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Supplementary Methods 
1. The ‘Extended’ 1D Multicomponent Diagenetic Model: 

SEDCHEM 

Derivation of pH formulation 

If the dissociation constants do not change with time, TP can be written as a function of 

proton concentration and the total concentrations of dissociation systems, which is 

 

𝑇𝑃 = 𝑓(𝐻, [𝑆*])                                                                                                              (S1) 

 

Thus, the time derivative of the total proton balance can be written as 
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Rearranging the equation gives 
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Derivation of Adsorption formulation 

The total iron (TFe) in the modeled system is defined as the sum of Fe2+ and AFe. If 

calibrated to the volume of solute, the concentration of total iron is 

 

TYZ = Fe=@ + 𝐹A_` = (1 + KYZ)Fe=@                                                                          (S9) 

 

The derivative of TFe is simply the sum of the reaction and transport terms of Fe2+ and AFe, 

which is 
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Combining Equations S9 and S10 yields 
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The adsorption process also involves the transfer of protons. For example, the equation for 

the adsorption of Fe2+ can be written as 
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A> + Fe=@ → AYZ + H@                                                                                             (S12) 

 

where A>	is the adsorbed proton. The derivative of Fe2+ can also be written as 
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= 𝑅𝑇_`?h − 𝑅𝐴2                                                                                              (S13) 

 

Combining Equations S11 and S13 yields 

 

𝑅𝐴2 =
Ade

i@Ade
𝑅𝑇_`?h −

Y
i@Ade

𝑅𝑇gde                                                                           (S14) 

 

Model Solution 

We employed model domain thicknesses of 300 cm for initial model runs and comparison 

to empirical data from the “Friends of Anoxic Mud” (FOAM) site in Long Island Sound1-

9. The model was developed in R10. The R package ReacTran was used to simplify the 

transport codes11. The model was solved by the Method of Lines using the Variable 

Coefficient Ordinary Differential Equations (VODE) solver12. The model was run 

dynamically to steady state, although the upper 15 cm of most marine sediments, including 

FOAM, are likely subject to strong seasonal variations2. 

 

Model Application 

We selected FOAM to evaluate the robustness of our model given that it is a site from 

which empirical data on bioturbation intensities and sediment mixed layer depths have 

been collected, various porewater chemical species and complete P speciation such as iron-

bound P, authigenic P and organic P have been measured, a complete redox balance has 

been determined, and various diagenetic processes have been extensively investigated1-9. 

Collection of this entire suite of sediment biogeochemical and bioturbation data from a 

single site is surprisingly rare and is an obvious target for future work to explore the 

robustness of this model. The majority of reaction rate constants employed in the model 

are adopted from previous studies (Table S5), with the exception of those for calcite, 

aragonite and CFA precipitation and biotite dissolution, which were adjusted to reproduce 

the FOAM geochemical profiles. However, it is important to note that these adjusted rates 
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are not anomalous relative to those expected in continental margin sediments. Authigenic 

P phases measured at FOAM by the SEDEX method include CFA, biogenic apatite, CaCO3 

and smectite13. While CFA formed primarily from porewater, the other authigenic P phases 

may actually be detrital or have precipitated from seawater. To reproduce the authigenic P 

profile of the FOAM site, we also applied an authigenic P flux term from seawater to 

sediments (e.g., biogenic apatite, CaCO3 and/or smectite). The precipitation of CFA from 

seawater is likely hindered by undersaturation of precursor phases such as octacalcium 

phosphate14. Vivianite has not been found at the FOAM site, due to low Fe concentrations 

through most of the sediment pile.  

 

Model Results for the FOAM Site 

Our ‘extended’ diagenetic model can reproduce multiple sedimentary geochemical profiles 

recorded from FOAM (Fig. S2), including Mn2+, Fe2+, sulfate, methane, magnetite, 

ammonia, Ca2+, DIC, phosphate, and other P species. Our model also reproduces measured 

pH. As most of the diagenetic reactions employed in the model (including calculation of 

CFA saturation state) involve proton exchange and thus influence porewater pH (Table S2), 

realistic parameterization of pH is an essential criterion; the ability of our model to 

accurately calculate pH therefore suggests that our treatment of CFA formation and P 

cycling more generally are robust. 

 

Our model can also accurately reproduce FOAM organic P profiles (Fig. S2) and 

regeneration rates. It is likely that the remineralization of organic P is not enough to sharply 

increase the dissolved phosphate concentration near the sediment-seawater interface, as is 

observed at FOAM (Fig. S2). Thus, some other phosphate source such as iron-bound P is 

required8, which is further supported by the substantial decrease in inorganic P observed 

in the top 10 cm at FOAM2. As the iron-bound P measured at FOAM by the SEDEX 

method is below detection limits8, it is possible that most of the iron-bound P has been 

released to porewaters in the uppermost portion of the sediment pile (Fig. S2, ref. 2). There 

is also some uncertainty regarding the magnitude of the flux of authigenic P from seawater 

to the sediment pile at FOAM8, which may be biogenic apatite and/or P associated with 

smectite. It is challenging to infer the seawater-to-sediment authigenic P flux solely from 

solid-phase authigenic P data, due to the paucity of data collected from the immediate 
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vicinity of the sediment-seawater interface and uncertainty regarding the influence of 

biodiffusion at this interface. In our ‘best-fit’ model result, this authigenic P flux is 

5.27×10-5 mmol cm-2 yr-1, equivalent to a concentration of 1.41 µmol g-1 within the 

sediment column.  

 

The total solid-phase P flux (organic P, iron-bound P and authigenic P) from seawater to 

sediment is, in our ‘best-fit’ model output, 0.0037 mmol cm-2 yr-1, while the dissolved 

phosphate flux from sediment to seawater is 0.0024 mmol cm-2 yr-1. This latter value is 

very similar to the fall (seasonal) dissolved phosphate flux of 0.0021 mmol cm-2 yr-1 

directly measured by Aller15, which falls between the values of the empirically observed 

summer and winter fluxes. The model results show that P burial efficiency at FOAM is 

only 38%, due to diffusion and bioirrigation across a high gradient of dissolved phosphate 

near the sediment-seawater interface. This is comparable to observations from California 

continental slope sediments, where 75% of the phosphate generated by the remineralization 

of iron hydroxides and organic matter is released to seawater16. 

 

The ability of our model to reproduce authigenic P and relevant pore-water profiles 

measured at FOAM suggests that the reaction rate law for CFA formation used in this study 

is mechanistically accurate, in spite of continuing uncertainties regarding the precise 

chemical formulation of CFA and KspCFA. Previous modeling exercises have described the 

kinetics of CFA formation with an equilibrium phosphate concentration term17-20. However, 

experimental studies have shown that rates of crystal growth of calcium hydroxylapatite 

and calcium fluorapatite are functions of saturation state21,22. The reaction rate constant for 

the baseline model run (Table S5) is 2.7×10-8 M yr-1, consistent with sluggish precipitation 

kinetics. 

 
Application to ODP Site 846/1226 
 
We have also applied the same model to a deep water setting (ODP site 846/1226), where 

P species and other geochemical variables have been measured23-26. In this site, the early 

diagenetic sink-switch from organic P and iron-bound P to CFA occurs from the top of the 

sediment pile to about 20 m below the sediment-seawater interface (Fig. S3), equivalent to 

a timescale of about 0.5 Myr25. For this exercise, model parameters were adjusted to be 
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consistent with slow sedimentation rates and low organic matter fluxes. The results are 

shown in Fig. S3. Our model can reproduce sediment profiles for ODP site 846/1226, 

including P species (Fig. S3). The ability of our model to reproduce both shallow marine 

and deep-sea sediment data provides strong support that our parameterizations and 

mechanistic framework is robust.  

 

2. Deep-Sea Sedimentary P Speciation Compilation 

To better ground our model results, we have compiled P speciation data for deep-sea 

sediments spanning the last 80 myr of the Phanerozoic25-30. The compiled data include 17 

ODP sites from the Pacific, Atlantic and Indian Oceans, and thus do not have strong 

regional biases. We have removed the data for the last 2–6 myr as it has been determined 

that the diagenetic “sink-switch” from organic P and iron-bound P to CFA may still, during 

this interval of early diagenesis, be ongoing19,25. It has been previously documented that 

pyrite oxidation during sample storage can lead to underestimation of the CFA content of 

carbonate-poor sediments31. However, it is unlikely that this process strongly influenced 

our compiled data because 1) the deep-sea sediments from which we compiled these data 

are not pyrite-rich, due to slow sulfate reduction rates or even the absence of sulfate 

reduction (as indicated by porewater sulfate concentration profiles); and 2) most of the 

deep-sea sediments from which these data were compiled are carbonate-rich (>20%), 

which precludes the dissolution of CFA by pyrite oxidation31. Our compiled data show a 

gradual decrease in the burial ratio of CFA-associated P and total reactive P (a sum of 

organic P, CFA and iron-bounded P) (PCFA/PReactive) from ~35 Ma onward (Fig. 4), which 

is in phase with a decrease in marine Ca concentrations (and an increase in the Mg/Ca value 

of seawater, ref. 32-34).   

