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Abstract

The iron (Fe) isotopic composition of Precambrian iron formations (IFs), besides providing geological context through its
mineralogical properties, was suggested to function as a biosignature that can be used to infer a potential microbial role in
the formation of the deposited Fe minerals. Anoxygenic phototrophic Fe(II)-oxidizing bacteria (photoferrotrophs), capable
of oxidizing Fe(II) anoxically using light energy, were potentially involved in Fe(II) oxidation in anoxic or suboxic Precambrian
oceans. The effect of Si on Fe isotopic fractionation between aqueous Fe(II) and Fe–Si-co-precipitates has been investigated
before. However, it is currently unknown how stable Fe isotopes are fractionated during enzymatic Fe(II) oxidation under mar-
ine hydrogeochemical conditions, and particularly how the presence of Si affects the Fe isotope composition and the isotopic
exchange among different Fe phases.We therefore studied Fe isotope fractionation during Fe(II) oxidation by themarine photo-
ferrotrophRhodovulum iodosum in simulated Precambrian seawater amended with 1 mMdissolved Si. Our results show that the
change in the Fe isotope compositions over time for both the initial aqueous Fe(II) (Feaq) and the Fe(III) precipitates (Feppt)
follow a Rayleigh distillation model. Moreover, the fractionation (e56Feppt-aq) determined independently from either d56Feaq
or d56Feppt data resulted in a value of 2.3 ± 0.3 (2SD,N = 6). This value differs from the fractionation factor determined previ-
ously for Fe(II) oxidation byR. iodosum in the absence of Si, where the fractionation calculated from d56Feaq (i.e. 0.96–1.18) was
different from that calculated from d56Feppt (1.96–1.98). This difference was attributed to isotopic exchange processes with sol-
uble and sorbed Fe species. The present study suggests that Si present in Precambrian oceans retards Fe isotopic exchange, likely
through combined effects of complexation of dissolved Fe species by Si and sorption of Si to Fe(III) minerals, thus lowering sorp-
tion of Fe(II) to the Fe(III) minerals, which is necessary for isotopic exchange. In summary our data suggests that Si in ancient
oceans played a key role for the Fe isotope composition of Fe(III) minerals that were deposited by photoferrotrophic iron oxi-
dation in Precambrian oceans by minimizing subsequent isotope exchange and recrystallization processes with aqueous Fe(II).
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Iron- and silica-rich chemical sedimentary rocks that
deposited directly from Precambrian oceans, such as Pre-
cambrian iron formations (IFs), mainly formed from the
mid-Archean to the early Proterozoic, 3.5–1.8 billion years
(Gy) ago. IFs are significant archives of information about
ancient seawater chemistry as well as ambient marine redox
conditions (Anbar and Knoll, 2002; Bekker et al., 2010).
Though oxygenic photosynthesis is thought to have
appeared long before the Great Oxidation Event (GOE)
at �2.33 Gy ago, the ocean and atmosphere on early Earth
were still poor in oxygen before the first appearance of oxy-
genic photosynthesis (Holland, 2002; Crowe et al., 2013;
Planavsky et al., 2014; Luo et al., 2016). Phototrophic Fe
(II)-oxidizing bacteria that were capable of using light as
an energy source (anoxygenic photosynthesis) (Ehrenreich
and Widdel, 1994) were therefore suggested to be involved
in Fe(II) oxidation under anoxic conditions, while micro-
aerophilic Fe(II)-oxidizing bacteria may have been involved
under suboxic conditions (Chan and Emerson, 2016), con-
sequently contributing to biological Fe mineral deposition
in Archean IF (Konhauser et al., 2002; Kappler et al.,
2005; Hegler et al., 2008; Posth et al., 2008; Croal et al.,
2009; Wu et al., 2014; Gauger et al., 2015).

Various geological textures and mineralogical properties
are documented to function as potential biosignatures for
the involvement of microbes in IF depositional processes.
Distinct twisted organic stalks associated with Fe(III) min-
erals are produced during Fe(II) oxidation by microaero-
philic Fe(II)-oxidizing bacteria (Chan et al., 2011), and
the twisted morphology as well as the organic matrix are
able to withstand diagenetic temperatures and pressures
(Picard et al., 2015). Fossils of twisted stalks have indeed
been found in the 1.7 Gy Jhamarkotra Formation
(Crosby et al., 2014) and very recently have been suggested
to be present even in the 3.77–4.28 Gy old ferruginous
rocks from the Nuvvuaqittuq belt in Quebec, Canada
(Dodd et al., 2017). Photoferrotrophs that grew with Fe
(II) produced specific and distinct hopanoids (i.e. C-2
methylated pentacyclic triterpenoids) during enzymatic Fe
(II) oxidation (Eickhoff et al., 2013). Indeed, signatures of
such organic molecules were preserved in the 1.88 Gy Gun-
flint cherts despite diagenetic temperatures of 150–170 �C
(Alleon et al., 2016). Possible microbially-derived organic
molecular fossils (biomarkers) of photoferrotrophs have
been detected in the Early Quaternary IF-like rocks (Fru
et al., 2013). Yet none of these biosignatures have been
detected in IFs that were deposited prior to the GOE, when
photoferrotrophs (and maybe to some extent also microaer-
ophiles) likely participated in Fe(II) oxidation in the
Archean column water. Thus, there is a need to establish
robust biosignatures for Fe(II)-oxidizing microbes in Fe-
rich rocks, and Fe isotope signatures retained in IFs are a
target.

While geological structures and mineralogical properties
provided some insights into the bacterial roles in mineral
deposition, isotope compositions in IFs also record possible
biological processes in ancient oceans and/or within the
resulting sediments (Johnson et al., 2003; Johnson et al.,
2008b; Czaja et al., 2010; Heimann et al., 2010). The redox
transformation between Fe(II) and Fe(III), both abiotic
and biologically mediated, causes Fe isotope fractionation
at ambient temperature (Crosby et al., 2005; Johnson et al.,
2005; Balci et al., 2006; Wu et al., 2009; Kappler et al.,
2010; Percak-Dennett et al., 2011; Swanner et al., 2015). Such
fractionation in Fe isotopes could be preserved in the Femin-
erals in IFs that deposited from Precambrian oceans (Beard
et al., 1999; Johnson et al., 2008a; Planavsky et al., 2012;
Czaja et al., 2013; Hashizume et al., 2016). During redox
transformation, the Fe(III) tends to become enriched in
heavy isotopes, leading to a residual Fe(II) pool that is con-
sequently enriched in the light Fe isotopes (Anbar et al.,
2000; Skulan et al., 2002; Johnson et al., 2008b). For instance,
Fe isotope values recorded in Precambrian sedimentary pyr-
ites were sensitive to the concentration of dissolved Fe(II) in
ancient ocean and extent of Fe(II) oxidation, where variable
and negative Fe isotopes dominate in pyrites formed before
2.3 Gy (Rouxel et al., 2005), suggesting the capability of Fe
isotope in recording Fe redox processes.

