Supplementary Discussion

Temporal trends in sedimentary P contents
Our new ironstone record shows significant variability in phosphorus availability through time, with temporal complexity linked to major stages in Earth’s surface evolution. Based on the ironstone and iron formation records we can delineate five distinct stages (I–V; Fig. 2) in the evolution of the P cycle: the Archaean (Stage I), the Palaeoproterozoic (Stage II), the Mesoproterozoic to early Neoproterozoic (Stage III), the subsequent Neoproterozoic (late Tonian–Ediacaran periods; Stage IV), and the Phanerozoic (Stage V). Given the skewed datasets, we report these data using the median as a measure of the central tendencies of the distributions of each time bin, and the third quartile (3Q) as an indication of the extent of P enrichment excluding outliers (see Methods). Statistical comparisons of the P/Fe* values and bulk-rock P contents between different time periods for the same lithology are outlined in Table S1.

During the Archaean (Stage I), P/Fe* values are consistently low (i.e., P/Fe* < 1) for continental margin iron formations (median 0.27, 3Q 0.42; n = 301, 19 deposits) and exhalative iron formations (median 0.30, 3Q 0.51; n = 1006, 64 deposits). Only one granular iron formation is reported from the Archaean (Smith et al., 2017), which has similarly low P/Fe* values (median 0.13, 3Q 0.16; n = 7). Ironstones, P-rich shales and phosphorites are conspicuously absent from the Archaean stratigraphic record (Fig. 2), despite the preservation of sedimentary rocks from similar environments. This pattern suggests limited P burial in both coastal and offshore depositional environments.

Low P/Fe* values continue in Palaeoproterozoic exhalative (median 0.38, 3Q 0.69; n = 72, 10 deposits) and continental margin iron formations (median 0.24, 3Q 0.46; n = 661, 36 deposits). However, ironstones first appear in the Palaeoproterozoic (Lechte et al., 2024) (2.5–1.6 Ga; Stage II) and have highly variable P contents (Fig. 2). The oldest known ironstones are from South Africa and feature a generally increasing trend between the oldest deposits (the ca. 2.31 Ga Timeball Hill Formation; median 0.74, 3Q 1.05; n = 35) to subsequent ironstones in the same succession deposited ca. 2.25–2.15 Ga (Fig. 2a). The latest Palaeoproterozoic culminates in the deposition of ironstones in North China, including the P-rich Yunmengshan Formation (ca. 1.70 Ga; median 2.78; 3Q 4.01; n = 24) and the low-P Chuanlinggou Formation (ca. 1.65 Ga; median 0.40, 3Q 0.52; n = 56). Palaeoproterozoic granular iron formations have P/Fe* ratios (median 0.16, 3Q 0.35; n = 510, 14 deposits) that are lower than Palaeoproterozoic ironstones (median 0.74, 3Q 1.62; n = 138, 8 deposits) but similar to contemporaneous exhalative and continental margin iron formations. The Palaeoproterozoic Era also experienced the deposition of the oldest phosphorites at ca. 2.2 Ga; global phosphorite deposition at ca. 2.0 Ga; and the first appearance of thick (>5 m) phosphorites ca. 1.85–1.7 Ga (Papineau, 2010; Planavsky et al., 2023). These phosphorites, often associated with stromatolites, were largely deposited in coastal environments, contrasting with the widespread continental shelf distribution of Phanerozoic phosphorites (Papineau, 2010). These sedimentary archives record the onset of spatial and temporal heterogeneity of P burial during the Palaeoproterozoic (Stage II).

The Mesoproterozoic to early Neoproterozoic (ca. 1.6–0.85 Ga; Stage III) is marked by low sedimentary P enrichments. Ironstones were deposited in northern Australia ca. 1.43–1.30 Ga; these exhibit exceptionally low P/Fe* values (median 0.11, 3Q 0.22; n = 254; 3 deposits), with similar values found at the end of Stage III in the ca. 0.9 Ga ironstones of the Katherine Group in Yukon, Canada (median 0.15, 3Q 0.25; n = 18). Phosphorites are rare to absent during this interval (Fig. 2), consistent with the low P contents found in shales and iron formations from the same period. While the deposition of continental margin iron formations ceased in the Palaeoproterozoic, rare exhalative iron formations can be found from Stage III, which are also characterised by low P/Fe* values (median 0.13, 3Q 0.17; n = 56, 4 deposits). 

