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Supplementary Note 1 – P distribution in solution and suspended sediments in modern 

rivers 

 

Compared to N and C that have a virtually unlimited atmospheric source, the supply of P to the 

oceans derives almost entirely from continental weathering. It reaches seawater via riverine 

transport in various forms, i.e., dissolved inorganic P, dissolved organic P, or particulate P 

associated with river suspended sediments (SS). A large portion of P in the riverine reservoir 

occurs in different phases of SS, including P absorbed onto Fe-mineral particles, carbonates, in 

clay mineral interlayers, and detrital P minerals. The concentration of dissolved free P in rivers is 

generally low; however, the fractions of P that exist as exchangeable or adsorbed phases on river 

SS can easily be released into the water column once aqueous environmental conditions change. 

In this section, we review P phases in modern river SS (especially bioavailable P) to cast light on 

ancient riverine shuttling of P into the oceans. 

Sequential extraction has been widely applied to determine the speciation of elements in 

sediments. We selected the literature that applied sequential extraction to river SS to determine the 

portion of bioavailable P therein. Due to the inconsistency of sequential extraction techniques 

found in literature, there are several different definitions of bio-available P. For example, Dorich 

et al. (1984) determined bioavailable P by culturing S. capricornutum1; Logan et al. (1979) referred 

to NaOH-extracted P as bioavailable P2; and a six-step extraction procedure was utilized by He et 

al. (2009)3, who used the sum of exchangeable P, organic P and Fe-bound P to represent 

bioavailable P. In our compilation of literature data, unless well-defined within a particular study, 

we used the difference between total P and detrital P to represent bioavailable P. 

The inconsistencies in P concentration units are another obstacle in summarizing and 

comparing literature data. Most studies have applied μM of P per gram of SS (μM/g) or μg of P 

per gram of SS (μg/g) to represent the fractions of various P phases in river SS. In order to compare 
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dissolved reactive P among different studies and assess the composition of the riverine P pool, we 

converted all units into μg of P per liter of water (μg/L) by multiplying the SS P concentration by 

the riverine SS concentration (g/L). For those published studies that did not provide information 

on SS concentration, we applied μg of P per gram of SS and % of total particulate P to represent 

the composition of bioavailable P. 

Due to different degrees of anthropogenic impact, the total P concentration as shown in 

Table S1 varies from 56 μg/L (subglacial rivers)4 to 28,627 μg/L (Yellow River)5. Here, the lower 

limit is in subglacial rivers representing the lowest anthropogenic impact, while the Yellow River, 

having the highest total P concentration, is in an area of high population density. The amount of 

bioavailable P in SS comprises a large portion of total P in SS and the concentration is significantly 

higher than dissolved P in rivers, indicating that dissolved P only contributes a small percentage 

of the total P pool in river systems. Indeed, most P exists in bioavailable forms associated with 

suspended sediments. It should be noted that the subglacial rivers in Svalbard show the lowest 

total P, bioavailable P and dissolved P4, which possibly arises due to minimal weathering in the 

polar environment, as well as P in SS being mainly in the form of detrital P minerals which is 

difficult for organisms to extract.  
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Table S1: Compilation of P concentrations in river suspended sediment (SS) and the dissolved 

phase. 

 
Bioavailable P in 

SS 
Total P in SS Dissolved P 

% of 

dissolved 

P 

Reference 

Amazon River 

(Brazil) 
133.2μg/L 216.9μg/L 9μg/L 3.98% 

Chase and Sayles 

(1980)6 

Amazon River 

(Brazil) 
119.6μg/L 141.2μg/L 12μg/L 7.83% 

Berner and Rao 

(1994)7 

Yamuna River 

(India) 
48.5-81.1μg/L 

56.4-

103.7μg/L 
No data No data 

Chakrapani and 

Subramanian 

(1995)8 

Great lakes 

tributaries (US) 
784.2μg/L 856.2μg/L No data No data 

Depinto et al. 

(1981)9 

Black Creek 

Watershed (US) 
900.5μg/g  2060μg/g No data No data Dorich et al. (1984)1 

Changjiang River 

(China) 
1096.2μg/L 3669.2μg/L 65.7μg/L 1.76% He et al. (2009)3 

Subglacial rivers 

(Svalbard) 
0.5μg/L 56μg/L 

below 

detection 

limit 

<0.01% 
Hodson et al. 

