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Abstract 19 

We report the development of a modified method for evaluating different reservoirs of 20 

sedimentary phosphorus (P) in ancient marine sedimentary rocks and in modern Fe-rich sediments. 21 

Utilising the existing SEDEX scheme for P partitioning in modern sediments, we initially 22 

demonstrate limitations in the application of the original scheme to sediments and rocks containing 23 

crystalline hematite and magnetite. We tested additional extractions for these crystalline Fe phases, 24 

using both synthetic minerals, and modern and ancient sediments. The addition of 6 h oxalate and 6 25 

h citrate-dithionate-acetate extractions considerably enhanced the total recovery of synthetic 26 

magnetite and hematite to 88.7 ± 1.1% and 76.9 ± 3.8%, respectively. In addition, application of the 27 

6 h oxalate extraction to synthetic P-containing magnetite recovered 93.9 ± 1.7% of the Fe present 28 

and 88.2 ± 12.8% of the co-precipitated P. Based upon these results we developed a modified 29 

SEDEX extraction scheme. The modified scheme was applied to modern Fe-rich sediments from 30 

Golfo Dulce, Costa Rica, which resulted in 16% higher Fe-bound P recovery. Application of the 31 

scheme to a variety of ancient marine rocks increased the recovery of Fe-bound P by up to 22%. We 32 

also highlight the potential for authigenic carbonate fluorapatite to convert to more crystalline 33 

apatite in ancient rocks during deep burial and metamorphism. We suggest that in such systems 34 

minimum and maximum estimates of the total reactive P pool may be calculated with and without 35 

the inclusion of crystalline P. It is noted that the application of the revised method may have 36 

important implications for understanding the cycling of P in ancient marine environments.  37 

 38 

 39 
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 41 
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Highlights 42 

 We present a revised method for quantifying sedimentary P phases in modern Fe-rich 43 

sediments and ancient sedimentary rocks. 44 

 This modified SEDEX scheme is particularly targeted at sediment and rock samples that 45 

contain crystalline Fe (oxyhydr)oxide minerals such as hematite and magnetite. 46 

 This is the first scheme to determine magnetite-bound P. 47 

 The revised scheme provides a highly specific determination of crystalline Fe oxide-48 

bound P and suggests a way to estimate maximum and minimum reactive P. 49 

  50 
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1. Introduction 51 

Phosphorus (P) is a key element for life on Earth. A structural component of all organisms, P 52 

forms the backbone of DNA and RNA, and is crucial in the transmission of chemical energy through 53 

ATP molecules. Phosphorus supply to the oceans exerts a critical control on primary productivity 54 

in many areas of the global ocean, which in turn affects organic carbon production and burial, and 55 

ultimately the production of oxygen through time (Berner et al., 2003; Berner and Canfield, 1989; 56 

Berner and Maasch, 1996; Garrels and Perry, 1974). On geological timescales, P is generally 57 

considered the ultimate limiting nutrient (Codispoti, 1989; Redfield, 1958; Tyrrell, 1999; Van 58 

Cappellen and Ingall, 1996). As a consequence, the delivery and subsequent behaviour of P in 59 

marine environments has been the focus of considerable attention, both in modern (e.g., Eijsink et 60 

al., 2000, Ingall and Jahnke, 1994, Ingall et al., 1993; Ruttenberg and Berner, 1993, Slomp et al., 61 

1996a, 2004, Van Cappellen and Ingall, 1994) and ancient settings (e.g., Bjerrum and Canfield, 62 

2002, Boyle et al., 2014, Creveling et al., 2014, Lenton et al., 2014, März et al., 2008, Planavsky et 63 

al., 2010, Reinhard et al., 2017). While bulk sediment digestions can give useful information on the 64 

fluxes and behaviour of P in marine environments (e.g., Reinhard et al., 2017), this insight is limited 65 

as it does not identify P phases that may be reactive or potentially bioavailable during diagenesis. 66 

Phosphorus delivery to modern marine sediments mainly occurs in association with organic 67 

matter, Fe (oxyhydr)oxide minerals, and as recalcitrant detrital P of geological origin (Faul et al., 68 

2005; Froelich et al., 1982; Schenau and De Lange, 2000; Slomp et al., 1996b; Stockdale et al., 69 

2016). Under both oxic and anoxic conditions, a major proportion of the labile organically-bound P 70 

(Porg) can be released by microbial respiration as dissolved inorganic P (DIP) (Anderson et al., 2001; 71 

Froelich et al., 1988; Ingall and Jahnke, 1994; 1997; Jahnke, 1996; Krom and Berner, 1981; 72 

Ruttenberg, 2003; Ruttenberg and Berner, 1993; Van Cappellen and Ingall, 1994). In addition, 73 

reductive dissolution of Fe (oxyhydr)oxide minerals, which most commonly occurs either via 74 
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dissimilatory Fe reduction (Thamdrup, 2000) or direct reaction with dissolved sulfide (Canfield, 75 

1989; Poulton et al., 2004b), releases P associated with these phases. Some DIP released from 76 

organic matter or Fe (oxyhydr)oxides during early diagenesis, may be taken up by Fe 77 

(oxyhydr)oxides formed at the sediment-water interface, if the overlying water column is oxic 78 

(Slomp and Van Raaphorst, 1993; Slomp et al., 1996b). By contrast, under anoxic water column 79 

conditions, P may be extensively recycled back to the water column (Ingall and Jahnke, 1994; 1997; 80 

Jensen et al., 1995; Van Cappellen and Ingall, 1994). Generally deeper in the sediment, DIP may be 81 

partially removed from solution by precipitation as either carbonate fluorapatite (CFA; Ruttenberg 82 

and Berner, 1993) or vivianite (e.g., Egger et al., 2015; Hsu et al., 2014; Slomp et al., 2013; Xiong 83 

et al., in review), in a process known as ‘sink switching’. In order to evaluate these diagenetic 84 

processes and to constrain the fate of P in sedimentary environments, it is important to be able to 85 

quantify the phase partitioning of P within the sediment. 86 

Extraction techniques have been widely employed to provide more detailed insight into the 87 

speciation and behaviour of P in the marine realm. The method of Aspila et al. (1976) allows 88 

determination of inorganic P and total P (PT) in sediments, with the difference being attributed to 89 

organic P. However, this technique does not allow quantification of a variety of important phases, 90 

including the detrital fraction that is essentially unreactive in marine environments. A major step 91 

forward was achieved with the development of a sequential extraction procedure for P by Ruttenberg 92 

(1992). This technique (termed SEDEX) quantifies five operationally-defined sedimentary P 93 

reservoirs (Table 1): exchangeable P (Psorb), Fe (oxyhydr)oxide-bound P (PFe), authigenic P (Pauth; 94 

comprising authigenic CFA, CaCO3-bound P and biogenic apatite), detrital P (Pdet), and organic P 95 

(Porg). The general technique, including some minor modifictions (e.g. Schenau and De Lange, 96 

2000), has proven to be a robust and highly useful method for examining the phase partitioning of 97 

