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Key Points: 
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shallow marine carbonates 

 Higher phosphate concentrations in Neoarchean than modern seawater indicates that 

early marine life was not phosphate-limited   
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Abstract 

Phosphorus is essential for cell biology, yet scarce in modern marine environments wherein 

free phosphate is consumed by life or titrated by calcium to form apatite minerals. The 

environmental conditions under which the early biosphere emerged and phosphorus was integrated 

throughout biochemistry is yet unknown. We measured the phosphate concentrations of 2.8-2.5 

Ga shallow marine carbonate facies across six Neoarchean shelf-ramp environments. We found 

that the P/Ca ratios of Neoarchean stromatolites, micrites, and crystal fans were >4-fold to 12-fold 

more enriched in carbonate-associated phosphate than modern marine coral skeletons and abiotic 

Phanerozoic carbonates. Our results support the view that Archean productivity was limited by the 

availability of electrons rather than phosphate or other nutrients, and help explain why phosphorus 

is so central to the molecules, metabolisms, and bioenergetics observed in cells. 

Plain Language Summary 

Phosphorus is an essential element for life processes. Today, phosphorus is negligible in the 

surface oceans and exists in very low concentrations in the deep oceans, and thus is the primary 

limitation on net primary productivity (NPP). This circumstance sets up the paradox of why 

phosphorus plays a key role in the structures and processes of cell biology. Were phosphorus 

concentrations higher in the Archean oceans early in the evolutionary history of cell biology? In 

this work, we compared phosphate concentrations in shallow marine carbonates from the 

Neoarchean (2.8 to 2.5 billion years ago) and the Phanerozoic (<550 million years ago). We found 

that primary carbonate structures and fabrics from the Neoarchean yielded significantly higher 

phosphate concentrations than in the Phanerozoic, and interpreted this to mean that Archean 

seawater was more enriched in phosphorus than modern oceans.  
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1 Introduction 

Present day seawater phosphorus (P) is limited to ~2.3 M in the deep oceans and near zero 

in the photic zone due to biological uptake and adsorption onto mineral surfaces in the water 

column and sediments. Given how central PO4
3- is for a myriad of tasks in cell biology, an apparent 

paradox is established if P was also a limiting element for the early biosphere. Thermodynamic 

models have determined major primary and secondary phosphorus-bearing minerals, such as 

apatite and vivianite, would have been less soluble in ferruginous Archean seawater due to 

circumneutral pH, thereby providing an enhanced mineral sink for dissolved phosphorus (Hao et 

al., 2020). A contradictory view based on estimates of geological fluxes of limiting elements on 

net primary productivity (NPP) demonstrated that early anaerobic metabolisms may have been 

limited by electron donors rather than phosphate (Ward et al., 2019). Prior to the evolution of 

oxygenic photosynthesis, limited availability of electron donors (e.g. ferrous iron and molecular 

hydrogen) necessary for anoxygenic photosynthesis may have suppressed rates of biological 

productivity to approximately 1000-fold less than today (Ward et al., 2019). With a much smaller 

biosphere to consume P within the photic zone, elevated phosphate levels could be incorporated 

into shallow marine carbonate minerals as carbonate-associated phosphate (CAP). 

A growing body of evidence has raised the hypothesis that Archean seawater phosphate 

concentrations may have been higher than present day levels in open marine environments 

(Planavsky et al., 2010; Rasmussen et al., 2021a, 2021b). Recent discovery of apatite nanoparticles 

associated with the Fe(II)-silicate greenalite within early diagenetic chert in 3.46 to 2.46 Ga BIFs 

from the Pilbara and Yilgarn cratons (Australia) and Kaapvaal craton (South Africa) supported 

this hypothesis (Rasmussen et al., 2021a). In modern marine basins, apatite is undersaturated and 

its growth is limited by PO4
3- rather than Ca2+ concentrations (Jahnke, 1984); and because Archean 
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seawater Ca2+ concentrations are thought to have been similar to that of the modern—based on the 

emergence of archetypical carbonate depositional environments (Grotzinger, 1989), and 

comparable calcium-to-alkalinity ratios (Ca:ALK) as the modern oceans (Blättler et al., 2017; 

Halevy & Bachan, 2017)—phosphate concentrations would have been 5 to 50 times higher to 

support apatite growth and survival in Archean seawater (Krajewski et al., 1994; Oxmann & 

Schwendenmann, 2014; Rasmussen et al., 2021a).  

