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Evolution of the global phosphorus cycle
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The macronutrient phosphorus is thought to limit primary 
productivity in the oceans on geological timescales1. Although 
there has been a sustained effort to reconstruct the dynamics of 
the phosphorus cycle over the past 3.5 billion years2–5, it remains 
uncertain whether phosphorus limitation persisted throughout 
Earth’s history and therefore whether the phosphorus cycle has 
consistently modulated biospheric productivity and ocean–
atmosphere oxygen levels over time. Here we present a compilation  
of phosphorus abundances in marine sedimentary rocks spanning 
the past 3.5 billion years. We find evidence for relatively low 
authigenic phosphorus burial in shallow marine environments 
until about 800 to 700 million years ago. Our interpretation of the 
database leads us to propose that limited marginal phosphorus 
burial before that time was linked to phosphorus biolimitation, 
resulting in elemental stoichiometries in primary producers that 
diverged strongly from the Redfield ratio (the atomic ratio of 
carbon, nitrogen and phosphorus found in phytoplankton). We 
place our phosphorus record in a quantitative biogeochemical 
model framework and find that a combination of enhanced 
phosphorus scavenging in anoxic, iron-rich oceans6,7 and a nutrient-
based bistability in atmospheric oxygen levels could have resulted 
in a stable low-oxygen world. The combination of these factors may 
explain the protracted oxygenation of Earth’s surface over the last 3.5 
billion years of Earth history8. However, our analysis also suggests 
that a fundamental shift in the phosphorus cycle may have occurred 
during the late Proterozoic eon (between 800 and 635 million years 
ago), coincident with a previously inferred shift in marine redox 
states9, severe perturbations to Earth’s climate system10, and the 
emergence of animals11,12.

Phosphorus (P) has only one stable isotope, making it impossible 
to track mass fluxes directly with traditional isotope mass  balance 
approaches. Inverting for P budgets, therefore, relies heavily on  
the development of techniques for estimating ancient seawater 
 phosphate concentrations and P burial fluxes2. With the goal of tracking  
the  secular evolution of marginal marine P burial—the largest sink  
in the modern P cycle13—we present a compilation of new and  
published geochemical data from fine-grained siliciclastic sedimentary  
rocks (referred to here as ‘shales’; see Supplementary Table 1). The 
marine shale record is a particularly useful archive for constraining  
element budgets within the oceans because this lithology is ubiqui-
tous in the stratigraphic record and, taken in aggregate, records the 
large-scale sediment geochemistry of marine continental margin 
environments14. Indeed, the chemical composition of shales has 
long been used to  diagnose element fluxes at Earth’s surface through  
time15.

Our data set was compiled from published literature (n > 15,000 
shale samples) and supplemented with new analyses from Precambrian 
successions. We were intentionally broad in our sample filters, selecting 

a subset of samples that contain 1% or greater aluminium (by weight), 
a reliable proxy for the detrital mineral contents that are typical of this 
rock type. This very basic requirement ensures that the samples have 
a relatively large siliciclastic contribution. We note that it also allows 
for the inclusion of a diverse set of samples—thus capturing a wide 
range of marginal marine depositional environments. The intent is to 
compare all available P data from typical continental margin sediments 
and epicontinental seaways (excluding dominantly chemical sedimen-
tary rocks and quartz sandstones). Abyssal marine sediments are not 
explicitly excluded from our database but are very rare in sedimentary 
sequences older than Cretaceous in age, that is, more than 150 million 
years old. The final filtered data set for marginal marine siliciclastics 
yields P data from 7,970 individual samples spanning Earth’s history 
(see Supplementary Table 1), and we focus here on bulk P content 
with the aim of tracking broad changes in bulk authigenic P burial 
in marginal marine sediments (principally fluorapatite (CFA), iron- 
oxide-bound P and organic P) through time.

The most striking first-order trend observed in the data (Fig. 1) is 
a large increase in the variability and overall mean P content of shales 
from the Cryogenian period (720–635 Myr ago), the Ediacaran period 
(635–541 Myr ago) and the Phanerozoic eon (541–0 Myr ago) relative to 
those deposited during earlier Precambrian time. The average P  content 
of post-Tonian (less than 720 Myr old) samples is over a factor of four 
greater than that of pre-Cryogenian samples—0.209 ± 0.023 wt% 
 versus 0.051 ± 0.003 wt% (±2 standard errors)—with the difference 
in mean values being very unlikely to have emerged from a  continuous 
underlying distribution with the same mean P content (P < 0.001, 
α = 0.01, unpaired Student’s t-test). Importantly, this pattern is inde-
pendent of bulk organic carbon content, the mean of which is not  
significantly different between the two sample sets (P = 0.106, 
α = 0.01). The decoupling of bulk P content from organic carbon 
indicates that organic matter flux to the sediment column, though 
an important factor for local authigenic P enrichment, did not exert 
first-order control over the temporal shift we observe (Extended 
Data Fig. 1). The observed increase in mean bulk P content is clearly  
captured in frequency distributions of data binned coarsely by age and 
remains a robust feature during bootstrap resampling (Fig. 1c).

Simply put, marginal marine sedimentary rocks that are strongly 
enriched in authigenic P are exceptionally rare throughout most of 
Precambrian time, but are common in Phanerozoic sedimentary 
sequences. This observation is consistent with the previously noted 
dearth of Precambrian phosphorites (Fig. 1a; ref. 16), with a notable 
exception in the Palaeoproterozoic era that is potentially linked to 
an inferred transient rise in surface oxygen levels17–19. There are no 
reported Archean sedimentary phosphorites, and phosphorites are 
stratigraphically limited and not found in typical continental mar-
gin successions during the Mesoproterozoic17. In addition, there is a 
notable increase in the overall variability of authigenic P enrichment 
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in siliciclastic sedimentary rocks during and after Cryogenian time 
(Fig. 1c). We interpret this variation, as well as much of the sample- 
to-sample variability for any given time interval within our database, 
as the natural outcome of a shift from predominantly detrital P in 
marginal siliciclastic sediments to a large (and often locally variable) 
authigenic component.

