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Abstract

The Proterozoic eon witnessed the emergence of eukaryotes and the protracted oxygenation of
the Earth’s surface. In that regard, phosphorus, considered the limiting nutrient on geologic
timescales, may have played a substantial role, as it links to the biogeochemical cycle of carbon
and to the evolution of life. However, reconstructing its bioavailability through the Proterozoic is
difficult, as it relies on limited evidence from the rock record, with no direct estimation of
seawater phosphorus levels. Here, I will review and discuss current debates and try to identify the

main limitations of our understanding of the Proterozoic phosphorus paradigms.
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1. Introduction

Phosphorus (P) and nitrogen (N) are the two major nutrients essential to all forms of life. P
plays a central role in biochemistry as it occurs within metabolic molecules (ATP), the structure
of cell membranes (as phospholipids) and nucleic acids (DNA, RNA). Therefore, it is widely
assumed that its key function emerged early in the building blocks of life. Whilst N availability to
marine organisms may be sporadically limited by the extent of biological fixation of gaseous N, its
atmospheric reservoir is practically infinite. By contrast, the reservoir of dissolved marine P is
controlled by three factors: the source of P to the ocean, i.e. the flux of continental crust
weathering; the removal flux of P to the sediment, diminishing its availability in the ocean; and
the potential redox-promoted recycling of P back to the water column, nuancing the efficiency of
P removal to the sediment. Moreover, marine P bioavailability is quite different to dissolved
phosphate concentrations in seawater, as there is a range of reactive P-bearing particles and
colloids that may also be utilised by organisms. Therefore, understanding the speciation of both
solid and dissolved P in the water column and the sediments becomes substantial to evaluate the
extent of P bioavailability.

All in all, P is generally considered the ultimate limiting nutrient on geological timescales
(Tyrrell, 1999), with direct implications on primary production. In turn, the extent of biomass
derived from primary production exerts control on the flux of organic carbon (Corg) to the
sediment and, consequently, on Cog burial within the sediment. Coy burial is commonly
considered a source of atmospheric oxygen, since the utilisation of the latter during oxidative
decay of organic matter becomes muted when Corg gets buried on the long term. Hence, on geologic
timescales, it is generally assumed that the cycle of P directly links with primary producers and,
ultimately, atmospheric oxygen, although this P-O, coupling has been recently questioned for the
Precambrian (Dodd et al., 2023).

Considering this shared history amongst surface weathering processes, phosphorus
bioavailability, life itself, and oxygen production, the Proterozoic eon (2.5 to 0.541 billion years
ago, Ga) plays a central role. Indeed, it witnessed several of the most important revolutions in
Earth history, such as the protracted oxygenation of the oceans and the atmosphere in the early
Proterozoic (Farquhar et al,, 2000; Bekker et al., 2004), the rise and evolution of early eukaryotes
(Martin et al,, 2003; Knoll et al,, 2006; Javaux, 2011), and the emergence of animal life in the

terminal Proterozoic, which changed forever the world’s biosphere dynamics (Knoll and Carroll,



1999; Butterfield, 2009). In that sense, the Proterozoic may be considered the cradle of our
modern habitat, and consequently, ‘chicken and eggs’ questions around the evolutionary steps
that lead to the Phanerozoic remain largely debated.

This is certainly the case regarding the phosphorus reservoirs, cycling, and bioavailability,
with studies suggesting high marine phosphorus throughout most of the Proterozoic (e.g.,
Planavsky et al., 2010) whilst others argue in favour of the opposite (e.g., Reinhard et al., 2017).
In what follows, I attempt to summarise our current understanding and limitations on how and
why the global P reservoir evolved in the Proterozoic while highlighting how experiments may

help us tackle this question.

1.1. Phosphorite deposits and the oxygenation of the Earth’s surface

Our current understanding of the oxygenation of the Earth’s surface suggests that the
atmosphere and the major part of the oceans remained anoxic until the Great Oxidation Event
(GOE), which occurred ~2.4-2.2 Ga (Bekker et al., 2004; Lyons et al., 2014; Poulton et al., 2021),
with ‘whiffs’ of oxygen predating the GOE (Anbar et al., 2007; Kaufman et al., 2007; Scott et al.,
2008; Kendall et al., 2010). This unprecedented episode, during which our atmosphere switched
from being reducing to oxidising, marked what may well have been the most decisive event for
our planet’s biosphere. As oxidative weathering can dig out a range of reduced species from the
continental crust, one of the first and notable consequences of the GOE is a dramatic change in
weathering regime and nutrient influxes to the oceans.

Phosphorus contents in the upper continental crust, given as P,0s, cluster around 0.15 wt%
(Rudnick and Gao, 2003). Weathering of the continental crust being the ultimate source of
phosphorus to the oceans, one may expect to recover eventually similar contents in marine
sediments, over geologic timescales. Whereas the average deep sea clays yield similar P contents
(Turekian and Wedepohl, 1961), other marine sedimentary rocks significantly deviate from that
value, suggesting that a range of biogeochemical processes may store P in the sediments or, by
contrast, regenerate and accumulate P in the water column. Phosphorites, for instance, are
sedimentary deposits that consist of >10 wt% P (Holland, 2005), either disseminated within
shales, or occurring as discrete nodules, lenses or layers of apatite. Figure 1 shows the evolution
of phosphorite deposits and the oxygenation of the Earth’s surface. Notably, early Earth’s marine
sedimentary rocks are characterized by a lack of both phosphorite deposition and atmospheric
oxygen. It is during the Palaeoproterozoic (2.5 to 1.6 Ga), and more precisely during the
Lomagundi event (~2.22 to 2.06 Ga), which records a large positive C isotope excursion and
presumably marks the stabilisation of the non-reversable oxidised atmosphere (Poulton et al,,
2021), that the first economic phosphorites deposited (Bekker and Holland, 2012). Phosphorite

deposits are then found discontinuously and in lesser abundances until a second, Neoproterozoic



rise in atmospheric oxygen, where phosphorite abundances increase again (Fig. 1). The
synchronicity between the history of atmospheric oxygen and the geologic record of phosphate-
rich sedimentary rocks (Papineau, 2010) not only reminds us that, as a major nutrient, P somehow
links to Corg production and burial and, eventually, to the degassing of atmospheric oxygen (Alcott
et al, 2019), but also that in order to reconstruct its past cycling and bioavailability, one has to
scrutinise the redox evolution of the oceans, in other words, the scene where P dynamics took

place.

1.2. A brief history of the redox evolution of the Precambrian oceans

The common hypothesis for the rather late Earth’s surface oxygenation - over 1 Ga after the
putative emergence of oxygenic photosynthesising cyanobacteria (Schopf, 1993; Rosing et al,,
1996; Brasier et al., 2002) - is that early oxygen oases derived from photosynthesis first reacted
with vast amounts of dissolved ferrous iron (Fe) in anoxic and Fe-rich (ferruginous) oceans, prior
to accumulating and degassing into the atmosphere (Olson et al, 2013). This led to the
intermittent deposition of laminated, iron-rich, chemical sediments (so called ‘banded iron
formations, ‘BIFs’), from the Archean to ~1.9 Ga (Fig. 1).

The progressive oxygenation of the atmosphere, from the Archean ‘whiffs’ to the GOE,
enhanced the input fluxes of sulphate to the ocean due to oxidative weathering of continental
sulphides (Canfield, 1998). Higher sulphate influxes on productive, continental margins favoured
higher rates of bacterial sulphate reduction, leading to a significant increase in the extent of
euxinic (anoxic and sulphide-rich, Fig. 2) waters by ~1.8 Ga (Canfield, 1998; Poulton et al., 20044,
2010), coinciding with the cessation of BIF deposition (Figs. 1 & 2). Note that the last episode of
BIF deposition occurred in between the first and second episodes of phosphorite deposition,
suggesting that conditions favouring BIF deposition may have hampered the accumulation of P in
the ocean, which I will discuss later.

Atmospheric oxygen models indicate that after the GOE, pO, remained well below the present
atmosphericlevel (PAL), with estimates ranging from <0.001 to ~0.4 PAL (Kump, 2008; Planavsky
et al,, 2014; Zhang et al., 2016). Whilst the deeper ocean remained mostly ferruginous (Poulton
and Canfield, 2011; Planavsky et al., 2011), it is thought that euxinic conditions were prevalent in
mid-depths environments of continental margins and intracratonic basins, and so until the early
Neoproterozoic (~1 to 0.8 Ga). During this ‘boring billion’ of evolutionary stasis (Knoll et al., 2006;
Javaux, 2011), it is widely assumed that atmospheric oxygen also remained at relatively constant
levels (Fig. 1; Kump, 2008; Lyons et al., 2014; Planavsky et al., 2014). However, evidence for
fluctuations in both the extent of ocean oxygenation (Doyle et al.,, 2018; Zhang et al., 2018) and

the global-scale nature of ocean redox conditions (Guilbaud et al., 2015; Sperling et al., 2015)



could suggest variations in atmospheric oxygen concentrations, divorcing from the idea of
constant O; levels through that interim.

