Earth and Planetary Science Letters 450 (2016) 243-253

Earth and Planetary Science Letters

Contents lists available at ScienceDirect

www.elsevier.com/locate/epsl

Evaluation of siderite and magnetite formation in BIFs by @ CrostMak
pressure-temperature experiments of Fe(Ill) minerals and microbial

biomass

Maximilian Halama?, Elizabeth D. Swanner”, Kurt O. Konhauser ¢, Andreas Kappler **

4 Geomicrobiology, Center for Applied Geosciences, University of Tuebingen, Tuebingen, Germany
b pepartment of Geological and Atmospheric Sciences, lowa State University, Ames, IA 50011, USA
¢ Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Alberta, T6G 2E3, Canada

ARTICLE INFO

ABSTRACT

Article history:

Received 22 February 2016

Received in revised form 12 June 2016
Accepted 18 June 2016

Available online xxxx

Editor: D. Vance

Keywords:

banded iron formations
metamorphic

Fe(Ill) reduction
mineralogy

Anoxygenic phototrophic Fe(Il)-oxidizing bacteria potentially contributed to the deposition of Archean
banded iron formations (BIFs), before the evolution of cyanobacterially-generated molecular oxygen (03),
by using sunlight to oxidize aqueous Fe(Il) and precipitate Fe(Ill) (oxyhydr)oxides. Once deposited at the
seafloor, diagenetic reduction of the Fe(IIl) (oxyhydr)oxides by heterotrophic bacteria produced secondary
Fe(Il)-bearing minerals, such as siderite (FeCO3) and magnetite (Fe304), via the oxidation of microbial
organic carbon (i.e., cellular biomass). During deeper burial at temperatures above the threshold for
life, thermochemical Fe(Ill) reduction has the potential to form BIF-like minerals. However, the role
of thermochemical Fe(Ill) reduction of primary BIF minerals during metamorphism, and its impact on
mineralogy and geochemical signatures in BIFs, is poorly understood. Consequently, we simulated the
metamorphism of the precursor and diagenetic iron-rich minerals (ferrihydrite, goethite, hematite) at
low-grade metamorphic conditions (170°C, 1.2 kbar) for 14 days by using (1) mixtures of abiotically
synthesized Fe(Ill) minerals and either microbial biomass or glucose as a proxy for biomass, and (2)
using biogenic minerals formed by phototrophic Fe(Il)-oxidizing bacteria. Mossbauer spectroscopy and
IXRD showed that thermochemical magnetite formation was limited to samples containing ferrihydrite
and glucose, or goethite and glucose. No magnetite was formed from Fe(Ill) minerals when microbial
biomass was present as the carbon and electron sources for thermochemical Fe(lIll) reduction. This could
be due to biomass-derived organic molecules binding to the mineral surfaces and preventing solid-state
conversion to magnetite. Mossbauer spectroscopy revealed siderite contents of up to 17% after only
14 days of incubation at elevated temperature and pressure for all samples with synthetic Fe(Ill) minerals
and biomass, whereas 6% of the initial Fe(Ill) was reduced to sideritic Fe(Il) in biogenic Fe(Ill) minerals
during incubation. Based on our data, magnetite in BIF is unlikely to be formed by thermochemical Fe(III)
reduction in sediments of biogenic ferrihydrite, hematite or goethite-dominated sediments with complex
microbial biomass present. Instead, our results suggest that diagenetic magnetite in BIF was either
formed by microbial Fe(Ill) reduction during early diagenesis, i.e., below 120°C, or by thermochemical
Fe(Ill) reduction with simple organic compounds at higher temperatures, whereas siderite was formed
by both microbial, diagenetic Fe(Ill) reduction and thermogenic Fe(Ill) reduction with complex biomass.
Thermochemical Fe(Ill) reduction coupled to biomass oxidation during metamorphism provides another
origin for BIF siderites and could have led to a significant increase in Fe(Il) content in BIF after deposition
over geological timescales.

© 2016 Elsevier B.V. All rights reserved.
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1.7 billion years (Ga) ago. They are characterized by alternating Fe-
and Si-rich layers with low organic carbon (Corg) (<0.2 Wt.%) (see
Bekker et al., 2010; 2014 for reviews). Silicon dioxide (SiO3), up
to 56 wt.% in BIFs, is mainly present in chert, but is also present
in various iron silicate minerals. The BIF total iron content can
be up to 40 wt.% and Fe is present as silicates, oxides (hematite,
magnetite), carbonates (siderite, ankerite) and, to a minor extent,
sulfides (pyrite) (Klein, 2005).

The current mineralogy of BIF is likely not primary, but instead
represents post-depositional processes such as diagenesis (which
we consider as biologically-driven and below 120°C) and meta-
morphism (which occurs abiogenically at higher temperatures)
(Klein, 2005; Konhauser et al., 2005; Li et al., 2011, 2013; Kéhler
et al., 2013; Posth et al., 2013; Rasmussen et al., 2014). The Si-rich
layers in BIFs originated from the chemical precipitation of amor-
phous silica since Precambrian oceans were quite likely enriched
in Si up to 2.2 mM (Siever, 1992; Konhauser et al., 2007b). For
the Fe-rich layers, it is still debated which minerals formed the
primary Fe-rich sediments (Klein, 2005; Rasmussen et al., 2014;
Sun et al., 2015). The deposition of Fe-rich sedimentary precip-
itates requires certain geochemical conditions and processes to
have occurred in the Archean and Paleoproterozoic ocean: (1)
Since Fe(Ill) is poorly soluble in seawater at circumneutral pH,
the ancient oceans must have been anoxic to transport a signifi-
cant amount of Fe as dissolved Fe(Il) to BIF deposition sites. (2)
An oxidative process must have occurred in seawater that ox-
idized the dissolved Fe(Il) to Fe(lll), forming Fe(Ill) precipitates
(Cornell and Schwertmann, 2003). The most widely assumed pri-
mary minerals are Fe(Ill) (oxyhydr)oxides, for instance, ferrihydrite,
Fe(OH)s. Ferrihydrite forms either by direct microbial oxidation via
anoxygenic phototrophic Fe(Il) oxidation (Konhauser et al., 2002;
Kappler et al., 2005), indirectly by abiotic oxidation via free O,
produced photosynthetically by cyanobacteria (Cloud, 1965), or by
microaerophilic Fe(Il)-oxidizing bacteria also using cyanobacterial
03 (Holm, 1989). Additionally, photochemical oxidation of aqueous
Fe(Il) has been suggested as an abiotic origin for BIF (Braterman
et al,, 1983), but this process was likely inefficient compared to
other oxidative mechanisms and simple precipitation from super-
saturated solutions (Konhauser et al.,, 2007a). The deposited ferri-
hydrite then dehydrates under elevated pressure and/or tempera-
ture and is transformed to hematite (at T < 100°C; Schwertmann
et al., 1999), which is an abundant BIF mineral (Klein, 2005).
In the presence of an electron donor, such as Corg, the ferrihy-
drite/hematite can also be reduced to mixed-valence or ferrous-
iron-containing minerals, such as magnetite (Fe304) and siderite
(FeCO3) (Perry et al., 1973; Lovley et al., 1987; Johnson et al., 2005;
Posth et al., 2013).