P in modern marine settings (e.g., Egger et al., 2015, Eijsink et al., 2000, Kraal et al., 2015, Matijević 98 
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et al., 2008, McParland et al., 2015, Poulton and Canfield, 2006, Ruttenberg and Berner, 1993, 99 

Schenau and De Lange, 2001, Slomp et al., 1996a, 2004).  100 

Due to the enhanced information on P cycling afforded by the SEDEX method, several studies 101 

have attempted to apply the method (or variations of it) to many other environmental particles, 102 

including ancient marine rocks (e.g., Creveling et al., 2014, Huang et al., 2007, Kraal et al., 2010, 103 

März et al., 2008, Mort et al., 2007, 2008, Westermann et al., 2013). However, the original method 104 

was not developed – and is therefore not necessarily appropriate – for application to such ancient 105 

sediments. Ancient sedimentary rocks often contain minerals of increased crystallinity compared 106 

with modern sediments, as well as important P-bearing phases that may not be adequately accounted 107 

for by the original SEDEX method. For example, throughout the majority of early Earth history, 108 

large areas of the global ocean were characterised by anoxic and Fe-containing (‘ferruginous’) water 109 

column conditions (Poulton and Canfield, 2011), which led to the deposition of sediments that are 110 

often enriched in crystalline hematite and magnetite (e.g., Canfield et al., 2008, Poulton et al., 111 

2004a). Magnetite is not specifically targeted by the original SEDEX extraction scheme, while tests 112 

on highly crystalline hematite (Raiswell et al., 1994), suggest that the pH 7.6 citrate-dithionite-113 

bicarbonate (CDB) extraction utilised in the existing SEDEX protocol (Figure 1) is unlikely to fully 114 

dissolve this phase in ancient rocks. Crystalline Fe (oxyhydr)oxide minerals may also be present in 115 

some modern marine sediments, resulting in the potential for incomplete recovery of P from these 116 

phases. Thus, to successfully apply P speciation both to ancient sedimentary rocks and modern 117 

sediments containing appreciable amounts of crystalline Fe (oxyhydr)oxide minerals, a modified 118 

method is required.  119 

In order to quantify a more complete spectrum of the Fe (oxyhydr)oxide minerals commonly 120 

present in sediments and rocks, Poulton and Canfield (2005) developed a sequential extraction 121 

procedure for Fe, which targets both magnetite and highly crystalline hematite (Figure 1). This 122 
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provides a template to modify the SEDEX procedure to include P associated with these additional 123 

mineral phases. Here, we initially test the efficiency of the original SEDEX method to extract 124 

hematite and magnetite. We then report the development of a revised extraction scheme for P, which 125 

we test using both synthetic Fe minerals and modern and ancient marine sediments.  126 

 127 

2. Samples and methods 128 

The details and main characteristics of all minerals and natural samples used in this study are 129 

outlined in Table 2.  130 

2.1. Synthetic minerals 131 

Synthetic ferrihydrite, lepidocrocite and goethite were prepared according to the standard 132 

methods of Cornell and Schwertmann (1996), and we utilised minerals that were previously 133 

synthesized and characterised by X-ray diffraction (XRD) (Poulton et al., 2004b). Hematite was 134 

provided by BDH Laboratory supplies, and its purity was confirmed by XRD (SI Figure 1). We also 135 

analysed a magnetite-hematite composite sample. This sample was prepared via the standard 136 

method for magnetite preparation described in Cornell and Schwertmann (1996) and had previously 137 

been used in the development of a sequential Fe extraction by Poulton and Canfield (2005). Partial 138 

oxidation of magnetite to hematite during subsequent storage was confirmed by XRD (SI Figure 2). 139 

HNO3-HF-HClO4 digests (see below) of this sample gave a total Fe composition of 71.8 ± 2.3 wt%, 140 

while a separate ammonium oxalate extraction aimed at dissolving magnetite (Figure 1; Poulton and 141 

Canfield, 2005) suggests that 79.2 ± 1.2% (56.9 wt% Fe) of the total Fe is present as magnetite. 142 

An additional synthetic magnetite sample with co-precipitated P was prepared following the 143 

protocols of Cornell and Schwertmann (1996). 560 ml of a mixed NaH2PO4∙2H2O/FeSO4 solution 144 
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(0.39 mM:0.3 M) was heated at a constant 90°C, and 240 ml of a KOH/KNO3 solution (3.33:0.27 145 

M ratio) was added dropwise in an anaerobic chamber, with constant stirring. The reaction was 146 

allowed to continue for 1 h. Once cool, the mineral/solution slurry was centrifuged, and washed 147 

with 18.2 MΩ resistance water before drying at 90°C. After drying, the solid was ground to a powder 148 

and stored frozen to prevent oxidation. XRD analysis confirmed that magnetite was the only mineral 149 

phase present (SI Figure 3). Complete chemical characterisation by XRF and ICP-OES (following 150 

dissolution with 12 N HCl) confirmed a co-precipitated P content of 9.7 ± 0.7 mmol/kg.  151 

2.2. Natural mineral samples 152 

A natural sample of crystalline apatite from Madagascar was analysed. XRD analyses suggest 153 

that the dominant minerals were hydroxyapatite or fluorapatite (SI Figure 4). A natural sample of 154 

magnetite drilled from a sample of banded iron formation (BIF) from the Isua Greenstone Belt was 155 

used to represent crystalline magnetite found in ancient sedimentary rocks. XRD analysis showed 156 

the sample was predominantly formed of magnetite and quartz (SI Figure 5). HNO3-HF-HClO4 157 

digests of this Isua BIF sample gave a total Fe composition of 61.9 ± 1.5 wt%, and an ammonium 158 

oxalate extraction (Figure 1) suggested that magnetite Fe (Femag) contributed 70.1% of total Fe (43.8 159 

wt% Fe). 160 

2.3.  Modern marine sediments and ancient marine sedimentary rocks 161 

Extractions were performed on modern sediments from Golfo Dulce, Costa Rica, from a short 162 

core comprising Fe (oxyhydr)oxide-rich marine mud. Golfo Dulce is a 200 m deep tropical fjord 163 

where the water column is anoxic and nitrate-rich (‘nitrogenous’) beneath a depth of ~100 m 164 

(Thamdrup et al., 1996). Despite the reducing water column and sediment conditions, reactive Fe 165 

(oxyhydr)oxide mineral phases persist in the deposited sediment (Thamdrup et al., 1996). In terms 166 

of ancient sedimentary rocks we focussed on several units from different time periods. Drill core 167 
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samples were analysed from low metamorphic grade black shales of the ~1.88-1.83 billion year old 168 

Animikie group, Superior Province, North America, that were deposited under a range of water 169 

column conditions, including anoxic and sulfidic (euxinic), ferruginous, and oxic (see Poulton et 170 

al., 2004a, 2010). We additionally analysed outcrop samples of low metamorphic grade marine 171 

shales from the ~1.65 billion year old Chuanlinggou Formation, North China Craton (Li et al., 2015; 172 