In this work, we developed an approach to test the hypothesis that phosphate levels were 

significantly higher on Neoarchean carbonate platforms where we find much of the geological 

evidence for the earliest life. We examined partitioning of dissolved phosphate into lattice-bound 

carbonate phases (Ingalls et al., 2020), with a particular focus on syndepositional cements and 

biologically mediated fabrics. Under an oxygenated atmosphere, oxygenic phototrophy and 

phosphorus sorption to iron oxides (Bjerrum & Canfield, 2002) deplete phosphorus within the 

photic zone of carbonate ramps. We predicted that higher than modern phosphate levels in deep 

sea settings (>2 km water depth) might also support elevated phosphate concentrations in anoxic 

shallow marine environments due to low nutrient utilization prior to the Great Oxygenation Event 

(GOE; ~2.35 Ga; Fischer et al., 2016). If so, carbonates formed from Archean seawater would 

have recorded higher phosphate concentrations than modern marine carbonates.  

Ingalls et al. (2020) demonstrated that dissolved PO4
3- concentrations are incorporated 

proportionally into the diverse carbonate phases and textures precipitated from closed-basin lakes. 

This work provided a means for empirical reconstruction of Ca:ALK and dissolved phosphate 

levels in ancient carbonate environments. However, in the absence of extreme Ca2+ limitation as 

in hyperalkaline and evaporitic environments, carbonate phosphorus-to-calcium (P/Ca) scales 

instead with seawater phosphate concentrations (Dodd et al., 2021). Precambrian Ca:ALK was 
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likely similar to modern values (Blättler et al., 2017; Higgins et al., 2009), and thus, we focused 

our interpretations on paleo-phosphate levels.  

2 Materials, Methods, and Results 

2.1 Neoarchean carbonates and localities, and Phanerozoic marine samples 

Due to lithospheric recycling, our sedimentary record of the Precambrian Earth is 

commensurately limited to several well-preserved Neoarchean carbonate platforms. These 

carbonate platforms contain fabrics and textures that also comprise much of the earliest 

morphological evidence for life (e.g., crinkly laminations, columnar and dendritic stromatolites; 

Allwood et al., 2009). We subsampled 112 microfabrics and representative facies from the 

carbonate record of six different Archean marine shelf environments (Fig. 1A; Text S1): the >2.5 

Ga Campbellrand-Malmani platform (South Africa; Sumner & Grotzinger, 2004; Fischer et al., 

2009), the ~2.6 Ga Cheshire Formation of the Belingwe Greenstone Belt (GSB; Zimbabwe; 

Hofmann et al., 2004), the ~2.7 to 2.6 Ga Huntsman Limestone of the Bulawayo GSB (Zimbabwe; 

Schopf et al., 1971), the 2.63 to ~2.60 Ga Carawine Fm (Australia; Murphy & Sumner, 2007; 

Rasmussen et al., 2005), and the ~2.8 Ga Mosher Carbonate Fm of Steep Rock Group (Canada; 

Wilks & Nisbet, 1985, 1988; Fralick & Riding, 2015).  
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Figure 1. (a) Modern locations of the six Archean carbonate platforms with shallow marine 

environments. (b) Polished slab of tentpole microbialite and roll-up intraclasts with primary pores 

filled by syndepositional herringbone and diagenetic equant calcite cements. (c) Transmitted cross-

polarized light photomicrograph of herringbone and equant calcite cement. (d) Diffuse transmitted 

light photomicrograph of cuspate, laminated micrite with herringbone calcite cement. (e) Diffuse 

transmitted light photomicrograph of dolomitic peloid grainstone showing preservation of peloidal 

fabric with dark inclusions despite replacement by nonplanar dolomite. (f) Field photo of seafloor 

crystal fan with hammer for scale. 
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Our goal was to compare Archean marine phosphate levels to those of phosphate-limited 

