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Ratios of phosphorous (P) to iron (Fe) in Precambrian banded iron formations (BIFs) have previously been used
to estimate dissolved seawater phosphate concentrations in the ancient oceans. Such studies rely on an assumed
composition of the primary iron minerals, the concentrations of the major ions in seawater, and empirical
partitioning coefficients for phosphate sorption to Fe(III) (oxyhydr)oxides. There is limited data, however,
regarding the post-depositional stability of phosphate associated with presumed primary BIF iron minerals, such
as ferrihydrite under low-grade metamorphic temperature and pressure conditions. Here we experimentally
formed ferrihydrite in the presence of silica, which was abundant in the Precambrian oceans, and then incubated
it at 170 ◦ C and 1.2 kbar in the presence or absence of organic carbon (Corg; either glucose or microbial biomass)
as a proxy for ancient planktonic biomass. We found that the post-metamorphic mineral assemblage resulting
from thermochemical Fe(III) reduction of Si-doped ferrihydrite depended on Corg reactivity: In the presence of
highly reactive glucose, siderite, magnetite, and vivianite were formed, with less than 1.2 mol% of phosphate
(0.5 M NaCl extractable) being mobilized. In contrast, the reaction of Si-doped ferrihydrite with less reactive
microbial biomass resulted in the formation of hematite and siderite, but not vivianite, and approximately 10 mol
% of phosphate was remobilized into the pore fluids. Collectively, our data suggest that the fidelity with which
BIFs record ancient oceanic phosphate concentrations depends on the mineralogy and diagenetic history of in
dividual BIFs but should be reliable within 10%.
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1. Introduction
Banded iron formations (BIFs) are iron-rich (15–40 wt% Fe) and
siliceous (40–60 wt% SiO2) chemical sedimentary rocks that precipi
tated from seawater throughout the Precambrian eons, with the majority
of preserved deposits having formed between 2.80 and 1.85 billion years
ago (Ga) in the Neoarchaean and Palaeoproterozoic eras (see Bekker
et al., 2014; Konhauser et al., 2017 for reviews). The best-preserved BIF

successions are remarkably uniform, composed mostly of chert (SiO2),
magnetite (Fe3O4), and hematite (Fe2O3), with variable amounts of Ferich silicate minerals (e.g., greenalite, Fe3Si2O5(OH)4), carbonate min
erals (e.g., siderite, FeCO3), and locally sparse sulfides (e.g., pyrite,
FeS2). It is generally agreed that none of the minerals in BIF are primary
in origin as the mineralogy of the original seafloor precipitate was not
preserved. Instead, the minerals observed in BIFs today reflect multiple
post-depositional alteration events that occurred under both diagenetic
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and metamorphic conditions. Diagenesis is considered here to include
low-temperature processes (compaction, dewatering, recrystallization)
beginning with the immediate burial of sediments, while metamorphism
encompasses high-temperature transformations induced by deep burial,
magmatic intrusions and compression by plate tectonics.

depositional alteration, either through dissimilatory Fe(III) reduction
(DIR; e.g. Craddock and Dauphas, 2011; Heimann et al., 2010; Johnson
et al., 2003; Johnson et al., 2008; Steinhoefel et al., 2010; Teixeira et al.,
2017; Wang et al., 2015) or via low-grade metamorphism (e.g., Halama
et al., 2016; Köhler et al., 2013; Posth et al., 2013), is well constrained
by combined experimental studies, work on early ocean analogues and
analysis of the BIF rock record (see also Koeksoy et al., 2016 and Kon
hauser et al., 2017 and references therein; supplementary text S1 and S2
for further discussion). If organics were co-precipitated with primary Fe
(III) (oxyhydr)oxides (Posth et al., 2010; Thompson et al., 2019), the
combination of DIR and low-grade metamorphism would likely also
have resulted in their degradation, thus explaining the low Corg content
of BIFs (<0.2 wt%, Klein, 2005). Overall, the exact nature of the primary
precipitates in BIF is still subject to ongoing debate and they may have
consisted of a mixture of ferrous and ferric Fe minerals. However, the
focus of our study is on the deposition and alteration of primary Fe(III)
(oxyhydr)oxides as one potential end-member scenario for BIF
deposition.

1.1. Precipitation of primary BIF precipitates
While the origin of the iron oxides in BIFs is still being debated, they
are generally interpreted to have formed from an initial Fe(III) (oxy
hydr)oxide phase precipitated from the photic zone via the metabolic
activity of planktonic bacteria (see e.g., Konhauser et al., 2017 for re
view). Alternatives such as greenalite (Muhling and Rasmussen, 2020;
Rasmussen et al., 2017; Rasmussen et al., 2021) and green rust (Halevy
et al., 2017) have also been proposed as primary BIF precipitates. Green
rust could have been formed in the water column, either through partial
Fe(II) oxidation (Halevy et al., 2017) or through the reaction of a Fe(III)
(oxyhydr)oxide phase with dissolved Fe(II) (see Zegeye et al., 2012; Li
et al., 2017). Subsequently, upon aging this green rust could then have
been transformed into more stable magnetite abiotically (Halevy et al.,
2017; Li et al., 2017). Although both phosphate (Bocher et al., 2004) and
silica (Sergent et al., 2011) can stabilize green rust against further
transformation, a recent experimental study showed that green rust can
be oxidized microbially (Han et al., 2020). This suggests that although
green rust might have formed in the water column, not only did it
require a primary ferric iron mineral phase, but it could then have been
further transformed back into a Fe(III) mineral phase during sedimen
tation. A second Fe(II)-bearing mineral phase which has been invoked to
explain BIF deposition is greenalite. Even though greenalite may have
formed in deeper waters (e.g., Konhauser et al., 2007a), its formation in
shallow waters is uncertain since there is evidence that the Archean
oceans had a photic zone inhabited by phytoplankton that had the po
tential to oxidize dissolved Fe(II). Greenalite can also form during
sediment diagenesis from the reduction of a primary Fe(III) (oxyhydr)
oxide phase, and thus petrographically it can appear ‘primary’ (Ras
mussen et al., 2017) given that it precipitated directly out of sediment
porewaters. Moreover, given the ability of contemporary phototrophs to
oxidize a variety of Fe(II)-bearing minerals (see e.g., Byrne et al., 2015;
Han et al., 2020; Kappler and Newman, 2004) it is likely that Fe(II)silicates, if they were formed within the photic zone, would have been
subject to microbial oxidation. Another difficulty of a primary greenalite
phase is that BIF would have required oxygenated fluids to flow through
all the iron-rich layers of the BIF precursor phase to oxidize a large part
of the Fe(II) to Fe(III), yet the permeability was insufficient for this
process to replace all the greenalite over a depositional basin accom
modating major BIF, such as the Dales Gorge Member in Australia (see
Robbins et al., 2019). Although green rust and Fe(II)-silicates likely
represent important building blocks for BIF deposition, the uncertainties
regarding their stability and formation pathways necessitate an addi
tional (alternative) pathway for BIF deposition.
The classic, biological model invokes ferric iron precipitation
occurring at the interface between reduced upwelling ferrous iron-rich
waters and oxygenated shallow waters, with the oxygen being sourced
from cyanobacteria or their predecessors (Cloud, 1973). Alternatively,
anoxygenic photoautotrophic Fe(II)-oxidizing bacteria, known as pho
toferrotrophs, could have directly oxidized Fe(II) utilizing light energy
and coupled this to the fixation of carbon (Hartman, 1984; Kappler et al.,
2005; Thompson et al., 2019). Mass balance calculations even suggest
that photoferrotrophy can account for most, if not all, Fe(III) deposited
in BIF (Konhauser et al., 2002). In either case the composition of the
primary Fe(III) (oxyhydr)oxide would have been a function of seawater
chemistry ([Si] and [HCO3− ]) and Fe(II) oxidation rate, resulting in the
formation of ferrihydrite, Fe(OH)3, goethite, α-FeOOH, or a ferric-silica
gel (see Konhauser et al., 2017 for review).
The potential formation of primary Fe(III) (oxyhydr)oxides (Alibert,
2016; Beukes and Gutzmer, 2008; Pecoits et al., 2009) and their post-