Although magnetite in BIF could be a primary phase that
formed by interaction of Fe(lll) (oxyhydr)oxide precipitates with
dissolved Fe(Il) during sedimentation to the seafloor (Hansel et al.,
2003), both petrographic and isotopic evidence suggests magnetite
is largely a secondary mineral phase (e.g., Ewers and Morris, 1981;
KrapeZ et al., 2003). In terms of iron isotopes, light Fe isotope
compositions in BIF magnetite are assumed to originate from
dissimilatory Fe(Ill) reduction (DIR) (Johnson et al., 2005, 2008;
Percak-Dennett et al., 2011). Furthermore, the oxidation of Cog
during DIR would not only have diminished Co¢ in BIF sediments
(e.g., Gole and Klein, 1981), but the isotopically depleted bicarbon-
ate generated would have formed calcium carbonate cements with
the isotopically depleted 13C values that are characteristic of BIFs
(Perry et al., 1973; Walker, 1984). Therefore, the presence of mag-
netite would indicate the original presence of Corg in BIF primary
sediments and, consequently, the simultaneous deposition of Fe(III)
minerals and biomass in Precambrian oceans (Li et al., 2011). Con-
sequently, for BIF formed in the Eoarchean (4.0-3.6 Ga) and Pale-
oarchean (3.6-3.2 Ga), times for which there is at present no indi-

cation that cyanobacteria had yet evolved (see Satkoski et al., 2015
that recently argued for cyanobacteria at 3.2 Ga), the presence
of Fe(lll)-containing minerals would seemingly imply that pho-
totrophic Fe(I)-oxidizing bacteria had already evolved (e.g., Pecoits
et al,, 2015). However, it needs to be considered that the absence
of convincing evidence for cyanobacteria at that time does not ex-
clude the possibility that cyanobacteria had already evolved.

Siderite is another ferrous-iron-containing mineral that is found
in BIFs of all ages. Since Mesoarchean to Paleoproterozoic seawater
had high concentrations of Fe(ll) and higher HCO; concentrations
than today (due to a higher pCO, in the Precambrian atmosphere;
Holland et al., 1986) it has been suggested that some siderite pre-
cipitated directly from seawater (Ewers and Morris, 1981; Pecoits
et al., 2009). However, the carbon isotope composition of BIF
siderite reveals enrichments of the light carbon isotope ('2C) with
respect to seawater-derived inorganic carbon, suggesting that '2C-
enriched biomass carbon was mineralized by DIR and incorporated
into Fe(Il) carbonates (Beukes et al., 1990; Vargas et al., 1998;
Konhauser et al., 2005).

1.2. Thermochemical origin of magnetite and siderite in BIFs - role of
abiotic metamorphism

Any model describing the mechanisms by which secondary BIF
minerals precipitated must also consider the possibility that the
Fe(Il) necessary for the formation of these two minerals was de-
rived abiotically from Fe(Ill) in the presence of Corg, induced by
elevated pressure and temperature conditions associated with sed-
iment burial (Perry et al, 1973). Recent studies using P/T-burial
simulations of synthetic mixtures of ferrihydrite, with glucose as a
proxy for biomass, have demonstrated that magnetite and siderite
can be formed by thermochemical Fe(Ill) reduction under low P/T
metamorphic conditions (Kohler et al., 2013; Posth et al., 2013). In
these experiments, ferrihydrite was mixed with glucose and then
exposed to 1.2 kbar and 170°C for up to 137 days, conditions com-
parable to those experienced by some of the best preserved BIF
in South Africa and Western Australia (Klein, 2005). In the Posth
et al. (2013) and Koéhler et al. (2013) studies, the main Fe redox
and mineral transformation took place within the first 14 days and
the secondary mineral phases formed included various mixtures of
hematite, magnetite and siderite, depending upon the amount of
glucose initially added. Up to 23% of the initial Fe(Ill) in ferrihy-
drite was reduced to Fe(Il). From that study it was concluded that
thermochemical Fe(Ill) reduction could have contributed to siderite
and magnetite formation in BIF. However, it is unknown what ef-
fect real microbial biomass (versus glucose) has in thermochemical
transformations.

In the present study, we expanded the experiments by Posth
et al. (2013) and Kohler et al. (2013) and simulated BIF meta-
morphism using two types of microbial biomass (dried microbial
cells and temperature pre-treated microbial cells). Additionally, we
conducted experiments with hematite and goethite as alternative
Fe(Ill) sources to investigate the influence of the starting miner-
als on the resulting mineralogy. Hematite, a dehydration product
of Fe(Ill) (oxyhydr)oxides (Cornell and Schwertmann, 2003), and
goethite, a possible product of chemical oxidation under condi-
tions proposed for Eoarchean to Paleoproterozoic oceans (Cornell
and Schwertmann, 2003; Hansel et al.,, 2003) and of microbial
Fe(I) oxidation (Kappler and Newman, 2004), represent alternative
primary BIF minerals. However, synthetic minerals have different
properties than biogenic minerals. Therefore, we ran additional
experiments with biogenic Fe(Ill) mineral-cell aggregates, which
were produced by phototrophic Fe(ll)-oxidizing bacteria. Finally,
we investigated the influence of Si sorbed to biogenic Fe(Ill) min-
erals on the thermochemical Fe(lIll) reduction, given the siliceous
nature of Precambrian seawater, using biogenic Fe(Ill) mineral-
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cell aggregates grown in the presence of approx. 1 mM Si in the
medium. The ultimate goal of this study is to determine whether
magnetite and siderite can be formed by thermochemical reduc-
tion of Fe(Ill) minerals by biomass in BIF relevant mixtures during
metamorphic conditions.

2. Methods
2.1. Fe(Ill) mineral synthesis

Ferrihydrite, hematite, and goethite syntheses were performed
according to Schwertmann and Cornell (2008) (SI. 1). All Fe(III)
minerals were washed four times with Millipore water and freeze-
dried. The identity and crystallinity were verified using pXRD and
Maossbauer spectroscopy.

