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Magnetite (Fe3O4), a common byproduct associated with the serpentine deposits, plays a pivotal role in catalyzing prebiotic chemical pathways to produce several important biological precursors relevant to the origin of life. On Mars, serpentine is identified on the Noachian surface, denoting the period of abundant surface water and water-rock interactions. During serpentinization, magnetite commonly forms as a byproduct controlled mainly by Fe-Mg lattice diffusion in olivine, contributing to reducing gases like hydrogen and methane through iron oxidation. This study utilizes selected analog serpentinized sites to investigate the critical role of magnetite in catalyzing and, therefore, facilitating key prebiotic pathways. The various sites are rift settings, obducted settings, plate-margin, and intraplate settings. This helps to understand the probable mineral assemblages associated with magnetite and potential prebiotic pathways in various settings and chemical environments. We discuss here the potential prebiotic pathways like Fischer-Tropsch Synthesis, Water Gas Shift, Haber-Bosch process, role of cyanide in magnetite preservation, and abiotic organic synthesis in the context of magnetite’s role as a potential catalytic surface and mineralogical marker in serpentinization systems. We also explore the potential role of subzero interfacial water films in mediating oxidant decomposition and magnetite-driven redox reactions, highlighting their implications for low-temperature serpentinization and habitability on Mars. This study may advance our understanding in shortlisting the prime targets for prebiotic studies, astrobiological investigations, and Mars sample return missions.
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1 INTRODUCTION
Magnetite’s cation-deficient sites and surface adsorption properties make it a highly effective catalyst in key prebiotic reaction pathways, facilitating the formation of essential biomolecules (Samulewski et al., 2020). Studies suggest that these properties support prebiotic chemistry, with RNA-like precursors crystallizing on magnetite surfaces, potentially playing a role in the emergence of biological homochirality (Ozturk et al., 2023). In serpentinized environments, magnetite may catalyze abiotic organic synthesis, including amino acids, lipids, nucleosides, and sugars (Holm and Charlou, 2001; Schwander et al., 2023).
Serpentinization, a water-mediated alteration process of olivine- and pyroxene-rich rocks, is crucial in shaping planetary environments and fostering habitability. On Earth, this process has been integral to the long-term evolution of surface conditions (Evans, 2004). Similarly, on Mars, serpentinization is proposed to have significantly influenced its early climate by contributing to warm conditions (Ramirez et al., 2014; Wordsworth et al., 2017; 2021) and controlling the planet’s hydrological and geochemical cycles (Schulte et al., 2006). NASA’s Mars Reconnaissance Orbiter (MRO) identified the presence of serpentine in association with olivine-rich units within the mélange terrains of Nili Fossae and Claritas Rise (Ehlmann et al., 2010; Viviano et al., 2013). Additional occurrences of serpentine have also been detected in various regions across the Martian surface (Ehlmann et al., 2010; Viviano et al., 2013; Amador et al., 2018). The widespread distribution of olivine on Mars (Evans, 2004) and its high reactivity in aqueous conditions (Oze and Sharma, 2005) suggest that serpentinization could have occurred extensively during interactions between liquid water and the mafic crust (Oze and Sharma, 2005; Schulte et al., 2006). On Mars, serpentinization has the potential to form serpentine minerals while creating chemically distinct subsurface environments characterized by high pH, reducing conditions, and low silica activity (Evans, 2004; Tutolo and Tosca, 2023). This process may also produce molecular hydrogen (H2), which could serve as an energy source for hypothetical chemosynthetic life. Furthermore, under suitable conditions, serpentinization might drive abiotic methane production through reactions between hydrogen and carbon dioxide—both of which have been detected on Mars (Kelley et al., 2005; Russell et al., 2010; Amador et al., 2018; Kakkassery et al., 2022).
Depending on fluid geochemistry during serpentinization, magnetite (Fe3O4) commonly forms as a byproduct, contributing to hydrogen (H2) production through iron (Fe) oxidation in serpentine (Andreani et al., 2013; Klein et al., 2014). The detection of magnetite on Mars is challenging due to its near-infrared opacity, making it undetectable by hyperspectral instruments such as CRISM (Ehlmann et al., 2010). Strong magnetic fields have been detected from orbit over Mars’ ancient southern highlands and at the InSight landing site, though the processes behind this magnetization remain uncertain (Nazarova and Harrison, 2000; Lillis et al., 2008; Ehlmann et al., 2010; Bultel et al., 2025). One hypothesis suggests that serpentinization generated magnetite, which was magnetized by an ancient global magnetic field (Bultel et al., 2025). Thermodynamic modeling indicates that, while serpentinization occurs, dunitic protolith composition could generate up to 6 wt% magnetite owing to its proneness to dissolution through aqueous alteration, explaining strong magnetic anomalies (Bultel et al., 2025). In contrast, basaltic compositions require high water-to-rock ratios to produce more than 0.4 wt% magnetite, aligning with weaker magnetizations at the landing site of the InSight (Bultel et al., 2025).