1.2. Interpretation of Precambrian seawater phosphate
Phosphorus is typically considered to be the ultimate limiting
nutrient on primary production on geologic timescales (Reinhard et al.,
2017; Tyrrell, 1999). Phosphorous in the oceans is mostly present as
inorganic phosphate (PO43− ) with an average concentration of ~2 μM in
modern ocean surface waters (Bruland et al., 2013; Levitus et al., 1993).
Here, we use PO43− to encompass all relevant protonation states at a
given pH, and “P” when referring to the element phosphorous. While the
abundance and distribution of PO43− in the modern oceans is well un
derstood, the concentration of PO43− in the Precambrian marine sys
tems, when BIF were being deposited, is a matter of ongoing debate.
Therefore, tracking marine PO43− concentrations has obvious relevance
to the size, structure and scope of the Precambrian marine biosphere.
BIF can offer insights into Earth's earliest P cycle, at least in terms of
availability in biologically productive depositional environments (e.g.,
shelf) where BIF accumulated: in other words, BIF cannot inform about
bulk seawater [P] for which other lithological proxies (e.g., shales) are
better suited. In this regard, a number of studies have examined P/Fe
molar ratios in BIF by exploiting empirical distribution coefficients (KD)
between dissolved PO43− and the PO43− adsorbed onto the surfaces of Fe
(III) (oxyhydr)oxides (e.g., Bjerrum and Canfield, 2002; Jones et al.,
2015; Konhauser et al., 2007b; Planavsky et al., 2010). Given the high
affinity of PO43− to adsorb to Fe(III) (oxyhydr)oxides in the absence of
competing ions, low P/Fe ratios in BIF have been used to argue for a
small, biologically available PO43− reservoir, with estimated Archean
[P] of 0.15 to 0.6 μM (Bjerrum and Canfield, 2002; Jones et al., 2015).
However, because the KD value for PO43− adsorption to ferrihydrite
varies inversely with dissolved Si concentrations due to the competitive
adsorption of aqueous Si species (Konhauser et al., 2007b), it is also
important to consider the evolution of the Si cycle when using P/Fe
ratios as a paleoproxy (e.g., Planavsky et al., 2010). Indeed, when
seawater [Si] approaches saturation with respect to amorphous silica
(~2.2 mM; Siever, 1992), predicted PO43− concentrations increase from
near 20% (Jones et al., 2015) to 100% (Konhauser et al., 2007b) of the
modern, making PO43− a non-limiting factor for early marine life. It is
thus crucial to also consider the ancient seawater chemistry when trying
to interpret BIF P/Fe ratios based on KD relationships, since PO43−
adsorption behavior will change depending on the presence of
competing ions.
An additional uncertainty arises when considering that experimental
first-order relationships for putative primary precipitates have been
applied to a diagenetically altered and metamorphosed rock record.
Therefore, a critical, but unresolved issue is whether the postdepositional alteration of a ferrihydrite-rich precursor sediment during
both early diagenesis (mostly microbially-driven below 120 ◦ C; Kashefi
and Lovley, 2000) and low-grade metamorphism (abiotic, at higher
2
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temperatures; Halama et al., 2016; Köhler et al., 2013; Li et al., 2013a;
Posth et al., 2013) mobilized the seawater-sorbed PO43− , and thus,
whether the P/Fe ratios in BIF are a faithful, first-order representation of
marine PO43− concentrations. For instance, during diagenesis, the
dehydration of ferrihydrite to hematite results in an increase of crys
tallinity and a decrease in surface area (Stanjek and Weidler, 1992),
causing the release of PO43− from the crystal structure to the sediment
porewaters (Wang et al., 2013b). Other processes potentially leading to
the remobilization of PO43− are; (1) dissimilatory ferric iron reduction
(DIR) by sedimentary bacteria, resulting in the formation of magnetite
(Li et al., 2011) or siderite (Köhler et al., 2013), and (2) the thermo
chemical reduction of Fe(III) coupled to Corg oxidation during low-grade
metamorphism, similarly resulting in the formation of magnetite and
siderite (Halama et al., 2016; Posth et al., 2013). In either instance, the
PO43− may be immobilized through the precipitation of either vivianite,
Fe3(PO4)2 × 8 H2O (Dijkstra et al., 2016; März et al., 2018) or carbonate
fluorapatite, Ca5(PO4,CO3)3F (Alibert, 2016; Bekker et al., 2014) or the
adsorption onto secondary magnetite (Daou et al., 2007). Yet, the effect
of these processes on the PO43− budget in primary BIF minerals has not
yet been tested experimentally.
In this study, we built on previous simulated low-grade meta
morphism experiments at 170 ◦ C and 1.2 kbar (Halama et al., 2016;
Köhler et al., 2013; Posth et al., 2013; Robbins et al., 2015) to assess the
diagenetic to low-grade metamorphic mobility of PO43− , evaluated
based on the “easily-extractable” fraction. Incubations were conducted
with; (1) different primary PO43− -bearing Fe minerals (ferrihydrite and
heat-treated ferrihydrite) synthesized at different dissolved silica con
centrations (0, 0.5 or 1.6 mM Si, based on Zheng et al., 2016) and (2) in
the absence or presence of organic Corg (labile glucose or recalcitrant
microbial biomass). Biogenic and abiogenic vivianite, with and without
glucose, were used as control setups to confirm the low-grade meta
morphic stability of Fe(II) phosphates. To account for the potential
release of PO43− from microbial biomass, biomass controls were also
incubated in separate setups with PO43− - and Si-free ferrihydrite.

suspension was then heated to 80 ◦ C for 4 weeks in a closed bottle under
occasional shaking. After 4 weeks the minerals were centrifuged at 4229
×g and freeze-dried.

2. Materials and methods

2 FeOOH  ➔Fe2 O3 + 2 H2 O

2.1. Preparation of minerals, biomass and gold capsules

which describes the dehydration of goethite to hematite (Cornell and
Schwertmann, 2003), and

2.1.1.3. Vivianite. Synthetic vivianite was prepared following Al-Borno
and Tomson (1994). Biogenic vivianite was produced by microbial
reduction of C6H5FeO7 by S. oneidensis MR-1 (Supplementary text S3;
Veeramani et al., 2011). The synthetic and biogenic vivianite mineral
suspensions were filtered and air-dried inside an anoxic glovebox (100%
N2 atmosphere).
2.1.2. Preparation of microbial biomass
Non-heat-treated microbial biomass for simulated metamorphism
experiments was prepared as described in Halama et al. (2016). Cells of
S. oneidensis MR-1 were pelleted, washed and freeze-dried. The C con
tent of the biomass was determined using an elemental analyzer
(elemental Vario EL; Elementar Analysensysteme GmbH, Langenselbold,
Germany). Freeze-dried biomass contained 45.1 wt% C.
2.1.3. Rational behind “water free” setup
Due to the use of closed gold capsules to simulate low-grade meta
morphism, it was not possible to use water-saturated mineral suspen
sions: The presence of water during the arc-welding of the gold capsules
essentially resulted in the destruction of the area of the gold capsule that
came in contact with the electrode during the welding process, making it
impossible to close the gold capsules. Therefore, we decided to use
freeze-dried minerals instead. Although this seems to be in contrast with
our proposition of simulating an initially water-saturated sediment
column, water will still be liberated and thus be present during lowgrade metamorphism according to the following reactions:
2 Fe(OH)3 ➔Fe2 O3 + 3 H2 O

(1)

which describes the dehydration of ferrihydrite during the trans
formation to hematite (Cornell and Schwertmann, 2003),

2.1.1. Syntheses of primary PO43− -bearing minerals
A more detailed rationale for the experimental conditions, including
the PO43− and Si concentrations and initial minerals chosen, is provided
in supplementary texts S1 and S2.