2.2. Microbial biomass synthesis

Microbial biomass was obtained by cultivation of Shewanella
oneidensis MR-1 (modified after Lies et al., 2005), and the cells
were washed and freeze-dried (SI. 2). The dried biomass was split
in two fractions: the first remained untreated while the second
was transferred into 15 cm-long glass tubes that were closed by
welding for thermal decomposition treatments. The aim of this
treatment was to partially decompose the biomass so that the
temperature-treated (T-treated) biomass was depleted in highly
reactive organic compounds like sugars and proteins (SI. 3). The
glass tubes, filled with approximately 1 g biomass, were closed in
a glove-box (100% N;) with butyl stoppers. The glass tubes were
welded by a gas torch after evacuation with a vacuum pump to
avoid bursting. The closed glass tubes were incubated at 170 °C for
24 h. The T-treated biomass was homogenized by grinding after
incubation.

2.3. Production of biogenic Fe(1ll) mineral-cell aggregates with and
without sorbed Si

For production of biogenic Fe(Ill) mineral-cell aggregates, with
and without Si, the marine phototrophic Fe(Il)-oxidizing strain
Rhodovolum iodosum was cultivated following Wu et al. (2014)
(SL 4). After complete Fe(Il) oxidation, the Fe(Ill) mineral-cell ag-
gregate suspension was centrifuged at 4229 g, the supernatant was
discarded and the aggregates were washed four times with a ma-
rine phototroph medium diluted 1:10 with water. The aggregates
were freeze-dried and the total organic carbon (TOC) content was
quantified by an elemental analyzer (Elementar Vario EL). The Fe
content was determined by the ferrozine assay (Stookey, 1970) af-
ter dissolution of an aliquot of the aggregates in 1 M HCl. The
Si content of the Fe(Ill) mineral-cell aggregates precipitated in
1 mM dissolved Si was determined after dissolving the aggregates
in HNO3 using microwave plasma-atomic emission spectroscopy
(MP-AES).

2.4. Capsule preparation

Mixtures of synthetic Fe(Ill) minerals and Corg sources (glu-
cose/dried microbial biomass/T-treated dried microbial biomass)
were prepared at electron ratios of 0.6 and 2.4: electrons that
can be released from carbon vs. electrons that can be accepted
by Fe(Ill). For further information regarding the calculation of the
electron ratios see Posth et al. (2013). The electron ratio of 0.6
(corresponding to an excess of Fe(Ill); hereafter referred to as low
Corg content) is comparable to the C:Fe ratio in sediments which
are produced by phototrophic Fe(Il)-oxidizing bacteria (Posth et
al.,, 2010), whereas the electron ratio of 2.4 (corresponding to
an excess of biomass; hereafter referred to as high Corg content)

represents the additional input of Corg (e.g. organic matter from
cyanobacteria). The electron ratios are used following previous
studies by Kohler et al. (2013) and Posth et al. (2013).

The gold capsules (diameter 2.1 mm, 0.2 mm wall thickness,
3 cm long) were loaded with Fe(lll) mineral-Corg mixtures and
Fe(Ill) mineral-cell aggregates, welded in air and put in a high
pressure/high temperature autoclave (SITEC SIEBER Engineering
AG) at 170°C and 1.2 kbar for 14 days (SI. 5). The sealing of the
capsules was monitored by weighing before and after simulated
metamorphism. As a non-treated control, a capsule containing fer-
rihydrite with high glucose content was prepared and not incu-
bated at high temperature and pressure.

2.5. pXRD measurements

The gold capsules were opened and dried at 30°C for 24 h in
an incubator in a glove-box with 100% N,. The sample material
was picked from the gold capsules and ground. A small aliquot
was put on a silicon wafer and stored in N,-filled preserving jars
until pXRD analyses under ambient atmospheric conditions (within
a few minutes to avoid oxidation of O,-sensitive Fe minerals).

A Bruker D8 Discover GADDS XRD?-microdiffractometer from
the Applied Mineralogy group at the University of Tiibingen was
used for pXRD equipped with a Co-anode, a primary graphite
monochromator, and a 2-dimensional HI-STAR-detector. Crystalline
minerals were identified by using the internal database of the EVA
software (version 10.0.1.0).

2.6. Mdssbauer spectroscopy

Samples were filled under N, in Plexiglas holders with an
inner-diameter of 1.5 cm and spread evenly in the holders to form
a thin disc. The samples were inserted into a closed-cycle exchange
gas cryostat (Janis cryogenics). The spectra were recorded at 140 K
for Fe(Ill) mineral-Corg mixtures and at room temperature (295 K,
RT), 140 K, 77 K, and 5 K for pure minerals in transmission geom-
etry using a constant acceleration drive system (WissEL). A 37Co
source embedded in a Rhodium matrix was used as gamma radi-
ation source. The sample spectra were calibrated against a 7-um-
thick a->"Fe foil at RT. The RECOIL software suite (University of
Ottawa, Canada) was used for the calibration and spectra mod-
eling using Voigt-based line shapes. The Lorentz half-width-half-
maximum value was kept constant at the line width determined
from the minimum line width of the third and fourth peak of the
calibration foil in the models, and the Gauss’ sigma parameter was
used to account for line broadening until the fitting was reason-
able.

Méssbauer spectra were obtained on at least triplicates of
each mixture at 140 K and each spectrum was fitted individually
(SI. 10). The relative proportion of the areas covered by the dou-
blets and sextets of the total area of the Md&ssbauer spectrum is
equivalent to the relative abundance of Fe in a particular crystal
lattice site to the total Fe. The relative Fe(Il) content was calcu-
lated assuming ideal stoichiometry with 100% Fe(Il) in siderite and
50% Fe(Il) in the octahedral site of magnetite (resulting in a to-
tal Fe(Il) content of 33% in magnetite). Fe(Il) contents are given as
mean values with their 1o standard deviations.

2.7. Thick section preparation and reflected-light microscopy

For reflected-light microscopy, gold capsules were opened at
both ends in a glove-box (95/5 N2/H,), placed in plastic rings
and embedded in Araldit 2020 using a vacuum embedder. After
hardening, the samples were sawn in half and polished with 1 pm
grit. A Leica DM 2500 P was used with a 20x objective. For XAS
measurements, gold capsules were embedded in Kérapox 439 and



246 M. Halama et al. / Earth and Planetary Science Letters 450 (2016) 243-253

Fe(OH
a —incubated biZe( )L\ l
— initial i

Fe(OH), .