Subsequently, the Neoproterozoic experienced global deposition of iron formations associated with extreme glaciation during the Cryogenian Period (Lechte et al., 2019), with some of the highest P enrichments known from iron formations (Fig. 2b). These P-rich glacial iron formations have been linked to a major shift in the P cycle (Planavsky et al., 2010), however, our new record suggests that this change began earlier. Exhalative iron formations from the late Tonian (ca. 0.85–0.72 Ga) have higher P/Fe* values (median 1.17, 3Q 1.12; n = 206; 9 deposits) than those in the early Tonian (ca. 1.0–0.85 Ga; median 0.12, 3Q 0.16; n = 25; 2 deposits) and the Mesoproterozoic. Ironstones from the ca. 0.75 Ga Chuar Group in Arizona, USA have elevated P/Fe* values (median 1.57, 3Q 1.93; n = 14) compared to ironstones from Stage III, and metre-scale phosphorite deposition returns in the late Tonian Period (Fig. 2d). Despite the extreme P/Fe* values of some Cryogenian glacial iron formations (<28), the majority of these have P/Fe* values (median 0.84, 3Q 1.57; n = 686; 17 deposits) comparable to those of exhalative iron formations from the late Tonian, or the subsequent Ediacaran Period (median 1.21, 3Q 2.13; n = 52; 5 deposits), suggesting the continuation of a trend rather than a unique episode. Therefore, we suggest that this transitional phase (Stage IV) began in the middle Tonian and ended at the start of the Cambrian (ca. 0.85–0.54 Ga). Collectively, exhalative iron formations from Stage IV have a P/Fe* distribution (median 1.14, 3Q 2.09; n = 262, 15 deposits) that is statistically distinct from earlier stages (Fig. 3). Phosphorites deposited during Stage IV occur as laminated and nodular phosphate in offshore marine shales as well as and reworked granular phosphate (in contrast with Palaeoproterozoic inner shelf phosphorites). These units are considered to mark a transition to phosphogenesis in deeper, offshore environments influenced by upwelling (Nelson et al., 2010; Planavsky et al., 2023). Therefore, the available evidence points to an increase in P burial in both coastal and offshore settings in the late Neoproterozoic. 

The Phanerozoic Eon (ca. 0.54–0 Ga; Stage V) experienced major P burial in a wide range of environments with significant secular variation. The P/Fe* distributions of Stage V ironstones (median 3.06, 3Q 4.18; n = 1082, 123 deposits) and exhalative iron formations (median 2.14, 3Q 3.77; n = 650, 32 deposits) are much higher and statistically distinct from those of the middle Proterozoic (Stage III; Fig. 3). Secular variation within the Phanerozoic can also be resolved. Ironstones from the early Phanerozoic (Cambrian–early Carboniferous; ca. 0.54–0.35 Ga) are widespread and characterised by high P/Fe* values (median 2.68, 3Q 4.22; n = 354; 53 deposits). Ironstones become near-absent in the middle Phanerozoic (middle Carboniferous–Triassic; 0.35–0.2 Ga), with those present appearing to show lower P/Fe* values (median 1.08, 3Q 3.29; n = 6; 2 deposits), though further data is needed. During the late Phanerozoic (Jurassic–modern; ca. 0.2–0 Ga), ironstones once again become more abundant, with the highest P/Fe* values (median 3.18, 3Q 4.17; n = 722; 68 deposits). The record of exhalative iron formations follows a qualitatively similar trend: these deposits are abundant and have high P/Fe* values during the early (median 1.10, 3Q 3.56; n = 324, 16 deposits) and late (median 2.32, 3Q 3.99; n = 248, 12 deposits) Phanerozoic, whereas rarer middle Phanerozoic exhalative iron formations are characterised by low P/Fe* values (median 0.46, 3Q 1.10; n = 41, 3 deposits). Further, while phosphorites and P-rich shales were deposited throughout much of the Phanerozoic, metre-scale phosphorite are more common in the early and late intervals (Fig. 2). P-rich shales are near-exclusively found in the Phanerozoic (Reinhard et al., 2017), though variability in shale geochemistry precludes the interpretation of higher-order trends. 


