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A B S T R A C T

Banded Iron Formations (BIF) are iron- and silica-rich marine sediments deposited between 3.8 and 1.85 Ga. 
With the evolution of cyanobacteria, iron cycling via abiotic Fe(II) oxidation with O2 produced by cyanobacteria 
and Fe(III) reduction by Fe(III)-reducing microorganisms is hypothesized to be responsible for BIF mineral 
deposition and transformation both in the water column and in the resulting sedimentary deposits. However, the 
impact of silica on iron mineralogy during microbially influenced iron cycling has not been determined exper
imentally under relevant ancient conditions. Hence, we set up batch incubation experiments with different 
concentrations of silica (0–2.2 mM) in the presence of varying concentrations of Fe(II) (0.5–5 mM), a marine 
cyanobacterium (Synechococcus sp. PCC 7002) and a marine dissimilatory Fe(III)-reducer (Shewanella colwelli
ana). We found that the fluctuation between microbial production of O2 (cyanobacteria) and the activity of Fe 
(III)-reducing bacteria led to alternating Fe(II) oxidation and Fe(III) reduction and the precipitation of various 
Fe(II)- and Fe(III)-bearing minerals. Using a combination of X-ray diffraction and 57Fe Moessbauer spectroscopy 
we identified poorly crystalline Fe(III)-bearing minerals (e.g., ferrihydrite), and the well crystalline ones (e.g., 
goethite, and lepidocrocite) in the absence of silica. Fe minerals precipitated in the presence of silica showed 
more pronounced reflections in µXRD, indicating higher crystallinity, while 57Fe Moessbauer spectroscopy 
suggested the formation of Fe(II) silicate minerals and Fe(III) (oxyhydr)oxide minerals associated with silica. 
Furthermore, the presence of silica led to higher oxidation and reduction rates but more incomplete Fe(II) 
oxidation, while the reduction extent was higher in the presence of silica. In summary, our experiments showed 
that the presence of silica clearly affects Fe cycling and Fe mineral (trans)formation by cyanobacteria and Fe(III)- 
reducing bacteria, with relevance for the deposition of Precambrian Banded Iron Formations.

1. Introduction

Banded Iron Formations (BIF) are Precambrian marine sediments 
consisting of alternating silica (Si) and iron (Fe) oxide rich layers 
(Trendall and Blockley, 1970). They occur on every continent (Bekker 
et al., 2004; Konhauser et al., 2017; Ernst and Bau, 2021) and represent 
the largest iron ore deposits; e.g. the Hamersley Group in Australia 
contains 1013 tons of iron on an area of ~105 km2 (Beukes, 1984; 
Trendall, 2002). BIF are categorized into two major groups based on 

their depositional environment: continental shelf deposits (“Superior- 
type”: (Trendall, 2002)) and deposits associated with volcanic arc set
tings (“Algoma-type”: (Konhauser et al., 2017)). The timing of the initial 
BIF deposition corresponds with the evolution of life 3.5 billion years 
(Ga) ago when the oceans were already teeming with diverse microbial 
life (for a review see Lepot (2020); for evidence from South Africa see 
Reinhardt et al. (2024) and Tice and Lowe (2004); for evidence from 
Australia see Duda et al. (2018), Mißbach et al. (2021) and Van Kra
nendonk (2011)), before the permanent rise of atmospheric oxygen 
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known as the Great Oxidation Event (GOE) between 2.45 and 2.32 Ga 
(Bekker et al., 2004; Konhauser, 2011; Warke et al., 2020). Therefore, 
BIF mineralogy and geochemistry provide valuable information about 
environmental conditions and microbial processes during the time of 
their deposition.

BIF contain high amounts of silica (40–60 wt%) and iron (20–40 wt 
%) (Beukes, 1984; Trendall, 2002; Klein, 2005; Bekker et al., 2014; 
Konhauser et al., 2017), with an average iron oxidation state of 2.4 
(Klein and Beukes, 1992). Typically, the silica rich bands consist of fine- 
grained quartz (chert), whereas the iron oxide rich layers are composed 
of a wide variety of minerals. In addition to iron oxides like hematite 
(FeIII

2 O3) and magnetite (FeIIFeIII
2 O4), other typical Fe-rich minerals 

include iron carbonates such as siderite (FeIICO3) and FeII silicates 
(Bekker et al., 2004, 2014; Klein, 2005). It is widely accepted that to
day’s mineralogy reflects diagenetic and metamorphic overprints of the 
primary deposited minerals. In the water column, the primary mineral 
phases likely included ferric oxyhydroxides (e.g., ferrihydrite, Fe(OH)3), 
ferrous silicates (e.g., greenalite, (FeII, FeIII)2-3Si2O5(OH)4), ferric silica 
gels, or ferrous carbonates (e.g., siderite, FeCO3). Regardless of whether 
these minerals formed through biotic or abiotic pathways (see below), 
they were deposited on the seafloor forming BIFs (Han, 1966, 1978; 
Dimroth and Chauvel, 1973; Perry et al., 1973; Klein, 2005; Konhauser 
et al., 2005; Percak-Dennett et al., 2011; Wu et al., 2012; Zegeye et al., 
2012; Rasmussen et al., 2014, 2015a,b; Sun et al., 2015; Alibert, 2016; 
Halevy et al., 2017; Johnson et al., 2018).

Prior to the GOE, oxygen produced as a byproduct of cyanobacterial 
metabolism would have been variable with concentrations ranging be
tween 5 and 100 µM (Kasting, 1992; Kendall et al., 2010; Planavsky 
et al., 2010; Czaja et al., 2012). Similarly, Olson et al. (2013) estimated 
maximum concentrations of up to 10 µM oxygen in the seawater 
attributed to oxygen oases. These low oxygen concentrations enabled 
geochemical species to remain in solution in the slightly acidic to cir
cumneutral seawater (Halevy and Bachan, 2017; Krissansen-Totton 
et al., 2018), e.g. the buildup of hydrothermally derived Fe2+ in the 
oceans (Jacobsen and Pimentel-Klose, 1988; Bau and Möller, 1993; 
Hamade et al., 2003) ranging from 0.02 to 0.5 mM (Holland, 1973; 
Morris, 1993). Silica was derived from the weathering of terrestrial 
sources and/or from hydrothermal processes in the oceanic crust, 
resulting in its accumulation in the seawater. The maximum ocean silica 
concentrations were controlled by the solubility of cristobalite (0.67 
mM) and amorphous silica (2.2 mM) (Siever, 1992; Maliva et al., 2005), 
though Zheng et al. (2016) suggested slightly lower concentrations 
(0.5–1.6 mM).

Multiple abiotic and biotic processes have been proposed that fully 
or in part contribute to BIF mineral deposition. For example, highly 
depleted delta δ56Fe in iron-rich bands of BIF (e.g. (Johnson et al., 2003, 
2020; Czaja et al., 2013) and δ13C values in Archean microfossils 
(Altermann and Kazmierczak, 2003; Tice and Lowe, 2004) are strong 
evidence for a microbial contribution. However, unambiguous micro
fossils have yet to be observed from BIFs (for a review see (Dreher et al., 
2021)), which makes it necessary to discuss both abiotic and biotic 
processes. One abiotic process potentially contributing to Fe(III) mineral 
precipitation is the photochemical oxidation of Fe2+

aq to Fe(III) by UV 
light (200–400 nm) (Cairns-Smith, 1978; Braterman et al., 1983). 
However, the significance of this process for BIF mineral formation was 
questioned since the effect of UV light would be attenuated by high 
concentrations of dissolved silica and/or bicarbonate within seawater 
(Konhauser et al., 2007). At the same time Fe(II) silicates (e.g. non
tronite and chamosite) can form abiotically in the presence of dissolved 
Fe2+ and dissolved silica (Harder, 1978, 1976; Konhauser et al., 2007). 
Some authors considered abiotically precipitated greenalite ((FeII, 
FeIII)2-3Si2O5(OH)4) as the main primary mineral, which was then 
secondarily oxidized during diagenesis and metamorphism by hydro
thermal fluids (Rasmussen et al. 2013, 2015b, 2019). However, green
alite forms at slightly alkaline pH values (7.5–8) (Beukes and Gutzmer, 
2008; Tosca et al., 2016), contradicting the current assumption of 

circumneutral ancient ocean pH values (Halevy et al., 2017; Krissansen- 
Totton et al., 2018). However, Hinz et al. (2021) found greenalite pre
cipitation at pH values of 6.5–7.0.

Among the processes potentially responsible for BIF mineral depo
sition, microbially driven iron redox processes are considered the most 
probable. The first hypothesis suggested that early cyanobacteria pro
duced oxygen, leading to abiotic oxidation of dissolved Fe2+ to form Fe 
(III) (oxyhydr)oxide minerals (Cloud, 1965, 1973). This is in accordance 
with the widely accepted view that cyanobacteria caused the rise of free 
oxygen on Earth, leading up to the GOE (Holland, 2002; Bekker et al., 
2004). However, this hypothesis does not explain the occurrence of early 
BIF, particularly as there is no direct evidence in BIF for the presence of 
cyanobacteria (see Schirrmeister et al., 2016 for a review). In these 
cases, phototrophic Fe(II)-oxidizing bacteria (photoferrotrophs) might 
have been responsible for the formation of most BIF minerals (Garrels 
et al., 1973; Hartman, 1984; Widdel et al., 1993; Konhauser et al., 2002; 
Kappler et al., 2005). This idea was further supported by the argument 
that photoferrotrophs were better suited for the nutrient-limited 
Archean ocean than cyanobacteria because of their lower need for 
phosphate (Jones et al. 2015).

Whether ferrous iron oxidation was indirectly influenced by cyano
bacteria or directly by photoferrotrophic bacteria, Fe(III) (oxyhydr)ox
ides are produced; however, these minerals do not explain the existence 
of mixed-valent Fe(II)/Fe(III) minerals such as magnetite. Walker 
(1984) suggested that dissimilatory Fe(III)-reducing bacteria (DIRB) 
subsequently reduced the Fe(III) in Fe(III) (oxyhydr)oxides forming 
different Fe(II)-containing minerals that can be found in BIF today. This 
was supported by Konhauser et al. (2005) who calculated that as much 
as 70 % of the ferrihydrite produced in the water column would be 
converted back to Fe(II) via DIRB. Halama et al. (2016) subsequently 
demonstrated that diagenesis/metamorphism of Fe(III) minerals con
taining biomass (Fe(III) biominerals) produces Fe(II) phases but not 
magnetite. This implies that magnetite in BIF was likely formed via Fe 
(III) reduction by microorganisms.

Microbial laboratory studies are a powerful means to reveal the 
identity of BIF precursor minerals formed by Fe(II)-oxidizing and Fe(III)- 
reducing bacteria. A recent study combined phototrophic Fe(II)- 
oxidizing bacteria (Chlorobium N1) and anaerobic Fe(III)-reducing bac
teria (99 % sequence similarity to Shewanella colwelliana) to determine 
BIF precursor minerals (Laufer et al., 2016) for three consecutive redox 
cycles in Fe(II)- (up to 5 mM) and silica-rich (up to 1.5 mM) artificial 
sweater medium (Schad et al., 2022). In these experiments, ferrihydrite, 
goethite and possibly Fe(II)-bearing silicates were formed albeit no 
magnetite was detected. At the same time, Nims and Johnson (2022)
showed that goethite and layered Fe(II)-bearing silicates, most likely 
greenalite, were formed by the biotic reduction of synthesized ferrihy
drite by the dissimilatory Fe(III)-reducing bacterium Shewanella putre
faciens CN32. The effect of photoferrotrophs and Fe(III)-reducing 
bacteria on the mineralogy is increasingly well understood but the effect 
of cyanobacteria and differing Si concentration remains underexplored. 
Most importantly, the impact of different silica concentrations 
(0.67–2.2 mM) on both the activity of O2-producing cyanobacteria and 
Fe(III)-reducing bacteria (specifically, on the rates and extent of Fe(II) 
oxidation and Fe(III) reduction), as well as on the resulting mineral 
identity, has also not been investigated to date.

