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Compilation of BIF databases
In order to observe trends in Mo and V concentrations in BIF, databases of Mo and V concentrations in BIF were compiled from new analyses and using literature values. We compiled a dataset comprising 2254 individual samples by selecting published research papers that studied banded iron formations, Phanerozoic ironstones and modern hydrothermal iron-rich sediments (see Supplementary data). We selected only authigenic iron-rich BIF samples to target BIF that likely retain characters of bulk seawater.
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The primary iron mineral of BIF
The ferrihydrite model: It is widely accepted that none of the minerals observed in banded iron formations (BIF) are of primary origin, meaning that the original seafloor precipitates did not persist (see Bekker et al., 2010; 2014; Konhauser et al., 2017; 2023 for reviews). Instead, the minerals present in BIF today result from post-depositional alterations during diagenesis—low-temperature transformations occurring during burial in sedimentary basins—and metamorphism, which involves high-temperature changes driven by tectonic and magmatic events. The prevailing consensus is that iron oxides in BIF were initially deposited as ferric oxyhydroxide, most likely ferrihydrite (Fe(OH)3).
The classic model of BIF formation posits that ferrihydrite precipitation occurred at the interface between oxygenated surface waters and deeper Fe(II)-rich waters. Cyanobacteria, or their evolutionary predecessors, are traditionally thought to have supplied the necessary oxygen (Cloud, 1973). These photoautotrophs would have flourished when nutrients were available, passively inducing ferrihydrite precipitation through their metabolic activity. Alternatively, anoxygenic photoautotrophic Fe(II)-oxidizing bacteria (photoferrotrophs) could have directly oxidized Fe(II) while fixing carbon using light energy (Hartman, 1984). This process may have accounted for most, if not all, of the Fe(III) deposited in BIF (Konhauser et al., 2002). Kappler et al. (2005) estimated that photoferrotrophs could have completely oxidized hydrothermally derived Fe(II) before it reached surface waters, even in the presence of cyanobacteria. However, iron isotope ratios in BIF suggest that partial oxidation of Fe(II) was the dominant process in Archaean oceans and, to a lesser extent, in the Palaeoproterozoic (Konhauser et al., 2017).
Several physiological and ecological factors suggest that photoferrotrophs played a more significant role than cyanobacteria in Fe(II) oxidation. Their adaptation to low-light conditions would have given them a competitive advantage over early cyanobacteria, which likely inhabited surface waters. Furthermore, cyanobacteria require higher phosphate levels (Jones et al., 2015), whereas ferruginous conditions in the Precambrian ocean may have been toxic to them (Swanner et al., 2015). However, the relative contributions of these microbial metabolisms were likely highly variable in both time and space, depending on nutrient availability and hydrothermal Fe(II) fluxes (Beukes and Gutzmer, 2008).
Biological oxidation of Fe(II) would have produced biomass that settled alongside ferrihydrite to the seafloor (Konhauser et al., 2005; Posth et al., 2013). During diagenesis and metamorphism, these iron-bearing aggregates transformed into: (1) magnetite or iron carbonates, when organic remineralization was coupled to Fe(III) reduction (Köhler et al., 2013; Li et al., 2013; Halama et al., 2016); (2) hematite, through dehydration and silica release, in settings with limited organic carbon (Sun et al., 2015); (3) iron silicates, such as greenalite ((Fe)3Si2O5(OH)4), formed when silica sorbed onto or was incorporated in ferric oxyhydroxides and subsequently reacted with cationic species in sediment pore waters (Morris, 1993; Fisher and Knoll, 2009); and (4) quartz, precipitated via dehydration of opaline silica or Fe(III)-Si gels. Additionally, sorption of Fe(II) onto these precipitates may have facilitated the formation of ‘green rust’-type deposits, which later transformed into magnetite or iron silicates (Tamaura et al., 1984; Zegeye et al., 2012; Halevy et al., 2017). Numerous petrographic studies have confirmed that BIF minerals are entirely secondary in origin, underscoring the complex post-depositional history of these formations (Konhauser et al., 2017).
The greenalite model: The concept of widespread greenalite precipitation in Archean oceans was first proposed by Konhauser et al. (2007). They argued that below the photic zone, in the absence of biological Fe(II) oxidation, Fe(II)-silicate precipitation would have been favored if dissolved silica concentrations were sufficiently high—at least at saturation with cristobalite (0.67 mM at 40°C in seawater) and potentially as high as amorphous silica saturation (2.20 mM). Such an interpretation would be consistent with greenalite nanoparticles forming during hydrothermal venting in environments that were distal to the deposition of Superior-type IF (e.g. Tosca and Tutolo 2023). Indeed, Tosca et al. (2016) demonstrated that Fe²⁺ and SiO₂ reactions in anoxic seawater-derived solutions at 25°C resulted in the rapid nucleation of hydrous Fe(II)-silicate gel, which subsequently aggregated into greenalite. 