Geological context of ironstone samples
The ca. 2310 Ma Timeball Hill Formation, Pretoria Group
The Timeball Hill Formation of the Pretoria Group (Transvaal Supergroup) was deposited in an intractraontic basin on the Kaapvaal Craton, South Africa (Dorland, 1999; Eriksson et al., 2006). The lower part of the Timeball Hill Formation comprises a basal pyritic shale, which coarsens upwards into quartzite and oolitic ironstone (variably known as the Gatsrand or Klapperkop member), which are overlain by carbonaceous shale and diamictite (Dorland, 1999). These ironstones are hosted by quartzites, siltstones, and mudstones, and are interpreted as tidally reworked delta-front deposits (Visser, 1972; Eriksson, 1973; Eriksson et al., 1991). The ironstones predominantly comprise tightly-packed oolites composed of concentric laminations of finely crystalline hematite with intergrown iron-rich chlorite, which were flattened during compaction (Dorland, 1999). This unit is considered to have experienced lower greenschist facies metamorphism (Dorland, 1999).	The age of the Timeball Hill Formation is constrained by a Re–Os age of 2322 ± 16 Ma from mudstones in the lower part of the unit (Hannah et al., 2004), as well as a SHRIMP U–Pb detrital zircon age of 2324 ± 17 Ma from near the base (Dorland et al., 2004). A minimum age of the ironstone is provided by a whole-rock Pb–Pb age of 2222 ± 12 Ma from the overlying Hekpoort–Ongeluk volcanics (Cornell et al., 1996). The Timeball Hill Formation represents the oldest-known occurrence of an oolitic ironstone in the geological record (Lechte et al., 2024). 

The ca. 1650 Ma Chuanlinggou Formation, Changcheng Group 
The Statherian Chuanlinggou ironstone is part of the Changcheng Group deposited in the intracratonic Yanliao Basin (Yanshan–Liaoxi Basin) within the North China Craton (Zhang et al., 2012; Li et al., 2025). This group is dominated by siliciclastic sedimentary rocks with a metamorphic grade generally below prehnite–pumpellyite facies (Chu et al., 2007). The lower Chuanlinggou Formation (Member I) comprises ironstone, silty shale and interbedded sandstone indicative of a shallow subtidal to intertidal marine environment, which grade upwards into subtidal black shales interbedded with sandstone and dolostone (Lu et al., 1996; Song, 2007; Lin et al., 2019). The ironstone is dominated by hematite and is variably ooidal, stromatolitic, and granular in texture (Lin et al., 2019). The iron ooids range from 0.3 mm to 4 mm in diameter and are commonly spherical to ellipsoidal (Wang et al., 2022). A minimum depositional age for the Chuanlinggou Formation is provided by a LA–ICP–MS U–Pb detrital zircon age of 1657 ± 17 Ma from the basal part (Duan et al., 2018). This is supported by U–Pb dating of diabase (1638 ± 14 Ma; Gao et al., 2009) and diorite porphyrite (1634 ± 9 Ma; Zhang et al., 2013) that intrude the Chuanlinggou Formation. A LA–ICP–MS U–Pb zircon age of 1641 ± 4 Ma obtained from volcanic rocks of the overlying Tuanshanzi Formation provides a maximum age constraint (Zhang et al., 2013). 