Although oxygen levels in bottom waters and surface sediment pore 
waters can have an important role in the local efficiency of P burial 
in siliciclastic sediments (see, for example, ref. 20), enrichment of P 
in Phanerozoic shales, on average, does not appear to be governed 
entirely by local redox controls. For example, anoxic sedimentary rocks 
of Phanerozoic age in our database contain much more P than their 
Precambrian counterparts, and this observation is supported through 
a range of oxic/anoxic sampling filters based on redox-sensitive trace- 
element content (Fig. 1d; see Methods). Thus, after controlling for local 
depositional redox we still observe a noticeable difference in overall P 
enrichment between similar Precambrian and Phanerozoic systems 
(Extended Data Figs 2–4). Second, we find no empirical evidence  
for more effective P sequestration in oxic depositional environments 
during Phanerozoic time relative to anoxic Phanerozoic settings or 
their Precambrian counterparts (Fig. 1d). Indeed, many independently 
established anoxic Phanerozoic shales also have very high amounts 
of P, while the vast majority of Precambrian samples (>95%) fall 
within the expected range of the detrital P content of modern marine  
sediments and average upper continental crust21 despite broadly 
equiva lent organic carbon contents.

We suggest that this shift in the style of P burial in shallow marine 
sediments was controlled predominantly by evolving ocean redox and 
its effect on surface P levels. Data generated over the last decade has led 
to the idea that ferruginous (anoxic and Fe-rich) conditions have dom-
inated the ocean interior for much of Earth’s history6,7,22. This Fe-rich 
deep marine redox state would have led to the effective scavenging and 
removal of bioavailable P from the surface ocean (that is, a deep-sea 
P trap) through a combination of mechanisms including formation 
of ferrous phosphate phases (such as vivianite)23, removal during the 
formation of carbonated/sulfated green rust species24, and possibly 
co-precipitation with ferric iron oxides2,5. In addition, the oxygenic 
photosynthetic biosphere has been dominated by cyanobacteria for 
the vast majority of Earth’s history25, and under conditions of nutrient 
P scarcity these organisms can display extremely high ratios of carbon 
(C) to P26.

We therefore hypothesize that pervasively ferruginous oceans would 
have caused severe surface water P limitation, which in turn would have 
driven increases in the C/P ratio of primary producers (Extended Data 

Fig. 5). Because the burial of authigenic P in shallow marine sediments 
is tightly linked to the rapid transfer of organic P to a dissolved phase in 
sedimentary pore fluids during organic matter remineralization27–29, 
these combined effects would be expected to dramatically alter the 
burial fluxes of P from the shallow ocean. In other words, the down-
stream processing and delivery of initially high-C/P organic matter to 
marine sediments would inhibit authigenic P burial in marginal marine 
settings even at relatively high organic matter fluxes, a view of secular 
P-cycle evolution that is broadly consistent with previously proposed 
models based on iron-rich chemical sediments4,5,15. While the iron 
oxide record most probably tracks changes in the overall size of the 
marine P reservoir (see Methods), we propose that the marine sediment 
database presented here serves directly as a proxy for the effectiveness 
of the marginal marine authigenic P sink and indirectly as a proxy for 
the major-element stoichiometry of the marine biosphere and P stress 
in the surface ocean.

To explore the combined effects of mineral P scavenging and 
dynamic C/P stoichiometry of marine biomass we used an ocean- 
sediment biogeochemical cycle model (CANOPS30), modified here 
to incorporate two critical components of our conceptual framework. 
First, we allowed for dynamic C/P stoichiometry for primary producers 
in response to varying marine nutrient levels (Extended Data Fig. 6).  
Second, we specified a redox-dependent net scavenging/burial of P 
in the ocean interior in order to examine the effect of ferruginous 
(anoxic and Fe-rich) conditions6,7,22 on P cycling (Extended Data Figs 7  
and 8). This model framework builds on previous treatments2,31, but is 
the first to explicitly represent the relationships between the stoichiom-
etry of primary producers, Fe–P trapping in sedimentary basins, and 
their combined effects on the coupled P, C, nitrogen (N), and molecular 
oxygen (O2) cycles.

We performed a series of simulations in which we imposed the par-
tial pressure of atmospheric oxygen p( )O2

 as a boundary condition and 
used the model to diagnose the response(s) of the marine biosphere 
and the burial/weathering/metabolic fluxes required to achieve a stable 
coupled C–N–P–O2 cycle at steady state. Even with modest P scaveng-
ing, our model predicts photic-zone P concentrations that are markedly 
depleted relative to modern values (Fig. 2a). This surface water limita-
tion leads to photosynthetic C/P ratios that are substantially elevated 
(Fig. 2b), as predicted by our conceptual framework. It would also lead 
to inhibited sink switching of P within shallow marine sediments (such 
as through conversion of organic P to CFA).

We find that a redox-dependent P trap results in much lower organic 
carbon burial (and O2 production) for a given marine P inventory  
(Fig. 3a); this behaviour provides a simple mechanism for stabilizing 
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Figure 1 | P content of fine-grained, marine siliciclastic sedimentary 
rocks through time. a, Sedimentary phosphorite occurrences through 
time, as compiled in ref. 16. b, P concentrations through time for 
pre-Cryogenian (blue) and post-Tonian (red) samples. c, Frequency 
distributions of bootstrap resampled mean P concentrations (n = 10,000) 
for pre-Cryogenian (blue) and post-Tonian (red) samples. d, Cumulative 

frequency distributions of P content for Precambrian (blue), oxic 
Phanerozoic (green), and anoxic Phanerozoic (red) siliciclastic 
sedimentary rocks. Shaded envelopes for the oxic and anoxic Phanerozoic 
samples denote a range of filters for local depositional redox (see Methods, 
Extended Data Figs 1–8 and Supplementary Table 1).
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atmospheric pO2
 at values much lower than that of the modern Earth  

despite reduced O2 consumption during weathering under low-O2  
conditions23,32. However, this should not necessarily be taken to imply 
that ocean–atmosphere O2 levels were always strictly controlled by 
seawater P abundance. Indeed, we observed that the inclusion of a 
redox-dependent Fe–P trap gives rise to a nutrient-driven bistability  
in the O2 cycle. We suggest that this bistable behaviour arises from the 
interaction between the redox-dependent water column Fe–P trap and 
microbial N cycling within the ocean interior.