Phanerozoic and modern marine environments. However, the partitioning relationship between 

dissolved inorganic phosphorus and carbonate-associated phosphate is not fully resolved, so a 

more robust comparison is made between like materials. As such, we measured a suite of modern 

and Phanerozoic shallow marine carbonate sediments and limestones. We measured P/Ca of ooid 

grains from Little Ambergris Cay of the Turks and Caicos carbonate platform as a modern 

analogue environment for the Archean carbonate platforms and analogue facies for Archean 

grainstones. We analyzed brachiopods and cements from Late Ordovician and early Silurian-age 

limestones and skeletal grainstones from Anticosti Island, Quebec, Canada, previously described 

and analyzed for carbonate-associated sulfate (Present et al., 2015). Finally, we analyzed Cambrian 

limestones to marbles of the Orr Formation that experienced a gradient of contact metamorphism 

due to Late Jurassic intrusion of the Notch Peak pluton and exhumation during Miocene block 

faulting (Lloyd et al., 2017). The Big Horse Limestone Member of the Orr Formation was a 

shallowing upward shelf platform sequence containing peloids, ooids, algal-rich beds, and 

fossiliferous beds (Hover-Granath et al., 1983). Although these Cambrian limestones experienced 

varying degrees of thermal and fluid-rock alteration, we included them in our dataset because it is 

unlikely that Phanerozoic carbonate rocks have undergone a greater degree of alteration (and thus 

P/Ca depletion by our model of the impact of water-rock exchange on P/Ca) than the Archean 

rocks in our sample set.  

In addition to our new analyses, we compiled P/Ca ratios from Ocean Drilling Project (ODP) 

reports of carbonate-rich marine sediment cores (Table S2) from the Cenozoic western equatorial 

Atlantic (Ceara Rise, ODP Sites 925, 926, and 929; Delaney & Anderson, 1997) and equatorial 

Pacific (ODP Legs 138 and 130; Filippelli & Delaney, 1996). Reported P/Ca ratios were analyzed 
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by the same spectrophotometric colorimetry molybdenum blue method employed in our study. In 

both studies, sediment samples were extracted shipboard and assigned ages based on 

biostratigraphic control points and sedimentation rates (Delaney & Anderson, 1997). The authors 

applied the sequential extraction technique of Ruttenberg (1990) to separate five P-bearing 

sedimentary components: adsorbed, oxide-bound, organic, detrital, and authigenic. Detrital and 

authigenic P phases are primarily apatite minerals, which are avoided by our digestion method. 

Oxide-bound phosphorus represents the fraction of P burial that derives from the water column as 

P binds with Fe oxides in the oxygenated water column, which we determined was not the primary 

mode of P burial in our sediments (see Section 2.6). We compiled the P/Ca ratios of the adsorbed 

P fraction, as inorganic P tends to adsorb to carbonate surfaces and is likely the component that 

partitions into carbonate minerals during early diagenesis. Further, we only used data from 

sediments older than Pleistocene to select for sediments that have undergone some degree of early 

diagenesis and post-burial compaction and dewatering, if not lithification. This better aligned the 

ODP data with our Archean and Phanerozoic datasets. 

2.2 Carbonate fabrics 

We sub-sampled 112 powders from representative carbonate facies from six Archean 

shallow marine localities. We targeted a range of syndepositional carbonate fabrics in samples 

from the six Archean platforms for petrographic description prior to microsampling for 

geochemical analyses. We sampled primary calcitic marine cements (e.g., herringbone and 

radiaxial-fibrous calcite; Sumner & Grotzinger, 1996; Sumner & Grotzinger, 2000) that filled 

primary pores in microbialite (Fig. 1B), fenestral laminated mudstone (Fig. 1C), and intraclast and 

roll-up structure grainstone facies (Fig. 1B) prior to compaction. We also sampled equant and 

sparry calcite that occluded residual porosity and veins (Fig. 1D). We sampled peloid, intraclast, 
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and oncoid grainstone/rudstone facies that were subjected to neomorphic recrystallization and 

dolomitization but retained primary fabrics and sedimentary structures (Fig. 1E). 