[bookmark: OLE_LINK16][bookmark: OLE_LINK10][bookmark: OLE_LINK11]The ca. 1320 Ma Sherwin Formation, Roper Group 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK17][bookmark: OLE_LINK18]The Roper Group was deposited in the intracontinental McArthur Basin of the Northern Territory (Australia), and is subdivided into the lower Collara Subgroup and the upper Maiwok Subgroup (Abbott et al., 2001; Munson, 2016). Within the Maiwok Subgroup, the Sherwin Formation comprises a ~100 m thick interval of crudely bedded to trough cross-stratified sandstones, siltstones, and mudstones with ooidal ironstone lenses interpreted to have been deposited in an energetic, shallow marine setting (Jackson et al., 1986; Haines et al., 1993; Ahmad and Munson, 2013). The ironstone horizons typically feature massive beds of iron ooids predominantly composed of hematite and goethite and pisoids which are typically ~0.5–5 mm in diameter interbedded with coarse-grained ferruginous sandstones (Canavan, 1965; Abbott et al., 2001; Ryall et al., 2012; Munson, 2016). In places the Sherwin ironstone is more dominated by berthierine and greenalite (Johnson et al., 2020). The age of the Sherwin Formation is constrained by detrital zircon U–Pb age of 1313 ± 47 Ma in the overlying Kyalla Formation, with a maximum age of ca. 1345–1320 Ma based upon detrital zircon age populations in the underlying Moroak Sandstone (Yang et al., 2018). The upper Velkerri Formation, which underlies the Moroak Sandstone, has been dated to 1361 ± 21 Ma using whole-rock Re–Os geochronology (Kendall et al., 2009). 

The ca. 850 Ma McClure Formation, Katherine Group 
[bookmark: OLE_LINK58]The Tonian Katherine Group (Long and Turner, 2012) is a ~1.5 km thick siliciclastic succession within the Mackenzie Mountains Supergroup in the Mackenzie Mountains (Northwest Territories) and the Wernecke Mountains (Yukon) of Canada. The Tonian strata in this region are generally interpreted to have been deposited in an intracratonic sag basin (Rainbird et al., 1996) during crustal attenuation and thermal subsidence in northwestern Laurentia, or due to extension along the western margin due to the break-up of Laurentia (Turner and Long, 2008). The Katherine Group is dominated by sandstone, with subordinate siltstone and mudstone and featuring minor carbonate horizons, interpreted to have been deposited in a shallow marine setting (Hume and Link, 1945; Long and Turner, 2012). The ironstone unit occurs as hematite–berthierine oncoids and pisoids within the upper Katherine Group in the Wernecke Mountains, hosted by the transition from the tidal flat mudstones of the McClure Formation to the cross-laminated sandstones of the Abraham Plains formations deposited in a tide-influenced estuarine setting (Lechte et al., 2024). A minimum age constraint is provided by the Little Dal Basalt, which occurs at the top of the overlying Little Dal Group in the Mackenzie Mountains and has been correlated geochemically with the ca. 775 Ma mafic intrusions (Milton et al., 2017). A significant negative carbon isotope anomaly recorded within the Rams Head Formation (Little Dal Group) is considered to be correlative with the Bitter Springs carbon isotope excursion considered to be globally contemporaneous at ca. 809–802 Ma (Halverson et al., 2022). In the absence of rigid geochronological constraints, and given no significant unconformities occur between the Katherine Group and the Ram Head Formation in the Mackenzie Mountains, we estimate the McClure ironstones to have been deposited sometime between ca. 850 and ca. 900 Ma.

The ca. 750 Ma Galeros Formation, Chuar Group 
The Tonian Chuar Group is exposed in the eastern region of the Grand Canyon, Arizona (USA), and is dominantly composed of shale with subordinate sandstone and dolomite deposited in an intracratonic rift basin of southwest Laurentia (Dehler et al., 2001; Dehler et al., 2017). The ironstone occurs at the contact between the Duppa Member of the Galeros Formation and the Carbon Butte Member of the Kwagunt Formation (Walcott, 1895; Hinds, 1933; Wang et al., 2022). The Duppa Member is ~30–180 m in thickness (Ford and Breed, 1973) and dominated by mudstone with limestone interbeds and sandstone with symmetrical ripple marks and mudcracks indicative of intertidal to subtidal marine setting (Dehler et al., 2001; Dehler et al., 2012). The ironstone comprises a thin (<50 cm) oolite horizon, with poorly-cemented beds of iron ooids which are typically ~500 μm in diameter and feature fine, concentric laminae of hematite with variable silica content (Wang et al., 2022). A maximum depositional age for the ironstone is provided by a Re–Os date of 757.0 ± 6.8 Ma from organic-rich carbonates in the stratigraphically lower Carbon Canyon Member (Galeros Formation), and a minimum depositional age is provided by a Re–Os date of 751.0 ± 7.6 Ma from marcasite nodules in the stratigraphically higher Awatubi Member (Kwagunt Formation) (Rooney et al., 2018). These age constraints are consistent with those provided by U–Pb tuff dating (Rooney et al., 2018) and U–Pb detrital zircon dating (Dehler et al., 2017) from the Chuar Group.