Meng et al., 2011), that were deposited under ferruginous and oxic conditions (Doyle, 2018). Drill 173 

core samples were analysed from the 715-542 million year old southern Timan Region of North 174 

Russia, that were mostly deposited under oxic conditions, but with two samples where the water 175 

column redox conditions were unclear (termed ‘equivocal’; see Johnston et al., 2012). Finally, we 176 

analysed a sample from the Jurassic bituminous shales section of the Jet Rock Series at Saltwick 177 

Nab, Yorkshire, which were deposited under anoxic conditions (Howarth, 1962).  178 

2.4. Testing the efficiency of Fe extracted during each SEDEX step 179 

We initially tested the extent to which the synthetic Fe minerals were dissolved by each step of 180 

the SEDEX technique (performed as individual extractions, rather than sequentially). We then ran 181 

the synthetic hematite and magnetite/hematite composite samples, in addition to the Golfo Dulce 182 

and Animikie Basin samples, through the original SEDEX extraction scheme sequentially, and 183 

measured the Fe released in each step. Since our focus here is on developing the SEDEX method 184 

for extraction of crystalline Fe oxides, and since adsorbed P is unlikely to be a significant component 185 

of ancient rocks and sediments, we did not include the first step (Psorb) of the original SEDEX 186 

method (Figure 1). We do stress, however, that this step may still be applied in studies of modern 187 

Fe-rich sediments. 188 

For the synthetic Fe minerals, 25-30 mg of sample was reacted at room temperature with each 189 

extractant solution of the SEDEX method (using 10 ml of extractant, except in the case of sodium 190 
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dithionite extractions with hematite, where 40 ml of extractant was used to avoid saturation of the 191 

solution with respect to Fe). All extractions were carried out at least in duplicate. For the Golfo 192 

Dulce and Animikie Basin samples, 150-180 mg of sediment was extracted in 10 ml of solution for 193 

each SEDEX step. To check whether any Fe (oxyhydr)oxide minerals persisted after completing the 194 

SEDEX method, additional extractions were performed on the residual sediment, utilising a 6 h 195 

citrate-dithionite-acetate (CDA) extraction for hematite (note that a 6 h CDA extraction was 196 

performed rather than the more typical 2 h extraction (see also Canfield et al., 2007) since our aim 197 

is to target highly crystalline hematite remaining after initial extraction by CDB), followed by a 6 h 198 

ammonium oxalate extraction for magnetite (Poulton and Canfield, 2005).  199 

2.5. Developing a revised method for the partitioning of P in ancient sediments 200 

A major difference between the Fe (oxyhydr)oxide-targeting steps in the SEDEX and Fe 201 

speciation methods is the pH of the dithionite extraction solution (pH 7.6 for CDB in SEDEX; pH 202 

4.8 for CDA in Fe speciation; Figure 1). As outlined above, however, dithionite extractions at pH 203 

7.6 may not effectively extract crystalline hematite, either from ancient rocks or modern sediments 204 

(Raiswell et al., 1994). In addition, neither the CDB or CDA extractions target magnetite, which is 205 

instead extracted via ammonium oxalate (Poulton and Canfield, 2005; Figure 1). Therefore, we also 206 

performed a range of extractions on our synthetic Fe minerals to determine the optimum position 207 

for the insertion of these steps into our revised P speciation scheme. Alongside these extractions, 208 

we also tested whether ammonium oxalate and CDA extracted significant P from our natural apatite 209 

sample.  210 

The original SEDEX scheme places wash steps with either 1 M MgCl2 or 18.2 MΩ resistance 211 

water after most of the principle extraction steps, in order to reverse any secondary re-adsorption of 212 

extracted phosphate onto other remaining sedimentary phases. We also carried out this step for the 213 
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measurement of any re-adsorbed P during the CDA and ammonium oxalate extractions. After all 214 

principal extraction steps, a maximum of three washes (5 ml of solution for 2 h) were performed: 215 

(i) MgCl2, ii) MgCl2, iii) 18.2 MΩ resistance water. It has been suggested that secondary adsorption 216 

of P onto residual sediment is not an important process during the CDB and HCl steps of the SEDEX 217 

procedure (Figure 1), and only a single MgCl2 extraction is required following the Na acetate 218 

extraction (Ruttenberg, 1992; Slomp et al., 1996a). However, we suggest that the number of washes 219 

should be based on the amount of P detected in the previous wash, and we performed additional 220 

washes until the concentration of P in solution was <0.2 mg/kg, up to a maximum of 3 washes. As 221 

a result of the above tests, an optimal extraction scheme was developed and tested, firstly in relation 222 

to the dissolution of Fe from our synthetic hematite and magnetite/hematite composite samples, and 223 

subsequently in terms of the phase partitioning of both Fe and P in the Golfo Dulce and ancient 224 

Animikie Basin samples. Finally, our revised phosphorus speciation scheme was applied to the 225 

North China Craton, Timan Region and Saltwick Nab sedimentary rocks.  226 

2.6. Chemical analyses 227 

At the end of each extraction or wash step, samples were centrifuged and then aliquots of the 228 

supernatant were taken for the analysis of P, with the remaining supernatant decanted from the 229 

centrifuge tube. All Na acetate and HCl solutions, as well as MgCl2 and 18.2 MΩ resistance water 230 

washes, were then analysed for P on a spectrophotometer via the phosphomolybdate blue method 231 

(Koroleff, 1976; Strickland and Parsons, 1972), with the solutions adjusted to a pH of 1-2 where 232 

necessary. This pH adjustment was performed by determining the volume of acid or base required 233 

to achieve the required pH using matrix matched standards. All other P measurements (CDB, 234 

ammonium oxalate and CDA) were analysed on a Thermo Fisher iCAP 7400 Radial ICP-OES, due 235 

to interference between the solution matrix and the phosphomolybdate complex (see Supplementary 236 
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Information for the ICP-OES method parameters). All Fe analyses were performed by flame atomic 237 

absorption spectroscopy (AAS). The reproducibility of Fe and P extractions were determined by 238 

replicate analyses, and are reported in terms of the relative standard deviation (RSD) at appropriate 239 

points in the text below. 240 

Digests were also performed for the determination of total P and Fe via a HNO3–HF–HClO4 241 

extraction on ashed samples. After evaporating to dryness, samples were redissolved in hot 50% 242 

(v/v) HCl, and P was analysed via the molybdate blue method outlined above, while Fe was analysed 243 

by AAS. The precision and accuracy of the method were determined by replicate analyses of the 244 

SBC-1 USGS international sediment standard, with RSD’s of 5.5% and 4.0% for Fe and P, 245 

respectively, and with near-complete recovery for both elements (96% and 97%, respectively). 246 

3. Results and Discussion 247 

3.1. Testing the original SEDEX method for the extraction of Fe (oxyhydr)oxides 248 

The extraction of synthetic ferrihydrite, goethite and lepidocrocite via a single 8 h CDB 249 

solution, as performed in the first step of the original SEDEX procedure, led to a recovery of 90-250 