At some handful of locations, serpentines occur on the Martian surface, and orbiter observations do not allow for the identification of serpentine polymorphs (Ehlmann et al., 2010), which necessitates terrestrial analog studies to gain insights into the water-rock interactions in the Martian distant past. This study investigates the critical role of magnetite in facilitating key prebiotic pathways, including Fischer-Tropsch Synthesis (FTS), Water-Gas Shift (WGS) reaction, and ammonia production via the Haber-Bosch process. This study further facilitates comparisons among different formation conditions of magnetites in terrestrial serpentinized sites like the Duluth Complex of Minnesota USA, Samail Ophiolites of Oman, and the serpentine-rich sites in Sri Lanka (Figure 1). Understanding the possibility of such pathways could help us to identify and shortlist prime sites for prebiotic chemistry research and astrobiological exploration, especially given that Mars missions such as Viking, Phoenix, Curiosity, and Perseverance have observed preserved organics (Ansari, 2023). In this context, ESA’s ExoMars mission not only prioritizes the search for organics but also specifically targets the subsurface, where organic molecules and potential biomarkers are better preserved (Altieri et al., 2023).
[image: Map of Sri Lanka showing geological complexes, rock formations in the field and lab samples, with magnified views. Images (a) to (h) depict locations and mineral compositions. Labels include WC, KC, VC, HC for geological regions, and Mgt, Srp, Mgs, Ol for mineral identifications. Scales indicate sizes in centimeters and millimeters.]FIGURE 1 | (a) Serpentinite deposits in Sri Lanka along with the tectonic boundaries (modified after Dilshara et al., 2025); (b) Highly weathered serpentinite deposits in the Ginigalpelessa region are characterized by the red color of the sand, which indicates significant leaching of iron from the serpentinite; (c) A layered serpentinite outcrop on the coastal cliff of Ussangoda; (d) Iron (Fe) concretions from serpentinite soil in the Ginigalpelessa region; (e) Serpentinite sample from Ussangoda with magnetite (Mgt) marked; (f) Serpentinite sample from Ginigalpelessa showing magnetite (Mgt). Photomicrographs of serpentinite collected from Ginigalpelessa, showing serpentine (Srp), magnetite (Mgt), and magnesite (Mgs) minerals with characteristic mesh texture of olivine (Ol) using a polarization microscope: (g) viewed under plane-polarized light, and (h) the same field of view under crossed polar.2 FORMATION OF SERPENTINE-MAGNETITE ASSEMBLAGE ON THE SURFACE OF MARS
The reaction of forsterite and fayalite with CO2 and water leads to the formation of serpentine, magnetite, and methane (R1), underscoring the role of serpentinization as a fundamental process in Mars’ aqueous history and geochemical evolution (Ehlmann et al., 2010; Viviano et al., 2013; Amador et al., 2018; Kakkassery et al., 2022). Additionally, under low-temperature, CO2-rich Martian conditions, magnetite can form through the oxidation of Fe2+-bearing brucite, releasing molecular hydrogen (R2) (Beard et al., 2009; Templeton et al., 2021). The Fe2+-Fe3+ redox transformation, driven by water-rock interactions, has been identified as a key mechanism in Martian serpentinization (McCollom and Bach, 2009; Mustard et al., 2009), with experimental studies demonstrating its viability under low oxygen fugacity and alkaline conditions (Frost et al., 2013; Klein et al., 2014).
18Mg2SiO4Forsterite+6Fe2SiO4Fayalite+CO2+26H2O → 12Mg3Si2O5OH4Serpentine+4Fe3O4+CH4Magnetite(R1)
3FeOH2Brucite+H2O → Fe3O4+4H2Magnetite(R2)
The formation of magnetite during serpentinization is controlled mainly by Fe-Mg lattice diffusion in olivine, which varies with temperature (Evans, 2010; Müntener, 2010). At low temperatures (<300 °C), sluggish Fe-Mg diffusion leads to the formation of serpentine, magnetite, molecular hydrogen, and occasionally brucite and Fe-Ni-Co alloys. Ferric iron is primarily stored in magnetite and some in lizardite (an Mg-rich serpentine) at 100–200 °C (Evans, 2010). The Mg-rich nature of serpentine plays a key role in magnetite production at these temperatures. In contrast, at higher temperatures (>400 °C), Fe-Mg diffusion accelerates, and above ∼600 °C, thermodynamic equilibrium is reached, prompting olivine to be fayalitic and lower its magnesium number (Mg# = molar Mg/(Mg + Fe) ×100) (Evans, 2010). At temperatures above 400 °C, antigorite becomes the stable serpentine phase and begins incorporating ferric iron, which reduces the availability of Fe3+ for magnetite formation. As a result, magnetite is less likely to be part of the stable mineral assemblage at higher temperatures (Evans, 2010; Müntener, 2010).
3 GEOCHEMICAL FACTORS DRIVING MAGNETITE FORMATION IN TERRESTRIAL ANALOG SITES
Magnetite forms during serpentinization as Fe2+ from olivine or pyroxene oxidizes, generating hydrogen under reducing conditions. Its stability is enhanced in low-silica, alkaline environments but suppressed in high-silica settings, where Fe-bearing serpentine dominates (Evans, 2010; Klein et al., 2014). Optimal formation of magnetite occurs below ∼300 °C, while higher temperatures (400–600 °C) promote Fe-Mg diffusion, limiting magnetite formation (Evans, 2010; Müntener, 2010). To better understand the geochemical controls, this study examines three well recognized terrestrial serpentine analog sites (Table 1): Duluth Complex’s ferrous acidic environment in rift settings (Evans et al., 2017; Tutolo and Tosca, 2023), Samail ophiolite’s variable fluid interactions at obducted settings (Seyfried et al., 2007; McCollom and Bach, 2009; Bonnemains et al., 2016), and Sri Lanka’s Mg-rich chemical composition in plate-margin to intraplate settings (He et al., 2016; Fernando et al., 2017; Malaviarachchi et al., 2024; Nair et al., 2024; Wang et al., 2024) — each representing distinct serpentinization conditions.
