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Banded iron formations (BIFs) are iron- and silica-rich chemical sedimentary rocks that were deposited 
throughout much of the Precambrian. The biological oxidation of dissolved Fe(II) led to the precipitation 
of a ferric oxyhydroxide phase, such as ferrihydrite, in the marine photic zone. Upon burial, ferrihydrite 
was either transformed into hematite through dehydration or it was reduced to magnetite via biological 
or abiological Fe(III) reduction coupled to the oxidation of buried microbial biomass. However, it has 
always been intriguing as to why the oldest BIFs are characteristically magnetite-rich, while BIFs formed 
after the Neoarchean are dominated by hematite. Here, we propose that some magnetite in early Archean 
BIF could have precipitated directly from seawater through the reaction of settling ferrihydrite and hot, 
Fe(II)-rich hydrothermal fluids that existed in the deeper waters. We conducted experiments that showed 
the reaction of Fe(II) with biogenic ferric iron mats under strict anoxic conditions lead to the formation 
of a metastable green rust phase that within hours transformed into magnetite. Our model further posits 
that with the progressive cooling and oxidation of the Earth’s oceans, the above reaction shuts off, and 
magnetite was subsequently restricted to reactions associated with diagenesis and metamorphism.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Banded iron formations (BIFs) are one of the most important 
sedimentary archives for understanding Precambrian ocean chem-
istry and the evolution of the marine biosphere (e.g., Bekker et 
al., 2010, 2014). Two types of BIF have been recognized with re-
spect to their depositional setting. Algoma-type BIF are stratigraph-
ically linked to submarine-emplaced volcanic rocks in greenstone 
belts and, in some cases, with volcanogenic massive sulfide de-
posits (Ohmoto, 2003). They range in age from Eoarchean to early 
Paleoproterozoic, which possibly reflects the absence of large, sta-
ble cratons at that time (Isley and Abbott, 1999). Superior-type 
BIF, which becoming common in the late Archean to Paleopro-
terozoic, were deposited in the near-shore continental-shelf envi-
ronments, and are typically interbedded with carbonates, quartz 
arenite, and black shale, but with only minor amounts of volcanic 
rocks (Klein, 2005). Unlike most Algoma-type BIF, which rarely ex-
tend for more than 10 km along strike and are usually not more 
than 50 m thick, the Superior-type BIF can be extremely laterally 
extensive, with original extents estimated in some cases to be over 
100,000 km2 (Morris, 1993; Isley and Abbott, 1999). Superior-type 
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BIF first appear in the late Archean, when construction of large 
continents first began. From ca. 2.6 to ca. 2.4 Ga, global mafic mag-
matism culminated in the deposition of giant Superior-type BIF in 
South Africa, Australia, Brazil, Russia, and Ukraine (Isley and Ab-
bott, 1999).

BIF are dominated by silica (∼40–50%) and iron oxides (∼20–
40%). The mineralogy of the least metamorphosed BIF consists 
of chert (SiO2), magnetite (Fe3O4), hematite (Fe2O3), siderite 
(FeCO3) and various iron-silicate minerals, such as greenalite 
((Fe)3Si2O5(OH)4): the presence of both ferric and ferrous miner-
als gives BIF an average oxidation state of Fe2.4+ (Klein, 2005). It is 
generally agreed that none of the minerals in BIF are primary, but 
that instead, the minerals reflect both diagenetic and metamorphic 
overprinting. For instance, hematite is believed to be a dehydrated 
product of a ferric hydroxide precursor, such as ferrihydrite, pre-
cipitated in the photic zone via enzymatic oxidation (Kappler et 
al., 2005) or oxidation by O2 derived from oxygenic cyanobacteria 
(Planavsky et al., 2014). This view was recently supported by Sun 
et al. (2015) who conducted high resolution transmission electron 
microscopy (TEM) and selected area electron diffraction (SAED) of 
fine mineral structures in BIF from the 2.73 Ga Abitibi greenstone 
belt in northwestern Canada and the 2.46 Ga Kuruman Iron For-
mation in South Africa to ascertain the timing and paragenesis of 
hematite. Sun et al. (2015) interpreted that the 3–5 nm ultrafine 
hematite crystals in the hematite bands and those submicrometer 
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(sub)euhedral hematite crystals randomly distributed in the chert 
matrix of transitional zones between iron oxide- and chert-rich 
bands were directly dehydrated from a precursor ferric hydroxide 
phase.

In terms of magnetite, a number of petrographic studies have 
described the mineral as being of sedimentary origin. For in-
stance, Krapež et al. (2003) reported several forms of diagenetic 
magnetite, including (1) disseminated grains within but obscur-
ing sedimentary laminae, (2) laminated beds that clearly truncated 
sedimentary layering, (3) layer-discordant veins, and (4) cleavage 
fills. Ewers and Morris (1981) even suggested that most mag-
netite in the BIF of the 2.48 Ga Dales Gorge Formation of Western 
Australia was secondary by showing overgrowth of a fine-grained 
ferric hydroxide precursor. Recently, Li et al. (2013) proposed a 
model to account for magnetite formation in BIFs that included 
a three-stage sequence, beginning with the biomineralization of 
magnetite by dissimilatory Fe(III) reduction (DIR) of an initial ferric 
iron-rich sediment coupled to the oxidation of dead phytoplank-
ton biomass, followed by magnetite crystal aging, and ultimately 
pressure–temperature induced abiotic growth of the biogenic mag-
netite during metamorphism.