A At St kv oy P et ot | E=)
_ T T e €
= /\ | 03
g ‘ , n A No£
= A I | i A )
= | F | =
& e;Oa . ‘f"‘\f‘- JI\J J“ J’\ ,\\ 5
[ NN T e T 3
7 2
g <

FeOOH }l L

— e ST e

—a-Fe,0,

a-FeOOH
—sample
holder | ‘ ‘
T T T T 1 1 v e A

15 20 25 30 35 40 45
° (26 CoKa)

v (mm/s)

Fig. 1. X-ray diffractograms (a) of pure synthesized ferrihydrite, hematite, and goethite before and after incubation at 170°C and 1.2 kbar for 14 days, and Mossbauer spectra

(b) obtained at 77 K of the same pure mineral samples before incubation.

polished down until the sample was at the surface. Sample mate-
rial was fixed with glue and further polished with 1 pm grit (SI. 6).

2.8. Synchrotron-based X-ray fluorescence and X-ray absorption
spectroscopy

Synchrotron-based X-ray fluorescence (XRF) and X-ray spec-
troscopy (XAS) measurements of epoxy-mounted capsules around
the Fe K-edge were made and analyzed as described in the Sup-
plementary Information (SI. 7).

3. Results

3.1. Identity of minerals formed during simulated metamorphism of
mixtures of synthetic Fe(lll) minerals and Coyg

For all starting minerals and experiments, the identified miner-
als and their Fe(II)/Fe(tot) ratios are shown in Table 1. The products
of mineral syntheses were identified by pXRD and Mdssbauer spec-
troscopy. Ferrihydrite synthesis produced poorly crystalline grains
indicated by the absence of reflections in the X-ray diffractogram
(Fig. 1a) and by the presence of a paramagnetic doublet in the
Mossbauer spectrum, even at 77 K (Fig. 1b), indicating a low block-
ing temperature (SI. 8). The synthesis of pure hematite was con-
firmed by uXRD (as revealed by strong X-ray reflections, Fig. 1a)
and a sextet in the Mdssbauer spectrum showing magnetic or-
dering at 77 K and RT (Fig. 1b; SI. 9). Goethite was identified as
poorly crystalline with probably small grain size by a paramag-
netic component (goethite is usually characterized by a magnetic
sextet even at room temperature; Cornell and Schwertmann, 2003)
due to weak magnetic ordering in the Md&ssbauer spectrum at 77
K (Fig. 1b, SI. 10) and broad reflections with pXRD (Fig. 1a). Within
14 days of incubation at 170°C and 1.2 kbar, the pure ferrihydrite
and goethite (in the absence of Corg) were transformed completely
to hematite, but the hematite was not altered (Fig. 1a).

When synthesized Fe(Ill) minerals were mixed with a source
of Corg, the final mineralogy after pressure/temperature treatment
was different depending on starting mineral identity, Core identity
and amount. Samples containing synthetic ferrihydrite and glu-
cose, both with low and high Cog content, formed magnetite and
siderite during incubation at 1.2 kbar and 170°C for 14 days. In
the ferrihydrite/glucose mixture with low Corg content, hematite
formed as well (Fig. 2a). When glucose was substituted by either
dried microbial biomass or by T-treated biomass, magnetite did
not form in either low or high Corg content samples. Instead, only

hematite and siderite were formed (Fig. 2a). When hematite was
mixed with either glucose or cells (independent of low or high
Corg content), siderite was produced (Fig. 2b). In contrast to fer-
rihydrite/glucose mixtures, no magnetite was formed if hematite
was blended with glucose (Fig. 2b). When goethite was mixed with
small amounts of glucose, magnetite formed (Fig. 2c; SI. 15). How-
ever, when the glucose content was increased, magnetite did not
form from goethite during incubation (Fig. 2¢). Instead, in all sam-
ples containing goethite and organics (dried or T-treated biomass
or glucose), the formation of siderite was observed (Fig. 2¢). The
transformation of goethite to hematite was dependent on the Cog
content and type of the Corg source. In goethite/glucose samples,
no hematite formed (Fig. 2c). Similarly, hematite was not formed
in the high Corg-containing goethite/dried biomass sample (Fig. 2c).
Instead, reflections relating to maghemite, an Fe(Ill) oxide with
magnetite structure and a known thermal transformation product
of goethite in reducing environments (Cornell and Schwertmann,
2003; Hanesch et al., 2006), were detected (Fig. 2c). pXRD signals
for hematite were present in the goethite samples with either high
or low content of pre-treated biomass (Fig. 2c).

3.2. Identity of minerals formed during simulated metamorphism of
biogenic Fe(1ll) mineral-cell aggregates

The starting mineralogy of biogenic Fe(Ill) mineral-cell aggre-
gates from phototrophic Fe(ll) oxidation was different depending
on the presence or absence of Si. Fe(Ill) mineral-cell aggregates
obtained from cultures of R. iodosum grown without Si consisted of
poorly crystalline goethite, as indicated by very broad reflections
in pXRD (Fig. 3a) and partly magnetic ordering at 77 K, expressed
by the presence of a collapsed Mdssbauer sextet (Fig. 3b; SI. 11).
Aggregates produced in the presence of Si showed no reflections
(Fig. 3a) and had a low blocking temperature revealed by the ab-
sence of any magnetic ordering at 77 K in the Mdssbauer spectrum
(Fig. 3b; SI. 12), characteristic for ferrihydrite. MP-AES showed that
the Si content in biogenic Fe(Ill) mineral-cell aggregates formed
by R. iodosum in the presence of 1 mM dissolved Si was about
1.4 wt% and the Si/Fe ratio was 0.042. After incubation of the
Fe(Ill) mineral-cell aggregates at 1.2 kbar and 170°C for 14 days,
pXRD analyses of samples, with and without Si, showed the pres-
ence of goethite, hematite and siderite (Fig. 3a). Additionally, in the
setup with Si, a very weak signal for maghemite appeared (Fig. 3a).
Both siderite and goethite were more abundant after incubation
in the sample of biogenic Fe(Ill) mineral-cell aggregates without
Si, as indicated by higher reflection intensities. Goethite was also
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more crystalline, resulting in narrower reflections compared to re-
flections in the sample of biogenic Fe(Ill) mineral-cell aggregates
with Si (Fig. 3a).

3.3. Calculation of Fe(II) and Fe(Ill) based on results from Mossbauer
spectroscopy

Mossbauer spectroscopy was used to determine Fe(Il)/Fe(tot) ra-
tios and to complement the pXRD identification of the minerals in
the P/T-diagenetic products of different Fe(Ill) mineral-Corg mix-
tures.

Our results showed that magnetite formation is limited to ferri-
hydrite/glucose (low and high content) and goethite/glucose (low
content) samples (Table 1; SI. 13, 15). In contrast, siderite was
found in all synthetic Fe(Ill) mineral-Co; mixtures, as well as in
both biogenic setups (Table 1). Non-reduced initial ferrihydrite was
completely transformed to hematite (Table 1; SI. 13) and non-
reduced initial hematite remained stable during simulated meta-
morphism (Table 1; SI. 14). Goethite remained partially stable in all
goethite setups, but the amount of remaining goethite depended
on the Corg content (Table 1; SI. 15). In goethite/glucose (high con-
tent) samples no hematite formed (Table 1). In goethite setups
with high contents of dried and T-treated biomass maghemite ap-
peared as an additional phase (Table 1; SI. 15).

