2014; Gil-Lozano et al., 2017). The sample was then dried for 5 days under the same CO2 atmospheric conditions using silica gel as a desiccant (room temperature) to ensure removal of excess water that was not chemically or physically adsorbed.
The exposure of the dried weathered sample to UV-like Martian surface conditions was performed inside the Planetary Atmospheres Surfaces Chamber (PASC) at the Centro de Astrobiologia (CAB) (Mateo-Martí et al., 2006) (Supplementary Figure S2B). The simulated Martian atmosphere is composed of pCO2 = 7 mbar. To achieve this controlled atmosphere, the chamber was first pumped down to a vacuum conditions of about 1 × 10−6 mbar (high vacuum) to reduce contamination from O2 or other gases inside the chamber. CO2 gas (Alphagaz bottle: CO2 ⁓99.7 %v/v, H2O ≤ 200 ppm, O2 < 25 ppm) was then introduced to raise the pressure from 1 × 10−6 mbar–7 mbar. A constant temperature of 295 K was used to accelerate the alteration process. The FeS2-Fo85 weathered sample was irradiated with a UV deuterium lamp for a total of 72 h. This duration was chosen based on previous work confirming that clean single-crystal pyrite exhibits measurable photoreactivity within a few hours under similar conditions (Mateo-Marti et al., 2019). The UV source emits a continuous spectrum in the 200–400 nm range, which is representative of the UV radiation reaching the Martian surface (Patel et al., 2004). The source has a dose emission of 2.3 W/m2, corresponding to F = 2.3 × 1014 (6 eV photons) cm-2 s-1 (Caro et al., 2006). This emission is about 10 times lower than the UV flux measured by the REMS instrument onboard the Curiosity Rover (Gómez-Elvira et al., 2014).
2.2 Analytical techniques
Powder X-ray Diffraction (PXRD) analyses were performed to determine the presence of accessory minerals in the initial samples. No new mineral phases were identified by XRD, as the alteration of the sample was not sufficient to be detected by this bulk technique. PXRD was performed using a Seifert 3003 TT with Cu Kα radiation (λ = 1.542 Å). The X-ray generator was set to an acceleration voltage of 40 kV and a filament current of 40 mA. The samples were scanned between 5° and 60° (2θ) with a step size of 0.05° (2θ) and a count time of 2 s per step. Qualitative analysis of the XRD patterns was performed with QualX2 software using the PDF-2 database (ICDD), while Rietveld analyses were performed with the Fullprof software (Roisnel and Rodriguez-Carvajal, 2001). A scanning electron microscope (SEM), JEOL JSM-5600 LV, equipped with an energy dispersive X-ray spectroscopy (EDX) INCA detector (20 kV) was used to characterize the morphology and chemical composition of the samples after exposure to the simulated Martian conditions.
Surface analyses were performed using Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). Infrared spectra of the mineral samples were analyzed using the diffuse reflectance technique (DRIFT) with a Nicolet FTIR spectrometer. Spectra were collected using a DTGS-KBr detector with 2 cm-1 resolution in the mid-infrared region (from 4,000 to 400 cm-1) with an XT-KBr beamsplitter. Each spectrum is an average of three independent measurements (64 scans, 2 cm-1 resolution). XPS analyses of the samples were performed in an ultrahigh vacuum chamber equipped with a hemispherical electron analyzer (Phoibos 150 MCD) and an Al Kα X-ray source (1,486.7 eV) with an aperture of 7 × 20 mm. The base pressure in the ultra-high vacuum chamber was 1 × 10−8 mbar and the experiment was performed at room temperature. A 30 eV pass energy was used for the acquisition of the overview sample, while a 20 eV pass energy was used for the analysis of the following core-level spectra: O 1s, C 1s, N 1s, Fe 2p, S 2p and Si 2p. The XPS spectra regions were fitted and deconvoluted using the CasaXPS software (Fairley et al., 2021).