(2)

Fe3 (PO4 )2 × 8 H2 O➔Fe3 (PO4 )2 × 3 H2 O + 5 H2 O

(3)

Fe3 (PO4 )2 × 3 H2 O➔Fe3 (PO4 )2 × 2.5 H2 O + 0.5 H2 O

(4)

which describe the dehydration of vivianite following Frost et al. (2003).
This is validated by the content of the gold capsules being wet upon
completion of the low-grade metamorphism and opening of the gold
capsules.

2.1.1.1. Ferrihydrite. Ferrihydrite pre-loaded with PO43− and Si was
precipitated in three setups with the same PO43− concentrations but
three different Si concentrations following the methods of Schwertmann
and Cornell (2008). First, 29.22 g of NaCl was dissolved in 1 L of ultrapure H2O (with a resistance of 18.2 MΩ × cm at 25 ◦ C) to achieve an
ionic strength of 0.5 M. Different silica concentrations of 0, 0.5, and 1.6
mM were achieved by adding 0, 0.1421 g, and 0.4567 g of sodium
metasilicate nonahydrate (Na2O3Si × 9H2O), respectively. The pH was
set to <4 by the addition of 1 M HCl before adding 20 mL of a Fe(III)
stock solution (7.214 g Fe(NO3)3 × 9H2O dissolved in 100 mL ultra-pure
H2O) and 2 mL of a certified 1000 ppm calibration standard for P.
Depending on the Si concentration this results in Fe:Si:P ratios of
approximately 55:0:1, 55:8:1 and 55:25:1, respectively, in the initial
solution (all values normalized to P). Finally, the pH was increased to
8.3–8.6 with the incremental addition of 1 M KOH. After 3 h without
stirring, the pH was readjusted to 8.3–8.6 and the minerals were
centrifuged at 4229 ×g and freeze-dried.

2.1.4. Mineral-organic carbon mixtures and gold capsule preparation
For simulated metamorphism experiments, pure minerals or mix
tures of minerals and organic carbon (Corg) were filled (under anoxic
conditions in the case of vivianite) into gold capsules (diameter 2.1 mm,
0.2 mm wall thickness, 3 cm long). We used either bacterial biomass as
proxy for more recalcitrant Corg (Crecal) or glucose as proxy for highly
labile Corg (Clab). Note that the Corg we consider as “recalcitrant” would
still be relatively labile (compared to e.g., kerogen). The classification as
“recalcitrant” (Crecal) and “labile” (Clab) is used mainly to distinguish the
stability of the two sources of organic carbon used. Capsules were then
sealed and welded in air as previously described (e.g., Posth et al., 2013)
before being placed in a high pressure/high temperature autoclave
(SITEC-Sieber Engineering AG, Zurich, Switzerland) at 170 ◦ C and 1.2
kbar, conditions reported for the least metamorphosed BIFs (e.g., Klein
and Gole, 1981; Miyano and Beukes, 1984; Smith et al., 1982), for 14
days. Primary Fe(III) (oxyhydr)oxides were mixed with Corg at an elec
tron ratio of 0.6 to represent excess Fe(III) to biomass as per Posth et al.
(2013). This ratio represents a limitation of electrons available for Fe

2.1.1.2. Heat-treated ferrihydrite. Ferrihydrite was synthesized as
described above, with the exception that after centrifugation the min
erals were re-suspended in 0.1 L of a 0.5 M NaCl solution. This
3
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with an initial heat ramping of 19 ◦ C min− 1. After cooling to room
temperature, 1 mL of HF (40%; supra quality) was added, followed by a
second microwave digest at 150 ◦ C for 15 min with an initial heat ramp
of 10 ◦ C min− 1. Finally, after cooling down to room temperature, the HF
was neutralized by the addition of 8 mL saturated H3BO3 followed by a
final microwave digest at 150 ◦ C for 10 min with an initial heat ramp of
15 ◦ C min− 1. The final digests were aliquoted to 50 mL with ultra-pure
H2O and measured in triplicate.

(III) reduction coupled to Corg oxidation (i.e., the electrons from the
oxidation of Corg are not sufficient for complete reduction of all Fe(III))
and is characteristic of Fe(III) mineral-cell aggregates produced by
photoferrotrophs (Posth et al., 2014; Posth et al., 2010). An overview
over all setups is provided in Table 1 below.
2.2. Extractions and mineral digestions
2.2.1. Preparation of extraction vials
Extraction vials used for the extraction of “easily extractable” PO43−
(0.5 M NaCl) were soaked in 1 M HCl for 48 h, followed by 3 rinses with
ultra-pure H2O and air-dried.

2.3. Analytical techniques
2.3.1. Elemental analysis and calculation of element remobilization
Concentrations of P, Si, and Fe in the NaCl extracts and in the mineral
digests were determined by ICP-OES. Setups without Corg, setups with
ferrihydrite and glucose, and setups with vivianite were analyzed using
a Horiba Jobin Yvon Ultima 2 ICP-OES at the European Institute for
Marine Studies in Brest, France. The remaining samples were analyzed
with an ICP Optical Emission Spectrometer series Spectro Blue with a
model ASX-260 auto sampler and Argon humidifier at the University of
Applied Forest Sciences Rottenburg, Germany.
The extent of remobilization of Fe, Si and PO43− was determined by
calculating the amount of substance (n) in any given NaCl extraction
supernatant or mineral digest, using previously determined concentra
tions. The extent of remobilization (in mol%) was then set as the molar
ratio of a given element in the NaCl extract in relation to the element in
the initial solid phase, normalized to the capsule content (= n(Xextract)/ n
(Xsolid) * 100), where X represents the respective element.
Molar P/Fe ratios (= (n(P)/ n(Fe))) and molar Si/Fe ratios (= (n(Si)/
n(Fe))) of the starting material were calculated using P, Si and Fe con
centrations determined by ICP-OES after dissolution of the minerals in
nitric acid (69% HNO3) or after a mineral digest with hydrofluoric acid
as described above.

2.2.2. NaCl extractions
After incubation in the autoclave, the gold capsules were brought
into a glovebox (100% N2) and cut into 3 mm pieces. The ends of the
capsules were then bent open and placed in 10 mL gas tight, acid-washed
glass vials. To recover the “easily extractable”, during simulated lowgrade metamorphism remobilized PO43− , 5 mL of 0.5 M NaCl solution
was added to each vial. The vials were then placed in an ultrasonic bath
for 20 min, centrifuged for 1 min at 1761 × g and the supernatant
recovered using a Pasteur pipette and collected in a 50 mL Falcon tube.
The extraction was repeated 5 times. The combined supernatants were
then filtered (0.2 μm; Polyethersulfone, VWR International, USA),
acidified with 69% trace element grade HNO3 to a final concentration of
3% and stored at 4 ◦ C in the dark until measurement by inductively
coupled plasma-optical emission spectroscopy (ICP-OES, see below). For
a specific setup, the experiments were performed either only once or in
triplicates as detailed in Table 1.
2.2.3. Mineral digestions
The elemental composition of all primary minerals was determined
by ICP-OES (see below). Prior to ICP-OES measurements all Si-free
minerals were dissolved by heating a 150 mg sample in 2 mL HNO3
(69%; trace element grade) to 70 ◦ C for 48 h.
Si-containing minerals were microwave digested in hydrofluoric acid
(HF; Multiwave GO 3000 microwave digestion system, Anton Paar Ltd.,
Graz, Austria) using a protocol modified from ISO 16967:2015 (DIN
Deutsches Institut für Normung e. V, 2015). In short, 50 or 100 mg
sample were amended with 1 mL of 30% H2O2 and allowed to react for 5
min, 2.5 mL HNO3 (69%; supra quality) was added, allowed to react for
30 min and then 6 mL HCl (35%; supra quality) was added, and allowed
to react for another 2 h. Samples were then digested at 190 ◦ C for 30 min

2.3.2. Mineral identification by 57Fe Moessbauer spectroscopy and μXRD
The mineral identity of all starting material and all metamorphic
products was determined by 57Fe Moessbauer spectroscopy and μXRD as
described in supplementary text S4.
3. Results and discussion
In order to determine how different Si concentrations might influ
ence the metamorphic mineral transformation pathways and PO43−
mobility, we conducted low-grade metamorphism simulation

Table 1
Overview over experimental setups and respective abbreviations.
Mineral

Heat pre-treatment

P

Si

Corg source

Replicates

Abbreviation

Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Ferrihydrite
Synthetic vivianite
Synthetic vivianite
Biogenic vivianite

No
No
No
No
No
No
No
No
No
No
X
X
X
No
No
No

No
X*
X
X
X
X
X
X
X
X
X
X
X
n.a.†
n.a.
n.a.