In a pervasively reducing ocean the Fe–P trap dominates Earth’s 
 surface P cycle, greatly reducing overall nutrient P availability in 
the surface ocean. At the same time, oxygen-dependent fixed N loss 
through the microbial nitrification–denitrification cycle is minimized 
within the strongly reducing ocean interior because of muted  microbial 
oxidation of ammonium (NH4

+). The ultimate result is an ocean  
system that accumulates NH4

+, making it more likely to be P-limited 
on long timescales (Fig. 3b).

In contrast, a strongly oxidizing ocean such as the modern ocean is 
characterized by an attenuated water-column Fe–P trap but more wide-
spread continental-margin P burial through capture of initially organic- 
bound P within the sediment pile as oxides and CFA (Extended Data 
Fig. 8). At the same time, a pervasively oxygenated ocean allows for 
extensive microbial production of nitrate (NO3

−; nitrification) while 
inhibiting anaerobic microbial NO3

− consumption (denitrification).  
As a result, a large standing NO3

− reservoir can build up in the deep 

sea31, with the ultimate consequence that biospheric productivity is 
likely to be limited by P on long timescales1.

However, there is a range of intermediate (weakly reducing) pO2  
states, between about 0.1 to 0.4 times the present atmospheric level  
(PAL) in our baseline model (Fig. 3b), within which the rates of  
biospheric N2 fixation required to balance the coupled P–C–N–O2 
cycle are markedly elevated (Fig. 3b). We hypothesize that this results 
from the combined effects of an inhibited deep-sea Fe–P trap and  
a microbial N cycle that supports widespread NO3

− production  
in surface environments but pervasive N loss through denitrification 
in the ocean interior. Under these conditions, it is possible that  
biospheric productivity and global O2 fluxes may be N-limited on 
long timescales.

In aggregate, these model calculations imply that P fluxes control 
biospheric productivity and O2 stability at very low or very high pO2 
values, but transitions between the two states could be inhibited by the 
need for substantially elevated biospheric N-fixation rates at interme-
diate pO2 states. As a result, transient variations in P input fluxes (due 
to changes in tectonic activity, for example) are unlikely to lead to large-
scale shifts in organic carbon burial (and thus atmospheric O2) unless 
they are rather extreme, despite the system being intrinsically P-limited 
on long timescales. Although the model behaviour appears robust, 
defining the precise pO2

 range over which these dynamics emerge will 
require more sophisticated representations of open-system Fe cycling 
than the current generation of Earth system models afford.
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Figure 2 | Results from the global ocean-sediment biogeochemical 
model. a, Nutrient P concentrations within low-latitude surface waters as a 
function of steady-state atmospheric pO2

 for model simulations with (solid  
red) and without (black dashed) redox-dependent P scavenging  

(scavenging efficiency, σscav, set at 0.25). b, Biomass C/P ratios for primary 
producers in simulations with dynamic C/P stoichiometry as a function of 
net P scavenging efficiency. Each contour shows a different assumed 
maximum C/P ratio.
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Theoretical predictions and observations from the geochemical  
record provide strong evidence that the first 80%–90% of Earth’s 
4.5-billion-year history was characterized by limited P burial in near-
shore sediments, a pattern that we link to high C/P ratios in primary 
producers resulting from an Fe-based nutrient P trap. The shale record 
we present here, when coupled with our ocean-sediment biogeochem-
ical model, illuminates an Earth system state in which dynamically  
coupled P- and N-limitation stabilized surface oxygen levels on  
billion-year timescales23,32. However, there is evidence for at least  
periodic shifts away from pervasive Fe-rich waters in the late Tonian, 
or Ediacaran periods6–8,22,33, coincident with our observed increase in 
sedimentary P enrichments. We propose that models seeking to explain 
the transition to an oxygen-rich ocean–atmosphere system in which 
early animals thrived and complex ecosystems developed should focus 
on mechanisms for overcoming enhanced P scavenging and transit-
ing the N-fixation barrier that would act to prevent P-driven increases 
in ocean–atmosphere O2 levels during nascent global oxygenation  
events.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Overview of the modern P cycle. As a context for exploring the evolution of 
marine P burial and the P cycle through time it is useful to consider certain aspects 
of the modern P cycle. However, because there have been several relatively recent 
reviews of the global P cycle13,34,35 we provide only a brief overview here. The 
modern reactive P flux to the oceans, sourced primarily by rivers, is estimated to 
be approximately (2–3) × 1011 mol yr−1 (ref. 1). The vast majority of P in rivers is 
present as a solid phase; according to most estimates >90% of the P delivered by 
rivers to the ocean is in particulate form13,36. Atmospheric P sources are thought 
to be a relatively small flux on a global scale, although aerosol and dust deposi-
tion can sometimes provide a non-trivial P source to open-ocean ecosystems37. 
Groundwater entering the ocean may also be an important source of phosphate 
to the ocean, but this flux is currently poorly constrained13.

Both positive and negative deviations from conservative mixing occur in estu-
aries, with flocculation driving P uptake and desorption linked to shifts in salinity 
and pH driving P release38,39. Roughly 20%–50% of both particulate and dissolved 
P in modern fluvial systems is organic40, though this fraction would have been 
much less important before the development of extensive terrestrial ecosystems. 
In many catchments iron-oxide-bound P may constitute a large portion of the par-
ticulate P pool and oxide precipitation may sometimes play a key part in regulating 
dissolved riverine P levels (for example, ref. 4).

