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ABSTRACT
Phosphorus is an essential nutrient that is thought to have regulated primary productivity 

in global oceans after the advent of oxygenic photosynthesis. The prime source of seawater 
phosphorus is regarded to be continental weathering of phosphate minerals. Ancient seawater 
phosphorus concentrations have been constrained using the phosphorus content of iron-rich 
chemical sediments—banded iron formations (BIFs); however, the removal processes and 
depositional phases remain unclear. Here we report that nanometer-sized apatite crystals 
(<500 nm) are ubiquitous in 3.46–2.46 Ga BIFs and cherts from the Kaapvaal (South Africa) 
and Yilgarn, and Pilbara (Western Australia) cratons. The apatite is uniformly dispersed in 
a chemical sediment comprising greenalite nanoparticles, which were encased in very early 
diagenetic silica cement that limited compaction and chemical reactions. The lack of organic 
carbon (below detection; <0.3 wt%) and absence of primary iron oxides implies that the phos-
phorus was not derived from the degradation of organic matter or seawater scavenging by 
oxide particles. Instead, the occurrence of apatite in sediments derived from hydrothermally 
sourced Fe2+ and SiO2(aq) suggests that phosphorus too was derived from vent plumes. Today, 
seawater P is rapidly removed from vent fluids due to scavenging by oxidized Fe2+. However, 
prior to the Great Oxidation Event (2.45–2.32 Ga), dissolved phosphorus released during 
anoxic alteration of seafloor basalts escaped the iron-oxidation trap. Our results point to the 
existence of a submarine hydrothermal flux of dissolved phosphorus that supplied nutrients 
to the early anoxic oceans. High amounts of seawater P may help to explain why phosphorus 
is ubiquitous in cell biology—it was not limiting during the origin and early evolution of life.

INTRODUCTION
Phosphorus plays core and wide-ranging 

roles in cell structure and biochemistry and is 
required for the growth and development of all 
organisms. Phosphorus availability also strongly 
influences the amounts and rates of photosynthe-
sis, and consequently, its abundance in seawa-
ter plays a key role in the marine carbon cycle 
(Tyrrell, 1999; Ruttenberg, 2003; Planavsky 
et al., 2010). In modern oceans, phosphate is 
derived largely from terrestrial weathering and 
is removed by (1) biological uptake in the photic 
zone and sinking of biomass, and (2) adsorption 
on the surfaces of inorganic particles (commonly 
iron oxides) (Ruttenberg, 2003). The largest ul-
timate sink for seawater phosphate is the burial 
of authigenic apatite in marine sediments. Phos-

phate concentrations in seawater range from 
near zero in the photic zones to ∼2.3 µM in the 
deep oceans—values too low for apatite precipi-
tation in the water column to occur. However, 
beneath the sediment-water interface, the con-
centration of pore-water phosphate may increase 
by several orders of magnitude (to as much as 
200 µM) during respiration and the release of 
organic-bound and adsorbed phosphorus; this 
leads to the growth of authigenic apatite (Rut-
tenberg, 2003).

Examination of ancient marine phosphorus 
concentrations has focused on its role in limiting 
primary productivity during Earth’s early history 
(e.g., Bjerrum and Canfield, 2002). These stud-
ies have included measurement of the phospho-
rus content of banded iron formations (BIFs), 
which are organic-poor, iron-rich chemical 
sediments that, according to traditional models, 

were deposited as ferric oxide and/or hydroxide 
particles following oxidation of dissolved Fe2+ 
in upwelling hydrothermal plumes (Konhauser 
et al., 2017). In this model, the settling iron-
oxide particles strongly adsorbed phosphorus 
from the water column, as in modern hydro-
thermal plumes (Wheat et al., 1996), forming 
extensive seafloor deposits that preserve a record 
of seawater phosphorus concentrations through 
Precambrian time (Bjerrum and Canfield, 2002; 
Planavsky et al., 2010). Because phosphorus 
adsorbs predictably onto the surfaces of iron-
oxide particles, preserving a strong correlation 
between iron and phosphorus contents in mod-
ern hydrothermal sediments, the P/Fe ratios of 
BIFs have been used to calculate ancient oceanic 
phosphorus concentrations (Bjerrum and Can-
field, 2002; Planavsky et al., 2010). Depending 
on the competitive role of silica adsorption onto 
iron-oxide particles, estimates of phosphorus 
concentration range from 10%–25% (no silica) 
(Bjerrum and Canfield, 2002) to 400% (2.2 mM 
silica) (Planavsky et al., 2010) of present-day 
concentrations for the deep sea.