(2004)4 

Yellow River 

(China) 

846.3-

4654.7μg/L 

5204.9-

28627.0μg/L 
4.9-22.7μg/L 

0.079%-

0.094% 
He et al. (2010)5 

Streams draining 

into Lake Erie (US) 
234.1μg/L 757.3μg/L 135.8μg/L 15.20% Logan et al. (1979)2 

Yarra River 

(Australia) 

77-81% of total 

particulate P 
No data No data No data 

Sinclair et al. 

(1989)10 

Yellow river (China) 27.42% of total P No data 
0.11% of 

total P 
0.11% Yao et al. (2016)11 

Jiulong River 

(China) 
100-113.2μg/L 

114.3-

141.8μg/L 

54.8-

47.2μg/L 

27.11%-

22.52% 
Lin et al. (2013)12 

Two Lake Erie 

tributaries (US) 
23-27% of total P No data No data No data 

Stone and English 

(1993)13 

Kleine Aa catchment 

(Switzerland) 

43-66% of total 

particulate P 
No data No data No data 

Pacini and Gachter 

(1999)14 

Upper Brisbane 

River (Australia) 
517μg/g  909μg/g No data No data Kerr et al. (2011)15 

Patuxent River (US) 
93.7-94% of total 

particulate P 
No data No data No data 

Jordan et al. 

(2008)16 

Black Creek 

Watershed (US) 
94-111.7μg/L 

470.7-

477.7μg/L 

46.7-

54.5μg/L 

9.03%-

10.24% 

Dorich et al. 

(1980)17 
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Supplementary Note 2 – The Francevillian Group and the Zaonega Formation 

Some of the earliest phosphorites in the world formed during, and directly following, the LE18. 

Here we present two examples of P-rich sections of the time, the Francevillian Group in Gabon 

and the Zaonega Formation in the Onega Basin of NW-Russia. In addition to hosting abundant 

apatite [(Ca,Mg,Sr,Na)10(PO4,SO4,CO3)6F2−3], mudstone intervals in these sections preserve 

kaolinite, suggesting that it was a common clay phase in P-rich sediments of the LE period (Fig. 

S1, S2, S3). 

The Francevillian Group (FG) is a Paleoproterozoic succession of organic-rich mudstones 

intercalated by dolostones, sandstones, and cherts19. The age of FG deposition is constrained by 

U-Pb zircon dates of 2083 ± 6 Ma in welded ignimbrite tuffs in the upper part of the succession20 

and a tentative, disconcordant 2191±13 Ma age of zircons from granitoids of the N’goutou 

Complex intruding the lower part of the succession21. This age interval is consistent with Sm-Nd 

dates of the shale clay fraction between ~2200 and 2050 Ma22. The upward change from 

isotopically heavy δ13C values (as high as +10) to normal (δ13C values near zero) found in the FG 

succession has been interpreted to record the termination of LE23-25. The carbon, molybdenum, 

and sulfur isotope composition, as well as the iron speciation and trace metal content of the upper 

FG, has been inferred to reflect a transition from oxygen-rich to oxygen-poor conditions in the 

ocean-atmospheric system23,25,26. Mixed-layer smectitic and kaolinite clay minerals in the 

succession have been found to be exquisitely preserved, having undergone little diagenesis and no 

metamorphic alteration27,28. Low levels of post-sedimentary alteration are further indicated by the 

preservation of putative macrofossils of the Francevillian Biota29. 

The drill core LST-12 from the Lastoursville sub-basin30 comprises, in the lower part, 

thinly-interbedded relatively shallow-water shales and dolomarls belonging to the Franceville FB-



C Formation that contains up to ~3 wt.% of kaolinite. It then transitions to pink dolostones with 

abundant pyrobitumen veining that are rich in apatite (up to ~25 wt.%; Fig. S1, S2, S3). The upper 

part of LST12 records basinal deepening below the effective storm wave base, leading to the 

deposition of organic-rich shales of the Franceville FD Formation that again host kaolinite (up to 

~3 wt.%). 

The Zaonega Formation (ZF) is a ~1500-m-thick mixed sedimentary-volcanic succession 

that overlies the 13C-enriched evaporites and carbonates of the Tulomozero Formation, which is 

one of the type sections of the LE31. The ZF itself consists of graded greywackes and organic-rich 

mudstones interbedded with carbonates and mafic volcanic rocks. The end of the LE positive δ13C 

excursion, constrained at ~2060 Ma in Fennoscandi32, is recorded in the lower part of the ZF. A 

Re-Os age of ~2050 Ma was reported by Hannah et al. (2008) from upper ZF mudstones33. On the 

other hand, a tuff layer in the lower/middle ZF yielded a 1982±4.5 Ma zircon Pb-Pb age34 and 

several cross-cutting sills and overlying lava flows have been dated between ~1919–1988 Ma34-38, 

leaving the age of the ZF controversial. Carbon, sulphur, molybdenum, and uranium isotope ratios, 

as well as rare earth element composition in the ZF have alternatively been interpreted as reflecting 

the collapse of an oxygenated ocean-atmospheric system following the end of the LE31,39-41, or the 

continuation of oxygenated conditions42-46. 