TABLE 1 | Representative terrestrial analog sites with comparable Martian settings.	Martian site	Observed/Hypothesized traits on Mars	Earth analogs	Relevance
	Olivine–carbonate terrains (Nili Fossae/NE Syrtis)	Mg–Fe serpentines ± carbonates; high-Mg olivine protoliths; low-T alteration (Ehlmann et al., 2009; Mustard et al., 2009)	Samail Ophiolite (Oman) (McCollom and Bach, 2009)
Sri Lanka Serpentine terrains (Wang et al., 2024; Nair et al., 2024)
Selam Ultramafic Complex (Kakkassery et al., 2022)
Duluth Complex (Evans, 2004; Tutolo and Tosca, 2023)	Mineralogy and fluid chemistry are in analogy with that of Martian olivine-carbonate units; record CO2–H2O–rock interaction, temperature, and redox conditions relevant to Mars
	Hydrothermal ultramafic vents	Potential subsurface hydrothermal systems producing H2/CH4, magnetite (Oze and Sharma, 2005)	Lost City, Atlantis Massif (Kelley et al., 2005)
Prony Bay (New Caledonia) (Monnin et al., 2014)	Demonstrates serpentinization-driven H2/CH4 and magnetite formation
	Lacustrine/diagenetic basins (Gale)	1.5–9.5 wt% magnetite, diagenetic alteration, serpentine not detected
Authigenic magnetite in Yellowknife Bay mudstones, early anoxic diagenesis
Hematite enrichment at Vera Rubin Ridge, oxidizing fluid events, altered Fe phases and coarsened hematite crystallinity (Vaniman et al., 2014; Fraeman et al., 2020; Rampe et al., 2020)	Lake Towuti, Indonesia (Costa et al., 2015)
Bear Lake, Utah (Reynolds and Rosenbaum, 2005)	Shows basin-scale low-T authigenic magnetite formation during diagenesis at anoxic-oxic transitions in lake sediments; implications for fluid circulation, habitability, and biosignature preservation; comparable to Gale crater’s early lacustrine magnetite formation
	Volcanic–groundwater systems (Syrtis Major)	Olivine-rich lavas/ash altered by groundwater; potential hydrothermal magnetite (Ehlmann et al., 2009)	Icelandic basaltic hydrothermal systems (Franzson et al., 2008)	Volcanic heat + fluids replicate Mars conditions


Duluth Complex, emplaced during the mid-continent rift magmatism (1,109–1,084 Ma), consists of layered mafic and ultramafic lithologies through multiple intrusive events. The complex consists of tholeiitic basalt with FeO and MgO concentrations consistent with Martian meteorites, reinforcing its relevance as an Earth-based analog (Tutolo and Tosca, 2023). In the layered peridotite samples, the serpentine formed from Fe-rich olivine (Fa38-43) shows notable Fe enrichment, reaching at least 30% of the Fe end member composition. This site offers valuable insights into the formation of Fe-rich serpentinite and magnetite, both of which are closely linked to the hydration of Fe-rich olivine and Fe2+/Mg2+ exchange under conditions of low oxygen fugacity (Evans, 2008; Evans et al., 2017). In some cases, this alteration is accompanied by the formation of hisingerite [3Fe3+2Si2O5(OH)4], a Fe-rich phyllosilicate that forms through the oxidation of Fe and mobilization of silica in acidic conditions (Evans et al., 2017; Tutolo and Tosca, 2023). Around 300 °C, magnetite may also form alongside Mg-rich serpentine (e.g., lizardite) in some part of the Duluth complex, as acidic aqueous fluids promote Mg leaching, thereby increasing the Fe/Mg ratio in the alteration assemblage to form magnetite (Evans, 2008). The co-occurrence of hisingerite, magnetite, and Fe-enriched serpentine under acidic fluid conditions highlights the critical role of fluid chemistry in controlling serpentinization and associated magnetite formation and offers key analogs for understanding similar processes that may have influenced the evolution of the Martian crust.