2.3 Carbonate-associated phosphate (CAP) as a proxy for ancient phosphate levels 

We followed the CAP analytical methods of Ingalls et al. (2020; details in Text S2). 

Carbonates were digested in 0.33M HPLC-grade acetic acid to avoid leaching of organic 

phosphorus phases and other phosphorus-bearing minerals like hydroxyapatite and carbonate 

fluorapatite, as well as dolomite, which may have closer association with iron oxide phases and 

thus could yield overestimates of dissolved phosphate levels due to adsorption of P onto water 

column iron oxides. Digestions by hydrochloric or nitric acids yields consistently higher P/Ca 

measurements by both assay and ICP-MS, which are attributed to leaching of phosphate minerals 

(rather than lattice-bound P) and organic P (Ingalls et al., 2020).  

Previous work has demonstrated that the partition coefficient of phosphorus into carbonate 

is <1 (Algeo & Ingall, 2007; Dodd et al., 2021). Thus, the P preserved in carbonate rocks represents 

a minimum bound on the dissolved or early diagenetic P fraction. Just like the incorporation of 

other trace constituents into carbonate phases (e.g. Nielsen et al., 2013), the presence of other 

cations (Fe, Mn) and anions may assert additional controls on phosphate incorporation into 

carbonate. The presence of iron, a known inhibitor of calcium carbonate formation, can impact the 

kinetics of precipitation which, in turn, may impact trace element partitioning into carbonates 

(DePaolo, 2011; Jiang & Tosca, 2019). The presumed slightly lower pH of Archean seawater also 

may have enhanced P incorporation in shallow marine carbonate minerals (Dodd et al., 2021). 

Comparatively little study has been done on the impact of these factors on phosphate incorporation 

into carbonate, and so CAP data should be considered within the context of these uncertainties 

(see Section 2.6).  
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2.4 Assessment of preservation of depositional CAP and the impact of burial alteration  

We tested deep-time CAP preservation in carbonate facies similar to those found in our 

Archean sample set in the substantially younger and well-preserved Eocene Green River 

Formation (GRF). Aragonite fans, oolites, early diagenetic dolospar, and crinkly laminations 

accumulated within the Laney Member of the GRF during a period of balance-fill hydrology and 

high carbonate saturation state in the Sand Wash Basin (Ingalls et al., 2022; Roehler, 1993). These 

facies yielded P/Ca values of 0.211 ± 0.027 to 0.533 ± 0.094 mmol/mol, comparable to P/Ca of 

lattice-bound P in Pleistocene tufas precipitated from very low Ca:ALK water where one would 

expect high levels of phosphate to accumulate (Ingalls et al., 2020). Thus, diverse carbonate facies 

formed in an alkaline phase of the Green River Formation appeared to accurately capture expected 

P/Ca values at least over timescales of tens of millions of years. 

We assessed the impact of late-stage fluid-mediated alteration on CAP by measuring a suite 

of carbonate samples collected systematically across a ~5 km transect of a well-studied contact 

metamorphic aureole alteration gradient (Lloyd et al., 2017) (Notch Peak, UT). We found that 

P/Ca values decreased with increasing degree of alteration. P/Ca values exponentially decreased 

close to the pluton intrusion as metamorphic grade and maximum temperatures increased (0.085 

to 0.049 mmol/mol; Fig. S1a). P/Ca values also decreased nearly linearly with decreasing dolomite 

δ18O values (Lloyd et al., 2017) (Fig. S1b)—a valuable metric of alteration—which we interpreted 

as removal of CAP during water-rock exchange. The one sample that diverged from this trend had 

textural indicators of later-stage water-rock recrystallization and has been previously interpreted 

as a product of fluid-buffered alteration with waters of a different composition (Lloyd et al., 2017).  