 

3. Coupled Carbon-Phosphorus-Oxygen Cycle Model 
As an alternative means of   gauging if changes in the Ca cycle will shape the global P and 

C cycles, we forced our global carbon cycle model with previously estimated, 

independently derived values for seawater DIC, seawater dissolved Ca and Mg 

concentrations, seawater pH, and bioturbation intensities through the Phanerozoic32,35-37. 

Bottom-water oxygen concentrations and organic matter loading vary with time-dependent 
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pO2 and marine P concentrations. Following previous work, we also included a plant-

assisted weathering effect (following ref. 38). Given model simplifications, our goal was 

not to provide the ‘best’ estimate of Phanerozoic pO2—our aim was, more simply, to 

explore whether Ca-driven shifts in P cycling—as predicted by empirical records and our 

model-based investigations—would drive significant changes in surface O2 levels.  

 

We compiled the results of time-dependent runs of our diagenetic model in order to build 

look-up tables with a time step of 1 myr from 540 Ma to 0 Ma. For each run, environmental 

parameters such as [DIC], [Ca], [Mg] and pH of marine bottom waters and the bioturbation 

parameters were varied temporally to match empirical estimates for these values derived 

from Phanerozoic geologic archives, using data adopted from the literature (see 

Supplementary Table 7). Although there are estimates for bottom-water [DIC] variation 

through the Cenozoic vary (e.g., ref. 39), a change in the input value of bottom-water [DIC] 

will not substantially influence the model results, as bottom-water [DIC] does not strongly 

influence CFA burial (see Fig. 3). We carried out a series of model runs with different 

bottom-water oxygen concentrations and organic carbon fluxes to the sediment-seawater 

interface to build look-up tables for the deep sea and shallow oceans, respectively (with the 

parameters shown in Supplementary Table 8), which were then used to force P burial at 

each time step. 

 

The default model output is shown in Fig. S11 and S12. Variation in calcium-bound P 

(CFA) burial largely follows the long-term evolution of seawater dissolved Ca 

concentrations, which are characterized by a strong inverse correlation with organic carbon 

burial and atmospheric oxygen levels. Increases in the calcium-bound P burial flux are 

correlated with decreases in the size of the total marine P reservoir (M5), which, in turn, 

will decrease organic carbon burial—facilitating a drop in O2 levels. Decreases in the 

calcium-bound P (CFA) burial flux will, conversely, lead to increases in the size of the 

total marine P reservoir (M5), which will increase organic carbon burial, leading to 

increases in O2 level. Therefore, temporal shifts in the magnitude of the calcium-bound P 

burial flux will, as determined by the long-term evolution of seawater Ca concentration, 

play a significant role in controlling atmospheric O2 levels through the Phanerozoic. 
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To further determine which factors most strongly influence model outputs, we carried out 

sensitivity tests (Fig. S12). Our default model interpolated outputs from our diagenetic 

model, using a time step of 1 million years. The flux of terrestrial non-reactive phosphorus 

to marine reactive phosphorus (F25) could also be influenced by the magnitude of plant-

assisted weathering (see ref. 38). Based on the temporal evolution of land plants (Table 

S13), we include a plant-assisted weathering effect in our default run, following Eq. S15: 

 

𝐹=l = 𝑘=El ∙ 𝑀= ∙ (1 + 𝑎𝑝 ∗ 	𝑃𝑙𝑎𝑛𝑡`vwxy0zw{)/(1 + 𝑎𝑝)                                            (S15) 

 

where ap is a non-dimensional factor, which was set as 0.5 in this study. We have also 

performed runs without the effect of plant-assisted weathering, for comparison. As shown 

in Fig. S12, plant-assisted weathering could have increased the magnitude of fluctuations 

in atmospheric O2 levels from the mid-Paleozoic onward (though incorporation of plant-

assisted weathering does not change the shape of the predicted Phanerozoic O2 curve). 

Given uncertainties in seawater dissolved Ca concentration estimates, we have also 

performed a set of runs with offsets (±2.5 mM) from the baseline Ca concentration (Fig. 

S12a), which are shown as the upper and lower boundaries of the bars in Fig. S12b and 

S12c. These results show that pO2 is higher at low seawater dissolved Ca concentrations 

(Fig. S12).  

 

The results of this coupled modeling exercise (Fig. S12) indicate that Phanerozoic CFA 

burial fluxes largely follow contemporaneous variations in seawater dissolved Ca 

concentrations. This indicates that, over the course of both the Paleozoic (coeval with the 

rise of bioturbation) and the Phanerozoic as a whole, marine Ca concentrations played a 

key role in regulating the efficiency of CFA burial (and thus P burial as a whole). Our 

coupled global model also suggests that major swings in CFA and P burial result in major 

swings in atmospheric oxygen levels. Considering a global oxygen cycle with only the redox 

and nutrient feedbacks in the utilized model, Variations in marine Ca concentrations could 

have caused shifts in atmospheric pO2 from less than 10% to greater than 25% (v/v), 

encompassing essentially the full range of values previously predicted for the Phanerozoic 

as a whole38,40,41. 
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Our results offer new insights into the factors driving major shifts in Phanerozoic 

atmospheric pO2. Fluid-inclusion data suggest an increase in seawater dissolved Ca 

concentrations during the early Cambrian32, coincident with a previously suggested 

interval of ocean deoxygenation (e.g., refs. 42, 43). These data also indicate low seawater 

dissolved Ca concentrations during the Carboniferous–Permian32,44, which would have 

inhibited CFA formation and driven the development of the high atmospheric pO2 that, on 

the basis of both geochemical and paleontological archives40,41,45, has been previously 

suggested to be characteristic of this time (interval 3 of Fig. S12c). Atmospheric pO2 values 

during the Mesozoic and the Cenozoic are currently poorly resolved46, making it difficult 

to gauge whether shifts in marine dissolved Ca concentrations and atmospheric oxygen 

levels were coupled over this interval (Fig. S13). Nonetheless, our framework suggests that 

large shifts in marine dissolved Ca concentrations, as indicated by the fluid inclusion record, 

would have driven significant changes in marine P and atmospheric oxygen levels—

consistent with most pO2 reconstructions.  

 

Although debated, increases in organic carbon burial tied to diversification of the terrestrial 

biosphere are commonly considered to have played a substantial role in driving Earth’s 

protracted oxygenation38,40,41,45,47. Our results do not preclude the possible importance of 

the rise of land plants in shaping atmospheric pO2. However, they suggest that seawater 

dissolved Ca concentration may have been an equally important factor influencing surface 

oxygen levels over the duration of the Phanerozoic. In addition, our proposed link between 

marine Ca and atmospheric O2 should have been operative throughout Earth’s history. 

Although terrestrial organic carbon burial has recently received much attention38,40,41 and 

has been treated as a key factor driving pO2 increases from the Ordovician onward, the 

“real” magnitude of this flux through the Phanerozoic has been questioned (e.g., ref. 47). 

Also, it has been suggested that the ratio between land plant-derived kerogen and total 

kerogen is only weakly correlated with the sedimentary organic carbon to pyrite sulfur 

ratio48. In fact, it is difficult to robustly reconstruct the magnitude of this flux, due to the 

relative paucity of appropriate archives of terrestrial organic carbon (e.g., coal). 

Interestingly, as shown in Fig. S13, our model can generate elevated Carboniferous–

Permian O2 levels comparable to those predicted by other (carbon isotope based) models, 

without incorporation of a major terrestrial organic carbon flux. Further, our model results 
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are broadly consistent with recent COPSE predictions for the Paleozoic O2 despite different 

forcings—indicting the potential for compounding effects in drivers of pO2 evolution (Fig. 

S13). 

 

There are, of course, a wide range of factors which may influence O2 levels (e.g., 

paleoceanographic circulation, sulfur cycling, fire feedback and uplift), not all of which are 

considered in detail here. The goal of our model is not to replace current holistic carbon 

and oxygen cycle models (e.g., COPSE, CANOPS, MAGic).  However, our model 

provides valuable insight into the interaction between diagenetic and ocean-scale processes 

regulating key nutrient cycles such as the P cycle. Our modeling exercise demonstrates that, 

although historically underappreciated, seawater Ca concentrations are a key factor shaping 

the Phanerozoic carbon-oxygen and phosphorus cycles. 