No
No
Low
High
No
Low
High
No
Low
High
No
Low
High
No
No
No

Recalcitrant
None
None
None
Labile
Labile
Labile
Recalcitrant
Recalcitrant
Recalcitrant
Recalcitrant
Recalcitrant
Recalcitrant
None
Labile
Co-precipitated
microbial cells

3
1
1
1
1
1
1
3
3
3
3
3
3
1
1
1

FhCrecalcitrant
FhP
FhPSilow
FhPSihigh
FhPClabile
FhPSilowClabile
FhPSihighClabile
FhPCrecalcitrant
FhPSilowCrecalcitrant
FhPSihighCrecalcitrant
FhheatPCrecalcitrant
FhheatPSilowCrecalcitrant
FhheatPSihighCrecalcitrant
Vivsynth
VivsynthClabile
Vivbio

Note: “Recalcitrant” Corg is referring to Shewanella-derived microbial biomass. “Labile” Corg is referring to glucose as biomass proxy. “Low” Si refers to 0.5 mM Si, “high”
Si refers to 1.6 mM Si.
*
X marks condition applied.
†
n.a. = not applicable.
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experiments with PO43− -preloaded ferrihydrite synthesized (1) in the
absence of Si, (2) at low concentrations of Si (0.5 mM), and (3) at high
concentrations of Si (1.6 mM). However, given the high similarity of the
results between the low Si and high Si experiments, and in an effort to
simplify the discussion, the focus will be on comparing the results for the
high Si setups that are representative of an Archean ocean to the setups
without Si that approximate conditions similar to modern oceans.
Additionally, we used heat-treated ferrihydrite to determine how the
increased temperatures associated with burial (during diagenesis) might
influence mineral transformation pathways and the concomitant
changes in PO43− mobility. Finally, we varied the reactivity of the Corg
used in order to determine how this may also influence mineral trans
formations and PO43− remobilization.

PO43− remobilization increased from 3.0 mol% in the absence of Si
(FhP) to 7.7 mol% in the presence of Si (FhPSihigh). Similarly, in the
experiments performed with Crecal, PO43− remobilization increased from
5.2 mol% in the absence of Si (FhPCrecal) to 8.0 mol% in the presence of
Si (FhPSihighCrecal, Table 2, Fig. 1). The higher PO43− remobilization in
the Crecal setups compared to the Corg-free setups can be explained by
additional PO43− -remobilization from biomass, which, on average,
contributed 1.5 mol% PO43− to the overall PO43− remobilized during
low-grade metamorphism (based on experiments with PO43− -free fer
rihydrite, FhCrecal, Table 2).
As a comparison to more recalcitrant organic carbon, and consistent
with previous low-grade metamorphism studies (Halama et al., 2016;
Köhler et al., 2013; Posth et al., 2013; Robbins et al., 2015), we mixed
ferrihydrite with glucose as a proxy for labile Corg (Clab). Low-grade
metamorphism using this experimental approach resulted in much
lower metamorphic PO43− remobilization (<1.5 mol%, FhPClab,
FhPSilowClab, FhPSihighClab) compared to the previously discussed Corgfree and Crecal experiments and was largely independent of the Si con
centration (Table 2, Fig. 1). Collectively these results suggest that
metamorphic PO43− remobilization was dependent on the identity, and
thus reactivity, of Corg rather than its presence or absence.
During pre-heating of PO43− -loaded ferrihydrite to diagenetic tem
peratures (80 ◦ C), only a minor amount of PO43− was mobilized (less
than 0.5 mol% PO43− , see supplementary text S5). Increasing the tem
perature of the heat-treated ferrihydrite to low-grade metamorphic
conditions (170 ◦ C) in the presence of Crecal (FhheatPCrecal, Fhheat
PSilowCrecal, FhheatPSihighCrecal) yielded PO43− remobilization values that
were comparable to the non-pre-heated Crecal setups (Table 2).

3.1. Extent of PO43− remobilization
We found that the effect of low-grade metamorphism on PO43−
remobilization from primary ferrihydrite was independent of the pres
ence of Corg (but depended on Corg reactivity if Corg was present, see
below). Both under (1) Corg-starved conditions, where biologically
produced Fe(III) minerals and the microbial biomass which oxidized Fe
(II) were deposited separately (Corg-free setups, FhP, FhPSilow, FhPSihigh;
e.g. Thompson et al., 2019), as well as under (2) conditions where pri
mary minerals were deposited as microbial cell-Fe(III) mineral aggre
gates (Crecal setups: FhPCrecal, FhPSilowCrecal, FhPSihighCrecal; Posth et al.,
2010), we observed considerable metamorphic PO43− remobilization of
up to 9.8 mol% (Table 2, Fig. 1). In contrast to the presence of Crecal, the
presence of Si showed a strong influence on metamorphic PO43−
remobilization. For the experiments performed in the absence of Corg,

Table 2
Fractions of Fe, P and Si released from the samples and metamorphic mineral assemblages following metamorphic pressure/ temperature treatment.
Initial mineralogy

Ferrihydrite

Heat-treated ferrihydrite

Synthetic vivianite

Biogenic vivianite

Sample composition

Released element

Post-metamorphic mineralogy
(%)

Fe
(mol%)

P
(mol%)

Si
(mol%)

FhCrecal
FhP
FhPCrecal
FhPClab
FhPSilow
FhPSilowCrecal
FhPSilowClab
FhPSihigh

0.0 ± 0.0
0.0
0.0 ± 0.0
0.5
0.0
0.0 ± 0.0
0.2
0.0

1.5 ± 0.7
3.0
5.2 ± 0.1
0.5
9.4
9.8 ± 0.6
0.4
7.7

n.d.*
n.d.
n.d.
n.d.
n.a.†
0.0 ± 0.0
n.a.
n.a.

FhPSihighCrecal

0.0 ± 0.0

8.0 ± 0.9

0.0 ± 0.0

FhPSihighClab

0.2

1.2

n.a.

FhheatPCrecal

0.0 ± 0.0

4.8 ± 0.1

n.d.

FhheatPSilowCrecal

0.0 ± 0.0

6.4 ± 0.2

0.0 ± 0.0

FhheatPSihighCrecal

0.0 ± 0.0

10.7 ± 2.0

0.0 ± 0.0§

Vivsynth

0.2

0.3

n.d.

VivsynthClabile

0.1

0.1

n.d.

Vivbio

1.7

0.3

n.d.