In addition, we tested whether or not this pattern of CAP being flushed from primary 

carbonate fabrics during burial alteration held true for the Archean samples by measuring late-
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stage sparry calcite veins and secondary porosity fill. The spars that were above the method 

detection limit (n = 6) had the lowest mean and median values of all facies: 0.033 ± 0.019 and 

0.036 mmol/mol, respectively. One of the analyzed spars was below method detection limit. 

Altogether, our suite of alteration tests indicated that water-rock alteration lowers carbonate P/Ca, 

and thus, in deep-time records with extensive burial alteration histories, P/Ca values should be 

considered minimum bounds on depositional P/Ca.  

2.5 CAP of Archean carbonate platform facies 

Neoarchean P/Ca of shallow marine carbonates ranged over an order of magnitude (Data 

S1), likely in part due to the tendency for diagenesis with inherently P-deplete burial fluids to 

remove CAP. Herein, we focus on unbiased empirical descriptors of the data, but these values 

could underestimate depositional values. Carbonates from the Campbellrand platform comprised 

our largest dataset (n = 72) with a median (M) P/Ca value of 0.120 mmol/mol and a mean (μ ± 1σ) 

of 0.112 ± 0.090 mmol/mol. The Cheshire Formation (M = 0.160, μ = 0.168 ± 0.118 mmol/mol) 

and Huntsman Limestone (M = 0.142, μ = 0.142 ± 0.123 mmol/mol) yielded the highest median 

and mean values and internal variability between fabrics. Overall, the median and mean Archean 

values, including all fabrics, were 0.113 and 0.130 mmol/mol, respectively.  

Significant differences in median P/Ca values were found between Archean fabrics (Table 

1; Fig 3D). Stromatolitic fabrics were the most phosphate-enriched (M = 0.164 mmol/mol). The 

least phosphate-enriched fabric, secondary spar (M = 0.036 mmol/mol), was statistically different 

from all Archean fabrics except marine cements according to a pairwise Wilcox test (p = 0.344, 

where p <0.005 is statistically different) and most similar to Phanerozoic marine carbonate (p = 

0.847; Fig. 2D). Although Phanerozoic marine cements also yielded a low median P/Ca (0.044 

mmol/mol), they were statistically different from Phanerozoic marine (p = 2.6 x 10-4).  
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To test the hypothesis that CAP was more enriched in Neoarchean carbonates than those that 

precipitated in Phanerozoic or modern oceans, we compared the P/Ca values to new analyses of 

the described suite of modern and Phanerozoic shallow marine carbonates and a compilation of 

published P/Ca values of modern deep sea and shallow corals (Chen et al., 2019) and Cenozoic 

ODP cores (Delaney & Anderson, 1997; Filippelli & Delaney, 1996) (Data S2). All published data 

were analyzed using a similar spectrophotometric assay as was conducted in our analyses to enable 

dataset comparisons. Phanerozoic and modern marine carbonates fell into two distinct data 

populations: corals and all other biogenic and abiotic cements and grains. Deep sea and shallow 

water corals record 1 to 3 orders of magnitude lower P/Ca (0.003 to 0.050 mmol/mol) than modern 

platform sediments (0.074 to 0.083 mmol/mol), sediments from Cenozoic ODP cores (0.004 to 

0.219 mmol/mol) and Phanerozoic marine cements (0.049 to 0.118 mmol/mol), likely due to vital 

effects associated with biomineralization. Wilcox t-tests demonstrated that the difference between 

the population means of all Archean shallow marine localities were significantly higher than 

Phanerozoic corals and marine sediments (except for the Huntsman Limestone, n = 2; Fig. 2D). 

Due to the post-depositional processes discussed previously, our measurements likely provide a 

lower bound on Archean phosphate contents because of CAP loss during carbonate diagenesis and 

metamorphism.   
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Figure 2. Carbonate-associated phosphate molar ratios for Phanerozoic to modern corals 

and marine sediments, and facies from Archean carbonate platform records. P/Ca is plotted 

on a log scale to illustrate order of magnitude differences between (a) eons, (b) localities, and (c) 

facies. (d) Results from Wilcox t-tests demonstrate that carbonates from Archean shallow marine 

settings are on average higher and statistically distinct from Phanerozoic marine sediments, with 

the exception of two samples from the Huntsman Limestone. 
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Table 1. Archean carbonate platform and Phanerozoic marine carbonate P/Ca data. 