 

Given widely accepted tectonic controls on marine cation concentrations (e.g., Ref. 49), 

our results suggest a strong coupling between the solid Earth, the marine P cycle, and 

atmospheric pO2. Although a number of factors control marine dissolved Ca concentrations, 

it is generally accepted that the extent of Mg/Ca exchange in hydrothermal systems plays 

a major role in controlling seawater cation ratios (e.g., Refs. 49, 50). It has been suggested 

that high seafloor spreading and volcanogenic outgassing rates would elevate atmospheric 

pCO2 and increase the weathering flux of nutrients to the ocean. Our model predicts that 

increased spreading rates would not only elevate atmospheric pCO2, but also promote 

greater CFA burial by mediating increased seawater dissolved Ca concentrations, 

ultimately driving a decrease in atmospheric pO2 (Fig. S14).  
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Supplementary Tables 
 
Supplementary Table 1. Chemical species included in the model and their boundary 
conditions for the FOAM and ODP 1226 site.   

Solids (mmol cm-2 yr-1) 

Variables FOAM Values ODP 1226 values 

Organic carbon (orgC) 0.3 0.037 

Organic nitrogen (orgN) Linked with orgC Linked with orgC 

Organic phosphorus (orgP) Linked with orgC Linked with orgC 

Adsorbed Fe (Surf-Fe+) 0 0 

Highly reactive Fe hydroxides (Fe(OH)3α) 0.00685 0.000685 

Less reactive Fe hydroxides (Fe(OH)3β) 0 0 

Unreactive Fe hydroxides (Fe(OH)3γ) 0 0 

Magnetite (Fe3O4) 0.00199 0 

Biotite (Biot) 0.004 0.0004 

Highly reactive Mn oxide (MnO2α) 0.00327 0.000327 

Less reactive Mn oxide (MnO2β) 0 0 

Phosphate associated with Fe(OH)3α (P_`|  ) Linked with Fe(OH)3α Linked with Fe(OH)3α 

Phosphate associated with Fe(OH)3 β (P_`
β ) 0 0 

Phosphate associated with Fe(OH)3 γ (P_`
γ ) 0 0 

Pyrite (FeS2) 0 0 

Iron monosulfide (FeS) 0 0 

Elemental sulfur (S0) 0 0 

Aragonite (Arag) 0 0 

Calcite (Calc) 0.432 0.0432 

Rhodochrosite (Rhod) 0 0 

Carbonate fluorapatite (CFA) 5.27×10-5 5.27×10-6 

Vivianite (Vivi) 0 0 

Solutes (mmol cm-3)  

Oxygen (O2)                0.15×10-3 0.15×10-3 

Nitrate (NO3-) 11.8×10-6 31.6×10-6 

Sulfate (SO42-) 22×10-3 28×10-3 

Ammonium and ammonia (ƩNH4+) 0 0 
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Inorganic carbon (ƩCO32-) 2×10-3 2.25×10-3 

Hydrogen sulfide (ƩH2S) 0 0 

Phosphate (ƩPO43-) 1×10-6 2.4×10-6 

Methane (CH4) 0 0 

Ferrous iron (Fe2+) 0 0 

Manganese (Mn2+) 0 0 

Calcium (Ca2+) 8.6×10-3 10×10-3 

Hydrogen (H+) 10-7.64 10-7.87 

Fluoride (F-) 70×10-6 70×10-6 

Sodium (Na+) 380.56×10-3 481×10-3 

Magnesium (Mg2+) 46×10-3 53×10-3 

Note: 
1). the fluxes for all the component are fixed as zero at the lower boundary. 
2). The flux ratios of PFe/Fe(OH)3 are fixed as γ (Table S4) for all three components 
3). The fluxes of orgN and orgP are controlled by the flux of orgC and rN and rP (Table S4) 
4). The boundary conditions of the solutes are from refs. 1-9. 
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Supplementary Table 2. Reactions considered in the diagenetic model. 
Number Equations 

 

Primary redox reactions: 
R1 (CH=O)(NHD)�(HDPOG)� + (1 + 2x)O= 	→ 	COD=E + xNODE + (2 + x + 3y)H@ + yPOGDE + (x + 1)H=O     

R2 
(CH=O)(NHD)�(HDPOG)� + �

4 + 3x
5 �NODE + H=O

→ 	COD=E + �
6 + 15y − 3x

5 �H@ + �
2 + 4x
5 �N= + 	yPOGDE+

7 + 9x
5 H=O 

R3 (CH=O)(NHD)�(HDPOG)� + 2MnO=| + (2 − 3𝑦)H@ → COD=E + 2Mn=@ + xNHD + 	yPOGDE+2H=O 

R4a 
(CH=O)(NHD)�(HDPOG)� + 4Fe(OH)D| + 4θP_`| + (6 − 3𝑦 − 12𝑟)H@ 	→ COD=E + 4Fe=@ + xNHD + (y

+ 4θ)POGDE+10H=O 

R5 (CH=O)(NHD)�(HDPOG)� +
1
2 SOG

=E → 	COD=E + (
3
2 + 3y)H

@ +
1
2HS

E + xNHD + 	yPOGDE 

R6 (CH=O)(NHD)�(HDPOG)� +
1
2H=O	 →	

1
2 COD

=E + (1 + 3𝑦)H@ +
1
2 CHG + xNHD + 	yPOG

DE 

 
Secondary reactions: 
R7  NHD + 2O= → NODE + H@ + H=O    
R8 Mn=@ + 0.5O= + H=O → MnO=| + 2H@ 
R9 Fe=@ + 0.25O= + 2.5H=O + γPOGDE → Fe(OH)D| + γP_`| + (2 − 3r)H@ 
R10 FeS + 2O= → SOG=E + Fe=@                                                               
R11 FeS= + 3.5O= + H=O → 2SOG=E + Fe=@ + 2H@ 
R12 HSE + 2O= → SOG=E + H@ 
R13 CHG + 2O= → COD=E + H=O + 2H@ 
R14 MnO=

|,� + 2Fe=@ + 2γPOGDE	 	+ 4H=O	 → 2Fe(OH)D| + 2γP_`| + Mn=@ + (2 − 6𝑟)H@     
R15 MnO=

|,� + HSE + 3H@ → Mn=@ + S� + 2H=O 
R16 2Fe(OH)D

�,� + 2θPYZ
�,� + HSE + (5 − 6r)H@ → 2Fe=@ + 2θPOGDE	 	+ S� + 6H=O 

R17 Fe=@ + HSE → FeS + H@ 
R18 SOG=E + CHG → HSE + H=O + COD=E + H@ 
R19 4S� + 4H=O → 3HSE + SOG=E + 5H@ 
R20 FeS + S� → FeS= 
R21 Fe(OH)D� + θPYZ� → Fe(OH)D

� + θPYZ
�   

R22 MnO=| → MnO=
� 

R23 Ca=@ + COD=E → Aragonite 
R24  Ca=@ + COD=E → Calcite 
R25 Mn=@ + COD=E → MnCOD 
R26 9.54Ca=@ + 0.33Na@ + 0.13Mg=@ + 4.8POGDE + 1.2COD=E + 2.48FE → Ca�.lGNa�.DDMg�.iD(POG)G. (COD)i.=F=.G  
R27  FeS + HSE + H@ → FeS= + H= 
R28 KMgFe=AlSiDOi�(OH)= + 7H@ + 0.5H=O → K@ + Mg=@ + 2Fe=@ + 0.5Al=Si=Ol(OH)G + 2HGSiOG 
R29  FeDOG + HSE + 7H@ → 3Fe=@ + S� + 4H=O 
R30  Surf − H + Fe=@ → Surf − Fe@ + H@ 
R31  Surf − Fe@ + 0.25O= + γPOGDE	 	+ 2.5H=O → Surf − H + Fe(OH)D� + γP_`| + (1 − 3𝑟)H@ 

R32 3Fe=@ + 2H=POGE → FeD(POG)= + 4H@ 
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Reversible acid-base reactions 
 CO=(aq) + H=O → H@ + HCODE 

 HCODE → H@ + COD=E 

 NHG@ → H@ + NHD 

 H=POGE → H@ + HPOG=E 

 HPOG=E → H@ + POGDE 

 H=S → H@ + HSE 

Note: 

a. θ=P_`| /Fe(OH)D| and/or P_`
� /Fe(OH)D

� 
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Supplementary Table 3. Reaction rate laws for the diagenetic model. 
Symbo

l 

Expressions 

R1 kzorgCz(
[P?]