§

Hematite (100.0)
Hematite (100.0)
Siderite (3.7), hematite (96.3)
Siderite (9.6), magnetite (90.4)
Ferrihydrite (69.4), hematite (30.6)
Siderite (12.0), hematite (88.0)
Siderite (17.0), magnetite (83.0)
Ferrihydrite (88.8), hematite (11.2)
Siderite (9.2), ferrihydrite (17.4),
hematite (73.4)
Siderite (23.0), Fe(II)-phosphate
(28.5), ferrihydrite (16.0),
magnetite (32.5)
Siderite (7.0), hematite (93.0)
Siderite (10.1), Fe(II)-phosphate
(7.2), hematite (72.8)
Siderite (8.8), Fe(II)-phosphate
(13.0), ferrihydrite (15.7), hematite
(62.6)
Phosphoferrite (100.0)
Phosphoferrite, lipscombite,
Fe2PO4O
Vivianite (100)

Note: Fe, P and Si were extracted from the post-incubation samples with 0.5 M NaCl, and are reported along with the initial and post-metamorphic mineralogical
composition of each sample. “Recalcitrant” Corg (Crecal) refers to treatments where Corg was derived from the biomass of Shewanella. “Labile” Corg (Clab) refers to
treatments where glucose used as biomass proxy. “Low Si” refers to a Si concentration of 0.5 mM, “high Si” to a Si concentration of 1.6 mM. Where errors are given
values are the mean of triplicates ±1 standard deviation; all other values are single measurements.
*
n.d. – Not determined. Experiment conducted in the absence of Si.
†
n.a. – not available.
§
During the 80 ◦ C heat-pre-treatment 0.11 ± 0.02 mol% and 5.32 ± 0.69 mol% Si were remobilized from FhheatPSilowCrecal and FhheatPsihighCrecal, respectively.
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Fig. 1. Relative Fe mineral abundances (based on
57
Fe Moessbauer spectroscopy) relative to the
extent of metamorphically induced PO43¡ remo
bilization. “Recalcitrant” Corg (Crecal) refers to
treatments where Corg was derived from the biomass
of Shewanella. “Labile” Corg (Clab) refers to treatments
where glucose was used as biomass proxy. “Other”
refers to a mixture of phosphoferrite and lipscombite
where we were unable to determine the exact pro
portions of both minerals by 57Fe Moessbauer spec
troscopy. Error bars in mineral abundances depict
uncertainties in the corresponding spectral areas of
the Moessbauer fit. Where errors are given for the P
remobilization, data are means from triplicate mea
surements ±1 standard deviation; otherwise data
represent single measurements.

3.2. Controls on mineral transformation pathways

Again, similar as in the absence of organic compounds, we observed a
preservation of ferrihydrite with increasing Si concentration (FhPSi
highCrecal, Fig. 1, Table 2). The inhibition of magnetite formation in ex
periments with Crecal can be attributed to complex organic compounds
adsorbing onto the surface of primary Fe(III) minerals and thus pre
venting the adsorption of Fe(II) required for the solid-state conversion to
magnetite (Halama et al., 2016). An added effect might be the lower
extent of thermochemical Fe(III) reduction in experiments with Crecal
compared to experiments with Clab (see Fig. 1). The resulting lower
availability of Fe(II) might have further restricted the formation of
magnetite. Siderite was the sole Fe(II)-bearing mineral product identi
fied and likely formed through the reaction of Fe(II) with inorganic
carbon resulting from the oxidation of organic compounds (Halama
et al., 2016; Köhler et al., 2013; Posth et al., 2013). Interestingly, we
observed the formation of vivianite in experiments with Si-bearing heattreated ferrihydrite (FhheatPSilowCrecal, FhheatPsihighCrecal, supplementary
text S7). Vivianite, a mineral frequently found in modern anoxic sedi
mentary environments (e.g. Dijkstra et al., 2018b; Dijkstra et al., 2016;
Rothe et al., 2016), was likely formed through the reaction of Fe(II)
released from ferrihydrite via redox reactions and PO43− released from
both Corg and primary Fe(III) minerals during simulated low-grade
metamorphism (supplementary text S7). Except vivianite we found no
indication of any other Fe-phosphate such as for example strengite
(FePO4 × 2 H2O) in our samples.
In contrast to the experiments with Crecal, experiments with Clab
resulted in the formation of magnetite and siderite. Magnetite was likely
formed via solid-state conversion of Fe(III), caused by the adsorption of
Fe(II), stemming from thermochemical Fe(III) reduction, to the
remaining Fe(III) minerals (Fig. 1; Hansel et al., 2003). Similar to the



An overview over all experimental setups is provided in Table 1,
along with a detailed characterization of the primary minerals in sup
plementary text S5. Generally, the identity of the primary minerals
synthesized initially was neither influenced by the presence nor the
concentration of Si or PO43− . Additionally, the heating of ferrihydrite to
80 ◦ C prior to metamorphic incubations did not induce mineral
transformation.
Similar to PO43− remobilization, the metamorphic mineral trans
formations were characterized by a dichotomous behavior: while
simulated low-grade metamorphism of ferrihydrite incubated in the
absence of Corg, or as an admixture with Crecal, resulted in the formation
of hematite as the predominant mineral product (Fig. 1), mixtures of
ferrihydrite and Clab resulted in the formation of magnetite. A detailed
discussion of the various mineral transformation pathways and their
dependence on the varied Corg sources and Si concentrations is provided
in supplementary text S7. Briefly, in the absence of any Corg, mineral
transformations were driven by non-redox, pressure- and temperaturedependent reactions. Hematite was the main metamorphic mineral
product (Fig. 1, Table 2) and formed via the dehydration of ferrihydrite
(Cornell and Schwertmann, 2003). However, increasing concentrations
of Si resulted in increasing stabilization and preservation of the ferri
hydrite (Fig. 1, Table 2), confirming environmental observations of
similar mineral systems (Toner et al., 2012). In the presence of Crecal,
thermochemical reduction of Fe(III) to Fe(II) was coupled to the
oxidation of Corg to CO2, as exemplified by the presence of siderite (see
below). However, no magnetite was found among the metamorphic
mineral products. Instead, hematite was the primary mineral product.
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experiments with Crecal, increasing Si concentrations stabilized the fer
rihydrite against heat-induced metamorphic transformation and, com
parable to experiments with heat-treated ferrihydrite, induced vivianite
formation (FhPSihighClab, Fig. 1, Table 2).
The formation of vivianite in addition to siderite (and magnetite)
indicates an excess of Fe(II) formed during simulated low-grade meta
morphism, which was able to react with the remobilized PO43− . When
assuming a zero-valent oxidation state for the Corg used (Baldock et al.,
2004), thermochemical Fe(III) reduction will result in the formation of
an excess of Fe(II) over CO2, i.e., per mol C oxidized 4 mol of Fe(II) will
be formed, resulting in the formation of 1 mol of siderite. Based on the
electron ratio used in our experiments (0.6), we would expect a
maximum of 60% Fe(III) reduction of which 25% could be incorporated
into siderite (i.e., a maximum of 15% siderite in the minerals formed) if
the process was quantitative. However, especially in the case of Crecal it
appears unlikely that thermochemical Fe(III) reduction proceeded to
completion and it appears reasonable to assume that additional Crecal
was degraded via other processes such as pyrolysis. Although these
processes could have compensated to some extent for the offset between
Fe(II) and CO2 production through the formation of additional CO2,
vivianite formation would have been possible as long as excess Fe(II)
was available to react with remobilized PO43− (as exemplified in the
setups with pre-heated ferrihydrite, Fig. 1).