Five lines of evidence are in agreement with the notion that 
magnetite formation during diagenesis was initially driven by DIR. 
First, extant hyperthermophilic Bacteria and Archaea branch deeply 
in the universal phylogenetic tree (i.e., they represent an ancient 
metabolism) and can reduce Fe(III). Second, highly negative δ56Fe 
values in magnetite-rich BIF samples as old as 2.9 Ga have been 
observed and are comparable to the negative fractionations mea-
sured in experimental culture with DIR bacteria (e.g., Johnson et 
al., 2008). Third, Li et al. (2011) conducted detailed crystallochem-
ical analysis of magnetite from the Dales Gorge Member BIF and 
reported magnetite with a lattice constant and Fe2+/Fe3+ stoi-
chiometry very similar to those produced by DIR bacteria includ-
ing Geobacter, Shewanella and Thermoanaerobacter. Fourth, biogenic 
magnetite crystals have very pure chemical compositions, which 
is regarded as one of the major criteria for assigning a biogenic 
origin to magnetite (Li et al., 2011) – magnetite in BIF can also 
have a pure end-member composition (Gole, 1981). Fifth, recent 
experimental low-grade alteration of biogenic magnetite demon-
strated how the fine-grained magnetite produced via DIR (a few 
hundred nm or smaller in size) can grow in size to nearly 1 micron 
upon reaction of ferrihydrite and microbial biomass under simu-
lated low-grade metamorphic conditions (Li et al., 2013).

Despite the wide acceptance of a secondary origin for mag-
netite in BIF, it has always been puzzling why BIFs from the 
early Archean are predominantly composed of magnetite. For in-
stance, the ∼3.7 Ga BIFs from the Isua Supracrustal Belt (ISB) 
in Western Greenland (Frei and Polat, 2007; Czaja et al., 2013), 
3.05–2.95 Ga Mount Gibson BIF in Western Australia (Lascelles, 
2006), and 2.98 Ga West Rand Group of the Witwatersrand Super-
group, South Africa (Smith et al., 2013) contain mostly magnetite 
as the iron oxide phase. Gross (1986) reported that the early BIFs 
(prior to 2.6 Ga) have higher Fe2+/Fe3+ ratios in the oxide facies 
than those in the late stage, indicating a relatively high amount 
of magnetite in the early deposited BIFs. It is observed that the 
Archean BIFs are characterized by not only high abundance of 
magnetite, but also their high grade metamorphic grades (Klein, 
2005). For example, the BIF of ISB is of amphibole metamorphic 
grade and with almost 100% magnetite as its oxide phase, but 
Fe-isotopic compositions of both statigraphic bands and magnetite 
crystals within bands show features not influenced by metamor-
phic fluids (Frei and Polat, 2007; Czaja et al., 2013). By contrast, 
BIFs deposited after 2.6 Ga show a dramatic increase in hematite 
content. For instance, the 2.48 Ga Dales Gorge Formation (Li et 
al., 2011) and the 1.9–1.8 Ga Frere Formation in Western Aus-
tralia (Klein, 2005) are mostly composed of hematite, as are the 
many Neoproterozoic BIFs (Klein, 2005). On a related note, Gole
(1981) showed that under the same grade of metamorphic alter-
ation, Fe3+/Fe2+ in the magnetite-rich BIF is not higher than that 
of coexisting shale with high content of organic matter, implying 
later diagenetic or metamorphic processes might not be able to 
produce substantial amount of magnetite in BIFs. In terms of or-
ganic carbon content in BIF, it is extremely low and there is also 
no significant variation through time (Klein, 2005), suggesting that 
there was unlikely to have been more biomass production in the 
early Archean oceans than thereafter. In other words, the excess 
magnetite might not be a reflection of more organic carbon burial 
or enhanced DIR. Moreover, because negative δ56Fe values are not 
found in the sedimentary record prior to around 2.9 Ga, Johnson 
et al. (2008) suggested that DIR did not have a large impact on the 
marine sedimentary record before that time.

Based on oxygen isotopic thermometry and silicon isotopic 
compositions in early Archean cherts, it has been estimated 
that seawater temperature could have been as high as 55–85 ◦C 
(Knauth, 2005). Therefore, it is possible that the higher magnetite 
content in Archean Algoma-type BIF might be due to the reaction 
of hot, Fe(II)-rich seawater with primary ferric hydroxides; the lat-
ter formed via photosynthetic Fe(II) oxidation – photoferrotrophy – 
because to date this is the most accepted model in the absence 
of free oxygen (see Kappler et al., 2005; Konhauser et al., 2007;
Pecoits et al., 2015). In other words, the key ingredients for the 
early formation of magnetite in the hot seawater rich with Fe(II) 
and ferric hydroxide precipitation were available in that window 
of time, but as the mean ocean temperature cooled and as the 
ocean water column became gradually oxygenated on the shelf, 
hydrothermal fluids cooled upon mixing, and ultimately the mech-
anism for magnetite formation ceased to exist. Certainly the REE 
patterns in Algoma-type BIFs, specifically the shale normalized eu-
ropium (Eu) anomalies, have been central in showing that Archean 
BIFs record a strong influence of high-temperature hydrothermal 
fluids on the seawater dissolved REE (e.g., Jacobsen and Pimentel-
Klose, 1988; Derry and Jacobsen, 1990; Isley and Abbott, 1999;
Smith et al., 2013). In contrast, the REE patterns of BIFs precip-
itated in the Paleoproterozoic demonstrate waning hydrothermal 
input at that time (Derry and Jacobsen, 1990).