[P?]¥¦§@[P?]
)                                                                

R2 kzorgCz(
[O=]xz¨

[O=]xz¨ + [O=]
)(

[NODE]
[NODE]xz¨ + [NODE]

) 

R3 kzorgCz(
[O=]xz¨

[O=]xz¨ + [O=]
)(

[NODE]xz¨
[NODE]xz¨ + [NODE]

)(
[MnO=|]

[MnO=]xz¨ + [MnO=|]
) 

R4 kzorgCz(
[O=]xz¨

[O=]xz¨ + [O=]
)(

[NODE]xz¨
[NODE]xz¨ + [NODE]

)(
[MnO=]xz¨

[MnO=]xz¨ + [MnO=|]
)(

[Fe(OH)D|]
[Fe(OH)D]xz¨ + [Fe(OH)D|]

)	 

R4P kzorgCz(
[O=]xz¨

[O=]xz¨ + [O=]
)(

[NODE]xz¨
[NODE]xz¨ + [NODE]

)(
[MnO=]xz¨

[MnO=]xz¨ + [MnO=|]
)(

[P_`| ]
[Fe(OH)D]xz¨ + [Fe(OH)D|]

) 

R5 aUPT?©kzorgCz(
[O=]xz¨

[O=]xz¨ + [O=]
)(

[NODE]xz¨
[NODE]xz¨ + [NODE]

)(
[MnO=]xz¨

[MnO=]xz¨ + [MnO=|]
)(

[Fe(OH)D]xz¨
[Fe(OH)D]xz¨ + [Fe(OH)D|]

)(
[SOG=E]

[SOG=E]xz¨ + [SOG=E]
) 

R6 aUPT?©kzorgCz(
[O=]xz¨

[O=]xz¨ + [O=]
)(

[NODE]xz¨
[NODE]xz¨ + [NODE]

)(
[MnO=]xz¨

[MnO=]xz¨ + [MnO=|]
)(

[Fe(OH)D]xz¨
[Fe(OH)D]xz¨ + [Fe(OH)D|]

)(
[SOG=E]xz¨

[SOG=E]xz¨ + [SOG=E]
) 

ROC a R1 + R2 + R3 + R4 + R5 + R6 

R7 k7∙O2∙ƩNH4+    

R8 k8∙O2∙Mn2+ 

R9  k9∙O2∙Fe2+     

R9P k9∙O2∙Fe2+∙ γ ∙ ∑ POGDE /(∑ POGDE + [POGDE]xz¨) 

R10 k10∙O2∙FeS 

R11 k11∙O2∙FeS2 

R12 k12∙O2∙ƩH2S 

R13 k13∙O2∙CH4 

R14α  k14∙MnO2α∙Fe2+ 

R14αP k14∙MnO2α∙Fe2+∙ γ ∙ ∑ POGDE /(∑ POGDE + [POGDE]xz¨) 

R14β  k14∙MnO2β∙Fe2+ 

R14βP k14∙MnO2β∙Fe2+∙ γ ∙ ∑ POGDE /(∑ POGDE + [POGDE]xz¨) 

R15α k15∙MnO2α∙ƩH2S 

R15β k15∙MnO2β∙ƩH2S 

R16α k16∙Fe(OH)3α∙ƩH2S 

R16αP k16∙ P_`| ∙ƩH2S 

R16β k16∙Fe(OH)3β∙ƩH2S 

R16βP k16∙ P_`
� ∙ƩH2S 

R17 k17∙Fe2+∙ƩH2S 

R18 k18∙ƩSO4∙CH4 

R19 k19∙S0 

R20 k20∙FeS∙S0 

R21 k21∙Fe(OH)3α 
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R21P k21∙ P_`|  

R22 k22∙MnO2α 

R23 
k23+∙ ( Ωarga-1)                                       Ωarga>1 

k23-∙ ( Ωarga-1)	∙arag                              Ωarga<1 

R24 
k24+∙ ( Ωcalc-1)                                        Ωcalc>1 

k24-∙ ( Ωcalc-1)	∙calc                                Ωcalc<1 

R25 
k25+∙ ( Ωrhod-1)                                       Ωrhod>1 

k25-∙ ( Ωrhod-1)	∙rhod                             Ωrhod<1 

R26 
k26∙ ( ΩCFA-1)                                          ΩCFA>1 

0                                                                 ΩCFA<1  

Ω¬¬® ([𝐶𝑂D=E] ∙ [𝐶𝑎=@])/𝐾𝑠𝑝¬¬®   

Ω³¬x³ ([𝐶𝑂D=E] ∙ [𝐶𝑎=@])/𝐾𝑠𝑝³¬x³	 

Ω´w- ([𝐶𝑂D=E] ∙ [𝑀𝑛=@])/𝐾𝑠𝑝´w- 

Ωµ_¶ 
([𝐶𝑎=@] ∙ 𝑟𝐶𝑎)�.lG ∙ ([𝑁𝑎@] ∙ 𝑟𝑁𝑎)�.DD ∙ ([𝑀𝑔=@] ∙ 𝑟𝑀𝑔)�.iD ∙ ([𝑃𝑂GDE] ∙ 𝑟𝑃𝑂G)G.  ∙ ([𝐶𝑂D=E] ∙ 𝑟𝐶𝑂D)i.= ∙ ([𝐹E] ∙ 𝑟𝐹)=.G 

𝐾¹ºµ_¶
 

KspCFA  10E D.=Di@=.DD�»∙¼½¾	([µ¿K?©]∙µ¿K) 

R27 k27∙FeS∙ƩH2S 

R28 b k28∙biot0 

R29 K29∙Fe3O4∙ (ƩH2S)0.5 

R30 k30∙Surf-Fe+∙O2 

R30P k30∙Surf-Fe+∙O2∙ γ ∙ ∑ POGDE /(∑ POGDE + [POGDE]xz¨) 

R31 k31∙ [Fe2+]/([Fe2+]+[Fe2+]lim)	∙ [HPOG=E]/([HPOG=E] + [HPOG=E]¼ÀÁ) 

Note: 
a. the decomposition rate of organic matter 

b. biot0 is the concentration of biotite at the sediment-seawater interface 
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Supplementary Table 4: Reaction rate for each component 
Variables Reaction rates 

orgC -ROC 

orgN -ROC*rN 

orgP -ROCa*rP1-ROCb*rP2 

Fe(OH)3α - 4*R4 + 1/f*R9 + 2*(R14α+ R14β) - 2*R16α – R21 + R30 

Fe(OH)3β - 2*R16β + R21 

Fe(OH)3γ 0 

Fe3O4 -R29 

Biot -R28 

MnO2α - 2*R3 + 1/f*R8 – R14α – R15α - R22 

MnO2β - R14β - R15β  + R22 

P_`|   - 4*R4P +1/f*R9P + 2*(R14αP+ R14βP) - 2*R16αP – R21P + R30P 

P_`
�  - 2*R16βP + R21P 

P_`
Â  0 

FeS2 - R11 + R20 + R27 

FeS - R10 + 1/f*R17 - R20 - R27 

S0 + (R15α+R15β) + (R16 α+R16β) - 4*R19 - R20 + R29 

Arag + R23 

Calc + R24 

Rhod + R25 

CFA + R26 

Vivi + R31 

O2            - (1+2*rN)*f*R1 -2*R7 - 0.5*R8 - 0.25*R9 - 2*f*R10 - 3.5*f*R11 - 2*R12 - 2*R13 - 0.25*f*R30 

NO3- + rN*f*R1 - (0.8+0.6*rN)*f*R2 + R7 

SO42- - 0.5*f*R5+ f*R10 + 2*f*R11 + R12 - R18 + f*R19 

ƩNH4+ + f* rN *(R3+R4+R5+R6) - R7 

ƩCO32- + f *( ROC - 0.5*R6) + R13 + R18 - f*R23 - f *R24 - f *R25 - 1.2*f *R26 

ƩH2S + 0.5*f *R5 - R12 - f *(R15α+R15β) - f *(R16 α+R16β) - R17 + R18 + 3*f *R19 - f *R27 - f *R29 

ƩPO43- + f *(ROCa*rP1+ROCb*rP2) - 4.8*f *R27 + 4*f *R4P – R9P - 2* f.grid*(R14αP+ R14βP) + 2*f *(R16αP+R16βP) 

- f.grid*R30P 

CH4 + 0.5*f *R6 - R13 - R18 

Fe2+ +1/(1+kFe)*(4*f *R4 - R9 + f *R10 + f *R11 - 2*f *(R14α+ R14β) + 2*f *(R16α+R16β) - R17 + 2*f *R28 + 3*f 

*R29) + 1/(1+kFe)*f*(-R30) 

Mn2+ + 2*f *R3 - R8 + f *(R14α+ R14β) + f *(R15α+R15β) - f *R25 

Ca2+ - f *R23 - f *R24 - 9.54*f *R26 

TP + (2+rN)*f *R1 + 1.2*f *R2 - 0.6*f *R2*rN - 2*f *R3 - 6*f *R4 + 1.5*f *R5 + f*R6 + 3*f 