Global marine P burial fluxes have been estimated to be approximately 
(2–3) × 1011 mol yr−1 (ref. 1), with marine shelf environments shallower than 200 m 
probably accounting for approximately half of global marine P burial34,41. Even 
using conservative estimates, these shallow-water sedimentary environments have 
P accumulation rates that are around 50 times higher than less-productive, open-
ocean settings34,41,42. Burial of authigenic CFA is the largest single burial flux of P 
in the modern oceans—accounting for at least half of all reactive P burial13,34,41–44. 
Organic P, iron-oxide-bound P, and phosphate adsorbed on mineral surfaces, listed 
in decreasing order of importance, account for the remaining marine P burial 
flux13,34. The best current estimate for the residence time of P in the oceans is 
about 12,000–17,000 kyr—much less than that proposed before the recognition of 
widespread authigenic CFA burial in ‘typical’ marine sediments44.
Lithological and sampling controls on sedimentary P enrichment. New P and 
Al data were generated for this study in either the Biogeochemistry Laboratory at 
the University of California, Riverside, or the Metal Geochemistry Center at Yale 
University using inductively coupled plasma mass spectrometry (ICP-MS) follow-
ing previously described methods45,46. Error was less than 5% based on duplicate 
measurements of USGS geostandards. A wide range of analytical methods were 
used to generate the legacy data within the database. Although data quality varies 
between different studies, error in the majority of the legacy data has been esti-
mated to be less than about 10% (ref. 15).

A statistical framework is a crucial component of using large geochemical 
databases to diagnose secular trends in Earth surface environments (for  example, 
ref. 16). However, regardless of database size and statistical significance, overall 
trends observed in geochemical databases will in some cases be strongly controlled 
by upstream biases associated with sampling and analytical focus. For example, 
the vast majority of legacy data for iron (Fe) speciation and redox-sensitive 
trace elements have been obtained from organic-rich black shales7,18,33,47–49. For 
some applications, this bias can be useful—indeed, in certain cases, this would 
be more accurately viewed as a ‘filter’ than a ‘bias’. For example, attempts to 
 diagnose broader oceanic redox state by analysis of environments in which redox- 
sensitive trace-element sequestration should be most effective33,47 require that 
data be derived from organic-rich, reducing sediments with similar background 
depositional redox.

In this case, we have intentionally used relatively broad sample filters in this 
study in order to avoid any facies-based sampling bias beyond our primary target 
of marginal siliciclastic depositional settings. To this end, our original database 
was designed simply to include all siliciclastic marine sediments and sedimentary 
rocks, with the exception of coarse-grained quartz sandstones. Samples with less 
than 1 wt% total Al (about 2 wt% Al2O3) were then removed. Conceptually, our 
aim was to focus on relatively fine-grained siliciclastic marine sediments and sed-
imentary rocks from marginal marine settings across an inclusive range of depo-
sitional rates and environmental conditions. Further, we have avoided coals and 
successions with clear evidence for late-stage P mobility (for example, P-rich veins 
that crosscut sedimentary lamination), excluding several Mesozoic and Cenozoic 
units and some Palaeoproterozoic units. The Palaeoproterozoic data in particular 
is intriguing, as this is an interval that has been previously linked to an oxygenation 
event, potentially providing additional support for our proposed link between the 
P and O2 cycles (see main text). However, it is difficult to justify any assertion that 
these rocks are representative of typical marine sediments. This basic screening 
does not imply that no samples in our database have been affected by later-stage  

P mobility, as lithological descriptions or images of the samples are not provided in 
many of the used studies. However, diagenesis is a process that should act across the 
entire geologic record so it is unclear to us how a diagenetic process could be the 
principal forcing mechanism for the observed temporal trend in P enrichments. 
The resulting database is given in Supplementary Table 1. The cross-section of 
environments analysed here can provide broad insight to the large-scale sediment 
geochemistry of continental margin environments.

It is not immediately clear how a bias in the depositional environments sampled 
by our database would lead to a spurious secular change in authigenic P burial in 
marginal siliciclastics during Cryogenian time. Analysis of P content is performed 
as a basic component of most geochemical studies, in contrast to more specialized 
analyses such as those employed in the reconstruction of local depositional redox,  
or TOC, typically performed on TOC-rich rocks. As a result, there is a large 
amount of data on the P content of otherwise unremarkable siliciclastic sediments 
and sedimentary rocks, making it very unlikely that the secular shift we observe is 
driven by any kind of sampling bias that is conceptually relevant for our purposes.

That said, we expect that there will be some differences in the degree and type 
of diagenetic recycling of P related to sedimentation rate, the redox state of local 
bottom waters, and pore fluid mineral saturation states (see below). Indeed, we 
interpret much of the sample-to-sample variability at any given time in our data-
base, as well as the notable increase in the dispersion around bootstrap resampled 
mean P content observed during Phanerozoic time, to be related to variation in 
these factors. We therefore reanalysed our database after filtering samples for 
deposition under oxic and anoxic conditions using independent redox-sensitive 
trace-element systematics50–53.

Because of oceanic reservoir dynamics33,54 and inherent asymmetries in the 
application of Fe-based palaeoredox proxies55 it is very difficult to diagnose oxic 
deposition in Precambrian siliciclastic sedimentary rocks with confidence. We thus 
focus here on Phanerozoic systems that can be confidently filtered according to 
oxic and anoxic deposition, and compare these filtered data to siliciclastic sedimen-
tary rocks deposited during Precambrian time—the vast majority of which would 
probably have been deposited in anoxic systems6,7. We employed three separate 
filters to subsample the Phanerozoic data, with all three schemes producing similar 
results (Extended Data Figs 2–4).

For molybdenum (Mo), anoxic deposition was defined as [Mo] > 50 parts per 
million (p.p.m.), while oxic conditions were defined as [Mo] < 25 p.p.m. (ref. 50). 
For V, anoxic settings were defined according to [V] > 300 p.p.m., while oxic dep-
osition was defined as [V] < 100 p.p.m. This cutoff for oxic settings is conservative, 
and is similar to the likely mean detrital contribution given an average [V] of the 
upper continental crust of 97 p.p.m. (ref. 56). The chemistry of the detrital V load 
has the potential to vary greatly. However, we suggest that this value is a reasonable 
choice, especially when compared with samples that are only diagnosed as anoxic 
if enriched by over a factor of three relative to this value. The final filtering method 
was based on U, whereby samples with [U] > 10 p.p.m. were classified as anoxic and 
samples with [U] < 10 p.p.m. were considered oxic. For reference, average sediment 
concentrations of U in the anoxic and sulfidic (euxinic) Cariaco basin in Venezuela 
are about 14 p.p.m. (ref. 57). Additionally, because reduction of U occurs primarily 
in the sediment column and is not directly linked to cycling of Fe and Mn in the 
water column57–60, authigenic enrichments can be highly variable.