In this study we experimentally test the hypothesis that in 
the early Archean ocean, the episodic reaction of hot Fe(II)-rich 
hydrothermal fluids with biogenic ferric hydroxide led to the pre-
cipitation of magnetite. We reacted microbial induced ferric oxyhy-
droxides precipitates with dissolved Fe(II) under strictly anaerobic 
conditions and found the formation of magnetite, with green rust 
(GR) as the intermediate phase at temperatures in excess of 50 ◦C.

2. Sample and methods

2.1. Sample preparation

In this study we used ferrihydrite mats produced by Gal-
lionella and Leptothrix from the Low Pond of Aberdeen Country 
Park, Hong Kong. Although these mats do not contain photofer-
rotrophic species as predicted for the Eoarchean oceans, ferrihy-
drite has been proved to be the only ferric oxyhydroxide in the 
Fe(II)-oxidizing mat (Lv et al., 2016). The low organic matter in 
those ferric iron biomats was suggested to be comparable to the 
biological precipitation of ferric oxyhydroxide precursors from the 
ferruginous ocean (Kappler et al., 2005; Swanner et al., 2015). By 
using this ferrihydrite mat, we could also test the possible role 
biomass might have played in the conversion of ferrihydrite to 
more stable iron oxides at higher temperatures in the Archean fer-
ruginous waters.

The ferrihydrite mats of Gallionella–Leptothrix were returned 
to the laboratory and suspended in 0.05 M HEPES (2-[4-(2-hydr-
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Fig. 1. SEM and TEM characterizations of original bacterial Fe(II)-oxidizing mats. The SEM observation of Gallionella stalk covered by ferric iron rusticles; B. SEM observation 
of ferric iron spherules; C–D. High resolution TEM observation of fibrils encrusted by amorphous ferrihydrite; E. High resolution TEM observation of ferrihydrite showing its 
amorphous nature.
oxyethyl)-1-piperazine]ethanesulfonic acid) buffered media with a 
solid/liquid ratio approximately 1 mg/ml. Samples were then ad-
justed to pH values of 7.5, 8.0 and 9.0, values that would have 
likely bracketed the predicted pH values of deep seawater in the 
Archean (e.g., Jacobsen and Pimentel-Klose, 1988). A 10 ml slurry 
was dispensed in each 26-ml pressure tube and bubbled with 100% 
N2 for 20 min at room temperature to remove O2 (Butler et al., 
1994). The tubes were then sealed with butyl rubber stoppers and 
aluminum crimp-caps.

For comparison, strict anaerobic slurries of synthesized pure 
ferrihydrite and ultrafine hematite particles extracted from the 
2.48 Ga Dales Gorge Member BIF were prepared by the same 
procedure. To extract hematite fine particles from the BIF, ∼1 g 
iron oxide BIF was ground into fine powder and then mixed with 
40 ml 100% ethanol in a 50 ml centrifuge tube. The extremely fine 
particles of hematite made a suspension while all the other par-
ticles (e.g., magnetite, chert and silicates) settled to the bottom 
of the tube. A magnet was applied to the tube to fix magnetite 
and a pipette was used to transfer the hematite suspension to an-
other tube. The obtained hematite was a pure phase of ultrafine 
nanocrystals of 3–5 nm, as examined by TEM in a previous study 
(Sun et al., 2015).

2.2. Reaction between ferric iron oxide slurries and Fe(II) under strictly 
anaerobic conditions

After the injection of 1 ml 0.1 M (NH4)2Fe(SO4)2 stock solution, 
the slurries were gently shaken, stationed for 5 min at room tem-
perature, and then incubated at temperatures of 40 ◦C, 50 ◦C and 
60 ◦C. There was no loss of biomass through the preparation pro-
cedure. The media incubated at 60 ◦C turned to black after 10 h; 
similar phenomena were observed in media incubated at 50 ◦C af-
ter 5 days. However, the media incubated at 40 ◦C did not show 
substantial difference from the media containing synthesized ferri-
hydrite without the addition of Fe(II)) placed at room temperature, 
even after 40 days. After longer incubations (>2 months), all the 
slurry materials transformed into black precipitates. Tubes with 
chemically synthesized ferrihydrite displayed similar color changes 
to the natural ferrihydrite mats, but with faster reaction rates. The 
anaerobic slurry of hematite extracted from BIF was initially red-
dish brown but turned to light blue–green with the addition of 
Fe(II) solution. The color did not change at the end of two-month 
incubation.

2.3. SEM and TEM observations

A Hitachi S-4800 FEG scanning electron microscope (SEM) 
equipped with electron dispersive X-ray spectroscopy (EDS) was 
employed to characterize morphology and chemical composition 
of the minerals. A FEI Tecnai G2 20 S-TWIN TEM equipped with 
SAED and EDS was used to characterize the mineral structures 
and chemical composition of the ultrafine particles. Subsamples 
for electron microscopic studies were extracted at the electron 
microscopic laboratory immediately prior to loading in order to 
minimize any changes resulting from excessive exposure to the 
atmosphere. To do so, the sampling tubes were shaken and sub-
samples were taken out by syringe, treated by pure ethanol so that 
they could dry quickly, and loaded on either a silica slide for SEM 
observation or a copper grid for TEM observation.