In this study, we explored the potential impact of silica on microbial 
Fe cycling and associated mineral (trans)formation processes on the 
juvenile Earth. More specifically, we co-cultivated marine cyanobacteria 
(strain Synechococcus sp. PCC 7002) with dissimilatory Fe(III)-reducing 
bacteria (strain Shewanella colwelliana) in three subsequent redox cycles 
under mimicked Precambrian ocean water column conditions. The ex
periments were conducted in controlled bottle experiments instead of 
flow-through systems to simplify the setup and enable precise control 
over geochemical variables such as iron and silica concentrations. In the 
water column, cyanobacteria inhabit the photic zone where they slowly 
oxidize Fe(II), while microbial Fe(III) reduction typically occurs in 
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deeper, anoxic zones. The co-culturing of cyanobacteria and Shewanella 
is justified by the latter’s facultative metabolic versatility: Shewanella 
can perform aerobic respiration in the presence of oxygen and switch to 
either fermentation or Fe(III) reduction under anoxic conditions. 
Furthermore, within cell-mineral aggregates that form from cyano
bacterial biomass and biogenic Fe(III) minerals, localized anoxic mi
crohabitats can develop − even in otherwise oxic or microoxic 
conditions − also allowing Fe(III) reduction in situ. Building on the work 
of Schad et al. (2022), we determined the influence of different silica 
concentrations on iron mineral (trans)formation as well as on Fe(II) 
oxidation and Fe(III) reduction rates by analyzing wet-chemical Fe 
speciation, dissolved silica and oxygen concentrations, and cell counts. 
The precipitated minerals and cell-mineral aggregates were analyzed 
using 57Fe Moessbauer spectroscopy, X-ray diffraction (XRD) and scan
ning electron microscopy coupled with energy dispersive spectrometry 
(SEM-EDS). The overall goal of this study is to understand the effects of 
silica on microbial processes and associated iron mineral (trans-) 
formations.

2. Material and methods

2.1. Cultivation of microorganisms and growth conditions

A culture of the cyanobacterium Synechococcus sp. PCC 7002 was 
provided by Gen Enomoto from the University of Freiburg and was 
cultivated in liquid, autoclaved, oxic A+ medium. This medium was 
composed of five different stock solutions made using MilliQ water. The 
volume and composition of each stock were as follows. Stock 1 (2 mL, 
diluted 1:2) contained 3.89 g/L FeCl3*6H2O, 34.3 g/L H3BO3, 4.3 g/L 
MgCl2*4H2O, 0.315 g/L ZnCl2, 0.03 g/L MoO3, 0.003 g/L CuSO4*5H2O, 
0.0122 g/L CoCl2*6H2O. Stock 2 (10 mL) contained 100 g/L Trizma base 
adjusted with HCl to pH 8.2. Stock 3 (100 mL) contained 0.5 g KH2PO4, 
10 g/L NaNO3, 24.4 g/L MgSO4, 180 g/L NaCl, 6 g/L KCl. Stock 4 (10 
mL) contained 0.3 g/L Na2EDTA. Stock 5 (10 mL) contained 2.8 g CaCl2. 
The PCC 7002 culture was grown until a cell density of ~108 cells/mL at 
25 ◦C in an Erlenmeyer flask on a shaker (60 rpm) in day-night cycles 
(12/12) under a halogen 40-Watt light bulb with an intensity between 
300 and 500 lx. Synechococcus sp. PCC 7002 is not situated close to the 
base of the phylogenic tree of cyanobacteria (Schirrmeister et al., 2015). 
All modern cyanobacteria do not stem from a comparable low nutrient 
environment like the early oceans, so this stain was chosen as a model 
organism because it is well-studied and shows fast and stable doubling 
rates.

The dissimilatory Fe(III)-reducing bacterium Shewanella colwelliana 
(obtained from the German Collection of Microorganisms and Cell 
Cultures GmbH (DSMZ)) was cultivated on DSM 514 agar plates (Bacto 
Marine Broth DIFCO 2216), which contained 15 g/L Agar, 5 g/L Bacto™ 
peptone, 1 g/L bacto yeast extract, 0.1 g/L Fe(III) citrate, 19.45 g/L 
NaCl, 5.90 g/L MgCl2, 3.24 g/L Na2SO4, 1.80 g/L CaCl2, 0.55 g/L KCl, 
0.16 g/L NaHCO3, 0.08 g/L KBr, 0.34 g/L SrCl2, 22 mg H3BO3, 0.04 g/L 
Na-metasilicate⋅9H2O, 0.024 g/L NaF, 1.60 g/L (NH4)NO3, 8 mg 
Na2HPO4. The pH was adjusted to 7.14 using HCl prior to sterilization 
via autoclaving. These cultures were incubated at 25 ◦C.

We chose Shewanella colwelliana as the Fe(III)-reducer because it is a 
well-studied marine microorganism that has been previously used in 
experiments simulating iron cycling in ancient ocean analogues Schad 
et al. (2022). Importantly, S. colwelliana exhibits metabolic flexibility, 
allowing it to tolerate and adapt to the presence of oxygen − an essential 
trait for our experimental setup involving oxygen-producing cyano
bacteria. In the presence of oxygen, however, its capacity for Fe(III) 
reduction is suppressed, as it preferentially utilizes oxygen as the ter
minal electron acceptor (von Canstein et al., 2008; Lassak et al., 2010; 
Zhang et al., 2013). The cyanobacterium Synechococcus sp. PCC 7002 
was chosen for its well-documented physiology, its robust growth in 
seawater, and efficient oxygen production, making it particularly suit
able for our experimental setup.

2.2. Setup of the iron cycling experiments

The aim of these experiments was to investigate the resulting 
mineralogy after alternating Fe(II) oxidation by cyanobacterially pro
duced oxygen and microbial Fe(III) reduction representing a simplified 
model of the early Archean ocean to investigate the mineralogy after 
three subsequent Fe(II) oxidation and Fe(III) reduction cycles. To this 
end, the planktonic cyanobacterium Synechococcus sp. PCC 7002 and the 
Fe(III)-reducer Shewanella colwelliana were cultured together in anoxic 
artificial seawater medium (ASW, see details below) containing different 
concentrations of dissolved ferrous iron (0, 0.5, 1, 2.5 and 5 mM) and 
dissolved monomeric silica (0, 0.67 and 2.2 mM). To promote micro
bially induced Fe(II)-oxidizing and Fe(III)-reducing conditions, the 
bottles were intermittently exposed to light and darkness to have three 
complete redox cycles. All experiments were conducted in 250 mL-vol
ume Schott bottles and performed in triplicates.

For the experimental bottles, artificial seawater (ASW) was prepared 
anoxically using MilliQ water, dissolved salt solution (i.e., 17.3 g/L 
NaCl, 8.6 g/L MgCl2⋅6H2O, 0.025 g/L MgSO4⋅7H2O, 0.99 g/L 
CaCl2⋅2H2O, 0.39 g/L KCl, 0.059 g/L KBr, 0.05 g/L KH2PO4, 0.25 g/L 
NH4Cl, 2 g/L NaHCO3), and silica concentrations as previously 
mentioned. Note, the salts, bicarbonate buffer (30 mM), and monomeric 
silica stock solution were purged with N2 (the buffer with N2/CO2 (90 
vol%/10 vol%)) and separately autoclaved. Immediately after auto
claving, a Widdel flask containing the salt solution was flushed with N2/ 
CO2; while it was still hot (~70–80 ◦C), the sterile silica solution was 
added. Upon mixing the two solutions, white flocs formed. The medium 
was allowed to cool to 20 ◦C, the bicarbonate buffer was added, and the 
pH was adjusted to 7 using 1 M anoxic HCl. Because of the precipitates 
(i.e., white flocs), the medium was distributed in 2 L-volume Schott 
bottles and kept at room temperature for two days allowing the pre
cipitates to settle to the bottom of the bottle. After settling, the medium 
was filtered using a 0.22 µm-pore size PES Bottle-top-filter in the glo
vebox. Vitamins and trace element solutions were added under sterile 
conditions at the bench and the pH was readjusted to pH 7 using HCl. 
Using a constant stream of N2/CO2 to maintain anoxic conditions, ali
quots (100 mL) of the prepared medium were dispensed into sterile 
250 mL-volume Schott bottles. Oxygen concentrations were monitored 
over time (see 2.2.5 below) and any bottle containing more than 3 µM 
oxygen was flushed with N2/CO2 to maintain anoxic conditions. An 
anoxic 100 mM or 1 M stock solution of FeCl2 was added aseptically to 
each Schott bottle and pH was remeasured to ensure it remained cir
cumneutral (pH 7). During the entire course of the experiments, the pH 
values did not exceed 7.5.

Grown cyanobacteria were washed three times with ASW prior to 
being inoculated into the Schott bottles to a final cell density of 
106 cells/mL. After the termination of the first oxidation half-cycle, the 
bottles were wrapped in aluminum foil to arrest photosynthesis and 
purged with N2/CO2 until the dissolved O2 concentration was below 
3 µM. Grown Shewanella colwelliana cells were suspended and washed 
three times with ASW and then added to a final concentration of 
106 cells/mL. To induce Fe(III) reduction, lactate (C3H5O3) was added as 
electron donor with a concentration calculated to reach 70 % Fe(III) 
reduction (Reaction (1)). Lactate was added as the electron donor for the 
Fe(III)-reducers because simple test experiments (not shown) showed 
that the Fe(III)-reducer cannot directly use the cyanobacterial biomass 
as electron donor without the support by a fermenting and thus biomass- 
degrading microbial community. This corresponds closely to the previ
ous experimental work by Rico et al. (2023) who similarly documented a 
lack of growth by Shewanella oneidensis MR-1. After 70 % Fe(III) 
reduction, the bottles were unwrapped and placed back into light to 
promote photosynthesis. 

8 H+ + 4 Fe(OH)3 + C3H5O3
− ↔ 4 Fe2+ + 10 H2O + CH3COOH +

HCO3
− (1)
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2.3. Quantification of Fe(II) and Fe(III) by the spectrophotometric 
Ferrozine assay

The ferrozine assay is a spectrophotometric method in which the 
ferrozine molecule binds to Fe2+ and forms a purple complex, which can 
then be quantified by its absorption at 562 nm (Hegler et al., 2008). 
Aliquots (100 µL) of fluid phase were sampled from each bottle. The 
slurry samples were first dissolved and diluted in 1 M HCl to a con
centration of up to 1 mM Fe. For Fe2+ analysis, 80 µL of 1 M HCl were 
pipetted into a 96-well plate followed by adding 20 µL sample. After 15 
min of incubation, 100 µL ferrozine solution was added and after 5 min 
of incubation, the samples were analyzed at 562 nm using a Thermo 
Fisher Scientific (USA) MultiskanTM GO Microplate Spectrophotometer 
plate reader. The total iron (Fe(tot)) determination procedure varies by 
the addition of 80 µL of 10 % (w/v) of the reducing agent hydrox
ylammonium hydrochloride (HAHCl) instead of HCl prior to the sample 
addition and a longer incubation time of 30 min. Standards between 
0 and 1000 µM were used to calculate the iron concentration.