Rasmussen et al. (2014) documented a lateral transition from stilpnomelane-rich to siderite-rich to hematite-dominated laminae within the Dales Gorge Member of the Hamersley Basin. They interpreted this mineral paragenesis as the result of in-situ oxidation of reduced iron silicate assemblages by O₂-bearing fluids. Subsequently, Rasmussen et al. (2016) observed a transition from grey-green to red chert, with the formation of dusty hematite after partial dissolution of iron silicate nanoparticles. This led them to conclude that hematite in BIF represents a post-depositional oxidation product rather than a direct seawater precipitate. Rasmussen et al. (2017) also examined BIF drill core samples and found preserved greenalite nanoparticles buried in ferruginous chert, along with sedimentary structures and textures indicative of progressive replacement by iron oxides, carbonates, and silicates. Using multi-scale imaging and spectroscopic techniques, Johnson et al. (2018) proposed that low-Fe(III) greenalite was the primary precipitate in Neoarchean BIF, with green rust as a transient metastable phase. More recently, Rasmussen and Muhling (2018, 2020) suggested that well-preserved greenalite in BIF underwent post-depositional alteration over geologic time, with iron oxide minerals forming during metamorphic fluid infiltration at 200–350°C. They argued that this process led to the breakdown of iron silicate bands, facilitating further fluid flow and mineral replacement.
The debate over whether ferrihydrite or greenalite was the primary precipitate in BIF ultimately hinges on the presence and activity of photosynthetic life in Archean marine environments. From our perspective, by the time leading up to the GOE, shallow marine settings were already inhabited by a diverse microbial biosphere, including cyanobacteria and underlying anoxygenic phototrophs (Schad et al., 2019). Furthermore, the iron isotope variability observed in Archean BIF suggests that direct seawater precipitation of iron silicates like greenalite alone cannot account for the full range of recorded isotopic compositions (e.g., Planavsky et al., 2012; Smith et al., 2017; Albut et al., 2019). If greenalite had been the primary precipitate, a relatively narrow iron isotope fractionation would be expected, in contrast to the observed diversity of values. Additionally, the transformation of greenalite into hematite requires significant post-depositional alteration. This process may occur either through: (1) carbonation reactions, leading to siderite formation that later thermally decomposes into hematite (Rasmussen & Muhling, 2018), or (2) extensive sediment oxidation by secondary O₂-rich fluids (Rasmussen et al., 2014; Rasmussen & Muhling, 2020). However, recent hydrological modeling suggests that such "supergene" oxidation processes were not widespreadthroughout the BIF record (Robbins et al., 2019), further challenging the idea that greenalite was the dominant initial precipitate.
In summary, while Fe(II)-silicate minerals likely formed in deeper, Fe(II)-rich waters seaward of the continental shelf, they do not appear to have been the dominant precipitates in the mass balance of BIF. Instead, the isotopic and petrographic evidence supports a model in which biological Fe(II) oxidation—either by anoxygenic photoferrotrophs or oxygenic cyanobacteria—played a central role in BIF genesis.
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[Mo] and [V] in paleo-oceans throughout Earth’s history
Using Mo:Fe and V:Fe ratios in BIF as proxies for [Mo] and [V], respectively, we estimated their concentrations in seawater through geological time. Our findings reveal that [Mo] would have reached 207.1 µM, while [V] would have reached 11.8 µM over the past 4 billion years (Fig. 2). Notably, peak concentrations of Archean to Proterozoic [Mo] and [V] are several orders of magnitude higher than modern [Mo] and [V] concentrations in the ocean (around 100 nM for Mo and 35 nM for V (Collier, 1984; Head and Burton, 1970).
[bookmark: _Hlk158990758]Focusing on the timeframe preceding the Great Oxidation Event (GOE) at ca. 2.5 Ga – when O2 began accumulating in the atmosphere - our calculations indicate that [Mo] reached 207.1 µM between 2.8 and 3.0 Ga, with subsequent time intervals generally exhibiting concentrations < 1 µM. The average [Mo] in the Neo- (2.5-2.8 Ga) and Meso-Archean (2.8-3.0 Ga) was also high compared to Proterozoic and Phanerozoic values (Fig. 2C). Surprisingly, these findings suggest that the marine Mo reservoir during the Archean could have exceeded modern levels. By contrast, [V] was consistently orders of magnitude lower than [Mo] throughout Earth’s history. The highest [V] was observed in BIF younger than 0.2 Ga, reaching 11.8 µM (Fig. 2D). Another peak in [V] occurred between 2.5 and 2.8 Ga, reaching 9.7 µM (Fig. 2D). The average value of [V] generally remained < 1 µM, with peaks observed during the paleo-Archean (3.2-3.4 Ga), the GOE (2.0-2.5 Ga), and the Cryogenian (0.5-0.8 Ga). Overall, [Mo] consistently surpassed [V] throughout Earth’s history (Fig. 2C, D), and there is a general decreasing trend in the average values of [Mo] from 4.0 Ga to present, contrasting with an increasing trend for the average values of [V] (Fig. 2C, D).  