The Onega Parametric Borehole (OPH), drilled in the southern part of the Onega Basin 

(62.1559 N, 34.4073 E, Ref. 47), intersects a basin-wide layer of apatite (up to ~6 wt.% in the 

OPH drill-core) hosted in highly organic-rich mudstones (up to 60 wt.%) and carbonates (Fig. S1; 

Ref. 48). This layer occurs at the transition from a deeper-water anoxic mudstone facies to a 

possibly shallower and sub-oxic carbonate-rich depositional setting44. The ZF has undergone 

greenschist-facies metamorphism that commonly results in the conversion of kaolinite to illite or 



sericite. XRD modelling results suggest that the OPH section shown here retains up to ~2 wt.% of 

kaolinite in mudstones overlying the P-rich zone. However, the identification of kaolinite in the 

Zaonega Formation remains tentative, given the low concentrations of kaolinite, and the thermal 

history of the rocks. 

Both of these sedimentary basins have recently been interpreted as hydrographically 

restricted, complicating efforts to use their geochemistry for the purpose of global biogeochemical 

inferences30,43,44,49-51,56. However, kaolinite generation occurs mostly in terrestrial weathering 

environments and is carried to marine sediments through rivers. Hence, the potentially restricted 

nature of these basins is not likely to affect kaolinite accumulation mechanisms. Furthermore, if 

these restricted basins were less affected by upwelling of P-rich deep waters, kaolinite P shuttling 

is likely to have an even more outsized effect on P accumulation.  



 

 

Fig. S1: X-ray diffraction (XRD) quantification evidence for kaolinite and apatite in post-GOE 

shales. Lithological columns with associated legend show the simplified lithological context for 

XRD samples in the ~2.2–2.05 Ga upper Francevillian Group in Gabon (drill core LST-12) and 

the ~2.0 Ga Zaonega Formation in Russia (drill core OPH).  



 
Fig. S2: Kaolinite XRD spectra in Francevillian shales. (a-b) Scanning electron micrographs of 

polished slabs from a Francevillian black shale outcrop in the Lastrousville train station, 

Francevillian FD Formation (sample FR17-FD2b). Scale bars are 100 μm across. (a) Back-

scattered electron image; arrow shows an example of a kaolinite crystal. Scanning electron 

microscopy was done on a Zeiss EVO MA15 SEM at the University of Tartu. (b) Larger view of 

the same area overlain with relative abundances of Al (blue), Ti (red), S (purple), and Si (yellow), 

mapped using an Oxford AZTEC-MAX energy-dispersive spectrometer attached to the SEM. (c) 

Energy-dispersive X-ray spectrum of the above sample, collected near the arrow on panels a and 

b. (d) Characteristic XRD spectra of the oriented clay fraction (<2 μm) of the above sample. The 

clay fraction preparations were measured at an air-dry state and after heating at 550˚C for 1 hour 

for phase identification. Heating of the kaolinite above 500˚C causes its decomposition and 

kaolinite peaks disappear while overlapping chlorite basal reflections remain in the XRD pattern. 



 
Fig. S3: Whole rock (a) and oriented clay fraction (b) XRD spectra of a mudstone in the LST-12 

drill core (sample #5, depth, 35.1 m).  

 

 

  



Supplementary Note 3 - The compilation of paleosol data 

The acidity of weathering is expressed in paleosol mineralogy through the abundance of Al-rich 

components, such as kaolinite or gibbsite. However, the majority of published paleosol mineralogy 

data do not include quantification of phyllosilicate minerals. Furthermore, kaolinite is not often 

well-preserved over geologic time – the prevalence of K-metasomatism in old terranes52 means 

that kaolinite is often converted to illite53, sericite54,55, or illite-sericite56, depending on the 

composition of the altering fluid. Alternatively, under high burial temperatures and pressures, 

SiO2-rich fluids can transform kaolinite into pyrophyllite57 or kyanite58. 