100% for all three minerals (Figure 2), in agreement with Ruttenberg (1992). However, when 251 

applied to our synthetic hematite and magnetite/hematite composite samples, the CDB extraction 252 

dissolved only 18.4 ± 0.7% of the total Fe in hematite, and only 5.6 ± 0.1% of the Fe in the 253 

magnetite/hematite sample. In the latter case, the majority of the dissolved Fe was likely from the 254 

dissolution of hematite. Recovery of Fe from the magnetite with co-precipitated P was higher, at 255 

17.9 ± 2.2%, most likely due to the freshly precipitated nature of the mineral. However, despite this 256 

higher Fe recovery, only ~0.1% of the P contained in the co-precipitate was extracted by the CDB. 257 

No previous data for the efficiency of magnetite dissolution by CDB has been published for 258 
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comparison. The extraction efficiency for crystalline hematite was substantially lower than that 259 

found by Ruttenberg (1992), and the poor recovery for both minerals confirmed that the original  260 

SEDEX method does not efficiently extract the more crystalline Fe oxides that are often key 261 

components of ancient sedimentary rocks and Fe-rich sediments. By contrast, a 2 h CDA extraction 262 

dissolved 59.7 ± 3.5% of our synthetic hematite mineral, which increased to 86.0 ± 0.7% with a 6 h 263 

CDA extraction (Figure 2), consistent with data highlighting the resistant nature of crystalline 264 

hematite (Canfield et al., 2007; Raiswell et al., 1994). Thus, the 6 h CDA extraction was considered 265 

the most appropriate extraction for this phase. This 6 h CDA extraction did, however, dissolve 16.1 266 

± 0.5% of the magnetite present in our composite magnetite/hematite sample, suggesting that the 267 

CDA extraction should be performed after the 6 h oxalate extraction, which dissolved 100.0 ± 1.6% 268 

of the magnetite Fe (Figure 2).  269 

To assess the extraction efficiency of the original SEDEX method in terms of the dissolution 270 

of crystalline Fe (oxyhydr)oxide minerals, we compared the amount of Fe extracted by CDB 271 

(Ruttenberg, 1992) and CDA (Poulton and Canfield, 2005) for Golfo Dulce sediments and Animikie 272 

Basin sedimentary rocks (Figure 3). In both cases, the CDB extraction dissolved a lower 273 

concentration of crystalline Fe (oxyhydr)oxide phases relative to the CDA extraction (Figure 3). In 274 

addition, when the Femag pool was added to Fe extracted by CDA (Figure 3), it is clear that the 275 

original SEDEX method failed to extract a large proportion of the crystalline Fe (oxyhydr)oxide 276 

minerals, and this was the case for both modern sediments and ancient sedimentary rocks. 277 

3.2. A revised method for P speciation in ancient sedimentary rocks 278 

Having demonstrated the limitations of the existing SEDEX technique for extracting more 279 

crystalline Fe (oxyhydr)oxide phases, the next step was to consider the optimal position for the 280 

additional extractions in the sequential P method. The CDA and ammonium oxalate extractions 281 
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were performed at low pH (4.8 and ~2, respectively), and hence it was not appropriate to perform 282 

these extractions prior to the pH 4.0 Na acetate extraction (which targets Pauth) in the SEDEX scheme 283 

(Figure 1). It was essential to retain the CDB extraction for the first step of the revised scheme in 284 

order to dissolve the most reactive Fe (oxyhydr)oxide minerals (hereafter termed PFe1) prior to 285 

extraction by Na acetate (Pauth; Figure 4). This leaves the more crystalline Fe (oxyhydr)oxide 286 

minerals, since the Na acetate extraction only dissolved a minor amount of hematite and magnetite 287 

(Figure 5; see also Poulton and Canfield, 2005). Sequential extraction of our synthetic hematite and 288 

magnetite/hematite composite samples using the original SEDEX method revealed that these 289 

minerals were not appreciably dissolved by the 1 M HCl extraction used to target Pdet (Figure 5).  290 

By contrast, we found that ammonium oxalate dissolved ~17% of P in the natural apatite sample 291 

from Madagascar. Thus, the ammonium oxalate and CDA extractions to determine magnetite-bound 292 

P (hereafter termed Pmag) and crystalline Fe (oxyhydr)oxide-bound P (hereafter termed PFe2) were 293 

placed after the 1 M HCl of the original SEDEX procedure. Furthermore, given that a 6 h CDA 294 

extraction dissolved appreciable magnetite (Figure 2), the 6 h CDA extraction was placed following 295 

the Pmag extraction.  296 

This results in the revised extraction scheme detailed in Figure 4. To test our revised scheme 297 

we first compared recoveries for our synthetic hematite and magnetite/hematite composite samples 298 

relative to recoveries from the original SEDEX scheme (Figure 5). Replicate analyses (n = 3) for 299 

synthetic hematite via the revised scheme gave RSD’s of 3.4% (8 h CDB), 6.4% (Na acetate), 1.0% 300 

(1 M HCl), 1.4% (ammonium oxalate), and 10.4% (CDA). The addition of the oxalate and CDA 301 

extraction in the revised scheme considerably enhanced the total recovery of magnetite and hematite 302 

(88.7 ± 1.1% and 76.9 ± 3.8%, respectively), relative to the original scheme (Figure 5). The natural 303 

Isua BIF sample also showed a good recovery via the revised method (data not shown), with the 304 

Pmag step extracting 45.8 ± 3.0 wt% Fe, which was in good agreement with our separate 305 
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determination (see earlier) of 43.8 wt% Femag in this sample. We took this evaluation a step further 306 

by testing the ability of the ammonium oxalate extraction to recover P from magnetite, as this was 307 

one P phase that was not tested during development of the original SEDEX technique (Ruttenberg, 308 

1992). Replicate extractions recovered 93.9 ± 1.7% of the Fe present as magnetite and 88.2 ± 12.8% 309 

of co-precipitated P, confirming the utility of this extraction for the determination of Pmag. 310 

We note here that it has been suggested that the solubility of authigenic carbonate fluorapatite 311 

(i.e., Pauth) may decrease during burial diagenesis, due to recrystallization (Shemesh, 1990; Slomp, 312 

2011). This would make the primary authigenic CFA phase less prone to dissolution by its target 313 

extractant (Na acetate; Figure 4). In this case, recrystallized Paut that was not extracted by Na acetate 314 

would likely be extracted as part of the detrital apatite pool (i.e., Pdet) (Creveling et al., 2014). This 315 

is a difficult problem to address with sequential extraction schemes, which are clearly operationally-316 

defined, but as discussed below this issue should be considered, particularly when applying the 317 

revised scheme to ancient rocks. As such, in Figure 4 we reflect this possibility by redefining the 318 

original Pdet pool as Pcryst. 319 

3.3. Application to modern and ancient sediments 320 

After confirming that our revised method resulted in an enhanced recovery of crystalline Fe 321 

(oxyhydr)oxide minerals, we then applied the technique to determine P partitioning in Golfo Dulce 322 

(Figure 6) sediments and in our suite of ancient sediments (Figure 7) (all data are reported in the 323 