Samail ophiolites represent a thrust sheet of oceanic crust and upper mantle emplaced onto the Arabian continental margin during Late Cretaceous time (96–94 Ma) (Mayhew et al., 2018). Therefore, Samail provides a key example location of low-temperature serpentinization and Fe transformation aided by varying Fe incorporation and Fe mobility due to the extent of alteration and fluid chemistry (Sleep et al., 2004; McCollom and Bach, 2009; Klein et al., 2014; Mayhew et al., 2018). Samail peridotites are predominantly harzburgites (∼90%; Mg# 92) and dunites (∼10%; Mg# 92), occurring as isolated lenses (Godard et al., 2000; Monnier et al., 2006; Hanghøj et al., 2010), and all outcrop samples exhibit varying degrees of alteration, ranging from partial serpentinization (∼30–60%) to complete serpentinization and carbonation (Hanghøj et al., 2010; Streit et al., 2012; Kelemen et al., 2013; Falk and Kelemen, 2015). Previous studies suggest that low-temperature alteration of the Samail ophiolite begins with the formation of Mg2+–HCO3− rich fluids, as atmospheric CO2-bearing rainwater causes significant Mg leaching from peridotites during near-surface weathering (Fones et al., 2019; de Obeso et al., 2021). As a result, the less altered peridotites converted to a diverse assemblage of Fe-enriched olivine and pyroxene along with chromite and secondary alteration phases (Fe-serpentine and Fe-brucite). Fe oxidation in serpentine (Fe2+ to Fe3+) (Cooperdock et al., 2020) and potential for Fe3+ substitution in magnetite in these less altered rocks suggest that magnetite formation could occur under high temperature conditions (>200 °C) or during episodic fluid interaction with less silica activity (Andreani et al., 2013; Miller et al., 2016), creating localized magnetite-rich zones in Samail. In contrast, low-temperature serpentinization took place in the highly altered rocks, which display a simplified mineralogy dominated by Fe3+-bearing serpentine and carbonate, with the notable absence of olivine, brucite, and magnetite (Streit et al., 2012; Mayhew et al., 2018). Even in the absence of magnetite, completely serpentinized rocks have the potential to generate H2, as evidenced by measurements in hyperalkaline subsurface and spring waters in Samail, which is commonly attributed to the incorporation of Fe3+ into serpentine or other Fe-bearing phases such as hematite (Andreani et al., 2013; Klein et al., 2014; Bonnemains et al., 2016; Mayhew et al., 2018).
Sri Lanka’s serpentinite bodies (Figure 1), particularly in Ussangoda, Indikolapelessa, and Ginigalpelessa, mark a subduction zone boundary (He et al., 2016; Nair et al., 2024). In contrast, the Rupaha serpentinite body of Sri Lanka occurs away from the tectonic boundary within the intraplate settings of the highland complex (Fernando et al., 2017; Nair et al., 2024). These altered ultramafic rocks, formed through the hydration of peridotite and pyroxenite, exhibit Mg# variations 91–93 along the convergent margin and 98–99 in the Rupaha region (Fernando et al., 2013; 2017; Nair et al., 2024). The increase in Mg# of serpentinite away from the tectonic boundary is notable and may indicate differing protolith compositions or fluid interactions. In the Rupaha region, the dunitic protolith (Mg# 98–99) lacks significant Fe content, and serpentinization occurs under high SiO2 activity, which is likely sourced from surrounding granulite leaching (Fernando et al., 2013). This elevated silica activity, along with the Fe-poor protolith, may stabilize serpentine minerals while preventing magnetite formation by inhibiting Fe oxidation governed by the serpentinization reaction, R3. In contrast, the relatively Fe-rich sites near the tectonic boundary show that magnetite is one of the major associated minerals, especially in Ginigalpelessa (Kumarathilaka et al., 2014) and Ussangoda (Rajapaksha et al., 2012). Our preliminary observations on the serpentinite samples from these locations reveal the presence of magnetite as an associated phase (Figures 1d–f), with the thin section of the Ginigalpelessa rocks showing a clear association of magnetite with serpentine and magnesite, along with a characteristic olivine mesh texture (Figures 1g,h). While many Martian analog studies focus on ophiolitic serpentinization, the Sri Lanka serpentinites serve as an excellent analog for Mg-rich ultramafic protolith, providing insights into alternative serpentinization processes at the subduction settings and intraplate settings.
3Mg2SiO4Forsterite+4H2O+SiO2 aq → 2Mg3Si2O5OH4Serpentine(R3)
Hereafter, we discuss the variable abundances of magnetite in the terrestrial analog serpentinization settings to gain insight into the key prebiotic reaction pathways and the formation scenarios of essential biomolecules.
4 POTENTIAL CATALYTIC ROLES OF MAGNETITE IN ABIOTIC ORGANIC SYNTHESIS ACROSS ANALOG SITES
Given the distinct serpentinization across the sites of interest, it becomes evident that the variation among Fe/Mg ratio, silica activity, and temperature has influenced the magnetite’s abundance and associated redox transitions (McCollom and Bach, 2009; Mayhew and Ellison, 2020; Preiner et al., 2020). These parameters not only control mineral assemblages but also help in defining potential prebiotic pathways. In Fe-dominant systems like Duluth, acidic fluids and optimal thermal conditions make it ideal for extensive Fe2+ oxidation, producing abundant magnetite and molecular hydrogen, a potent combination for driving abiotic organic synthesis pathways such as FTS reactions (Papineau and Du, 2025). In the case of Samail, the varying alkaline to hyperalkaline fluid-rock interactions may create episodic and localized zones of magnetite formation, particularly under deep subsurface conditions where extensive olivine hydration and Fe2+ oxidation produce redox-active phases such as magnetite and hydrogen, which can act as key catalysts for abiotic reactions (Fones et al., 2019; Leong and Shock, 2020). When such fluids mix with shallow, carbonate- and dissolved inorganic carbon like CO2(aq), HCO3−, CO32− rich waters, they can establish strong redox gradients and chemical disequilibria, further enhancing localized catalytic activity of magnetite and enabling transient zones of prebiotic reactions (Fones et al., 2019; de Obeso and Kelemen, 2020). The Sri Lankan serpentinites formed from relatively Mg-dominant protoliths, where iron is predominantly locked in the silicate or spinel phases. This limits the availability of Fe for redox reactions and suppressing magnetite formation, potentially shifting the system toward alternative catalytic regimes involving Mg-bearing phases or silica-mediated processes (Wang et al., 2024). Notably, the occurrence of round ferruginous concretions in the Ginigalpelessa serpentinite soils (Figure 1d), which closely resemble the Fe-oxide concretions observed at the Utah analog site (Yoshida et al., 2018) and offers a valuable opportunity to investigate similar diagenetic processes that may have occurred on Mars. These Fe-oxide concretions can provide insights into redox-driven fluid interactions and potential biogeochemical pathways involved in their formation, thereby shedding light on past aqueous conditions. Such terrestrial analogs are particularly important for understanding the origin, mineralogy, and habitability implications of hematite-rich features detected on Mars through orbital and rover-based observations (Squyres et al., 2004). Fe-oxide concretions, especially in soils derived from weathered serpentinites, are compelling from both prebiotic chemistry and astrobiological perspectives. Their redox-driven formation, specifically the oxidation of Fe2+ to Fe3+ and the precipitation of Fe-oxides such as magnetite, results in the release of H2, a potent electron donor in early Earth systems (Yoshida et al., 2018). These redox and geochemical gradients can drive key abiotic reactions, including Fischer-Tropsch-type (FTT) synthesis and Haber-Bosch-type reactions, enabling the production of prebiotic compounds such as formate, glycine, and ammonia (Preiner et al., 2018). Additionally, the serpentinization process is thought to have contributed to early biochemical pathways—such as methanogenesis, CO2 fixation, and N2 reduction—through the generation of native metals (Ni0, Fe0) and inorganic catalysts that likely preceded biological enzymes like carbon monoxide dehydrogenase and nitrogenase (Preiner et al., 2018).