In the early Neoproterozoic (1 to 0.8 Ga), euxinic conditions became anecdotical (Guilbaud et
al., 2015; Sperling et al., 2015; but see also Dahl et al.,, 2011; Thomson et al,, 2015). Isotope
evidence for expansive oxic conditions in surface waters after 0.8 Ga (Planavsky et al., 2014) may
also depict the deepening of the redoxcline at that time. In the later Neoproterozoic (~0.8 to 0.541
Ga), the redox structure of the oceans seem to have oscillated from ferruginous to oxic conditions,
with sulphidic conditions due to higher sulphate levels being restricted to the sediment (Canfield
et al., 2007, 2008; Johnston et al., 2010; Wood et al., 2015; Tostevin et al,, 2019) during the
protracted establishment of modern-like oxygen minimum zones at the Proterozoic-Cambrian

transition (Tostevin et al., 2016; Guilbaud et al,, 2018, Fig. 2).

1.3. Questioning the paradigms

The observation that the atmosphere never returned to anoxic conditions after ~2.22 Ga
(Poulton et al,, 2021), but that oxygen levels remained persistently low throughout most of the
Earth’s ‘middle age’ (Kump, 2008; Lyons et al., 2014; Guilbaud et al., 2020), suggests that Corg
burial was somehow muted throughout that interval. Several fundamental questions remain open
on why and how. For instance, muted Cor¢ burial may suggest nutrient limitations on primary
production; hence, the question is what role did phosphorous play in that story? Was phosphorus
a limiting factor for the early evolution of eukaryotic life? Did organisms uptake P in their organic
tissues in the same proportions as today? Were the intrinsic dynamics of the cycles of phosphorus,
carbon and oxygen as described through the Phanerozoic (Berner, 1989; Berner and Canfield,
1989) equally operating during the Proterozoic?

In order to address these questions, section 2 will summarize our understanding of the P
cycle in modern settings, sometimes considered as analogues to Proterozoic environments.
Sections 3, 4 and 5 will explore and question our ability to reconstruct seawater P levels and P

dynamics from the rock record.

2. Insights form the modern P cycle in marine environments

There has been extensive work since the ‘80s on the phosphorus cycle in modern
environments. My aim here is not to review that work, as such exhaustive reviews already exist
(i.e., Ruttenberg, 2003), but to extract the main aspects of P dynamics in a range of environments

that may help us reconstruct the P cycle in ancient environments.

2.1. Oxic water columns



In the modern, dominantly oxidised environment (with >250 uM dissolved O; in seawater),
marine dissolved P commonly occurs as orthophosphate. It is sourced from the weathering of the
continental crust through riverine fluxes, as neither hydrothermal vents nor the alteration of the
oceanic crust deliver significant amounts of P to the ocean (Wheat et al., 1996). Phosphorus is
particle reactive, and its transport by rivers is mainly associated with a range of particles, broadly
distributed into organic matter, ferric (oxyhydr)oxides and apatite, while the residual dissolved
riverine pool is by half comprised of dissolved organics (Ruttenberg and Canfield, 1994;
Ruttenberg, 2003).

Once in the marine environment, phosphorus is removed from the ocean through particle
transport to the seafloor and sediment burial (Frohlich et al., 1982; Ruttenberg, 1992, 2003;
Delaney, 1998). Dissolved orthophosphate may be directly taken up by phytoplankton, hence
incorporating organic matter, with a remarkably constant atomic C:P ratio of 106:1, canonically
referred to as the ‘Redfield ratio’ due to its discoverer (Redfield, 1958). In fact, for fresh
phytoplankton, this ratio actually shows some degree of variability, due to local nutrient
availability (Goldman et al.,, 1979; Anderson and Sarmiento, 1994; Lenton and Watson, 2000; Teng
etal, 2014); yet, organisms may use enzymatic pathways to reach out phosphorus from reactive
particles when dissolved phosphate becomes depleted (Ruttenberg, 2003). Then, the produced
dissolved organic phosphorus pool also plays a considerable but highly variable part of the total
dissolved P that is available to organisms (Bjorkman and Karl, 2003; Lomas et al., 2010; Karl and
Bjorkman, 2015). During deposition, up to 90% of Coz may be remineralised through organic
matter respiration, releasing organic-bound P back to the water column. By contrast, as sinking
Fe (oxyhydr)oxdides are efficient P scavengers, their deposition act as a P removal carrier to the
sediment. Similarly, without the presence of free dissolved Fe(II), detrital apatite remains fairly
insoluble in oxic waters (Brady et al., 2022) and also consists in a major P carrier to the sediment.
In addition to these three P transport pathways to the seabed (i.e., organic matter, Fe
(oxyhydr)oxides and detrital apatite), authigenic minerals of abiotic or biogenic origin, such as
carbonates and carbonate fluorapatite (CFA), may form in the water column and sink down along
with detrital particles and, to a lesser extent, dust (Frohlich et al., 1982; Ruttenberg, 1992;
Ruttenberg and Berner, 1993; Ruttenberg and Canfield, 1994; Delaney, 1998).

2.2. Oxygen-depleted sediments underneath oxic waters

Depending upon organic matter loading at the sediment-water interface, respiration
processes result in the rapid exhaustion of dissolved O; in the sediment, or sometimes directly
above it (Canfield and Thamdrup, 2009). Organic matter mineralisation then involves other
electron acceptors than oxygen such as, amongst others, nitrate, Fe (oxyhydr)oxides and sulphate.

During bacterial Fe reduction in the sediment, produced Fe2* subsequently reprecipitates as



authigenic ferric oxyhydroxides at the sediment-water interface, which may re-adsorb
phosphorus released during organic matter respiration (Slomp et al., 1996a). In turn, depending
on the rates of Fe reduction, P may be released and trapped as authigenic CFA in porewaters, and
therefore Fe minerals play a key role in CFA precipitation during early diagenesis (Jarvis et al,,
1994; Slomp et al., 19964, Fig. 3).

When sulphide is produced in the sediment during sulphate reduction, Fe (oxyhydr)oxides
get rapidly dissolved by HS- or H,S (Pyzik and Sommer, 1981; Canfield et al., 1992; Dos Santos
Afonso and Stumm, 1992; Peiffer et al., 1992; Poulton, 2003; Poulton et al., 2004b), producing Fe
sulphides, which are significantly less efficient at adsorbing or coprecipitating P (Krom and
Berner, 1980, 1981). This results in the release of Fe-bound phosphorus, itself augmented by the
preferential release of P during organic matter degradation by sulphide (Ingall et al., 1993; Van
Cappellen and Ingall, 1994; Ingall and Jahnke, 1997; Slomp et al.,, 2004; Mort et al, 2010).
Depending on the extent of sulphidation, released phosphorus is partly regenerated to porewaters
and the water masses above, although this regeneration is nuanced by the formation of vivianite
(Fell3(P04)2:8H20) at the interface where sulphide has been consumed and where Fe(Il) is
produced, reacting with dissolved phosphate (Slomp et al., 2013, p.2013; Hsu et al,, 2014; Egger
etal, 2015; Dijkstra et al,, 2016; Liu et al,, 2018; Marz et al,, 2018; Xiong et al.,, 2019; Kubeneck et
al,, 2021), or during its incorporation into CFA (Jarvis et al., 1994; Filippelli and Delaney, 1996;
Slomp et al., 1996a).

Degradation of Corg by the different redox regimes outlined above results in sedimentary C/P
ratios departing from the Redfield ratio of 106:1 (Anderson et al.,, 2001), which also links to
sedimentations rates (Ingall and Van Cappellen, 1990) and, subsequently, to the deposition depth
(it be pelagic or on the shelf). For instance, oxic degradation at low sedimentation rates may
favour the preferential decomposition of Corg OVer organic P, and a ratio close to or <106:1 (Ingall
and Van Cappellen, 1990). By contrast, the preferential release of P,y when Corg degradation
operates via sulphide reduction results in Corg/Porg ratios surpassing the Redfield ratio by orders
of magnitude (Ingall and Jahnke, 1997), while they can remain close to the Redfield ratio in iron-
dominated sediments (Ruttenberg and Goni, 1997). Slomp and Van Cappellen (2007, Fig. 4)
summarized Corg/Porg data from a range of sediments, including some deposited under anoxic

water columns, which I will cover below.

The assessment of the total P (Pi) budget in sediments (e.g., Frohlich et al., 1982) have been
significantly readdressed by the development of an operationally defined, sedimentary P
extraction scheme ('SEDEX’, Ruttenberg, 1992). The SEDEX method targets five sedimentary P

pools including the loosely sorbed fraction (Psom), Fe (oxyhydr)oxides-bound P (Pre1), P associated



with authigenic apatite, biogenic apatite and carbonates (P.un), detrital apatite and other
unreactive inorganic P (Pge:) and organic P (Porg). Hence, the SEDEX method allows an evaluation
of the proportion of phosphorus that is well crystalline and remains unreactive to organisms
during transport, deposition and burial (i.e., Pq4e), and the proportion of phosphorus that is
reactive towards biogeochemical reactions and that is or may have been utilised by organisms.
Such reactive phosphorus (here referred to as Preac), is the sum of the other P pools extracted by
the SEDEX method, such as Preac = Psorb + Pre1 + Pauth + Porg. Further, the SEDEX method permits to
evaluate the extent of ‘P sink switches’, which occur via the biogeochemical reactions listed above
during early diagenesis. Therefore, it also allows the inspection of Corg/Preac ratios, instead of
Corg/Porg, which may account for the diagenetic transfers of phosphorus from organic matter to
other reactive endmembers (Anderson et al, 2001). Note, however, that it presumes a
quantitative transfer within each Preac pool with no loss to the water column, and that it neglects

the additional background influx of authigenic and Fe-bound phosphorus.