Recent studies have revealed the presence 
of iron-rich nanoparticles of the Fe(II)-silicate 
greenalite [ideal formula (Fe)3Si2O5(OH)4] in 
BIFs from Australia and South Africa (Rasmus-
sen et al., 2015, 2017, 2019a, 2019b; Johnson 
et al., 2018; Muhling and Rasmussen, 2020). 
Their microfabric and association with sedi-
mentary lamination suggest that greenalite par-
ticles, rather than iron oxide/hydroxide particles, 
were the original precipitates (Rasmussen et al., 
2019a). These observations from the ancient rock 
record are supported by experimental data that in-
dicate that Fe(II)-silicate precipitation is favored 
under the anoxic ferruginous conditions inferred 
to have existed in early Precambrian oceans (To-
sca et al., 2016, 2019). If correct, these results 
raise questions about the role of iron  oxides in the *E-mail: Birger.Rasmussen@uwa.edu.au
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removal of dissolved phosphorus and the phos-
phorus concentration in the early oceans.

METHODS AND SAMPLE DETAILS
We employed high-resolution transmission 

electron microscopy (TEM) methods (see the 
Supplemental Material1) to identify and char-
acterize the earliest-formed phosphate phases 
in 3.46–2.46 Ga BIFs from the Archean Pil-
bara and Yilgarn cratons (Western Australia) 
and the Kaapvaal craton (South Africa) (Table 
S1 in the Supplemental Material). BIFs from 
these cratons are among the least-deformed and 
least-metamorphosed successions in the early 
Precambrian rock record. Most of the samples 
are from drill cores that accessed regions below 
the zone of modern weathering and are distal to 
iron ore mines.

RESULTS
Fe(II)-Silicate Nanoparticles in Laminated 
Chert

Laminated ferruginous chert was target-
ed because it preserves sedimentological and 
mineralogical information about the origin of 
BIFs. Each chert bed examined contained min-
ute (<1-µm-long) particles of greenalite and/
or stilpnomelane that are associated with, and 
locally define, sedimentary lamination and oc-
cur in chert that displays dehydration structures 
(Rasmussen et al., 2015, 2017, 2019a, 2019b). 
The uniform distribution within laminae and 
random orientation of the greenalite nanopar-
ticles, as well as the high initial porosity (minus 
chert) of the sediment, are characteristic features 
of modern clay-rich muds that indicate deposi-
tion by settling from suspension (Rasmussen 
et al., 2019a). The minute size of the g reenalite 
particles is typical of seawater precipitates in 
long-traveled hydrothermal plumes as well as 
precipitates produced from low-temperature 
clay synthesis experiments (Tosca et al., 2016). 
The preservation of depositional fabrics by chert 
indicates that the greenalitic muds were encased 
in silica cement on or just below the seafloor, 
transforming the once-porous mud, originally 
comprising 80%–95% water, into a greenalite-
bearing chert (Rasmussen et al., 2019a).

Apatite Nanoparticles
Apatite nanoparticles were found in all of 

the samples of laminated chert (Table S1). The 
particles are elongate (between 10–500 nm 
long) (Fig. 1) and composed of Ca, P, O, and 
minor F (Fig. S1 in the Supplemental Material). 
High-resolution TEM imaging showed that the 
elongate particles are randomly oriented and 

uniformly distributed throughout the silica-ce-
mented greenalite mud. The phosphate particles 
occur adjacent to iron-silicate nanoparticles or 
in the interstitial chert cement (Fig. 1) but were 
not identified in diagenetic shrinkage structures 
that truncate the greenalite sediment.

Smaller grains were unstable and dam-
aged under the high-energy electron beam. 
However, high-resolution analysis of two 
larger particles (Fig. S2) allowed d-spacings 
to be measured from diffractograms; these are 
consistent with fluorapatite (Table S2) [ideal 
formula Ca5(PO4)3F]. The original phase is 
uncertain but may have been carbonate flu-
orapatite [Ca5(PO4,CO3)3F]—the most com-
mon authigenic phosphate phase in marine 

sediments—that subsequently recrystallized 
to apatite. Nanometer-scale analysis and ele-
ment mapping by TEM of the apatite-bearing 
cherts shows that reduced carbon contents are 
below detection (∼0.3 wt%).

