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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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Derivation of Adsorption formulation
The total iron (Tre) in the modeled system is defined as the sum of Fe?** and Ag.. If
calibrated to the volume of solute, the concentration of total iron is

Tpe = Fe2* + FAp, = (1 + Kpo)Fe?+ (S9)

The derivative of Tk is simply the sum of the reaction and transport terms of Fe** and Are,

which is
dTre
7 = FRTAFe + RTFeZ"' (SIO)

Combining Equations S9 and S10 yields

dFe?t F 1
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The adsorption process also involves the transfer of protons. For example, the equation for

the adsorption of Fe?" can be written as



Ay + Fe?* - Ap, + H* (S12)

where Ay is the adsorbed proton. The derivative of Fe?* can also be written as

dFe?t
dt

= RTp,2+ — RAy (S13)

Combining Equations S11 and S13 yields
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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 Sound!-
% The model was developed in R!°. The R package ReacTran was used to simplify the
transport codes!!. The model was solved by the Method of Lines using the Variable
Coefficient Ordinary Differential Equations (VODE) solver!?. 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 variations?.

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 investigated!™.
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



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 smectite'?. 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
phosphate!#. 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 Mn?**, Fe?*, sulfate, methane, magnetite,
ammonia, Ca>", 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
required®, which is further supported by the substantial decrease in inorganic P observed
in the top 10 cm at FOAM?. As the iron-bound P measured at FOAM by the SEDEX
method is below detection limits®, 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 FOAMS, 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



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
5.27x10° mmol cm™ yr!, equivalent to a concentration of 1.41 umol g! 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 yr!, while the dissolved
phosphate flux from sediment to seawater is 0.0024 mmol cm yr!. This latter value is
very similar to the fall (seasonal) dissolved phosphate flux of 0.0021 mmol cm? yr!
directly measured by Aller!>, 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 seawater!®.

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 Kycr4. Previous modeling exercises have described the
kinetics of CFA formation with an equilibrium phosphate concentration term'’-2°. However,
experimental studies have shown that rates of crystal growth of calcium hydroxylapatite
and calcium fluorapatite are functions of saturation state?'*2, The reaction rate constant for
the baseline model run (Table S5) is 2.7x108 M yr'!, 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 measured®*-2°. 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 Myr?®. For this exercise, model parameters were adjusted to be



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 Phanerozoic?-*°. 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 ongoing!®?. It has been previously documented that
pyrite oxidation during sample storage can lead to underestimation of the CFA content of
carbonate-poor sediments®'. 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 oxidation®!. 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) (Pcra/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 Phanerozoic?>33-37,

Bottom-water oxygen concentrations and organic matter loading vary with time-dependent



p0O2 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 pO,—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 O 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 (MS5), which, in turn,
will decrease organic carbon burial—facilitating a drop in Oz 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 Oz 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 Oz levels through the Phanerozoic.



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:

Fy5 = ky—5 My - (1 + ap * Planteyouution)/(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 O; 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 pO- 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 whole?8:40:41



Our results offer new insights into the factors driving major shifts in Phanerozoic
atmospheric pO;. Fluid-inclusion data suggest an increase in seawater dissolved Ca
concentrations during the early Cambrian®?, coincident with a previously suggested
interval of ocean deoxygenation (e.g., refs. 42, 43). These data also indicate low seawater

32:44  which would have

dissolved Ca concentrations during the Carboniferous—Permian
inhibited CFA formation and driven the development of the high atmospheric pO- that, on
the basis of both geochemical and paleontological archives*>*'#43 has been previously
suggested to be characteristic of this time (interval 3 of Fig. S12c¢). Atmospheric pO- values
during the Mesozoic and the Cenozoic are currently poorly resolved*®, 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 pO» 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 oxygenation®$4%41:4347 Our results do not preclude the possible importance of
the rise of land plants in shaping atmospheric pO>. 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 O, should have been operative throughout Earth’s history.