Supplementary Information). The RSD’s for P extracted by each stage of the revised method are 324 

presented in Table 3. In addition, the sum of the P extracted by the revised method had a RSD of 325 

1.8%.   326 

Figure 6A shows that for the modern Golfo Dulce sediments, a major proportion of total P was 327 

associated with the less crystalline Fe (oxyhydr)oxide pool (PFe1; average = 41.0 ± 2.6%), which 328 
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was consistent with the high Fe (oxyhydr)oxide content (Feox = 2.45 ± 0.24 wt%; Femag = 0.72 ± 329 

0.07 wt%) of these sediments (Figure 3). Importantly, however, the addition of the new Fe extraction 330 

steps increased the total recovery of Fe-bound P by up to 16%. Pcryst was low throughout these 331 

samples, and thus the overall speciation of P as a function of ‘reactive’ P (which is here calculated 332 

as the sum of PFe1 + Pauth + Pmag + PFe2 + Porg), is similar to that for total P (Figure 6). 333 

The ancient sediments showed considerable variability in the partitioning of P (Figure 7A). Porg was 334 

particularly high in the North China Craton and Saltwick Nab samples, highlighting that Porg can be 335 

retained in ancient rocks that have experienced deep burial diagenesis and minor metamorphic 336 

alteration. The total proportion of Fe-bound P was relatively low in the Animikie Basin, Timan 337 

Region and Saltwick Nab sedimentary rocks, consistent with the generally low Fe (oxyhydr)oxide 338 

contents of these rocks (Animikie Basin: Feox = 0.17 ± 0.07 wt%, Femag = 0.24 ± 0.24 wt%; Timan 339 

Region: Feox = 0.46 ± 0.28 wt%, Femag = 0.48 ± 0.06 wt%; Saltwick Nab: Feox = 0.06 wt%, Femag = 340 

0.10). However, the North China Craton samples showed that Fe-bound P can be a major constituent 341 

of the total P pool in ancient rocks, with up to 76% of total P occurring as Fe-bound P, of which an 342 

average of 22% would not have been extracted using the original SEDEX scheme. As with the other 343 

ancient samples, Fe (oxyhydr)oxide contents are relatively low for the North China Craton samples 344 

(Feox = 0.37 ± 0.23 wt%, Femag = 0.06 ± 0.02 wt%). However, these samples are distinct from the 345 

other ancient samples in that their Fe (oxyhydr)oxide contents, while low in absolute concentration, 346 

are high relative to the total pool of highly reactive Fe (FeHR). Highly reactive Fe includes Fe 347 

(oxyhydr)oxides (i.e., Feox and Femag), in addition to reduced Fe phases such as siderite (Fecarb) and 348 

pyrite (Fepy) which, at least partially, formed via the reductive dissolution of Fe (oxyhydr)oxides 349 

during diagenesis (Raiswell and Canfield, 1998; Poulton et al., 2004a). Thus, generally higher (Feox 350 

+ Femag)/FeHR ratios for the North China Craton (0.92 ± 0.03), compared to the Animikie Basin (0.23 351 

± 0.12), Timan Region (0.79 ± 0.09) and Saltwick Nab (0.06) samples, suggests significant 352 
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preservation during diagenesis of the Fe (oxyhydr)oxide minerals that were originally delivered to 353 

the sediment. In consequence, it appears that a significant proportion of primary PFe was preserved 354 

in the North China Craton sediments, which is also supported by the low Pauth content of these 355 

samples relative to the other ancient samples (Figure 7). This further highlights the utility of the 356 

revised phosphorus extraction scheme for evaluating the diagenetic cycling of P in ancient marine 357 

sediments. 358 

In contrast to the North China Craton sediments, the Pauth fraction comprised a major proportion 359 

of the total P content of the Timan Region (54 ± 7%) and Saltwick Nab (56%) sediments (Figure 360 

7), which is consistent with the ‘sink switching’ of reactive P observed in modern continental margin 361 

sediments (Ruttenberg and Berner, 1993). While the North China Craton samples have clearly not 362 

experienced significant transfer of reactive P to detrital P during burial diagenesis and 363 

metamorphism (Figure 7), we also note that the concentrations of Pcryst in the Timan Region (174 ± 364 

28 mg/kg) and Saltwick Nab (149 mg/kg) sediments are consistent with concentrations of detrital P 365 

commonly found in modern continental margin sediments (e.g., 186 ± 21 mg/kg; Ruttenberg and 366 

Berner, 1993). Thus, while we cannot discount the possibility of some transfer of Pauth to Pcryst in 367 

these ancient settings, this appears to have been mininal.  However, the Animikie Basin sediments 368 

are characterised by proportionately less, and highly variable, Pauth (23 ± 20%; range = 5-61%), 369 

combined with much higher proportions (73 ± 21%) and concentrations (433 ± 189 mg/kg) of Pcryst 370 

(this average excludes sample GF3-33 due to its anomalously high Pcryst concentration; see SI Table 371 

3). Thus, while we cannot rule out the possibility that the delivery of detrital P may have been 372 

elevated during deposition of these particular sediments, these P speciation characteristics do 373 

suggest probable transformation of an important fraction of Pauth to Pcryst. This possibility will be of 374 

particular significance in studies where quantification of the initial Preac pool is required, although 375 

we stress that the Porg and PFe fractions should remain largely unaffected after the ‘sink switching’ 376 
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that occurs during early diagenesis is complete. We therefore suggest a general protocol whereby 377 

Preac in ancient sediments is considered to fall within a minimum and maximum range. Here, a 378 

minimum value for Preac may be calculated as the sum of PFe1 + Pauth + Pmag + PFe2 + Porg, whereas a 379 

maximum value is calculated by additionally including the Pcryst pool. 380 

The ability to quantify magnetite-bound P is a novel strength of the revised speciation scheme. 381 

Over the last few years there has been increasing recognition of the major prevalence of anoxic 382 

ferruginous oceanic conditions across large periods of Earth history (e.g., Canfield et al., 2008; 383 

Guilbaud et al., 2015; Johnston et al., 2010; Planavsky et al., 2011; Poulton and Canfield, 2011; 384 

Poulton et al., 2010). Whilst nutrient reconstructions under such conditions have tended to focus on 385 

P uptake by Fe (oxyhydr)oxide minerals (e.g., Bjerrum and Canfield, 2002; Konhauser et al., 2007; 386 

Planavsky et al., 2010), magnetite often appears to be a prominent mineral in the deposited 387 

sediments (e.g., Poulton et al., 2010), and likely commonly occurs via transformation from green 388 

rust precursors (e.g. Halevy et al., 2017; Li et al., 2017). Green rust has a particularly large 389 

adsorptive capacity for nutrient uptake (e.g., Zegeye et al., 2012),  and transformation to magnetite 390 

may result in significant retention of P, which raises the possibility of using magnetite-bound P in 391 

ancient shales as a tracer of past variability in oceanic P concentrations (c.f., Bjerrum and Canfield, 392 