This summarised knowledge of the modern P cycle would suggest that we are well equipped
to reconstruct the evolution of P reservoirs and P availability to organisms throughout Earth’s
history. Yet, ancient oceans were dominated by anoxic conditions, and the sedimentary rocks
which may entail information on the P cycle in the deep past are limited. A range of modern,
atypical environments, often (misleadingly) referred to as ‘analogues’ to ancient settings, may
provide extremely insightful clues to the past. In these anoxic environments, the biogeochemical
reactions that are usually restricted to anoxic sediments underneath oxic waters may start in the
water column, at the redoxcline, and the nature of these reactions depends itself on the redox
nature of the environment. So, how can our current understanding of the modern P cycle inform

us about its past cycle, and where to find such atypical environments?

2.3. Ferruginous water columns

Ferruginous water columns refer to anoxic environments, either marine or lacustrine, which
contain dissolved ferrous iron. In the modern world, these conditions are usually limited to
stratified lakes where anoxia develops at depth. Under ferruginous conditions, highly reactive Fe
particles commonly form within the water column, either by oxidation of ferrous Fe at the
chemocline in the shallow waters, or by anoxygenic, photoautotrophic Fe(Il) oxidising bacteria
known as photoferrotrophs, also in the shallow photic zone (Kappler et al., 2005). In this context,
bacterial P accumulation (Rivas-Lamelo et al., 2017) and P uptake by iron minerals such as
ferrihydrite (Konhauser et al, 2007a) and green rust (a brucite-like mixed Fe(II)/Fe(III)
hydroxide, with either carbonate or sulphate anions in the interlayer, e.g., Felll,Fell3(OH)12C03)

starts in the water column, way above the sediment-water interface. This results in significant P



drawdown from the water column, and its accumulation in the sediment sink beneath (Zegeye et
al,, 2012; Cosmidis et al., 2014). Upon settling, P may be released to pore waters and the water
column during anaerobic diagenesis, via partial decomposition of organic matter and the
reduction of Fe (oxyhydr)oxides (Froelich et al,, 1979; Krom et al,, 1991; Ingall and Jahnke, 1997;
Slomp et al., 2004). However, this process may be compensated by re-adsorption onto sinking Fe
minerals at the sediment-water interface (Dellwig et al., 2010). This ‘Fe wheel’ (Busigny et al,,
2016) likely enhances sedimentary P fixation in association with Fe minerals (Thompson et al.,
2019), carbonates (Thompson, 2018; Rotaru et al., 2019; Vuillemin et al., 2019) or Fe phosphates
(Slomp et al,, 2013; Cosmidis et al,, 2014; Egger et al., 2015; Xiong et al., 2019). This long term, P-
fixation in sediments directly underneath ferruginous waters suggests that the subsequent
sedimentary Corg/Preac ratios may be closed to or below the Redfield ratio. However, studies of
oligotrophic, ferruginous lake sediments show C/P ratios way above it (Thompson, 2018;
Vuillemin et al,, 2020), perhaps due to P limitations in the first place. The question remains
whether ferruginous conditions with higher dissolved P concentrations yield similar results, or if
P fixation into CFA or phosphates effectively occurs.

The wide range of P-associated Fe minerals, which surface chemistry and P sequestering
abilities strongly differ from one mineral to another, suggests that the mineralogy of Fe-bearing
particles exerts major controls on the fate of P under ferruginous conditions. In the oligotrophic
ferruginous waters of Lake Towuti (Vuillemin et al., 2019) and Lake Matano (Crowe et al., 2008;
Zegeye et al., 2012), where P:Fe(II) ratios range from 1:150 to 1:30, green rust is the dominant Fe
mineral phase that forms in the water column, with subsequent transformation to more stable
minerals, such as magnetite (Bauer et al., 2020) or siderite (Vuillemin et al., 2019). Vivianite
formation is restricted to the deeper sediment, where Fe reduction allows the accumulation of P
in the porewaters (Vuillemin et al., 2019). By contrast, in the phosphate-rich ferruginous waters
of Lake Pavin, where phosphate concentrations reach up to 300 pM at the redoxcline (Cosmidis et
al., 2014) with P:Fe(II) ratios ~1:6, and in the ferruginous porewaters of Lake Cadagno, with
P:Fe(II) ratios ~1:3 (Xiong et al., 2019), the formation of vivianite commonly occurs (0’Connell et
al,, 2015), as early as in the water column (Cosmidis et al., 2014; Busigny et al.,, 2016).

Xiong etal. (2023) explored the mineralogical transformations occurring to Fe minerals when
varying the P:Fe(II):Fe(IlI) proportions under anoxic conditions. They showed that for P:Fe(II)
ratios <1:30, green rust is the sole crystalline phase observable in their experiments (Fig. 5a,b,c),
and that P drawdown from the solution is operated by effective adsorption onto green rust
particles and interlayer anion exchange, via the formation of amorphous Fe-P precursors which
may delay the precipitation of crystalline green rust (Fig. 5c¢). For higher dissolved P and P:Fe(1I)
(Fig. 5d,e), green rust also forms but rapidly dissolves, however, leading to the formation of

amorphous ferric (hydr)oxides together with dissolved Fe(Il) and phosphate, with the dissolved



species subsequently reacting to form crystalline vivianite. These observations are in good
agreement with studies showing the water column formation of green rust in modern
oligotrophic, anoxic and Fe-rich settings, with vivianite forming when P accumulates to higher

concentrations (Cosmidis et al., 2014; Bauer et al.,, 2020; Vuillemin et al., 2020).

2.4. Euxinic water columns

Contrasting with ferruginous settings, euxinic conditions refer to anoxic conditions
containing dissolved sulphide, being dominantly represented by either H.S or HS-, depending
upon local pH. The best example to illustrate such conditions in the modern world is certainly the
Black Sea, where O, gets depleted at around 60m depth whilst sulphide starts building up at
around 90m depth (Murray et al,, 1989; Canfield and Thamdrup, 2009). Within that ~30m gap,
nitrate, but mostly manganese (Mn) reduction operates (Canfield and Thamdrup, 2009), and
particulate P is dominantly Mn oxide associated (Dijkstra et al., 2018b). In the deeper, euxinic
waters, phosphorus recycling back to the water column gets particularly intense as most
inorganic, oxide-bound P particles are dissolved by hydrogen sulphide and organic matter
remains the main carrier of P to the sediment (Dijkstra et al., 2018b). Elevated sediment Corg/Porg
ratios, surpassing the Redfield ratio (Dijkstra et al., 2014) further support preferential P release
during Corg degradation by sulphate reduction (Ingall et al.,, 1993; Van Cappellen and Ingall, 1994;
Ingall and Jahnke, 1997; Slomp et al., 2004). The SEDEX method revealed that whilst Corg gets
consumed by microbial processes, P gets buried in the sediment as authigenic apatite and,
surprisingly, in association with CaCO3 (Dijkstra et al., 2014; Kraal et al., 2017). This, presumably,
illustrates the absence of Fe minerals due to sulphide dissolution, and the lack of sedimentary Fe2*
production to react with phosphate to form vivianite.

Contrasting with the Black Sea, in low-sulphate, euxinic environments such as Lake Cadagno,
hydrogen sulphide gets depleted, consumed by Fe within the first 20 cm of sediment (Xiong et al.,
2019, Fig. 6). In such conditions, the combined fluxes of P and Fe2+ favour the supersaturation
conditions required for vivianite formation in non-sulphidic part of the sediment (Xiong et al,,
2019), similar to what is observed under the sulphate-methane transition sediments underneath
oxic waters, or transiently euxinic bottom waters (Egger et al., 2015; Dijkstra et al., 2016; Liu et
al, 2018; Marz et al, 2018). The persistence of vivianite in sulphide-rich environments was
recently addressed by Dijkstra et al. (2018a), who confirmed experimentally that vivianite rapidly
dissolves in sulphide-rich seawater (Vuillemin et al., 2013). Hence, its presence and effectiveness
as a P sink in anoxic sediments highly depends upon sulphide contents and the dynamics of the
sulphidation front within the sediment. In any case, the extent of P regeneration to the water
column under euxinic conditions is likely linked to sulphate contents in the sediment, as they play

a key role in promoting P retention as authigenic phases such as carbonates and phosphates. In



Lake Cadagno, Corg/Preac considerably lower than Corg/Porg suggests that part of the recycled
organic P gets sequestered by such phases (Xiong et al., 2019).

2.5. Conclusions arising from observations of the modern world

In the prospect of understanding P dynamics in the Proterozoic ocean, several aspects from
modern, anoxic environments can be highlighted for further test against the rock record. In
particular, I summarise the prime Fe and P mineralogy found in ferruginous and euxinic
conditions in Table 1.

In the first instance, P drawdown may be efficient under ferruginous conditions, which have
characterised most of the Proterozoic ocean (Poulton and Canfield, 2011; Planavsky et al., 2011),
through Fe particle uptake to the sediment. While Fe reduction operates as early as in the water
column, reactive Fe particles such as green rust are likely to adsorb or coprecipitate recycled P
(Bauer et al, 2020; Xiong et al, 2023) under lower P concentrations. Under higher P
concentrations, authigenic minerals such as vivianite may form (Cosmidis et al., 2014; Busigny et
al,, 2016; Xiong et al.,, 2023). Depending on P concentrations, despite P retention in the sediment
via authigenic mineral fixation, Corg/Preac ratios can be highly variable, from values close to the
Redfield ratio (Ruttenberg and Goni, 1997) to values surpassing it (Vuillemin et al., 2019).