2.3 Geochemical modeling
The geochemical simulations were performed with the PHREEQCI 3.7.3 speciation-reaction code (Parkhurst and Appelo, 2013) using the Lawrence Livermore National Laboratory (LLNL) thermodynamic database. This database was modified to include thermodynamic data for a variety of smectite and zeolite minerals from the Thermoddem database, the kinetic rate constants for mineral dissolution and precipitation (Zhang et al., 2019), and a kinetic expression for the formation of H2O2 during pyrite dissolution (see Supplementary Appendix 1 in the Supplementary Material for script example).
The goal of the models is to analyze the secondary mineral formation pathways resulting from the weathering of a pyrite-rich and a pyrite-free basalt substrate under the same environmental conditions. In particular, the geochemical scenario simulates the water-rock reaction of a stagnant surface water in equilibrium with an anoxic CO2-rich atmosphere (Supplementary Figure S3). After 150 years, this system simultaneously loses pCO2 and cools, representing a transitional warm event in a generally cold and wet early Martian environment (Bishop et al., 2018; Fairén, 2010; Feldman et al., 2024).
The compositions of the pyrite-rich and pyrite-free basalt substrates used in the models are described in Table 1. An olivine-rich basalt composition was intentionally used to have a quick source of iron when modeling the pyrite-free basalt scenario. In each run, a pyrite-rich or pyrite-free basalt substrate was reacted with an initial solution of pure water equilibrated with a CO2 atmosphere (pCO2 = 0.5 bar, T = 20°C). The models consider the same set of potential secondary minerals (Supplementary Table S1) that could be formed and redissolved during the simulation time (up to 300 years). The list of secondary minerals includes phyllosilicates, sulfates, oxides, carbonates, and zeolites that are representative of the mineral alteration observed on the Martian surface. In the models, therefore, the amount of mineral reacting with the solution is controlled by the dissolution rate, which depends on the surface area (A0/V surface area of mineral per unit water mass) of the primary minerals (Fairén et al., 2017). Kinetic rates were modeled using the kinetic script library developed by Zhang et al. (2019) based on the transition state theory rate law (Lasaga, 1998; Palandri and Kharaka, 2004). In particular, the kinetic rate law of pyrite is catalyzed by the presence of H2O2, Fe3+, and O2 (McKibben and Barnes, 1986). In the simulations, the primary oxidant is the H2O2 formed on the reactive surface of pyrite, simulating an autocatalytic process. The formation of H2O2 at the pyrite surface was modeled using a kinetic expression that relates the number of defects undergoing oxidation to the surface area of pyrite. This model predicts that H2O2 is continuously introduced into the system as long as pyrite dissolution proceeds (see Supplementary Appendix 1 in the Supplementary Material).
TABLE 1 | Substrate composition used in the models.
[image: Table 1]3 RESULTS
3.1 Experimental results: present-day Mars conditions
We studied the photocatalysis of a mixture of FeS2-Fo85 microparticles after exposure to present-day Martian surface conditions (pCO2 ∼ 7 mbar, UV (200–400 nm) flux ⁓ 2.3 W/m2). The initial sample was previously altered in water equilibrated with a CO2-rich atmosphere (pCO2 = 0.5 bar, W/R ⁓ 10 wt%) and then evaporated under the same atmosphere. This process simulates a warmer period of early Mars and aims to evaluate the effect of a partially oxidized surface layer on the photocatalytic properties of the disulfide-silicate mixture.