38,40,41 and

Although terrestrial organic carbon burial has recently received much attention
has been treated as a key factor driving pO> 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
ratio*®. 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 O; 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 O> 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 O 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 pOa. 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
pCO: and increase the weathering flux of nutrients to the ocean. Our model predicts that
increased spreading rates would not only elevate atmospheric pCO», but also promote
greater CFA burial by mediating increased seawater dissolved Ca concentrations,

ultimately driving a decrease in atmospheric pO. (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 ¢cm2 yr)

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)3%) 0.00685 0.000685
Less reactive Fe hydroxides (Fe(OH)3P) 0 0
Unreactive Fe hydroxides (Fe(OH)s") 0 0
Magnetite (Fe3O4) 0.00199 0
Biotite (Biot) 0.004 0.0004
Highly reactive Mn oxide (MnO2%) 0.00327 0.000327
Less reactive Mn oxide (MnO2P) 0 0
Phosphate associated with Fe(OH)3® (P&, ) Linked with Fe(OH)3* Linked with Fe(OH)3*
Phosphate associated with Fe(OH)3 P (PFBE) 0 0
Phosphate associated with Fe(OH)3 " (pY, 0 0
Pyrite (FeSz) 0 0
Iron monosulfide (FeS) 0 0
Elemental sulfur (So) 0 0
Aragonite (Arag) 0 0
Calcite (Calc) 0.432 0.0432
Rhodochrosite (Rhod) 0 0
Carbonate fluorapatite (CFA) 5.27x10° 5.27x10¢
Vivianite (Vivi) 0 0
Solutes (mmol cm™)
Oxygen (02) 0.15x1073 0.15x1073
Nitrate (NO3") 11.8x10¢ 31.6x106
Sulfate (SO4>) 22x10-3 28%10-3
Ammonium and ammonia (XNH4") 0 0




Inorganic carbon (XCOs*) 2x10-3 2.25x1073
Hydrogen sulfide (ZH2S) 0 0
Phosphate (XPO4*) 1x10- 2.4x10¢
Methane (CHa) 0 0
Ferrous iron (Fe?") 0 0
Manganese (Mn?") 0 0
Calcium (Ca?") 8.6x1073 10x10-3
Hydrogen (H") 10-7:64 10-787
Fluoride (F-) 70x10 70x10
Sodium (Na*) 380.56x1073 481x1073
Magnesium (Mg?*) 46x10-3 53x103
Note:

1). the fluxes for all the component are fixed as zero at the lower boundary.
2). The flux ratios of Pre/Fe(OH); are fixed as y (Table S4) for all three components
3). The fluxes of orgN and orgP are controlled by the flux of orgC and rnand re (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

R2

R3

R4

R5

R6

(CH,0)(NH5), (H;P0,),, + (1 + 2x)0, — CO3™ +xNO3 + (2 + x + 3y)H* + yPO}™ + (x + 1)H,0

4 + 3x
(CH,0) (NH, ), (H3PO,), + (T NO3 + H,0
_ 6 + 15y — 3x 2+ 4x 3, 7 +9x
- C0% +( = )H++( s >N2+yPO4+ = H,0

(CH,0)(NH,), (H3P0,), + 2MnO% + (2 — 3y)H* —» CO%™ + 2Mn?* + xNH; + yPO} +2H,0
(CH,0)(NH,), (H3P0,), + 4Fe(0H)§ + 46P% + (6 — 3y — 12r)H* — C03™ + 4Fe?* + xNH; + (y
+ 40)P03~+10H,0

1 3 1
(CH,0)(NHg),(H;PO,), +>S05™ > CO3™ + (5 + 3y)H* + S HS™ + xNH; + yPO3~

1 1 1
(CH,0)(NHg),(H3PO,),, +5H;0 = —CO3™ + (1 + 3y)H* + = CH, + xNH; + yPO3~

Secondary reactions:

R7

R8

R9

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32

NH, + 20, - NO3 + H* + H,0

Mn?* + 0.50, + H,0 —» MnO% + 2H*

Fe?* + 0.250, + 2.5H,0 + yPO3~ - Fe(OH)Y + yP% + (2 — 3r)H*

FeS + 20, —» S0%~ + Fe?*

FeS, + 3.50, + H,0 — 2503 + Fe?* + 2H*

HS™ + 20, - S02~ + H*

CH, + 20, > CO2~ + H,0 + 2H*

MnO%# 4 2Fe?* + 2yP0O3~ + 4H,0 — 2Fe(OH)Y + 2yP% + Mn2* + (2 — 6r)H*
MnO%* + HS™ + 3H* - Mn?* + S, + 2H,0