In this situation, an indication of the original importance of acid weathering products in 

paleosols must be gleaned from their major element chemistry. The evolution of rock chemical 

composition during weathering and the relative weathering intensity are commonly expressed 

using a CN-A-K (CaO+Na2O, Al2O3, K2O) ternary plot and the related Chemical Index of 

Alteration (CIA)59. In this case, CaO is corrected for potential contributions from apatite and 

calcite (see Methods below). While this type of plot neatly illustrates the progression of weathered 

rocks towards more Al-rich compositions, it lacks resolution regarding the acidity of weathering 

because acid weathering products like kaolinite/gibbsite plot together with chlorite, as both contain 

Al but are devoid of Ca, Na and K. Since most Proterozoic-Archean paleosols have been through 

at least lower greenschist-facies metamorphism, they are typically rich in chlorite (often forming 

at the expense of Fe-Mg smectite clay minerals developed in weathering of mafic parent rocks). 

Also, the classical CN-A-K plot and CIA values are biased towards lower apparent weathering 

intensity by common K-metasomatism52,60. 

To estimate the relative pre-diagenesis/metamorphic kaolinite content in weathered 

materials, we introduce the CaO*+Na2O+MgO*, Al2O3, K2O* (CNM-A-K) plot, which is capable 



of distinguishing kaolinite and chlorite (Fig. S4). The location of common aluminosilicate phases 

on the CNM-A-K plot shows that data near the top corner of the ternary plot suggest an important 

contribution from kaolinite and/or gibbsite, in relation to other aluminosilicate minerals. In a 

compilation of 10 relatively well-preserved and well-characterized paleosols from the late Archean 

through the Paleoproterozoic (Table S2), those in the GOE and LE period (Hokkalampi, Hekpoort, 

and Drakenstein paleosols; Refs. 61,62) plot generally higher on the CNM-A-K plot than those 

older than 2.4 Ga (Mt. Roe, Kuksha, and Cooper Lake; Refs. 63-66) or those younger than 2.0 Ga 

(Beaverlodge Lake, Flin Flon, Baraboo; Refs. 67-70), indicating an original composition possibly 

more rich in acid weathering products. This trend is not likely an artifact of the differing latitude 

at which these paleosols formed as calculated paleolatitudes do not correspond to the above trend 

(Supplementary Data 2). The exceptions to the overall trend are the Archean Mt. Roe and 

Paleoproterozoic Ville Marie paleosols. Al-rich compositions in Mt. Roe56 may attest to 

occasionally intense weathering regimes under a high-CO2 Archean atmosphere (alongside some 

samples from the Kuksha paleosol63). Alternatively, Teitler et al. (2015) interpreted the Mt. Roe 

paleosol to have formed in the presence of significant amounts of oxygen (i.e., under similar 

intensive weathering conditions as GOE paleosols)56. The Ville Marie paleosol displays a 

weathering regime more akin to pre-2.4 and post-2.0 Ga paleosols, but its age is poorly constrained 

to between 2.44 to 2.21 Ga71; as such, it does not necessarily argue against high weathering 

intensity post-2.4 Ga. 

These data support the hypothesis of Konhauser et al.10 that the early Proterozoic terrestrial 

environment was subjected to intense acid weathering due to the oxidation of exposed pyrite. 

Similarly, siderite weathering may have increased atmospheric CO2 levels, boosting overall 



weathering rates72. This pulse of intense, acidic weathering resulted in the enhanced generation of 

kaolinite. 

We further investigated P weathering fluxes across our paleosol database, by using τ values 

(τP2O5), which track the loss or gain of P compared to the protolith by normalization to an 

immobile element, e.g., Ti: 

τP2O5 = {[P2O5/TiO2 (sample; wt.%/wt.%)] / [P2O5/TiO2 (protolith; wt.%/wt.%)]}− 1. 

We find that paleosols deposited between 2.4–2.0 Ga display on average more extreme P loss 

(lower τP2O5 values; Fig. S5), possibly reflecting increased apatite dissolution under acidic 

weathering regimes of the Paleoproterozoic73. 

 

 

Fig. S4: Major element composition of Late Archean to Paleoproterozoic paleosols. (a-c) Ternary 

CNM-A-K plots illustrate weathering trends of individual paleosols. Element data are presented 

in molar proportions divided by age brackets. CNM = CaO* + Na2O + MgO*; A = Al2O3; K* = 

K2O*. Asterisks denote data corrected for non-silicate contribution and K-metasomatism (see 

Methods). Yellow diamonds denote stochiometric compositions of common aluminosilicate 

minerals in igneous/siliciclastic rocks and paleosols. 