Under euxinic conditions, which developed along productive continental margins, as
oxidative weathering enhanced the flux of sulphate to the oceans (Poulton et al., 2010; Poulton
and Canfield, 2011), P recycling to the water column is favoured through both Fe reduction and
Corg degradation (e.g., Slomp et al., 2004). This results in Corg/Porg ratios systematically >106:1;
This recycling is, however, nuanced by the sediment fixation of P as authigenic apatite or in
association with CaCOs in carbonate and sulphate rich environments (Kraal et al., 2017). In low-
sulphate environments, which have characterized the Proterozoic (e.g., Kah et al., 2004; Guilbaud
et al,, 2015), P fixation was likely augmented by vivianite formation in non-sulphidic sediments
(Liu et al., 2018; Marz et al., 2018; Xiong et al,, 2019), diminishing the extent of P regeneration to

Proterozoic water columns.

3. Estimating Proterozoic seawater phosphate from the record of iron formations

First attempts to reconstruct ancient seawater P levels focussed on iron formations. Indeed,
as mentioned above, iron oxides are incredibly efficient at stripping dissolved P via
coprecipitation and adsorption at the particle surfaces. Therefore, Bjerrum and Canfield (2002)
proposed that BIFs can be a passive archive of seawater dissolved P, and suggested that the
Archean and most of the Palaeoproterozoic, ferruginous oceans where BIFs deposited witnessed
extensive P drawdown from the water column, resulting in a so-called ‘P crisis’ (Bjerrum and

Canfield, 2002).



3.1. Clues from P/Fe ratios in ancient iron formations (IFs)

The assumption is that scavenged P is proportional to seawater phosphate, and therefore the
P/Fe ratios in well-preserved BIFs scale linearly with dissolved phosphate concentrations in
ancient oceans. Hence, dissolved P concentrations may be calculated back dividing the measured
P/Fe ratio by a distribution coefficient (Kp) that describes the partitioning of dissolved phosphate
versus phosphate that is adsorbed onto Fe (oxyhydr)oxides. Such covariation between P and Fe
contents is beautifully exemplified by recent compilation of P,0Os versus Fe;03; data in bulk
Archean iron formations (Rego et al, 2023, Fig. 7). Bjerrum and Canfield (2002) used a
distribution coefficient (Kp) value ~0.06 uM-1, as found in modern hydrothermal vents where
Fe(II) quickly oxidises (Feely et al., 1998), and estimated dissolved [P] <0.6 uM in Archean and
early Palaeoproterozoic seawater, ~<25% of modern concentrations.

Caution is required here, however, as the conclusion of low seawater phosphate entirely
relies on the estimation of Kp. For instance, Konhauser et al. (2007b) performed coprecipitation
experiments to revisit Kp estimates by considering the higher silica contents of Precambrian
seawater. Indeed, prior to the rise of silica-biomineralizing organisms such as sponges and their
ancestors, marine silica contents would have been comprised between the thresholds imposed by
saturation with cristobalite (i.e., 0.67 mM at 40°C) and saturation with amorphous silica (i.e., 2.20
mM) (Maliva et al, 2005), which in both cases surpass the modern ocean dissolved silica
concentrations <0.10 mM (Treguer et al., 1995). They found that in the presence of silica, which
competes with phosphate on adsorption sites, Kp values significantly diminish to to ~0.011 pM-1
and ~0.002 pM-1! using cristobalite and amorphous silica saturation conditions, respectively.
Therefore, they concluded that dissolved silica in Precambrian seawater greatly impacted on the
capacity for ferric (oxyhydro)oxides to withdraw P from solution. Building upon these
experimentally derived Kp values, Planavsky et al. (2010) reconstructed the evolution of dissolved
P through geologic timescales, using the record of BIFs and iron-rich sediments, and proposed
that P concentrations were higher than modern day values throughout the Proterozoic. Yet,
another set of experimental data redefined Kp values, not only by considering silica contents, but
also using a range of seawater compositions (Jones et al., 2015). Contrasting with previous reports
(Konhauser et al., 2007b; Planavsky et al.,, 2010), the new Kp estimates predict seawater P
concentrations <0.15 pM in the early Palaeoproterozoic, at least 18 times lower than the modern

ocean (Jones et al., 2015).

Nuancing arguments should be raised here. First, the sensitivity of experimentally derived
data, as exemplified above, highlights the risk of strongly diverging interpretations of the rock

record. Second, as covered in section 2.3, the sole precipitation of ferric (oxyhydr)oxides under



ferruginous conditions does not reflect the diversity of processes which may withdraw
phosphorous from the water column, or, on the opposite, recycling from the sediment during early
diagenesis. Even considering that the deposition Fe-rich, chemical sediments such as BIFs was
likely to be a major driver for P removal from seawater, ferric (oxyhydr)oxides do not resume the
complexity of potential Fe mineral precursors (and therefore the diversity of potential Kp). Indeed,
there is a range of precursory phases that may have been involved during the genesis of BIFs and
Fe-rich sediments including greenalite (Tosca et al,, 2016; Rasmussen et al., 2019; Johnson et al,,
2020; B Rasmussen et al,, 2021; Guilbaud et al,, 2023), green rust (Zegeye et al., 2012; Halevy et
al,, 2017; Guilbaud et al., 2023), and magnetite (Li et al., 2017), none of which being mutually

exclusive (Konhauser et al.,, 2017).

3.2. Mineralogical considerations

There are still too few experimental studies which address BIF diagenesis, let alone the
associated P cycling. In the classical model, ferrihydrite undergoes a range of biogeochemical
reactions during early diagenesis that lead to BIF-forming minerals (e.g., Konhauser et al., 2007a).
A set of new experiments simulating BIF diagenesis suggests that when organic carbon is present,
partial reduction of P-doped ferrihydrite permits the formation of a range of assemblages
including siderite, magnetite and vivianite and hematite, with limited remobilisation of P to the
porewaters (Schad et al,, 2021, Fig. 8). These results are not without caveats: 1) the study lacks to
explain chert and Fe(II) silicate genesis (Muhling and Rasmussen, 2020; B Rasmussen etal., 2021);
2) the production of vivianite is only supported by one study (Alibert, 2016), as vivianite is usually
absent from BIFs, and so is organic matter. That said, the study also reveals important keys: 1) the
produced suite of mineralogical assemblages comprises some major phases that are indeed found
in well-preserved BIFs, such as magnetite and siderite; 2) phosphorus recycling seems very
limited (<10%), supporting P fixation in the sediment. Note that over geologic timescales, P sink-
switches (sections 2.2 and 2.3) likely occurs, favouring the preservation of other minerals such as
CFA (Slomp et al,, 1996a), and that vivianite formation demands high P loading as a prerequisite
(Xiong et al., 2023).

As mentioned above, green rust may have been a common authigenic mineral of Proterozoic
oceans (Halevy et al, 2017). Green rust particles can accommodate significant amounts of
phosphate adsorbed onto the mineral surfaces (Bocher et al.,, 2004) or incorporated into the
interlayers (Xiong et al., 2023). The transformation of green rust into magnetite and siderite, two
of the main constituents of BIFs, during diagenesis and metamorphism has been documented by
several studies (e.g., Guilbaud et al., 2013, 2023; Halevy et al., 2017). In particular, the formation

of magnetite readily occurs during early diagenesis, at temperatures <100°C (Fig. 9). However,



the fate of phosphorus during these mineralogical transformations is currently unknown and

further research is required.

The recent discovery of finely dispersed apatite nanoparticles in Palaeo- and
Mesoproterozoic iron formations (Johnson et al., 2020; Birger Rasmussen et al., 2021; Rasmussen
etal, 2023) supports CFA formation as a long-term P sink in Fe-rich sediments (Fig. 3). Together
with the ubiquitous presence of presumably primary greenalite crystals, dispersed within the
cherts of Palaeoproterozoic BIFs (Rasmussen et al., 2019; Muhling and Rasmussen, 2020; B
Rasmussen et al., 2021), it has been proposed that Palaeoproterozoic seawater P concentrations
were significantly higher than previously thought (Birger Rasmussen et al., 2021; Rasmussen et
al,, 2023). In particular, Rasmussen et al.,, (2021) infer that unlike modern hydrothermal systems,
where Fe(II) rapidly oxidises and precipitates scavenging P out of the water column, ferruginous
Palaeoproterozoic oceans may have allowed, on the contrary, P accumulation in the water column,
resulting in its incorporation as disperse apatite nanoparticles in the long-term. This, however,
omits the continuous ‘Fe wheel’ exerted by sinking Fe particles and preventing such accumulation
during prolonged periods of ferruginous anoxia (Dellwig et al, 2010; Busigny et al, 2016;
Guilbaud et al., 2020). In fact, the presence of nanoparticulate apatite in iron formations rather
reflects sediment P fixation from a small reservoir (Jones et al., 2015). High silica contents in
seawater favoured the formation of Fe(II) silicates, resulting in CFA being the ultimate P sink,
instead of vivianite (Johnson et al., 2020).