2Fe(OH)YP + zepF“f + HS™ + (5 — 6r)H* — 2Fe?* + 20P03~ + S, + 6H,0

Fe?* + HS™ —» FeS + H™*

02~ + CH, — HS™ + H,0 + CO3~ + H*

48, + 4H,0 - 3HS™ + SO2~ + 5H*

FeS + Sy — FeS,

Fe(OH)E + OP% — Fe(OH)® + 0P,

Mn0¢ - Mn0%

Ca?* 4+ C0% - Aragonite

Ca?* 4+ C0%™ - Calcite

Mn?* 4+ C0%~ - MnCO,

9.54Ca%* + 0.33Na* + 0.13Mg?* + 4.8P03" + 1.2C02~ + 2.48F~ — Cag5,Nags3Mgo13(P04)45(CO5)12F> 48
FeS + HS™ + H* - FeS, + H,

KMgFe,AlSi;0,,(0H), + 7H* + 0.5H,0 - K* + Mg?* + 2Fe?* + 0.5Al,Si,05(0H), + 2H,Si0,
Fe;0, + HS™ + 7H* - 3Fe?* + S, + 4H,0

Surf — H + Fe?* - Surf — Fe* + H*

Surf — Fe* + 0.250, + yPO3~ + 2.5H,0 — Surf — H + Fe(OH)§ + yP&, + (1 — 3r)H*
3Fe?* + 2H,P0; — Fe,(PO,), + 4H*
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Reversible acid-base reactions
C0,(aq) + H,0 - H* + HCO3
HCO3 - H* + C0%~
NH; - H* + NH,
H,PO; - H* + HPO}™
HPO%~ - H* + PO}~
H,S —» H* + HS™

Note:

a. 0=P% /Fe(OH)¥ and/or PE /Fe(OH)®
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Supplementary Table 3. Reaction rate laws for the diagenetic model.

Symbo  Expressions

1

[02]
R1 . (— 192l
kiorgC; ([Oz]zim+[02])
[0,];; [NO3]
R2 k;orgC;( - )( )

[02]1im + [02]

[02]1im ) [NO3)1im ) [MnO3]
[02]im + [02]" "[NO3]y5m + [NO3]" "[MnO,) i, + [MnO3]

[02]1im ) [NO3)1im ) [MnO,]yim ) [Fe(OH)]
[02]iim + [02]" [NO3 ] im + [NO3]" "[MnOy]yim + [MnOZ]" *[Fe(OH) 3]y + [Fe(OH)S

[02]1im ) [NO3)1im ) [MnO,]yim ) [Pfe]
[02]iim + [02]" [NO3 ] im + [NO3]" "[MnOz]yim, + [MnOZ]" *[Fe(OH) 3]y + [Fe(OH)$]

[02]1im [NO3 ) 1im [MnO,]yim [Fe(OH)s]iim

[NO3]sim + [NO3]

R3 k;orgC;( )

R4 k;orgC;( )

R4p k;orgC;( )

B asopkiorgCulgy = R D NO; Tm + NO3T (M0 + (Mn0Z] [Fe(OR); ] + [Fe (0T ¢

[02]1im [NO3)iim [MnO,]yim [Fe(OH)s]iim

[SO% Tuim + [SC

RO asopkiorgCulgy = R D NS m + NO3T (M0 + (Mn0Z] [Fe(OR); ] + [Fe (0T ¢

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

R7 k7-02XNHy4*
R8 k8-O2*Mn2*
R9 k9-Ox-Fe?*

ROP k9-OrFe? y - L PO}~ /(X PO}~ + [POF yim)

R10 k10-O2FeS

R11 k11-:02FeS:

RI12 k12:0>ZH.S

R13 k13-02-CHs

Rl4e  k14-MnO,*Fe?'

Rl4aP  k14-MnOx*Fe?* vy Y, P03~ /(X PO3™ + [PO3 11im)
R14B  k14-MnO-»Fe*

RI4BP  k14-MnO2*Fe?*y- Y, PO~ /(X PO3™ + [PO3 11im)
RI5a  k15-MnO»*TH,S

RIS k15-MnO-*SH,S

R16a  Kk16-Fe(OH):*ZH.S

RI60P  k16- P -SH,S

RI6B  Kk16-Fe(OH)s*ZH,S

RI16BP 16 PE -sH,S

R17 k17-Fe?"ZH>S

R18 k18-ZS04CHs

R19 k19-So

R20 k20-FeS-So

R21 k21-Fe(OH):*

16

[SO% Luim + [SC



R2IP  K21-Pg

R22 k22:-MnO»*

k23" ( Qarga-1) Qarga>1
o k23 ( Qarga-1) -arag Qarga<1
R4 k24" ( Qeatc-1) Qealc>1