Age and Facies 
Mean P/Ca 

(mmol/mol ± 1σ) 

Median P/Ca 

(mmol/mol) 
n 

Archean shallow marine carbonates (all facies) 0.130 ± 0.099 0.113 112 

micrite 0.158 ± 0.111 0.126 27 

stromatolite 0.170 ± 0.107 0.15 29 

crystal fans 0.138 ± 0.064 0.138 7 

grainstone or packstone 0.110 ± 0.050 0.136 13 

marine cements (e.g. herringbone calcite) 0.074 ± 0.059 0.056 28 

spar  0.033 ± 0.019 0.036 6 

Phanerozoic to modern (all) 0.038 ± 0.036 0.025 405 

shallow marine cements and grains 0.052 ± 0.036 0.044 252 

shallow water and deep sea corals 0.014 ± 0.007 0.01 153 

2.6 CAP enrichment independent of iron content 

It has been hypothesized that the Precambrian Fe cycle was intimately linked to the P cycle 

due to the propensity of iron oxides to sorb phosphorus from seawater (e.g., Berner, 1973; Bjerrum 

& Canfield, 2002; Jones et al., 2015; Planavsky et al., 2010). In particular, Bjerrum and Canfield 

(2002) argued that Archean to early Proterozoic marine orthophosphate would have been an order 

of magnitude lower than modern due to P scavenging by iron oxides in the water column.  

To test whether or not the CAP enrichments observed in the Neoarchean platform carbonates 

resulted from adsorption of phosphate onto iron oxides within the water column, which could 

misrepresent water column phosphate concentrations, we measured Fe/Ca in 27 of the same 

subsampled microfabrics as analyzed for P/Ca (Text S3), spanning all facies. We found no 

statistically significant correlations between Fe/Ca and P/Ca (p-value <0.05 on Pearson’s 

correlation coefficient; Text S3). Importantly, no Fe/P correlation was determined within 

individual data populations of key facies, i.e. marine cements and stromatolites, with p-values of 

0.23 and 0.48, respectively (Fig. S2). These data demonstrated that iron enrichment does not ensure 

phosphate enrichment in carbonates, and vice versa. Finally, spar, a definitively secondary fabric 
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with uniformly low P/Ca values, yielded Fe/Ca up to 13.9 mmol/mol. Overall, the data indicated 

that phosphate enrichments were independent of local dissolved Fe content.  

3 Discussion and Conclusions 

3.1 Implications for phosphate concentrations in Neoarchean shallow marine environments 

Carbonate P/Ca values varied within individual platforms by approximately an order of 

magnitude (Fig. 2B). This degree of P/Ca variability could reflect diagenetic and metamorphic 

processes to which carbonate rocks are particularly susceptible. Based on our assessment that P/Ca 

varies locally as a function of known alteration, we found that CAP contents are systematically 

lowered during burial alteration, and thus analyses of primary fabrics likely provide a lower limit 

on the depositional value. Internal variability could also record changes in the local sources and 

sinks of P, and or differing rates and mechanisms of carbonate precipitation on the seafloor 

(Sumner & Grotzinger, 2000, 2004; Dodd et al., 2021). For example, in modern shallow marine 

environments, any increase in P input is consumed by biological processes resulting in an increase 

in net primary productivity rather than phosphate mineralization, although remineralized organic 

matter can lead to increased authigenic apatite in shallow marine sediments (Krajewski et al., 1994; 

Kathleen C. Ruttenberg & Berner, 1993). The Archean biosphere likely contained a higher 

abundance of microbial mats compared to the modern due to the absence of burrowing fauna, and 

thus, organic matter remineralization within sediments could have occurred at higher rates and led 

to an enhanced P sink within sediments rather than the water column. However, marine cements 

lack C isotope evidence of enhanced organic matter remineralization (Fischer et al., 2009), and 

grainstones/packstones, crystal fans, and micritic fabrics were no less abundant in CAP than the 
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microbial carbonate facies (Fig. 2C, D), as would be expected if elevated P levels were due solely 

to remineralization of abundant microbial mat material. 