2.4. Quantification of dissolved silica by the molybdenum blue method

Dissolved silica, including monomeric silica and colloidal silicic acid 
(Si-colloids), were quantified using the Molybdenum Blue Method 
(Fanning and Pilson, 1973). Briefly, slurry samples were sampled using a 
syringe, filtered (0.22 µm-pore size PES) and diluted in MilliQ to 1 mL. 
40 µL of an ammonium heptamolybdate tetrahydrate (6.33 g/50 mL 
H2O) in a 4.5 M sulfuric acid solution were added to form a blue complex 
with the silica. To avoid complexing with phosphate, 40 µL of an oxalic 
acid solution was added. Lastly, 20 µL of ascorbic acid was added as a 
reductant. After 30–60 min of incubation, the blue silica-molybdenum 
complexes were quantified at 810 nm. Different standards between 1 
and 100 µM were used to calculate the silica concentration.

2.5. Oxygen quantification by optode sensors

Dissolved oxygen concentrations were measured with a luminophore 
optode foil from PreSens (Germany). 3 × 3 mm pieces of foil were 
attached using silicon glue in the lower 2 cm of each bottle to ensure 
contact with the liquid phase. The collision of the optode foil (lumino
phore) and the quencher (oxygen molecules) leads to an energy transfer 
from the foil to the oxygen which leads to the decrease of luminescence 
signal of the foil. The oxygen concentration in the liquid phase can then 
be calculated using the Stern-Volmer-equation. The attached tempera
ture sensor was placed into a Schott bottle co-incubated under the same 
conditions as the experiments. For each container and each set of optode 
foil a new two-point calibration was conducted prior to the measure
ments, one at complete oxygen saturation, one at oxygen-free condi
tions. To measure the first calibration point, 100 mL pure ASW medium 
was filled into a 250 mL Schott bottle with an optode foil and stirred 
vigorously until complete O2 saturation. Subsequently, 10 % w/v so
dium dithionite (Na2S2O3) was added to reduce all O2 remaining in 
solution and the second calibration point was measured.

2.6. Mineral analysis by micro X-ray diffraction (µXRD)

A Bruker’s D8 Discover GADDS XRD2 micro-diffractometer equipped 
with a standard sealed tube with a Co-anode (1.78897 Å) at parameters 
of 30 kV/30 mA was used to perform X-ray diffraction analysis for the 
identification of crystalline mineral phases. Low-weight (mg-range) 
samples were sampled, dried and ground in an anoxic chamber and 
loaded onto silicon wafers. The double reflection angle (2 theta) of the 
emitted X-rays was detected in a range from 10◦ to 70◦ 2 theta in 240 s. 
To assign the mineral phases, we identified the three most prominent 
mineral reflection signals in the Match! Software from Crytal Impact, 

Germany. Due to the overlaps of the various mineral phases in the 
middle angles and the high background because of the high biomass 
concentrations, we looked at the most prominent reflection line first.

2.7. Analysis of cell-mineral aggregates by scanning electron microscopy 
coupled to energy-dispersive spectroscopy

Before sampling, each experimental bottle was gently agitated to 
evenly disperse suspended cells and minerals within the fluid phase. At 
the end of the third redox cycle, an aliquot (900 µL) was sampled from 
each bottle and placed into a 1 mL-volume Eppendorf tube. Electron 
microscopy-grade glutaraldehyde (25 %) was added to each sample for a 
final 2.5 % concentration. The tube lids were closed, wrapped with 
parafilm to avoid contamination or spillage, and agitated using a vortex 
mixer to evenly disperse cells in the fixative solution. The samples were 
incubated for at least 24 h at 4 ◦C to allow bacterial cells to be thor
oughly fixed. After incubation, the tubes were centrifuged (10,000 g for 
1 min) to form a cell-mineral pellet and the supernatant of the fixative 
solution was removed. Filter sterile (0.45 µm pore size) deionized water 
was added to each tube and the lids were closed prior to resuspending 
the cells and minerals in the fluid phase by vortex. An aliquot (ca. 50 µL) 
of each sample was placed onto poly-L-lysine coated glass slides that 
were prepared in advance. Briefly, 25 µL of 0.01 % poly-L-lysine solution 
was placed onto cleaned and hydrophilic 12 mm diameter glass slides (i. 
e., glass slides washed with RBS cleaning solution and glow discharged 
for 25 sec at 0.39 mbar in a PELCO easiGlow). To dry the poly-L-lysine 
on the glass slides, the slides were placed in a 50 ◦C incubator for 1 h. 
Once dry, individual coated slides were placed at the bottom of indi
vidual wells of a 24 well-plate. Cells and minerals were allowed to settle 
onto the poly-L-lysine coating over a 15 min incubation period, with the 
well-plate lid closed. The samples were dehydrated using increasing 
concentrations of ethanol. First, ca. 1 mL of 25 % ethanol was added to 
each sample-containing well and incubated for 15 min at room tem
perature (ca. 21 ◦C) after which most of the ethanol solution was 
removed. This dehydration procedure was repeated with 50, 75, and 
(3×) 100 % ethanol with 15 min incubations for each concentration. A 
solution containing a 1:1 ratio of 100 % ethanol and hexamethyldisila
zane (HMDS) was then added to each well and incubated for 30 min. The 
ethanol-HMDS solution was removed after incubation, immediately 
replaced with 100 % HMDS, and incubated for an additional 30 min, 
with the well-plate lid closed. Before the final incubation, fresh HMDS 
was added and then the well-plate lid was placed ajar to allow the HMDS 
to evaporate overnight. Once dry, each sample was attached to a 12 mm 
diameter aluminum stub using carbon adhesive tabs (Plano GmbH). The 
samples were coated with ~8 nm of gold using a BAL-TEC SCD 005 
sputter coater to prevent charging during scanning electron microscopy 
analysis. The samples were imaged in Secondary Electron (SE) mode 
using a Zeiss Crossbeam 550L Focused Ion Beam (FIB) – Scanning 
Electron Microscope (SEM) operating with an acceleration voltage of 
either 2 or 15 kV with a working distance of 5.1–5.2 mm. Elemental 
spectra were obtained using either spot or region analysis using an 
Oxford Instruments Energy Dispersive Spectrometer (EDS) (UltimMax 
100) and an acceleration voltage of 15 kV. The spectra were analyzed 
using Oxford Instruments’ AZtec software.

2.8. Determination of the cell numbers by hemocytometry

At the start and end of each redox half-cycle, the cell density was 
counted using a Leica CTR 5500 microscope (400× magnification), a 
Neubauer-improved hemocytometer from Hirschmann, and a 10 µL 
sample. Cells were counted within 100, 0.05 × 0.05 mm squares and the 
total number was multiplied by the dilution factor (2.5 × 107) to obtain 
the cell count in mL/L. Cell morphology (i.e., cocci- vs. rod-shaped), size 
(i.e., 1 µm diameter in all directions vs. 1 µm length to 0.1 µm width) and 
autofluorescence were used to differentiate between cyanobacteria and 
DIRB.

C.L. Dreher et al.                                                                                                                                                                                                                                Geochimica et Cosmochimica Acta 404 (2025) 202–222 

205 



2.9. Moessbauer spectroscopy

Three different samples, collected from setups containing 2.5 mM 
iron without silica and 5 mM iron but varying silica concentrations 
ranging from 0 mM (‘no silica’), to 0.67 mM (‘low silica’) and 2.2 mM 
(‘high silica’), were analyzed by Moessbauer spectroscopy. The samples 
were taken after three respective redox cycles at the end of the experi
ments. Additionally, samples from a Fe(II) oxidation experiment con
taining 1 mM iron were prepared. Due to the high density of the cells, 
the solid iron concentrations of the 0.5-, 1- and some 2.5-mM iron ex
periments were too low to be measured by 57Fe Moessbauer spectros
copy. The samples analyzed were still at the lower limit of iron 
concentration necessary, thus explaining the high background. 57Fe 
Moessbauer spectroscopy allows the quantification of Fe(II)- and Fe(III)- 
phases in solids mineral phases. The gamma-rays of a constantly moving 
radioactive Rhodium-embedded 57Co source are resonantly adsorbed by 
the nuclei of 57Fe in the sample. The resulting hyperfine interaction in 
the magnetic and electric field of the magnetic field is then displayed in a 
transmission spectrum. The measurements are typically conducted at 
temperatures from room temperature (298 K) to 5 K. Fe-bearing phase 
undergo magnetic ordering during the cooling process which is indi
cated by the transformation of doublets to sextet spectra. By comparing 
the spectra at different temperatures information about the phase 
identity, crystallinity and crystal size can be drawn.

Several 0.45 µm syringe filters were loaded with slurry sample 

material in the glovebox and up to three filters were then stacked and 
glued between Kapton tape. The samples were then stored anoxically at 
− 25 ◦C until measurement. Samples were measured at 77 K and 5 K and 
the spectra fitted using the extended Voigt based fitting (xVBF) in the 
Recoil software (University of Ottawa, Canada). The instrument was 
calibrated by using a 57Fe foil. The linewidth of 0.124 mm/s, determined 
from the minimum inner line broadening from the calibration foil, and 
the relative peak areas (3:2:1:1:2:3) were fixed during fitting. All min
eral phases are mainly defined by the center shift (CS) in mm/s, doublets 
also by the quadrupole splitting (QS) in mm/s, an indicator for the 
distance of the two peaks. Sextets are additionally defined by ε in mm/s, 
a parameter describing the asymmetry of the sextet and by the hyperfine 
field (H) in T, the spreading of the peaks. The standard deviation (stdev) 
in T is an indicator for the wideness of the peaks, therefore also an in
dicator of crystallinity: the more crystalline, the smaller the stdev. Very 
crystalline and magnetically ordered phases appear as sextet from room 
temperature on, whereas non-magnetic, non-crystalline phases appear 
as doublets at 5 K.

3. Results

3.1. Effect of Si on Fe cycling by cyanobacteria and Fe(III)-reducing 
bacteria at low Fe concentrations (0.5 and 1 mM Fe)

We tracked concentrations of total iron, Fe(II)total, dissolved silica 

Fig. 1. Cycling experiments with 0.5 mM Fe(II) and 0, 0.67 and 2.2 mM added silica. Left panels show Fe(II)/Fe(tot) ratios (orange) and oxygen concentrations (blue). 
The panels in the middle column show cell counts (and standard deviation) of the cyanobacteria (green) and Fe(III)-reducers (purple) while the right columns show 
dissolved silica concentrations. The yellow background indicates periods of Fe(II) oxidation, while the grey background shows periods of Fe(III) reduction. The 
photographs on top show the triplicate bottles in the beginning of the experiment and at the end of each of the three oxidative half-cycles.
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and number of cells of the cyanobacteria and Fe(III)-reducing bacteria 
over three subsequent oxidation and reduction cycles. The first part of 
the results describes the effect of silica on iron cycling in bottles con
taining either 0.5 and 1 mM initially added Fe(II) (‘low iron experi
ments’) (Figs. 1 and S1). The data presented here is from the 0.5 mM iron 
experiments which present the dissolved iron concentration most similar 
to estimated concentrations for Archean seawater (Holland, 1973; 
Morris, 1993). The data for the 1 mM iron experiments show very 
similar trends and can be found in the supporting information.

3.1.1. Influence of silica on Fe(II) oxidation during Fe redox cycling at low 
Fe concentrations

No distinct differences in Fe(II) oxidation rates were observed from 
bottles containing cyanobacteria grown in the absence (‘no silica’) or in 
the presence of 0.67 mM of silica (‘low silica’) (Figs. 1A and B; 2; 
Table S1). In the first oxidation half-cycle, Fe(II) was fully oxidized in 
the ‘no silica’ setups (30–33 µM/day), while the oxidation reached <99 
% in the ‘low silica’ setups (23–25 µM/day). The second half-cycle 
reached ~94 % Fe(II) oxidation in two days in both setups 
(~62–87 µM/day), while in the third half cycle Fe(II) was oxidized to 
~90 % in both setups (14–46 µM/day). Fe(II) oxidation rates were 
diminished in the presence of 2.2 mM Si (‘high Si’) (Fig. 1): full Fe(II) 
oxidation was inhibited in the first half-cycle (maximum Fe(II) oxidation 
of 90 %; 28–30 µM/day). In the second half-cycle, we no longer observed 
Fe(II) oxidation. Instead, the Fe(II)/Fe(tot) ratio fluctuated around 30 %, 
while in the third half-cycle only 20 % of the iron(II) was oxidized 
(0–2 µM/day).