k24 ( Qcale-1) -calc Qealc<1
R25 k25% ( Qimoa-1) Qrmod>1

k25 ( Qhoa-1) -rhod Qinoa<1
RI6 k26 ( Qcra-1) Qcra>1

0 Qcra<l
Qarag  ([CO37]- [Ca®*])/KSParag

Qearc ([603%7] ) [Caz+])/Kspcalc
Qrhoa ([CO371 - [Mn**])/KSPrnoq
(ICa2*] - rCa)®S* - (INa™] - rNa)® - ([Mg?*] - rMg)®3* - (IPOF] - TPO)* - ([CO3] - TCO)'2 - (IF7] - rF)>

Qera KSpCFA
KSpCFA 10—83A231+2.3307-log ([CO%’]-TCOQ

R27 k27-FeS-ZH>S

R28°  k28-bioty

R29 K29-Fe;04 (ZH2S)%S

R30 k30-Surf-Fe*-O,

R30P k30-Surf-Fe*-O2 v - Y, PO}~ /(X PO3™ + [PO3 | 1im)

R31 k31- [Fe?*]/([Fe*]+[Fe* Jim) - [HPO3™]/([HPOZ™] + [HPOZ liim)

Note:
a. the decomposition rate of organic matter

b. bioto 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*IN

orgP -ROCa*1p1-ROCb*IP2

Fe(OH);" - 4*R4 + 1/f*R9 + 2*(R14a+ R14B) - 2*R16a — R21 + R30

Fe(OH)s# - 2*R16B + R21

Fe(OH)s" 0

Fes04 -R29

Biot -R28

MnO»* - 2*R3 + 1/f*R8 — R14a — R15a - R22

MnO.# -R14B - R153 +R22

Ps, - 4*R4P +1/f*ROP + 2*(R140P+ R14fP) - 2*R16aP — R21P + R30P

p}fe - 2*R16BP + R21P

Py, 0

FeS» -R11+R20 +R27

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

So + (R15a+R15B) + (R16 otR16B) - 4*R19 - R20 + R29

Arag +R23

Calc +R24

Rhod +R25

CFA + R26

Vivi +R31

0> - (142*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

NOs + IN*f*R1 - (0.8+0.6*IN)*f*R2 + R7

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

INHy' + £* N *(R3+R4+R5+R6) - R7

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

2H.S +0.5*f *R5 - R12 - £ *(R150+R15B) - f *(R16 a+R16B) - R17 + R18 + 3*f *R19 - f *R27 - f *R29

ZPOs* + £ *(ROCa*1rp1+ROCb*Ip2) - 4.8*f ¥*R27 + 4*f *R4P — ROP - 2* f.grid*(R140P+ R14pP) + 2*f *(R16aP+R16BP)
- f.grid*R30P

CH4 +0.5%f *R6 - R13 - R18

Fe? +1/(1+kFe)*(4*f *R4 - R9 + f *R10 + f *R11 - 2*f *(R14a+ R14p) + 2*f *(R16a+R16B) - R17 + 2*f *R28 + 3*f
*R29) + 1/(1+kFe)*f*(-R30)

Mn? +2*f *R3 - R8 + f *(R14a+ R14B) + £ *(R15a+R15p) - £ *R25

Ca? - f*R23 - f ¥R24 - 9.54*f *R26

TP + (2+IN)*f *R1 + 1.2*f *R2 - 0.6*f *R2*IN - 2*f *R3 - 6*%f *R4 + 1.5*%f *RS + f*R6 + 3*f
*(ROCa*rp1+ROCbH*1p2) + 12*f*R4P + R7 + 2*R8 + (2-3*y*SumH2P0O4/(SumH2P0O4+KPO4))*R9 + 2*f *R11
+R12 + 2*R13 + (2-6* y *SumH2PO4/(SumH2PO4+KPO4))*f *(R140+ R14p) - 3*f*(R15a+R15p) -
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5%P(R160+R16B) + 6*f *( R16aP+ RI6BP) + R17 + R18 + 5*F*R19 - f*R26 - 7*f*R27 - T*f*reac28 + (1-3* y
*SumH2PO4/(SumH2PO4+KPO4))*f *R29 + kFe/(1+kFe)*RTFell - 1/(1+kFe)*P*RTSurfFe