Various studies documented a consistent equilibrium
d56Fe isotope fractionation of around �3‰ between aque-
ous Fe(II) [Fe(II)aq] and aqueous Fe(III) [Fe(III)aq] (Skulan
et al., 2002; Welch et al., 2003) in abiotic systems. Micro-
bially catalyzed Fe redox processes also generate a signifi-
cant Fe isotope fractionation (Beard et al., 1999, 2003a;
Johnson and Beard, 2005). Enzymatic Fe(II) oxidation by
acidophilic and nitrate-reducing Fe(II)-oxidizing bacteria
resulted in d56Fe isotope fractionation of around �3‰ as
well (Balci et al., 2006; Kappler et al., 2010). For modern
photoferrotrophs, an d56Fe isotopic fractionation of �1.5
± 0.2‰ between Fe(II)aq and Fe(III)ppt was determined
using the freshwater strain Thiodictyon F4 (Croal et al.,
2004). Yet this may not represent Archean oceans bearing
a significant concentration of chloride, which is able to
affect the reactivity of Fe species and consequently the Fe
isotopic exchange (i.e. 0.3‰ decrease in the fractionation
factor per mol Cl� on average) (Hill et al., 2010). Indeed,
a study using the marine photoferrotroph Rhodovulum iodo-

sum reported d56Fe isotope fractionations between Fe(II)aq
and Fe(III)ppt ranging from �0.96‰ to �1.98‰ (Swanner
et al., 2015), i.e. significantly larger and more variable than
the Fe isotope fractionation observed by Croal et al. (2004)
for the freshwater strain F4.

Although some data on Fe isotope fractionation during
microbial Fe(II) oxidation exists, there is little constraint
regarding Fe isotope fractionation during biological Fe
(II) oxidation under Si-rich conditions of Archean oceans
(Maliva et al., 2005). Geological investigation of Precam-
brian IFs and shales suggested that, in the Si-rich Precam-
brian oceans that contained up to 2.2 mM Si (Maliva et al.,
2005), dissolved Fe was likely precipitated as primary Fe-
silicates instead of iron (oxyhydr)oxides (Rasmussen
et al., 2013, 2015). Moreover, an authigenic greenalite min-
eral was synthesized experimentally with Fe2+ and SiO2(aq)
in anoxic seawater (Tosca et al., 2016). Recent Si isotope
fractionation investigations in both biotic and abiotic
experiments indicate strong isotope exchange of aqueous
Si with Fe-silicate and Fe–Si gel (Reddy et al., 2016;
Zheng et al., 2016). Si is capable of affecting Fe speciation



W. Wu et al. /Geochimica et Cosmochimica Acta 211 (2017) 307–321 309
by complexation, adsorption, polymerization, and co-
precipitation (Doelsch et al., 2000, 2001, 2003; Jones
et al., 2009), which affects Fe isotopic exchange and thus
the overall Fe isotope fractionation during Fe redox trans-
formations (Wu et al., 2009, 2012; Percak-Dennett et al.,
2011). Therefore, Fe isotope fractionation during pho-
totrophic Fe(II) oxidation in the presence of Si is a relevant
process to consider in the generation of potential Fe isotope
biosignatures in IFs deposited from Precambrian oceans, as
they were saturated with respect to amorphous silica and/or
cristobalite (Si 0.67–2.2 mM) (Maliva et al., 2005).

Based on this knowledge gap the aim of this study was
to experimentally determine Fe isotope fractionation dur-
ing enzymatic Fe(II) oxidation by a marine photofer-
rotroph under simulated Archean anoxic ferruginous
ocean conditions, considering in particular the high Si con-
tent. The marine strain R. iodosum was cultivated pho-
totrophically in the presence of 1 mM dissolved Si with
Fe(II) as the sole electron donor. The different Fe species
such as Fe(II)aq, Fe(III)ppt, and intermediate Fe species
(i.e. adsorbed, colloidal, and organically complexed Fe)
present during microbial Fe(II) oxidation were separated
by sequential extractions. The Fe concentration and Fe iso-
tope composition of all separated fractions was quantified
in order to determine the Fe isotope fractionation during
Fe(II) oxidation and the effect of Si on isotopic exchange
during enzymatic Fe(II) oxidation and during Fe mineral
deposition in Precambrian IF.

2. MATERIALS AND METHODS

2.1. Bacterial strain and culture medium

The marine photoferrotroph Rhodovulum iodosum was
isolated from a mud flat of the North Sea (Straub et al.,
1999). Marine phototroph (MP) medium (pH 6.8, 22 mM
bicarbonate buffer) was prepared anoxically in a Widdel
flask as described by Swanner et al. (2015). Fe(II) was
added to the MP medium from a 1 M FeCl2 stock solution.
Si was supplemented from a 50 mM Na2SiO3�9H2O stock
solution at a final concentration of 1 mM, i.e. within the
concentration range estimated for the Archean ocean
(Maliva et al., 2005). After these additions, the medium
was filtered (0.22 mm) in an anoxic glovebox (100% N2) to
remove Fe precipitates such as vivianite and siderite
(Hohmann et al., 2009), which is necessary to allow the
exact determination of the isotopic composition of subse-
quently formed Fe(III) minerals. Additions of trace ele-
ments, vitamins, and a selenium and tungstate solution
(that were required by the microorganisms for growth) were
added after filtration to avoid loss by sorption to minerals.
The headspace of the medium was flushed with N2/CO2

(v/v, 90/10) before use to keep an anoxic atmosphere in
the culturing bottles thus simulating Archean seawater
conditions and providing suitable conditions for growth
of R. iodosum (Wu et al., 2014; Swanner et al., 2015).

To prepare the microbial inoculum, R. iodosum cells
were grown to late-exponential phase in MP medium with
H2 instead of Fe(II) as electron donor (headspace flushed
with H2/CO2, v/v, 80/20) to avoid any Fe minerals in the
new medium stemming from the inoculum. Cells were inoc-
ulated into the Si-containing Fe(II) medium (final concen-
tration 2.7 * 107 cells mL�1), and cultured in closed serum
bottles (50 mL medium in 120 mL serum bottle) at 26 �C
under light intensity of 600 lux (12 mmol quanta m�2 s�1).
Experiments were conducted with three independent bio-
logical replicates (named Ri-1, Ri-2 and Ri-3).