Fe(Il) quantification showed that thermochemical Fe(Ill) reduc-
tion during simulated metamorphism of ferrihydrite/glucose mix-
tures with low and high Corg contents produced 22.8 4= 0.9% and
43.9 + 1.6% Fe(1I), respectively (Table 1). When glucose was substi-
tuted by dried microbial cells, the Fe(Il) decreased to 4.7 + 0.6%
and 14.6 £ 0.3% in ferrihydrite/biomass mixtures with low and
high Corg content, respectively (Table 1). The Fe(Il) in samples con-
taining ferrihydrite and T-pre-treated microbial biomass with low
and high Corg was 3.3 £0.4% and 12.0 & 1.2%, respectively (Ta-
ble 1). The control samples did not show any evidence for reduced
Fe (data not shown).

When ferrihydrite was replaced by hematite in simulated meta-
morphism experiments, we found that the hematite was less re-
ducible than ferrihydrite. Only 3.3 £0.5% of Fe(lll) in hematite was
reduced if the hematite was mixed with low amounts of dried
cells and incubated at 170°C and 1.2 kbar, while 2.3 £ 0.4% was
reduced in mixtures with low amounts of T-pre-treated biomass
(Table 1). If the Corg content was increased, the Fe(Il) yield in-
creased to 11.0 + 1.1% and 7.0 £ 0.8% in samples with dried and
T-pre-treated biomass, respectively (Table 1). Hematite mixed with
glucose resulted in similar Fe(Il) proportions as samples containing
dried cells, with 3.2 & 0.7% in mixtures with low and 10.9 & 1.5%
in mixtures with high Cog (Table 1).

When ferrihydrite was replaced by goethite we observed that
the goethite reactivity was intermediate between that of ferrihy-
drite and hematite when mixed with glucose, with about 15.2 +
2.1% and 20.7 & 3.5% of the Fe(Ill) reduced in the presence of
low and high Cog, respectively (Table 1). If glucose was substituted
by microbial biomass, the Fe(Il) yield was higher in goethite sam-
ples than in ferrihydrite and hematite samples. In goethite samples
with low Cog content, the Fe(Il) yield was 7.54+0.6% and 6.940.9%
in samples with dried and T-treated microbial cells, respectively,
whereas 17.1 +0.5% and 14.8 £ 0.5% Fe(Ill) was reduced by dried
and T-treated microbial biomass, respectively, in samples with high
Corg content (Table 1).

In samples of biogenic Fe(Ill) mineral-cell aggregates, 6.2 +0.4%
and 8.2 +0.2% Fe(Ill) was reduced to Fe(Il) and present as siderite
in the absence and presence of Si, respectively. This Fe(Il) con-
tent is comparable to the Fe(Il) content measured with synthetic
goethite samples with low contents of both dried and T-treated
biomass (Table 1).

3.4. Analysis of spatial relationship of different minerals formed by
simulated BIF metamorphism

Reflected light microscopy was performed on P/T-treated sam-
ples containing initial mixtures of either hematite or ferrihydrite
and dried microbial biomass with both low and high Cog contents.
Although the mineralogy of both samples with initial ferrihydrite
or hematite were the same after P/T-incubation as determined
by uXRD and Mdssbauer spectroscopy (Figs. 2 and 4), the sam-
ples with initial ferrihydrite were microscopically clearly distin-
guishable from the samples that initially contained hematite. The
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Fig. 3. pXRD analyses of biogenic Fe(Ill) mineral-cell aggregates from phototrophic Fe(Il)-oxidizers grown in the absence and presence of dissolved Si before and after
simulated metamorphism (a) and Mdssbauer spectra collected at 77 K of biogenic Fe(Ill) mineral-cell aggregates with and without Si (b).
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Fig. 4. Mossbauer spectra collected at 140 K of samples of synthetic ferrihydrite and hematite with high content of dried biomass (a) and biogenic Fe(Ill) mineral-cell
aggregates with and without Si (b) after 14 days of simulated metamorphism. Circles: data points, solid black line: fit.

hematite formed from ferrihydrite had a brecciated appearance
with irregularly-shaped grains of different sizes (Fig. 5a, c). The
surfaces of these grains looked rough with a greyish coloring and
red color with crossed polars (Fig. 5a, c). The reddish color came
from inner reflections within hematite grains, representing either
small hematite grains or hematite grains with many fractures. In
samples of initial hematite, hematite was light grey, but appeared
almost black where the sample was overlain by resin (Fig. 5b).
In contrast to ferrihydrite-derived hematite, the hematite in these
samples was black under crossed polars (Fig. 5d), indicating a
higher degree of crystallinity and fewer internal fractures. How-
ever, areas around hematite were red and represented areas less
crystalline in structure (Fig. 5d). Siderite grains were not clearly
identified in samples that were formed from initial hematite due
to foreign particles (gold, Fig. 5b) or overlying resin (Fig. 5d). In
samples that formed from initial ferrihydrite, siderite was visible as
light greyish crystals, with and without crossed polars, with a eu-

hedral or subhedral shape (Fig. 5a, c). Siderite crystals were mostly
located in pores (Fig. 5a, ¢) or between single hematite grains.

A combination of XRF and XAS at the Fe K-edge was used to
map the Fe oxidation state within a 0.4 x 0.5 mm area of an
epoxy-embedded P/T-treated sample initially containing hematite
and glucose (high Corg content). The analysis showed a matrix of
Fe(Il) with globules of Fe(Il) (Fig. 6b). Based on XRD (Fig. 3b) and
Mossbauer spectroscopy results (Table 1), the oxidized areas repre-
sent hematite, whereas the reduced areas are siderite. This is con-
sistent with observations by reflected-light microscopy (Fig. 6a).
Both size and distribution of siderite crystals are similar in the mi-
crograph and the Fe oxidation state map, showing siderite globules
surrounded by hematite (Fig. 6a, b). Furthermore, XANES spectra
collected at oxidized and reduced areas in Fig. 6b also confirmed
the presence of both hematite and siderite (SI. 16). Although both
minerals could be detected in oxidized and reduced areas, the rel-
ative abundance of each mineral differed (SI. 16).
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Table 1

249

Fe(II)/Fe(tot) ratios and mineralogy of synthetic Fe(Ill) mineral-Co;; mixtures and biogenic Fe(Ill) mineral-cell aggregates with and without sorbed Si after 14 days of

simulated metamorphism determined by Méssbauer spectroscopy.