The bottles initially containing 1 mM Fe(II) had Fe(II) oxidation rates 
that were approximately twice as high as the ones which contained 
0.5 mM Fe(II) (Fig. S1). Similar to the experiments with 0.5 mM initial 
Fe(II), the oxidation rates and extent in the ‘no silica’ and in the ‘low 
silica’ setups showed very similar trends (almost complete oxidation; 
Fig. S1A and B, respectively), while Fe(II) oxidation in ‘high silica’ 
conditions was negatively affected, resulting in incomplete Fe(II) 
oxidation and lower oxidation extents with ongoing cycling (Figs. S1C 
and 2; Table S1).

3.1.2. Influence of silica on O2 production, accumulation of O2 and cell 
counts at low Fe concentrations

The production and accumulation of oxygen in the fluid phase of 

bottles containing low iron and ‘no silica’ or ‘low silica’ were similar 
during the illuminated stage (Fig. 1A and B). At the end of the first half- 
cycle (22 days), the oxygen concentration in the liquid reached around 
100 µM. In both the ‘no silica’ and ‘low silica’ setups, oxygen started 
rising exponentially after a lag phase of six days. During the second half- 
cycle, the accumulated dissolved oxygen increased to 400 µM. Finally, 
the third half-cycle showed oxygen concentrations up to 100 µM.

In the ‘high silica’ setups (Fig. 1C), oxygen concentrations in the 
0.5 mM iron experiments developed similarly compared to the ‘no silica’ 
and ‘low silica’ setups during the first half-cycle. However, during the 
second half-cycle, even though the dissolved oxygen also accumulated 
to 400 µM, in contrast to the ‘no silica’ and ‘low silica’ setups, it did not 
lead to measurable Fe(II) oxidation. In the third half-cycle of the ‘high 
silica’ setup, we did not measure dissolved oxygen. During the reduction 
periods, the oxygen values always stayed <5 µM at all silica concen
trations tested.

During the illumination (oxidation) periods, in all three setups (‘no 
silica’, ‘low silica’ and ‘high silica’), the contents of the bottles turned 
orange during the first three days and then quickly changed to green. 
The green color was a phenotypic indication of high cyanobacterial cell 
density and correlated well with the rapidly increasing oxygen con
centrations at the beginning of each oxidation period. The number of 
cyanobacterial cells during the three oxidation cycles showed similar 
trends, independent of the silica concentrations. The initial number of 
2–3*106 cells/mL doubled in the first oxidation half-cycle and reached 
highest values of 3*107 cells/mL after three oxidation cycles (Fig. 1D–F).

Compared to the 0.5 mM Fe(II) experiment, the 1 mM experiment 
showed lower oxygen concentrations in the ‘no silica’ and in the ‘low 
silica’ setups (100–400 µM and 50–300 µM respectively; Fig. S1A and B). 
The ‘high silica’ setup showed maximum oxygen concentrations of 
600 µM in the first half-cycle (Fig. S1C). The cell counts were very 
similar to the 0.5 mM experiment, only the ‘low silica’ setup with 1 mM 
Fe(II) showed slightly higher cell counts (up to 5*107 cells/mL) than the 
0.5 mM iron equivalent (3*107 cells/mL).

3.1.3. Influence of silica on Fe(III) reduction during Fe redox cycling at low 
Fe concentrations

For the reductive periods of the redox cycling incubations, we 
calculated the Fe(III) reduction rates considering only the phases of 
active reduction and left out lag phases at the beginning or the end of the 

Fig. 2. Fe(II) oxidation (positive values) and Fe(III) reduction rates (negative values) in the three oxidative half-cycling experiments (white, grey, dark grey) with 
low initial Fe(II) concentrations (0.5 and 1 mM).
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reductive period. Overall, the Fe(III) reduction rates were lower than the 
Fe(II) oxidation rates (Fig. 2; Table S2) and we did not detect a 
considerable impact of the silica concentration. In the ‘no silica’ and 
‘low silica’ setups (Fig. 1A and B), the reduction half-cycles took be
tween 50 and 80 days at reduction rates of ca. 2–4 µM/day. In the ‘no 
silica’ setup the percentage of Fe(II) increased from 40 to 80 % from the 
first to the third cycle, while the time until a stable Fe(II) concentration 
was achieved decreased from 80 to 50 days. The reduction rate, there
fore, rose from 2 µM/day to 10 µM/day from the first to the third 
reductive half cycle. The ‘low silica’ setup showed an increase in the 
reduction extent from 40 % after 80 days to 90 % after 50 days with 
ongoing cycling, which translates to reduction rates from 3 µM/day to 
11.5 µM/day. In the ‘high silica’ setup (Fig. 1C), the reduction extent 
increased and the reduction rates became faster from 40 % (3–5 µM/ 
day) during the first half-cycle to 80 % (8–12 µM/day) during the second 
cycle, respectively, and then remained consistent with 60–80 % Fe(II)/ 
Fe(tot) during the last cycle (reduction rate of ca. 8–12 µM).

The ‘no silica’ and ‘low silica’ setups initially containing 1 mM Fe(II) 
(Fig. S1A and B) showed lower Fe(III) reduction extents than the 0.5 mM 
Fe(II) experiment (maximum 50 % compared to 100 %), while the 
reduction rates (<11 µM/day) were comparable to the 0.5 mM experi
ment (Table S2). However, in the ‘high silica’ setup (Fig. S1C) the 
reduction extent increased to 80 % and the silica stimulated the 
reduction rates to values of up to 16 µM/day.

3.1.4. Influence of silica concentration on Si mobility during Fe redox 
cycling at low Fe concentrations

The ‘no silica’ setups showed constant silica values of <80 µM 
(Fig. 1G), probably stemming from lab ware used such as glass bottles. In 
the ‘low silica’ and ‘high silica’ setups, the dissolved silica initially was 
500 and 1100 µM, respectively, and then increased within the first three 
days by ~80 µM (Fig. 1H and I). The highest dissolved silica concen
trations measured in the ‘low silica’ setup was 685 µM during the second 
reduction phase, which corresponded well to the calculated added 
concentration of 670 µM. During the first 140 days, the dissolved silica 
decreased to 120 µM. The Fe(II)/Fe(tot) ratio varied between 30 and 
60 %, so over 500 µM silica were either precipitated as silica mineral 
flocs or associated with Fe(II) and Fe(III) minerals. Overall, the oxida
tion or reduction cycles did not show distinct silica cycling, but during 
the second and third reduction half cycle, silica precipitated temporarily 
but mostly went back into solution. The ‘high silica’ setups showed a 
maximum dissolved silica concentration of between 1600 µM and 
2000 µM at the end of the second and third oxidation half cycle. This 
indicated that between 200 and 600 µM of silica formed flocs or were 
associated with particles that were filtered out before starting the 
experiment. During the first oxidation half-cycle about 1400 µM of silica 
stayed in solution, whereas at the end of the first reduction half-cycle we 
measured 1200 µM dissolved silica. In the subsequent second oxidative 
half-cycle, all silica was removed from solution, which means that 
~2000 µM of silica were associated with ca. 400 µM of solid Fe(III) and 
100 µM of Fe(II). During the second reduction period, dissolved silica 
concentrations reached again 1200 µM. In the third oxidation period the 
dissolved silica increased from 1200 to 1800 µM and then silica at the 
beginning of the last reduction decreased back to 1200 µM.

The Fe-cycling experiments with an initial Fe(II) concentration of 
1 mM showed overall similar trends regarding silica mobility as the 
0.5 mM Fe(II) experiments (Fig. S1).

3.1.5. Influence of silica on cell-mineral interactions during Fe redox 
cycling at low Fe concentrations

At the end of the three subsequent Fe redox cycles, solid phases were 
analyzed with SEM. The cocci-shaped, ~1 µm Synechococcus sp. PPC 
7002 cells showed no signs of encrustation with Fe minerals, neither in 
the ‘no silica’ nor in the ‘low silica’ setups, while the rod-shaped 
S. colwelliana cells were present at much lower number, also not 
encrusted (Fig. 3). The mineral phases all appeared poorly crystalline, 

and the aggregates reached sizes of 0.5–8 µm. Cell morphology and 
crystallinity of the minerals were similar in ‘no silica’ and ‘low silica’ 
setups. SEM images of samples taken from the 1 mM Fe experiments at 
the end of the third reduction half-cycle revealed similar structure and 
aggregates as the samples from the 0.5 mM Fe experiments (Fig. S3). 
Specifically, we observed poorly crystalline minerals in the ‘no silica’ 
and ‘low silica’ setups as described for the 0.5 mM Fe(II) experiment and 
the cells were mostly free of encrustation but formed aggregates with the 
minerals.

3.1.6. Influence of silica on mineralogy during Fe redox cycling at low Fe 
concentrations

After each half-cycle of the 0.5 mM Fe cycling experiments, we 
performed µXRD measurements; 57Fe Moessbauer spectroscopy mea
surements were not possible with these samples due to the low amount 
of Fe. µXRD analysis of samples from ‘no silica’ and ‘low silica’ setups 
revealed the presence of mainly poorly crystalline mineral phases, 
although the products from the ‘no silica’ setups might contain traces of 
goethite and vivianite and/or lepidocrocite (Fig. 3). Samples from the 
‘high silica’ setups, in contrast, contained vivianite and/or lepidocrocite, 
as well as magnetite after the first cycle. With ongoing redox cycling the 
mineral crystallinity decreased in the ‘high silica’ setups.

The minerals collected from the 1 mM Fe(II) experiments (Fig. S2) 
showed higher crystallinity with ongoing cycling, but also with higher 
silica concentrations. After the second and third cycle, samples from the 
‘high silica’ setup contained vivianite or lepidocrocite as well as po
tential traces of goethite, siderite and magnetite.

3.2. Effect of Si on iron cycling at high Fe concentrations (2.5 mM and 5 
mM)

In these experiments, we also tracked total iron, Fe(II)total and dis
solved silica concentration as well as cell counts for cyanobacteria and 
Fe(III)-reducing bacteria over three subsequent oxidation and reduction 
cycles (Fig. 5). This section focuses on the 2.5 mM Fe(II) experiments as 
these showed intense iron cycling (Fig. 5). The 5 mM Fe(II) experiments, 
in contrast, were dominated by struggling cells caused by iron toxicity 
effects; therefore, the respective data is provided in Fig. S4.

3.2.1. Influence of silica on Fe(II) oxidation and cell counts during Fe redox 
cycling at high Fe concentrations

In the 2.5 mM Fe(II) experiments, we found that the silica concen
tration strongly influenced Fe(II) oxidation. Fe(II) oxidation rates were 
much higher for the 2.5 mM Fe(II) experimental systems as compared to 
the 0.5 mM experiments (130–168 µM/day and 100 µM/day, respec
tively) (Fig. 6; Table S3). At the same time, Fe(II) oxidation rates in the 
first half-cycle were relatively similar regardless of the silica concen
tration (130–170 µM/day). Rather than oxidation rates, silica concen
trations seem to impact the extent of Fe(II) oxidation: After 20 days, the 
Fe(II) oxidation in the ‘no silica’ and ‘low silica’ setups was complete 
(>99 %), but remained incomplete in the ‘high silica’ setups (~80 %) 
(Fig. 5A–C). With ongoing cycling the Fe(II) oxidation rates decreased in 
all experiments with 2.5 mM Fe(II). In the second half-cycle, Fe(II) in the 
‘no silica’ and ‘low silica’ setups was nearly completely oxidized (>90 
%) at rates of 12–55 µM/day. In ‘high silica’ setups, in contrast, oxida
tion rates were similar (5–50 µM/day), but the Fe(II) was only oxidized 
incompletely (20–60 %). During the third period, the ‘no silica’ and ‘low 
silica’ setups showed an Fe(II) oxidation extent of ~95 % (~200 µM, 
1–9 µM/day), whereas the ‘high silica’ setup displayed incomplete Fe(II) 
oxidation (60 %; 19–72 µM/day).