Reanalysis of our database using a range of accessory filters for local deposi-
tional redox provides no evidence for an overriding redox control on the temporal 
patterns we observe (Extended Data Figs 2–4). In fact, we find that the highest P 
contents are most likely to be observed in anoxic Phanerozoic siliciclastic sedi-
mentary rocks (Fig. 1c; Extended Data Figs 2–4), and that both oxic and anoxic 
Phanerozoic samples contain more P than Precambrian depositional systems in 
terms of average content, highest observed P concentration, and overall variability. 
Thus, it is critical to acknowledge the importance of diagenetic recycling in many 
environments, and emphasize that a broad suite of factors will ultimately regulate 
the burial of authigenic P in a given marine sediment (see below). However, we find 
strong evidence that these differences are not the dominant factor controlling the 
temporal patterns we observe in our database. These differences hold regardless 
of subsampling protocol, indicating that the temporal pattern we observe is robust 
and is not related to first-order changes in local depositional redox conditions.
Controls on sedimentary CFA formation. The largest single removal flux of 
P from the modern marine system is the burial of authigenic CFA in marine 
sediments (see above), the vast majority of which on the modern Earth occurs 
in shallow, marginal marine sediments. We argue that our geochemical record 
directly tracks a secular change in the relative effectiveness of this major P burial 
sink through time (Extended Data Fig. 5). Our conceptual model is based on the 
notion that decreased dissolved PO4

3− availability in the surface ocean on a planet 
in which marine primary production is dominated by cyanobacteria will lead to 
unusually high C/P ratios of primary producer biomass, and that this, combined 
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with an overall decrease in dissolved PO4
3− abundance in seawater, will severely 

curtail CFA burial in marginal marine sediments. However, it is important to con-
sider alternative mechanisms for ‘sink-switching’ marine P burial fluxes due to 
inhibited CFA formation that are not linked to the elemental stoichiometry of 
marine biomass. We note also that our conceptual model implies the subduction 
of P buried in the deep sea, similar to P buried with modern oceanic crust but 
removed via a range of alternative scavenging mechanisms.

There is a wide range of factors that can influence the formation of CFA in 
marine sedimentary environments. In particular, the CFA saturation state of sed-
imentary pore fluids is affected by carbonate chemistry. Carbonate ion substitution 
into CFA scales with ambient carbonate ion activity and increases the solubility 
of CFA61. This substitution into the fluorapatite structure, therefore—somewhat 
counterintuitively—results in an increase in the level of dissolved P needed for 
CFA precipitation61. In addition, inorganic dissolved P speciation is controlled 
by pore fluid pH. As a result, changes in CFA phase solubility may be important 
when considering secular evolution of the P cycle given that sedimentary pore  
water carbonate ion concentrations may have changed over time in concert  
with changes in marine carbonate saturation state62–66. These changes could have 
correspondingly raised or lowered the concentration of pore water P required for 
CFA formation. However, carbonate chemistry and pH in pore waters in conti-
nental margin sediments will be largely decoupled from ambient (bottom water) 
carbonate chemistry67.

The saturation state of pore waters may have also undergone changes coinciding 
with changes in the amount of aerobic versus anaerobic organic-matter reminer-
alization in marine settings68. In the Precambrian the ratio of anaerobic/aerobic 
remineralization in the sediment column would be higher than in the Phanerozoic, 
potentially resulting in higher average pore water carbonate ion concentrations 
(and thus higher CFA solubility). However, it is important to note that sulphate 
reduction often induces a drop in carbonate saturation state because of sulphide 
production69, and that the net effect of anaerobic metabolism on the pore fluid car-
bonate system will thus often depend strongly on reactive iron availability. Further, 
increases in pore water pH driven by anaerobic remineralization of organic matter 
may promote CFA supersaturation through their effect on dissolved inorganic P 
speciation.

Given the considerations discussed above, pore fluid carbonate chemistry is 
expected to be highly variable in shallow marine sediments, and thus the factors 
regulating CFA phase solubility will vary locally over a very wide range across 
sedimentary environments on the continental margin. Indeed, some of the  
sample-to-sample variability at any given time within our database may well 
be attributable to local variation in these and other factors. However, it is very 
unlikely that variations in parameters of the local depositional environment are 
capable of explaining a pronounced, systematic shift in the efficiency of CFA 
formation through time across the spectrum of marginal marine environments 
represented by our database.
Estimates of marine phosphate concentrations from iron-rich sedimentary 
rocks. The geologic record of P/Fe ratios in iron-oxide-rich rocks (P/Feox) has had 
a key role in shaping our view of the evolution of the marine P reservoir and, in 
particular, marine phosphate concentrations2. Therefore, it is important to explore 
whether our presented shale P record is consistent with insights provided by P/Feox 
records. The basis for using P/Fe ratios in iron-oxide-rich rocks to track phosphate 
levels comes from a sound understanding of the mechanics of P scavenging in 
modern hydrothermal systems, in which there is a strong correlation between 
ambient phosphate levels and the P/Fe ratio of hydrothermal plume particles70. 
During diagenesis there may be P sink switching (P moving from oxide-sorbed to 
other authigenic mineral phases) but P/Fe ratios, at least in certain cases, appear to 
be relatively unaffected by this process71. However, the extent of phosphate sorption 
is strongly affected by the presence of other dissolved species whose concentrations 
may have changed dramatically through Earth’s history—complicating efforts to 
use P/Fe ratios to provide a new view of the secular evolution of the marine P  
reservoir. In particular, the extent of phosphate sorption is strongly dependent 
upon dissolved silica (Si) concentrations3,4, but this inhibitory effect of Si has, 
in turn, been suggested to be strongly dependent on ambient magnesium and 
calcium concentrations5. The central uncertainty associated with this approach is 
related to the lack of well-constrained marine concentrations for dissolved calcium, 
magnesium or Si through the majority of Earth’s history.