Figure 1 shows the DRIFT spectra, where we can distinguish surface alteration by-products characterized by the presence of several bands in the region of 2,300–750 cm-1, related to the asymmetric and symmetric stretching vibrations of Si-O (from olivine and amorphous silica) and S-O (from sulfoxyanions), as well as their corresponding bending vibrations in the region below 750 cm-1 (Lane, 2007; Ellerbrock et al., 2022). The specific band assignments in these regions are complex due to the strong band overlap caused by the coexistence of different chemical groups (e.g., polysulfides, sulfite, sulfate, silicate, amorphous silica) in different chemical environments (e.g., bridging, outer, inner sphere) (Peak et al., 1999). Overall, after exposure to current Martian surface conditions, the sample showed a decrease in disulfide (S-S) stretching at 435 cm-1 and an increase in stretching (3,800–2,800 cm-1) and bending (1700–1,600 cm-1) modes of H2O. In addition, the bands at 1,145 and 1,102 cm-1 showed a significant increase. We tentatively attribute the band at 1,145 cm-1 to an increase in sulfate, likely in a chemical environment similar to that of gypsum, with reduced distortion of the v3 band, resulting in the predominance of a single band (Lane, 2007). Additionally, the band at 1,100 cm-1 is assigned to an enhancement of the amorphous silica coating (Ellerbrock et al., 2022). The increase in hydration of this sample also supports the increase in hygroscopic by-products such as silica and sulfate. Interestingly, we also observed changes in the v3 stretching region of carbonates (i.e., 1,275–1,590 cm-1) (Bishop et al., 2021). The initial weathered sample showed a band at 1,425 cm-1, assigned to calcite. However, after exposure to Mars’ surface conditions, this band split into three bands, indicating a symmetry reduction of the carbonate compound (Bishop et al., 2021).
[image: Figure 1]FIGURE 1 | DRIFT spectra showing the initial weathered sample prior to exposure to Martian surface conditions at the bottom and after exposure to Martian surface conditions at the top. The arrows mark the asymmetric stretching mode of carbonate (1,425 cm-1), sulfate (1,145 cm-1), and amorphous silica (1,102 cm-1) and the disulfide bond in the pyrite lattice (435 cm-1). The shaded area indicates the frequency range of the H2O stretching and bending vibrational modes.
Using XPS, we further analyzed the evolution of the surface alteration layer after exposure to current Mars-like surface conditions. Quantification of the XPS survey spectra showed a significant increase in the oxygen contribution after exposure to current Martian surface conditions (Supplementary Figure S4), which is consistent with the increase in silica, sulfate, and the increase of the hydration level found in the DRIFT spectra. The most notable changes related to pyrite alteration occurred in the Fe 2p3/2 and S 2p3/2 orbitals, where surface species shifted towards higher values of binding energies. This is associated with an increase in the oxidation state of the corresponding species (Schaufuß et al., 1998). Considering that high-spin Fe(II) and Fe(III) compounds give rise to multiplet splitting and satellite features (Grosvenor et al., 2004), the fitting of Fe 2p in chemical environments of different iron species (such as sulfates, oxides and oxyhydroxides) is challenging due to peak overlap. Nevertheless, the shape of the Fe 2p spectra showed significant differences before and after exposure to Martian surface conditions (Figure 2). The initial weathered sample showed a well resolved peak assigned to the Fe-S contribution of pyrite (Fe 2p3/2 ⁓ 707.6 eV) and a broad tail towards higher binding energies, indicating the presence of Fe(II) and possibly some Fe(III) compounds. However, after simulating Martian surface conditions, the Fe-S peak showed a significant decrease while the asymmetric tail increased at higher binding energies, consistent with an increase in Fe(III) compounds. This is further supported by the appearance of Fe(III) satellite peaks (Grosvenor et al., 2004). Figure 3A illustrates the fitting of the S 2p spectra. We identified three spin-orbit components, assigned to S22-(S 2p3/2 162.1 ± 0.1eV), Sn2 (S 2p3/2 164.2 ± 0.1eV), SO3 (S 2p3/2 166.7 ± 0.1eV) and SO42- (S 2p3/2 169.5 ± 0.1eV), respectively. Following exposure to Martian surface conditions, the sample exhibited a notable increase in sulfate contributions, accompanied by the emergence of a new peak at the highest binding energy (172.5 eV). This peak can be attributed to the emergence of a ferric hydroxysulfate compound (Todd et al., 2003), possibly due to hydroxylation at pyrite defect sites (Xian et al., 2019), along with an increase in the Si 2s plasmon, which is also observed in the Si 2p plasmon. Overall, the Fe 2p and S 2p spectra showed a decrease in iron disulfide species in favor of iron sulfate and iron oxide/oxyhydroxide formation.