Regardless of the silica concentration, the Fe-cycling experiments 
with 5 mM initial Fe(II) showed lower Fe(II) oxidation rates than the 
2.5 mM Fe(II) experiments (maxima of 66 µM/day and 170 µM/day 
respectively; Table S3). In the ‘no silica’ and partly also in the ‘low silica’ 
setups, 60 % of the Fe(II) was oxidized in the first 40 days; subsequently 
the Fe(II)/Fe(tot) ratio fluctuated between 40 and 80 % during all half- 
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cycles (Fig. S4A, D, G B, E, H). In the ‘no silica’ setups, the cyanobacteria 
cell number reached 1*107 cells/mL at the end of the first redox cycle and 
then decreased during the second oxidation half-cycle. Notably, the 
contents of the bottles did not turn green during these experiments. In 
contrast, in the ‘high silica’ setups, up to 80 % of the Fe(II) was oxidized in 
all oxidation half-cycles (Fig. S4C, F, I), the number of cyanobacterial 
cells increased to 3*107 cells/mL, and the contents of the bottles turned 
green (Fig. 5).

3.2.2. Influence of silica on O2 production and cell counts during oxidative 
half-cycles at low Fe concentrations

Different silica concentrations showed a strong influence on the 
accumulated oxygen concentrations. During the first, second and third 
Fe(II) oxidation half-cycles of the ‘no silica’ setups, oxygen 

concentrations reached up to 200, 400, and 150 µM respectively 
(Fig. 5A). In contrast, the ‘low silica’ setups showed only 100 µM oxygen 
in the first and second Fe(II) oxidation half-cycles, while in the third 
period oxygen increased to 300 µM (Fig. 5B). In the ‘high silica’ setup, 
oxygen concentrations were highest during the first oxidation half-cycle 
(600 µM) and appreciably lower in the second and third half-cycles (200 
and 50 µM, respectively) (Fig. 5C).

The major impact of the silica concentration on cyanobacterial ac
tivity at high Fe(II) concentrations became apparent by the differences 
in color in the experimental bottles. In the ‘no silica’ setups, the contents 
of the bottles turned orange during the first half cycle and green during 
the second and third cycles (Fig. 5D). This contrasts with the ‘low silica’ 
setups where two bottles turned green only during the third half-cycle, 
and one bottle was constantly orange over the entire experiment 

Fig. 3. SEM images of cell-mineral aggregates in samples taken from 0.5 mM Fe(II) cycling experiments (without added silica and in the presence of 0.67 mM silica) 
at the end of the third reduction half-cycle. The cocci-shaped 1 µm large bacteria are Synechococcus sp. PCC 7002, the smaller rod-shaped bacteria are S. colwelliana.
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(Fig. 5E). Furthermore, the bottles of the ‘high silica’ setup turned green 
already during the first oxidation half-cycle (Fig. 5F). Cell counting 
revealed increasing densities of cyanobacteria cells with increasing sil
ica concentrations. The maximum cell density reached 4*107 cells/mL in 
all setups with different silica concentrations (‘no silica’, ‘low silica’ and 
‘high silica’). However, the time needed for bacterial growth varied: In 
the ‘no silica’ and ‘low silica’ setups, the growth phase lasted over 100 
days, while in the ‘high silica’ setups, the maximum cell count was 
reached after 50 days.

The Fe-cycling experiments with 5 mM Fe(II) showed differences 
regarding oxygen accumulation compared to the 2.5 mM experiments. 
More specifically, in the ‘no silica’ setups, no O2 was detected (Fig. S4A). 
This was also the case for the ‘low silica’ setups, except for one bottle 
with 400 µM O2 in the second oxidation half-cycle (Fig. S4B). In the ‘high 
silica’ setups, oxygen was detected during all three oxidation half-cycles 
(400, 200 and 100 µM, respectively (Fig. S4C).

3.2.3. Influence of silica on Fe(II) oxidation and cell counts during Fe redox 
cycling at high Fe concentrations

With increasing silica, Fe(III) reduction rates increased as well, with 
maximum reduction rates of 11 µM/day in the ‘no silica’, 34 µM/day in 
the ‘low silica’ and 52 µM/day in the ‘high silica’ setups (Fig. 6; 
Table S4). In the first reduction half-cycle of the ‘no silica’ setups, Fe(III) 
reduction rates varied between 2–11 µM/day, and 30 % of the Fe(III) 
was reduced after ~80 days (Fig. 5A). In the second and third cycle, Fe 
(III) reduction rates decreased to 5–8 µM/day and 0.4–1.3 µM/day, 
respectively. The ‘low silica’ setups showed increasing Fe(III) reduction 
rates with ongoing cycling (maximum reduction rates of 15, 35 and 
49 µM/day in the first, second and third cycle, respectively) (Fig. 5B). In 
the ‘high silica’ setups, the Fe(III) reduction rates were as high as 18–52 
µM/day in the first reduction cycle, slightly decreased to 17–28 in the 

second cycle and were 17–41 µM/day in the third cycle (Fig. 5C).
In experiments with initially 5 mM Fe(II), the reduction rates and 

extent increased with increasing silica concentration, similar to the 2.5 
mM Fe(II) systems (Fig. S4). During the third Fe(III) reduction half- 
cycle, the highest reduction rates of all experiments were measured 
(171 µM/day).

3.2.4. Influence of silica concentration on Si mobility during Fe redox 
cycling at high Fe concentrations

During Fe(II) oxidation, dissolved silica decreased, probably due to 
sorption to or co-precipitation with the formed Fe minerals, while silica 
went back into solution during Fe(III) reduction. The background silica 
in the ‘no silica’ setups (Fig. 5G) varied between 20 and 135 µM with a 
slight but continuous increase over time, not changing during iron 
cycling. In the ‘low silica’ setups (Fig. 5H), dissolved silica decreased 
during the first Fe(II) oxidation period and was associated with the 
solids completely after 50 days. During the first Fe(III) reduction half- 
cycle, silica was mobilized again. During the second and third Fe(II) 
oxidation period, up to 230 µM silica were associated with the solids, 
while during the second and third Fe(III) reduction periods, silica was 
dissolved again (maximum value of 670 µM). The ‘high silica’ setups 
(Fig. 5I) also showed how Fe(II) oxidation and Fe(III) reduction influ
enced silica mobility. During the first oxidation period, all silica was 
removed from solution within 50 days and was remobilized (1100 µM) 
during the first reduction half-cycle. With ongoing cycling, more silica 
remained in solution than in the first cycle, i.e. during the third Fe(III) 
reduction period 1730 µM silica was in solution. The silica mobility in 
the experiment with 5 mM Fe(II) was comparable to the 2.5 mM Fe(II) 
experiment (Fig. S4).

Fig. 4. µXRD patterns of the solids collected from the 0.5 mM iron experiment. The plots from left to right show the patterns after 1, 2 and 3 cycles from experiments 
performed without silica (bottom), with 0.67 mM added silica (middle) and 2.2 mM added silica (top). The triangles indicate reflections of the minerals vivianite 
(viv), lepidocrocite (lp), siderite (sd), magnetite (mg) and goethite (gt), respectively. All non-identified reflections were either low signal reflections of the defined 
mineral phases or instrumental background signal.
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3.2.5. Influence of silica on cell-mineral interactions during Fe redox 
cycling at high Fe concentrations

At the end of each reduction cycle in the 2.5 mM Fe(II) experiments, 
samples were analyzed with SEM to investigate the cell-mineral in
teractions (Fig. 5). Samples from the ‘high silica’ setups at the end of the 
third Fe(III) reduction half-cycle showed much larger and more crys
talline precipitates (up to 30 µm) than samples from the experiments 
with lower Fe(II) and lower silica concentrations (Fig. 7). The minerals 
exhibited a tabular 30 µm crystalline morphology; only few cells were 
visible. In the ‘no silica’ setups, all detected minerals showed low crys
tallinity and formed aggregates of a few µm in size. The cocci-shaped 
cyanobacterial cells in both the ‘no silica’ and ‘high silica’ setups 
formed aggregates with poorly crystalline minerals, while most cells 
were not encrusted, while a few cells (Fig. 7G) were partly encrusted. 
The smaller rod-shaped Shewanella cells were closely associated with the 
minerals, but generally free of encrustation.

3.2.6. Influence of silica on the mineralogy during Fe redox cycling at high 
Fe concentrations

The largest mineral particles found in the three replicates of the ‘high 
silica’ experiments with an initial Fe(II) concentration of 2.5 mM 
exhibited crossed tabular, bent tabular, and crossed needle- 
morphologies (Fig. 8). Based purely on optical observations, (A) re
sembles vivianite (Vuillemin et al., 2020; O’loughlin et al., 2021), and 
the bended structures in (B) and (C) resemble lepidocrocite (Antunes 
et al., 2014), whereas the crossed needles in (B) resemble goethite 
(Kaiser and Guggenberger, 2007; O’loughlin et al., 2021).

SEM-EDS analyses of minerals obtained at the end of incubation of 
the ‘no silica’ setups (2.5 mM iron) (Fig. 9B) revealed a high content of 
carbon, oxygen and iron. The iron and oxygen points towards Fe(III) 
(oxyhydr)oxides, and the carbon points towards EPS or bacterial cells. 
The particles collected from ‘high silica’ setups (2.5 mM iron) 
(Fig. 9C–E) showed different major elements: Fig. 9C revealed high 
concentrations of oxygen, iron and phosphorus. The iron, phosphorus 
and oxygen, as well as the tabular structure, point towards an Fe(II) 

Fig. 5. Cycling experiments with 2.5 mM Fe(II) and 0, 0.67 and 2.2 mM added silica. Left panels show Fe(II)/Fe(tot) ratios (orange) and oxygen concentrations (blue). 
The panels in the middle column show cell counts (and standard deviation) of the cyanobacteria (green) and Fe(III)-reducers (purple) while the right columns show 
dissolved silica concentrations. The yellow background indicates periods of Fe(II) oxidation, while the grey background shows periods of Fe(III) reduction. The 
photographs on top show the triplicate bottles in the beginning of the experiment and at the end of each of the three oxidative half-cycles.
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phosphate mineral (e.g. vivianite). In contrast, the sample shown in 
Fig. 9D is mainly composed of carbon, silica and oxygen, without no 
detectable iron present. Evidence for the co-precipitation of iron and 
silica is observed in Fig. 9E, where 2.6 % of silica with 4.2 % of iron were 
detected. These proportions closely resemble the results obtained under 
the ‘high silica’ setup with 1 mM iron (Fig. 9A).

With increasing silica concentrations, µXRD reflections became more 
distinct and sharper after all three reduction half-cycles, indicating an 
increasing crystallinity of the yielded minerals (Fig. 10), supporting the 
SEM observations. More specifically, samples from the ‘no silica’ setups 
showed only poorly crystalline minerals. In the ‘low silica’ setups, the 
(weak) reflections pointed towards siderite, goethite, vivianite, and 
magnetite. However, the prominent vivianite reflection at 15◦ 2-theta 
was missing, thus questioning whether this sample contains indeed 
vivianite. The most prominent reflection in all ‘high silica’ setups sug
gests the presence of vivianite, confirming the SEM-EDS results. This 
reflection, however, could also be interpreted as lepidocrocite. Addi
tionally, we found indications for siderite, goethite and magnetite in the 
‘high silica’ setups.