to 89% of the initial ferrihydrite is preserved. Thus, based on the much
higher SSA of ferrihydrite compared to hematite, the PO43− remobili
zation should have been minimal, even when considering the previously
described PO43− -repulsing effect of Si.
A closer analysis of the Moessbauer spectroscopy hyperfine param
eters of the hematite formed in the various setups may offer a potential
explanation for PO43− remobilization during transformation of PO43− loaded ferrihydrite to hematite. Generally, increasing Si concentrations
resulted in a decrease in the mean magnetic hyperfine field parameter
(Bhf, Fig. 2A), suggesting lower magnetic (structural) ordering possibly
due to inhibited crystal growth induced by adsorbed and/or coprecipitated Si (Campbell et al., 2002; Rzepa et al., 2016). This is sup
ported by wider reflections of Si-containing hematite in the respective Xray diffractograms (supplementary text S5 and S7), which suggests
lower crystallinity and smaller particle size with increasing Si concen
tration. Furthermore, the decrease in Bhf shows a good overall correla
tion with increasing PO43− remobilization (R2 = 0.65, Fig. 2B). We,
therefore, contend that with decreasing particle size and a correspond
ing increase in the surface to volume ratio, more PO43− would have been
exposed at the particle surface during low-grade metamorphism. The
smaller particle size and higher surface exposure of PO43− would have
resulted in higher reactivity towards metamorphic fluids and increased
desorption of surface-associated PO43− during low-grade meta
morphism. Consequently, since Si outcompetes PO43− for sorption sites
(Konhauser et al., 2007b), especially at neutral pH and high Si-loading
relative to PO43− (Hiemstra, 2018; Hilbrandt et al., 2019), and is
immobilized through polymerization during low-grade metamorphism,
PO43− is preferentially remobilized. Following remobilization, the
PO43− would be unable re-adsorb onto the hematite due to the decline in
the PZC induced by Si, thus preventing the retention of PO43− up to the
maximum P/Fe ratio of 0.03 during mineral transformation.
This, however, does not explain the high degree of PO43− remobili
zation despite a high degree of ferrihydrite preservation. In this regard a
study by Stanjek and Weidler (1992) showed that ferrihydrite can un
dergo significant dehydration upon heating with a concomitant decrease
in SSA without formation of more crystalline mineral phases. Indeed,
Wang et al. (2013a) showed that with increasing crystal size and
resultant decrease in SSA and pore space volume, the PO43− adsorption
capacity of ferrihydrite decreases by >40%, which would explain the
high extent of PO43− remobilization observed in our study despite Siinduced ferrihydrite preservation. Additionally, PO43− remobilization
would have been further amplified by Si-induced changes in the PZC
(Kingston et al., 1972; Konhauser et al., 2007b; Schwertmann and
Fechter, 1982; Sigg and Stumm, 1981), preventing PO43− immobiliza
tion through re-adsorption onto the remaining ferrihydrite.

3.3. Controls on PO43− remobilization: mineral transformation pathways
Generally, the mineral transformation pathways under low-grade
metamorphic conditions controlled the extent of PO43− remobiliza
tion. PO43− remobilization was higher when either only hematite (no
Corg), hematite and siderite (Crecal) or hematite together with siderite
and vivianite (Crecal and heat-treated ferrihydrite) were formed. PO43−
mobilization was lower when magnetite along with vivianite was
formed.
3.3.1. Influence of hematite formation on PO43− remobilization
In both Corg-free (FhP, FhPSilow, FhPSihigh) as well as in setups con
taining Crecal (FhPCrecal, FhPSilowCrecal, FhPSihighCrecal), hematite was the
main metamorphic mineral product. However, increasing concentra
tions of Si resulted in increased preservation of ferrihydrite (Fig. 1,
supplementary text S7). The slightly higher PO43− remobilization in the
Crecal setups compared to the Corg-free setups cannot be explained by
siderite formation, since the extent of PO43− remobilization does not
correlate with the extent of siderite formation (see previous discussion
in section 3.2). Reasons might either be additional PO43− remobilization
from biomass or the high affinity of complex organic compounds to the
surface of Fe(III) (oxyhydr)oxides (Gu et al., 1996; Gu et al., 1994; Schad
et al., 2019) that prevent PO43− , which was mobilized during low-grade
metamorphism, from re-adsorbing to the Fe(III) (oxyhydr)oxides.
PO43− remobilization during transformation of PO43− -loaded ferri
hydrite to hematite can be explained by two combined factors. First,
hematite has a specific surface area (SSA) that is approximately 50 times
lower than ferrihydrite (Cornell and Schwertmann, 2003), resulting in a
decreased availability of PO43− sorption sites and PO43− release upon
transformation (Wang et al., 2013a). Second, co-precipitated and/or
adsorbed Si lowers the point of zero charge (PZC) of primary Fe(III)
minerals and hematite (Kingston et al., 1972; Konhauser et al., 2007b;
Schwertmann and Fechter, 1982; Sigg and Stumm, 1981) and thus
prevents re-adsorption of the mobilized PO43− . However, there are two
potential counter arguments. First, a previous study reported that PO43−
can be retained in the crystal structure of hematite up to a maximum P/
Fe ratio of 0.03 (Galvez et al., 1999). The maximum P/Fe ratio in our
primary minerals is 0.01 (supplementary text S5), which is three times
lower than the reported maximum ratio of 0.03. Therefore, even upon
complete transformation of ferrihydrite to hematite, PO43− could have
been retained in the crystal structure or remain adsorbed (see e.g., FhP,
Table 2). Second, in the FhPSilow, FhPSihigh and FhPSihighCrecal setups, up

3.3.2. Influence of magnetite and vivianite formation on PO43−
remobilization
The lowest extent of PO43− remobilization was observed when fer
rihydrite was transformed to magnetite or a mixture of magnetite and
vivianite, where less PO43− was remobilized in the FhPClab setup (0.5
mol%) compared to the FhPSihighClab setup (1.2 mol%, Fig. 1, Table 2).
One explanation for this generally low extent of PO43− remobilization in
setups with magnetite formation is PO43− re-adsorption to, or coprecipitation with, freshly formed magnetite (Daou et al., 2007). The
relatively higher PO43− remobilization in the FhPSihighClab can be
explained by (1) a higher extent of thermochemical Fe(III) reduction
(62.3% compared to 39.7%) due to higher primary mineral reactivity
(supplementary text S7), and (2) Si lowering the PZC of both primary Fe
(III) minerals and metamorphic mineral products, thus preventing the
re-adsorption of PO43− onto the metamorphic mineral products. How
ever, considering the combined effect of both factors one would expect a
higher PO43− remobilization. On the one hand, a considerable amount of
the PO43− likely reacted with the freshly formed Fe(II) and was ulti
mately immobilized as vivianite (approx. 30% of the mineral product),
thus mitigating increased PO43− remobilization (Fig. 1, Table 2). On the
7
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Fig. 2. Moessbauer spectroscopic analyses of he
matite formed during low-grade metamorphism.
Panel (A) shows isomer shift (δ) relative to the mean
magnetic hyperfine field (Bhf; weighted average of
multiple sextets, see supplementary text S6) at 140 K.
Panel (B) shows mean magnetic hyperfine field (Bhf)
plotted against PO43− remobilization. The Bhf at 140
K depends on Si (and PO43− ) concentration of starting
ferrihydrite. Open symbols: Si-free hematite; halffilled symbols: low Si (0.5 mM) hematite; closed
symbols: high Si (1.6 mM) hematite. Brown color
marks hematite resulting from non-heat-treated fer
rihydrite, red color is hematite resulting from heattreated ferrihydrite. Diamonds: Incubation in the
presence of Crecal; triangles: Incubation in the absence
of Corg. The black open star marks incubation with Siand PO43− -free ferrihydrite in the presence of Crecal.
Where error bars are given, they mark mean from
triplicates ±1 standard deviation. Solid line is linear
regression. Dashed lines mark 95% confidence inter
val. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

formation, resulting in a higher net PO43− remobilization.

other hand, both Moessbauer and XRD results suggest that the magnetite
formed in the presence of Si has a smaller particle size (supplementary
text S7). Therefore, the resulting higher SSA and reactivity in combi
nation with the reported high affinity of PO43− for magnetite might have
partially offset the adverse effects of Si on PO43− adsorption observed for
pure Fe(III) minerals. This would have resulted in PO43− being adsorbed
to the freshly formed magnetite.