[image: Figure 2]FIGURE 2 | Fe 2p orbital of the FeS2-Fo85 pairing sample before (dotted line) and after (solid line) exposure to present-day Martian surface conditions. The labels in the figure show the location (binding energy) of the major contribution of the iron species along with its satellite peaks. The spectra were normalized using Min-Max normalization method.
[image: Figure 3]FIGURE 3 | Curve fitting XPS spectra of the (A) S 2p orbital and, (B) Si 2p orbital. The initial weathered sample, before being exposed to Martian surface conditions, is shown at the top, and after having been exposed to Martian surface conditions at the bottom. Dotted lines mark the binding energy of the S (A) and Si (B) species identified in the analysis.
Similarly, we observed a significant change in the Si 2p spectra (Figure 3B). The initial weathered sample showed the major peak at 102.5 ± 0.1 eV, assigned to silicate. After exposure to Martian surface conditions, this contribution decreased, while the peak at 105.1 ± 0.1 eV, assigned to hydroxylated silica, increased (Kwak et al., 2011). The O 1s spectra of the sample after exposure to current Martian surface conditions also shifted to higher binding energies, which is related to the increased OH and H2O species on the surface of the sample (Supplementary Figure S5). Unfortunately, the coexistence of various compounds within the narrow binding energy range of the O 1s orbital makes accurate deconvolution challenging. These findings are further corroborated by EDX analysis, which revealed an oxygen enrichment in olivine particles after exposure to current Martian surface conditions (Supplementary Figure S6).
3.2 Model results: early Mars conditions
The geochemical simulations represent ponded water in equilibrium with a CO2 atmosphere undergoing progressive cooling and pCO2 reduction (Fairén et al., 2009; Fairén et al., 2011) (Supplementary Figure S3). The boundary conditions, including the primary mineral assemblage and the list of secondary minerals that could form, are the same in both simulations except for the presence of pyrite in one of them (Table 1; Supplementary Table S2). Therefore, the model results allowed us to specifically evaluate the effect of H2O2 production from pyrite dissolution on the secondary minerals formed.
As expected, the pH evolution is strongly dependent on pCO2 variations in the atmosphere, regulated by the CO2-bicarbonate-carbonate buffering system (Figure 4). In both simulations, the pH of the initial solution is acidic (pH0 ⁓ 4) but rises rapidly due to chemical weathering of silicate until it reaches a pH close to 6.4, which allows carbonate precipitation and buffers the pH. However, in the pyrite-rich substrate, the pH buffering value is slightly lower, around 6.2, and when pCO2 is reduced (in the cooling phase), the increase of the pH is less pronounced due to the acidic dissolution of pyrite.
[image: Figure 4]FIGURE 4 | Model results showing the formation of by-products over time from the weathering of a pyrite-free (A) and pyrite-rich (B) basalt substrate. The solution is equilibrated with an atmosphere of CO2 (pCO2 = 0.5 bar), which has been subjected to a cooling period and a pCO2 reduction.
It is noteworthy that in the simulation with the pyrite-rich substrate, the formation of siderite (iron carbonate) is inhibited, despite the iron supply by the pyrite dissolution. This is due to the oxidizing conditions that favor instead the formation of hematite (Fe(III) iron oxide) (Baron et al., 2019), which is kept stable during the whole simulation (warm and cold periods), while nontronite (Fe(III)-rich clay) is only formed in the cooling period. In the pyrite-free scenario, however, hematite (followed by nontronite) is only formed in the cooling period, when basalt dissolution slows down and Eh gradually increases. Interestingly, this increase in Eh causes the destabilization of siderite, which begins to dissolve at the end of the simulation. Consequently, Fe2+ is released into the solution, lowering the redox conditions again and favoring the formation of magnetite (Fe(II)Fe(III) iron oxide).