2.4. Mössbauer spectroscopy and X-ray diffraction (XRD)

The black precipitates were dried by ethanol and placed in a 
1-cm2 acrylic holder to make iron concentrations equivalent to 
∼5 mg/cm2 for Mössbauer spectroscopic measurements at room 
temperature. A 25 mCi 57Co/Pb radioactive source was used, and 
a 25-μm α-Fe was measured before and after to calibrate the 
hyperfine parameters. The Mössbauer spectra were collected for 
incubated samples at 20 h, 30 h and 44 h, and fitted by using 
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Fig. 2. SEM observations of the formation of green rust reactions between Fe(II) and ferrihydrite mats slurry under strict anaerobic condition. A. General view of GR aggregates 
made of flakes (arrowed) of different sizes; B. Well-defined green rust aggregates; C. Triangle crystal plane and foil-like structures observed among the green rust flakes; 
D. Rosette-like green rust aggregates; E. Rosette-like grain aggregates; F. Green rusts (arrowed) developing on the fibrous stalks; G. Well-defined GR developing on aggregates 
(arrowed) covered by colloidal material; H. Well-defined GR crystals growing on biogenic stalks (arrowed); I. The layer structure of GR crystals (arrowed).
WinNormos software based on least square fitting of Lorentzian 
line-shapes.

For powder X-ray diffraction (XRD) analysis, about 15 to 20 mg 
of the mineral end-products from the incubations were sus-
pended with ethanol and placed on the plate holder. Samples were 
scanned from 10◦ to 80◦ for 2θ with a step of 0.02◦ s−1 by a 
Bruker D8 Advance diffractometer with Cu Kα radiation (40 kV 
and 40 mA). The data were analyzed using software Jade 6.5.

3. Results

3.1. SEM and TEM observation of the intermediate phases

The electron microscopic mineralogical characterization of 
ferrihydrite-rich mats collected for the study have previously been 
described in Lv et al. (2016). As observed by SEM, spherulitic rus-
ticles of a few tens to hundreds of nm could be observed on the 
surface of the stalks (Fig. 1A) or between the stalks (Fig. 1B) that 
were produced during bacterial Fe(II)-oxidation. High resolution 
TEM observations further showed that ferrihydrite was either on 
the surface of stalks (Fig. 1C) or made spherules (Fig. 1D) without 
biomass. TEM observations could not detect any crystal ordering 
(Fig. 1E), implying ferrihydrite in the biomats retained an amor-
phous nature until the experimental study.

In experimental samples with natural ferrihydrite mats plus 
dissolved Fe(II), SEM observations showed that the hexagonal 
platelets agglomerated into aggregates (Figs. 2A–D). Two groups of 
hexagonal platelets with different sizes were observed: (1) 1–2 μm
in diameter (Fig. 2A, arrow a) and >20 nm in thickness (Fig. 2E, 
arrow a), and (2) 400–600 nm in diameter (Fig. 2A, arrow b) and 
∼3 nm in thickness (Fig. 2E, arrow b). A small number of crys-
tals with triangular planes (Fig. 2C, arrow a, ∼10 nm in size) were 
observed. EDS measurements showed the triangular-planed crys-
tals contained high Si and Fe (Si/Fe ∼ 0.35) with composition and 
structure close to the mineral cronstedtite (Fe2+

2 Fe3+
2 SiO5(OH)4), 

similar to previous reports (e.g., Pignatelli et al., 2013). A SAED pat-
tern of a monocrystal was obtained but not shown here because it 
only yielded the diffraction of one crystal plane, which was not 
sufficient to confirm the crystal structure.

Rosette structures made of hexagonal GR crystals are com-
mon (Fig. 2D–E). Well-separated hexagonal platelets of a variety 
of crystalline states could also be observed in their intermedi-
ate phases (Fig. 2F–I). The slightly eroded edges of those thin 
hexagonal platelets on stalks (arrowed in Fig. 2F) showed an early 
stage of dissolution of GR crystals. Those euhedral hexagonal flakes 
were observed on a variety of structures, such as ferrihydrite 
spherules/rusticles (Fig. 2G) and stalks (Fig. 2C, F, and H). The 
TEM characterizations of crystal habits and SAED structures con-
firmed that the hexagonal crystals were GR. Abundant iron oxide 
aggregates on the relics of stalks (Fig. 3A, arrow a) and hexagonal 
flake crystals (Fig. 3A, arrow b) were also observed. The grey gra-
dient in the TEM images shows the variation of thickness of the 
platelets (Fig. 3A–B). The inset hexagon of Fig. 3C yielded an ar-
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Fig. 3. TEM characterization of intermediate phases in the system of Fe(II)-oxidizing biomats reacted with Fe(II) under anaerobic condition. A. Relics of stalks (arrow a) 
together with GR flakes (arrow b) and fibrous organic materials covered by minerals (arrow c); B. The dissolving GR crystals; C. SAED pattern of one GR crystal, insert: the 
GR crystal for SAED measurement; D. Spikes and the early stage of GR crystallization. E. The formation the seed crystals of magnetite (arrowed) after the dissolution of GR. 
F. Magnetite nanocrystals at their early stage.
ray of SAED spots showing a monocrystal (Fig. 3C) with a set of 
Miller indices (hkl) of (024), (012) and (113) that match those of 
GR (e.g., Trolard et al., 2007). Immediately prior to the formation 
of GR, spikes (Fig. 3D) developed that were characterized by their 
amorphous nature as indicated by the diffusive rings in the SAED 
pattern (Fig. 3D inset). Along with the dissolution of GR, crystal 
seeds of magnetite emerged (Fig. 3E, arrowed), which then grew 
to ultrafine crystals of magnetite in a few hours (Fig. 3F).