DISCUSSION
Source of Phosphorus

Apatite in marine sediments is generally 
thought to have formed during early diagen-
esis (Ruttenberg, 2003). Sediment pore-water 
profiles indicate that apatite (as carbonate flu-
orapatite) starts to precipitate immediately be-
low the seafloor, tied to the remineralization 
of organic matter, which increases pore-water 
phosphate concentrations. However, BIFs are 

1Supplemental Material. Methods, Figures S1 
and S2, and Tables S1–S3. Please visit https://
doi .org/10.1130/GEOL.S.13584914 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 1. (A) Polished thin section containing greenalite-rich chert (arrow). (B) Back-scattered 
electron image of pit cut by focused ion beam (FIB) from chert with abundant greenalite 
nanoparticles. (C) Iron (gray) element map from X-ray spectroscopy of transmission elec-
tron microscopy (TEM) foil cut by FIB from chert showing randomly oriented greenalite 
particles. (D–G) Fe and Ca element maps showing greenalite (grn) laths (gray) and apatite 
nanoparticles (red) in cherts from the upper Nauga Formation of South Africa (ca. 2.55 Ga) 
(D,G), Brockman Iron Formation of Western Australia (ca. 2.48 Ga) (E), and Marble Bar Chert 
of Western Australia (ca. 3.46 Ga) (F). Small white circles in E and F surround minute apatite 
nanoparticles. (H) Phosphorus element map for G. (I) TEM image of apatite (ap) particle in 
H (see arrow) (qtz—quartz).
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renowned for their very low organic carbon 
 content (e.g., ∼0.01 wt% in Transvaal BIFs on 
the Kaapvaal craton) (Konhauser et al., 2017). 
This is confirmed by our nanometer-scale analy-
sis of the apatite-bearing cherts (<0.3 wt%). So, 
if organic matter were the source of phosphorus 
for apatite precipitation, it must have vanished 
in each sample that we examined, which would 
require that the original oxidized (e.g., ferric 
oxides/hydroxides) and reduced (organic matter) 
phases were consumed.

Another source of phosphorus in modern 
marine sediments are ferric oxide/hydroxide 
particles (Ruttenberg, 2003), which strongly 
scavenge dissolved phosphate from seawater 
(Wheat et al., 1996). Subsequent redox cycling 
of ferric oxides/hydroxides in the presence of 
organic matter liberates adsorbed phospho-
rus, increasing pore-water phosphate concen-
trations. Scavenging of phosphorus by ferric 
oxide/hydroxide particles produces a strong 
correlation between phosphorus and iron in 
hydrothermal plumes and precipitates (Wheat 
et al., 1996), which may be preserved during 
burial despite mineralogical transformations 
(Planavsky et al., 2010).

Published geochemical data sets (Table S3) 
show that there is a strong correlation between 
the phosphorus and iron contents of hydro-
thermal sediments from the East Pacific Rise 
(Fig. 2A). However, data from the late Arche-
an–early Paleoproterozoic Transvaal (Kaapvaal 
craton) and Hamersley (Pilbara craton) prov-
inces show that there is no such relationship in 
major BIFs (Figs. 2B–2D). Either the correla-
tion between phosphorus and iron contents was 
destroyed after deposition, in which case the P/
Fe ratios of BIFs do not accurately record sea-
water phosphorus concentrations, or iron-oxide 
scavenging did not control phosphorus removal 
from the water column.

Our observations support the latter inter-
pretation, namely that the precursor sediment 
was not an iron oxide/hydroxide precipitate, but 
rather an Fe(II)-rich mud comprising greenalite 
nanoparticles. If correct, then the presence of 
apatite in greenalite-rich sediments, which were 
essentially derived from vent plumes enriched in 
Fe2+ and SiO2(aq), would suggest that a propor-
tion of the phosphorus was also sourced from 
vent plumes. This interpretation is supported 
by recent experimental work, which indicates 
that significant amounts of phosphate may be 
released during the anoxic submarine weather-
ing of basalts. It has been argued that hydrother-
mal seafloor alteration of basalts can potentially 
release up to 90% of the phosphorus bound in 
volcanic glass (Staudigel and Hart, 1983; Nisbet, 
1986; Gernon et al., 2016). Whereas in modern 
hydrothermal plumes the oxidation of reduced 
iron rapidly removes marine phosphorus, ren-
dering ocean ridge systems a net phosphorus 
sink, prior to the Great Oxidation Event (GOE) 

(2.45–2.32 Ga), reduced iron emitted at vent 
systems was not oxidized and therefore did not 
trap dissolved phosphorus around seafloor vent 
systems.