- 2.48*f *R26
- 0.33*f *R26
- 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 °C ref. 3

S Marine bottom-water salinity 284 1 ref. 4

P Marine bottom-water pressure 2 bar ref. 8

do Porosity at surface 0.64 1 refs. 2,51

doo Porosity at depth 0.64 1 refs. 2,51

A Porosity attenuation length 5 cm This study

p Sediment density 2.5 gcm ref. 2

®o Sediment accumulation rate 0.2 cm yr! ref. 6

Dgo Biodiffusion coefficient at surface 107 cm? s7! This study

xbt Biodiffusion attenuation coefficient 3 cm This study

ao Bioirrigation coefficient at surface 100 yr! This study

xbi Bioirrigation attenuation coefficient 0.8 cm This study

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

r Fe Bioirrigation scaling coefficient of Fe?* 0 1 ref. 52

r Mn Bioirrigation scaling coefficient of Mn?* 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

IN C/N molar ratio in organic matter 106:10 mol mol! This study

rp1 C/P molar ratio in organic matter o 106:1.3 mol mol! This study

P2 C/P molar ratio in organic matter 3 106:0.27 mol mol! This study
accelerated factor for P regeneration rate in )

€ ) 1 This study
organic matter o,

[02]1im Limiting concentration of O2 20 M refs. 53,54

[NO3 1iim Limiting concentration of NOs- 4 M refs. 53,54

[MnO,];im Limiting concentration of MnO: 32 pmol g! refs. 53,54

[Fe(OH)5];,, Limiting concentration of Fe(OH)s 65 umol g! refs. 53,54

[SOZ ]1im Limiting concentration of SO4* 1.6 mM refs. 53,54

(POI T, Limiting concentration of PO3 ™~ uptake into 10 M ref. 17
Fe(OH);¢

agoz- Attenuation factor for SO4* reduction 0.2 1 ref. 54

k7 Rate constant of R7 1x107 M-yr! ref. 53
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k8

k9

k10
k11
k12
k13
k14
k15
k16
k17
k18
k19
k20
k21
k22
k23*
k23-
k24*
k24-
k25*
k25-
k26
k27
k28
k29
k30
k31
[Fe? iim
[HPOZ iim
kre
Ksparag
Kspeate
Ksprhod
rCa
rNa
Mg

Rate constant of R8

Rate constant of R9

Rate constant of R10

Rate constant of R11

Rate constant of R12

Rate constant of R13

Rate constant of R14

Rate constant of R15

Rate constant of R16

Rate constant of R17

Rate constant of R18

Rate constant of R19

Rate constant of R20

Rate constant of R21

Rate constant of R22

Rate constant for the formation of arag
Rate constant for the dissolution of arag
Rate constant for the formation of calc
Rate constant for the dissolution of calc
Rate constant for the formation of rhod
Rate constant for the dissolution of rhod
Rate constant of R26

Rate constant of R27

Rate constant of R28

Rate constant of R29

Rate constant of R30

Rate constant of R31

Half-saturation constant for [Fe?*]
Half-saturation constant for [HPO32™]
Adsorption coefficient for Fe?*
Apparent equilibrium constant of arag
Apparent equilibrium constant of calc
Apparent equilibrium constant of rhod
Activity coefficient for Ca®*

Activity coefficient for Na*

Activity coefficient for Mg?*

21

6.94x10°
1.4x108
3x10°
1.89x10*
1.6x10°
1010
3x108
2x10%
8x10°
1.48%10°
10

3.16
7.26x10°
0.57

1.7
3x10¢
0.5
3x107
0.5
3x10¢
0.25
2.7x10°8
3.25%10°
3x10
5.4x103
5x108
1x106
5x10¢
5x10¢
500
5.6x107
3.52x107
10°
0.219
0.657
0.282

M yr!
M- 1 yr— 1
M yr!
M- 1 yr— 1
M yr!
M- 1 yr— 1
M- 1 yr— 1
M- 1 yr— 1
M- 1 yr— 1
M yr!
M- 1 yr— 1
yr
M- 1 yr— 1
yr
yr
M yr!
yr'!

M yr!
yr'!

M yr!
yr'!

M yr!
M- 1 yr— 1
yr
mM-OAS yr—l
M- 1 yr— 1
M yr!