*(ROCa*rP1+ROCb*rP2) + 12*f*R4P + R7 + 2*R8 + (2-3*γ*SumH2PO4/(SumH2PO4+KPO4))*R9 + 2*f *R11 

+ R12 + 2*R13 + (2-6*	γ *SumH2PO4/(SumH2PO4+KPO4))*f *(R14α+ R14β) - 3*f*(R15α+R15β) - 
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5*f*(R16α+R16β) + 6*f *( R16αP+ R16βP) + R17 + R18 + 5*f*R19 - f*R26 - 7*f*R27 - 7*f*reac28 + (1-3*	γ 

*SumH2PO4/(SumH2PO4+KPO4))*f *R29 + kFe/(1+kFe)*RTFeII - 1/(1+kFe)*f*RTSurfFe 

F- - 2.48*f *R26 

Na+ - 0.33*f *R26 

Mg2+ - 0.13*f *R26   
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Supplementary Table 5. Model parameters for the FOAM site.  
symbol description Value  unit Sources 

L The length of domain 300 cm This study 

T Marine bottom-water temperature 12 oC ref. 3 

S Marine bottom-water salinity 28.4 1 ref. 4 

P Marine bottom-water pressure 2 bar ref. 8 

ϕ� Porosity at surface 0.64 1 refs. 2,51 

ϕÄ Porosity at depth 0.64 1 refs. 2,51 

λ Porosity attenuation length 5 cm This study 

ρ Sediment density 2.5 g cm-3 ref. 2 

ω0 Sediment accumulation rate 0.2 cm yr-1 ref. 6 

DÇ� Biodiffusion coefficient at surface 10-7 cm2 s-1 This study 

xbt Biodiffusion attenuation coefficient 3 cm This study 

a0 Bioirrigation coefficient at surface 100 yr-1 This study 

xbi Bioirrigation attenuation coefficient 0.8 cm This study 

γ P/Fe ratio for iron-bound P 0.24 1 This study 

r_Fe Bioirrigation scaling coefficient of Fe2+ 0 1 ref. 52 

r_Mn Bioirrigation scaling coefficient of Mn2+ 0.2 1 ref. 52 

a Average lifetime of more reactive orgC 0.15 yr This study 

v Shape of orgC distribution 0.12 1 This study 

rN C/N molar ratio in organic matter 106:10 mol mol-1 This study 

rP1 C/P molar ratio in organic matter α 106:1.3 mol mol-1 This study 

rP2 C/P molar ratio in organic matter β 106:0.27 mol mol-1 This study 

ε 
accelerated factor for P regeneration rate in 
organic matter α 

1 1 This study 

[O=]xz¨ Limiting concentration of O2 20 μM refs. 53,54 

[NODE]xz¨ Limiting concentration of NO3- 4 μM refs. 53,54 

[MnO=]xz¨ Limiting concentration of MnO2 32 μmol g-1 refs. 53,54 

[Fe(OH)D]xz¨ Limiting concentration of Fe(OH)3 65 μmol g-1 refs. 53,54 

[SOG=E]xz¨ Limiting concentration of SO42- 1.6 mM refs. 53,54 

[POGDE]xz¨ 
Limiting concentration of POGDE uptake into 

Fe(OH)3α 
10 μM ref. 17 

aUPT?© Attenuation factor for SO42- reduction 0.2 1 ref. 54 

k7 Rate constant of R7 1×107 M-1 yr-1 ref. 53 



21 
 

k8 Rate constant of R8 6.94×105 M-1 yr-1 ref. 52 

k9 Rate constant of R9 1.4×108 M-1 yr-1 ref. 53 

k10 Rate constant of R10 3×105 M-1 yr-1 ref. 53 

k11 Rate constant of R11 1.89×104 M-1 yr-1 ref. 52 

k12 Rate constant of R12 1.6×105 M-1 yr-1 ref. 53 

k13 Rate constant of R13 1010 M-1 yr-1 ref. 53 

k14 Rate constant of R14 3×106 M-1 yr-1 ref. 53 

k15 Rate constant of R15 2×104 M-1 yr-1 ref. 53 

k16 Rate constant of R16 8×103 M-1 yr-1 ref. 53 

k17 Rate constant of R17 1.48×106 M-1 yr-1 ref. 52,54 

k18 Rate constant of R18 104 M-1 yr-1 ref. 53 

k19 Rate constant of R19 3.16 yr-1 ref. 52 

k20 Rate constant of R20 7.26×103 M-1 yr-1 ref. 52 

k21 Rate constant of R21 0.57 yr-1 ref. 52 

k22 Rate constant of R22 1.7 yr-1 ref. 52 

k23+ Rate constant for the formation of arag 3×10-6 M yr-1 This study 

k23- Rate constant for the dissolution of arag 0.5 yr-1 ref. 55 

k24+ Rate constant for the formation of calc 3×10-7 M yr-1 This study 

k24- Rate constant for the dissolution of calc 0.5 yr-1 ref. 55 

k25+ Rate constant for the formation of rhod 3×10-6 M yr-1 ref. 53 

k25- Rate constant for the dissolution of rhod 0.25 yr-1 ref. 53 

k26 Rate constant of R26 2.7×10-8 M yr-1 This study 

k27 Rate constant of R27 3.25×103 M-1 yr-1 ref. 56 

k28 Rate constant of R28 3×10-4 yr-1 This study 

k29 Rate constant of R29 5.4×10-3 mM-0.5 yr-1 ref. 1 

k30 Rate constant of R30 5×106 M-1 yr-1 ref. 53 

k31 Rate constant of R31 1×10-6 M-1 yr-1 ref. 57 

[Fe2+]lim Half-saturation constant for [Fe2+] 5×10-6 M ref. 58 

[HPOG=E]xz¨ Half-saturation constant for [HPOG=E] 5×10-6 M ref. 58 

kFe Adsorption coefficient for Fe2+ 500 1 ref. 53 

Ksparag Apparent equilibrium constant of arag 5.6×10-7 M2 ref. 59 

Kspcalc Apparent equilibrium constant of calc 3.52×10-7 M2 ref. 59 

Ksprhod Apparent equilibrium constant of rhod 10-9 M2 ref. 60 

rCa Activity coefficient for Ca2+ 0.219 1 a 

rNa Activity coefficient for Na+ 0.657 1 a 

rMg Activity coefficient for Mg2+ 0.282 1 a 
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rPO4 Activity coefficient for PO43- 3.7×10-5 1 ref. 61 

rCO3 Activity coefficient for CO32- 0.0289 1 a 

rF Activity coefficient for F- 0.315 1 a 

Data source:  a. Calculated using Geochemist’s Workbench.  
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Supplementary Table 6. The characteristics of the sites for data compilation of P 
species. 

Ocean 
ODP 
sites 

depth 
(m) 

CaCO3 
(%) 

sedimentation 
rate (m/m.y.) 

Latitude 
(o) 

Longitud
e (o) 

bottom water 
temperature (oC) 

Altlantic 1049 1345 34-92 3.6-12 30.14N 76.11W  
Altlantic 1050 1345 25-94 1.5-25 30.10N 76.24W  
Altlantic 1051 1345 30-90 18-36 30.05N 76.36W 3.7 

Altlantic 1052 1345 11-91 18-26 29.95N 76.63W  
Indian 689 2080 61-99 2-10 64.52S 3.10E 1.0a 

Indian 690 2914 73-93 5-50 65.17S 1.20E  
Indian 738 2253 84-96 1-31 62.72S 82.78E  
Pacific 1221 5175 0-64 1.3-18.8 12.03N 143.69W  
Pacific 844 3415 5-70 6-47 7.92N 90.48W  
Pacific 846 3296 30-70 10-61 3.10S 90.82W 1.7 

Pacific 851 3760 70-80 16-55 2.77N 110.57W 1.4 

Pacific 803 3410 83-94 8-30 2.43N 160.54E  
Pacific 804 3861 77-94 7-24 1.00N 161.59E  
Pacific 806 2520 90-97 19-43 0.32N 159.36E 2.0b 

Atlantic 925 3041 35-84 10-50 4.2N 43.5W  
Atlantic 926 3598 48-81 11-29 3.7N 42.9W 1.0a 

Atlantic 929 4356 5-71 3-37 6.0N 43.7W  
Note: 

a. Data from Lear et al. 62. 

b. Data from Lear et al. 63. 
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Supplementary Table 7. The environmental forcing values for the Phanerozoic look-up 
tables derived from our diagenetic model. 