 



 

Fig. S5: Phosphorous leaching in Late Archean to Paleoproterozoic paleosols. Negative τP2O5 

values denote P loss compared to protolith, positive values denote preferential P retention. See Fig. 

1 for explanation of figure elements. 

 

Methods 

The paleosol chemical database was compiled using 10 published paleosol studies ranging in age 

from 2.76 Ga to 1.70 Ga (Table S2). The paleosol selection was based on the relative completeness 

of the profiles, e.g., whether samples of both the protolith and the topmost weathering horizons 

were available. Samples representing sediments or volcanic rocks covering the paleosol were 

removed. 

The whole rock CaO data were corrected for the contribution of CaO from calcite, 

dolomite, and apatite, arriving at an estimate of silicate CaO (CaO*). In most cases, the 

mineralogical composition and/or CO2 data for paleosols are not available for correction. 

Therefore, the CaO* content was derived following the method of McLennan et al.74, assuming 

reasonable values of Ca/Na ratios in the silicate material. In the first step, the Ca bound in apatite 

was subtracted using the molar proportion of P2O5 from the molar proportion of total CaO. In the 

next step, CaO* was assumed to reside in plagioclase, hence if the remaining CaO was less than 

the molar proportion of Na2O, then that CaO was considered to represent CaO*. However, if the 



amount of remaining CaO post-apatite correction was greater than the Na2O, then CaO* was 

considered to equal the amount of Na2O. 

MgO in the silicate fraction (MgO*) was calculated based on similar assumptions – that 

the whole rock MgO data can include MgO in carbonate minerals (mainly dolomite). CaO in the 

carbonate fraction (whole rock CaO minus CaO* and CaOapatite) was conservatively assumed to 

reside entirely in dolomite. MgO* was derived by subtracting the respective molar proportion of 

MgO in dolomite, assuming a stoichiometric composition, from whole rock MgO data. The MgO* 

calculated by this approach represents the minimum value of Mg in the silicate fraction and true 

MgO* can be higher if calcite occurs instead of dolomite. However, dolomite is commonly present 

as a secondary phase in paleosols, typically found in the middle to lower parts of the weathering 

crusts at or below the paleogroundwater table (e.g., Ref. 75). Thus, the possible underestimation 

of MgO* does not affect the kaolinite estimate in the uppermost highly weathered samples. 

During diagenetic and metamorphic processes, the soil clay minerals formed during 

weathering accumulate K because weathering-derived smectitic and mixed-layer minerals as well 

as kaolinite readily take up K from diagenetic solutions, even in cases where the protolith is 

depleted in K60. It, therefore, becomes important to assess the K content prior to metasomatism 

(K*) for individual samples by assuming a predicted weathering trend following the procedures 

described in Fedo et al.52 and Medaris et al.68,76: since K-feldspar weathering lags behind that of 

plagioclase, the weathering process will conserve the protolith K/Al ratio until the end stages of 

weathering. Any K values trending higher than expected from this ratio are conservatively 

assumed to be affected by K-metasomatism. The K* derived in this way represents the minima for 

those samples that plot on A-K axis of the CN(M)-A-K plot (i.e., have lost all Ca, Na, and Mg 

during the weathering). 



The paleolatitude of the paleosol sites (Supplementary Data 2) was calculated form 

paleomagnetic pole coordinates at the time of weathering using the approach described in Haile77. 

Northern latitudes of the paleosols current geographic location are given as positive and southern 

latitudes as negative values. Longitudes are given as positive values measured east from the zero 

meridian to 360° (Ref 77). The sign of the paleolatitude is positive if the site’s position is <90° 

from the paleopole and negative when distance is >90°. Paleopole locations for stable cratons 

where the paleosol is located were selected from available data by closest matching age to the 

estimated time of weathering78-85. 

Data analysis and visualization utilized the pandas86, python-ternary87, matplotlib88, and 

seaborn89 modules for the Python programming language. 

 

  



Table S2: Archean–Proterozoic paleosols used to estimate weathering intensity and kaolinite 

content. For paleolatitude data, see Supplementary Data 2; for geochemical data, see 

Supplementary Data 1. 