M2
M2
M2

ref. 52
ref. 53

ref. 53

ref. 52
ref. 53

ref. 53

ref. 53

ref. 53

ref. 53

ref. 52,54
ref. 53

ref. 52
ref. 52
ref. 52
ref. 52
This study
ref. 55
This study
ref. 55

ref. 53

ref. 53
This study
ref. 56
This study
ref. 1

ref. 53

ref. 57
ref. 58
ref. 58
ref. 53

ref. 59
ref. 59
ref. 60

a

a

a



rPO4 Activity coefficient for PO4* 3.7x10° 1 ref. 61
rCOs Activity coefficient for CO3* 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.

ODP depth CaCOs sedimentation  Latitude Longitud  bottom water
Ocean sites (m) (%) rate (m/m.y.)  (°) e (9 temperature (°C)
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 64.528 3.10E 1.0
Indian 690 2914 73-93 5-50 65.17S 1.20E
Indian 738 2253 84-96 1-31 62.728 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 3.108 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 42N 43.5W
Atlantic 926 3598 48-81 11-29 3.7N 42.9W 1.0
Atlantic 929 4356 5-71 3-37 6.0N 43.7TW

Note:
a. Data from Lear et al. %2

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

Dbd
Time Cab® Time DIC? Time Mgb Time Time xbtd xbi¢ Poro (cm? a0d
My) (mM) My) (@mM) My) (mM) My) pHe (Myr) (cm) (cm) -sityd yr')  (yr)
0.0 10.0 00 225 0.0 530 0.0 7.87 00 425 200 064 3.16 100
1.6 10.2 9.8 1.89 6.1 50.3 47 781 250 4.04 196 064 3.01 982
7.8 11.9 307 190 13.1 455 96 773 500 3.84 193 064 285 964
13.0 128 514 220 21.0 409 126 7.67 750 3.63 189 064 270 94.6
23.6 143 905 220 264 385 174 7.62 1000 343 1.8 063 255 928
323 156 1090 328 325 367 224 756 1250 322 1.82 063 239 91.1
42.0 169 1304 253 422 348 292 748 1500 3.01 1.79 063 224 893
50.8 178 1511 356 582 331 381 742 1750 281 1.75 063 2.09 875
63.0 187 1695 370 771 313 529 742 2000 260 171 063 194 857
71.8 195 1902 6.07 8.7 308 61.7 739 2250 240 1.68 063 178 839
859 203 211.1 590 109.0 302 706 7.36 2500 219 164 062 1.63 82.1
100.8  21.2 2295 473 1321 299 804 735 2750 199 1.61 0.62 148 803
1148 219 2504 528 1567 29.8 843 731 3000 1.78 157 0.62 132 785
128.1 224 2712 3.60 1773 299 883 727 3250 157 153 0.62 117 767
1404 228 289.8 427 1888 30.5 902 723 3500 137 150 0.62 1.02 749
1544 229 3102 240 202.1 315 990 720 3750 1.16 146 0.62 086 732
165.8 22,6 329.0 2.66 209.7 322 1029 7.18 4000 096 143 0.62 071 714
178.1  21.7 3504 268 2154 332 1069 7.19 4250 080 140 0.61 059 700
187.8  20.8 3702 398 2194 344 1128 721 4500 080 140 0.61 059 700
1948  20.0 409.1 505 2227 356 1188 7.18 4750 0.50 1.00 059 037 50.0
202.7 187 4297 525 2266 378 1227 7.5 5000 0.10 090 056 0.07 45.0
208.8 17.6 4497 527 2303 40.1 1275 7.13 5250 0.10 090 056 0.07 45.0
215.8 16.0 470.1 585 2376 458 1315 7.12 5500 0.00 0.00 054 0.00 0.0
221.1 150 4913 534 2444 506 1384 7.13
225.5 140 5093 586 2444 506 1443 7.15
231.6 13.0 5304 587 2489 535 1482 7.17
236.0 124 5486  8.09 2543 554 1551 7.17

243.9 11.5 258.5 56.0 1620 7.13
253.6 11.1 264.2 56.2 169.8 7.09
263.2 10.8 268.9 555 177.7 7.06
271.2 10.8 273.2 54.6 1875 7.09
281.8 11.2 278.6 529 1925 7.08
298.4 11.9 284.2 50.3 1993 7.09
309.0 12.6 293.0 46.8 2102 7.11
316.0 134 300.5 43.7 216.1 7.15
323.0 14.4 3059 421 2229 7.20
329.1 15.8 312.1 40.8 2259 7.22