A series of SEM observations captured the dissolution of GR and 
the subsequent crystallization of magnetite (Fig. 4). After the disso-
lution of GR, the sharp flaky and hexagonal structures were eroded 
to wafer surfaces (arrows in Fig. 4A–C, arrow a in Fig. 4D). With 
continuous decay, the GR platelets eventually dissolved completely 
(Fig. 4B–C). New isometric spheroidal aggregates containing mag-
netite nanocrystals (invisible under those amplifications) between 
50 and 300 nm in size began to appear (arrow b in Fig. 4D and 
Fig. 4E–F). The collapse of these spherules upon further incubation 
showed the structures to be hollow (Fig. 4F), a feature completely 
different from the spherule/rusticles of ferrihydrite, but similar to 
the structure made of magnetite nanoparticles in previous min-
eral synthetic experiments (Guan et al., 2009). TEM characteri-
zation similarly demonstrate the transformation process (Fig. 5). 
Fig. 5A shows the development of the hexagonal crystals of GR 
from the platy aggregate containing randomly oriented spikes (ar-
rowed); Fig. 5B shows the dissolution of the GR crystals; Fig. 5C 
shows the formation of magnetite aggregates appear as dense area 
under TEM; and Fig. 5D shows a SAED pattern of aggregative mag-
netite nanoparticles. Fig. 5E–F show the appearance of extremely 
fine magnetite seed crystals that grew within a few hours to crys-
tals as large as 15 nm.
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Fig. 4. SEM observations of the dissolving GR crystals and the production of invisible magnetite nanoparticles. A. Dissolving green rust crystals (arrowed); B. Relics of 
extensively-dissolved GR aggregates; C. Microenvironment without spherulitic structure after the dissolution of GR; D. Roughly isometric aggregates emerged after the 
dissolution of GR crystals; E. Aggregates contain magnetite nanoparticles (invisible); F. Broken spherules made of magnetite nanoparticles.
3.2. The structural confirmations of magnetite

XRD analyses showed the crystalline phase has a lattice con-
stant of 8.396 Å. Together with the SAED results shown in Fig. 5D, 
this confirms that the end-product is magnetite. Detrital quartz 
from the environmental samples could also be detected by XRD 
(not shown). Mössbauer spectroscopy was used to detect possi-
ble amorphous iron minerals that could not be identified by SEM 
of particle size or confirmed by XRD for structure. The Mössbauer 
spectra of the end products of the 60 ◦C-batch experiments that 
were incubated for 20 h (Fig. 6A), 30 h (Fig. 6B) and 44 h (Fig. 6C) 
were similarly made of two sets of sextets of typical magnetite, 
and a quadrupole doublet (IS = 0.30 mm/s; QS = 0.74 mm/s) that 
represents the remaining ferrihydrite. No signal of GR could be de-
tected by Mössbauer spectroscopy because of its instability upon 
oxidation. The sixtet spectra of magnetite in Fig. 6A–C were not 
well developed because we purposely measured for a time long 
enough to identify magnetite but short enough to avoid the oxida-
tion of possible Fe2+-excess magnetite (e.g., Li et al., 2011) during 
the measurements.

3.3. Experiments on the synthesized ferrihydrite and hematite extracted 
from BIF

The experiment where wet, chemically synthesized ferrihy-
drite was reacted with Fe(II) was compared to the ferrihydrite-
containing mats to assess similarities or differences of the re-
action processes and products; while hematite extracted from 
BIF that was reacted with Fe(II) was applied to compare with 
models on the reaction between hematite in BIF and metamor-
phic fluids containing Fe(II) (e.g., Ohmoto, 2003). The end prod-
ucts of ferrihydrite+Fe(II) was also magnetite. The coexistence 
of magnetite clusters (arrowed) and hexagonal GR crystals were 
observed (Fig. 7A). The seed crystals of magnetite, as identified 
by high resolution TEM observation (Fig. 7B), were nucleated 
from the matrix of the dissolving GR that still contained rich fi-
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Fig. 5. TEM characterizations of magnetite the dissolution of GR. A. The remain of fibrous structure from the mat, GR crystals and the emergence of ultrafine crystal seeds 
of magnetite at left. B. Spikes (arrowed) and the early stage of GR dissolution. C. Aggregates containing magnetite which are too small to be shown; D. SAED pattern of the 
square in (A) showing magnetite was the only crystallized phase; E. Magnetite crystallized after the dissolving of GR crystals; F. Single crystal of magnetite.
brous spikes (Fig. 7C, the ‘hairy’ background). The high resolu-
tion TEM image showed clear lattice fringes that were indicative 
of their crystallinity (Fig. 7D). With further incubation, especially 
at high temperatures (50–60 ◦C), the magnetite crystal grew to 
>20 nm in diameter (Fig. 7E). The SAED pattern of one particle 
of >200 nm showed features of a monocrystal of magnetite (inset 
of Fig. 7F).