Paleosol  Age (Ga) Location 
Paleolatitude 

(°) 
Protolith Data references 

Mt Roe ~2.76 Pilbara Craton, 

W-Australia 

45.08 Basalt Refs. 65,66,85 

Kuksha 2.44-2.50 Imandra-

Varzuga 

Greenstone 

Belt, NW-

Russia 

-29.24 Basalt Refs. 63,83 

Cooper 

Lake 

~2.45 Huronian 

Supergroup, 

ON, Canada 

-13.42 Sediment-

hosted 

mafic dike 

Refs. 64,70,81 

Ville Marie ~2.44-2.2 Huronian 

Supergroup, 

QC, Canada 

25.25 Granite Refs. 71,90 

Hokkalampi ~2.44-2.2 Karelian 

Craton, 

Finland 

27.24 Granite Refs. 62,86 

Hekpoort <2.224 Transvaal 

Supergroup, 

South Africa 

-13.90 

 

Basaltic 

andesite 

Refs. 61,84 

Drakenstein ~2.22 Transvaal and 

Olifansthoek 

Supergroups, 

South Africa 

-10.86 Basaltic 

andesite 

Refs. 83,91 

 

Beaverlodge 

Lake 

<1.931 Northwest 

Territories, 

Canada 

50.94 Feldspar 

(±quartz) 

porphyry 

Refs. 74,80 

Flin Flon ~1.86 Manitoba, 

Canada 

31.48 Pillowed 

greenstone 

Refs. 67,70,79 

Baraboo ~1.7 Wisconsin, 

USA 

51.91 Granite Refs. 69,82  

  

 

  



Supplementary Note 4 - Surface complexation modelling (SCM) of phosphate adsorption 

onto kaolinite surfaces 

 

At low pH, the surface functional groups of kaolinite are highly protonated, lending the clay a net 

positive charge. At pH<4.7, kaolinite surfaces are dominated by ≡XOH2
+ (0.023 mmol/g, 

representing amphoteric groups such as ≡Al-OH2
+ or ≡Si-OH2

+) and ≡LH (0.068 mmol/g, 

representing isomorphic substituted adsorption sites) groups, and both continuously deprotonate 

with increasing pH (Fig. S6), causing kaolinite to have an increasingly negative surface charge. 

The amphoteric surface functional group, ≡XOH2
+, undergoes two deprotonations at pH 4.7 

(≡XOH2
+ to ≡XOH0) and at pH 6.5 (≡XOH0 to ≡XO-). The monoprotic ≡LH site has a single 

deprotonation reaction at a pKa of 9.6 (≡LH to ≡L-). 

The aqueous speciation of phosphate includes four primary species92. At pH<2, P is highly 

protonated as phosphoric acid, H3PO4. Three subsequent deprotonation reactions, with pKa values 

at 2.15, 7.20, and 12.35, result in the formation of the species H2PO4
-, HPO4

2-, and PO4
3-, 

respectively. At pH<4.7, the predominant aqueous phosphate species is negatively charged 

(H2PO4
-) which would be electrostatically attracted to positively charged ≡XOH2

+ functional 

groups on the kaolinite surface. As pH increases to 8, the kaolinite surface is dominated by 

deprotonated ≡L- and ≡XO- groups that are repulsive to negatively charged H2PO4
- and HPO4

2- 

species, reducing P adsorption. 

P adsorption onto kaolinite is best modelled by invoking P adsorption to both ≡XOH and 

≡LH sites.  In the model, one HPO4
2- anion forms a bidentate mononuclear surface complex with 

two ≡XOH sites, while the ≡LH sites form a monodentate complex with a HPO4
2- anion. The 

adsorption constants (KP1 and KP2) are provided in Table S3.  

 

 



Methods 

Acid-base titration experiments coupled with surface complexation modelling were performed to 

determine the protonation/deprotonation behaviour of the clays between pH 4 and 10.5. Based on 

previous models of clay surface reactivity, two surface functional groups were invoked in the 

protonation modelling; the protonation reactions used are given in Table S3 (detailed information 

is provided in Refs. 93,94).  

Batch pH edge P adsorption experiments were performed at 10 μM of P and 1 g/L kaolinite. 

To initiate an experiment, 100 ml of 10 μM phosphate solution was prepared in a 150 ml beaker 

by diluting a 5 mmol Na2HPO4 stock solution. This stock solution was divided into 10 mL aliquots, 

which were subsequently adjusted to cover a pH range between approximately 3 and 9. The details 

of the experimental procedure were similar to our previous study95. The pH edge experiments were 

performed in duplicate to ensure the accuracy of results. The phosphate concentration in these 

samples was analysed by ICP-MS/MS (Agilent 8800) in the Environmental Geochemistry 

Laboratory at the Department of Earth and Atmospheric Sciences, University of Alberta. 

Adsorption edge data were modelled using a non-electrostatic surface complexation modelling 

approach in the software package Fiteql 4.0 (ref 96). Table S3 lists the P surface reactions that are 

used in the models. 