24



3335
338.8
345.8
351.1
358.1
368.6
380.0
391.4
400.2
419.6
439.8
453.0
465.3
480.2
493.3
501.2
506.5
512.7
517.9
528.4
533.7
539.0
542.5
547.8

17.1
20.1
22.6
24.7
26.5
28.1
28.6
29.0
29.0
28.7
28.1
28.0
27.8
27.3
26.6
259
252
242
23.0
19.9
17.3
153
13.7
10.7

321.1
3324
343.9
358.3
371.3
387.9
408.7
428.0
454.2
474.0
480.5
494.0
503.2
510.3
516.3
521.6
525.5
530.3
535.2
539.7
543.8
549.2

39.4
38.2
37.3
36.8
36.9
37.4
38.4
39.1
40.2
40.9
41.4
423
433
44.8
46.4
48.5
50.3
534
56.9
60.7
64.5
67.8

234.7
236.6
241.6
248.4
251.4
259.3
262.3
268.2
272.1
275.0
278.9
285.9
293.7
299.6
307.5
3143
319.3
326.1
332.1
336.9
341.9
348.7
354.6
362.5
369.4
375.3
383.2
388.0
396.9
404.8
408.7
412.6
416.5
419.6
427.4
4333
441.2
451.9
457.8
462.8
468.7
480.5
484.4

7.22
7.29
7.37
7.46
7.51
7.54
7.54
7.49
7.47
7.47
7.50
7.56
7.61
7.62
7.64
7.61
7.57
7.49
7.44
7.37
7.36
7.36
7.33
7.29
7.23
7.17
7.13
7.12
7.11
7.13
7.18
7.23
7.24
7.24
7.17
7.10
7.09
7.07
7.07
7.08
7.08
7.05
7.05
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4922  7.08
500.1 7.12
506.0 7.14
511.9 7.17
517.8 7.19
5247 7.20
5355 720
5513 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 Deepsea  unit

T 12 3.5 °C

S 355 355 1

P 2 328 bar

®o 0.2 0.0587 cm yr!

Y 0.08 0.08 1

a 0.15 50 yr

v 0.12 0.2 1

rp1 See text See text

P2 See text See text

J.Fe(OH);* 6.85E-3 6.85E-4 mmol cm? yr!
J.Fe;04 2E-3 0 mmol cm? yr!
J.biotite 4E-3 4E-4 mmol cm? yr-!
I MnO,* 3.27E-3 3.27E-4 mmol cm? yr!
J.Calcite 0.432 0.0432 mmol cm? yr!
J.CFA 5.27E-5 5.27E-6 mmol cm? yr!
[NOs]sw 1.18E-5 3.16E-5 M

[ZPO4*]Bw 1E-6 2.4E-6 M

[Na] sw 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 Dpo and ao were scaled from shallow-water values by 0.32 and

0.1, respectively.

2. Joc and [O2]sw 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

Fsq = ks—4 " Vinix " Ms (Cl)
Fy3 = CPpeqgieta " Fsa (C2)
F36 = k3_g " F5° (C3)
F33 = Fi3— F36 (C4)
F,, = F36 (C5)
CPyuriai
Fsg = output from the diagenetic model (Co6)
Fsg = ks 9 * F1112 (C7)
Fys = Fsy — Fy7 (C8)
Fys = ky_5- M, (C9)
Fe1 = kuplift Mg (C10)
F7, = kuplift'M7 (C11)
Fg, = kuplift " Mg (C12)
Fqy = kuplift Mo (C13)
Fi113 = x - Fion (Cl14)
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Fi112 = (1 —x) - Fio11

(C15)