4.1 Fischer-Tropsch synthesis and water gas shift processes
On the early Earth, serpentinization-driven hydrothermal systems created environments enriched with H2 and CO2, essential precursors for abiotic organic synthesis. These conditions closely resemble modern industrial Fischer-Tropsch Synthesis (FTS) processes (R5), where syngas (CO and H2) is converted into hydrocarbons (Lang et al., 2010; Preiner et al., 2018; Barbier et al., 2020; Papineau and Du, 2025). The FTS processes are further supported by the release of CO2 from the Water Gas Shift (WGS) reaction (R4), making the environment CO2-rich, which is ideal for FTS reactions. Magnetite, a key byproduct of serpentinization, emerged as a natural heterogeneous catalyst, playing a pivotal role in these reactions as shown in Figure 2. Studies highlight that cation-deficient sites on magnetite surfaces facilitate the adsorption and activation of reactants like CO and H2O, stabilize intermediates and transition states, and enable efficient electron transfer (Bach et al., 2006; Santos-Carballal et al., 2018). Hence, the magnetite’s catalytic ability drives the reduction of CO and H2 into hydrocarbons while supporting the WGS process (R4) (Hla et al., 2010).
CO+H2O →Magnetite CO2+H2 WGS Reaction(R4)
2n−1H2+nCO →Magnetite CnH2n+2+nH2O FTS Reaction(R5)
[image: Chemical reaction process flowchart showing serpentinization and magnetite formation. It includes reactions like Fischer-Tropsch Synthesis, Haber-Bosch process, and Strecker’s process. Components such as glycine, formaldehyde, and sugars like ribose are produced. Cyanide acts as a protective agent in a nitrogen and cyanide-rich environment. Arrows denote the transformation of substances through different processes.]FIGURE 2 | Schematic representation of prebiotic chemical pathways in serpentine-rich environments. The interaction of olivine with water during serpentinization results in the formation of serpentine and magnetite (Mgt), along with the release of molecular hydrogen (H2). Magnetite functions as a key catalyst in several prebiotic reactions, including Fischer–Tropsch-type (FTS) synthesis (producing hydrocarbons and alcohols), the water–gas shift (WGS) reaction, and ammonia synthesis via a prebiotic analogue of the Haber–Bosch process. Experimental studies have shown that magnetite can facilitate abiotic hydrocarbon formation through FTS reactions under serpentinized conditions (Chen and Bahnemann, 2000; Holm and Charlou, 2001). Partial oxidation of formaldehyde from methanol on the magnetite surface is shown by Li and Paier (2019). Although methane (CH4) and other simple hydrocarbons are the predominant FTS products, these compounds can serve as feedstocks for the synthesis of more complex organics (Rushdi and Simoneit, 2001; McCollom and Seewald, 2007; Omran et al., 2023). Additionally, related downstream pathways involving formaldehyde and hydrogen cyanide have been further explained in detail by Kovalenko (2020).Temperature variation across the Duluth, Samail, and Sri Lankan serpentinized regions directly impacts the magnetite-driven R4 and R5 synergic reactions. The temperature range (200–400 °C) for Duluth Complex enables extensive Fe2+ oxidation and magnetite formation, supporting both WGS and FTS reactions (McCollom and Seewald, 2007). Higher temperatures (∼300–350 °C) favor the formation of short-chain hydrocarbons such as methane and light olefins, while cooler zones (∼200–250 °C) may facilitate the formation of longer-chain hydrocarbons. While such compounds could potentially serve as precursors to more complex organics, including those relevant to membrane formation, the extent to which these abiotic processes contribute to biologically significant molecules in natural serpentinization systems remains an open question and an active area of research investigation (McCollom and Seewald, 2007; Gholami et al., 2022). In contrast, the Samail ophiolite exhibits localized serpentinization between <100 °C and ∼200 °C, with variable fluid-rock interactions and limited magnetite formation, thus offering a narrower window for hydrocarbon synthesis (Bach et al., 2006; Hla et al., 2010). Sri Lankan serpentinites exhibit a notable gradient in serpentinization conditions. Rupaha, away from active tectonic settings, shows limited magnetite production and antigorite formation at relatively high (200–400 °C) temperatures (Fernando et al., 2017). This thermal regime restricts the potential for complex hydrocarbon synthesis. In contrast, other sites located along the tectonic contact between the Vijayan Complex (VC) and Highland Complex (HC) have a lower Mg# compared to Rupaha, yet still support antigorite formation (Wang et al., 2024). These tectonically influenced sites also contain some magnetite as minor phases, less than that observed in the Duluth Complex, making them more favorable for supporting catalyst-mediated prebiotic pathways, even if the potential for hydrocarbon formation remains limited.