The controversy arising from P contents and P mineralogy in IFs leads to my final argument
on the limitations inherent to their use as faithful seawater P archives. Despite years of research
on the diagenesis of BIFs, they remain extraordinary but also enigmatic geological features. It is
yet to be demonstrated that the chemical and mineralogical signatures they carry provide more
answers than they raise questions. In contrast to iron-rich chemical sediments, P contents in
siliciclastic sediments such as shales offer the significant advantage of a continuous record
through the entire geologic timescale. They also consist in sedimentary archives that are way
better understood than BIFs, and the biogeochemical mechanisms that occur during their early
and burial diagenesis are better constrained. Therefore, we may consider these sediments as a
powerful alternative to IFs in order to reconstruct the evolution of the marine dissolved P contents

in the Proterozoic.

4. Reconstructing the evolution of the P reservoir through the shale record

4.1. Bulk shale P contents



Recent efforts to build large datasets of P contents in shales were initiated by C. Reinhard and
his collaborators (Reinhard et al., 2017, Fig. 10). In their study, they compiled 7,970 new and
literature samples from marginal marine settings, focussing on finely grained siliciclastic rocks
with Al contents >1 wt%. This filter conveniently excludes sandstones, carbonates and chemical
deposits from the data. Reinhard et al. observed relatively low P contents in sediments until ~800-
700 Ma, and, contrasting with previous reports (Planavsky et al, 2010), suggested that
phosphorus was limiting primary production before 800 Ma, due to efficient P scavenging under
ferruginous conditions. This further supports low seawater P concentrations in the
Palaeoproterozoic (Bjerrum and Canfield, 2002; Jones et al.,, 2015). By contrast, sediments
younger than ~800-700 Ma yield higher P contents (4 folds higher on average), suggesting a major
shift in P cycling and bioavailability, concomitant with shifts in ocean redox chemistry, severe
‘snowball Earth’ glaciations and the emergence of animal life (Hoffman et al., 1998; Donnadieu et
al,, 2004; Och and Shields-Zhou, 2012; Planavsky et al., 2014; Lenton et al., 2014).

Augmenting this compilation by another ~>10,000 ‘shale’ samples (with Al contents >2 wt%
and excluding phosphorites), Planavsky et al. (2023) drew very similar observations (Fig. 10).
Specifically, using change-point methods, they suggest a Tonian (1 to 0,72 a) shift from low-P to
high-P regimes, expressed by the 753.3 Ma Visingso Formation, i.e. before the first Neoproterozoic
Sturtian glaciation. Planavsky et al. (2023) hence concluded that the shift in P cycling was unlikely
connected to global glacial events, but rather to a shift in ocean redox chemistry, with the likely
expansion of oxygenated conditions in the global ocean (Lyons et al., 2014; Planavsky et al., 2014).
Note, however, that glaciations themselves being the long-term consequence of continental
breakup, increase in seawater phosphate levels may still be coupled with increased LIP
weathering during continental breakdown.

The change-point methods on such a large dataset provides a strong support for a shift in the
P cycle paradigm around 800 Ma, with low phosphate concentrations in oceans older than ~800
Ma, inferring limited primary production and carbon burial, maintaining low atmospheric pO.

until the Neoproterozoic Oxygenation Event (Lyons et al., 2014; Planavsky et al., 2014).

The particulate ‘Fe wheal’ that efficiently scavenges P onto sinking Fe particles (such as green
rust) under ferruginous conditions is a popular hypothesis to invoke P-limited productivity and
low Corg burial during the Proterozoic. In addition, several mechanisms have been invoked to
explain P limitations. Laakso and Schrag (2014) suggest that enhanced Fe oxides on continental
surfaces, due to low p0O2, may have significantly reduced the flux of P to the oceans throughout the
Proterozoic. This, however, needs to be ground-proofed against the break-up of continental
masses or the emplacement of large igneous provinces (LIPs), which both may enhance P

weathering influxes to the oceans (e.g., Donnadieu et al., 2004; Horton, 2015; Cox et al,, 2016;



Alcottetal., 2022). Another scenario is proposed by Kipp and Stiieken (2017), who argue that oxic
degradation of organic matter being limited in the Proterozoic, the extent of Corg remineralization
and P recycling was necessarily diminished (but progressively increased after the GOE). Yet,
whilst this is probably true for the global ocean, Cory degradation mainly occurred along
productive continental margins, which were oxic for most of the Proterozoic (e.g., Poulton and
Canfield, 2011). Furthermore, variations in Cog preservation (Sperling and Stockey, 2018)
observed in concert with varying redox conditions (Guilbaud et al., 2015, 2020) suggest that the
efficiency of P recycling also varied throughout the Proterozoic. Finally, Derry (2015), argues that
vivianite formation under ferruginous conditions titrated out P from the oceans. Focussing on the
high saturation state of the Proterozoic oceans with respect to vivianite (Fig. 11), Derry (2015),
suggests that vivianite formation occurs even at low P concentrations. Note that in addition to
Fe?+, partial oxidation and precipitation of Fe(Ill)/Fe(II) phases such as green rust must be
considered (Xiong et al.,, 2023). Experimental and natural data from modern analogues indeed
support that vivianite formation may exert a major control on P cycling and bioavailability under
eutrophic-mesotrophic ferruginous settings (Cosmidis et al., 2014; O’Connell et al.,, 2015), as well
as in euxinic settings with low sulphate conditions and where an excess of Fe minerals promotes
vivianite over pyrite formation (Hsu et al.,, 2014; Marz et al., 2018; Xiong et al., 2019; Kubeneck et
al,, 2021). For lower P contents, however, P removal via green rust may dominate over vivianite
and the [P] estimates by Derry (2015) likely represent a minimum, consistent with observations

from modern, oligotrophic ferruginous lakes (e.g., Crowe et al., 2008; Thompson, 2018).

A striking observation arises from these large compilations and the unanimous picture that
emerges from their statistical analysis: despite the redox evolution of the Proterozoic ocean, and
the controls exerted by fluctuating redox conditions on the P cycle, the response on bulk shale P
contents seems muted for the major part of Earth’s history. Why is that? Poulton (2017) noted
that bulk P contents in shales only provide a rather restricted understanding of P dynamics, and
their interpretation gets limited in several aspects: 1) they do not specifically track bioavailable
P, let alone organic P, as a proportion of bulk P may remain inaccessible to organisms (section 2);
2) their use relies on the assumption that bulk shale P contents record a direct reflection of
dissolved seawater phosphate, which is unlikely the case. In order to tackle this, Poulton and co-
workers (e.g., Thompson et al., 2019; Guilbaud et al,, 2020; Bowyer et al., 2020; Alcott et al., 2022)
intended to untangle reactive and unreactive P in Proterozoic shales, coupling the partitioning of

Fe and P minerals in ancient sediments.

4.2. Coupling the speciation of iron and phosphorus in ancient sediments



Building upon the pioneering SEDEX scheme for modern sediments (Ruttenberg, 1992), and
on the Fe speciation method which is used on ancient sediments as a palaeoredox proxy (Poulton
and Canfield, 2005), Thompson et al. (2019) addressed the speciation of P in ancient, Fe-rich
shales, with a particular focus on the recovery of hematite-bound and magnetite-bound
phosphorus. In addition to four of the five operationally defined P pools targeted by the SEDEX
method (i.e., Pre1, Pauh, Paer and Porg), the revised scheme includes extraction steps targeting
magnetite-bound phosphorus (Pmag) and well-crystalline hematite-bound phosphorus (Prez2) (Fig.
12).

Particular caution must be taken when applying sequential extractions to ancient
sedimentary rocks. Indeed, burial diagenesis and metamorphism affect the crystallinity of certain
minerals and may recrystallise others, altering the propensity of some extracting solvents to
dissolve the targeted minerals. For instance, the citrate/dithionite/bicarbonate solution used in
the SEDEX method to target Fe (oxyhydr)oxides (Ruttenberg, 1992) may not reach the well-
crystalline hematite minerals in ancient sedimentary rocks, which are targeted by a more acidic,
citrate/dithionite/acetate solution in the Fe speciation method developed by Poulton and Canfield
(2005). Another common process which demands caution is the recrystallisation of authigenic P
into well-crystalline apatite, which is likely extracted as Pget. This was originally observed by the
first study applying the SEDEX method on Cambrian sediments (Creveling et al., 2014), whereby
~82% of the P budget was extracted as Pgec in phosphatic carbonates. In other words, in ancient
sedimentary rocks that underwent such recrystallisation, estimations of the reactive P pool are
necessarily wrong. However, and luckily, there are still numerous Proterozoic successions where
metamorphism was only mild (e.g., sub-greenschist) and where extracted Pqe: truly represents the
detrital component, as opposed to recrystallised Pa.n. To test this, Guilbaud et al. (2020)
recommend to check for the absence of correlation between Paun and Pger, which would correlate
if Pgec was in large part a product of Paun recrystallisation (Fig. 13A), and the presence of a
correlation between Pge: and a detrital element such as Al or Ti (Fig. 13B). For sediments where
these data quality checks are met, one may estimate the proportion of Pr..c within bulk P contents,
of which P, can be remarkably recalcitrant over geologic timescales (Thompson et al.,, 2019;

Guilbaud et al., 2020).