Fe(III) Corg e~ -ratio Fe(II)/Fe(tot) Mineralogy after simulated metamorphism
mineral source (mol%) Fe,03 Fe304 FeCO; FeOOH y-Fe;03 Fe(OH);
Ferrihydrite Glucose 0.6 22.8+0.9 X X X
2.4 43.9+1.6 X X
Dried cells 0.6 4.7+0.6 X X
2.4 14.6+0.3 X X
T-treated cells 0.6 32+04 X X
24 12.0+£1.2 X X
Hematite Glucose 0.6 3.2+0.7 X X
2.4 109+1.5 X X
Dried cells 0.6 3.3+0.5 X X
2.4 11.0+£1.1 X X
T-treated cells 0.6 23104 X X
2.4 6.9+0.8 X X
Goethite Glucose 0.6 152+2.1 X X X
2.4 20.7+3.5 X X
Dried cells 0.6 7.5+0.6 X X X
24 17.1£0.5 X X X X
T-treated cells 0.6 6.9+0.9 X X X
24 14.8+0.5 X X X X
Fe(IlI) mineral-cell aggregates without Si 6.2+04 X X X
Fe(IlI) mineral-cell aggregates with sorbed Si 8.2+0.2 X X X X X

hematite

hematite

hematite

h |

Fig. 5. Reflected-light micrographs of samples after simulated metamorphism initially containing ferrihydrite (a, ¢) and hematite (b, d) with high Corg (dried biomass).
Hematite originated from ferrihydrite has heterogeneous grey coloring while siderite is light grey (a). More crystalline hematite usually has a very light grey to whitish color,
which appears only weakly in panel b due to overlaying resin. Under crossed polars (c, d) less crystalline hematite appears red and siderite whitish or greyish, whereas more

crystalline hematite is black.
4. Discussion

4.1. Thermochemical and microbial formation of magnetite in BIFs —
consequences for using magnetite as biomarker

Recently, Posth et al. (2013) suggested thermochemical Fe(IIl)
reduction of primary Fe(Ill) minerals by glucose as a possible
formation pathway of Fe(ll)-bearing BIF minerals, such as mag-
netite. However, in our study, using microbial biomass, we did
not observe any magnetite formation after 14 days at 170°C and
1.2 kbar. A possible reason for the absence of magnetite forma-
tion in biomass-containing samples could be that the transforma-
tion of Fe(Ill) oxyhydroxide minerals to magnetite, which requires

Fe(Il) sorption to the Fe(Ill) mineral surface followed by solid-state
conversion to magnetite (Hansel et al., 2003), is inhibited by ad-
sorption of organic biomolecules leading to surface blocking. For
instance, breakdown of the biomass during pressure-temperature
treatment of the samples produces some carbohydrates, nucleic
acids and proteins (Pistorius et al., 2009; Sanchez-Silva et al.,
2012), but also more complex organic molecules, e.g., aromatics
(Qin et al.,, 2008). Furthermore, it has been shown that hydropho-
bic organic compounds (e.g., aromatics) are preferentially adsorbed
to Fe(Ill) mineral surfaces compared to hydrophilic ones (e.g., glu-
cose; Gu et al, 1995). Thus, in contrast to glucose-containing
samples, more complex hydrophobic organic molecules could have
been produced in biomass-containing samples during incubation,



250 M. Halama et al. / Earth and Planetary Science Letters 450 (2016) 243-253

reduced/

oxidized
~~

b C

reduced
endmember + fit

oxidized
endmember + fit

Hematite

My /\/
Siderite

1 1
7100 7120 7140 7160 7180
Energy (eV)

\

\

Normalized intensity

Fig. 6. Reflected-light micrograph (a) and map of Fe oxidation state (b) of a sample initially containing hematite and high content of glucose after simulated metamorphism.
Red: Fe(lll); green: Fe(Il). Two XANES spectra shown are representative for endmembers of oxidized and reduced areas in panel (b) fitted with presented reference spectra

of pure hematite and siderite (c). The vertical line represents the energy at 7120 eV.

resulting in higher adsorption and higher degree of mineral sur-
face blocking, preventing magnetite formation. A similar inhibition
of magnetite formation by complex organic molecules binding to
the surface of Fe(Ill) oxyhydroxides has been reported for natural
environments (Amstaetter et al., 2012).

If magnetite cannot be formed by thermochemical Fe(Ill) re-
duction by complex organic materials, then this suggests either
that magnetite forms diagenetically via DIR (Lovley et al., 1987;
Vargas et al., 1998; Konhauser et al., 2005) or that thermochemi-
cal reduction leads to magnetite formation, but only using simple
organic substrates (Kohler et al., 2013; Posth et al., 2013). Whether
magnetite can be formed with increasing temperatures or with
continuing exposure to elevated pressure and/or temperature dur-
ing metamorphism, which would lead to further degeneration of
complex organics and production of simple organic compounds, is
still unclear and needs to be tested.

Siderite formation appeared to be independent of the com-
plexity of the organic substrate, likely due to the different min-
eral formation pathways for siderite and magnetite. While mag-
netite is formed via a solid state conversion due to interaction
of dissolved Fe(Il) and Fe(Ill) (oxyhydr)oxide minerals, siderite is
chemically precipitated from a solution containing dissolved Fe(II)
and bicarbonate. Thus, as long as dissolved Fe(Il) and bicarbon-
ate are present siderite can be formed. Siderite precipitation is
in agreement with observations in thin sections of our samples
that siderite has euhedral or subhedral shape and that it is located
in pore spaces. This suggests that thermochemical Fe(Ill) reduc-
tion during metamorphism can lead to siderite formation. So, what
does this mean for interpretations of geochemical signatures in BIF
magnetite and siderite? Our results show that DIR-derived mag-
netite and thermochemical siderite can be precipitated proximal
to one another. Assuming Si-coated biogenic ferrihydrite (due to
highly concentrated dissolved Si in seawater) as a primary Fe min-
eral of BIF, it would have been associated with fresh biomass and
both would have sedimented simultaneously from the photic zone
to the seafloor. During sedimentation, some of the biomass was al-
ready degraded by fermentation, but also by anaerobic respiratory
processes, such as DIR. In the sediments, during early diagenesis
up to temperatures of 120 °C (Kashefi and Lovley, 2000), degrada-
tion of biomass by DIR continued, resulting in Corg consumption
and magnetite formation from the ferrihydrite precursor. With in-
creasing temperature and pressure, residual ferrihydrite was then
transformed to hematite, or to goethite given the stabilizing ef-
fect of sorbed Si (Toner et al., 2012) as in our experiments with
Si-coated biogenic Fe(Ill) mineral-cell aggregates. Thus, it is rea-
sonable to consider BIF sediments as consisting of goethite (or
hematite), magnetite and degraded biomass after early diagene-

sis. At temperatures above 100 °C, thermochemical Fe(IIl) reduction
of goethite could then produce siderite while diminishing Cog.
Since Fe(lll)-reducing bacteria can only exist at temperatures below
120°C (Kashefi and Lovley, 2000), while thermochemical Fe(III) re-
duction probably starts at temperatures higher than 100°C and
still takes place at a few hundred °C (Perry et al., 1973), both pro-
cesses can occur in the same sediment at different depths, but
using different organic substrates. This could lead to different geo-
chemical signatures within DIR-derived and thermochemically pro-
duced siderite (e.g., Fe isotope composition; Johnson et al., 2008).