The ca. 490 Ma Bliss Formation, New Mexico 
The Late Cambrian–Early Ordovician Bliss Formation outcrops in southern New Mexico, southern Arizona, and western Texas (USA) was deposited on a substantial unconformity on middle Proterozoic basement due to the flooding of Laurentia during a major first-order transgression (Kelley, 1951; Mack and Giles, 2004; Krainer et al., 2022). Ironstones composed of moderately sorted hematitic oolites and ooidal sandstones with rounded quartz grains and hematite cement overlie the cross laminated sandstones in the Lower and Upper members of the Bliss Formation, and are interpreted as shallow shoal deposits during the onset of transgression (Krainer et al., 2022). The ironstone intervals are overlain by transgressive siltstones and glauconitic sandstones, and are interpreted to have been deposited in subtidal to tidal-flat environments (Thompson and Potter, 1981; Chafetz et al., 1986). Based upon conodont biostratigraphy, and correlation to regional units that form part of the Sauk Megasequence, the Bliss Formation is broadly constrained to have been deposited during the late Cambrian (Stage 10) and possibly earliest Ordovician (Tremadocian Stage; Taylor and Repetski, 1995; Taylor et al., 2004; Keller et al., 2012). 	

The ca. 465 Ma Cap de la Chèvre Formation 
The lower Ordovician Cap de la Chèvre Formation of the Crozon Peninsula (Brittany, France) comprises ferruginous sandstones, ironstones, conglomerates, and siltstones (Cogné et al., 1991) deposited during transgression and flooding of the Armorican Massif as the Rheic Ocean encroached on the northern margin of Gondwana (Lefebvre et al., 2023). The ironstones are 0.2–2.5 m in thickness, predominantly composed of concentrically laminated, hematite-coated grains (Bonjour and Chauvel, 1988) with lesser magnetite, apatite, chamosite, and minor stilpnomelane (Fernandez et al., 1998). These deposits are interpreted to have been deposited in marginal marine settings in an intertidal to subtidal environment (Fernandez et al., 1998). The age of the Cap de la Chèvre Formation is constrained by a U-Pb age of 465 ± 1 Ma from interbedded volcanoclastic rocks (Bonjour et al., 1988).

The ca. 438 Ma Birmingham ironstone, Red Mountain Formation 
The Silurian Birmingham ironstone occurs in the lower part of the Red Mountain Formation of across Alabama, Georgia, and Tennessee (USA), considered to have been deposited in the Appalachian foreland basin developed during the orogenesis of the Taconic highlands (Chowns and Rindsberg, 2015). The Red Mountain Formation comprises the Taylor Ridge, Duck Springs, Birmingham, Ruffner, and Rocky Row members (Chowns, 2006; Chowns and Rindsberg, 2015) which are predominantly composed of siltstones and cross-stratified sandstones, and feature twelve horizons of ooidal ironstones (Baarli et al., 1992), predominantly hosted by the Birmingham Member (Chowns and Rindsberg, 2015). The Red Mountain Formation ironstones are hosted by ferruginous sandstones and conglomerates, and are made up of hematite–chamosite ooids and skeletal fragments with hematite cement (Chowns and Rindsberg, 2015). The ironstone-bearing successions are interpreted to have accumulated as shallow-marine sand bars in tidal deltas or back-barrier lagoonal settings (Baarli et al., 1992; Chowns and Rindsberg, 2015). Biostratigraphy of the Red Mountain Formation constrains the ironstone intervals to the middle Aeronian to early Telychian stages of the Silurian Period (ca. 440–435 Ma; Chowns and Rindsberg, 2015).