4.2.1. Sediment P recycling at the dawn and the aftermath of the GOE (2.5 to 2.2 Ga)
Coupling Fe and P speciation techniques, Alcott et al. (2022) explore the partitioning of P in

~2.6 to ~2.4 shales and Fe-rich sediments from the Campbellrand and Koegas Subgroups, South

Africa. Results demonstrate that, as expected, IFs are efficient scavengers of P under ferruginous

conditions, resulting in P fixation in the sediment and low Corg/Preac (Fig. 14A). By contrast,



Corg/Preac ratios way above the Redfield ratio for oxic, euxinic, but also ferruginous shales indicate
that sulphate reduction was sufficient to promote intense P remobilisation during early
diagenesis. In their model, Alcott et al. (2022) suggest that increasing sulphate levels prior to the
GOE enhanced for the first time in Earth’s history the regeneration of significant dissolved P to the
water column which, possibly combined with higher P influxes due to the LIPs weathering,
resulted in a positive feedback on primary production, Corg burial, and oxygen outgassing, leading
to the GOE.

During the GOE, the transient cessation in BIF deposition agrees with the expansion of euxinic
continental margins (Fig. 2), with nevertheless low sulphate levels (Kah et al., 2004). This may
have resulted in the precipitation of recycled P as vivianite (e.g., Xiong et al., 2019) or CFA (e.g,,
Birger Rasmussen et al,, 2021) in neighbouring ferruginous settings, or in its accumulation as
dissolved phosphate in eutrophic and euxinic water masses. At the end of the GOE, during the
Lomagundi Event, accumulated P may have titrated out of seawater, leading to the first

economical phosphorite deposits (Fig. 1, Bekker and Holland, 2012).

4.2.2. Maintaining low, but fluctuating O levels through the Earth’s middle age (~1.8 to

0.8 Ga)

The study of late Palaeo- and Mesoproterozoic shales deposited under euxinic conditions also
shows elevated Corg/Preac ratios, surpassing the Redfield ratio (Guilbaud et al., 2020, Fig. 14B). This
further gives support for P recycling to the water column due to the establishment of euxinic
conditions along productive continental margins by ~1.8 Ga (Poulton et al,, 2010), and the
synchronous cessation of BIF deposition. However, P recycling may have been less severe than
during the GOE, since P-doped, Fe-rich sediments as existed in the early Palaeoproterozoic would
have been exhausted by extensive sulphide recycling (Alcott et al., 2022). Studying the phase
partitioning of P in oxic and ferruginous sediments from the ~1.8-1.4 Ga Yanshan Basin, North
China, Doyle et al. (2018) showed that reactive P was effectively removed from a P-limited basin
and accumulated in the sediment. Together, combined Fe and P speciation results may explain the
0; recovery and stabilisation directly after the GOE-Lomagundi suite of events (Poulton et al.,
2021), whereby less extensive P recycling may eventually result in less Cor burial and less
atmospheric 0; production. The extent of P recycling may have further been nuanced by
sedimentary sinks such as vivianite (Derry, 2015) and CFA (Johnson et al,, 2020), limiting the
formation of phosphorite deposits during that time interval (Derry, 2015).

In sharp contrast with this scenario, euxinic conditions nearly disappear at ~1 Ga,
presumably because of decreased Fe influxes from supercontinent Rodinia (Guilbaud etal., 2015;
Sperling et al,, 2015, Fig. 2). Analysing the partitioning of P in a ~1-0.9 Ga ferruginous basin of the
North China craton, Guilbaud et al. (2020) showed that Pqe constitutes a major part of the already



diminished P flux to the oceans, suggesting that reactive P was significantly retained on the
continents, due to the mobility of Fe particles on Rodinia. This agrees, at least for the early
Neoproterozoic, with the continental P retention mechanism proposed by Laakso and Schrag
(2014). Note that terrestrial, lacustrine environments of the ~1 Ga Torridon Group, Scotland,
comprise significant P deposits (Fig. 15) which preserve early terrestrial eukaryotes (e.g., Battison
and Brasier, 2012; Brasier et al., 2017; Wacey et al.,, 2017). Current mechanism to explain
lacustrine phosphogenisis invokes redox-controlled P accumulation at the sediment-water
interface and the precipitation of microcrystalline apatite when supersaturation conditions are
reached (Battison and Brasier, 2012).

Guilbaud et al. (2020) suggest that extensive P drawdown by sinking green rust particles
(Xiong et al., 2023) in early Neoproterozoic oceans, and its fixation in the sediment as Prea,
maintained low Corg burial under an oligotrophic ocean, and low atmospheric O, conditions. This
is further supported by Corg/Preac ratios below the Redfiled ratio, as opposed to previous Palaeo-
and Mesoproterozoic formations (Fig. 14B). In the model, Guilbaud et al. (2020) suggest that in
order to maintain an oxidised atmosphere during that period of time, seawater [P] concentrations
must have been >0.55 uM, based on the p0O;/[P04] ratio required to keep the atmosphere at ~0.1
PAL (Planavsky et al,, 2014; Lenton and Daines, 2017).

4.2.3. Late Neoproterozoic dynamics

The later Neoproterozoic (~0.8 to 0.542 Ga) is characterized by a net increase in phosphorite
deposition and bulk shale P contents (Holland, 2005; Reinhard etal., 2017; Planavsky et al.,, 2023).
Current models to explain this increase in sedimentary P invoke the breakup of Rodinia and the
weathering of LIPs, eventually leading to the severe Neoproterozoic glaciations (Donnadieu et al.,
2004; Horton, 2015; Cox et al., 2016). By contrast, others invoke redox-related mechanisms, such
as the intensification of sulphide-induced P recycling from the sediments due to increasing
seawater sulphate concentrations (Laakso et al.,, 2020), or Oz-induced Cor remineralisation (Kipp
and Stlieken, 2017), without additional weathering fluxes. Some proposed that increased P levels
in the late Neoproterozoic may have contributed to the fundamental switch from a cyanobacterial-
to a eukaryotic-dominated biomass at the end of the first Neoproterozoic glaciation, and the
subsequent radiation of metazoans (Brocks et al., 2017).

However, questioning the idea of increased seawater P levels, studies on the partitioning of P
in several Ediacaran (635 to 541 Ma) successions from Russia, Australia, Western Canada,
Newfoundland and Namibia suggest P depletion or limited, local enrichments compared to the
average shale (Doyle, 2018; Bowyer et al., 2020). Further, when observed, P enrichments are
found in association with increased detrital inputs (Pget) rather than authigenic phases (Doyle,

2018), which bulk shale P contents do not permit to address (Poulton, 2017). As mentioned above,



the late Neoproterozoic is characterized by shifts in redoxcline depth, with conditions oscillating
from oxic to ferruginous, until the development of modern-like oxygen minimum zones in a fully
ventilated ocean (Canfield et al., 2007; Wood et al.,, 2015; Tostevin et al., 2016, 2019; Guilbaud et
al., 2018). The role played by phosphorus in this redox context may be inferred by these P
speciation data. Indeed, Bowyer et al. (2020) propose that the long term decrease in available P
under oxic and ferruginous water columns may have led to the progressive ventilation of the
global ocean, and that persistently oxygenated shallow waters with P fixation in the sediment may
have favoured the ideal conditions for complex life to expand and diversify. On similar lines of
thoughts, models suggest that the generation of larger, faster-sinking organic pellets would have
deepened oxygen demand from shallow waters to deeper waters, limited P recycling to the water

column and sustained oxic conditions in the Ediacaran (Butterfield, 2009; Lenton et al., 2014).

Recently, Dodd et al. (2023) further supported the scenario of decreased nutrients in the
Ediacaran, using the newly developed carbonate-associated phosphorus proxy (CAP) as a direct
estimate for seawater phosphate (Dodd et al.,, 2021). They find a first increase in seawater P,
presumably due to enhanced seawater sulphate inputs (Laakso et al., 2020), potentially leading
to a negative feedback on primary productivity and O; production. In turn, higher O, would have
limited the extent of anoxia, which they observe using ‘stable’ uranium isotopes (6238U) as a
palaeoredox proxy. Lower extent of ocean anoxia, and therefore lesser P recycling, would have
resulted in a further drawdown in the marine P reservoir (Dodd et al., 2023). A lower P reservoir
would have promoted sustained oxic conditions in the water column, and the stabilisation of the
P-0O; cycle in the terminal Ediacaran (Doyle, 2018; Bowyer et al., 2020). The advent of motile
macroscopic animals ~565 Ma (Liu et al,, 2010), which oxidised the upper sediments through
bioturbations, may have further decreased P release to the water column and stabilised the P-0;
cycle (Boyle et al., 2014).

Dodd et al. (2023) highlight that CAP values are similar under both maximal and minimal
oceanic anoxia, implying that P recycling was muted during extensive seafloor anoxia. They
propose that this decoupling of CAP values and 6238U reflects decoupling in the P-0; cycle,
divorcing from the modern day where such coupling exists. Building upon this observation, Dodd
et al. (2023) suggest that such decoupling may have been active throughout most of the
Precambrian, questioning the paradigm of P-O, coupling throughout Earth’s history. This is an
appealing theory, as direct evidence for P-O; coupling in the Precambrian is not always trivial. In
fact, as widely seen throughout sections 3 and 4, Precambrian P-O; coupling is often a
presupposed assumption invoked to interpret the geochemical record. This assertion will
therefore have to be ground-proofed on other Proterozoic successions, and the following

warrants must be considered: 1) if CAP and &238U are simultaneously recorded in ancient



carbonates, can the redox signal and the nutrient response be anything else but decoupled? In
other words, there must be a lag time to be considered, and so on geologic timescales; 2) in the
modern day the response in P recycling to the extent of anoxia is commonly observed in euxinic
environments, whilst oligotrophic, ferruginous systems (e.g., Lake Towuti) are probably better
analogues for the Ediacaran period; 3) Dodd et al. (2023) invoke invariable Corg/Pror under a range
of redox conditions in the Ediacaran to confirm this decoupling, which is biased by the large

proportion of unreactive Pqer within total P (Doyle, 2018; Bowyer et al., 2020).