Interestingly, Fe isotope signatures in BIF magnetite and siderite
showing heavy and light Fe isotope compositions, respectively, sug-
gest different formation pathways for both minerals (Beard et al.,
2003; Johnson et al., 2008). Magnetite is supposed to originate
from an abiotic equilibrium reaction of a Fe(Ill) precursor with dis-
solved Fe(Il) that sorbs to the Fe(lll) precipitates (Johnson et al.,
2008), whereas isotopically light siderite is proposed as a prod-
uct of DIR, which leads to a strong Fe isotope fractionating process
towards light Fe isotopic compositions of the products (Johnson
et al., 2005). However, all these studies do not consider the Fe
isotope fractionation by thermochemical Fe(Ill) reduction during
metamorphism, for which the Fe isotope fractionation is com-
pletely unknown and which is currently being measured in the
authors’ laboratory.

4.2. Thermochemical formation and transformation of siderite -
information from crystal morphology

Comparison of crystal shapes of thermochemical siderite from
our experiments and the study by Kohler et al. (2013) shows that
siderite produced by thermochemical Fe(Ill) reduction in the pres-
ence of glucose has globule-like structures (Fig. 6a; Kohler et al.,
2013) and, thus appears different to siderite crystals formed from
biomass-Fe(Ill) setups, which have euhedral or subhedral shapes
(Fig. 5a, c). Both crystal shapes can be observed in BIF. For ex-
ample, globule-like siderite was described by Kohler et al. (2013)
in samples from the Gunflint Formation in Canada, whereas Ayres
(1972) and Beukes et al. (1990) found euhedral siderite grains
within kerogen-rich samples from the Dales Gorge Member in the
Hamersley Supergroup (Western Australia) and Kuruman Forma-
tion of the Transvaal Supergroup (South Africa), respectively. In the
case of an initial formation of euhedral siderite by thermochemi-
cal Fe(Ill) reduction during BIF metamorphism, dissolution of the
siderite can cause the transformation from euhedral to globule-
shaped. Dissolution markers in subhedral siderite grains were also
found by Pecoits et al. (2009) in samples from the Dales Gorge
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Member, which could be an intermediate between euhedral and
globule-like siderite grains.

If the dissolution of siderite crystals is coupled to a redox re-
action with hematite, which produces magnetite (Ayres, 1972),
then this could potentially explain why globule-shaped siderite
and magnetite appear together in samples of ferrihydrite/glucose
(both low and high Corg content) and goethite/glucose (low Corg
content). The lack of magnetite formation in hematite samples
containing low and high content of glucose, as well as in goethite
samples with high glucose content, might be explained by the ab-
sence of dehydration (hematite) or lower amount of water released
by dehydration (goethite) compared to the release of water during
ferrihydrite dehydration. Hematite remained stable during our sim-
ulation experiments (Fig. 2, Table 1) and did not dehydrate while
goethite is stabilized by Corg against transformation (Fig. 2; Ta-
ble 1) and, thus, dehydration. Therefore, less water was released in
goethite samples containing a high content of glucose compared to
the goethite samples with the low glucose content. This could have
led to a limitation of porewater, and thus a limitation of the Fe(II)
transport and diffusion that are required for the solid-state conver-
sion of the Fe(Ill) (oxyhydr)oxides to magnetite in the absence of
complex organic matter. The dependence of magnetite formation
on porewater content in glucose-containing samples will be tested
in future experiments.

4.3. The contribution of diagenetic (thermochemical) Fe(1ll) reduction
with biomass-Coyg as reductant to BIF mineralogy

A key question resulting from our data on thermochemical
Fe(Ill) reduction is just how important this process was during
BIF sediment burial? Quantification of Fe(Il) in all Fe(Ill) min-
eral/biomass mixtures tested in this study by Mdssbauer spec-
troscopy revealed that different amounts of Fe(Ill) were reduced
depending on the identity of the starting Fe(Ill) mineral and on the
degeneration state (dried vs. T-treated) of the biomass (Table 1).
Generally, in samples containing biomass, hematite was less reac-
tive than ferrihydrite, and goethite showed most Fe(ll) formation
(except for glucose-containing samples). The fact that ferrihydrite
is less reactive than goethite is probably a result of the fast trans-
formation of ferrihydrite to hematite, whereas goethite was not
completely transformed due to stabilization of goethite by Corg, SO
that goethite remained partly in its less crystalline and thus more
reactive form (Fig. 1) (Jones et al., 2009; Bennett et al., 2014).
Differences in reactivity are consequences of differences in crys-
tallinity, surface area and the resulting redox potential (Cornell and
Schwertmann, 2003). Any of these factors can lower the thermody-
namic driving force for reduction of synthetic hematite and ferrihy-
drite relative to goethite. In addition, we also observed differences
in the extent of Fe(lll) reduction by the two types of biomass
used. As expected, the T-treated biomass showed a lower reactiv-
ity compared to the dried biomass. The T-treatment at 170 °C for
24 hrs degraded a significant fraction of the highly reactive organ-
ics, e.g., proteins and polysaccharides (SI. 3; Pistorius et al., 2009;
Sanchez-Silva et al., 2012), so that the biomass is depleted in these
reactive organic compounds already before mixing with Fe(III)
minerals. The lower content of highly reactive compounds led to
lower Fe(Ill) reduction in the simulated metamorphic experiments
in samples with T-treated biomass at elevated temperature and
pressure. However, the maturity state of the biomass did not af-
fect the final mineralogy.