The µXRD results of the 5 mM Fe(II) experiment (Fig. S5), in contrast 
to the 2.5 mM Fe(II) experiment, showed crystalline minerals at all silica 
concentrations (Fig. 10). The higher the silica, the more reflections were 
visible. Again, we found indications for vivianite (Viv) and/or lep
idocrocite (Lp), goethite (Gt), magnetite (Mag) and siderite (Sd).

3.2.7. Analysis of the solids collected from 5 mM iron experiments after 
three redox cycles using 57Fe Moessbauer spectroscopy

Only one sample from a 2.5 mM Fe(II) ‘no silica’ experiment but all 
samples of the 5 mM experiments contained enough iron to collect 
Moessbauer spectra (Fig. 11). The hyperfine parameters can be found in 
Table S5. Due to the high cell densities and low iron concentrations, 
measurements of the low iron samples resulted in a poor signal-to-noise 
ratio, preventing appropriate processing of the spectra obtained. How
ever, two Moessbauer spectra obtained after the oxidation of 1 mM Fe 
(II) by O2 produced by cyanobacteria, measured at 77 K and 5 K, can be 
found in Fig. S6 and Table S6. Based on the hyperfine parameters data 
from both measurements pointed towards ferrihydrite (Byrne and Kap
pler, 2022).

The sample from the ‘no silica’/2.5 mM iron experiment only 
exhibited a signal at 77 K (Fig. 11A), with a very dominant Fe(III) 

doublet (CS of 0.48 mm/s and QS of 0.84 mm/s) and a Fe(II) doublet (CS 
of 1.58 mm/s and QS of 2.8 mm/s). It is not possible to draw definite 
conclusions regarding the identity of the mineral phases from these data. 
However, the Fe(III) doublet points towards a poorly crystalline Fe(III) 
(oxyhydr)oxide, similar to what Gauger et al. (2016) found. The Fe(II) 
doublet points towards Fe(II) adsorbed to Si or organic carbon.

The measurements of samples from the 5 mM iron experiments 
showed significant differences depending on the silica concentrations 
present. The sample from the ‘no silica’ setups exhibited a defined 
sextet, a collapsed sextet and two doublets at 77 K (Fig. 11B). The 
defined sextet, which constituted 78.5 % of all phases, was characterized 
by a center shift (CS) of 0.49 mm/s, the quadrupole shift epsilon (ε) of 
− 0.11 mm/s, and a hyperfine field (H) of 47.8 T), suggesting the pres
ence of a crystalline Fe(III) (oxyhydr)oxide like goethite (Murad and 
Cashion, 2004). The collapsed sextet with an area of 8.1 % (CS of 
0.50 mms/s, ε of − 0.58 mm/s, H of 10 T), suggests the presence of a 
partly ordered poorly crystalline Fe(III) phase (Murad and Cashion, 
2004). The narrow doublet which appeared with 2.9 % area shows a CS 
of 0.52 and a quadrupole splitting (QS) of 0.4, a clear indication of 
poorly crystalline Fe(III) (Cashion and Murad, 2012). The wider doublet 
with a CS of 1.4 mm/s and a QS of 2.8 mm/s suggested a poorly crys
talline Fe(II) phase (Murad and Cashion, 2004).

At 5 K (Fig. 11C), the Fe(III) doublet ordered into two sextets, the Fe 
(II) doublet (CS of 1.01 mm/s and QS of 2.9 mm/s) (Cashion and Murad, 
2012), however, was still visible. The Fe(II) doublet either points to
wards Fe(II) adsorbed to silica or to carbon (but not Fe(III) (oxyhydr) 
oxides). Additionally, we observed two defined sextets: one with an area 
share of 87.5 % (CS of 0.49 mm/s, ε of − 0.11 mm/s and H of 49.5 T), one 
with an area of 10.2 % (CS of 0.59 mm/s, ε of − 0.06 mm/s and H of 43.2 
mm/s). Sextet 1 fitted very well to the defined sextet of the 77 K mea
surement and also indicates a crystalline Fe(III) (oxyhydr)oxide (e.g. 
goethite) (Murad and Cashion, 2004). Additionally, the collapsed sextet 
and Fe(III) doublet ordered at 5 K into the collapsed and partly into the 
defined sextet. The Fe(III) doublet therefore points towards ferrihydrite 
(Murad and Cashion, 2004), while the collapsed phase at 77 K points 
towards are more crystalline, very short-range ordered Fe(III) (oxyhydr) 
oxide such as lepidocrocite (Thompson et al., 2011; Chen and Thomp
son, 2021).

The 77 K spectrum of the ‘low silica’ sample (Fig. 11D) was domi
nated by a Fe(II) doublet (CS of 1.31 mm/s, QS of 2.43 mm/s) (Cashion 

Fig. 6. Fe(II) oxidation (positive values) and Fe(III) reduction rates (negative values) in the three oxidative half-cycling experiments (white, grey, dark grey) with 
high initial Fe(II) concentrations (2.5 and 5 mM).
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Fig. 7. SEM images of cell-mineral aggregates in samples taken from 2.5 mM Fe(II) cycling experiments (without added silica and in the presence of 2.2 mM silica) at 
the end of the third reduction half-cycle. The cocci-shaped 1 µm large bacteria are Synechococcus sp. PCC 7002, the smaller rod-shaped bacteria are S. colwelliana.

Fig. 8. SEM images of samples taken from the 2.5 mM Fe experiments with ‘high silica’ concentration. Images A, B, and C come from replicate bottles 1, 2 and 3.
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Fig. 9. EDS data of particles collected from an experiment with 1 mM Fe(II) and 2.2 mM silica (A), 2.5 mM Fe(II) with no silica (B) and 2.2 mM silica (‘high silica’) 
(C, D, E). The white cross indicates the spot where the EDS spectrum was measured.
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and Murad, 2012) and a defined sextet (CS of 0.49 mm/s, ε of 0.06 and H 
of 43.2 T). Additionally, a Fe(III) doublet (Cashion and Murad, 2012) 
was present (CS of 0.54 mm/s and QS of 0.65 mm/s). The doublets both 
represent a poorly crystalline phase, whereas the sextet again points 
towards a Fe(III) (oxyhydr)oxide of low crystallinity, such as poorly 
crystalline goethite (Thompson et al., 2011; Chen and Thompson, 2021).

The high background of the 5 K measurements (Fig. 11E) did not 
allow for a distinct differentiation of mineral phases. However, the 
features and parameters obtained pointed towards a defined and a 
collapsed phase. The defined sextet area increased from 32.0 to 59.5 % 
from the 77 K to the 5 K measurement. The majority of the Fe(III) 
doublet split into a defined sextet, which is typical for poorly crystalline 
Fe(III) (oxyhydr)oxides like ferrihydrite (Murad and Cashion, 2004), 
while 3.1 % remained as a Fe(III) doublet. A collapsed phase at 5 K 
points toward Fe(II) complexed with either silica or carbon, similar to Fe 
(II)-bearing clay minerals (see Latta et al., (2012)), indicating a mixture 
of poorly crystalline Fe(II)- and Fe(III)-bearing minerals.

Solids from the ‘high silica’ setups showed a very dominant Fe(III) 
doublet (CS of 0.48 mm/s and QS of 0.79 mm/s) combined with a Fe(II) 
doublet (CS of 0.89 mm/s and QS of 2.44 mm/s) at 77 K (Fig. 11F). 
However, we also observed the presence of a poorly crystalline Fe(III) 
(oxyhydr)oxide, for which the spectrum split into possibly multiple 
sextets at 5 K.

The dominant Fe(III) doublet at 5 K (Fig. 11G) can be explained by 
aggregation of Fe(III) with anions, such as silica or organic carbon (e.g. 
biomass-derived biomolecules including proteins/peptides or poly
saccharides), which hindered the magnetic ordering (Thompson et al., 
2011). The less dominant Fe(II) doublet exhibited at 5 K can also be 
explained by complexation of Fe(II) with silica, similar to Fe(II)-bearing 
silicates (see Latta et al. (2012)). Due to the high background noise, the 
5 K measurement did not give further indication about the mineral 
identity.

In summary, the Moessbauer analyses of samples from the ‘no silica’ 
setups revealed crystalline goethite and poorly crystalline lepidocrocite, 
a small amount of ferrihydrite, and a poorly crystalline Fe(II) phase after 

the three cycles (Table 1). Measurements of solids from ‘low silica’ 
setups indicated Fe(II)-silica or Fe(II)-organic-carbon aggregates and 
poorly crystalline goethite and/or lepidocrocite. ‘High silica’ concen
trations led to the formation of a very dominant magnetically unordered 
Fe(III)-phase (possibly short-range-ordered ferrihydrite), ferrihydrite 
and a low percentage of more crystalline Fe(III) (oxyhydr)oxides. We did 
not detect magnetite in all samples described.

4. Discussion

4.1. Influence of dissolved silica on iron mineralogy and crystallinity 
during microbial iron cycling

Key sources of silica in ancient oceans included weathering of 
emergent landmasses and hydrothermal processes in the oceanic crust, 
both delivering silica to continental shelves (Siever, 1992; Maliva et al., 
2005). Much prior to the emergence and diversification of organisms 
forming siliceous hard parts (diatoms, radiolarians and sponges), 
chemical precipitation of Si-bearing minerals was the dominant Si sink 
(Medlin, 2016). Geochemical calculations suggest that residual dis
solved silica concentrations in ancient oceans were around 0.67 mM 
(assuming precipitation of cristobalite (Maliva et al., 2005)) or 2.2 mM 
with amorphous silica minerals as the main precipitate (Siever, 1992). 
However, what is unknown is how elevated silica concentrations 
affected the mineralogy during ferric iron mineral precipitation and 
subsequent reduction by Fe(III)-reducers.

µXRD analysis of products from Fe cycling experiments showed that 
elevated silica concentrations enhance the crystallinity of iron minerals 
formed through abiotic Fe(II) oxidation by cyanobacterial O2 coupled to 
microbial Fe(III) reduction. This is in contrast to the traditional view 
that associated silica inhibits the growth of crystalline iron minerals 
(Jones et al., 2009; Boglaienko et al., 2021; Nims and Johnson, 2022; 
Zhou et al., 2024). Two different processes may account for the observed 
mineral assemblages. First, in the absence of silica, ferrihydrite is the 
predominant iron mineral formed. In contrast, the presence of silica 

Fig. 10. µXRD patterns of the solids collected from the 2.5 mM iron experiment. The plots from left to right show the patterns after 1, 2 and 3 cycles from ex
periments performed without silica (bottom), with 0.67 mM added silica (middle) and 2.2 mM added silica (top). The triangles indicate reflections of the minerals 
vivianite (viv), lepidocrocite (lp), siderite (sd), magnetite (mg) and goethite (gt), respectively. All non-identified reflections were either low signal reflections of the 
defined mineral phases or instrumental background signal.
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Fig. 11. 57Fe Moessbauer spectra of solids collected from the 2.5 mM iron experiment without silica and from all 5 mM iron experiments after three subsequent 
cycles at 5 K and 77 K.
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facilitates the formation of more crystalline minerals like goethite, lep
idocrocite and siderite. In the ‘high Si’ setups, vivianite dominates the 
reflection spectra, consistent with findings from ferruginous lake sedi
ments, where elevated silica concentrations have been shown to 
enhance vivianite precipitation (Vuillemin et al., 2020). Second, the 
increased crystallinity of iron minerals at higher silica concentrations 
might be due to greater Fe(III) microbial reduction under such condi
tions, which facilitates the formation of more stable mineral phases. 
Most silica went back to solution during Fe(III) reduction and was 
therefore no longer associated with the iron minerals (Fig. 5I). The 
higher extents of microbial Fe(III) reduction by Shewanella oneidensis 
MR-1 in the presence of silica led to the formation of more crystalline 
iron minerals, probably stimulated by Fe(II)-catalyzed transformation of 
ferrihydrite to more crystalline Fe(III) (oxyhydr)oxides, such as lep
idocrocite and goethite (Xiao et al., 2018). In addition, we observed that 
iron cycling at increasing Fe(II) concentrations (from 0.5 mM to 1, 2 and 
5 mM iron) resulted in more crystalline minerals, corresponding to the 
findings from previous microbial Fe(III) reduction experiments 
(Glasauer et al., 2002; Wang et al., 2009) as well as observed for Fe(II)- 
initiated abiotic transformation of ferrihydrite to lepidocrocite and 
goethite (Boland et al., 2014). Furthermore, in a soil rich in short-range 
ordered goethite, repeated iron cycling at increasing iron concentrations 
(i.e., 1, 2.5 and 5 mM) resulted in a marginal increase in crystallinity, 
similar to laboratory microcosm experiments for repeated iron redox 
cycling (Thompson et al., 2006). In contrast, in our iron cycling exper
iment at realistic ancient ocean iron concentrations of 0.5 mM iron, we 
observed a higher crystallinity after only one oxidation–reduction cycle 
compared to the second and third cycle. At higher iron concentrations 
(1, 2.5 and 5 mM), we instead found a marginal increase in crystallinity 
with continued iron cycling.