The experimental data were fitted using a single site bidentate adsorption model, a single 

site monodentate model, a double site bidentate model, and a double site monodentate model 

(fitting results are shown in Fig. S7, while the schematic models of the four models are shown in 

Fig. S8). Amongst these models, the double site monodentate model had a poor fit at low pH, while 

both single site bidentate and single site monodentate models underestimated P adsorption at high 



pH. The double site bidentate model adequately described P adsorption data across the tested pH 

range. Adsorption equilibrium constants derived from the modelling are listed in Table S3.  

 

 

Table S3: Surface complexation modelling results of P adsorption onto kaolinite. 

 

Reaction Equilibrium constant logK1 
Site density 1 

(mol/g) 

Surface protonation reactions 

≡LH↔H++≡L- 𝐾𝑎 = 9.625* 6.789E-5* 

≡XOH↔H++≡XO- 𝐾𝑎−= 6.539* 

2.305E-5* 

≡XOH+H+↔≡XOH2
+ 𝐾𝑎+ 4.707* 

Phosphate adsorption reactions 

≡LH+HPO4
2-↔≡LH ̶ HPO4

2- 𝐾𝑃1 = 16.06** 

2≡XOH2
++ HPO4

2-↔(≡XOH2
+)2 ̶ 

HPO4
2- 

𝐾𝑃2 = 37.46** 

Hydrolysis reactions and sodium complexes 

PO4
3-+H+↔HPO4

2- 𝐾1 =
𝐻𝑃𝑂42−

𝑃𝑂43− 𝐻+

 12.38*** 

PO4
3-+2H+↔H2PO4

- 𝐾2 =
𝐻2𝑃𝑂4−

𝑃𝑂43−
𝐻

 19.57*** 

PO4
3-+3H+↔H3PO4 𝐾3 =

𝐻3𝑃𝑂4

𝑃𝑂43−
𝐻

 21.72*** 

PO4
3-+H++2Na+↔Na2HPO4 𝐾4 =

𝑁𝑎2𝐻𝑃𝑂4

𝑃𝑂43− 2
 13.32*** 

PO4
3-+2Na+↔Na2PO4

- 𝐾5 =
𝑁𝑎2𝑃𝑂4−

𝑃𝑂43−
𝑁𝑎

 2.59*** 

PO4
3-+2H++Na+↔NaH2PO4 𝐾6 =

𝑁𝑎𝐻2𝑃𝑂4

𝑃𝑂43− 2
 19.87*** 

PO43-+H++Na+↔NaHPO4
- 𝐾7 =

𝑁𝑎𝐻𝑃𝑂4−

𝑃𝑂43−
𝐻
+

𝑁𝑎+

 13.45*** 

PO43-+Na+↔NaPO4
2- 𝐾8 =

𝑁𝑎𝑃𝑂42−

𝑃𝑂43− 𝑁𝑎+

 1.430*** 



Note: * are values from Ref. 94; ** are values derived from this study; *** are values from Visual 

MINTEQ version 3.1. 

 
 

Fig. S6: Titration and surface complexation modelling results of kaolinite. Blue dots and line are 

raw titration data (Ca-Cb as a function of pH; Ca-Cb is the subtraction of added acid and base 

concentration, representing the net protons added). Red bars are the pKa values of the two surface 

functional groups plotted with the site concentration of two groups: the left and middle red bars 

represent the ≡XOH group (site concentration is 0.023mmol/g, left y axis) with the protonation to 

≡XOH2
+ at pH 4.7, and the deprotonation to ≡XO- at pH 6.5; the rightmost red bar is the ≡LH 

group (site concentration is 0.023mmol/g, left y axis) with the deprotonation pH at 9.6. The blue 

and yellow bars on top of the figure represent dominant surface site species as a function of pH: 

≡XOH2
+ dominates at pH<4.7; ≡XOH dominates from pH 4.7 to 6.5, and ≡XO- is the main species 

at pH>6.5. The ≡LH group dominates at pH<9.6, and ≡L- is the main species at pH>9.6. Error bars 

represent the ±1 standard deviation of triplicates. 

 

  



 

 
 

Fig. S7: Fitting of phosphate adsorption pH edge data by different surface complexation models. 

Closed circles represent experimental data; lines represent the fitting of data by different models. 



  
Fig. S8: Schematic models of phosphate adsorption onto kaolinite surfaces.  