Time  

(My) 

Ca b  

(mM) 

Time 

 (My) 

DIC a 

(mM) 

Time 

 (My) 

Mg b 

(mM) 

Time  

(My) pH c 

Time  

(Myr) 

xbtd 

(cm) 

xbid 

(cm) 

Poro 

-sity d 

Db d 

(cm2 

yr-1) 

a0 d 

(yr) 

0.0 10.0 0.0 2.25 0.0 53.0 0.0 7.87 0.0 4.25 2.00 0.64 3.16 100 
1.6 10.2 9.8 1.89 6.1 50.3 4.7 7.81 25.0 4.04 1.96 0.64 3.01 98.2 

7.8 11.9 30.7 1.90 13.1 45.5 9.6 7.73 50.0 3.84 1.93 0.64 2.85 96.4 
13.0 12.8 51.4 2.20 21.0 40.9 12.6 7.67 75.0 3.63 1.89 0.64 2.70 94.6 
23.6 14.3 90.5 2.20 26.4 38.5 17.4 7.62 100.0 3.43 1.86 0.63 2.55 92.8 

32.3 15.6 109.0 3.28 32.5 36.7 22.4 7.56 125.0 3.22 1.82 0.63 2.39 91.1 
42.0 16.9 130.4 2.53 42.2 34.8 29.2 7.48 150.0 3.01 1.79 0.63 2.24 89.3 
50.8 17.8 151.1 3.56 58.2 33.1 38.1 7.42 175.0 2.81 1.75 0.63 2.09 87.5 
63.0 18.7 169.5 3.70 77.1 31.3 52.9 7.42 200.0 2.60 1.71 0.63 1.94 85.7 

71.8 19.5 190.2 6.07 88.7 30.8 61.7 7.39 225.0 2.40 1.68 0.63 1.78 83.9 
85.9 20.3 211.1 5.90 109.0 30.2 70.6 7.36 250.0 2.19 1.64 0.62 1.63 82.1 

100.8 21.2 229.5 4.73 132.1 29.9 80.4 7.35 275.0 1.99 1.61 0.62 1.48 80.3 

114.8 21.9 250.4 5.28 156.7 29.8 84.3 7.31 300.0 1.78 1.57 0.62 1.32 78.5 
128.1 22.4 271.2 3.60 177.3 29.9 88.3 7.27 325.0 1.57 1.53 0.62 1.17 76.7 
140.4 22.8 289.8 4.27 188.8 30.5 90.2 7.23 350.0 1.37 1.50 0.62 1.02 74.9 

154.4 22.9 310.2 2.40 202.1 31.5 99.0 7.20 375.0 1.16 1.46 0.62 0.86 73.2 
165.8 22.6 329.0 2.66 209.7 32.2 102.9 7.18 400.0 0.96 1.43 0.62 0.71 71.4 
178.1 21.7 350.4 2.68 215.4 33.2 106.9 7.19 425.0 0.80 1.40 0.61 0.59 70.0 
187.8 20.8 370.2 3.98 219.4 34.4 112.8 7.21 450.0 0.80 1.40 0.61 0.59 70.0 

194.8 20.0 409.1 5.05 222.7 35.6 118.8 7.18 475.0 0.50 1.00 0.59 0.37 50.0 
202.7 18.7 429.7 5.25 226.6 37.8 122.7 7.15 500.0 0.10 0.90 0.56 0.07 45.0 
208.8 17.6 449.7 5.27 230.3 40.1 127.5 7.13 525.0 0.10 0.90 0.56 0.07 45.0 

215.8 16.0 470.1 5.85 237.6 45.8 131.5 7.12 550.0 0.00 0.00 0.54 0.00 0.0 
221.1 15.0 491.3 5.34 244.4 50.6 138.4 7.13 

      
225.5 14.0 509.3 5.86 244.4 50.6 144.3 7.15 

      
231.6 13.0 530.4 5.87 248.9 53.5 148.2 7.17 

      
236.0 12.4 548.6 8.09 254.3 55.4 155.1 7.17 

      
243.9 11.5 

  
258.5 56.0 162.0 7.13 

      
253.6 11.1 

  
264.2 56.2 169.8 7.09 

      
263.2 10.8 

  
268.9 55.5 177.7 7.06 

      
271.2 10.8 

  
273.2 54.6 187.5 7.09 

      
281.8 11.2 

  
278.6 52.9 192.5 7.08 

      
298.4 11.9 

  
284.2 50.3 199.3 7.09 

      
309.0 12.6 

  
293.0 46.8 210.2 7.11 

      
316.0 13.4 

  
300.5 43.7 216.1 7.15 

      
323.0 14.4 

  
305.9 42.1 222.9 7.20 

      
329.1 15.8 

  
312.1 40.8 225.9 7.22 
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333.5 17.1 
  

321.1 39.4 234.7 7.22 
      

338.8 20.1 
  

332.4 38.2 236.6 7.29 
      

345.8 22.6 
  

343.9 37.3 241.6 7.37 
      

351.1 24.7 
  

358.3 36.8 248.4 7.46 
      

358.1 26.5 
  

371.3 36.9 251.4 7.51 
      

368.6 28.1 
  

387.9 37.4 259.3 7.54 
      

380.0 28.6 
  

408.7 38.4 262.3 7.54 
      

391.4 29.0 
  

428.0 39.1 268.2 7.49 
      

400.2 29.0 
  

454.2 40.2 272.1 7.47 
      

419.6 28.7 
  

474.0 40.9 275.0 7.47 
      

439.8 28.1 
  

480.5 41.4 278.9 7.50 
      

453.0 28.0 
  

494.0 42.3 285.9 7.56 
      

465.3 27.8 
  

503.2 43.3 293.7 7.61 
      

480.2 27.3 
  

510.3 44.8 299.6 7.62 
      

493.3 26.6 
  

516.3 46.4 307.5 7.64 
      

501.2 25.9 
  

521.6 48.5 314.3 7.61 
      

506.5 25.2 
  

525.5 50.3 319.3 7.57 
      

512.7 24.2 
  

530.3 53.4 326.1 7.49 
      

517.9 23.0 
  

535.2 56.9 332.1 7.44 
      

528.4 19.9 
  

539.7 60.7 336.9 7.37 
      

533.7 17.3 
  

543.8 64.5 341.9 7.36 
      

539.0 15.3 
  

549.2 67.8 348.7 7.36 
      

542.5 13.7 
    

354.6 7.33 
      

547.8 10.7 
    

362.5 7.29 
      

      
369.4 7.23 

      

      
375.3 7.17 

      
      

383.2 7.13 
      

      
388.0 7.12 

      

      
396.9 7.11 

      
      

404.8 7.13 
      

      
408.7 7.18 

      
      

412.6 7.23 
      

      
416.5 7.24 

      
      

419.6 7.24 
      

      
427.4 7.17 

      

      
433.3 7.10 

      
      

441.2 7.09 
      

      
451.9 7.07 

      
      

457.8 7.07 
      

      
462.8 7.08 

      
      

468.7 7.08 
      

      
480.5 7.05 

      

      
484.4 7.05 
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492.2 7.08 

      

      
500.1 7.12 

      
      

506.0 7.14 
      

      
511.9 7.17 

      

      
517.8 7.19 

      
      

524.7 7.20 
      

      
535.5 7.20 

      
      551.3 7.18       

 
Note: 

a. Derived from ref. 35. 
b. Derived from ref. 27. 
c. Derived from ref. 36. 

d. Evaluation based on results from ref. 37. 
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Supplementary Table 8. The parameters for the shallow-water and deep-sea diagenetic 

models for the Phanerozoic runs.  
symbol Shallow water Deep sea  unit 

T 12 3.5 oC 

S 35.5 35.5 1 

P 2 328 bar 

ω0 0.2 0.0587 cm yr-1 

γ 0.08 0.08 1 

a 0.15 50 yr 

v 0.12 0.2 1 

rP1 See text See text  

rP2 See text  See text   

J.Fe(OH)3α 6.85E-3 6.85E-4 mmol cm-2 yr-1 

J.Fe3O4 2E-3 0 mmol cm-2 yr-1 

J.biotite 4E-3 4E-4 mmol cm-2 yr-1 

J.MnO2α 3.27E-3 3.27E-4 mmol cm-2 yr-1 

J.Calcite 0.432 0.0432 mmol cm-2 yr-1 

J.CFA 5.27E-5 5.27E-6 mmol cm-2 yr-1 

[NO3-]BW 1.18E-5 3.16E-5 M 

[ƩPO43-]BW 1E-6 2.4E-6 M 

[Na] BW 0.481 0.481 M 

Note:  

1. time-dependent parameters are shown in Table S6. For bioturbation of deep-sea sediments, xbi and xbt 
are the same as for shallow water, whereas DB0 and a0 were scaled from shallow-water values by 0.32 and 

0.1, respectively. 

2. JOC and [O2]BW are coupled with the carbon cycle model. 

3. All other parameters are the same as at the FOAM site.  
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Supplementary Table 9. Flux equations and reservoir equations for the coupled carbon-

phosphorus-oxygen cycle model. 