5. Evolution of the C/P ratio through time

Whilst this has become common practice to consider the C/P ratio in deep times (Fig. 14),
one should also bear in mind that it directly depends on the preservation of organic matter
through time, which itself is affected by oxidation processes, loss via oil transport, and sampling
bias. This considered, statistical trends in TOC contents can be observed (e.g., Sperling and
Stockey, 2018), and therefore The C/P ratios may provide additional insights on the extent of P
recycling to the Proterozoic water column. As covered in section 2, sulphide-induced P
regeneration from the sediment may be snapshotted by sedimentary C/P (Fig. 4). Utilizing the
dataset collected by Reinhard et al. (2017) and augmented by several Proterozoic studies
(Guilbaud et al., 2020; Bowyer et al., 2020; Alcott et al,, 2022), I now explore the Corg/Pror ratio
throughout Earth history (Fig. 16).

Reinhard et al. (2017) propose that because of efficient P scavenging under ferruginous
conditions in pre-800 Ma sediments, strong P limitations on primary production may have
resulted in elevated C/P ratios (~300:1 to 400:1), divorcing from the canonical Redfield ratio of
106:1. Indeed, the data show that C/P can be elevated in the Proterozoic, at least until ~1.1 Ga.
Interestingly, for the Phanerozoic, median C/P values point precisely towards the Redfield ratio,
whereas mean C/P values are higher, highlighting the variability due to P recycling by sulphide
(Table 2). By contrast, mean and median C/P values for the Proterozoic strongly diverge (Table
2), making the assumption of Reinhard et al. (2017) difficult to address. I suggest that this can be
circumvented by exploring the Corg/Porg ratio, as opposed to Corg/Piot, in shales deposited under
oxic and ferruginous conditions, and where sulphide-induced P recycling was kept to a minimal.

The ~1-0.9 Ga Huainan Basin, North China, was interpreted as an oligotrophic basin where
sediments deposited under oxic and ferruginous conditions with vanishingly low sulphide
contents (Guilbaud et al., 2015, 2020). Similarly, late Ediacaran shelf sediments from the Nama
Group, Namibia, record low P availability in oxic and ferruginous sediments where sulphide
production is virtually absent (Bowyer et al., 2020). Both locations therefore provide the ideal

conditions to test the hypothesis that nutrient uptake by organisms under Proterozoic P-limiting



conditions strongly departed from the canonical Redfield ratio (Reinhard et al., 2017). The data,
nevertheless, shows that Corg/Porg ratios remarkably cluster around the Redfield line of 106:1, as
in the modern world (Fig. 17A). This certainly does not imply that the Redfield ratio did not
evolved throughout the Proterozoic; yet the preliminary data that are available to address that
specific question seem to suggest that modern-like nutrient uptake by organisms already
operated in the Neoproterozoic. Ferruginous and oxic sediments with low sulphide production
from the ~1.6 Ga Yanshan Basin (Doyle, 2018), by contrast, show some data departing from the
Redfield ratio, suggesting that, perhaps, phosphorus uptake by organisms may have diverged then
(Fig. 17B).

There is a tight relationship between nutrient concentrations in the deep ocean today, which
closely match the Redfield ratio measured in marine phytoplankton, and dissolved oxygen
concentrations which are just sufficient to respire Corg (Lenton and Watson, 2000). In other words,
the antiquity of the Redfield ratio in sediments may track back to the establishment of modern-
like dynamics, whereby eukaryotic algae thrive in an oxic photic zone, with a P reservoir limited
by P fixation in the sediment. Considering our current understanding of the redox dynamics in the
Neoproterozoic, characterised by a protracted deepening of the redoxcline with ferruginous
conditions in the deeper waters, Redfield-matching Corg/Porg ratios by ~1 Ga may support an early
Neoproterozoic establishment of such conditions. Alternatively, they could well reflect the switch
to eukaryotic-dominated organic matter, as the P uptake ratio by ancient prokaryotes is currently

unknown.

6. Summary and perspectives

Attempts to reconstruct phosphorus availability through the Proterozoic are important in
order to test hypotheses such as nutrient or trace metal limitations on the evolution of life, and
particularly eukaryotes (Anbar and Knoll, 2002; Planavsky et al, 2010). Fig. 18 shows the
reconstruction of recycled phosphorus through time (Kipp and Stiieken, 2017), with proposed
associated dissolved P contents in the deep ocean. The difference between the two arises from the
trapping of recycled P under dominantly ferruginous water columns. In the early
Palaeoproterozoic, before the GOE, intense P drawdown onto Fe particles may have restricted
deep ocean P concentrations to <0.15 pM (Jones et al., 2015), with only limited recycling (Schad
et al,, 2021). Increasing sulphate reduction and the establishment of transient euxinic water
masses along continental margins ~2.4-1.9 Ga likely enhanced the flux of recycled P to the water
column (Kipp and Stiieken, 2017; Alcott et al., 2022), and yet the global ferruginous ocean may
still have been phosphate depleted, due to extensive Fe-associated P drawdown. During the

following 1.8-1.0 Ga period, which records fossil evidence for ancestral eukaryotic cells and their



early evolution (Butterfield, 2000; Knoll et al., 2006; Javaux, 2011; Zhu et al., 2016), such recycling
may have been less intense, but still active (Guilbaud et al., 2020), due to common euxinic
conditions in shallow waters (Poulton and Canfield, 2011; Guilbaud et al., 2015; Sperling et al.,
2015). P recycling was likely nuanced by adsorption/coprecipitation onto Fe minerals such as
green rust and vivianite (Xiong et al.,, 2019), and P concentrations in equilibrium with vivianite
suggest that seawater [P] may have been as low as 0.2 pM (Derry, 2015). In the early
Neoproterozoic, the near disappearance of euxinic water masses along continental margins
(Sperling et al., 2015) promoted P fixation in the sediment, with lower estimates for deep ocean
[P] ~0.55 uM (Guilbaud et al., 2020), in order to keep pO. ~0.1 PAL (Planavsky et al., 2014).
However, the observation that Corg/Porg matched the canonical Redfield ratio may imply that
phosphate levels were higher, perhaps as in the modern ocean (~2.3 puM). Late Ediacaran studies
point towards a low P reservoir under protracted oxygenating conditions (Bowyer et al., 2020;
Dodd et al., 2023), which would have stabilised the ventilation of the full ocean and the P-O; cycles
in the long term, paving the way for early metazoans at the surface of sediments where nutrient
fixation occurred under oxic water columns. The long term Neoproterozoic drawdown of P from
the water column, together with sulphide-rich conditions being limited to the sediment, may
explain the general increase in bulk shale P contents and in phosphorite deposits (Reinhard et al.,

2017; Planavsky et al., 2023).

The brief summary depicted above is undoubtedly not without caveat, and [ am sure it will
continue evolving along with ongoing discoveries. The take-home message is certainly that over
the last 20 years or so, reconstructions of the phosphorus cycle in the Proterozoic have been
notoriously difficult to make. The observation of the modern world, and in particular the peculiar
anoxic environments which can be (sometimes misleadingly) considered as analogues to the deep
past, has greatly contributed to this research. Yet, the actualistic approach also carries its range of
presupposed concepts, such as the coupled P-O; cycle to cite only one, which may or may not be
relevant to the early Earth. Experimental work has proven to provide extremely valuable insights.
It is true that experimental studies tend to focus on simplified systems with condition limits that
are far away from the real world. Yet, it is by doing so (and only so!) that one may isolate and
quantify specifically targeted mechanisms, which otherwise in nature occur in concert with a
range of others. Further research providing more experimental data should help refine models. In
particular, experiments accounting for the range of complex mineralogies relevant to the
Proterozoic ocean, and which all can coexist. Finally, research on the antiquity of the Redfield
ratio, and tracing its occurrence as Corg/Porg in older, Proterozoic sediments which have undergone
limited Corg oxidation, might help us understand the evolution of the C-P-O cycles and the

metabolism of ancient prokaryotic and eukaryotic organisms.
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Figure 1. Reconstruction of atmospheric O evolution (upper panel) and the deposition of banded
iron formations (BIFs, red) and phosphorites (grey) through geologic times (down), modified
after Planavsky (2014) and Planavsky et al. (2023). Note that pO; is expressed as a function of
present atmospheric levels [PAL]. Grey squares represent model uncertainties on atmospheric O
levels. Phosphorite data (Holland, 2005) and BIFs data (Isley and Abbott, 1999) are expressed in
relative abundances but with different scales (i.e., heights in BIFs abundances do not compare

with heights in phosphorite abundances).
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Figure 2. Schematic of the redox evolution of the Precambrian oceans depicting the development
of euxinic continental margins, and the progressive retraction of anoxia until the ventilation of the
deep ocean at the end of the Proterozoic, modified after Poulton and Canfield (2011), and Guilbaud
etal. (2015, 2018).
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Figure 3. Simplified, schematic cartoon of the coupled iron-phosphorous cycle in sediments that