2.2. Sequential extraction of different Fe species and Fe

analysis

During incubation, samples were taken from the three
serum bottles using sterile syringes in the anoxic glovebox.
Several Fe species were present, i.e. Fe(II) or Fe(III) in
aqueous solution (Feaq), Fe(II) or Fe(III) precipitates/min-
erals (Feppt), and intermediate phases (collectively called
Feinterm) such as Fe(II) or Fe(III) adsorbed to the cells or
Fe minerals, colloids, etc. To separate different Fe species,
sequential extraction was conducted by washing, centrifu-
gation and filtration as described before (Swanner et al.,
2015). Specifically, 1 mL of culture slurry was centrifuged
at 13,000g for 10 min. The supernatant was filtered through
a 0.22 mm centrifuge tube filter (Costar spin-X, Corning,
USA) to collect the aqueous fraction (Feaq). The pellet
(solids at the bottom of the tube after centrifugation) went
through a two-step washing, first with anoxic high purity
H2O (MilliQ, 18.2 MO cm�1), and second with an anoxic
sodium acetate solution (0.5 M NaAc, pH adjusted to
4.85 with acetic acid). The supernatants after H2O and
NaAc washing (termed FeH2O and FeNaAc) were collected
individually, and stored in 1 M HCl for further Fe concen-
tration and Fe isotope analysis. The final Fe precipitates
(Feppt) after the two-step washing were dissolved in 6 M
HCl. All sampling, washing, centrifuging and filtration
steps for sequential extraction were conducted in an anoxic
glovebox (100% N2).

After separation, both Fe(II) and total Fe concentrations
were quantified in the different fractions (Feaq, FeH2O,
FeNaAc and Feppt) by the ferrozine assay (Stookey, 1970).
The initial Fe(II) concentration for the medium after filtra-
tion was 1.2 mM. Si concentration of the medium after fil-
tration was 1.0 mM determined in a microtiterplate
photospectrometer (Multiskan Go, Thermo Scientific) using
the molybdenum blue method (Strickland and Parsons,
1972). Micro X-ray diffraction (Bruker D8 Discover XRD,
Bruker, Germany) was conducted on the final products in
order to identify the mineralogy of the precipitates.

2.3. Fe isotope analysis

Fe purification and isotope analysis were conducted for
the collected Fe fractions (d56Feaq, d

56Feppt, d
56FeH2O and

d56FeNaAc) at the facilities of the Isotope Geochemistry
group of the University of Tübingen. All samples were first
amended with an adequate amount of a 57Fe–58Fe-enriched
tracer solution, which allows correction of any mass-
dependent isotope fractionation induced during chemical
purification and mass spectrometric isotope measurement
(Schoenberg and von Blanckenburg, 2005). All acids used
for digestion, purification, and later as matrix for isotope
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measurements were distilled from p.a. grade acids using
Savillex� DST 1000 stills. For purification, sample aliquots
between 2 and 5 mg Fe went through Spectrum� 104704
polypropylene columns that were embedded with 1 mL of
anion exchange resin (Dowex AG-1x8 100–200 mesh) fol-
lowing the procedure described in Schoenberg and von
Blanckenburg (2005). A procedural blank was run together
with processed samples, which indicated a less than 0.25%
impurity contribution of Fe to the least concentrated sam-
ples, and is thus negligible.

After purification, samples were re-suspended in 1.5 mL
of 0.3 M HNO3 and the Fe isotope compositions were mea-
sured on a ThermoFisher Scientific NeptunePlus multi-
collector inductively coupled plasma mass spectrometer.
All four Fe ion beams, together with 52Cr+ and 60Ni+ as
interference monitors for 54Cr on 54Fe and 58Ni on 58Fe,
respectively, were detected simultaneously for 90 cycles each
with 8 s integration time. Polyatomic interferences such as
ArN and ArO were avoided by measuring in high-
resolution mode. Background corrections were made based
on on-peak-zero measurements of the pure analyte solution
prior and after each sample analysis. Data are reported rela-
tive to the isotopically certified international reference mate-
rial IRMM-014 using the d-notation (Eq. (1)), reported in‰.

d56Fe ¼
56Fe=54Fesample

56Fe=54FeIRMM-014

� 1

� �
� 1000 ð1Þ

The reproducibility in d56Fe of the HanFe in-house stan-
dard during the course of this study was 0.288 ± 0.037‰
(2SD, N = 10), equivalent to the long-term reproducibility
of d56Fe = 0.287 ± 0.055‰ (2SD, N = 145). These values
agree well with the d56Fe value of 0.290 ± 0.070 for this
standard solution reported in a previous study (Moeller
et al., 2014). The TübFe standard yielded d56Fe of
�0.371 ± 0.084‰ (2SD, N = 5). The reproducibility for
IRMM-014 was 0.000 ± 0.055‰ (2SD, N = 20), which
defined the minimum 2r uncertainty of measurements.
The in-run precision of individual samples is reported when
this value is larger than 0.055‰. The d56Feaq and d56Feppt
at different fractions of residual Fe(II) (f ) were fit with Ray-
leigh equations (Eqs. (2) and (3)) for closed system in order
to obtain the fractionation factor a (Eq. (4)), which can be
transformed to the isotopic fractionation e56Fe (Eq. (5)).

d56Feaq ¼ ½d56Feaqðt ¼ 0Þ þ 1000� � f a�1 � 1000 ð2Þ
d56Feppt ¼ ½d56Feaqðt¼ 0Þþ1000��ð1� f aÞ=ð1� f Þ�1000

ð3Þ

aA�B ¼ d56FeA
d56FeB

ð4Þ

eA�B ¼ 103 ln aA�B � ðaA�B � 1Þ � 1000 ð5Þ
3. RESULTS

3.1. Fe(II) oxidation rates and Fe concentrations of different

Fe fractions (Feaq, FeH2O, FeNaAc and Feppt)

In order to determine phototrophic Fe(II) oxidation
rates by R. iodosum in the presence of Si and the change
of different Fe species over time, the concentrations of all
collected Fe fractions were quantified (see Table 1) and data
for a representative setup (Ri-3) is plotted in Fig. 1. The
fastest Fe(II) oxidation rates were measured 72 h after inoc-
ulation, while before that Fe(II) oxidation was slower
(Fig. 1). Within the first 72 h, ca. 34% of Fe(II) was
removed from solution, without visible formation of Fe
(III) particles, which is similar to a previous study of Fe
(II) oxidation by R. iodosum, suggesting a prolonged lag
phase for cell growth in the presence of Si (Wu et al.,
2014). An average Fe(II) oxidation rate of 29 ± 2 mM/h
was measured after 72 h incubation in the presence of Si
(1 mM). It was faster than that observed in experiments
without Si addition at 1.26 mM initial Fe(II) (0.37 mM/day
or 15 mM/h) (Wu et al., 2014), but similar to the value
observed for green sulfur phototrophic Fe(II)-oxidizing
bacteria, where the presence of Si enhanced Fe(II) oxida-
tion rates (Gauger et al., 2016). The Fe(II)aq was completely
oxidized by R. iodosum over the 96-h incubation period
(Fig. 1a), leading to the accumulation of orange Fe(III)
minerals at the bottom of the bottles. The micro-XRD pat-
tern of the final Fe(III) precipitates did not show any visible
diffraction signals (Fig. 2), indicating the mineral product to
be X-ray amorphous or short range ordered, such as the
case for ferrihydrite (Wu et al., 2014).