The ca. 434 Ma Westmoreland Ironstone, Clinton Group 
Similar to the Birmingham Ironstone, the Silurian Clinton Group was deposited in the Appalachian foreland basin in Pennsylvania and New York (USA) following the Taconic Orogeny and prior to or coincident with the deformation of the Salinic Disturbance (Brett et al., 1998). The stratigraphy of the Clinton Group varies regionally: in Pennsylvania, ironstones occur in the Rose Hill Formation and the Keefer Formation (Cotter and Link, 1993), whereas in New York, ironstone intervals are hosted by the Westmoreland, Dawes, and Kirkland formations (Muskatt, 1972; Brett et al., 1996). The iron ooid horizons are typically <0.5 m thick and associated with sandstones featuring flaser bedding, wave ripples, hummocky cross stratification, and burrows, and are interpreted to have been deposited in shallow marine shoal settings (Cotter and Link, 1993; McLaughlin et al., 2012; Sullivan et al., 2012). Iron ooids are predominantly composed of hematite and goethite laminae surrounding cores of skeletal fragments and quartz grains (Schoen, 1962; Maynard, 1983; Cotter and Link, 1993; McLaughlin et al., 2012; Sullivan et al., 2012), though in some cases ooids are composed of interlaminated chamosite and hematite (McLaughlin et al., 2012). The biostratigraphy of the Clinton Group (based upon brachiopod, ostracod, and conodont assemblages) indicates that the ironstone intervals were deposited during the late Telychian to early Sheinwoodian ages (ca. 435–430 Ma; Gillette, 1947; Rickard and Fisher, 1975; Brett et al., 1998; Sullivan et al., 2012).

The ca. 170 Ma Wedelsandstein Formation 
The Wedelsandstein Formation is Middle Jurassic carbonate succession in southern Germany which features a ~2-meter-thick ferruginous, fossiliferous limestone composed of hematite-cemented calcarenites with abundant goethite ooids (Dietze et al., 2009; Bläsi et al., 2013). The Blaukalk ironstone conformably overlies the fine-sandy marls of the Oberer Wedelsandstein, which feature burrows with phosphate nodules, and is overlain by marls of the Rimsingen Ton (Sauer, 1948; Dietze et al., 2009). The ammonite biostratigraphy of the Wedelsandstein Formation places the Blaukalk ironstone in the Sauzei Zone of the Bajocian Stage (Dietze et al., 2009).

The ca. 163 Ma Villers Formation 
[bookmark: OLE_LINK37][bookmark: OLE_LINK43]The Villers Formation is located in Villers-sur-Mer (Normandy, France) and is characterised by shallow marine, micritic limestone and marl (Bonte and Hatrival, 1966),  with abundant fossil corals, gastropods, and ammonites (Courville et al., 2011). The Villers Formation ironstone features goethite ooids and calcite ooids considered to have replaced iron oxides during diagenesis (Galili et al., 2019). In places, the goethitic ooids feature encrusting foraminifera within ooid laminae (Bayer, 1989), indicating a syndepositional marine origin. The ammonite biostratigraphy of this unit indicates a Lower Oxfordian age (Courville et al., 2011). 

The ca. 118 Ma Hidra Formation, Galilee Group 
The Hidra Formation of the Galilee and Golan regions is predominantly composed of fossiliferous limestone, and marl with sandstone interbeds (Sneh and Weinberger, 2003; Hall et al., 2005). The upper part of the Hidra Formation features abundant goethite ooids (Galili et al., 2025). The cross-bedded sandstones and siltstones with bioturbation suggest a shallow subtidal to outer platform environment (Bachmann and Hirsch, 2006). An Aptian age has been assigned based upon ostracod biostratigraphy (Rosenfeld and Hirsch, 2005).