4.2 Magnetite as a driving force for the Haber-Bosch process
Ammonia (NH3) is a key precursor for amino acids and nucleotides, both essential for the origin of life. Magnetite-rich environments share similarities with the catalytic conditions of the Haber-Bosch process by acting as both an electron transfer mediator and a surface catalyst (Liu, 2013; Gao et al., 2025). Such environments may have provided localized conditions favorable for abiotic ammonia synthesis. The presence of NH3 and its ionized form, NH4+, may have high relevancy for prebiotic organic synthesis, further showing the significance of these reactions in the early Earth’s chemistry (Hennet et al., 1992; Smirnov et al., 2008). Reactions such as reductive amination (Afanasyev et al., 2019) and the Strecker synthesis, which produce amino acids, depend on NH3 availability (Hennet et al., 1992; Smirnov et al., 2008). In reductive amination, carbonyl compounds (e.g., pyruvic acid) react with NH3 to form amino acids. Meanwhile, the Strecker synthesis involves NH3, cyanide, and aldehydes or ketones (products of FTS process) to produce α-aminonitriles, which are hydrolyzed to amino acids like glycine as shown in Figure 2 (Gröger, 2003; Afanasyev et al., 2019).
Studies suggest that magnetite surfaces can enhance the catalytic reduction of N2 to NH3 under certain conditions (Liu, 2013; Gao et al., 2025), although the extent of this process under natural prebiotic conditions remains an open question. Abundancy of N2 is primarily required to be present in the environment along with CO2, where N2 can actively react with H2 formed from serpentinization and the WGS process (Figure 2). Studies highlight the broader relevance of magnetite-catalyzed NH3 synthesis in a planetary context conducive to abiotic organic synthesis and the search for prebiotic pathways beyond Earth (Barge et al., 2022; Gao et al., 2025). Magnetite has also been hypothesized to be involved in nitrogen fixation on Mars, forming NH3 and other nitrogenous compounds in the ancient hydrothermal systems (Summers and Khare, 2007; Fornaro et al., 2018). This further gives a deeper reason to investigate magnetite-mediated prebiotic pathways at the Martian analog sites.
4.3 Cyanide preservation and abiotic organic synthesis
Cyanide (−CN), abundant in certain prebiotic environments, likely played a dual role as both a reactant and a preservative in magnetite-dominant early Earth and potential Martian environments. Its abundance was supported by hydrothermal serpentinization, volcanic outgassing, and atmospheric photochemistry driven by UV radiation or electric discharges (Segura and Navarro-González, 2005; Ferus et al., 2017). In reducing conditions of mafic and ultramafic rock systems, serpentinization produced hydrogen (H2), methane (CH4), and Fe-rich magnetite, the key precursors for cyanide synthesis from nitrogen species (Hara, 2023).
Magnetite formed through serpentinization processes can be selectively stabilized and preserved in the presence of cyanide. Experimental studies demonstrate that cyanide prevents the transformation of Fe2+ into competing mineral phases such as goethite and ferrihydrite by stabilizing ferrous ions in solution, thereby promoting the crystallization of pure magnetite (Samulewski et al., 2020). Cyanide does not significantly adsorb onto magnetite surfaces or get consumed during synthesis, indicating that it plays a modulatory role in directing mineral pathways rather than acting as a reactant. These findings suggest that cyanide-rich niches on the early Earth may have not only supported magnetite synthesis during serpentinization but also helped preserve mineral phases favorable for catalytic processes, though long-term catalytic activity under natural prebiotic conditions remains to be fully demonstrated.
Furthermore, the abiotic formation of nucleobases and sugars are thermodynamically feasible under specific hydrothermal conditions, particularly when precursor molecules such as formaldehyde and HCN are present (Kovalenko, 2020). A detailed illustration of the possible reaction pathways has been demonstrated by Kovalenko (2020). In context of adsorption on magnetite, cyanide plays a dual role: it not only stabilizes magnetite surfaces but also catalyzes complex organic reactions, highlighting its significance as a key molecule in prebiotic chemistry (Oró, 1961; Hara and Templeton, 2024). Among nucleobases, purines (e.g., adenine) are more readily synthesized and tend to adsorb more efficiently on mineral surfaces compared to pyrimidines, whose formation is comparatively limited in prebiotic settings.