3.4. Stability of low-grade metamorphic vivianite
In order to verify the likelihood of the formation and preservation of
a Fe(II) phosphate mineral by thermochemical reduction of PO43− loaded ferrihydrite and concomitant PO43− immobilization, we exam
ined the metamorphic stability of vivianite. To this end we subjected
both synthetic and biogenic vivianite to low-grade metamorphic con
ditions, and then determined associated mineral transformations and
quantified PO43− remobilization.
Both synthetic (Vivsynth) and biogenic vivianite (Vivbio) were iden
tified as sole Fe(II) mineral phase by Moessbauer spectroscopy (Fig. 3A
and B, supplementary text S6), with additional minor amounts of Fe(III)
(6.7% and 8.3%, respectively) being present after mineral synthesis.
While the biogenic vivianite was largely X-ray amorphous, the synthetic
vivianite showed reflections suggestive of phosphoferrite in addition to
sharp reflections indicative of crystalline vivianite (Fig. 3C).
Vivbio showed high thermal resistance under our low-grade meta
morphism conditions; it did not transform into a secondary mineral
phase (Fig. 3E) and remained X-ray amorphous (Fig. 3F). However,
based on previous work, the dehydration of vivianite to phosphoferrite
(Fe3(PO4)2 × 3 H2O) would have been expected (Frost et al., 2003). It
thus appears that the Corg co-precipitated with Vivbio stabilized it against
metamorphic transformation. In contrast hereto, Vivsynth that contains
no Corg, quantitatively transformed into phosphoferrite (Fig. 3G; Mat
tievich and Danon, 1977) as expected per Frost et al. (2003). Further
more, the Vivsynth with admixed Clab (VivsynthClab) showed formation of
lipscombite (Fe(II)Fe(III)2PO4(OH)2CO3), a mixed valent Fe phosphate
(Fig. 3D; Rouzies and Millet, 1993; Vochten and De Grave, 1981) in
addition to phosphoferrite, suggesting that some reaction with the Fe
(III) leftover from the mineral synthesis had taken place. XRD analysis
revealed the presence of two additional mixed valent Fe mineral phases
(Fig. 3F), providing further evidence for the formation of mixed-valent
Fe phosphates due to reaction of primary vivianite with Fe(III) (Fig. 3A).
Independent of the secondary mineral transformation, the PO43−
remobilization from vivianite was generally less than 0.3 mol% for all
setups (Fig. 1, Table 2). Therefore, in agreement with previous results,
our data suggest that vivianite would have been stable under low-grade
metamorphic conditions, thus effectively immobilizing PO43− liberated
during thermochemical Fe(III) reduction.
Recently, Alibert (2016) reported the putative presence of vivianite
in the Hamersley Basin BIFs of Western Australia. However, to our
knowledge this is the only study so far to report the presence of vivianite

3.3.3. Influence of diagenetic heating pre-treatment of ferrihydrite (at
80 ◦ C) on PO43− remobilization
Experiments with heat-treated ferrihydrite represent the approach
most comparable to the genesis of BIF as it combines initial coprecipitation of PO43− with the primary ferrihydrite mineral, followed
by a first-stage diagenetic heating exposure of the ferrihydrite and final
low-grade metamorphism. In the absence of Si, diagenetic heating of the
ferrihydrite to 80 ◦ C had minimal effect on the metamorphic PO43−
remobilization, i.e., both the minerals formed and extent of PO43−
remobilized were essentially the same in the FhheatPCrecal and FhPCrecal
setups. In the presence of low concentrations of Si (FhheatPSilowCrecal),
PO43− remobilization was lowered (6.4 mol%) compared to the equiv
alent setup where the ferrihydrite had not undergone diagenetic heating
(9.8 mol%, FhPSilowCrecal, Fig. 1, Table 2). This is best explained by the
formation of vivianite through the reaction of Fe(II) - formed through
thermochemical Fe(III) reduction (i.e. Fe2+ released into the pore water)
- with remobilized PO43− . However, in the high Si setup (Fhheat
PSihighCrecal) we observed a much higher extent of PO43− remobilization
(10.7 mol%) despite the presence of 13% vivianite in the postincubation mineral assemblage (Fig. 1, Table 2). Due to the formation
of vivianite one would expect less PO43− remobilization compared to the
equivalent setup with non-heat-treated ferrihydrite (FhPSihighCrecal, 8
mol%, Fig. 1, Table 2). A potential explanation is again offered by the
comparison of the mean magnetic hyperfine field (Bhf) values in the
Moessbauer spectra of the hematite in the FhheatPSilowCrecal, Fhheat
PSihighCrecal and FhPSihighCrecal setups, i.e., their degree of magnetic
(structural) ordering in relation to the PO43− remobilization (Fig. 2B).
FhheatPSihighCrecal has an approximately 0.7 T (tesla) lower Bhf value
compared to FhPSihighCrecal and a 1 T lower Bhf value compared to
FhheatPSilowCrecal. Together with the wider reflections in the respective
X-ray diffractogram (supplementary text S5 and S7), this suggests that
the hematite in this particular setup has a lower degree of structural
ordering with lower crystallinity, smaller particle size and higher SSA.
Following our arguments above concerning hematite formation, this
implies that the higher surface exposure and resulting PO43− remobili
zation should have offset the PO43− immobilization by vivianite
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Fig. 3. Moessbauer spectra and X-ray diffractograms of vivianite. Primary vivianite (synthetic and biogenic; A-C) and vivianite incubated at 170 ◦ C and 1.2 kbar
for 14 days (D-G). Synthetic vivianite was either mixed with glucose (D) or incubated without addition of any organics (G). Moessbauer spectra were collected at
140 K.

in BIFs. One potential explanation for the absence of vivianite in the BIF
rock record could be the reaction of vivianite with sulfide during the
diagenesis and metamorphism of BIFs, leading to the destabilization and
dissolution of vivianite (e.g., Dijkstra et al., 2018a; Egger et al., 2016;
Vuillemin et al., 2013). Although sulfate and thus also sulfide would
have been a trace constituent during the deposition of BIFs (Crowe et al.,
2014), the presence of sulfides as trace minerals in BIFs has been re
ported (e.g., Bekker et al., 2014). It is therefore possible that vivianite
might initially have been formed during low-grade metamorphism and
that reactions with sulfide during the later metamorphic process would
have resulted in its dissolution. Nonetheless, this only applies if sulfide
was not scavenged in the form of diagenetic minerals such as pyrite
(Xiong et al., 2019), in which case vivianite could have been preserved.
Alternatively, Xiong et al. (2019) suggest that vivianite could potentially
be preserved in the presence of μM concentrations of dissolved sulfide.
Additionally, following its initial sulfidic dissolution vivianite could
potentially have been re-formed given that there was sufficient Fe(II)
present (Egger et al., 2016). An alternative PO43− mineral that has
frequently been reported as trace constituent from BIFs of various ages is
apatite (e.g., Bekker et al., 2014; Li et al., 2011; Li et al., 2013b; Nutman

and Friend, 2006; Papineau et al., 2011; Papineau et al., 2010; Pecoits
et al., 2009). In a recent study Hao et al. (2020) suggested that at tem
peratures exceeding 100 ◦ C vivianite could react irreversibly with
calcite, resulting in the formation of apatite. Our simplified experi
mental approach, however, precluded testing this potential meta
morphic pathway. However, we note that most iron formation samples
are devoid of any calcite (Bekker et al., 2014). While our experimental
data suggest the formation and stability of vivianite under low-grade
metamorphic conditions it seems plausible that apatite might have
been formed during the subsequent metamorphism of vivianite. In either
case the PO43− remobilized from the primary Fe(III) minerals would
have been immobilized through the formation of secondary authigenic
PO43− minerals, thus preserving the PO43− signal in the rock record.
3.5. Implications of metamorphic remobilization for the ancient PO43−
budget
The release of PO43− during the metamorphic transformation of
primary Fe(III) (oxyhydr)oxides formed in an Archean to Paleoproter
ozoic ocean rich in Si (Jones et al., 2015; Zheng et al., 2016) is governed
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by several inter-dependent factors, including (1) the reactivity of the
Corg present, (2) the extent to which Corg would have been co-deposited
with Fe(III) minerals, and (3) the presence of Si. However, while the
presence of Si in general had a major impact on PO43− remobilization,
we did not observe a pronounced difference in PO43− mobilization be
tween low and high Si concentrations (Fig. 1).
Our results suggest that metamorphic remobilization of PO43− would
have been independent of the presence of Corg as long as Fe(III) minerals
(hematite with or without preserved ferrihydrite) were the predominant
metamorphic product(s), in which case up to 10 mol% of the PO43− was
remobilized. Considering BIF metamorphism, this would have resulted
in the modification of the P/Fe ratios in the solids since PO43− would
have been remobilized from the Fe minerals into sediment porewaters
(Fig. 4). Consequently, the inferred ancient seawater PO43− concentra
tions based on the BIF mineral record may reflect an underestimation
(Bjerrum and Canfield, 2002; Jones et al., 2015; Konhauser et al., 2007b;
Planavsky et al., 2010).
However, while the presence/absence of Corg (specifically Crecal)
during low-grade metamorphism did not influence the extent of PO43−
remobilization, the reactivity of the biomass (presence of more reactive
Corg, Clab) had a profound influence on the metamorphic mineralogy and
the extent of PO43− remobilization. From this we conclude that if more
labile organic compounds reached metamorphic depth, magnetite and
vivianite may have formed instead of hematite (Fig. 4) resulting in an
effective sequestration of PO43− . Accordingly, we suggest that when
magnetite and phosphate minerals formed via the thermochemical
reduction of primary ferrihydrite, they are indicative of low PO43−
remobilization. Therefore, when found in BIFs, these two minerals likely
record ancient ocean PO43− concentrations with high fidelity.
Using experimentally derived KD values determined by Jones et al.
(2015) and P/Fe ratios of pre-GOE Iron Formations from Planavsky et al.
(2010), we re-calculated ancient ocean PO43− concentrations in