2002; Konhauser et al., 2007; Planavsky et al., 2010).  393 

4. Conclusions 394 

The SEDEX sequential P extraction scheme of Ruttenberg (1992) is the commonly used 395 

technique for quantifying different P pools in modern marine sediments, and has provided a wealth 396 

of information of P cycling in modern environments. However, the original SEDEX scheme was 397 

not designed for use with ancient sediments. Here, we provide a modification of this method to more 398 
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specifically target important Fe phases, such as crystalline hematite and magnetite, which are 399 

common components of many ancient sediments and some Fe-rich modern sediments. We 400 

demonstrate that crystalline hematite was only partially extracted by the existing SEDEX scheme, 401 

while magnetite was not specifically targeted. Following robust calibration testing, we introduce 402 

two additional steps to the SEDEX scheme to specifically target these additional Fe-bound P phases. 403 

Testing of the revised method on modern and ancient sediments showed the reproducible nature of 404 

the extractions and the enhanced recovery of Fe-bound P. We provide details of a modified P 405 

SEDEX scheme specifically developed for application to ancient marine rocks, as well as modern 406 

Fe-rich sediments. We demonstrate that the Porg, PFe1, PFe2, Pmag and Pauth fractions may provide 407 

insightful information in relation to P cycling in ancient marine settings and in Fe-rich modern 408 

sediments, but care needs to be taken with ancient rocks when considering possible transfer of 409 

authigenic P (Pauth) to more crystalline phases (Pcryst) during deep burial and metamorphism. 410 

 411 

Acknowledgements 412 

Research was funded by a NERC PhD award (ref. 1368010) to JT. SWP acknowledges support from 413 

a Royal Society Wolfson Research Merit Award and a Leverhulme Research Fellowship. We thank 414 

Jessica Creveling and an anonymous reviewer for helpful reviews of the manuscript. 415 

  416 



20 

 

References 417 

Anderson, L.D., Delaney, M.L., Faul, K.L., 2001. Carbon to phosphorus ratios in sediments: 418 
Implications for nutrient cycling. Global Biogeochemical Cycles, 15(1): 65-79. 419 

Aspila, K.I., Agemian, H., Chau, A.S.Y., 1976. A semi-automated method for the determination of 420 
inorganic, organic and total phosphate in sediments. Analyst, 101(1200): 187-197. 421 

Berner, R.A., Beerling, D.J., Dudley, R., Robinson, J.M., Wildman, R.A., 2003. Phanerozoic 422 
atmospheric oxygen. Annual Review of Earth and Planetary Sciences, 31: 105-134. 423 

Berner, R.A., Canfield, D.E., 1989. A new model for atmospheric oxygen over Phanerozoic time. 424 
American Journal of Science, 289(4): 333-361. 425 

Berner, R.A., Maasch, K.A., 1996. Chemical weathering and controls on atmospheric O2 and CO2: 426 
Fundamental principles were enunciated by J.J. Ebelmen in 1845. Geochimica et 427 
Cosmochimica Acta, 60(9): 1633-1637. 428 

Bjerrum, C.J., Canfield, D.E., 2002. Ocean productivity before about 1.9 Gyr ago limited by 429 
phosphorus adsorption onto iron oxides. Nature, 417(6885): 159-162. 430 

Canfield, D.E., 1989. Reactive iron in marine sediments. Geochimica et Cosmochimica Acta, 53(3): 431 
619-632. 432 

Canfield, D.E., Poulton, S.W., Knoll, A.H., Narbonne, G.M., Ross, G., Goldberg, T., Strauss, H., 433 
2008. Ferruginous conditions dominated later neoproterozoic deep-water chemistry. 434 
Science, 321(5891): 949-952. 435 

Canfield, D.E., Poulton, S.W., Narbonne, G.M., 2007. Late-Neoproterozoic deep-ocean 436 
oxygenation and the rise of animal life. Science, 315(5808): 92-95. 437 

Codispoti, L.A., 1989. Phosphorus vs. nitrogen limitation of new and export production. In: Berger, 438 
W.H., Smetacek, V.S., Wefer, G. (Eds.), Productivity of the ocean: present and past. John 439 
Wiley and Sons, New York, pp. 377-394. 440 

Cornell, R.M., Schwertmann, U., 1996. The Iron Oxides: Structure, Properties, Reactions, 441 
Occurrence and Uses. VCH Publishers, Weinheim, Germany. 442 

Creveling, J.R., Johnston, D.T., Poulton, S.W., Kotrc, B., März, C., Schrag, D.P., Knoll, A.H., 2014. 443 
Phosphorus sources for phosphatic Cambrian carbonates. GSA Bulletin, 126(1-2): 145-163. 444 

Doyle, K.A., 2018. The chemical evolution of the Proterozoic biosphere. PhD Thesis, University of 445 
Leeds, 326pp. 446 

Egger, M., Jilbert, T., Behrends, T., Rivard, C., Slomp, C.P., 2015. Vivianite is a major sink for 447 
phosphorus in methanogenic coastal surface sediments. Geochimica et Cosmochimica Acta, 448 
169: 217-235. 449 

Eijsink, L.M., Krom, M.D., Herut, B., 2000. Speciation and burial flux of phosphorus in the surface 450 
sediments of the eastern Mediterranean. American Journal of Science, 300(6): 483-503. 451 

Faul, K.L., Paytan, A., Delaney, M.L., 2005. Phosphorus distribution in sinking oceanic particulate 452 
matter. Marine Chemistry, 97(3-4): 307-333. 453 

Froelich, P.N., Arthur, M.A., Burnett, W.C., Deakin, M., Hensley, V., Jahnke, R., Kaul, L., Kim, 454 
K.H., Roe, K., Soutar, A., Vathakanon, C., 1988. Early diagenesis of organic matter in Peru 455 
continental margin sediments: Phosphorite precipitation. Marine Geology, 80(3-4): 309-456 
343. 457 

Froelich, P.N., Bender, M.L., Luedtke, N.A., Heath, G.R., DeVries, T., 1982. The marine 458 
phosphorus cycle. American Journal of Science, 282(4): 474-511. 459 

Garrels, R.M., Perry, E.A., 1974. Cycling of carbon, sulfur and oxygen through geologic time. In: 460 
Goldberg, E.D. (Ed.), The Sea, vol. 5. Wiley Intersci., New York, pp. 303-336. 461 



21 

 

Guilbaud, R., Poulton, S.W., Butterfield, N.J., Zhu, M., Shields-Zhou, G.A., 2015. A global 462 
transition to ferruginous conditions in the early Neoproterozoic oceans. Nature Geoscience, 463 
8(6): 466-470. 464 

Halevy, I., Alesker, M., Schuster, E., Popovitz-Biro, R., Feldman, Y., 2017. A key role for green 465 
rust in the Precambrian oceans and the genesis of iron formations. Nature Geoscience, 10: 466 
135–139. 467 

Howarth, M.K., 1962. The Jet Rock Series and the Alum Shale Series of the Yorkshire coast. 468 
Proceedings of the Yorkshire Geological and Polytechnic Society, 33(4): 381. 469 