Apatite Precipitation
The presence of apatite nanoparticles in 

hydrothermal sediments devoid of organic 
matter and iron oxides argues against diage-
netic phosphate enrichment in sediment pore 
waters, as occurs in modern shelf sediments 
(Ruttenberg, 2003). Our observations suggest 
that a precursor calcium phosphate phase co-
precipitated with greenalite in plume-modified 
seawater and was deposited during the settling 
of larger Fe(II)-silicate particles. The absence 
of Fe(II)-phosphates (vivianite) may reflect low 
Fe2+ concentrations due to the rapid precipita-
tion of greenalite (cf. Johnson et al., 2020). 
The growth of apatite nanoparticles in plume-
dominated seawater requires that phosphorus 
concentrations be high enough to nucleate 
and precipitate a calcium phosphate phase. 
The phosphorus content of modern plumes 
or seawater is too low to accomplish this, 
and because calcium phosphate solubility in 

seawater is dictated by phosphate rather than 
calcium concentrations (Bentor, 1980; Jahn-
ke, 1984), these observations indicate that the 
phosphate content of plume-dominated seawa-
ter was much higher than it is now. How high 
is uncertain because the solubility of calcium 
phosphate salts is notoriously complex and de-
pends on both mineral and solution chemistry 
( Atlas and Pytkowicz, 1977; Morse and Casey, 
1988). Indeed, some evidence suggests that 
much apatite formation may proceed through 
the production of kinetically labile precursors 
like octacalcium phosphate or other amorphous 
phases (Morse and Casey, 1988; Oxmann and 
Schwendenmann, 2014).

Present-day apatite growth has been in-
ferred in marine sediments from continental 
margins, where pore-water phosphate concen-
trations range from 20 µM to >200 µM (Rut-
tenberg, 2003). These values provide estimates 
for the concentrations required to produce ap-
atite in complex solutions like seawater and 
are consistent with evidence that phosphate 
concentrations must rise substantially above 
seawater values for calcium phosphate phases 
to nucleate and grow (Krajewski et al., 1994; 
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Figure 2. Total iron (FeT) plotted against P2O5 concentration (wt%) for red, iron oxide–bear-
ing hydrothermal sediments from Deep Sea Drilling Project Site 598 on the East Pacific Rise 
(A), ca. 2.48 Ga Brockman Iron Formation of Western Australia (B), ca. 2.46 Ga Kuruman Iron 
Formation of South Africa (C), and ca. 2.45 Ga Griquatown Iron Formation of South Africa (D). 
Data are from Trendall and Blockley (1970), Klein and Beukes (1989), Beukes and Klein (1990) 
and Planavsky et al. (2010).
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Oxmann and Schwendenmann, 2014). Assum-
ing the calcium concentration of >2.45 Ga 
plume-modified seawater was within half to 
twice that of modern seawater (Blättler et al., 
2016), estimates indicate that dissolved P was 
between 10 µM and 100 µM, at least 5×—and 
perhaps as much as 50×—that of today in the 
deep oceans.

Carbonate chemistry can also play a role in 
the solubility of apatite phases, with as much as 
a hundred-fold rise in solubility with increas-
ing carbonate ion concentration (Jahnke, 1984). 
Based on this estimate, it has been argued that the 
solubility of apatite phases in Precambrian sea-
water was substantially higher than that of today 
(Planavsky et al., 2010). If correct, then one can 
infer from our observations that environmental 
phosphorus concentrations were significantly 
higher than at any other time in Earth history.

IMPLICATIONS
The ubiquity of apatite nanoparticles in 

>2.46 Ga chemical sediments largely derived 
from vent plumes indicates that the alteration 
of seafloor basalts was potentially a source of 
phosphorus in anoxic oceans on early Earth. 
Although the precipitates have been identified 
only in plume-dominated sediments, the exis-
tence of a large continuous flux of hydrother-
mal phosphorus at concentrations >10 µM (or 
even >100 µM) implies that the global oceans 
may also have been enriched in phosphorus. 
At the higher phosphorus concentrations es-
timated for Archean oceans (10–100 µM), it 
follows that biological productivity was un-
likely to have been constrained by phosphorus 
availability. In turn, this suggests that primary 
production was limited by other chemical spe-
cies like fixed nitrogen or electron donors—the 
latter may have controlled productivity prior to 
the advent of water-oxidizing (i.e., oxygenic) 
photosynthesis (Kharecha et al., 2005; Ward 
et al., 2019).

While the timing of the evolution of oxy-
genic photosynthesis within the Cyanobac-
teria remains an open question, one set of 
hypotheses holds that this occurred shortly be-
fore the GOE (Fischer et al., 2016; Soo et al., 
2017). If that notion is correct, our results 
indicate that the ecosystems into which oxy-
genic photosynthesis would emerge were far 
richer in phosphorus than even those that sup-
port the most productive areas of the Earth’s 
surface today.

Our results may also have implications for 
the “phosphate problem” concerning the de-
velopment of life: that is, why did life select 
phosphorus for so many essential biochemical 
processes, including the manufacture of ge-
netic material, when soluble phosphorus is so 
scarce? While there are aspects of its chem-
istry that are well suited to biological tasks 
(Westheimer, 1987; Benner and Hutter, 2002), 

our observations highlight another reason why 
phosphate was so readily integrated into a 
range of cellular functions: it was abundant in 
Earth’s early oceans.
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