Flux equations 

𝐹lG = 𝑘lEG ∙ 𝑣¨z� ∙ 𝑀l 

 

(C1) 

𝐹iD = 𝐶𝑃É`-Êz`x- ∙ 𝐹lG 

 

(C2) 

𝐹DË = 𝑘DEË ∙ 𝐹iD=.l 

 

(C3) 

𝐹Di = 𝐹iD − 𝐹DË 

 

(C4) 

𝐹G» =
𝐹DË

𝐶𝑃Ìyz¬x
 

 

(C5) 

𝐹l  = output	from	the	diagenetic	model 

 

(C6) 

𝐹l� = 𝑘l_� ∗ 𝐹iii= 

 

(C7) 

𝐹Gl = 𝐹lG − 𝐹G» 

 

(C8) 

𝐹=l = 𝑘=El ∙ 𝑀= 

 

(C9) 

𝐹Ëi = 𝑘yºxzÊ0 ∙ 𝑀Ë 

 

(C10) 

𝐹»= = 𝑘yºxzÊ0 ∙ 𝑀» 

 

(C11) 

𝐹 = = 𝑘yºxzÊ0 ∙ 𝑀  

 

(C12) 

𝐹�= = 𝑘yºxzÊ0 ∙ 𝑀� 

 

(C13) 

𝐹iiiD = 𝑥 ∙ 𝐹i�ii (C14) 
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𝐹iii= = (1 − 𝑥) ∙ 𝐹i�ii 

 

(C15) 

𝐹i=i� = 𝑘yºxzÊ0 ∙ 𝑀i= 

 

(C16) 

𝐹iDi� = 𝑘yºxzÊ0 ∙ 𝑀iD 

 

(C17) 

𝐹i�ii = 𝑘i�_ii ∙ 𝑀i� 

 

(C18) 

 

Reservoir equations 
𝑑𝑀i

𝑑𝑡 = 𝐹Di + 𝐹Ëi − 𝐹iD 

 

(C19) 

𝑑𝑀=

𝑑𝑡 = 𝐹»= + 𝐹 = + 𝐹�= − 𝐹=l 

 

(C20) 

𝑑𝑀D

𝑑𝑡 = 𝐹iD − 𝐹Di − 𝐹DË 

 

(C21) 

𝑑𝑀G

𝑑𝑡 = 𝐹lG − 𝐹Gl − 𝐹G» 

 

(C22) 

𝑑𝑀l

𝑑𝑡 = 𝐹=l + 𝐹Gl − 𝐹lG − 𝐹l  − 𝐹l� 
(C23) 

𝑑𝑀Ë

𝑑𝑡 = 𝐹DË − 𝐹Ëi 

 

(C24) 

𝑑𝑀»

𝑑𝑡 = 𝐹G» − 𝐹»= 

 

(C25) 

𝑑𝑀 

𝑑𝑡 = 𝐹l  − 𝐹 = 
(C26) 
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𝑑𝑀�

𝑑𝑡 = 𝐹l� − 𝐹�= 

 

(C27) 

𝑑𝑀i�

𝑑𝑡 = 𝐹iDi� + 𝐹i=i� − 𝐹i�ii 

 

(C28) 

𝑑𝑀ii

𝑑𝑡 = 𝐹i�ii − 𝐹iii= − 𝐹iiiD 

 

(C29) 

𝑑𝑀i=

𝑑𝑡 = 𝐹iii= − 𝐹i=i� 

 

(C30) 

𝑑𝑀iD

𝑑𝑡 = 𝐹iiiD − 𝐹iDi� 

 

(C31) 

𝑑𝑀iG

𝑑𝑡 = 𝐹iD − (𝐹Di − 3.5𝐹iiiD) − 3.5𝐹iDi� − 𝐹Ëi 

 

(C32) 

 

Other equations 

𝐷𝑂𝐴 = 1 − 𝑘¿¶(
𝑣¨z�𝑀iG

𝐹iD
) 

 

(C33) 

𝑥 = 0.44 + 0.56(𝐷𝑂𝐴) 

 

(C34) 

(
𝐶
𝑃)Ìyz¬x =

(𝐶/𝑃)w�z³(𝐶/𝑃)¬{w�z³
(1 − 𝐷𝑂𝐴)(𝐶/𝑃)¬{w�z³ + 𝐷𝑂𝐴(𝐶/𝑃)w�z³

 

 

(C35) 
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Supplementary Table 10. Pre-industrial steady-state reservoirs of the coupled carbon-

phosphorus-oxygen exogenic cycles. 
Reservoirs Description Value (mol) Reference 

M1 

Total mass oxidized carbon in exogenic cycle + terrestrial 

organic carbon + terrestrial organic carbon + oceanic 

dissolved organic carbon 6.50E+21 ref. 64 

M2 Total exogenic phosphorus minus other P reservoirs 2.50E+19 This study 

M3 Particulate organic carbon in oceans 3.50E+15 ref. 64 

M4 Particulate organic phosphorus in oceans 1.80E+13 ref. 64 

M5 Total marine P 2.00E+15 ref. 64 

M6 Marine sedimentary organic carbon 1.30E+21 ref. 64 

M7 Marine sedimentary organic phosphorus 1.0E+19 This study 

M8 

Phosphate in authigenic calcium phosphate mineral, 

biogenic apatite and biogenic CaCO3 1.0E+19 This study 

M9 

Phosphate absorbed to non-detrital ferric (hydro)oxides 

(volcanogenic + authigenic) 2.0E+18 ref. 64 

M10 Terrestrial iron and unreactive marine iron  1.3E+21 ref. 65 

M11 Reactive Fe (III) in the ocean 1 ref. 65 

M12 Reactive Fe (III) in sediments 1.2E+20 ref. 65 

M13 Pyrite in sediments 1.5E+20 ref. 65 

M14 Ocean + atmosphere O2 3.80E+19 ref. 65 

 

  



32 
 

Supplementary Table 11. Pre-industrial steady-state fluxes in the coupled carbon-

phosphorus-oxygen exogenic cycles. 

Fluxes Description 

Value 

(mol/yr) Reference 

F13 Net primary production in oceans 2.50E+15 ref. 64 

F54 Biological fixation of reactive phosphorus (F13/106) 2.36E+13 ref. 64 

F36 Marine sedimentary burial of organic carbon 3.75E+12 ref. 64 

F31 Respiration and decomposition in the oceans (F13-F36) 2.50E+15 ref. 64 

F47 Marine sedimentary burial of organic phosphorus (F36/250) 2.90E+10 This study 

F45 Oceanic recycling of particulate organic phosphorus (F54-F47) 2.36E+13 ref. 64 

F58 Marine sedimentary burial of mineral calcium-bound phosphate 2.90E+10 This study 

F59 

Marine sedimentary burial of phosphate sorbed to reactive ferric 

(hydro)oxides 6.00E+09 ref. 64 

F25 Reactive phosphorus flux from continents to oceans 6.40E+10 This study 

F61 Uplift and exposure of marine sedimentary organic carbon (= F36) 3.75E+12 ref. 64 

F72 

Uplift and exposure of marine sedimentary organic phosphorus (= 

F47) 2.90E+10 This study 

F82 

Uplift and exposure of marine sedimentary mineral calcium-bound 

phosphate (= F58) 2.90E+10 This study 

F92 

Uplift and exposure of marine sedimentary phosphate sorbed to 

reactive ferric (hydro)oxides (= F59) 6.00E+09 ref. 64 

F1113 Marine sedimentary burial of pyrite 4.4E+11 ref. 65 

F1112 Marine sedimentary burial of reactive Fe (III) 3.5E+11 ref. 65 

F1210 Uplift and exposure of marine sedimentary reactive Fe (III) 3.5E+11 ref. 65 

F1310 Uplift and exposure of marine sedimentary pyrite 4.4E+11 ref. 65 

F1011 Reactive Fe (III) flux to the oceans 7.9E+11 ref. 65 
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Supplementary Table 12. The value of parameters for the coupled carbon-phosphorus-

oxygen cycle model. 
Model  parameters Value Unit Reference 

vmix 3 m yr-1 ref. 64 
n  2.5 

 ref. 64 

CPRedfield 106 
 ref. 64 

CPburial 250 
 

ref. 64 

k5-4 3.93E-03 m-1 ref. 64 

k3-6 1.20E-26 (mol/yr)-1.5 ref. 64 

(C/P)oxic 106  ref. 17 

(C/P)anoxic 500  ref. 17 

K5_9 1.71E-20 mol yr-1 ref. 65 

kOA 1.73E-5 mol m-1 ref. 65 

k2-5 2.57E-09 yr-1 ref. 64 

K10-11 6.08E-10 yr-1 ref. 65 

kuplift 2.88E-09 yr-1 ref. 64 
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Supplementary Table 13. Plant evolution parameters for the coupled carbon-phosphorus-

oxygen cycle model. 