During phototrophic Fe(II) oxidation, the Fe speciation
of the different Fe fractions changed over time. In the aque-
ous Fe fraction (Feaq) that was separated by centrifugation
followed by filtration, no Fe(III)aq was present for most of
the samples except the 90-h sample, where 234 mM Fe(III)
was detected, likely representing smaller than 0.22 mm col-
loidal Fe(III) that passed the filter (Fig. 1a). The presence
of colloidal Fe(III) only in the middle stage of phototrophic
Fe(II) oxidation might be due to Fe(III) accumulation by
rapid Fe(II) oxidation, leading to the formation of colloidal
Fe(III) species. In the Fe precipitate fraction (Feppt), after a
two-step washing procedure, the remaining Fe(II) detected
was less than 8 mM corresponding to maximally 1% of the
Fe precipitates (Fig. 1b), which was negligible for further
isotope fractionation factor determination by Rayleigh fit-
ting. In the FeH2O and FeNaAc, fractions, the Fe was present
as a mixture of Fe(II) and Fe(III). Over time, Fe(III) in
FeH2O and FeNaAc increased, while Fe(II) first increased
to up to 67 mM (or 5% relative to the total Fe) and then
dropped quickly to values below 22 mM (or 1.6% relative
to the total Fe pool). More Fe was present in the FeNaAc

fraction compared to FeH2O, where the maximum Fe(II)
and Fe(III) concentrations reached 67 mM and 164 mM in
the FeNaAc fraction, respectively, and 8 mM and 53 mM of
Fe(II) and Fe(III), respectively, in the FeH2O fraction.

3.2. Fe isotope compositions of Feaq, FeH2O, FeNaAc and Feppt

The Fe isotope compositions of all four sequentially sep-
arated fractions (Feaq, FeH2O FeNaAc, and Feppt) from the
three independent biological replicates (Ri-1, Ri-2 and Ri-
3) were analyzed and are reported in Table 2. The initial sub-
strate Fe(II) had a d56Fe value of on average �0.379
± 0.019‰ (2SD; n = 3). In parallel to the gradual Fe(II) oxi-
dation, the d56Fe values decreased over time for both Feaq



Table 1
Fe(II) and Fe(total) concentrations for each of the fractions separated in each experimental replicate. Fe quantifications were made using the
spectrophotometric Ferrozine assay. One standard deviation (SD) of triplicated measurements (analytical error) is reported. Fe(III) was
calculated as the difference between Fe(total) and Fe(II).

Time (h) Frac. Fe(II)ox Fe Frac. Fe(II) (lM) 1SD Fe(tot) (lM) 1SD Fe(III) (lM) Recovery (%)

Experiment replicate Ri-1

0 0 aq 1362.9 5.5 1360.9 31.8 BD 100.2
ppt ND ND ND
H2O ND ND ND
NaAc ND ND ND

72 0.35 aq 889.8 3.3 877.7 2.0 BD 94.2
ppt 5.2 0.3 306.5 2.1 301.3
H2O 0.9 0.2 9.6 0.3 8.8
NaAc 55.1 1.2 87.5 0.6 32.3

80 0.61 aq 526.5 3.5 513.7 6.5 BD 100.1
ppt 7.5 3.2 641.8 3.0 634.3
H2O 3.8 0.1 56.4 0.6 31.8
NaAc 65.1 0.6 149.8 3.3 84.7

90 0.75 aq 339.6 2.3 573.9 3.9 234.3
ppt 7.4 0.7 1140.7 6.9 1133.3
H2O 2.6 0.5 35.7 1.1 53.8
NaAc 52.2 0.3 137.9 2.2 85.8

96 1.00 aq BD BD BD 98.3
ppt 4.4 2.6 1104.8 9.2 1100.5
H2O 0.1 0.5 47.2 0.5 47.1
NaAc 20.9 0.6 185.3 0.9 164.5

Experiment replicate Ri-2

0 0.00 aq 1336.8 3.8 1312.5 1.7 BD 101.9
ppt ND ND ND
H2O ND ND ND
NaAc ND ND ND

72 0.26 aq 989.8 15.2 961.5 2.2 BD 107.6
ppt 20.9 1.3 334.8 2.2 313.9
H2O 6.3 0.5 22.8 0.7 16.5
NaAc 56.9 1.7 92.6 1.2 35.7

80 0.43 aq 756.6 12.3 729.2 174.5 BD 100.3
ppt 5.8 2.5 454.5 3.5 448.6
H2O 3.0 0.1 26.5 0.8 23.5
NaAc 67.0 0.4 106.6 2.6 39.6

90 0.52 aq 648.1 4.4 745.6 23.3 97.5 133.3
ppt 8.6 2.3 849.9 12.5 841.3
H2O 3.8 0.3 48.4 1.1 44.6
NaAc 63.0 1.3 105.6 13.3 42.7

96 0.87 aq 171.5 5.6 161.1 0.6 BD 133.6
ppt 6.1 1.1 1383.3 3.4 1377.2
H2O 1.2 0.2 51.5 0.9 50.4
NaAc 46.0 0.2 157.9 1.2 111.9

Experiment replicate Ri-3

0 0.00 aq 1335.3 5.6 1345.7 37.1 10.4 99.2
ppt ND ND ND
H2O ND ND ND
NaAc ND ND ND

72 0.34 aq 879.7 8.3 867.4 8.3 BD 88.0
ppt 3.6 3.2 201.3 1.7 197.7
H2O 7.9 0.2 25.6 0.6 17.7
NaAc 61.0 0.9 90.3 0.4 29.2

(continued on next page)
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Fig. 1. Concentrations of Fe(II) (in circles) and Fe(III) (in squares) species over time during a representative incubation (Ri-3) of R. iodosum.
The different Fe species were separated by sequential extraction. (a) Aqueous Fe (Feaq), (b) Fe precipitates (Feppt), (c) H2O-extracted fraction
(FeH2O), and (d) NaAc-extracted fraction (FeNaAc). Error bars (smaller than symbol size in all cases) show the standard deviation of triplicate
analyses.

Table 1 (continued)

Time (h) Frac. Fe(II)ox Fe Frac. Fe(II) (lM) 1SD Fe(tot) (lM) 1SD Fe(III) (lM) Recovery (%)

80 0.55 aq 604.0 7.2 607.6 5.7 3.6 108.9
ppt 8.0 1.6 710.9 12.6 702.9
H2O 1.6 0.4 27.3 0.3 25.6
NaAc 62.0 0.4 119.2 1.9 57.2

90 0.66 aq 449.5 5.2 693.9 7.8 244.4 130.3
ppt 7.9 1.6 892.4 2.5 884.5
H2O 2.9 0.2 45.0 0.8 42.1
NaAc 54.3 0.4 121.5 1.0 67.2

96 1.00 aq BD BD BD 105.7
ppt 4.5 1.1 1199.1 10.8 1194.6
H2O BD 50.2 0.6 50.2
NaAc 21.83 1.04 172.88 2.40 151.05

BD = Iron concentrations were below the detection limit of our method (0.01 mM). ND = Iron concentration was not determined for this
fraction.
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and Feppt (Fig. 3), while the remaining Feaq (mainly Fe
(II)aq) showed preferential enrichment in lighter Fe isotopes
compared to the Feppt (mainly Fe(III)ppt). When all Fe(II)
was oxidized, the Feppt reached the initial d56Fe value of
the initial Fe(II)aq (Fig. 3). The experimentally obtained
maximum d56Feppt after 34% Fe(II) oxidation was 1.662‰
(Ri-3), and the minimum d56Feaq after 87% Fe(II) oxidation
was �4.122‰ (Ri-2). These extreme values for Fe(II)aq and
Fe(III)ppt illustrate limitations in sampling and isotope mea-
surements for our Fe(II) oxidation experiments.