The long-term geologic record of P/Feox ratios can be divided into four  
intervals2,4: (1) the Archean and early Proterozoic; (2) the Cryogenian (3) the early 
to middle Phanerozoic; and (4) the late Phanerozoic. Although P/Fe ratios display 
variability through each of these intervals, each interval is also characterized by 
distinct averages. The Archean–Proterozoic and early Phanerozoic yield average 
molar P/Fe ratios between 0.1 and 1, well below Cryogenian and late Phanerozoic 
ratios (averages between 1 and 3). This trend in P/Feox ratios seems at first  

counterintuitive, but can be explained by shifts in marine P and Si levels. The 
late Phanerozoic increase can be linked to a drop in marine Si levels caused by 
the radiation of diatoms. Marine Si concentrations were higher than the modern 
value until the marine silicon cycle become biologically controlled—with decreased 
seawater Si concentrations probably linked to the radiation of diatoms, as well as 
heterotrophic siliceous organisms (sponges and radiolarians).

Elevated Cryogenian P/Feox ratios, despite high marine Si levels, are  probably 
linked to a large marine phosphate reservoir. However, new age and geologic  
constraints72,73 suggest that globally distributed Cryogenian iron formations 
(the only source of the P/Feox ratios) were probably deposited synchronously 
and formed within or during the terminal stages of the Sturtian Snowball Earth 
 glacial event about 720 million years ago. In this light, the Cryogenian P/Feox ratios 
reflect conditions specific to Snowball Earth events, instead of an extended  interval 
of elevated marine phosphate levels, as previously proposed4. In contrast, low 
Archean and early Proterozoic P/Feox ratios probably reflect high marine silicon 
 concentrations and near-modern or lower-than-modern marine phosphate levels, 
depending on how much the cation composition affected phosphate sorption5.

Further, it is also important to bear in mind that Archean and early Proterozoic 
P/Feox ratios probably reflect sub-chemocline phosphate levels—not surface  
phosphate concentrations. Much of the Phanerozoic P/Feox data comes from 
hydrothermal deposits where phosphate was scavenged from oxic waters, in strong 
contrast to the Precambrian record. Indeed, enhanced P scavenging near the 
chemocline can result in extremely low surface-water phosphate concentrations 
and moderate bottom-water phosphate concentrations, which is consistent with 
the upper end of Archean P/Feox ratios. Seen in this light, the iron oxide record 
tracks the evolution of the deep-water marine P reservoir, whereas the shale record 
tracks the dynamics of marginal marine authigenic P burial, which is strongly 
affected by surface-water phosphate levels and the corresponding major-element  
stoichiometry of the marine biosphere. Lastly, as noted above, marine Si  
concentrations were probably higher in the Archean and early Proterozoic than in 
the early Phanerozoic. In sum, P/Feox ratios provide a qualitative view of marine 
phosphate evolution that is generally consistent with the conclusions reached from 
the shale record presented here.
Biogeochemical modelling. We use a one-dimensional ocean-sediment trans-
port-reaction model30 to examine the impact of P scarcity due to P scavenging in 
a ferruginous ocean (Extended Data Fig. 5). The CANOPS model includes a range 
of ocean-sediment processes, both physical (ocean overturning circulation, vertical 
diffusion, and horizontal water exchange) and biogeochemical (export produc-
tion, respiration, sedimentation and burial of organic matter, and several redox 
reactions in aerobic and anaerobic environments). The basic model configuration 
and physical properties are presented in ref. 50. Dissolved inorganic carbon (DIC), 
total alkalinity (ALK), oxygen (O2), phosphate (PO4

3−), nitrate (NO3
−), ammo-

nium (NH4
+), sulphate (SO4

2−), and total sulphide (∑H2S) are considered to be 
dissolved tracers. The model’s biogeochemical scheme is based on the cycling of a 
primary limiting nutrient (phosphate), which controls the extent of biological pro-
ductivity in the surface ocean. It is assumed that any N depletion is compensated 
by N fixation from the atmosphere, but fixation rates are explicitly calculated. This 
does not amount to any implicit assumption that the N-fixation capacity of Earth’s 
biosphere is limitless—rather, it allows a simple approach towards diagnosing the 
biological N-fixation fluxes required to balance the coupled C–N–P–O2 cycle at 
steady state without the need to specify any additional free parameters required to 
‘cap’ globally integrated rates of N2 fixation. Further details and discussion of the 
general modelling approach can be found in ref. 50.

We have modified the original CANOPS model to explicitly include two crucial 
components of the deep-time P cycle that have previously been largely neglected in 
large-scale quantitative models. First, we specify a redox-dependent net scaveng-
ing/burial of P in the ocean interior, which arises from recent work demonstrating 
that ferruginous (anoxic and Fe-rich) conditions have dominated the ocean interior 
for much of Earth’s history6,7,22,74. This deep marine redox state would have led 
to the effective scavenging and burial of bioavailable P through a combination of 
mechanisms, including co-precipitation with iron oxides2,5, formation of iron phos-
phate phases23, and removal during the formation of carbonated/sulfated green 
rust species24,75, any of which could result in an effective deep-sea P sink. Second, 
we allow the C/P stoichiometry of primary producers to respond dynamically to 
varying marine nutrient levels. This framework builds on previous treatments2,31, 
but is designed to explore the dynamics of oceanic Fe–P trapping on a planet 
dominated by cyanobacterial photosynthesis and resulting effects on the coupled 
P, C, N and O2 cycles.