Hsu T., Jiang W., Wang Y., 2014. Authigenesis of vivianite as influenced by methane-induced 470 
sulfidization in cold- seep sediments off southwestern Taiwan. J. Asian Earth Sci., 89, 88-471 
97. 472 

Huang, Y., Wang, C., Chen, X., 2007. Response of reactive phosphorus burial to the sedimentary 473 
transition from cretaceous black shales to oceanic red beds in southern tibet. Acta Geologica 474 
Sinica - English Edition, 81(6): 1012-1018. 475 

Ingall, E., Jahnke, R., 1994. Evidence for enhanced phosphorus regeneration from marine sediments 476 
overlain by oxygen depleted waters. Geochimica et Cosmochimica Acta, 58(11): 2571-2575. 477 

Ingall, E., Jahnke, R., 1997. Influence of water-column anoxia on the elemental fractionation of 478 
carbon and phosphorus during sediment diagenesis. Marine Geology, 139(1): 219-229. 479 

Ingall, E.D., Bustin, R.M., Van Cappellen, P., 1993. Influence of water column anoxia on the burial 480 
and preservation of carbon and phosphorus in marine shales. Geochimica et Cosmochimica 481 
Acta, 57(2): 303-316. 482 

Jahnke, R.A., 1996. The global ocean flux of particulate organic carbon: Areal distribution and 483 
magnitude. Global Biogeochemical Cycles, 10(1): 71-88. 484 

Jensen, H.S., Mortensen, P.B., Andersen, F.O., Rasmussen, E., Jensen, A., 1995. Phosphorus 485 
cycling in a coastal marine sediment, Aarhus Bay, Denmark. Limnology and Oceanography, 486 
40(5): 908-917. 487 

Johnston, D.T., Poulton, S.W., Dehler, C., Porter, S., Husson, J., Canfield, D.E., Knoll, A.H., 2010. 488 
An emerging picture of Neoproterozoic ocean chemistry: Insights from the Chuar Group, 489 
Grand Canyon, USA. Earth and Planetary Science Letters, 290(1–2): 64-73. 490 

Johnston, D.T., Poulton, S.W., Goldberg, T., Sergeev, V.N., Podkovyrov, V., Vorob'eva, N.G., 491 
Bekker, A., Knoll, A.H., 2012. Late Ediacaran redox stability and metazoan evolution. Earth 492 
and Planetary Science Letters, 335: 25-35. 493 

Konhauser, K.O., Lalonde, S.V., Amskold, L., Holland, H.D., 2007. Was there really an Archean 494 
phosphate crisis? Science, 315(5816): 1234. 495 

Kraal, P., Bostick, B.C., Behrends, T., Reichart, G.-J., Slomp, C.P., 2015. Characterization of 496 
phosphorus species in sediments from the Arabian Sea oxygen minimum zone: Combining 497 
sequential extractions and X-ray spectroscopy. Marine Chemistry, 168(0): 1-8. 498 

Kraal, P., Slomp, C.P., Forster, A., Kuypers, M.M.M., 2010. Phosphorus cycling from the margin 499 
to abyssal depths in the proto-Atlantic during oceanic anoxic event 2. Palaeogeography, 500 
Palaeoclimatology, Palaeoecology, 295(1–2): 42-54. 501 

Krom, M.D., Berner, R.A., 1981. The Diagenesis of Phosphorus in a Nearshore Marine Sediment. 502 
Geochimica Et Cosmochimica Acta, 45(2): 207-216. 503 

Lenton, T.M., Boyle, R.A., Poulton, S.W., Shields-Zhou, G.A., Butterfield, N.J., 2014. Co-504 
evolution of eukaryotes and ocean oxygenation in the Neoproterozoic era. Nature 505 
Geoscience, 7(4): 257-265. 506 

Li, C., Planavsky, N.J., Love, G.D., Reinhard, C.T., Hardisty, D., Feng, L.J., Bates, S.M., Huang, 507 
J., Zhang, Q.R., Chu, X.L., Lyons, T.W., 2015. Marine redox conditions in the middle 508 
Proterozoic ocean and isotopic constraints on authigenic carbonate formation: Insights from 509 



22 

 

the Chuanlinggou Formation, Yanshan Basin, North China. Geochimica et Cosmochimica 510 
Acta, 150: 90-105. 511 

Li, Y.-L., Konhauser, K.O., Zhai, M., 2017. The formation of magnetite in the early Archean oceans. 512 
Earth and Planetary Science Letters, 466: 103–114. 513 

März, C., Poulton, S.W., Beckmann, B., Kuster, K., Wagner, T., Kasten, S., 2008. Redox sensitivity 514 
of P cycling during marine black shale formation: Dynamics of sulfidic and anoxic, non-515 
sulfidic bottom waters. Geochimica et Cosmochimica Acta, 72(15): 3703-3717. 516 

Matijević, S., Kušpilić, G., Kljaković-Gašpić, Z., Bogner, D., 2008. Impact of fish farming on the 517 
distribution of phosphorus in sediments in the middle Adriatic area. Marine Pollution 518 
Bulletin, 56(3): 535-548. 519 

McParland, E., Benitez-Nelson, C.R., Taylor, G.T., Thunell, R., Rollings, A., Lorenzoni, L., 2015. 520 
Cycling of suspended particulate phosphorus in the redoxcline of the Cariaco Basin. Marine 521 
Chemistry, 176: 64-74. 522 

Meng, Q.R., Wei, H.H., Qu, Y.Q., Ma, S.X., 2011. Stratigraphic and sedimentary records of the rift 523 
to drift evolution of the northern North China craton at the Paleo- to Mesoproterozoic 524 
transition. Gondwana Research, 20(1): 205-218. 525 

Mort, H.P., Adatte, T., Föllmi, K.B., Keller, G., Steinmann, P., Matera, V., Berner, Z., Stüben, D., 526 
2007. Phosphorus and the roles of productivity and nutrient recycling during oceanic anoxic 527 
event 2. Geology, 35(6): 483-486. 528 

Mort, H.P., Adatte, T., Keller, G., Bartels, D., Föllmi, K.B., Steinmann, P., Berner, Z., Chellai, E.H., 529 
2008. Organic carbon deposition and phosphorus accumulation during Oceanic Anoxic 530 
Event 2 in Tarfaya, Morocco. Cretaceous Research, 29(5–6): 1008-1023. 531 

Planavsky, N.J., McGoldrick, P., Scott, C.T., Li, C., Reinhard, C.T., Kelly, A.E., Chu, X.L., Bekker, 532 
A., Love, G.D., Lyons, T.W., 2011. Widespread iron-rich conditions in the mid-Proterozoic 533 
ocean. Nature, 477(7365): 448-451. 534 

Planavsky, N.J., Rouxel, O.J., Bekker, A., Lalonde, S.V., Konhauser, K.O., Reinhard, C.T., Lyons, 535 
T.W., 2010. The evolution of the marine phosphate reservoir. Nature, 467(7319): 1088-536 
1090. 537 