The isotope compositions for the FeH2O and FeNaAc

fractions which contained both Fe(II) and Fe(III)



Fig. 2. X-ray diffractogram for the final Fe(III) precipitates after all Fe(II) (1.2 mM) was oxidized to Fe(III) by R. iodosum in the presence of
1 mM Si.
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resembled neither Feaq nor Feppt. Instead, their d
56Fe val-

ues were in between the corresponding Feaq and Feppt frac-
tions and showed a slightly decreasing trend over time. The
d56FeH2O was slightly heavier than d56FeNaAc, i.e. FeH2O

had always slightly positive d56Fe values, while FeNaAc

had slightly negative d56Fe values with only a few
exceptions.

4. DISCUSSION

4.1. Changes in Fe speciation during the progress of microbial

Fe(II) oxidation

Phototrophic Fe(II) oxidation by Rhodovulum iodosum

was recently investigated in the absence of Si (Swanner
et al., 2015), in which the same sequential extraction proce-
dures were applied to separate and analyze the different Fe
species. A careful comparison to the previous study allows
us to determine possible effects of Si in changing the Fe spe-
ciation during phototrophic Fe(II) oxidation.

Intermediate Fe(II) phases (likely adsorbed and col-
loidal Fe) formed as phototrophic Fe(II) oxidation pro-
ceeded, which were collected in FeH2O and FeNaAc

fractions. Fe(II) initially increased in both FeH2O and
FeNaAc fractions, then decreased as Fe(II) oxidation pro-
ceeded (Fig. 1). A similar trend was observed in experi-
ments without Si (Swanner et al., 2015). However, in the
presence of Si, much less Fe(II) (8 mM, or 0.7% relative to
the total Fe pool) was present in the FeH2O fraction com-
pared to that without Si (around 100 mM, representing
2.5%). This is at least partially attributable to the lower
concentration of the initial Fe(II)aq, as the amount of Fe
(II) extracted by sodium acetate was again much less than
that without Si (60 mM vs. 150 mM, representing 5% vs.
3.75%, respectively), but comparable in percentage relative
to the initial Fe(II) substrate concentration. However, this
lower amount of Fe(II) to some extent, suggests an effect
of the Si on Fe(II) extractability. Si can adsorb on synthe-
sized ferrihydrite at room temperature, which contributes
to Si isotope exchange (Delstanche et al., 2009). Moreover,
competition of Si with Fe(II) for adsorption sites at the sur-
face of Fe(III) minerals was reported (Jones et al., 2009).
This would result in less sorbed Fe(II) on Fe precipitates
in our experimental system with dissolved Si. A recent Si
isotope study with aqueous Si and an Fe(III)-Si gel even
suggested the formation Si–O–Fe bonds (Zheng et al.,
2016), which in turn suggested the potential of Si in chang-
ing Fe speciation and thus influencing Fe isotope
fractionation.

The concentrations of the intermediate Fe(III) phases
(adsorbed, complexed, or poorly crystalline colloidal Fe
(III)) in the FeH2O and FeNaAc fractions increased over
time, and the maximum concentrations were higher than
Fe(II)interm. In the presence of Si, Fe(III) concentrations
in the FeH2O or FeNaAc fractions were around 50 mM
(4%) for FeH2O, and 170 mM (14%) for FeNaAc, respectively,
values comparable to the experiments without Si, which
was also conducted using the same medium (pH 6.8) and



Table 2
Fe isotope composition of different Fe species (Feaq, Feppt, FeH2O and FeNaAc) measured during Fe(II) oxidation by R. iodosum in triplicate experimental setups Ri-1, Ri-2, and Ri-3. External
reproducibility of 0.055‰ is derived from replicate measurement of the IRMM-014 standard (2SD). Bold values represent lower in-run precision from single sample measurement (2SE).

Fe species Ri-1 Ri-2 Ri-3

Frac. Fe(II)ox d56/54Fe [‰] 2SEa [‰] Frac. Fe(II)ox d56/54Fe [‰] 2SEa [‰] Frac. Fe(II)ox d56/54Fe [‰] 2SEa [‰]

Feaq 0 �0.38 0.055 0 �0.37 0.055 0 �0.389 0.055
0.35 �1.319 0.055 0.26 �1.042 0.055 0.34 �1.233 0.055
0.61 �2.374 0.055 0.43 �1.727 0.055 0.55 �2.198 0.055
0.75 �3.552 0.055 0.52 �2.312 0.055 0.66 �3.161 0.055
1 NDd ND 0.87 �4.122 0.055 1 ND ND

Feppt 0.35 1.66 0.055 0.26 1.521 0.055 0.34 1.662 0.055
0.61 1.153 0.055 0.43 0.131 0.091 0.55 1.462 0.088

0.75 0.611 0.055 0.52 1.19 0.055 0.66 0.749 0.055
1 �0.191 0.055 0.87 0.384 0.055 1 �0.228 0.055

FeH2O 0.35 1.345 0.115b 0.26 ND ND 0.34 0.758 0.115

0.61 0.744 0.056 0.43 1.05 0.055 0.55 0.975 0.055
0.75 0.42 0.055 0.52 0.856 0.055 0.66 0.567 0.055
1 �0.667 0.055 0.87 0.196 0.055 1 �0.761 0.055

FeNaAc 0.35 �0.002 0.055 0.26 0.322 0.055 0.34 0.018 0.055
0.61 �0.234 0.055 0.43 0.514 0.055 0.55 �0.154 0.055
0.75 �0.527 0.055 0.52 �0.262 0.055 0.66 �0.449 0.055
1 �1.481 0.074 0.87 �0.629 0.055 1 �1.668 0.055

Fe(II)interm
c 0.35 �0.925 0.26 �2.397 0.34 �0.632

0.61 �1.921 0.43 0.125 0.55 �1.332
0.75 �2.301 0.52 �1.136 0.66 �1.92
1 �8.045 0.87 �2.802 1 �7.795