We assume that when the ocean interior just below the photic zone becomes 
anoxic ([O2]z = 150 m < 1 μM) there is a net scavenging flux of P from the surface 
ocean J( )P

scav  that is proportional to the upward flux of phosphate to the photic zone 
J( )P

up  scaled by a fractional scavenging efficiency (escav) (for example, 
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up). The upward flux of phosphate to the photic zone is expressed as 

the sum of fluxes due to advection (upwelling) and turbulent diffusion, yielding 
the aggregate scavenging flux as follows:
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where w and Kv are upwelling velocity and turbulent diffusivity beneath the photic 
zone, respectively, and hm is the photic zone depth. The scavenged P is removed 
from the system and is presumed to be deposited as an authigenic phase within 
the ocean interior. Rather than attempt to parameterize coupled P–Fe recycling, 
we specify escav as a constant in each simulation and use it as a principal sensitivity 
parameter for our experiments. Though there are good a priori reasons to expect 
that scavenged P would be removed efficiently in association with a wide range 
of phases (see above), we consider that a more explicit parameterization of the 
coupled Fe–P cycle would be highly desirable. However, it is important to note 
conceptually that it is possible to have similar biospheric effects with more efficient 
P scavenging at the base of the photic zone if an explicit P redissolution term is 
included (for example, a P cycle dominated by extensive P scavenging by ferric 
oxides with subsequent iron reduction and P release). Modelling the P cycle in 
this manner would result in a larger total marine P reservoir at equivalent surface 
P limitation. Indeed, on the basis of the P/Fe value in Archean and Proterozoic 
iron-oxide-rich rocks it is likely that there were at least intervals characterized by 
a modest P reservoir size (marked by higher P/Fe ratios; see above), consistent 
with this mode of P cycling.

We have also modified the CANOPS model to include C/P stoichiometry of 
primary producers that can dynamically respond to marine nutrient availability 
(Extended Data Fig. 6). In the original CANOPS model (and in most other large-
scale biogeochemical models) the canonical Redfield ratio of C:N:P = 106:16:1 is 
used to define the stoichiometry of particulate organic matter. However, laboratory 
culture experiments and field studies show that the elemental composition of com-
mon cyanobacteria, such as Trichodesmium, Prochlorococcus and Synechococcus, 
depends strongly on ambient phosphate concentrations, with biomass C/P ratios 
in particular greatly exceeding the canonical Redfield value under certain growth 
conditions26,76–78.

We have modified the CANOPS model to include the field-tested flexible- 
stoichiometry model employed by ref. 77, in which the C/N/P stoichiometry of 
cyanobacteria responds dynamically to ambient phosphate availability in surface 
waters according to:
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where the canonical Redfield values are ∗rCP = 106 and ∗r NP = 16, the asymptotic 
C/N/P ratios are rCP

max = 400 and r NP
max = 60 for our reference run, and the fitting 

parameters γP0 and γP1 are 0.10 μM and 0.03 μM, respectively (Extended Data  
Fig. 6). We vary the maximum C/P ratio r( )CP

max  as a principal sensitivity parameter 
in our experiments.

The inclusion of a redox-dependent water-column Fe–P trap results in effective 
sequestration of inorganic P in the ocean interior and severe nutrient P deficiency 
in the surface ocean at low steady-state atmospheric pO2 (Extended Data Fig. 7). 
As mentioned above, this result is quantitatively consistent with the lower end of 
empirical estimates of average seawater [PO4

3−] for much of Precambrian time5. 
This nutrient P scarcity leads to elevated C/P ratios in primary producer biomass 
in runs with dynamic elemental stoichiometry. Both of these effects are consistent 
with the predictions of our conceptual model, allowing us to quantitatively explore 
the effects of these two processes on steady-state energy flow and mass fluxes in 
the coupled C–N–P–O2 cycle.

In the original configuration of the CANOPS model, the burial flux of organic 
carbon (JC

bur, in mol C m−2 yr−1) at a given water depth z is calculated on the basis 
of the depositional flux to the sediment–water interface J( )C

depo  and a burial  
efficiency e( )C

bur  (such as the ratio of organic carbon buried in sediments to that 
deposited at the sediment–water interface), the latter of which is taken to be a 
function solely of linear sedimentation rate at depth z (S, in cm yr−1):

= ⋅J z e S z J z( ) ( ( )) ( ) (4)C
bur

C
bur

C
depo

We parameterize S(z) following ref. 79:

= ⋅ . +z S2,700 erfc[2 1 log ] (5)

where ‘erfc’ is the Gauss or error function. We have also modified the original 
CANOPS formulation to include an oxygen dependence on overall organic carbon 
burial efficiency according to ref. 80:
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where A is the sediment mass accumulation rate (in g cm−2 yr−1), and δ1 and δ 2 
are the burial efficiencies at zero and infinite A, respectively. For normal marine 
settings, ([O2] > 200 μM), δ1 = 0.5%, δ2 = 75%, and δ3 = 0.07 g cm−2 yr−1, whereas 
δ1 = 5%, δ2 = 75%, and δ3 = 0.01 g cm−2  yr−1 for low-oxygen settings 
([O2] < 30 μM). For the range 30 μM < [O2]z < 200 μM, eC

bur is calculated by  
assuming a log-linear average of the normal and low-oxygen values. We convert 
sedimentation rates S to mass accumulation rates A by assuming a porosity of 0.9 
and a dry bulk density of 2.65 g cm−3.

In the original CANOPS model, the burial rate of reactive P is computed on 
the basis of the C/P ratio of buried sediments, (C/P)bur, and the net burial rate of 
organic carbon:

= ⋅ / −J z J z( ) ( ) [(C P) ] (7)P
bur

C
bur

bur
1

where (C/P)bur is a function of both bottom-water oxygen levels and linear sedi-
mentation rate S at depth z. However, this approach does not incorporate an explicit 
role for dynamic rCP in sedimenting particulate organic matter, which we argue 
should be a crucial parameter in an ocean dominated by cyanobacterial primary 
production. We thus modify reactive P burial fluxes in CANOPS as follows.