It is reasonable to assume that Si-coated biogenic ferrihydrite
associated with partly degenerated microbial biomass dominated
primary BIF sediments. Based on our results using biogenic Si-
coated Fe(Ill) mineral-cell aggregates, goethite was likely the dom-
inant Fe(Ill) alteration product mineral in BIF sediments with
increasing P/T-conditions. However, biogenic Fe(Ill) mineral-cell

aggregates used in our experiments were associated with fresh
biomass. Comparable redox characteristics and mineral transforma-
tion behavior of synthetic and biogenic goethite allows the usage
of the synthetic goethite samples as the most comparable sample
with respect to the redox reactivity. Therefore, considering the dif-
ference between the reaction time in nature (millions and billions
of years) and in our lab experiments (few days), it is reasonable
to assume that over the long time span (between 3.8 to 1.9 bil-
lion years) the Fe(Il) content of 7% revealed here in samples of
goethite/T-treated biomass (low content) can increase via thermo-
chemical reduction up to the 60% that is found in representative
BIF (Klein and Beukes, 1992). If the Corg content in BIF sediments
after early diagenesis was higher due to higher input of organic
matter (e.g., cyanobacteria present in the upper water column) the
Fe(Il) yield could be significantly increased.

4.4. Are mixtures of synthetic Fe(lll) minerals with biomass
representative for the reactivity of biogenic Fe(1ll) mineral-cell
aggregates formed by photoferrotrophs?

Since biogenic Fe(Ill) minerals have different properties from
their abiotic counterparts, specifically crystallinity, surface area,
particle size, inclusion of foreign ions, and the association with
cells (Konhauser, 1997; Cornell and Schwertmann, 2003; Posth
et al, 2010), the comparability of synthetic Fe(IlI) mineral-Corg
mixtures was tested using biogenic Fe(Ill) mineral-cell aggregates
produced by the photoferrotrophic strain R. iodosum. The bio-
genic Fe(Ill) mineral-cell aggregates used consisted of poorly or-
dered goethite and showed mineral transformations by simulated
metamorphism similar to our synthetic goethite/biomass mixtures,
i.e,, the formation of hematite and siderite plus some remaining
goethite (Table 1). Final Fe(Il) contents in biogenic and synthetic
Fe(Ill) mineral-Co; mixtures after P/T-treatment showed a simi-
lar extent of Fe(lIll) reduction. However, it needs to be considered
that the C content in our biogenic aggregates from batch exper-
iments is likely to be higher than in natural aggregates formed
in open water columns. In open systems, a significant fraction of
the photoferrotrophic cells could have remained planktonic with-
out sedimenting with their Fe(Ill) mineral products to the seafloor
(Posth et al., 2010).

In our experiments, we collected the biogenic Fe(Ill) mineral-
cell aggregates by centrifugation so that our Fe(Ill) mineral-cell
aggregates have an Fe/C ratio corresponding to the ideal stoi-
chiometry of phototrophic Fe(Il) oxidation of 4 Fe(Ill) to 1 CH;O,
i.e., 100% of the microbial cells were in the Fe(Ill) mineral-cell-
aggregates (electron ratio of 1). Consequently, our Fe(Ill) mineral-
cell aggregates contained 40% more Corg than natural aggregates
and our synthetic mineral/biomass mixtures (with an electron ratio
of 0.6). Given the different Corg contents in our synthetic mixtures
and biogenic Fe(Ill) mineral-cell aggregates, the Fe(Il) yields during
thermal treatment of the biogenic Fe(Ill) mineral-cell aggregates
were lower as compared to the synthetic goethite samples and
rather similar to synthetic ferrihydrite samples. The lower Fe(II)
yield in biogenic Fe(Ill) mineral-cell aggregates could be caused by
different mineral properties of the biogenic goethite compared to
the synthetic goethite, such as surface area. Whereas the synthetic
goethite had a very small particle sizes (as shown by Mdssbauer
spectroscopy) and, thus, probably a very high surface area, the
goethite particles in the biogenic Fe(Ill) mineral-cell aggregates
could have had larger sizes or less porosity and, so, lower surface
area, resulting in less reduction. However, based on the fact that
the final mineralogy observed with the synthetic goethite mixtures
was similar to the composition of the mineral products obtained
with the Fe(Ill) mineral-cell aggregates, we conclude that our
synthetic Fe(Ill) mineral-biomass mixtures, particularly goethite—
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biomass mixtures, can be considered representative of natural bio-
genic Fe(Ill) mineral-cell aggregates.

4.5. Influence of silica on thermochemical Fe(lll) reduction

In order to consider the high concentration of Si up to 2.2 mM
in the Precambrian oceans, we also investigated the P/T-treatment
of Fe(Ill) mineral-cell aggregates with associated Si (Si/Fe ratio of
0.042) produced by R. iodosum in the presence of about 1 mM Si.
The minerals consisted of ferrihydrite, compared to goethite in the
Fe(Ill) mineral-cell aggregates produced without Si (Fig. 3b). Silica
is known to stabilize Fe minerals against transformation to more
crystalline phases (Jones et al., 2009; Toner et al., 2012). In our
experiments, the interaction of the first Fe(Ill) polymers forming
during microbial Fe(Il) oxidation with the Si (Posth et al., 2010)
probably prevented the nucleation to more crystalline minerals
such as goethite. In addition to the prevention of nucleation, Si
also inhibited the transformation of ferrihydrite to hematite dur-
ing simulated metamorphism as evidenced by the small amount
of ferrihydrite even after 14 days of P/T-diagenesis (Fig. 4b). The
presence of poorly crystalline ferrihydrite explains the higher Fe(II)
yields in P/T-treated biogenic samples with Si compared to setups
without Si (Table 1) because it is more reactive with respect to
thermochemical Fe(Ill) reduction than goethite or hematite. There-
fore, Si bound to Fe(Ill) (oxyhydr)oxides in BIF sediments would
have influenced the extent of Fe(Il) formation, and also the final
mineralogy produced by thermochemical Fe(Ill) reduction.

5. Conclusions

Our study suggests that Fe(Ill) minerals could have been sig-
nificantly reduced during metamorphism of BIF sediments as long
as Corg from microbial biomass was present, resulting in siderite
formation. However, solid-state conversion of Fe(Ill) minerals to
magnetite was inhibited by organic compounds from the original
microbial biomass. Whether magnetite could be formed thermo-
chemically, over longer timescales or at higher temperatures, with
simple organic substrates produced by thermal decomposition of
complex organics from microbial biomass as shown in previous
experiments (Kohler et al., 2013; Posth et al, 2013) remains to
be tested. It is possible that with increasing duration of exposure
to elevated temperature and pressure, or with on-going oxidation
of Corg, the blocked reaction sites of the Fe(Ill) minerals are un-
blocked. Consequently, siderite or simple organic compounds could
react with the Fe(Ill) mineral, to ultimately form magnetite. Never-
theless, it is possible that magnetite and siderite located in the
same stratigraphic unit in BIF could be of different origins, i.e.,
thermochemical Fe(Ill) reduction and DIR, and thus record different
geochemical signatures. A possibility which has to be considered in
interpretation of the rock record.
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