Fe(III)interm
c 0.35 1.571 0.26 4.656 0.34 1.376

0.61 1.063 0.43 1.17 0.55 1.123
0.75 0.552 0.52 1.027 0.66 0.74
1 �0.648 0.87 0.265 1 �0.782

a Data taken from measurement of IRMM-014 (0.055 2SD, N = 20), for which the measured uncertainty is less than 0.055.
b Highlighted when uncertainties are larger than 0.055.
c Data were calculated according to assumptions and the mass balance described in text.
d ND = Not determined.
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Fig. 3. Fe isotope composition of different Fe species (Feaq, FeH2O, FeNaAc and Feppt) vs. extent of Fe(II) oxidation (Frac. Fe(II)ox) for the
three independent biological replicates, (a) Ri-1, (b) Ri-2 and (c) Ri-3. Lines showed the Rayleigh fitting of Feaq and Feppt data with fitting
e56Feppt-aq values shown in ‰. Calculated Fe(II)interm and Fe(III)interm (based on mass balance) were also plotted.
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extraction procedures (Swanner et al., 2015). However, with
regard to the percentage of Fe(III) in FeH2O and FeNaAc

fractions relative to initial Fe(II) concentrations, more Fe
(III) stayed in FeH2O and FeNaAc fractions in the presence
of Si compared to that without Si (4% vs. 1% for FeH2O,
and 14% vs. 4% for FeNaAc) (Swanner et al., 2015). Si was
suggested to be able to prevent or at least slow down the
transformation of Fe(III) to more stable, crystalline Fe
(III) phases (Doelsch et al., 2000; Jones et al., 2009). In
our experiments, the presence of Si likely stabilized the
intermediate Fe(III) species (loosely adsorbed, colloidal,
or associated with cells) in fractions of FeH2O and FeNaAc

before they precipitated, probably by forming small Fe–Si
aggregates (Doelsch et al., 2003; Jones et al., 2009).

In contrast to the FeH2O and FeNaAc fractions that con-
tained both Fe(III) and Fe(II), the Feaq contained mainly
Fe(II) (Table 1). This suggests that once aqueous Fe(III)
was formed during phototrophic Fe(II) oxidation, these
ions rapidly polymerized and associated with Si before they
precipitated as Fe(III) minerals (Posth et al., 2014), leading
to negligible aqueous Fe(III), in contrast to the experiments
without Si in which maximum aqueous Fe(III) was 2.2% of
the total aqueous Fe (Swanner et al., 2015). For the Feppt
fraction, only Fe(III) was detected, which suggests that no
Fe(II) precipitates formed, similar to the experiments in
the absence of Si (Swanner et al., 2015).

4.2. Fe isotope fractionation between Fe(II)aq and Fe(III)ppt
during phototrophic Fe(II) oxidation

The formation of Fe(III) (oxyhydr)oxides by pho-
totrophic Fe(II)-oxidizing bacteria involves enzymatic oxi-
dation of Fe(II)aq to Fe(III)aq, and the polymerization of
Fe(III)aq to form colloidal phases, which ultimately precip-
itate as Fe(III)ppt. Additionally, processes such as Fe(II)/Fe
(III) adsorption to Feppt (Icopini et al., 2004; Crosby et al.,
2007), complexation of Fe(III)aq by cell-derived biomole-
cules (Swanner et al., 2015), and/or Fe(II)-catalyzed Fe-
isotope and electron exchange processes (Handler et al.,
2009) may also take place, all of which impose Fe isotope
fractionations, and can be reflected by the overall Fe iso-
tope fractionation between Fe(II)aq and Fe(III)ppt. In this
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study, isotope fractionation was evaluated quantitatively
based on the assumption that Feaq represents residual Fe
(II)aq while Feppt represents the Fe(III) precipitates, which
was reasonable based on Fe(II) and Fe(III) concentrations
determined in Feaq and Feppt (Fig. 1, Table 1). A Rayleigh
fractionation model fits well to both the Feaq and Feppt
d56Fe data (Fig. 3, fitting line) which suggests that once
Fe(III) precipitates form during enzymatic Fe(II) oxidation,
they do not undergo isotopic exchange with the remaining
aqueous Fe(II) within the time frame of these experiments.
Rayleigh fitting of the d56Fe values for both Feaq and Feppt
of the three independent biological replicates resulted in a
consistent uni-directional Fe isotopic fractionation
eFe(III)ppt-Fe(II)aq of (2.0–2.4)‰ (Fig. 3).

Equilibrium isotope fractionation between Fe(III)aq and
Fe(II)aq has experimentally been determined to be around
3‰ (Skulan et al., 2002; Welch et al., 2003; Balci et al.,
2006). However, Fe(III)aq is not stable at the circumneutral
pH conditions of our experiments, which results in rapid pre-
cipitation of Fe(III) minerals such as ferrihydrite, goethite,
or lepidocrocite (Schwertmann et al., 1999). Importantly,
the uni-directional precipitation of Fe(III) minerals imposes
another Fe isotope fractionation, the extent of which
depends on the reaction kinetics of precipitation (Skulan
et al., 2002). This secondary Fe isotopic fractionation then
influences the overall Fe isotope fractionation observed
between Fe(II)aq and Fe(III)ppt. The equilibrium isotopic
fractionation e56Fe between ferrihydrite and Fe(II)aq was
estimated to be around 3.2‰ (Wu et al., 2011), vs. 1.05‰
for goethite and Fe(II)aq (Beard et al., 2010), and 3.1‰ for
hematite and Fe(II)aq (Wu et al., 2010). The Fe isotopic frac-
tionation eFeppt-Feaq of 2.3 ± 0.3‰ (2SD,N = 6) determined
during phototrophic Fe(II) oxidation in the presence of Si is
in between that of abiotically produced goethite and ferrihy-
drite/hematite. Yet our mXRD analysis (which had a detec-
tion limit of �10% wt) did not detect any goethite or
hematite in the Fe(III) precipitates (Fig. 2), which likely rules
out the possibility of a mixture of goethite with hematite pre-
cipitation for producing an intermediate isotope fractiona-
tion e56Fe value of 2.3‰.

A comparison of our data to the Fe isotope fractiona-
tion values for phototrophic Fe(II) oxidation by the same
bacterial strain in the absence of Si (Swanner et al., 2015)
reveals some insights into the possible effect of Si on the iso-
topic exchange processes. In the absence of Si, distinct iso-
topic fractionation between Feppt and Feaq was noted from
Rayleigh fitting, with e56Feppt-aq values of 0.96–1.18‰
obtained from fitting d56Feaq datapoints, and 1.96–1.98‰
obtained from fitting the d56Feppt data (Swanner et al.,
2015). The unique fractionation for each Fe phase was
attributed to processes such as Fe(III)aq complexation
and colloid formation, which controlled the overall isotope
fractionation between Fe(II)aq and Fe(III)ppt (Swanner
et al., 2015). We now found that in the presence of Si, the
fractionation factor calculated individually from both Feaq
and Feppt isotope data of our three experiments resulted in
a very consistent Fe isotopic fractionation eFeppt-Feaq value
of 2.3 ± 0.3‰ (2SD, N = 6). This suggests that the Si has a
strong controlling effect on the overall isotope fractionation
of Fe between Fe(II)aq and Fe(III)ppt, likely by controlling
the formation of intermediate Fe species. Therefore, below
we conducted an isotope composition calculation on the
intermediate phases formed during Fe(II) oxidation, which
may shed some light on the mechanism of how Si affects Fe
isotope fractionation.