seawater overlying the continental shelf (supplementary text S11). If
ancient seawater Si concentrations approached saturation with regards
to cristobalite, seawater PO43− would have averaged 0.10 μM. For Si
concentrations approaching amorphous Si saturation, PO43− would have
averaged 0.55 μM. For ancient calcite seas and aragonite seas PO43−
concentrations would fall within this range with 0.21 μM and 0.34 μM,
respectively. These values should be particularly reliable in the case of
magnetite and/or Fe phosphate formation. Nonetheless, even when
considering a PO43− remobilization of up to 10 mol%, resulting in
slightly higher PO43− concentrations (ranging from 0.11 μM to 0.61
μM), the results of our study generally support an ancient ocean overall
low in PO43− (Hao et al., 2020; Jones et al., 2015; Reinhard et al., 2017).
To our knowledge there is no prior experimental evidence for the for
mation of Fe(II) phosphate minerals under conditions representative of
thermally immature (sub-greenschist facies) BIFs and there is only one
study where vivianite has been reported from the rock record under
comparable conditions (Alibert, 2016). This scarcity is in spite of the
apparently important role Fe(II) phosphates appear to have played in
suppressing low-grade metamorphic PO43− remobilization and their
high preservation potential. This further supports the idea of PO43− limitation in shallow shelf waters in the Archean to Paleoproterozoic,
given that the formation of vivianite would have required pore water
concentrations exceeding ~1 μM (Derry, 2015). However, such an
interpretation would necessitate that the lack of vivianite observed in
BIFs to date is not a result of vivianite sulfidation during the genesis of
BIFs, a process often observed in modern sedimentary environments (e.
g. Dijkstra et al., 2018a; Egger et al., 2016; Vuillemin et al., 2013), but
rather the metamorphic reaction of vivianite with calcite leading to the
formation of apatite (Hao et al., 2020). Alternatively, and in contrast to
our experimental results, vivianite simply did not form during low-grade
metamorphism of primary BIF minerals.
4. Conclusions
As P is often considered to be the ultimate limiting nutrient on
geological timescales (e.g., Reinhard et al., 2017; Tyrrell, 1999), and
depressed concentrations may have been a requisite for maintaining a
low oxygenation state in the Earth's middle ages (Derry, 2015; Laakso
and Schrag, 2018; Ozaki et al., 2019), there is great interest in recon
structing the history of P bioavailability over the course of Earth's his
tory. Low PO43− concentrations in Earth's primitive oceans would
almost certainly have had profound implications for the evolution of the
biosphere and the protracted oxygenation of Earth's surface environ
ments. This is highlighted by a number of recent Earth system modeling
papers that have discussed the consequences of low PO43− during the
Proterozoic. A recent assessment by Laakso and Schrag (2018) tested P
limitation over geological timescales in a quantitative framework by
modeling the effect of nutrient limitation on net primary productivity
(NPP) in the Proterozoic; their models of NPP point to P as being the
most likely nutrient to have limited the Proterozoic biosphere. Similarly,
Ozaki et al. (2019) employed a statistical approach in constraining
Proterozoic O2 levels from a box model of ocean biogeochemistry. Those
authors found that net O2 production was limited to a fraction of modern
levels, in large part due to widespread P limitation. The scarcity of P has
also been invoked in the maintenance of low atmospheric O2 levels in
the early Neoproterozoic (Guilbaud et al., 2020). Collectively, these
studies highlight the importance of constraining ancient P levels for
constraining both the activity of Earth's emergent biosphere, and the
protracted oxygenation of Earth's oceans and atmosphere. While many
of these examples have been focused on the Proterozoic, their implica
tions likely extend to the Archean and Paleoproterozoic, a period in
Earth's history where BIF deposition is a hallmark of ocean chemistry.
Given the potential implications for the evolution of oxygenic
photosynthesis and related changes in the oxidation state on the Earth's
atmosphere-ocean system, the interpretation of the P/Fe ratios in the
Archean to early Paleoproterozoic BIF rock record and deduced ocean

Fig. 4. Mineral transformation and PO43¡ re¡/ immobilization pathways
in BIF during metamorphism after deposition of PO43¡-loaded Fe(III)
(oxyhydr)oxide particles (Fh: ferrihydrite; Hem: hematite; Sid: siderite; Mag:
magnetite; Viv: vivianite; Corg: organic carbon). PO43− binds to ferrihydrite
formed by microbial oxidation in the upper water column and the PO43− -loaded
Fe(III) (oxyhydr)oxide is deposited with or without associated Corg. When fer
rihydrite is buried with labile Corg, PO43− -loaded magnetite, vivianite and
siderite are formed, while ferrihydrite buried with recalcitrant Corg is trans
formed into hematite and siderite and some PO43− is released to interstitial
waters and possibly to seawater. Similarly, Corg-free ferrihydrite is transformed
to hematite and some of the PO43− is released to interstitial waters and possibly
to seawater.
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PO43− concentrations have been highly debated (e.g., Bjerrum and
Canfield, 2002; Jones et al., 2015; Konhauser et al., 2007b; Planavsky
et al., 2010; Yang et al., 2021). Where previous studies focussed on the
interpretation of rock record P/Fe ratios employing empirical KD values
based on putative primary Fe precipitates, we extended this approach
beyond the initial deposition and included low-grade metamorphism, a
mechanism responsible for the post-depositional alteration of BIF sedi
ments. We found that the metamorphic mineral transformation pathway
of PO43− -loaded ferrihydrite containing varying concentrations of Si
was largely independent of the presence of Corg as long as the Corg was of
low reactivity. The presence of highly reactive Corg resulted in the for
mation of magnetite and vivianite, effectively immobilizing PO43−
(<1.5 mol% remobilization). By contrast, the absence of Corg or presence
of less reactive Corg resulted in the formation of hematite with
concomitant higher PO43− remobilization (<10 mol%). Our results thus
suggest that the primary BIF mineralogy and changes thereof (e.g.,
during metamorphism) generally exerted a minor control on the P
contained in BIF, albeit some variation between BIF of different
mineralogical composition (predominantly hematite-rich vs. magnetiterich) could have occurred. Therefore, BIF apparently report past ocean P
with high fidelity, collectively pointing to depressed levels relative to
modern, between 0.1 μM and 1 μM. However, it remains unknown to
which extent the associated biomass might have influenced the BIF P
content. A recent study showed that the same phytoplankton which
formed BIFs might also have supplied essentially all trace elements
contained in BIF (Konhauser et al., 2018). Yet, it remains unresolved to
which extent PO43− was assimilated by such phytoplankton and to
which extent phytoplankton-derived biomass in turn would have been
associated with primary Fe(III) minerals and thus ultimately sequestered
in BIFs.
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