The long-term incubation of hematite + Fe(II) did not produce 
magnetite at the end of the one-month incubation. TEM imag-
ing of the end product showed amorphous materials, including 
the dark diffusing plumes of Fe(II)-solution (Fig. 8A). The SAED 
pattern showed diffusive rings of amorphous nature (Fig. 8B). 
The hematite crystals still retained their lattice fringes (Fig. 8C) 
that yielded powder diffraction pattern of hematite nanoparticles 
(Fig. 8D).
3.4. The end product of ferryhydrite mats+Fe(II) systems

The reaction of ferrihydrite mats with Fe(II) under various con-
ditions consistently produced magnetite of single domain size as 
the end product (Fig. 9A); this was confirmed by the SAED pattern 
(Fig. 9B). The small needle-like crystals were goethite (arrowed in 
Fig. 9A). The control experiment with ferrihydrite+Fe(II) also pro-
duced magnetite as the end product. As the control experiment, 
the ferrihydrite slurry without adding Fe(II) did not change its 
color, and neither did its mineralogical phase by the end of ex-
perimental time.

As control experiments, a few tubes were injected with 0.05 or 
0.1 ml of air and shaken before the injection of Fe(II) stock solu-
tion. The injection of Fe(II) to those tubes also displayed a brief 
change in color to green and turned back to brown upon shaking. 
The SEM observations described in the following paragraph were 



110 Y.-L. Li et al. / Earth and Planetary Science Letters 466 (2017) 103–114
Fig. 6. The Mössbauer spectra of reaction products of Gallionella biomats reacted 
with Fe(II) under anaerobic condition after 20 h (A), 30 h (B) and 44 h (C). The sex-
tets are of Fe3+ and Fe2.5+ on magnetite and doublets are of Fe3+ on ferrihydrite.

also done on those samples, but the typical hexagonal crystals of 
green rust (GR) could not be observed in the subsamples sampled 
during incubations.

4. Discussions

4.1. Transformation from ferrihydrite to magnetite via green rust in the 
strict anaerobic media

Various iron oxides have been shown to react with dissolved 
Fe(II) under oxygen-free conditions to produce GR (e.g., Usman 
et al., 2012; Guilbaud et al., 2013), while the further transforma-
tion of GR into magnetite depends on the ratio of Fe(II)/

∑
Fe of 

GR (Guilbaud et al., 2013). For instance, after incubation at 70 ◦C 
for 7 days, GR with high Fe2+/

∑
Fe (2/3) did not turn to mag-

netite (Géhin et al., 2002). GR has been widely reported to be 
the immediate product of microbial reduction of FeOOH species 
or ferrihydrite (Zegeye et al., 2012). In this study, the ferrihydrite 
mats that were reacted with Fe(II) under strictly anoxic conditions 
showed a clear intermediate phase of GR before the formation 
of magnetite (Figs. 2–3 and Fig. 5B). All experiments under ei-
ther microoxic or fully oxic conditions failed to produce GR (as 
examined by SEM), and hence, no magnetite as the end-product, 
though the crystallinity of the original Fe(III)-oxides could be en-
hanced (Pedersen et al., 2005). These results clearly indicate that 
oxygen prohibits GR formation (Usman et al., 2012), and by exten-
sion, the prevention of magnetite mineralization by this pathway. 
According to Guan et al. (2009), spheroids such as those shown 
in Fig. 4D–E that form from GR dissolution transform into hollow 
spheres (Fig. 4F) containing magnetite nanoparticles. The measured 
XRD lattice constant was close to the perfect stoichiometry of mag-
netite [Fe3+(Fe3+Fe2+)O4] by having a lattice constant = 8.396 Å. 
They are also very close to the perfect stoichiometric magnetite 
from the Dales Gorge Member BIF (Li et al., 2011).

GR generated from the ferrihydrite mats and chemically syn-
thesized ferrihydrite reacting with dissolved Fe(II) all show further 
recrystallization to magnetite at temperatures 50–60 ◦C, indicating 
an insignificant role of organic matter in the ferrihydrite mats. The 
order of the magnetite mineralization rates is ferrihydrite > fer-
ric iron mats hematite. The slow reaction rate between ferrihydrite 
mats and Fe(II) could be the result of the retarding effect of some 
unknown organic compounds in the biomats (Jones et al., 2009). 
Similar to our results, Usman et al. (2012) did not detect mag-
netite by Mössbauer spectroscopy in the GR-containing media from 
reaction between hematite and water-soluble Fe(II). The lack of re-
action between hematite and Fe(II) in this and previous studies 
(Pedersen et al., 2005) does not diminish the geochemical reac-
tion between hematite and metamorphic Fe(II)-fluid during post-
depositional processes (Ohmoto, 2003). However, according to the 
modal calculation by Morris (1985), using Fe(II)-containing fluids 
to magnetize massive hematite in BIF deposits requires unreason-
ably huge volumes of metamorphic fluids. Even when a potentially 
high influx of secondary fluids was included, petrologic observa-
tions showed that the Fe3+/(Fe3+ + Fe2+) of Fe-containing oxides 
and silicates assemblages did not change substantially when com-
pared to BIFs that experienced low diagenetic to greenschist facies 
metamorphisms (Beukes et al., 2008). These findings are corrob-
orated by the preservation of high heterogeneity of Fe-isotopic 
compositions in the micro-banding of BIFs (Frost et al., 2007).