) .’.

undergo a range of redox conditions, from oxic environments at the sediment-water interface,
ferruginous environments where Fe(IIl) (oxyhydr)oxides become the major electron acceptor,
and down to sulphidic environments where sulphate reduction occurs, producing sulphide. In the
water column, the main P carriers to the sediment include organic matter (Corg), Fe
(oxyhydr)oxides (Feox) and detrital apatite (note that authigenic water column particles and dust
are not represented). Well-crystalline, detrital apatite remains unreactive throughout deposition
and burial. Within oxic sediments, organic matter gets partially remineralised, liberating P that
may re-adsorb onto Fe minerals. Within ferruginous sediments, whilst Corg respiration continues,
Fe reduction occurs producing Fe?+, which may react with phosphate to form CFA or vivianite.
Within sulphidic sediments, P release from C, is enhanced, and Fe dissolution by sulphide also
occurs, further releasing P, which may precipitate as CFA, or diffuse upwards to precipitate as

vivianite or reach the water column.
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Figure 4. Compilation of Corg/Porg in a range of sediments, after Slomp and Van Cappellen (2007).
Oxic sediments are illustrated by open circles, low-oxygen environments by closed diamonds,
ferruginous environments by closed squares and euxinic/sulphidic sediments by closed circles.
Complementary data from ferruginous Lake Towuti (Vuillemin et al., 2020) and euxinic Lake

Cadagno (Xiong et al., 2019) are in red and yellow, respectively.
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Figure 5. Mechanism of green rust (GR) versus vivianite (V) formation through time, with varying
P concentrations. (A) GR rapidly crystallises (via an FeOOH precursor, while Fe2* and sulphate,
represented by the blue tetrahedra, remain in solution). Phosphate (represented by the white
tetrahedra) associates with neo-formed Fe(OH): clusters, delaying the crystallisation of GR, which
eventually forms and incorporates phosphate as interlayer anions. (B) TEM image showing the
formation of green rust (with their typical hexagonal shape). (C) XRD spectra of experimental
mineralogical products obtained when P:Fe(Il) <30, i.e. green rust only. (D) XRD spectra of
experimental mineralogical products obtained when P:Fe(II) >30, i.e. a mixture of green rust and
vivianite. (E) Proposed mechanism for the dissolution of POs-bearing green rust and the

precipitation of vivianite and amorphous Fe(OH)s. Modified after Xiong et al. (2023).
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Figure 6. Porewater geochemical profiles of sediments deposited under low-sulphate, euxinic
conditions, after Xiong et al. (2019). The orange shade represents the sulphidic sediment, whereas
the pink shade is for the ferruginous sediment where sulphide depletion allows for Fe(II) build
up. Production of dissolved P and Fe2+ at depth favour the supersaturation conditions for vivianite

formation.
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Figure 7. Linear relationship between P,0s and Fe;03 in modern hydrothermal vents (in blue)

and Archean iron formations (in grey), modified after (Rego et al., 2023).
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Figure 8. Mineralogical products of BIF-genesis simulating experiments, with or without silica,
modified after (Schad et al,, 2021). ‘Fh’ stands for ferrihydrite, ‘Viv’ for vivianite; ‘Ciay’ for labile
organic matter and Creca’ for recalcitrant organic matter in the starting conditions. Relative
abundances of final products are depicted by coloured bars, with dark red for ferrihydrite, bright
red for hematite, light grey for siderite, dark grey for magnetite, blue for vivianite and green for

phosphoferrite, a dehydrated Fe phosphate.
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Figure 9. XRD spectra of in-situ analysis of P-T experiments (0-3 GPa and 0-300°C) simulating the
diagenesis and metamorphism of carbonated green rust (GR = green rust). Mineralogical

transformations involve the formation of magnetite (Mag) and siderite (Sid).
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Figure 10. Compilation of P contents in shales through time, after Reinhard et al. (2017) and
Planavsky et al. (2023) and augmented by Guilbaud et al. (2020) and Bowyer et al. (2020). Note

that sedimentary P contents are expressed on a log scale.



1.0

08|
=
3 06
i
o
— 04}
o 1 L L L
0 05 1 1.5 2 25 3
>Fe>, mM

Figure 11. Total dissolved P as a function of total dissolved Fe2?+* in equilibrium with vivianite at
pH 8 (blue) and pH 7.5 (red). The shaded area represents presumed Proterozoic conditions, with

[P] <0.2 uM, assuming that P removal via vivianite dominates. Modified after Derry (2015).
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Figure 12. Revised extraction scheme addressing the speciation of P in ancient sedimentary rocks
(Thompson et al., 2019). Highlighted in green are the specific steps targeting Pmag and Prez, from
the Fe speciation method (Poulton and Canfield, 2005).
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Figure 13. Data quality checks performed on the ~1 Ga Jiuligiao-Sidingshan succession and the
Liulaobei Formation, Huainan Basin, North China craton, modified after Guilbaud et al. (2020).

The clear correlations between Pge.c and Al (B) testify that P4ec indeed represents detrital apatite.
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Figure 14. Cog versus Preac for ~2.5 Ga shales and ironstones from the Campbellrand and Koegas
Subgroups, South Africa (A), and for ~1 Ga shales from the Huainan Basin, North China (B). The
black line represents the Redfield ratio of 106:1. Shale data from the ~2.5 Ga successions suggest
strong sulphide-induced P recycling, whilst data from later Proterozoic euxinic shales seem to
suggest less intense recycling. By contrast, ironstones and ~1 Ga ferruginous shales data are close
or below the Redfiled ration, suggesting efficient P fixation in the sediment. Data are from Alcott

etal. (2022) and Guilbaud et al. (2020).




Figure 15. Outcrops photographs of the ~1 Ga uppermost Diabaig Formation, Torridon Group,

Scotland. The blue arrows point towards phosphatic lenses within lacustrine sands and Fe-rich

siltstones.
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Figure 16. Compilation of TOC/P ratios in shales through time (note the log scale). The black
arrows represent sharp decreases in TOC/P in ferruginous shales at ~1 Ga (Guilbaud et al., 2020;

Alcottetal.,, 2022). Note that ironstone data from Alcott et al. (2022) were omitted for lithological

consistency.
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Figure 17. (A) Corg versus Porg in ferruginous and oxic Neoproterozoic sediments with vanishingly
low sulphide (Guilbaud et al., 2020; Bowyer et al., 2020), and (B) for ~1.6 Ga ferruginous shales
filtered for sulphide contents <0.05 wt% (Doyle, 2018).
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Figure 18. Reconstruction of modelled recycled P (P;) flux to the deep ocean in black and its
uncertainty (Kipp and Stiieken, 2017), and putative deep ocean P concentrations in blue. The
difference between both rises from the fact that most parts of recycled P due to sulphide
production may be trapped back under ferruginous water columns, contrasting with oxygenated
oceans. Solid blue lines represent experimental or model constraints (Derry, 2015; Jones et al,,
2015; Guilbaud et al., 2020) and arrows indicate whether these constraints are maximum or

minimum estimates.

Tables
Authigenic Fe(II)-
Location Redox condition of P:Fe(II) ratio in
bearing non-sulfidic
(reference) sampling porewaters
minerals
Lake Matano Ferruginous water column
(Crowe 2008; Zegeye et at 118gm depth ’ <1:30 Green rust
al,, 2012)
Lake Matano Anoxic sediments under
(Crowe 2008; Bauer et . Unknown Magnetite
al,, 2020) ferruginous waters
Lake Towuti Ferruginous water column
(Bauer et al., 2020; direct{lgy above the sediment < 1:500 Green rust
Vuillemin et al., 2020)




Lake Towuti Anoxic sediments under Between 1:150 Siderite,

Vuillemin et al., 2019 ferruginous waters and 1:2700 vivianite

g
Lake Pavin Ferruginous water column
(Busigny et al., 2014; at 67rrgl denth ’ 1:6 Vivianite
Cosmidis et al., 2014) p
Lake Pavin Ferruginous water column
(Busigny et al., 2014; at 86rrgl denth ’ 1:3 Vivianite
Cosmidis et al.,, 2014) p
Sulfide-depleted anoxic
%)?ilz;(:ae(iﬁmz) 019) sediments under euxinic 1:1.3to 1:2 Vivianite
8 N water column

](Bll(i:l;lseetaal 2017) Sulphidic sediment under Presumably < 40:1 | CFA,
(Dijkstra et”al 2014) euxinic water column (low Fe) CaCOs (adsorption)
Lake Cadagno Sulphidic sediment under Presumably < 60:1 CFA
(Xiong et al., 2019) euxinic water column (low Fe)

Table 1. Authigenic mineralogy and P:Fe(Il) ratios from a range of modern ferruginous and

euxinic settings, modified after Xiong et al. (2023).

Time period Mean C/P Median C/P
Phanerozoic 192:1 105:1
Ediacaran 314:1 164:1
1.0-0.8 Ga 142:1 62:1
1.8-1.0 Ga 265:1 89:1
2.5-1.8 Ga 415:1 38:1




Table 2. Bulk shale C/P ratios binned as a function of time periods. Data are from Reinhard et al.,
(2017). Note that the median C/P ratio of compiled Phanerozoic shales corresponds to the

Redfield ratio found in fresh marine organic matter.