4.3. Calculated isotope compositions for intermediate Fe

species

Concentration determinations for both Fe(II) and Fe
(III) in the two extracted phases (FeH2O and FeNaAc) and
Fe isotope measurements on the bulk H2O and NaAc
extracts enabled us to do mass balance calculations of the
isotopic composition for sorbed or loosely bound Fe in
our experiments. For this calculation we assumed that the
Fe(II) in FeH2O had the same isotopic composition as the
Fe(II) in FeNaAc, which we defined as Fe(II)interm, and that
the Fe(III) in FeNaAc and FeH2O had the same isotopic com-
position, which we defined as Fe(III)interm, similar to a pre-
vious study (Crosby et al., 2007). The calculated isotopic
compositions are shown in Table 2 and Fig. 3. Our calcula-
tions showed that, within the uncertainty range, most of the
d56Fe values for Fe(III)interm were nearly the same as the Fe
(III)ppt, which indicates no significant net fractionation
between Fe(III)interm and Fe(III)ppt during Fe mineral pre-
cipitation. The fractionation value resembles the estimated
zero fractionation between Fe(III)aq and hematite at ambi-
ent temperature (Skulan et al., 2002).

Determination of the isotope fractionation values
between Fe(III)aq and Fe(III)ppt is difficult due to the fast
and complete precipitation (Skulan et al., 2002). At high
temperature (98 �C), equilibrium isotope fractionation
between Fe(III)aq and hematite was experimentally deter-
mined to be �0.1‰ (Skulan et al., 2002). Here in our study,
poorly crystalline nanoparticle ferrihydrite likely formed,
similar as observed in previous studies (Kappler and
Newman, 2004). Equilibrium isotopic fractionation is ulti-
mately determined by the bonding environment
(Schauble, 2004). Given the structural similarity of ferrihy-
drite and hematite implicated by spectroscopic data, since
hematite is a dehydrated form of ferrihydrite, and both
have short Fe–Fe parings and face-sharing Fe octahedra
(Schwertmann and Cornell, 2008), similar isotope fraction-
ation between Fe(III)aq and ferrihydrite or hematite would
be reasonable. Indeed, similar isotope fractionation for fer-
rihydrite and hematite with Fe(II)aq was also inferred in
other studies (Wu et al., 2011). The near zero net fraction-
ation between Fe(III)interm and Fe(III)ppt, which resembles
the value between Fe(III)aq and Fe(III)ppt, suggests either
an equilibrium isotope fractionation between Fe(III)aq
and Fe(III)interm or that they do not exchange at all.

The calculated isotope composition for Fe(II)interm was
always heavier than the d56Fe values of Fe(II)aq but lighter
than Fe(III)interm or Fe(III)ppt (Fig. 3). The differences in
d56Fe between Fe(II)aq and Fe(II)interm ranged from
�1.2‰ to �0.4‰. This difference is likely caused by distinct
isotopic fractionations during Fe(II) adsorption to Fe
(III)ppt. Adsorption of Fe(II) to Fe(III) minerals is known



W. Wu et al. /Geochimica et Cosmochimica Acta 211 (2017) 307–321 317
to result in heavier Fe(II)sorb compared to non-sorbed, free
Fe(II)aq (Icopini et al., 2004; Crosby et al., 2007). In partic-
ular, this difference was comparable to the experimentally
determined average values of �0.38 ± 0.10‰ and �0.86
± 0.17‰ between Fe(II)aq and Fe(II)sorb during bacterial
Fe(III) reduction of hematite and goethite, individually
(Crosby et al., 2005).

4.4. Si effect on Fe isotopic exchange

The extent of isotope fractionation during Fe redox
transformation is a function of the reaction pathway and
of the rates of redox transformation (Johnson et al.,
2005). In particular sorption is an important process for
isotopic exchange between aqueous Fe(II) and Fe minerals
(Crosby et al., 2007; Handler et al., 2009). It was shown
before that Si affects the Fe isotope fractionation between
Fe(II)aq and Fe(III)-Si precipitates during dissimilatory Fe
(III) reduction (Wu et al., 2009; Percak-Dennett et al.,
2011) likely by changing the bonding environment of Fe
(II) to Fe(III) minerals (Wu et al., 2009). Here we show that
the presence of Si exerts some control on the isotopic
exchange between the different Fe species during pho-
totrophic Fe(II) oxidation. In the presence of Si, less inter-
mediate Fe(II) was extracted from Feppt in the Fe(II)H2O

and Fe(II)NaAc fractions during phototrophic Fe(II) oxida-
tion, suggesting less Fe(II) sorbs in the presence of Si, likely
due to competition with Si for surface sites. Consequently
the direct isotopic exchange between Fe(II)aq and Fe(III)ppt
is prevented or at least minimized (Jones et al., 2009).

The effects of Si on Fe isotope fractionation showed a
strong dependence on the Fe/Si ratio (Wu et al., 2012). This
was attributed to the influence of Si on Fe(III) mineral pre-
cipitation (Doelsch et al., 2000; Pokrovski et al., 2003;
Jones et al., 2009). In an abiotic Fe(II) oxidation experi-
ment, the Fe isotope fractionation increased with increasing
Si at a Fe/Si ratio of <1, while this trend was opposite at
Fe/Si > 1 (Wu et al., 2012). This was attributed to the dif-
ferent crystal growth properties of Fe(III) minerals, i.e. at
Fe/Si > 1, 3-D growth of Fe minerals with both edge and
corner Fe–Fe linkages dominated, while at Fe/Si < 1, 2-D
crystal growth with edge linkages dominated, and minimum
Fe polymerization occurred at Fe/Si = 1 (Doelsch et al.,
2000, 2003). During microbial Fe(II) oxidation, Si also
affected Fe(III) precipitation, likely through Si substitution
in Fe minerals, which resulted in crystal asymmetry and
decreased crystallinity for the Fe minerals formed during
phototrophic Fe(II) oxidation (Eickhoff et al., 2014;
Gauger et al., 2016). The Fe isotopic fractionation deter-
mined between Fe(III)ppt and Fe(II)aq during phototrophic
Fe(II) oxidation at 1.2 mM initial Fe(II) and 1 mM Si
(e56Feppt-aq = 2.3 ± 0.3‰) is consistent with that deter-
mined between Si-ferrihydrite and Fe(II) at Fe/Si = 1 in
abiotic setups (2.58 ± 0.14‰) (Wu et al., 2011).