4.2. Siliceous material in the products

Natural ferric oxyhydroxides often contain significant amounts 
of silica, and this was likely more so in the early Precam-
brian oceans due to extensive reactions between the hot sea-
water and the ultramafic marine crust (Konhauser et al., 2007;
Rasmussen et al., 2015). In the intermediate phase of the fer-
rihydrite mats + Fe(II) experiments, some spiky structures and 
triangular-plane crystal phases were observed associated with the 
GR platelets. These were characterized by SEM and TEM as possibly 
Fe-rich siliceous materials (Fig. 2C). Similar structures have previ-
ously been described as “chlorite- or serpentine-like minerals”, or 
“Fe-rich, 7 Å-phyllosillicates” (De Jodin-Caumon et al., 2012). The 
crystal in Fig. 2C has composition and structure close to the min-
eral cronstedtite, and it is plausible that something mineralogically 
similar could have been a precursor phase to the iron silicates 
comprising some BIFs (e.g., Rasmussen et al., 2015).

4.3. Mineralization of magnetite in the ferruginous seawater column

There are petrologic, mineralogical and chemical lines of ev-
idence that show magnetite in BIF is largely a secondary min-
eral (e.g. Morris, 1993; Johnson et al., 2008; Li et al., 2013;
Li, 2014). Magnetite is generally presumed to have formed either 
as a result of biologically induced mineralization via DIR during 
early diagenesis (e.g., Konhauser et al., 2005; Johnson et al., 2008;
Li et al., 2011) or through the abiogenic reduction of the pre-
cursor ferric oxyhydroxide phases with organic matter at tem-
peratures exceeding the thresholds of DIR (e.g., Halama et al., 
2016). Johnson et al. (2008) suggested that DIR probably emerged 
after ∼2.9 Ga based on Fe-isotopes of magnetite in BIF, which 
was much later than the first appearance of the earliest BIF, e.g. 
3.8-Ga Isua Supracrustal belt, Greenland (Frei and Polat, 2007;
Czaja et al., 2013). At even higher temperatures, the decomposi-
tion of siderite to magnetite can take place, with or without the 
presence of organic carbon, while the transformation of hematite 
to magnetite requires a relatively high temperature (over 200 ◦C) 
along with the addition of Fe(II) derived from secondary hy-
drothermal or metamorphic fluids (Ohmoto, 2003; Klein, 2005;
Frei and Polat, 2007). Within the timeframe of this experimental 
study, the reaction between hematite and dissolved Fe(II) was in-
significant, which is consistent with the adsorption experiments 
and 55Fe isotope traced reaction between hematite and aqueous 
Fe(II) (Pedersen et al., 2005).
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Fig. 7. TEM characterization of the evolution of mineral phases from GR to magnetite in experiments of synthetic ferrihydrite reacted with Fe(II) under strictly anaerobic 
condition. (A) The formation of GR. (B) The emergence of ultrafine magnetite crystals after the dissolution of GR. (C) Magnetite on the spike rich matrix. (D) High reso-
lution observations showed lattice fringe of magnetite. (E) The formation of magnetite cluster, GR crystal on the background. Insert: SAED pattern of GR in squared area; 
(F) Magnetite crystals in the products, insert: SAED confirmed the structure of magnetite.
Based on this experimental study, we propose a new genetic 
model for some of the magnetite in BIF deposited in Archean 
(Fig. 10). We envision a marine photic zone where photofer-
rotrophs were the dominant marine plankton (Kappler et al., 
2005); cyanobacteria, if existed, may have been present in “oxygen 
oases” as early as 3.0–3.2 Ga (Planavsky et al., 2014), but given the 
recent experimental findings indicates the high concentration of 
dissolved Fe(II) in the oceans may have been toxic to the cyanobac-
teria (Swanner et al., 2015). Through the photoferrotrophic oxida-
tion of Fe(II), ferrihydrite was formed within the water column and 
then rapidly deposited onto the seafloor (Konhauser et al., 2005). 
During settling, some of the ferrihydrite was transformed into GR, 
which, in turn, converted to magnetite (Fig. 10). Importantly, only 
under reducing conditions could GR transform into magnetite be-
cause when GR reacts with oxygen it produces either ferrihydrite 
or FeOOH species, such as goethite (Génin et al., 1998). Thus, in ar-
eas where cyanobacteria may have been abundant (for instance the 
shallow shelf, either in the water column or as part of a stromato-
lite), it is unlikely that magnetite could have formed in the water 
column. This model is supported by the observation of a mod-
ern ferruginous water column of Lake Matano, Indonesia, in which 
photoferrotrophically produced ferrihydrite reacts with dissolved 
Fe(II) to produce GR, which in turn, transforms into magnetite 
within the water column (Zegeye et al., 2012). However, it is more 
likely that it was the episodic upwelling of the deep-sea hydrother-
mal waters enriched in dissolved Fe(II) that reacted with settling 
ferrihydrite particles, or those already deposited onto beneath the 
photic zone, that allowed magnetite to form prior to burial and 
diagenesis. The area and thickness of magnetite depended on the 
scale of the upwelling plume and the time it lasts. It is possible 
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Fig. 8. TEM characterizations of the products of hematite interacting with Fe(II) under strict anaerobic condition. (A) Fibrous spikes on the interface between solid and the 
aqueous phase, no crystal of GR observed; (B) SAED showing amorphous material; (C) High resolution TEM observation showing lattice fringes of fine crystals of hematite. 
(D) SAED set of (hkl) consistent with hematite.