5 PRESERVATION POTENTIAL OF MAGNETITE AND A POTENT CHEMICAL FACTORY FOR ASTROBIOLOGICAL RESEARCH
Magnetite serves as both a catalytic surface and a mineralogical marker of past redox activity, underscoring its significance in astrobiological studies of serpentinization systems. Its frequent association with reducing environments, where hydrogen (H2) and methane (CH4) are the key byproducts of serpentinization, makes it a valuable indicator of geochemical conditions that may support prebiotic chemistry and potentially, life. The mixed valence states of magnetite (Fe2+/Fe3+) contribute to redox-active conditions that could support microbial metabolism in extraterrestrial settings. A study by Mitra et al. (2024) indicates that magnetite exhibits a high resistance to oxidative weathering in Mars-relevant fluids, even in the presence of strong oxidants like oxy-halogen brines. Their results demonstrate that these brines effectively produce non-stoichiometric magnetite with lattice parameters similar to those observed at Gale crater. This suggests that magnetite has a low reactivity compared to other Fe2+-bearing minerals, such as sulfides, highlighting magnetite’s stability and it’s potential for long-term preservation on Mars. Consequently, magnetite remains an essential target for geochemical, paleomagnetic, and astrobiological studies in the Mars sample return missions (Mitra et al., 2024).
The significance of magnetite has been highly debated in many celestial bodies. For instance, the detection of magnetite in Martian meteorites, such as ALH84001, has been a subject of debate, with some attributing its origin to biological activity and others to abiotic mechanisms like thermal metamorphism (Taylor et al., 2001; Shen et al., 2023). Hence, detecting preserved magnetite and serpentinization by-products may point to environments where catalytic processes such as Fischer-Tropsch-type synthesis, nitrogen reduction, or Strecker-type reactions could have occurred under prebiotic conditions. In this context, magnetite-rich regions such as the Duluth Complex and specific localities at the Samail ophiolite zones represent promising sites for studying prebiotic organic synthesis relevant to the origins of life and astrobiological exploration. Furthermore, detailed investigations into the serpentinized ultramafic rocks of Sri Lanka may uncover alternative prebiotic pathways. Such research conducted at terrestrial analog sites could shed light on microbe-mineral interactions relevant to astrobiology and planetary habitability studies. These studies collectively advance our understanding of life’s emergence, adaptability, and sustainability beyond Earth as well as on early Earth.
In addition to the examples discussed above, submarine hydrothermal systems such as the Lost City hydrothermal field on Atlantis Massif demonstrate magnetite generation through Fe(II) oxidation, closely coupled to H2 and CH4 fluxes, making them highly relevant to Martian hydrothermal provinces (Kelley et al., 2001; Proskurowski et al., 2008). Shallow marine alkaline systems such as Prony Bay of New Caledonia (Monnin et al., 2014), along with continental alkaline springs including The Cedars of California (Morrill et al., 2013), Hakuba Happo of Japan (Suda et al., 2022), and the Tablelands of Newfoundland (Brazelton et al., 2012) serve as important low-temperature analogs for surface or lacustrine serpentinization on Mars. Extensive magnetite formation in the Samail ophiolite (Kelemen and Matter, 2008; Beinlich et al., 2020) provides insights into large-scale crustal serpentinization that may approximate ultramafic provinces in Martian volcanic terrains. Table 1 summarizes key Martian environments where magnetite formation has been identified, both in association with and independent of serpentinization, and presents comparable terrestrial analog sites for each setting.
6 POTENTIAL ROLE OF SUB-ZERO INTERFACIAL WATER IN MARTIAN SERPENTINIZATION
Although the role of subzero temperature in serpentinization on Mars is poorly understood, it is worth noting that the microscopic thin liquid water films, also known as interfacial water, potentially persist in temperatures below 0 °C due to its ability to exist between solid surface and air/ice, leading to host localized chemical reactions (Kossacki and Markiewicz, 2010; Kereszturi and Góbi, 2014; Scheller et al., 2022). Within such films, strong oxidants like H2O2 have not been directly detected in the Martian surface materials, although it has been detected in the Martian atmosphere and is a suspected component of the highly oxidizing surface soil and atmosphere (Encrenaz et al., 2004; Aoki et al., 2011). The oxidants can decompose into water and oxygen, altering local redox conditions (Encrenaz et al., 2004; Aoki et al., 2011). The generated oxygen (O2) and reactive oxygen species (ROS) can accelerate Fe2+ oxidation during serpentinization, with catalysts such as magnetite and hematite enhancing the decomposition process. While this may influence the rate of magnetite formation, high oxidant levels could reduce net H2 production, whereas moderate oxidant levels may still allow hydrogen generation and create redox gradients that provide chemical energy for hypothetical microbial life (Molamahmood et al., 2022).
In recent batch reactor experiments and thermodynamic modeling demonstrated by Geymond et al. (2023), magnetite itself can act as a low-temperature H2 source. Traditionally viewed only as a by-product and catalyst of serpentinization, magnetite (α-Fe3O4) has now been shown to generate measurable H2 during interaction with water at <200 °C, while partially converting to maghemite (γ-Fe2O3). These results reveal that magnetite-rich lithologies, such as banded iron formations (BIFs), can sustain natural hydrogen emissions at near-ambient temperatures (Geymond et al., 2023). This dual behavior (direct hydrogen release and catalytic decomposition of H2O2) positions magnetite as a potential mineral in regulating Martian redox chemistry (Geymond et al., 2023).