Since Ca-plagioclase (anorthite) is a major component of the substrate and dissolves quickly under these geochemical conditions, kaolinite and montmorillonite are the most abundant clay minerals formed in both simulations.
In the pyrite-rich substrate, we also observe the formation of sulfates due to the higher oxidation of the iron sulfide. The first sulfate to precipitate is alunite, a common weathering product of pyrite dissolution. It begins to form in year 29 and remains stable until year 257, when it is dissolved by the increase in pH that favors the formation of zeolite (Ca-heulandite). Gypsum, which is more soluble, begins to form in year 115 and remains stable since then. Interestingly, at the end of the simulation gypsum experienced a rapid increase coinciding with the start of calcite dissolution, which releases Ca2+ into the solution.
These results revealed the strong competition between minerals for the available cations throughout the whole simulation time (Fairén et al., 2017). Overall, the main difference between both simulations shows that dissolution of the pyrite-rich basalt substrate induces higher redox conditions favoring the formation of ferric-bearing minerals and sulfates even in a CO2 rich anoxic atmosphere.
4 DISCUSSION
We experimentally studied the photocatalysis of a disulfide mineral associated with olivine under current Mars-like surface conditions (pCO2 = 7 mbar, UV flux ⁓2.3 1014 cm-2 s-1). Our initial weathered sample showed an increase of the oxidation layer after a short reaction time of 72 h. This indicates that the photoactivation of the sample is not hindered by the surface coating of the initially weathered sample. In fact, previous research has demonstrated that pyrite surface oxidation can create a natural (hydr)oxide-pyrite photoelectrochemical tandem cell, which enhances its ability to induce water oxidation (Eggleston et al., 2012).
After UV-like Mars surface alteration, the sample showed the emergence and increase of IR bands related to the sulfate and silica stretching vibrations (Figure 1) (Lane, 2007; Ellerbrock et al., 2022). This was accompanied by an increase in the degree of hydration, consistent with the formation of hygroscopic by-products such as silica and sulfate on the surface of the sample. The most superficial XPS analysis also supported the increase in the oxygen content of the sample (Supplementary Figure S4), and the enhancement of the degree of oxidation due to the rise in ferric oxides and sulfate species assigned in the high-resolution XPS spectra (Figures 2, 3). Therefore, according to our experiments, UV photoactivation of pyrite makes it highly reactive under current Martian surface conditions. This helps to explain the absence of large sulfide deposits on the Martian surface to date, as they are likely obscured by a coating of secondary products (e.g., oxides, sulfates, and hydrated silica). However, volcanogenic massive sulfides (VMS), similar to those driving the geochemical conditions found at Rio Tinto (Amils et al., 2007), could exist in the Martian subsurface (Burns and Fisher, 1990). Previous estimates of the sulfur budget, based on meteorite data and fractional crystallization models of magmas, suggest that a substantial amount of sulfur could be sequestered in deep crustal sulfide-rich deposits (Ding et al., 2014). Internal layered deposits associated with the Valles Marineris chasma system could potentially be explained by groundwater circulation through these sulfide-rich deposits (Bishop et al., 2009).