The availability of dissolved Mo and V in the ocean is balanced by their supply through continental weathering and their scavenging from the water column. Precambrian oceans were Si and ferrous iron rich (Siever, 1992; Maliva et al., 2005; Canfield, 2008; Planavsky et al., 2010), and the substantial deposition of BIF before 1.8 Ga would have led to low [V] but shows little impact on [Mo] in the ocean. The onset of continental crust weathering well before the GOE, as well as the input of hydrothermal vents with high Mo and V (Anbar et al., 2007; Evans et al., 2023a, 2023b; Kendall, et al., 2010; Czaja, et al., 2012; Stüeken, 2012; Crowe, et al., 2013; Planavsky, et al., 2014; Lalonde and Konhauser, 2015; Wang et al., 2024) supplied Mo and V to the ocean, possibly leading to the extreme high values of [Mo] and [V] between 2.5 and 3.0 Ga presented in Fig. 3A, B, while the high sensitivity of V to BIF deposition compared to Mo leads to the low average [V] before 1.8 Ga. The extent of continental weathering during and after the GOE should be higher than at 2.5-3.0 Ga, but we did not observe extreme high [Mo] and [V] values in Proterozoic oceans, possibly due to (1) the expansion of marine biosphere (Konhauser et al., 2011; Hao et al., 2021) and the incorporation of Mo and V in microorganisms – the transmission of dissolved inorganic Mo and V to biological forms of Mo and V; and (2) the expansion of euxinic environments. The extreme high values of [Mo] and [V] are observed in <0.2 Ga oceans, which is possibly due to substantial continental weathering caused by the oxygenation of the atmosphere and the disappearance of BIF deposition.
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Estimation of [Mo] based on black shales
Geochemical analyses of the ~2.5 Ga Mount McRae Shale (Hamersley Basin, Western Australia) reveal that Mo enrichment in black shales deposited under euxinic conditions was relatively low during the Archean compared to younger units (Anbar et al., 2007; Scott et al., 2008; Reinhard et al., 2009). Similarly, black shales from the 2.66 Ga Jeerinah Formation in the same basin also exhibit limited Mo enrichment despite evidence for euxinia. These observations have been widely interpreted to reflect a lower dissolved Mo inventory in the Archean ocean relative to the Proterozoic and Phanerozoic.
In contrast, our analysis of BIFs suggests a general decline in seawater Mo concentrations from the Archean to the Phanerozoic. This apparent discrepancy may arise from spatial heterogeneity in ocean chemistry, particularly between nearshore and offshore environments. Black shales, influenced by continental weathering inputs, typically accumulate in nearshore settings, while BIFs form on the outer shelf, sourced by upwelling of Fe(II)-rich deep waters. If the Archean ocean was stratified—with oxic and euxinic conditions prevailing nearshore and ferruginous conditions dominating the outer shelf—then differing Mo enrichment patterns in coeval shales and BIFs could reflect spatial variations in dissolved Mo concentrations. Specifically, Mo could have been depleted nearshore due to rapid scavenging under euxinic conditions, while remaining more enriched in offshore waters feeding BIF deposition. Such a stratified ocean structure is plausible given that oxidative weathering of continental surfaces would have delivered nutrients and sulfate to the coastal ocean, stimulating primary productivity and promoting localized euxinia.
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Extended X-ray adsorption fine structure (EXAFS) analysis
Molybdenum and vanadium K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy data were collected at the Hard X-ray MicroAnalysis (HXMA) beamline of the Canadian Light Source (CLS) in Saskatoon, Canada. During the measurements, the CLS storage ring was operated at 220 mA and the beamline superconducting wiggler was run in a 2.1 T magnitude field. In order to decrease the high harmonic components in the incident X-ray beam, the second crystal of the Si(111) monochromator was detuned by 50% at the end of each EXAFS scan. The beamline was configured in its focused mode with Rh mirrors (collimating and focusing mirrors) in the X-ray beam path. The ferrihydrite-containing Mo and V samples were mounted into standard Teflon EXAFS sample holders and sealed with Kapton tape. Measurements were conducted in fluorescence mode using a Canberra 32 element solid state detector. X-ray absorption near edge structure (XANES) measurements were conducted using a scan step-size of 10 eV until reaching 30 eV below the edge. The energy scan step was then increased to a smaller step-size of 0.5 eV before the adsorption edge to capture the pre-edge feature and the rest of the XANES data energy range until 50 eV above the edge. EXAFS measurements were conducted using a step-size of 0.05k in the range of 50 eV to 13k above the edge.
[bookmark: _Hlk154950408][bookmark: _Hlk56276519][bookmark: _Hlk56276534][bookmark: _Hlk154950548]Experimental spectra were processed using ATHENA in the DEMETER software package for normalization, background subtraction, and data analyses (Ravel and Newville, 2005). K-space and Fourier transformed (FT) spectra fitting were performed using WinXAS (version 2.3) (Ressler, 1997). FEFF 7 was used to generate backscattering phase and amplitude functions for the corresponding scattering paths. The FEFF calculation (Rehr and Albers, 2000) was performed using the input files generated by running the ATOM code (Ravel, 2001) according to the published crystallographic data for ferrihydrite (Michel et al., 2007), to generate structural frameworks. Using the scattering amplitudes and phases calculated from FEFF 7, R space fitting was performed following the standard EXAFS data R space curve fitting procedures for Mo and V K-edge k3(k) spectra using WINXAS version 2.3 (Ressler, 1997). The post-absorption edge background was estimated by cubic spline fits and was subtracted from the data. The (k) spectra were k3 weighted and transformed to R space using a 10% Gaussian window function.
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Fitting of EXAFS data
The EXAFS fitting results are shown in Table S1. We also provide the fitting of R space curves in Fig. S1.
Table S1: Summary of R space fitting results
	