Laboratory studies by Molamahmood et al. (2022) confirm that H2O2 decomposition is strongly surface-driven. Among iron oxides, magnetite and maghemite are particularly active for both H2O2 breakdown and O2 release under neutral to basic conditions. These results suggest that the specific mineralogy of Martian surfaces could determine whether interfacial H2O2 decomposition favors ROS-driven Fe2+ oxidation or O2 release, thereby modulating hydrogen yields during serpentinization where meteoritic and possibly indigenous organics are present. Moreover, the study emphasizes that trace organic compounds suppress O2 release by more than 60%, thereby increasing the efficiency of ROS pathways. On Mars, where meteoritic and possibly indigenous organics are present, this suppression may enhance magnetite-mediated ROS chemistry in interfacial films without eliminating H2 generation (Kereszturi and Góbi, 2014; Lasne et al., 2016; Huang et al., 2019; Molamahmood et al., 2022). The effect of H2O2 decomposition in thin films that can modulate the chemical environment is described below:
	High H2O2 decomposition → high oxidation → less H2 available → less energy for microbes
	Moderate H2O2 decomposition → O2 released → potential electron acceptor for life

Also, the kinetic models and laboratory studies have already demonstrated that thin films can mediate significant geochemical transformations under Martian conditions. For example, decomposition of oxidants such as H2O2 within such films has been shown to proceed more efficiently in the presence of Fe catalysts (Kereszturi and Góbi, 2014), while no study has directly demonstrated that interfacial H2O2 films control magnetite production during serpentinization. Multiple lines of evidence suggest a plausible coupled reactions. Sub-zero interfacial films on Mars can catalyze H2O2 decomposition on mineral surfaces, especially on magnetite in a serpentine setting. This convergence motivates targeted experiments under Mars-relevant temperatures, humidity, and Fe-silicate substrates to test whether interfacial H2O2 accelerates or redirects Fe partitioning toward magnetite. Also, the cryogenic experiments and modeling indicate that sulfate formation from volcanic SO2 interacting with sub-zero films could explain surface sulfate deposits without the need for large bodies of liquid water (Niles et al., 2017; Góbi and Kereszturi, 2019).
Moreover, similar processes in principle can support low-temperature serpentinization. Although typically associated with bulk liquid water at higher temperatures, serpentinization reactions may still occur in the presence of nm- to µm-scale aqueous films at ultramafic surfaces, particularly at subsurface rock–ice interfaces (Vance et al., 2007; Scheller et al., 2022). A useful analog comes from outer solar system bodies: thermal models of Kuiper belt objects that suggest serpentinization can proceed within cryogenic aqueous phases, even below the melting point of ice, and may significantly affect thermal evolution through self-heating feedbacks (Vance et al., 2007; Farkas-Takács et al., 2022). Further, terrestrial thin-film analogs demonstrated how micrometer-thick amorphous silicate films interacting with water developed hydrated Fe-rich layers with H2 (Le Guillou et al., 2015). This shows that alteration and redox reactions can occur at nanoscale interfaces (Le Guillou et al., 2015). Similarly, Lamadrid et al. (2017) used olivine micro-reactors with fluid inclusions to reveal that reduced water activity, an analog to thin-film environments, significantly slows the serpentinization rates. These findings demonstrate that nm- to µm-scale aqueous films, though water-limited, can sustain serpentinization-related chemistry even on cold Mars, under conditions unfavorable to bulk liquid water (Lamadrid et al., 2017).
As a result, these studies highlight the importance of magnetite-bearing serpentinization sites as not only catalytic environments for prebiotic reactions but also as promising targets for future experimental work. Investigating whether microscopic subzero liquid films can drive serpentinization and magnetite formation under Mars-relevant conditions would represent a critical step in evaluating the astrobiological potential of such environments.
7 CONCLUSION
Serpentinization and magnetite formation together define some of the most chemically dynamic environments on Earth and Mars, linking mineralogical transformations with catalytic processes essential to prebiotic chemistry. The stability, redox activity, and catalytic potential of magnetite make it a critical mineralogical marker for evaluating past and present habitability. Terrestrial analog studies from hydrothermal systems and ophiolitic complexes to cryogenic thin-film environments demonstrate the multiple pathways by which magnetite can regulate hydrogen fluxes, redox gradients, and organic synthesis. On Mars, the persistence of magnetite in oxidizing conditions and its association with serpentinization underscores its value as a priority target for orbital, rover, and eventual sample return investigations. To advance our understanding of serpentinization and magnetite formation on Mars, future investigations should prioritize high-resolution mineralogical characterization of serpentine–magnetite assemblages through orbital and rover-based spectroscopy, with particular emphasis on discriminating Mg- versus Fe-rich variants. These mineralogical studies need to be integrated with isotopic and isotopologue analyses (Fe, H, C) to disentangle abiotic and potential biotic contributions to H2 and CH4 production. Accessing alteration fronts through deep drilling into olivine-rich crustal sections, as exemplified by the Oman Drilling Project, will be critical for reconstructing reaction pathways. Parallel investigations at terrestrial analog sites, combining geochemistry and microbiology, will provide essential insights into the catalytic and habitability roles of magnetite. Furthermore, experimental studies conducted under Mars-relevant cryogenic and oxidizing conditions are required to constrain reaction mechanisms and assess the viability of magnetite-mediated processes. By bridging Earth analog research with targeted Martian exploration, these integrated efforts will significantly advance our understanding of how serpentinization-driven magnetite systems may have influenced the emergence, adaptability, and sustainability of life on the planetary bodies.
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