In all samples from ‘high silica’ setups, as well as in several samples 
from the ‘no silica’ or ‘low silica’ setups at elevated iron concentrations 

of 2.5 and 5 mM, we found evidence after each redox-cycle for the 
formation of goethite and lepidocrocite (XRD, Moessbauer spectroscopy, 
SEM-EDS), ferrihydrite (Moessbauer), vivianite, magnetite and siderite 
(all XRD). In all systems containing silica, we also found evidence for the 
formation of Fe(II)- and Fe(III)-silica aggregates. In the following sec
tions, we discuss how to interpret the presence of those Fe-silicate 
aggregates.

In our experiments at elevated iron and silica concentrations, all 
silica (in the ‘high silica’ setups up to 1600 µM) co-precipitated during 
Fe(II) oxidation (Fig. 5), with 1200–1600 µM silica dissolving again 
during iron(III) reduction. Different lines of evidence point to the for
mation of both Fe(II) silicates and to the presence of ferrihydrite- 
associated silica. At high silica concentrations, we observed incom
plete Fe(II) oxidation at all iron concentrations suggesting the presence 
of stable Fe(II) silicates. Moessbauer spectroscopy analysis of solid 
phases at the end of the experiment − after the last reduction period in 
the 2.5 mM iron experiments − suggested unordered Fe(III) at temper
atures where ferrihydrite would typically be magnetically ordered 
(Byrne and Kappler, 2022). The formation of ferrihydrite crystal units 
can be hampered by silica and organic carbon (ThomasArrigo et al., 
2018), suggesting that one or both of these inhibited the magnetitic 
ordering of ferrihydrite.

The pH range in our experiments (7.0–7.5) is close to the pH range 
that favor the precipitation of Fe(II) silicates in anoxic environments 
(7.7–8.5) (Tosca et al. 2016) and 6.5 (Hinz et al., 2023). Prior to the 
addition of iron, vitamins and supplements, we filtered all visible white 
silica flocs out of the medium. Based on thermodynamic equilibrium 
calculations (not shown), our experimental conditions still favor the 
precipitation of up to 1 mM silica (cristobalite) in the ‘high silica’ setup 
with 5 mM Fe(II). Additionally, these calculations showed that the 
precipitation of up to 2.5 mM siderite in the ‘high silica’ setup with 
5 mM Fe(II) is expected, while the precipitation of greenalite is not 
favored. It has to be noted, however, that other Fe(II)-silica gels, which 
are a variety of hydrated combinations of Fe(II) and silicate (SiO2) 
(Tosca et al., 2016), are not covered in these equilibrium calculations 
due to missing solubility constants. Considering Moessbauer data 
demonstrating the presence of fully unordered Fe(II) in the sample 
collected after the last reduction period (‘low silica’, 5 mM iron) and the 
ratio of Fe(II) and Fe(III) in this sample (1:1), an aggregation of Fe(II) 
with silica seems most plausible. However, the geochemical framework 
is similar to the studies of Hinz et al. (2021, 2023), who microbially 
reduced 1 mM ferrihydrite in the presence of 1 mM at neutral pH and 
identified greenalite via transmission electron microscopy (TEM). We, 
however, did not use TEM in our study and therefore cannot rule out the 
presence of a small percentage of greenalite.

Our data suggest that most of the Fe(II) bound in Fe(II)-silica ag
gregates was still accessible for oxidation by O2. During abiotic oxida
tion of Fe(II) by O2 in the presence of phosphate and silica, Fe(III) 
phosphates were shown to precipitate prior to silicate-rich hydrous 
ferric oxides (Voegelin et al. (2010)). In the absence of phosphate, the 
ratio of dissolved silica to dissolved Fe(II) controlled the precipitation of 
minerals: at dissolved Si/dissolved Fe(II) ratios of ~0.5, a non-defined 
Fe(III) (oxyhydr)oxide was formed, at 0.5 to 0.1, 2-line ferrihydrite 
and at lower ratios lepidocrocite (Voegelin et al., 2010). Considering 
that our experiments were highly dynamic with fluctuating dissolved 
silica to iron ratios (Figs. 1 and 5), the presence of all the observed 
minerals in our samples (Figs. 4, 10 and 11) makes sense.

4.2. Effect of Si on Fe cycling by cyanobacteria and Fe(III)-reducers

Iron minerals in BIFs have an average oxidation state of +2.4 (Klein, 
2005), corresponding to a Fe(II)/Fe(tot) ratio of ~0.4 or a Fe(II)/Fe(III) 
ratio of ~0.6. In our experiments, we found that in our most realistic 
scenario with 2.2 mM added silica and 0.5 mM iron, neither full Fe(II) 
oxidation nor (at least in two out of three reduction periods) full Fe(III) 
reduction was observed, in contrast to the ‘no silica’ and ‘low silica’ 

Table 1 
Overview of the mineralogical results of 57Fe Moessbauer spectroscopic ana
lyses. The table shows the visible features in the obtained spectra at 77 K and 5 K 
and the most likely mineral based on the interpretation of these spectral 
features.

Sample Features 
obtained at 77 K

Features 
obtained at 5 K

Most likely minerals*

1 mM iron, ‘no 
silica’x

Fe(III) doublet Defined sextet 1 Ferrihydrite
Defined sextet 2

2.5 mM iron, 
‘no silica’

Fe(III) doublet n.d.# Poorly crystalline Fe(III)
Fe(II) doublet Fe(II) adsorbed to Corg 

or Si
5 mM iron, ‘no 

silica’
Fe(III) doublet Defined sextet Ferrihydrite
Fe(II) doublet Fe(II) doublet Fe(II) adsorbed to Corg 

or Si
Defined sextet Defined sextet Goethite
Collapsed sextet Defined sextet Lepidocrocite

5 mM iron, 
‘low silica’

Fe(III) doublet Fe(III) doublet Fe(III) adsorbed to Corg 

or Si
Defined sextet Ferrihydrite

Fe(II) doublet Collapsed Fe(II) Fe(II) adsorbed to Corg 

or Si, Siderite?
Defined sextet Defined sextet Goethite

5 mM iron, 
‘high silica’

Fe(III) doublet Fe(III) doublet Fe(III) adsorbed to Corg 

or Si
Defined sextet Ferrihydrite

Fe(II) doublet Fe(II) doublet Fe(II) adsorbed to Corg 

or Si
Defined sextet Lepidocrocite
Defined sextet Nano-Goethite

* Moessbauer spectra oftentimes are not indicative of a specific mineral. 
Therefore, here we list the most likely mineral phases based on the observed 
Moessbauer spectral features. In the manuscript text further and more detailed 
explanations of the interpretations can be found.

x The spectra for the 1 mM iron experiment stem from preliminary Fe(II) 
oxidation experiments.

# n.d. = not determined.
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setups, which showed full oxidation. For example, in our ‘high silica’ 
experiments with 0.5 mM Fe(II), the minerals formed after the first 
oxidation period maintained their Fe(II)/Fe(tot) ratio of 0.2 to 0.4 
through the following reduction and oxidation periods. Later in the 
cycling experiment (after the third reduction) we obtained minerals 
with a stable Fe(II)/Fe(tot) ratio between 0.6 and 0.7. This indicates that 
the Fe(II)- and Fe(III)-bearing minerals obtained after several redox 
cycles were quite redox stable and have a Fe(II)/Fe(tot) ratio that is 
similar to the minerals present in BIF. In summary, based on the 
mineralogical analysis in our cycling experiments, we conclude that the 
presence of silica concentrations as estimated for the Archean oceans 
played a key role for the formation and preservation of mixed-valent (Fe 
(II)-/Fe(III)-bearing) iron minerals that also contain Fe-Si-minerals.

Our Fe cycling experiments showed that silica affected the cyano
bacteria in various ways. For instance, the presence of silica was found 
to enhance cyanobacteria cell growth, resulting in an increased number 
of cells with increasing silica concentrations (Figs. 1 and 5). Addition
ally, cyanobacteria exhibited a more pronounced green coloration in the 
presence of silica compared to conditions lacking silica (Fig. 5), 
providing evidence for the formation of green photosynthetic pigments 
(chlorophyll a and carotenoids, especially synechoxanthin (Graham and 
Bryant, 2008)) which is an indicator for a general good viability and 
activity of the cells. Overall, we found that high silica concentrations 
mitigated the negative effect of Fe(II) on cyanobacteria (Swanner et al. 
(2015)). Specifically, the formation of aqueous Fe(II)-silica aggregates 
likely inhibited reactions between Fe(II) and O2 that are known to 
produce harmful reactive oxygen species (Swanner et al. (2015), sug
gesting that silica may have played a protective role for cyanobacteria in 
early Earth’s oceans.

4.3. Silica in ancient oceans – effect on the formation of different Fe- and 
Si-minerals

Typical minerals in the iron-rich BIF layers consist of hematite, 
magnetite, siderite and Fe(II) silicates, which have undergone diagenesis 
and metamorphism (Klein, 2005). Our experiments suggest that cya
nobacteria, in conjunction with Fe(III)-reducers, can facilitate the for
mation of probable BIF precursor minerals (Krapež et al., 2003; Kappler 
et al., 2005; Konhauser et al., 2005). Such precursors were then sub
jected to various reactions in the water column and/or in the sediment 
(diagenesis) as well as to metamorphic processes (Konhauser et al., 
2005). For instance, Fe(III) (oxyhydr)oxides formed in our experiments 
(e.g., ferrihydrite, goethite, lepidocrocite) can transform into the com
mon BIF mineral hematite during diagenesis and metamorphism 
(Cudennec and Lecerf, 2005, 2006; Sun et al., 2015) as has been 
demonstrated in laboratory experiments using high-pressure/- 
temperature incubations (Köhler et al., 2013; Posth et al., 2013; 
Halama et al., 2016). Vivianite in our experiments formed because of the 
phosphate present in our microbial growth medium (367 µM). Since 
phosphate concentrations in Archean oceans were lower (values sug
gested range from 0.04-0.13 µM (Jones et al., 2015) up to 5.25 ± 2.63 
µM (Konhauser et al., 2007)), vivianite was likely no typical BIF pre
cursor mineral. In contrast, the formation of siderite in our experiments 
could indeed point towards its relevance for BIF. Siderite may form 
abiotically by precipitation of Fe2+ with the bicarbonate present in 
seawater, both stimulated by Fe(III) reduction coupled to organic matter 
oxidation by microorganisms. In our experiments at realistic ancient 
ocean Fe2+ concentrations of 0.5 mM (Holland, 1973; Morris, 1993), we 
calculated a possible siderite precipitation of 0.34 mM and a possible 
vivianite precipitation of 0.048 mM at the starting point of our experi
ment, before the initiation of Fe(II) oxidation (Table S7). This means 
that in our laboratory experiments, siderite and vivianite precipitation 
must be expected as soon as dissolved Fe2+ is present throughout the 
iron cycling, while under early-ocean-relevant phosphate concentra
tions of 0.04–0.13 µM (Jones et al., 2015), no vivianite is expected to 
precipitate.