Fiy10 = kuplift "M, (Cl6)
Fiz10 = kuplift " M3 (C17)
Fip11 = k10_11 * My (C13)
Reservoir equations

dM,

dt = F31 + Fgq — Fi3 (€19
dM,

dt = F75 + Fgy + Foy — Fys (€20)
dM,

2 = By = Fay — Fag (€20
dM,

= Ry~ Fo — Fay (€22
dMg
TR Fys5 + Fu5 — Fs4 — Fsg — Fsg (€23)
dM,

2 = B — F (€29
dM,

L = Fyp — P, (€2)
dMg

2 = P — Fiy (€20
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aMy _ (C27)

dt Fsg — Fy,

anm (C28)
dt10 = Fi310 + Fi210 — F1011

My, (C29)

dt 1011 1112 1113

il (C30)
dt12 = F1112 - F121o

a (C31)
dt13 = F1113 - F131o

T3 (C32)
714 = Fi3 — (F31 — 3.5F1113) — 3.5F1310 — Fe1

Other equations

VmixM
DOA =1 kos(—=—5 (C33)
F13
x = 0.44 + 0.56(D0OA) (C34)
(g) — (C/P)OxiC(C/P)anoxic (C35)
PPl ™ (1 — DOA)(C/P) gnoxic + DOA(C/P) oxic
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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

Total mass oxidized carbon in exogenic cycle + terrestrial

organic carbon + terrestrial organic carbon + oceanic

M1 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
Phosphate in authigenic calcium phosphate mineral,
M8 biogenic apatite and biogenic CaCO; 1.0E+19  This study
Phosphate absorbed to non-detrital ferric (hydro)oxides
M9 (volcanogenic + authigenic) 2.0E+18 ref. 64
M10 Terrestrial iron and unreactive marine iron 1.3E+21  ref. 65
M1l 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.SE+20  ref. 65
M14 Ocean + atmosphere Oz 3.80E+19  ref. 65
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Supplementary Table 11. Pre-industrial steady-state fluxes

phosphorus-oxygen exogenic cycles.

in the coupled carbon-

Value
Fluxes Description (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
Marine sedimentary burial of phosphate sorbed to reactive ferric
F59 (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
Uplift and exposure of marine sedimentary organic phosphorus (=
F72 F47) 2.90E+10  This study
Uplift and exposure of marine sedimentary mineral calcium-bound
F82 phosphate (= F58) 2.90E+10  This study
Uplift and exposure of marine sedimentary phosphate sorbed to
F92 reactive ferric (hydro)oxides (= F59) 6.00E+09  ref. 64
F1113 Marine sedimentary burial of pyrite 44E+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 44E+11  ref. 65
F1011 Reactive Fe (III) flux to the oceans 79E+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
Vinix 3 myr! ref. 64
n 2.5 ref. 64
CPredfictd 106 ref. 64
CPourial 250 ref. 64
Ks.4 3.93E-03 m'! ref. 64
ks6 1.20E-26  (mol/yr)'s ref. 64
(C/P)oxic 106 ref. 17
(C/P)anoxic 500 ref. 17
Ks o 1.71E-20  mol yr'! ref. 65
koa 1.73E-5 mol m'! ref. 65
kas 2.57E-09 yr! ref. 64
Kio-11 6.08E-10  yr! ref. 65
Kuplife 2.88E-09 yr! 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 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]gw, [PO4]sw) are

sampled using uniform distribution. The ranges of parameters are 1.5 to 4.5 mol m2 yr’!

for Joc, 2 to 8 mM for [DIC]gw and 1 to 3 uM for [PO4]sw.
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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 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. Pcra (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 Pcra, 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 (DB, ao, 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, Kspcra is
fixed as 10%7 without a relationship with carbonate activity, and k26 = 2.7x10"1> M yr'!.
Pcra (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 Pcra, BE and Corg/Preac 0f 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 (DBy, ao, 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 (DB, ao, 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, Kspcra is fixed as 10

997 without a relationship with carbonate activity, and k26 = 2.7x10712 M yr'l.
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Supplementary Figure 8. Deep sea records of Corg/Preac 0ver the past 80 million
years. The data of reactive P (Preac) are the same with the Pcra/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 burial® and 50% of
reactive P burial occur in deep sea’. Points represent the ratio between the mean values of
Corg and the mean value of Py, 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,
Kspcra is fixed as 10?7 without a relationship with carbonate activity, and k26 = 2.7x10
2M yr'!. 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. pO, 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 O 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). ¢. Model results for the Phanerozoic evolution
of atmospheric pO; (this study). d. Atmospheric pCO> as recorded by various proxy data
compiled by Royer et al.%’. Points represent mean values for 20 myr bins, with the error
bars represent one standard deviation (15). 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 O 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 curve®®. The
GEOCARBSULF 2014 model is the blue curve®’. The MAGic model is the orange curve®®,
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Supplementary Figure 14. The influence of tectonic activity on atmospheric pO; and

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

this study.
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