As in the original CANOPS model configuration it is assumed that P burial 
fluxes are proportional to the depositional flux of P at depth z J z( ( ))P

depo  and a 
burial efficiency (ei) for each sedimentary P phase:

= ⋅J z e z J z( ) ( , [O ] ) ( ) (8)i i z
bur

2 P
depo

where i denotes each of the primary burial fluxes of P—organic P, Fe-bound P and 
authigenic P (for example, CFA). The depositional flux of P at depth z J z( ( ))P

depo  is 
in turn evaluated according to the organic carbon deposition rate at a given depth 
and the C/P stoichiometry of particulate organic matter as calculated above by our 
dynamic stoichiometry model:
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Burial efficiencies for each form of P (ei) are then expressed as a function of  
bottom-water oxygen concentration and sedimentation rate at a given depth z:

= ⋅∗e z e S z f( , [O ] ) ( ( )) ([O ] ) (10)i z i i z2 2

where ∗ei  denotes the reference burial efficiency that is controlled only by sedimen-
tation rate S at depth z and fi([O2]z) represents the oxygen dependency of a given 
burial efficiency term. We assume that organic P, Fe-bound P, and authigenic P 
account for 25%, 25% and 50% of the total reactive P burial under fully oxygenated 
conditions29. The burial efficiency of organic P as a function of sediment accumu-
lation rate is parameterized as:

= ⋅ + − . /∗ −e e S S( ) (1 exp[ 0 001 ]) (11)org C
bur 1

where the second term represents the preferential regeneration of organic P  
relative to organic carbon, the effect of which becomes weak in the deep sea81. 
This is an important component of our model—it allows for some degree of pref-
erential P regeneration in shallow environments most likely to accumulate dis-
solved sulphide82,83, while implicitly allowing for effective P scavenging in the 
ocean interior. Burial efficiencies are assumed for Fe-bound and authigenic P that 
are proportional to organic-P burial efficiency according to ∗eFebound = ∗eorg and 

∗eauth = ∗e2 org.
We formulate the oxygen-dependent component of P burial according to:
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It has been proposed that authigenic P burial, which currently dominates P 
removal from the modern ocean (see below), depends on bottom-water oxygen 
levels84,85. However, in contrast, recent work suggests that authigenic P burial, 
in cases with extensive CFA formation, can actually be enhanced under anoxic  
conditions86. Hence, we assume no direct oxygen dependency on authigenic P 
burial (for example, fauth([O2]z) = 1), and instead allow authigenic P burial to scale 
more directly with the input C/P ratio to the sediment–water interface, consistent 
with the conceptual model discussed below and in the main text. We set α = 0.25 
and [O2]* = 250 μM such that the globally averaged (C/P)bur value is about 250 
under pervasively anoxic conditions87. All other parameters not explicitly specified 
above are set to the reference values shown in ref. 50.
Data availability. All analytical data generated or analysed during this study are 
included in this published article (and the Supplementary Information). Model 
output data are available from the corresponding author on reasonable request.
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Extended Data Figure 1 | Comparison of bulk P content and Corg 
content in marine siliciclastic sedimentary rocks. There are large 
differences in bulk P content despite statistically indistinguishable Corg 
content (see main text). The crossplot shows bulk concentrations, and the 

histograms show bootstrap resampled mean values for each parameter. 
Note the differing scales between the raw data plot and resampled mean 
histograms.
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Extended Data Figure 2 | Distributions of P content in marine 
siliciclastic sedimentary rocks from our database. On the left, from 
top to bottom, are pre-Cryogenian samples, anoxic Phanerozoic samples, 
and oxic Phanerozoic samples. For the Phanerozoic data, oxic and anoxic 
samples were delineated on the basis of sedimentary Mo enrichments 

(see main text). The shaded box denotes values greater than 0.2 wt%. 
On the right are cumulative frequency distributions (top) and bootstrap 
resampled mean P concentrations (bottom) for the same subsampled data 
sets.
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Extended Data Figure 3 | Distributions of P content in marine 
siliciclastic sedimentary rocks from our database. On the left, from 
top to bottom, are pre-Cryogenian samples, anoxic Phanerozoic samples 
and oxic Phanerozoic samples. For the Phanerozoic data, oxic and anoxic 
samples were delineated on the basis of sedimentary uranium (U)  

enrichments (see main text). The shaded box denotes values greater 
than 0.2 wt%. On the right are cumulative frequency distributions (top) 
and bootstrap resampled mean P concentrations (bottom) for the same 
subsampled data sets. A single outlier containing 33 wt% P was removed 
during bootstrap resampling based on U content.
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Extended Data Figure 4 | Distributions of P content in marine 
siliciclastic sedimentary rocks from our database. On the left, from 
top to bottom, are pre-Cryogenian samples, anoxic Phanerozoic samples 
and oxic Phanerozoic samples. For the Phanerozoic data, oxic and anoxic 
samples were delineated on the basis of sedimentary vanadium (V)  

enrichments (see main text). The shaded box denotes values greater 
than 0.2 wt%. On the right are cumulative frequency distributions (top) 
and bootstrap resampled mean P concentrations (bottom) for the same 
subsampled data sets.
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Extended Data Figure 5 | Proposed conceptual model for P cycling. 
a, Major P burial fluxes in a well oxygenated ocean–atmosphere system, 
where relatively high nutrient P availability and low phytoplankton 
C/P ratios facilitate extensive P burial in marginal marine sediments 

as authigenic CFA. b, P burial fluxes in a ferruginous ocean, in which 
scavenging of P by Fe mineral phases (a water-column Fe–P trap) leads 
to surface ocean P scarcity, high phytoplankton C/P ratios, and greatly 
decreased P burial in marginal marine sediments.
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Extended Data Figure 6 | Function used in the modified CANOPS 
model specifying dynamic primary producer biomass stoichiometry 
(C/P) as a function of ambient phosphate level, [PO4

3−]. The plot is 
based on the flexible stoichiometry model employed by ref. 58. The red 
dashed line shows the canonical Redfield ratio, whereas the green dashed 
line shows the default maximum C/P ratio for biomass, [C:P]max.  
The grey curve shows the function implemented in the model (see main 
text): f(PO4

3−).
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Extended Data Figure 7 | Illustrative results of output from the ocean-sediment biogeochemical model. a–d, Steady-state P removal fluxes from the 
model as a function of atmospheric pO2

 for a range of net scavenging efficiencies, σscav. The Fe-bound, organic, authigenic, and scavenged P fluxes are 
denoted as ‘Fe’, ‘org’, ‘auth’ and ‘scav’, respectively.
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Extended Data Figure 8 | Illustrative results of output from the ocean-sediment biogeochemical model discussed in the text. a–c, All panels show a 
given P burial flux (in mmol P m−2 yr−1) contoured as a function of steady-state atmospheric pO2

 and ocean depth. a, The organic P burial flux; b, the  
Fe-bound P burial flux; and c, the authigenic P burial flux.
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