One of the most interesting minerals that has been identified in BIF is 
the mixed-valent mineral magnetite, Fe3O4, which can be formed either 
via Fe(II) oxidation or Fe(III) reduction (Kappler et al., 2023). XRD 
analysis of the minerals formed in our cycling experiments showed only 
weak evidence for magnetite. Comparable iron cycling experiments with 
phototrophic Fe(II)-oxidizing and Fe(III)-reducing bacteria − to test iron 
mineral formation in the water column of the early ocean − similarly 
showed an absence of magnetite formation in cycling experiments 
(Schad et al., 2022). Furthermore, high-pressure/-temperature in
cubations (mimicking low-grade metamorphism of BIF precursor sedi
ments after burial) of Fe(III) (oxyhydr)oxide minerals with biomass as 
reducing agent (Halama et al. (2016)) did not yield magnetite. In gen
eral, Fe(II) facilitates either ‘solid-state conversion’ from ferrihydrite to 
magnetite or dissolution-reprecipitation of ferrihydrite to goethite. 
However, the concentration of Fe(II) present, the Fe(II)/ferrihydrite 
ratio, and the Fe(II) formation rate all play a role in determining whether 
magnetite or goethite is precipitated. Based on previous experiments, 
lower Fe(II) concentrations and Fe(II) formation rates lead to the for
mation of goethite, while higher Fe(II) concentrations and Fe(III) 
reduction rates favor the formation of magnetite (Hansel et al., 2003, 
2005). Kappler et al. (2023) demonstrated that microbial processes, 
particularly the activity of Fe(III)-reducing bacteria, enhance Fe(II) 
production, enabling biogenic magnetite formation even in systems with 
limited abiotic Fe(II) sources. Possible inorganic and organic ligands 
present in our experiments, such as phosphate, silica, or natural organic 
matter, however, can inhibit this ‘solid-state conversion’ by blocking the 
reactive surface of the ferrihydrite, similar to the effect of biogenic 
organic matter on ferrihydrite transformation (Han et al., 2020). Spe
cific reasons for the low content or even absence of magnetite formation 
in our iron cycling experiments can be the slow Fe(III) reduction and the 
resulting low Fe(II) formation rates and extent in all our experiments. 
Hansel et al. (2003) found magnetite only in experiments with Fe(II)/ 
ferrihydrite ratios greater than 1.0 mmol Fe(II)/g ferrihydrite. Piepen
brock et al. (2011) did not observe magnetite production with ferrihy
drite concentrations below 5 mM and a minimum fraction of 25–30 % of 
Fe(II) of the total iron, independent of organic matter concentrations. 
This, in turn, means that the magnetite in BIF must have formed 
microbially with higher Fe(III) reduction rates than in our experiments. 
In our cycling experiments, the present phosphate, as well as possibly 
silica, concentrations adsorbed to ferrihydrite to a considerable extent 
thus inhibiting the solid-state transformation. An alternative magnetite 
formation pathway relevant for BIF was found by Hinz et al. (2023) who 
observed abiotic magnetite transformation from FeII/III-silicates like 
greenalite and cronstedtite at temperatures ≤150 ◦C at the seafloor 
during diagenesis. Li et al. (2017) similarly showed magnetite formation 
via a green rust intermediate when hot (>50 ◦C) hydrothermal fluids 
enriched in dissolved Fe(II) reacted with settling Fe(III) (oxyhydr)oxide 
particles.

The incomplete Fe(II) oxidation observed in various silica-containing 
setups (Figs. 1 and 5) in combination with the Moessbauer spectroscopy 
results (Fig. 11) indicated the presence of Fe(II) silicates. However, these 
Fe(II) silicates did not appear in the µXRD diffractograms, indicating low 
crystallinity. Key geochemical parameters in our 0.5 mM iron/’high 
silica’ (2.2 mM) experiments (Fe and Si, pH) are similar to those 
assumed for the ocean during the Archean-Proterozoic transition, 
implying that such Fe(II)-Si aggregates could also have formed in the 
water column at that time. However, the Fe-Si-phases in our experi
ments were collected by filtration, and our data suggests that with 
ongoing cycling the majority of Fe(II) remained accessible to abiotic 
oxidation by O2, while silica dissolved back. Thus, while Fe(II) silicates 
may have formed temporarily in the water column of the Archean ocean, 
they may have been oxidized during sedimentation and not deposited on 
the seafloor.

Moessbauer spectroscopy analysis of Fe(III) precipitates from our 
‘high silica’ setups collected at the end of the oxidative periods indicated 
the presence of Fe(III) doublets, which point towards magnetically 
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unordered Fe(III) minerals. Since this was accompanied by distinct silica 
removal from solution, it suggests the formation of poorly crystalline Fe 
(III) minerals with sorbed or co-precipitated silicate. Similar processes 
could also have occurred in the Archean ocean, as proposed by Kon
hauser et al. (2007) and Fischer et al. (2009), who suggested that dis
solved silica in the Archean ocean was adsorbed to Fe(III) (oxyhydr) 
oxide minerals. However, we observed that in the following reducing 
periods, most of the Fe(III)-associated silica returned to solution. This 
implies that the silica-Fe(III) associations were not stable, and instead 
the silicate became remobilized when the Fe(III) in these precipitates 
was reduced to Fe(II).

4.4. Implications of our laboratory Fe cycling experiments for the ecology 
and activity of cyanobacteria, photoferrotrophs and Fe(III)-reducers in 
early oceans

Previous studies have explored the ecological role of cyanobacteria 
in oceans during the Archean-Proterozoic transition, distinguishing be
tween benthic cyanobacteria in shallow coastal areas and planktonic 
cyanobacteria in the open ocean. Planktonic cyanobacteria are hy
pothesized to be located at the surface of the water column, forming 
oxygen-rich oases (Olson et al., 2013), whereas benthic cyanobacteria 
would have been situated in shallow water, coastal environments 
(Sánchez-Baracaldo and Cardona, 2020). Anoxygenic phototrophic Fe 
(II)-oxidizing (photoferrotrophs) and Fe(III)-reducing bacteria, howev
er, could have been situated in deeper anoxic water (Kappler et al., 
2005). This distinction raises important questions regarding the 
biogeochemical cycling of iron in these environments, particularly 
concerning how much of the upwelled reduced iron was oxidized by the 
photoferrotrophs and how much of this iron was able to interact with the 
oxygen produced by cyanobacteria. With ongoing oxygenation of the 
oceans, the habitable zone of the photoferrotrophs likely decreased, 
making the interactions of Fe(II) with oxygen produced by cyanobac
teria more relevant. One significant ecological advantage of cyanobac
teria compared to photoferrotrophs is that they do not interact with the 
Fe(II) directly and are, therefore, less likely to be encrusted, as also 
evident in our SEM images.

It also remains to be investigated (1) whether the Fe(III)-bearing 
minerals formed during the interaction of dissolved Fe2+ with cyano
bacterially produced O2 can be reduced during sedimentation by Fe(III)- 
reducers within the water column, (2) whether the resulting dissolved 
Fe2+ can be re-oxidized again by photoferrotrophs, (3) how many redox 
cycles might take place during sedimentation through the water column 
to the seafloor, (4) how to distinguish if these metabolic processes took 
place in the water column versus the sediment pile, and (5) how these 
processes differed in coastal shallow settings compared to deeper waters 
and the open ocean. Our results indicate that at ancient-ocean-relevant 
iron (0.5 mM) and silica (2.2 mM) concentrations the minerals exhibit 
maximum crystallinity already after the first Fe cycling event. This im
plies that in an ancient ocean, even after just one cyanobacterial 
oxidation event, precursor Fe(III)-bearing BIF minerals can be gener
ated, as postulated by previous work (Krapež et al., 2003; Kappler et al., 
2005; Konhauser et al., 2005; Schad et al., 2022).

After the first Fe(III) reduction event in the experiments with the 
most ancient-ocean-relevant iron (0.5 mM) and silica (2.2 mM) con
centrations, we found a variety of Fe(III)- and Fe(II)-bearing mineral 
phases, with an overall Fe(II)/Fe(tot) ratio of about 0.4, comparable to 
that of modern BIF (Klein, 2005). This Fe(II)/Fe(tot) ratio remained 
stable even after a further contact of the minerals with oxygen, pointing 
towards a certain redox stability. However, theoretically further 
reduction of the Fe(III) present in these minerals would have been 
possible, either in the deeper, anoxic water column or after sedimenta
tion to the seafloor and accumulation in the sediment. Notably, in the 
presence of 2.2 mM silica, incomplete Fe(II) oxidation occurred, 
meaning that a mixture of Fe(II)- and Fe(III)-bearing phases associated 
with silica were present.

The sedimentation rates of ferrihydrite-cyanobacteria aggregates 
were experimentally determined by Li et al. (2024), who found for 
example rates of 3.82 × 10− 4 cm/s in the presence 500 µM iron at pH 7. 
In a 400 m deep water column (proposed max. water depth on Archean- 
Proterozoic continental shelfs: (Trendall, 2002)), aggregates would 
remain ~132 days in suspension, leaving enough time to undergo Fe(III) 
reduction while settling. Reduction of Fe(III) is even possible in an oxic 
or microoxic water column inside of iron(III)-silica-aggregates, similar 
to marine snow (organic carbon aggregates formed in modern oceans) 
which show oxygen gradients from the outside to the inside of the 
particles (Alldredge and Cohen, 1987). The minerals being sedimented 
to the seafloor may ultimately undergo transformation at the seafloor 
and sediment pile through high pressure and temperature, resulting in 
the BIF mineralogy found today.

5. Conclusions

Our study demonstrates that the precursor minerals to BIF can be 
produced through microbial redox cycling by O2-producing cyanobac
teria and Fe(III)-reducing bacteria in the water column of an ancient 
ocean. The oxidation of Fe(II) initially resulted in the formation of 
poorly crystalline Fe(III) (oxyhydr)oxides, partially associated with sil
ica, where a small extent of Fe(II) being associated with silica (Fe(II)- 
silica minerals) prevented complete Fe(II) oxidation. The following 
microbial Fe(III) reduction under anoxic conditions, either in deeper 
water layers in the ocean or inside of cell-mineral aggregates, led to the 
formation of Fe(II)-bearing minerals and a redissolution of some of the 
silica. Ultimately this would have resulted in mixed-valent mineral ag
gregates consisting of Fe(II), Fe(III) and silica minerals precipitating to 
the seafloor.

This suggests that for iron cycling between cyanobacteria and Fe(III)- 
reducing bacteria to occur in the water column, the water column must 
have been redox stratified. Before the GOE, we can assume that most of 
the oxygen produced by cyanobacteria was consumed by oxidation of 
dissolved Fe2+ in the photic zone, while near the shore or at the top of 
the water column, some Fe2+-free oxygen oases may even have formed. 
However, large parts of the photic zone would also have remained 
oxygen-free, allowing close co-habitation with oxygen-sensitive photo
trophic Fe(II)-oxidizers. As the oxygenation of the water by O2 pro
gressed, the role of phototrophic Fe(II)-oxidizers in the photic zone and 
their contribution to Fe(II) oxidation decreased, while the importance of 
cyanobacteria increased over time.
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