A significant shift of the silicate component to higher binding energies is observed in the Si 2p spectra (Figure 3B), which is related to the formation of a hydroxylated silica layer (Kwak et al., 2011). This observation aligns with the growth of amorphous silica identified in the FTIR spectra and the increased oxygen contribution detected by XPS and EDS analyses (Figure 2; Supplementary Figures S4, 5). Several studies have shown that natural mineral composites can enhance the photocatalytic efficiency of semiconductors by increasing electron charge mobility and/or reducing electron-hole recombination (e.g., Tang et al., 2022). In particular, diatomite, which is mainly composed of amorphous SiO2, has been widely used as a charge carrier due to its high porosity, large specific surface area, and strong chemical stability (Zhu et al., 2018). Consequently, the formation of a hydrated silica layer on the sample may provide more active sites for adsorption and facilitate the mobility of electrons and holes induced by the photoactivation of pyrite (Supplementary Figure S7). These results indicate the need for further research on the photocatalytic role of altered olivine, as well as the susceptibility of more representative iron-rich Martian simulants to UV photo-oxidation.
Interestingly, we also detected changes in the stretching modes associated with carbonates (Figure 1). The band at 1,425 cm-1, assigned to calcite, split into three components. This band splitting suggests a change in the symmetry and/or crystallinity of the carbonate compound (Bishop et al., 2021; Gago-Duport et al., 2008). The instability of carbonates under UV irradiation was investigated by (Mukhin et al., 1996). However, later studies showed that carbonates cannot be photodegraded by the UV flux incident on the Martian surface (Quinn et al., 2006). Our experiments suggest that the photocatalysis of pyrite-silicate composites may induce changes in the crystallinity of the carbonate film.
Another interesting aspect of pyrite surface reactivity is its ability to spontaneously produce H2O2 and ROS during this aqueous dissolution (Borda et al., 2001; Javadi Nooshabadi and Hanumantha Rao, 2014; Wang et al., 2012). In fact, aqueous dissolution of mechanically active pyrite microparticles has been shown to generate H2O2 even in oxygen-limited environments (Gil-Lozano et al., 2017; Zhang et al., 2016). H2O2 is an oxidant already identified in the Martian atmosphere (Clancy et al., 2004) and a potential oxidant of the Martian regolith (Chevrier et al., 2006; Lasne et al., 2016). Oxidative weathering of sulfide minerals has been suggested as an important diagenetic mechanism on early Mars for sulfate production (Wong et al., 2022; Dehouck et al., 2016; Burns and Fisher, 1990; Rampe et al., 2020) and even as an energy source for chemolithotrophic microorganisms (Macey et al., 2020).
In the second part of this study, we modeled the ability of aqueous pyrite dissolution to generate H2O2 and ROS in an early wet Martian environment. Our goal is to explore differences in secondary mineralogy as a function of the disulfide content in the substrate. Therefore, models simulated the weathering of pyrite-rich and pyrite-free basalt substrates under a CO2 atmosphere in a transient warm episode (Ta = 20°C) in a generally cold and wet Early Mars (Bishop et al., 2018; Fairén, 2010) (Supplementary Figure S3). The secondary minerals formed on the pyrite-rich substrate show a higher amount of ferric-bearing minerals (including hematite, nontronite) (Figure 4). On the pyrite-free basalt substrate, the iron is mainly sequestered in siderite, although some amounts of hematite, nontronite and magnetite were also formed during the final stage of the cooling period (Figure 4B). Similar changes in redox mineral assemblages have been recorded in various sedimentary units at Gale Crater, including Yellowknife Bay and the Murray Formation, or Glen Torridon and the Vera Rubin Ridge region. In addition, all samples analyzed by the Curiosity Rover at Gale Crater revealed the presence of volatiles (S and Cl) in X-ray amorphous phases, some of which may originate from altering sulfates (David et al., 2022). Indeed, several authors have hypothesized that influxes of groundwater fluids generated by oxidative weathering of sulfides may have driven these changes (Schwenzer et al., 2016; Peretyazhko et al., 2021; Rampe et al., 2020).