To determine what processes control fractionation dur-
ing Fe(II) oxidation by R. iodosum, it is helpful to consider
the two fundamental processes involved, which are Fe(II)aq
oxidation to Fe(III)aq and Fe(III)aq precipitation as Fe
(III)ppt. As the calculated isotope compositions of Fe
(III)interm suggest nearly no net fractionation among Fe
(III)aq, Fe(III)interm and Fe(III)ppt, the second process likely
had a minor contribution to the overall fractionation
between Fe(II)aq and Fe(III)ppt. In other words, the frac-
tionation value (e56Feppt-aq = 2.3 ± 0.3‰) that differs from
the well-studied equilibrium isotopic fractionation of
around 3‰, is more likely due to the Fe(II) oxidation pro-
cess where Fe(II)aq was oxidized to Fe(III)aq in the presence
of Si. This is expected to be the case given that Fe isotope
equilibrium fractionation between Fe(II)aq and Fe(III)ppt
varies with the Fe/Si ratio (Wu et al., 2012). A sketch of
the possible Fe isotope fractionation process during pho-
totrophic Fe(II) oxidation by R. iodosum in the presence
of Si is shown in Fig. 4 based on this hypothesis.

4.5. Geological implications

The observed effect of dissolved Si on Fe isotope fraction-
ation during phototrophic Fe(II) oxidation has implications
for Fe-containing aqueous environments where Si is or was
present, in particular for ancient oceans. The Precambrian
oceans were enriched in dissolved Si due to lack of efficient
Si-utilization by higher organisms that were absent in the
oceans until the Ediacaran age (Brasier et al., 1997). The con-
centration of dissolved Si in the Precambrian was estimated
to be at saturation with cristobalite or amorphous Si in the
range of 0.67–2.2 mM (Maliva et al., 2005), which was much
higher than the average value in modern oceans (<0.10 mM)
(Treguer et al., 1995), although Si concentrations up to 4 mM
have also been reported in some modern natural waters
(Pokrovski et al., 2003). Photoferrotrophs were suggested
to be one of the most likely contributors for Fe(II) oxidation
under anoxic or microoxic conditions in an early ocean
(Kappler et al., 2005; Konhauser et al., 2007), and Si was
likely incorporated in the precursor phase of Fe minerals
before deposited in IFs such as iron silicates (Rasmussen
et al., 2013, 2015) or Si-ferrihydrite precursors (Alibert and
Kinsley, 2016). In the present study we observed a strong
effect of Si on Fe species formation and on Fe isotopic
exchange during microbial phototrophic Fe(II) oxidation
at simulated Precambrian ferruginous and siliceous ocean
conditions.

The fractionation factor e56Feppt-aq = 2.3 ± 0.3‰
between d56Fe(III)ppt and d56Fe(II)aq determined here has
implications for the Fe isotope compositions in IFs precip-
itated throughout geological time. The hydrothermal
source of Fe for IFs likely also contained Si. Therefore,
co-precipitation of Si with Fe(III) oxyhydroxides, and the
effect on the resulting Fe isotope composition of residual
and precipitated Fe pools, needs to be considered. For
example, Moeller et al. (2014) reported d56Fe values for
modern microbial siliceous Fe-oxyhydroxide mounds from
the Jan Mayen vent fields, Norwegian-Greenland Sea,
between �2.09‰ and �0.66‰, which, with one exception,
are equal or isotopically heavier than the low-temperature
hydrothermal fluids with d56Fe values of �1.84‰ and
�1.53‰ from which these Fe deposits formed. Similarly,
d56Fe values between �0.38‰ and 0.89‰ for microbial jas-
pilitic plume deposits from the Ordovician Løkken ophio-
lite complex, W-Norway reported in the same study are
equal or isotopically heavier than modern high-



Fig. 4. A sketch of Fe isotope fractionation processes during phototrophic Fe(II) oxidation in the presence of Si. At least two processes were
involved: Fe(II)aq oxidation and Fe(III)aq precipitation. Fewer intermediate phases of FeH2O and FeNaAc (i.e. sorbed, colloidal, or organically
complexed Fe(II) or Fe(III)) formed in the presence of Si, which prevents Fe isotope exchange, likely by sorption, complexation, and co-
precipitation, resulting in an overall isotope fraction e56Feppt-aq of 2.3 ± 0.3‰ between Fe precipitates and Fe(II)aq.
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temperature vent fluids with d56Fe values of ca. �0.8‰ to
�0.2‰ (Sharma et al., 2001; Beard et al., 2003b;
Severmann et al., 2004; Rouxel et al., 2008; Bennett et al.,
2009) The proposed interpretation of these data by partial
microbial Fe(II)aq oxidation in a Si-bearing environment
and subsequent deposition in mounds with no or little
post-depositional Fe cycling by Fe(III)-reducing bacteria
through dissimilatory iron reduction (DIR) (Moeller
et al., 2014) agrees well with the results of this study. Our
fractionation factor e56Feppt-aq = 2.3 ± 0.3‰ between
d56Fe(III)ppt and d56Fe(II)aq, if applicable to modern low-
temperature siliceous microbial Fe-hydroxide deposits and
ancient high/medium-temperature microbial jaspilitic
plume deposits, might then be used to calculate the propor-
tion of partial microbial Fe(II)aq oxidation in siliceous envi-
ronments, as was done by Moeller et al. (2014) using
somewhat higher fractionation factors e56Feppt-aq of 2.58–
3.99‰ between d56Fe(III)ppt and d56Fe(II)aq, reported by
Wu et al. (2011, 2012) for abiotic (Si-free and Si-bearing)
systems. Moreover, Fe isotope exchange between different
Fe fractions is prevented when Fe minerals are precipitated
in the presence of Si, as we show in our work and has been
suggested by others (Doelsch et al., 2003; Pokrovski et al.,
2003; Jones et al., 2009; Wu et al., 2012). Aside from influ-
encing Fe isotope compositions of residual and precipitated
Fe pools, the presence of Si, regardless of the Fe(II) oxida-
tion pathway (i.e. biotic or abiotic), may even reduce the
mobility of trace elements (e.g. Ni) that are co-
precipitated with Fe minerals (Frierdich et al., 2011), by
blocking the reaction sites of Fe mineral recrystallization
that was shown to lead to a mobilization of trace metals.
As Precambrian IFs Ni concentrations have been suggested
to reflect the composition of trace elements in seawater dur-
ing formation, and thus control the activity of microbes
dependent on those elements (Konhauser et al., 2009,
2015), the presence of Si during precipitation may support
the fidelity of IFs trace element archives.

5. CONCLUSIONS

Fe isotope fractionation during phototrophic Fe(II) oxi-
dation in the presence of Si was clearly different from that
in the absence of Si, i.e. with Si the fractionation factors
generated individually from Fe(II)aq and Fe(III)ppt were
consistent (Table 2 and Fig. 3) while they differed in setups
without Si (Swanner et al., 2015). This clearly suggests a
role of Si in minimizing isotopic exchange processes
between different Fe species during phototrophic Fe(II) oxi-
dation. As a consequence, the presence of Si would likely
have affected the Fe speciation and Fe isotopic composition
of the Fe precipitates and this has to be considered when
analyzing Fe isotope composition values for different Fe-
containing minerals in Precambrian IFs.
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