Supplementary Note 5 - P adsorption capacity of montmorillonite and illite, and the 

desorption of P from mixtures of weathering products 

Phosphate equilibrium adsorption experiments onto montmorillonite and illite were performed as 

a function of P concentration. The experimental procedure is the same as that used to derive the 

kaolinite equilibrium adsorption experiments (specific experimental procedure is given in the main 

text, Methods section). The adsorption isotherms of P onto montmorillonite and illite are shown 

in Fig. S9. P adsorption onto illite surfaces shows no significant difference at a low initial P 

concentration for the tested three conditions. However, with an increase in initial P concentration, 

illite and montmorillonite at the freshwater condition (pH 4, ionic strength (IS)=0.01 M) show 

higher adsorption capacities than at the other two aqueous conditions. The marine condition has 

the lowest P adsorption capacity. Montmorillonite displays differences in P adsorption capacity 

even at low initial P concentrations, with the highest P adsorption at pH 6 and IS=0.01. Throughout 

the P concentration range, the pH 6 and IS=0.01 condition has the highest P adsorption capacity 

compared to the other two conditions, while the marine water condition has the lowest P adsorption 

capacity.  

 

 
 



Fig. S9: Phosphate adsorption isotherms for (a) illite and (b) montmorillonite. 

 

Due to the heterogeneity of weathering in natural environments, the minerals comprising 

the weathered product can range from illite to kaolinite and Fe-oxides. To test the P desorption 

properties of common mixtures of weathering products when transitioning from freshwater to 

marine conditions, dynamic adsorption experiments of phosphate on a mixture of kaolinite, illite 

and Fe-oxide surfaces were performed. The experimental procedure was the same as that used to 

derive desorption of P from individual surfaces of kaolinite, Al-oxides and Fe-oxides (see Fig. 2 

in the main manuscript). The results showed that both a mixture of kaolinite, illite and Fe-oxides, 

and a mixture of illite and Fe-oxides can release approximately 30% of P when aqueous conditions 

change from freshwater to marine (Fig. S10). By comparison, the mixture of kaolinite, illite, and 

Fe-oxides desorb slightly more P than the mixture of illite and Fe-oxides, highlighting the higher 

desorption of P from kaolinite. 



  
Fig. S10: A comparison between the desorption of P from a mixture of kaolinite, Fe-oxide and 

illite surfaces, and a mixture of illite and Fe(III) oxide surfaces when transitioning from freshwater 

to marine conditions. Freshwater conditions were simulated at pH 4 and ionic strength=0.01 M 

solution, while marine conditions are pH 8 and ionic strength=0.56 M. Error bars represent the ±1 

standard deviation of replicates. 

  



Supplementary Note 6 – Increased kaolinite abundance in association with the Palecene-

Eocene Thermal Maximum (PETM) 

The PETM occurred approximately 56 Mya, when global temperature increased by around 5–

8°C97 as determined by a decrease in O isotope of benthic foraminifera98. The PETM was likely 

due to massive CO2 emissions and is manifest by the enhanced generation of kaolinite97,99,100, an 

increase in continental runoff, extensive dissolution of deep-ocean carbonates, and the 

characteristic sharp negative C isotope excursion. The period of C release is thought to be less than 

20 ka, while the perturbation of C isotope persisted for around 200 ka97. Afterwards, the carbon 

isotope values in marine carbonates slowly recovered to latest Paleocene values. 

Unlike the older Lomagundi-age sediments, the assessment of kaolinite content through 

XRD in the PETM sediments is considerably easier because of the availability of data in the 

literature. Thus, in this section, we compiled kaolinite content in sediments during the PETM 

(Supplementary Data 3, Ref. 100 to 114) with the object of quantifying the amount of kaolinite 

produced during this geological event. Our compilation results show that kaolinite content in the 

clay-sized sediment fraction increased to over 70% in PETM sediments. By contrast, kaolinite 

content was lower than 50% and 40% for pre-PETM and post-PETM sediments, respectively. 

Based on our interpretation of the Lomagundi Event, the increase in kaolinite generation resulting 

from the increase of temperature and terrestrial runoff could have triggered the kaolinite shuttle 

from continent to the oceans, leading to the augmentation of nearshore primary productivity. 

Consequently, sequestration of carbon from the ocean water column and aerial area stored 13C 

depleted carbon in organic phase, and thus recover the post-PETM δ13Ccarb to Paleocene values. 



 

Fig. S11: Kaolinite abundance of sediments during PETM period. Relative kaolinite contents are 

extracted from literature (see text for extraction method). The data are compiled from 14 references 

including 17 sampling sections. See Fig. 1 for explanation of figure elements.  
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