Fig. 9. The mineralization of single domain magnetite in experimental systems with pH = 8.5 and incubated at 60 ◦C (A), confirmed by SAED (B). The arrowed nano-needles 
are goethite crystals.
that the concentration of Fe(II) dissolved in the ferruginous oceans 
was high enough to catalyze the recrystallization of ferrihydrite to 
a stable phase such as hematite (Pedersen et al., 2005) and there-
fore hematite bands in Archean BIFs (e.g., Sun et al., 2015), but not 
high enough to precipitate magnetite as we demonstrated in this 
study and elsewhere.

There are possible examples of this mechanism in the Archean 
rock record, including ∼3.7 Ga BIFs from the Isua Supracrustal Belt 
in Western Greenland (Frei and Polat, 2007; Czaja et al., 2013), 
3.05–2.95 Ga Mount Gibson BIF in Western Australia (Lascelles, 
2006), and the 2.98 Ga West Rand Group of the Witwatersrand 
Supergroup, South Africa (Smith et al., 2013). For our mechanism 
to be valid, hot, Fe(II)-enriched seawater was required, but impor-
tantly, the entire ocean water column did not have to be similar. 
Rather, various geochemical observations indicate that the iron in 
Archean BIFs was initially sourced from submarine hydrothermal 
fluids which not only provided Fe(II) but also the (episodic) high 
temperature plumes that might facilitate the magnetization of GR. 
Supporting this scenario are various geochemical features in BIFs, 
including, REE pattern, εNd(t) and Ge/Si ratios (Danielson et al., 
1992; Hamade et al., 2003; Frei and Polat, 2007).

This genetic model of magnetite in the Archean BIF also ex-
plains the debated origin to the banding characteristic of BIFs, 
i.e., the micro- to mesobands of both magnetite (Morris, 1993;
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Fig. 10. Schematic showing magnetite from ferruginous Archean photoferrotrophy or oxygenic photosynthesis.
Smith et al., 2013; Li, 2014) and hematite (Ewers and Morris, 1981;
Gole, 1981; Pecoits et al., 2009; Li, 2014). We suggest that in 
some cases the magnetite were made in the ocean’s water col-
umn through the reaction of photoferrotrophically-generated with 
hot, Fe(II)-high fluids sourced from hydrothermal vents. In this re-
gard, more vigorous mantle recycling and volcanic eruptions on 
the early Earth (Isley and Abbott, 1999) would not only have im-
pacted the composition of the oceans, but also the supply of hy-
drothermal sourced Fe(II) to the bulk oceans. In the case of the 
former, it has been suggested that the early Archean was char-
acterized by a hotter mantle which led to a thicker ocean litho-
sphere, perhaps 20 km thick (Sleep and Windley, 1982). If the 
elevation of mid ocean ridges (MORs) increases 1 km for every 
additional 6–10 km lithospheric thickness (Sleep and Windley, 
1982), then Archean MORs had elevations much shallower than 
today. With MOR crust perhaps only 500 m deep, hydrothermal 
plumes could have been introduced directly to the upper oceans 
at depths generally consistent with the depth of BIF deposition 
(Isley and Abbott, 1999). So the Fe(II)-richer ocean indicated by 
Fe-isotopic composition in magnetite of the Isua BIF (Czaja et al., 
2013) might be a reflection of input of seafloor vented Fe(II)-high 
fluids with high frequency and large scale. As radiogenic heat in 
the interior Earth decreased, MOR depth increased, such that ridge 
crusts withdrew from the upper ocean. As the introduction of hy-
drothermally introduced Fe to upper ocean waters ended, it dimin-
ished the likelihood of Fe(II) being effused directly to the shallow 
oceans. Thereafter, as ferrihydrite formed in the water column, 
it would have settled to the seafloor without having come into 
contact with Fe(II)-high plumes from hydrothermal vent. Ferrihy-
drite would then have been dehydrated to bands of hematite or 
settled along with cell biomass, leading to secondary magnetite 
formation via DIR. As an example, the iron-rich bands of the Dales 
Gorge BIF is predominantly made of hematite, while the magnetite 
micro- or macrobands appear episodically (Pecoits et al., 2009;
Li, 2014).

5. Conclusions

We report the interactions between ferric iron oxide mats and 
soluble Fe(II) under strictly anaerobic condition as an analogue to 
the interaction between the photoferrotrophic oxidized Fe(III) and 
Fe(II)-rich, hot fluids from the hydrothermal vents in Archean. Our 
experimental results demonstrate that the reactions lead to the for-
mation of magnetite via an intermediate green rust phase. This 
pathway could explain why early Archean Precambrian BIFs con-
tain abundant magnetite due to the higher frequency and amount 
of discharged hot, Fe(II)-rich waters into the oceans. By contrast, 
the deposition of hematite bands reflects a lack of interaction 
between Fe(II) and ferric oxyhydroxide precipitated from photo-
synthetic Fe(II)-oxidization. As magnetite carries 2/3 Fe as Fe3+
inherited from photoferrotrophic precipitated iron oxide, magnetite 
of the Isua BIF can be considered the oldest lithological signature 
of life on Earth.
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