	Mo adsorption onto Fe-oxyhydroxide
	
	V adsorption onto Fe-oxyhydroxide

	Path
	CN
	R(Å)
	2 (Å2)
	Path
	CN
	R(Å)
	2 (Å2)

	Mo-O
	1.7
	1.77
	0.0065
	V-O
	3.8
	2.03
	0.0030

	Mo-O
	4.4
	2.02
	0.0045
	V-Fe
	2.1
	3.08
	0.0014

	Mo-Fe
	0.9
	2.79
	0.0051
	V-Fe
	0.9
	2.58
	0.0050

	Mo-Fe
	1.1
	3.05
	0.0023
	
	
	
	

	Mo-Fe
	2.0
	3.52
	0.0025
	
	
	
	

	Fit range: 0.62 - 4 Å-1; Residual: 8.8; E0: -0.9
	Fit range: 1.0 - 3.9 Å-1; Residual: 17.8; E0: 6.0
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Fig. S1: R space curve fitting of Mo and V EXAFS data.


Binding mechanisms of Mo and V to Fe-oxide
To illustrate the binding mechanisms of Mo and V onto ferrihydrite, we created 3-D structural model to compare the differences in the structures of Mo and V adsorption onto ferrihydrite (Fig. S2).
Our EXAFS results show the adsorption of Mo and V onto ferrihydrite is through the formation inner-sphere complexes, implying that local adsorption structures of Mo and V remain relatively stable following the adsorption and dehydration process. 

[image: ]     [image: ]        B
A

Fig. S2: The molecular structure of Mo(VI) and V(V) adsorption on ferrihydrite. (A) the structure of Mo(VI) co-precipitation with ferrihydrite is through both Mo-octahedra bidentate binuclear and bidentate mononuclear adsorption; (B) the structure of V(V) co-precipitation with ferrihydrite is mainly through bidentate binuclear adsorption.



Aqueous speciation of molybdenum and vanadium
To validate the use of molybdate as the aqueous species in our coprecipitation experiments, we performed Mo aqueous speciation calculations using Geochemist’s Workbench. The model was initialized with 100 nM total Mo at 25°C to determine Mo speciation as a function of pH and Eh. Briefly, the results confirm that molybdate is the predominant aqueous species under a wide range of conditions. Mo precipitation as MoS2 only occurs under strongly reducing and sulfidic conditions. In the absence of sulfide, Mo remains is in the form of molybdate even under strongly reducing conditions.
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Fig. S3: Eh-pH diagrams for Mo. Panel A represents the dominant species of Mo in the presence of sulfide. Panel B represents the activity of Mo with the absence of sulfide.

With regard to V, the speciation diagram shows that the valence of V ranges from +3 to +5 as a function of the redox conditions. In panel (A), it is clear that the predominant aqueous species at pH>7 is H2VO4- or VO3OH-, both with pentavalent V. Under reducing conditions, however, V may precipitate as an oxide phase. When the model was run by suppressing mineral precipitation, V(OH)2+ becomes the dominant ionic species, which tends to precipitate as oxide phase. Our choice to use vanadate was therefore based on pentavalent V being favored over a range of relevant Eh-pH conditions. 
. 
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Fig. S4: Eh-pH diagrams for V. Panel A shows the conditions where each species dominates when V-oxide minerals are allowed to form. Panel B shows the dominant species when mineral precipitation is suppressed.
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