3.2 Potential sources of elevated marine phosphate in the Neoarchean 

Inorganic marine phosphate is derived from silicate weathering of the continents and 

seafloor basalts. Weathering of continental-derived apatite by acid rain and rivers may have been 

more efficient under Archean pCO2 conditions (Sleep & Zahnle, 2001). Seafloor alteration of 

basalts, which have an order of magnitude higher P concentrations than continental crust, may 

have also been enhanced due to higher rates of crustal recycling in the Archean (Horton, 2015) 

and hydrothermal activity on and off axis in the deep sea. In oxic oceans, metal-rich hydrothermal 

plumes constitute a phosphate sink by adsorption to Fe oxides; in Archean anoxic seas, plumes 

appear to have been a source of phosphate, as demonstrated by apatite nanoparticles associated 

with the Fe(II)-silicate greenalite within cherts from 3.46 to 2.46 Ga BIFs of the Pilbara, Yilgarn, 

and Kaapvaal cratons (Rasmussen et al., 2021a).  

3.3 Implications for the centrality of phosphate in intracellular processes and the biochemical 

building blocks of life 

Phosphate is central to the building blocks of life (e.g. phospholipids and nucleic acids) and 

intracellular metabolism and energy conservation  (e.g. sugar phosphates and ATP synthesis and 

hydrolysis). Phosphate has also been the key limitation to NPP for much of Earth history 

(Planavsky et al., 2010)—at least since the dawn of oxygenic photosynthesis.  

However, before life evolved the ability to use water as an electron donor, the availability of 

molecular hydrogen, sulfur, and perhaps iron established limits on the rates of biogeochemical 

cycling in Earth’s biosphere rather than orthophosphate availability (Ward et al., 2019). Under the 

aforementioned assumption that Ca:ALK and carbonate saturation states were similar in 
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Neoarchean shallow marine environments as the Phanerozoic (Blättler et al., 2017), a linear 

extrapolation of the P contents we measured indicates that dissolved phosphate concentrations 

were at minimum 4- to 12-times greater on the Neoarchean Earth.  Our estimates suggest that the 

difference between Archean and modern shallow marine environments could be less dramatic than 

that of the deep sea (~5- to 50-times greater; Rasmussen et al., 2021a), but this difference could 

be due to the underestimation inherent to deep-time application of CAP. The CAP values presented 

here represent minimum estimates for Neoarchean dissolved P given the likely thermal alteration 

of these carbonates to ~200 to 350°C. Improved constraints on the pH and temperature of 

Neoarchean shallow marine seawater would further our understanding of the relationship between 

dissolved P levels in the Neoarchean and partitioning into carbonate minerals, and our ability to 

quantitatively compare to modern P levels. In general, our ~2.8 to 2.5 Ga record of phosphate 

enrichment in shallow environments dovetails the deep-sea BIF record from ~3.5 to 2.5 Ga 

(Rasmussen et al., 2021a), and supports the view that phosphate levels were much higher in 

Archean seawater than they have been in Phanerozoic marine basins. 

Evidence that P levels were higher and not limiting for the biosphere over much of 

Neoarchean time suggested that P concentrations may have been similarly high or higher in yet 

older, prebiotic oceans. Such high P prebiotic conditions have ramifications for the origin and early 

evolution of cells because it would have been made the phosphorylation of early biomolecules 

more environmentally feasible—softening some of the challenges associated with the ‘phosphate 

problem’ for the origin of life (Gulick, 1955). Just as importantly, the emerging datasets suggest 

that phosphate was not limiting for at least 1 billion years of evolution in the early biosphere. The 

chemical and energetic utility of phosphate for critical intracellular machinery and as a means of 

energy transduction are major factors in phosphate’s importance to cells. We suggest that 
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phosphate’s centrality in cell biology and biochemistry hinged on this prolonged period of 

phosphate abundance, when productivity was constrained by life’s inability to split water rather 

than geological phosphate fluxes. 
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