It is noteworthy that carbonates are formed in abundance in our models, while only small amounts of siderite were recorded at Gale crater (Thorpe et al., 2022). This could be explained by the fact that we did not consider a nucleation barrier for carbonate formation (Jiang and Tosca, 2020), together with the olivine-rich substrate composition used in the models, which favors carbonate formation (i.e., olivine ≥15% Vol, Table 1) (Gil-Lozano et al., 2024). The weathering of the pyrite-rich substrate also showed the formation of sulfates, gypsum being the most abundant. This is because the pH of the solution is not acidic enough to favor the formation of more acidic sulfates (e.g., jarosite). Therefore, the mobilization of these pyrite-rich weathering fluids could explain formation of the calcium sulfate veins identified at Gale Crater (Nachon et al., 2014). Furthermore, the paragenesis of phyllosilicates and sulfates identified at different locations on Mars, such as Columbus Crater (Wray et al., 2011), Cross Crater (Ehlmann et al., 2016), Mawrth Vallis (Wray et al., 2010), Noctis Labyrinthus (Weitz et al., 2011) can be alternatively explained by the weathering of pyrite-rich substrates instead of by highly acidic conditions driven by SO2 volcanism.
In summary, the modeling results indicate that self-generated H2O2 from pyrite dissolution in an O2-limited and CO2-rich atmosphere can produce sufficient oxidation to form ferric minerals and sulfates.
Similarly, previous studies have identified sulfide minerals in SNC meteorites (shergottites, nakhlites, and chassignites) of both magmatic (Chevrier et al., 2011) and hydrothermal origin (Lorand et al., 2015). The oxidation potential of pyrite assessed in this study is consistent with the presence of Fe-oxides associated with pyrite in the NWA 7533 meteorite (Hewins et al., 2017), the sulfate phases likely formed on Mars in the MIL 03346 meteorite (McCubbin et al., 2009), and the observed relationships between sulfide and sulfate in basaltic shergottites (Shidare et al., 2021). These results support the hypothesis that pyrite, through its oxidative dissolution, could play a key role in the sulfur cycle on Mars. However, the high diversity associated with sulfate-rich deposits suggests the interplay of multiple mechanisms, including aqueous alteration, sulfide oxidation, and UV-driven photochemistry, in sulfur transformation on Mars (Changela et al., 2022).
5 CONCLUSION
We investigated the photocatalysis of a partially altered disulfide-olivine pairing sample under current Martian surface conditions. Our experimental results showed a high degree of oxidation in short reaction times with the growth of iron oxides, sulfates, and an amorphous silica layer. These results highlight the important role that natural semiconducting minerals can play in driving redox reactions in the recent past of Mars.
Furthermore, we modeled the ability of aqueous pyrite dissolution to generate H2O2 and trigger the oxidative weathering of a pyrite-rich basaltic substrate in an anoxic CO2-atmosphere on early Mars. Our modeling results indicate different redox mineral assemblages for a pyrite-rich and a pyrite-free basalt substrate, indicating the formation of ferric iron oxides and sulfates from the pyrite-rich substrate. In addition, these redox gradients are of significant astrobiological importance because of their fundamental role in sustaining life, and may help explain the formation of intriguing rocks such as 'Cheyava Falls’, discovered by NASA’s Perseverance rover, We conclude, the reactivity of pyrite to ferric oxides and sulfate minerals under both present-day and early Martian surface conditions could explain the scarcity of disulfide deposits on the Martian surface to date.
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(mol/kgw) (m?/kgw) (mol/kgw) (m?/kgw)
Anorthite 15 4051 0245 2 5401 0327
Albite 1125 3204 0192 15 4273 0256
Sanidine 375 1.009 0,066 5 1346 0,088
Diopside 1125 3.892 0.149 15 5.189 0.198
Enstatite 1875 6,996 0263 2 9328 0351
Olivine 15 7.988 0206 20 10650 0275
Pyrite 25 15611 0224 0 0000 0,000

(") The surface area was estimated using a geometric model approach, considering the mass fraction of each mineral, a porosity of 0.3, and assuming spherical grains (radius = 0.5 mm). Finally
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