  
Age (yr) Plant evolution 

-1.00E+09 0 

-6.00E+08 0 
-4.65E+08 0 
-4.45E+08 0.15 
-4.00E+08 0.15 
-3.50E+08 1 
1.00E+09 1 
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Supplementary Figures 

 
Supplementary Figure 1. The influence of seawater Ca concentration on CFA burial 

and P burial efficiency, as derived from our basic diagenetic model. a.b. runs with 

varying remineralization rate of organic matter (1, 3 and 10 times of the baseline run). 

c.d. a Monte carlo simulation with 200000 runs. Parameters (JOC, [DIC]BW, [PO4]BW) are 

sampled using uniform distribution. The ranges of parameters are 1.5 to 4.5 mol m-2 yr-1 

for JOC, 2 to 8 mM for [DIC]BW and 1 to 3 µM for [PO4]BW.  
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Supplementary Figure 2. The application of the diagenetic model to the FOAM site. 

Data are from refs. 1-9. Curves represent the model output. 
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Supplementary Figure 3. The application of the diagenetic model to ODP site 

846/1226. Data are from refs. 23-26. Curves represent the model output. 
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Supplementary Figure 4. Nonlinear effects of environmental factors on CFA 

formation, total P burial efficiency and Corg/Preac. In compare with Figure 2, organic 

C/P ratios are parametrized as a function of seawater oxygen level using Equations (15) 

and (16) of the main text. PCFA (circles) represents burial concentration of CFA-

associated phosphorus in marine sediments. BE (diamonds) represents the burial 

efficiency of reactive phosphorus in marine sediments. Corg/Preac represents the burial 

ratio between organic carbon and reactive P. a-d. The effects upon PCFA, BE and Corg/Preac 

of bottom-water oxygen concentration (a), seawater dissolved calcium concentration (b), 

flux of organic carbon to the sediment-seawater interface (Joc) (c) and bioturbation (d). 

For bioturbation, the four parameters included in the model (DB0, a0, xbt and xbi) were 

increased linearly from zero to modern average values, while a linear increase of 16% 

was applied to porosity. Bioturbation is parameterized here as a coupled biodiffusion and 

bioirrigation term.  
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Supplementary Figure 5. Nonlinear effects of environmental factors on CFA 

formation, total P burial efficiency and Corg/Preac. In compare with Figure 2, KspCFA is 

fixed as 10-99.7 without a relationship with carbonate activity, and k26 = 2.7×10-12 M yr-1. 

PCFA (circles) represents burial concentration of CFA-associated phosphorus in marine 

sediments. BE (diamonds) represents the burial efficiency of reactive phosphorus in 

marine sediments. Corg/Preac represents the burial ratio between organic carbon and 

reactive P. a-d. The effects upon PCFA, BE and Corg/Preac of bottom-water oxygen 

concentration (a), seawater dissolved calcium concentration (b), flux of organic carbon to 

the sediment-seawater interface (Joc) (c) and bioturbation (d). For bioturbation, the four 

parameters included in the model (DB0, a0, xbt and xbi) were increased linearly from zero 

to modern average values, while a linear increase of 16% was applied to porosity. 

Bioturbation is parameterized here as a coupled biodiffusion and bioirrigation term.  
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Supplementary Figure 6. Nonlinear effects of environmental factors on CFA 

formation. (a). Flux of organic carbon to the sediment-seawater interface (Joc) and 

bottom-water oxygen concentration. (b). Seawater dissolved calcium concentration and 

bioturbation. (c). Seawater dissolved calcium concentration and flux of organic carbon to 

the sediment-seawater interface (Joc). (d). Seawater dissolved calcium concentration and 

bottom-water oxygen concentration. For bioturbation, the four parameters included in the 

model (DB0, a0, xbt and xbi) were increased linearly from zero to modern average values, 

while a linear increase of 16% was applied to porosity. Bioturbation is parameterized 

here as a coupled biodiffusion and bioirrigation term. In these runs, KspCFA is fixed as 10-

99.7 without a relationship with carbonate activity, and k26 = 2.7×10-12 M yr-1. 
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Supplementary Figure 7. Environmental forcings on the burial of CFA in deep-sea 

settings. The y-axis is the CFA burial concentration of P in sediments. The line represents 

the value for the reference model run. Other than the parameter for each sensitivity analysis, 

the other parameters were held constant for each run. 
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Supplementary Figure 8. Deep sea records of Corg/Preac over the past 80 million 

years. The data of reactive P (Preac) are the same with the PCFA/Preac compilation (Fig. 4), 

while the data of organic carbon comes from the ODP database 

(http://web.iodp.tamu.edu/OVERVIEW/?&set=1). The black line represents the result 

from the same model run in Fig. 4, assuming 5% of organic carbon burial66 and 50% of 

reactive P burial occur in deep sea9. Points represent the ratio between the mean values of 

Corg and the mean value of Preac for each 2 myr bin. Note that the Corg and Preac are not the 

results of the same samples. 
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Supplementary Figure 9. The response of atmospheric oxygen levels to changes in 

uplift and bioturbation. a. Model input of uplift or bioturbation (“0” represents no 

bioturbation, while “1” represents ‘modern’ (FOAM baseline) levels of bioturbation). 

b,c,d. model outputs of variations in P burial associated with CFA formation,  total 

marine P (a sum of dissolved inorganic phosphate, dissolved organic phosphorus and 

soluble particulate inorganic phosphorus) in the ocean water and atmospheric oxygen 

levels. 
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Supplementary Figure 10. The response of atmospheric oxygen levels to changes in 

seawater dissolved Ca concentration or bioturbation. In compare with Figure 5, 

KspCFA is fixed as 10-99.7 without a relationship with carbonate activity, and k26 = 2.7×10-

12 M yr-1. a. Model input of seawater dissolved Ca concentration or bioturbation (“0” 

represents no bioturbation, while “1” represents the reach of modern bioturbation). 

b,c,d,e,f. model outputs of variations in P burial associated with CFA formation,  total 

marine P (a sum of dissolved inorganic phosphate, dissolved organic phosphorus and 

soluble particulate inorganic phosphorus), net primary productivity (NPP), organic P 

burial flux and atmospheric oxygen levels. pO2 shown in the figure is the actual percent 

by volume. 
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Supplementary Figure 11. Default output from the coupled carbon-phosphorus-

oxygen cycle model. a. sedimentary burial flux of organic carbon; b. marine sedimentary 

burial flux of phosphorus in CFA; c. evolution of atmospheric O2 levels; d. the weathering 

flux of phosphorus from land; e. marine sedimentary burial flux of organic phosphorus; f. 

uplift, exposure and weathering flux of marine sedimentary organic carbon; g. the burial 

flux of P. A plant-assisted weathering effect was included in this run. 
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Supplementary Figure 12. A Phanerozoic Ca-mediated phosphorus-carbon-oxygen 
cycle. a. The Phanerozoic evolution of seawater dissolved calcium concentrations, using 
data from Horita et al.32. “A” and “C” represent intervals dominated by seawater 
precipitation of aragonite and calcite, respectively. b. Model results for Phanerozoic CFA-
associated phosphorus burial (this study). c. Model results for the Phanerozoic evolution 
of atmospheric pO2 (this study). d. Atmospheric pCO2 as recorded by various proxy data 
compiled by Royer et al.67. Points represent mean values for 20 myr bins, with the error 
bars represent one standard deviation (1s). The shaded intervals denoted as “G” represent 
intervals of glaciation. Sensitivity analyses were done to exploring the influence of plant-
assisted weathering. 
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Supplementary Figure 13. Atmospheric O2 results from different global models. Our 

model outputs, with incorporation of plant-assisted weathering (ap=0.5) and low marine 

dissolved Ca concentration during the Carboniferous–Permian, are represented by the 

black curve. The blue shadow represent GEOCARBSULF 2007 results of ref. 41. The 

yellow shadow represents the range of proxy results for the Mesozoic and Cenozoic 

compiled by ref. 46. The newest COPSE baseline model is the green curve38. The 

GEOCARBSULF 2014 model is the blue curve67. The MAGic model is the orange curve68. 
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Supplementary Figure 14.  The influence of tectonic activity on atmospheric pO2 and 

climate. a. The traditional paradigm, derived from ref. 69; b. The framework proposed in 

this study. 
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Supplementary Figure 15. Marine records of the variation of in the ratio of reactive 

P to total P in deep sea sediments over the past 80 million years. The data are from 

the same source as those shown in Fig. 4. The error bars represent one standard deviation 

(1s). 
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