The ca. 112 Ma Hatira Formation 
[bookmark: OLE_LINK15]The Hatira Formation (Krassilov and Schrank, 2011) is a mixed carbonate-siliciclastic succession in the Negev, southern Israel. This unit is predominantly composed of sandstones and interpreted as continental palaeosols, fluvial sands and shoreface deposits, and these are interspersed with shallow marine intervals of limestone, dolomite, and marl (Weinberger et al., 1990; Rosenfeld and Hirsch, 2005). These shallow marine carbonates contain goethite and hematite ooids (Galili et al., 2025). The ammonite biostratigraphy of the Hatira Formation indicates an Albian age for the ironstone horizons (Galili et al., 2019).

The ca. 87 Ma Bad Heart Formation, Smoky Group 
The Bad Heart Formation is an ironstone-bearing, siliciclastic unit within the Late Cretaceous Smoky Group of northwest Alberta (Canada; Kafle et al., 2013). Typically ranging from 5 to 15 metres thick, the Bad Heart Formation is characterized by sandstone with ooidal sandstone, and siltstone with thin, discontinuous conglomerate lenses (Kafle et al., 2013). The Bad Heart Formation ironstone-bearing intervals occur in the middle of the succession within sandstone packages deposited under high-energy, shallow marine conditions (Donaldson et al., 1998; Sliwinski et al., 2010). The mineralogy of the ooids is dominated by goethite and nontronite laminae around detrital fragment cores, including quartz, feldspar, and ooid fragments (Sliwinski et al., 2010). The Bad Heart ironstone has been assigned a middle to late Coniacian age based upon ammonite biostratigraphy (Cobban, 1993; Cobban et al., 2005).
[bookmark: OLE_LINK36]
The ca. 64 Ma Bakchar ironstone, Lyulinvor Formation 
The Paleocene Lyulinvor Formation (West Siberian Basin, Russia) hosts several ironstone horizons (Belous et al., 1964; Rudmin et al., 2020). This formation is characterized by ooidal ironstones, sideritic sandstones, and authigenic clay-rich siltstones interpreted to represent shallow marine shoreface deposits (Rudmin et al., 2019; Rudmin et al., 2020). Our samples come from the Bakchar ironstone deposit, which occurs in the lower part of the Lyulinvor Formation and features goethitic ooids with minor chamosite, and variable amounts of siderite cement (Rudmin et al., 2020). The palynology of the Lyulinvor Formation constraints the depositional age of the Bakchar ironstones to the late Paleocene (Gnibidenko et al., 2015; Lebedeva et al., 2017).
[image: ]
Figure S1. Ironstone P contents using a range of normalisation approaches, including a. P/Fe* values, b. bulk-rock P (in wt %), and c. P/Al ratios. For iron formations, data are shown as d. P/Fe* ratios and e. wt. % P. Note that P/Al ratios are not shown for iron formations, given that the Al contents of these rocks are often exceedingly low, leading to spurious correlations with this normalisation approach. We also highlight the similarity in qualitative trends for f. median values and g. mean values. 
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Figure S2. Bulk-rock major element geochemical cross plots (in wt. %). Dark red indicates Proterozoic ironstones, pale red indicates Phanerozoic ironstones. Data from this study. a. P and Al contents, showing no clear correlation. b. Positive correlation between P and Ca contents, indicating that the P is predominantly hosted by Ca phosphates (i.e., apatite).
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Figure S3. Box and whisker plots comparing bulk-rock P/Fe* values for iron formations and ironstones in various weathering and alteration scenarios. a. Comparison between the P/Fe* values of more pristine banded iron formation (BIF), weathered BIF, and magnetite (mag.) and martite (mart.) ore (data from Angerer and Hagemann, 2010; Duuring and Hagemann, 2013; Albut et al., 2018; Keyser et al., 2018; Gao et al., 2023). b. Comparison between the P/Fe* values of core, pit and trench samples of ironstones, as well as a comparison between unmetamorphosed and metamorphosed samples (data from Kimberley, 1980; Olson et al., 1999; Krapež, 2007; Wholley, 2008; Zhou et al., 2024).
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