Poulton, S.W., Canfield, D.E., 2005. Development of a sequential extraction procedure for iron: 538 
implications for iron partitioning in continentally derived particulates. Chemical Geology, 539 
214(3-4): 209-221. 540 

Poulton, S.W., Canfield, D.E., 2006. Co-diagenesis of iron and phosphorus in hydrothermal 541 
sediments from the southern East Pacific Rise: Implications for the evaluation of 542 
paleoseawater phosphate concentrations. Geochimica et Cosmochimica Acta, 70(23): 5883-543 
5898. 544 

Poulton, S.W., Canfield, D.E., 2011. Ferruginous conditions: A dominant feature of the ocean 545 
through Earth's history. Elements, 7(2): 107-112. 546 

Poulton, S.W., Fralick, P.W., Canfield, D.E., 2004a. The transition to a sulphidic ocean ~1.84 billion 547 
years ago. Nature, 431(7005): 173-177. 548 

Poulton, S.W., Fralick, P.W., Canfield, D.E., 2010. Spatial variability in oceanic redox structure 1.8 549 
billion years ago. Nature Geoscience, 3(7): 486-490. 550 

Poulton, S.W., Krom, M.D., Raiswell, R., 2004b. A revised scheme for the reactivity of iron 551 
(oxyhydr)oxide minerals towards dissolved sulfide. Geochimica et Cosmochimica Acta, 552 
68(18): 3703-3715. 553 

Raiswell, R., Canfield, D.E., 1998. Sources of iron for pyrite formation in marine sediments. 554 
Americal Journal of Science, 298, 219-245. 555 



23 

 

Raiswell, R., Canfield, D.E., Berner, R.A., 1994. A comparison of iron extraction methods for the 556 
determination of degree of pyritisation and the recognition of iron-limited pyrite formation. 557 
Chemical Geology, 111(1–4): 101-110. 558 

Redfield, A.C., 1958. The biological control of chemical factors in the environment. American 559 
Scientist, 46(3): 230A, 205-221. 560 

Reinhard, C.T., Planavsky, N.J., Gill, B.C., Ozaki, K., Robbins, L.J., Lyons, T.W., Fischer, W.W., 561 
Wang, C., Cole, D.B., Konhauser, K.O., 2017. Evolution of the global phosphorus cycle. 562 
Nature, 541(7637): 386-389. 563 

Ruttenberg, K.C., 1992. Development of a sequential extraction method for different forms of 564 
phosphorus in marine sediments. Limnology and Oceanography, 37(7): 1460-1482. 565 

Ruttenberg, K.C., Berner, R.A., 1993. Authigenic apatite formation and burial in sediments from 566 
non-upwelling, continental margin environments. Geochimica et Cosmochimica Acta, 567 
57(5): 991-1007. 568 

Schenau, S.J., De Lange, G.J., 2000. A novel chemical method to quantify fish debris in marine 569 
sediments. Limnology and Oceanography, 45(4): 963-971. 570 

Schenau, S.J., De Lange, G.J., 2001. Phosphorus regeneration vs. burial in sediments of the Arabian 571 
Sea. Marine Chemistry, 75(3): 201-217. 572 

Slomp, C.P., Epping, E.H.G., Helder, W., Van Raaphorst, W., 1996a. A key role for iron-bound 573 
phosphorus in authigenic apatite formation in North Atlantic continental platform sediments. 574 
Journal of Marine Research, 54(6): 1179-1205. 575 

Slomp C.P., Mort H.P., Jilbert T., Reed D.C., Gustafsson B.G., Wolthers M., 2013. Coupled 576 
dynamics of iron and phosphorus in sediments of an oligotrophic coastal basin and the 577 
impact of anaerobic oxidation of methane. PLoS ONE, 8, e62386. 578 

Slomp, C.P., Thomson, J., De Lange, G.J., 2004. Controls on phosphorus regeneration and burial 579 
during formation of eastern Mediterranean sapropels. Marine Geology, 203(1–2): 141-159. 580 

Slomp, C.P., Van der Gaast, S.J., Van Raaphorst, W., 1996b. Phosphorus binding by poorly 581 
crystalline iron oxides in North Sea sediments. Marine Chemistry, 52(1): 55-73. 582 

Slomp C.P., Van Raaphorst W., 1993. Phosphate adsorption in oxidized marine sediments. 583 
Chemical Geology, 107, 477-480. 584 

Stockdale, A., Krom, M.D., Mortimer, R.J.G., Benning, L.G., Carslaw, K.S., Herbert, R.J., Shi, 585 
Z.B., Myriokefalitakis, S., Kanakidou, M., Nenes, A., 2016. Understanding the nature of 586 
atmospheric acid processing of mineral dusts in supplying bioavailable phosphorus to the 587 
oceans. Proceedings of the National Academy of Sciences of the United States of America, 588 
113(51): 14639-14644. 589 

Thamdrup, B., 2000. Bacterial manganese and iron reduction in aquatic sediments. In: Schink, B. 590 
(Ed.), Advances in Microbial Ecology. Springer US, Boston, MA, pp. 41-84. 591 

Thamdrup, B., Canfield, D.E., Ferdelman, T.G., Glud, R.N., Gundersen, J.K., 1996. A 592 
biogeochemical survey of the anoxic basin Golfo Dulce, Costa Rica. Revista De Biologia 593 
Tropical, 44: 19-33. 594 

Tyrrell, T., 1999. The relative influences of nitrogen and phosphorus on oceanic primary production. 595 
Nature, 400(6744): 525-531. 596 

Van Cappellen, P., Ingall, E.D., 1994. Benthic phosphorus regeneration, net primary production, 597 
and ocean anoxia - a model of the coupled marine biogeochemical cycles of carbon and 598 
phosphorus. Paleoceanography, 9(5): 677-692. 599 

Van Cappellen, P., Ingall, E.D., 1996. Redox stabilization of the atmosphere and oceans by 600 
phosphorus-limited marine productivity. Science, 271(5248): 493-496. 601 



24 

 

Westermann, S., Stein, M., Matera, V., Fiet, N., Fleitmann, D., Adatte, T., Föllmi, K.B., 2013. Rapid 602 
changes in the redox conditions of the western Tethys Ocean during the early Aptian oceanic 603 
anoxic event. Geochimica et Cosmochimica Acta, 121: 467-486. 604 

Xiong, Y., Guilbaud, R., Peacock, C.L., Cox, R.P., Canfield, D.E., Krom, M.D., Poulton, S.W., 605 
2019. Phosphorus cycling in Lake Cadagno, Switzerland: A low sulfate euxinic ocean 606 
analogue. Geochimica et Cosmochimica Acta, 251: 116-135, 607 

Zegeye, A., Bonneville, S., Benning, L.G., Sturm, A., Fowle, D.A., Jones, C., Canfield, D.E., Ruby, 608 
C., MacLean, L.C., Nomosatryo, S., Crowe, S.A., Poulton, S.W., 2012. Green rust formation 609 
controls nutrient availability in a ferruginous water column. Geology, 40(7): 599-602. 610 

  

  



25 

 

 


