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a b s t r a c t
There is longstanding controversy about the genesis of magnetite in banded iron formations (BIFs),
particularly concerning whether it is of abiogenic or biogenic origin. The composition of trace elements
within magnetite produced by magnetotactic bacteria has been proposed as a promising marker for its
biological origin; however further experimental evidence is required to investigate whether this also
holds true for iron-metabolizing bacteria. Here, we compared the behavior of zinc (Zn) and nickel (Ni)
in magnetite produced either abiogenically (ferrihydrite reacting with dissolved Fe2+ ) or biogenically
(ferrihydrite reacting with dissolved Fe2+ generated via the dissimilatory iron-reducing bacterium DIRB - Shewanella oneidensis MR-1). These abiotic and biotic incubations were applied for transforming
three ferrihydrite (Fh) substrates: (1) Control Fh without added trace elements; (2) Zn-coprecipitated
ferrihydrite (ZnFh); and (3) Ni-coprecipitated ferrihydrite (NiFh) in both NaHCO3 and HEPES buffer. Xray diffraction revealed magnetite as the dominant transformation product for all reaction conditions,
while siderite was only detected in experiments containing NaHCO3 as buffer. Based on similar initial
dissolved Ni and Zn concentrations, we found opposing behavior of Zn and Ni where Zn showed
enrichment in abiogenic magnetite, while Ni was more enriched in biogenic magnetite. Combining
supposed Zn and Ni concentrations in Precambrian seawater and magnetite mineral grains from three
formations deposited at different ages (i.e. 3.75 Ga Nuvvuagittuq Supracrustal Belt, 2.45 Ga Weeli Wolli
Iron Formation, and 1.88 Ga Sokoman Iron Formation), we reconstructed potential Zn and Ni partition
coeﬃcients between Precambrian seawater and magnetite minerals. The reconstructed potential Zn and
Ni partition coeﬃcients suggested that these magnetite minerals from three formations were abiogenic.
These differing behaviors suggest the possibility of using Zn and Ni partition coeﬃcient ratios as a means
of determining the presence or absence of DIRB in the formation of ancient magnetite deposits.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction

precipitated from seawater during the Archean and Proterozoic

Banded iron formations (BIFs) are ancient sedimentary deposits of alternating silica-rich and iron-rich layers that were

tain iron minerals with different oxidation states, including those

(Bekker et al., 2010; Konhauser et al., 2017). BIFs typically concomprised of only Fe(III) (e.g., hematite; Fe2 O3 ), only Fe(II) (e.g.,
siderite; FeCO3 ), and/or mixed valence phases (e.g., magnetite;
Fe(II)Fe(III)2 O4 ). It is generally agreed that the iron minerals in
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BIFs are not primary, but reﬂect both diagenetic and metamorphic
transformation of one or more mineral precursors, such as ferrihydrite (Fe(OH)3 ) (Konhauser et al., 2007; Sun et al., 2015), green
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x−

A2− x/2 · yH2 O
(where A denotes
intercalated anions) (Halevy et al., 2017; Han et al., 2020a), as well
as greenalite ((Fe)3 Si2 O5 (OH)4 ) and siderite (Rasmussen and Muhling, 2018; Rasmussen et al., 2017).
It is currently thought that one of the main mechanisms of
magnetite genesis in BIFs was partial reduction of ferric oxyhydroxide precursor minerals, such as ferrihydrite (reactions 1 and 2).
rust ( FeII(6−x) FeIII
x (OH)12

pected to occur in DIRB, as they precipitate magnetite in contact
with the external solution. Additionally, the presence of microbial
cells (e.g., DIRB) and microbially-derived organic material, such as
extracellular polymeric substances (EPS) (Hao et al., 2016), may
result in altered trace element incorporation into DIRB magnetic
compared to its abiogenic counterpart.
However, little is known about such incorporation in the case
of biological synthesis of magnetite by DIRB and abiotic reaction of Fe2aq+ with ferrihydrite forming magnetite. In particular,
zinc (Zn) and nickel (Ni) are incorporated into several speciﬁc
Zn- and Ni-dependent enzymes, such as Zn metalloprotein and
NiFe-hydrogenases (Althaus et al., 1999; Mulrooney and Hausinger,
2003). Therefore, the trace elements released by bacteria can then
be associated with or incorporated into ferrihydrite before it is further transformed. Additionally, Zn- and Ni-enzymes are thought
to have evolved early, as most of them are conﬁned to anaerobic prokaryotes that were likely active on early Earth (Dupont et
al., 2010; Zerkle et al., 2005).
In this study, we compared the partitioning of Zn and Ni between abiogenic or biogenic magnetite and the surrounding solution in order to determine whether such trace elements can
be used as signatures for DIRB magnetite in BIFs. Magnetite was
produced from the transformation of three ferrihydrite (Fh) substrates: (1) a control Fh which did not contain any added trace
elements except from those already contained in the reagents;
(2) Zn-coprecipitated ferrihydrite (ZnFh); and (3) Ni-coprecipitated
ferrihydrite (NiFh). Abiogenic and biogenic transformation of Fh to
magnetite was mediated by either addition of Fe2aq+ (as FeCl2 ) to Fh
or by incubation with the DIRB Shewanella oneidensis strain MR-1,
respectively. We monitored Fe(II) and Fe(III) concentrations in both
aqueous and solid phases over time via chemical dissolution coupled to spectrophotometry, analyzed transformation products by Xray diffraction, and quantiﬁed Zn and Ni associated with different
Fe species (aqueous, adsorbed, colloidal, and Fe mineral fraction)
by mass spectrometry.

−
[1] CH3 COO− + 8Fe(OH)3 → 8Fe2+ + 2HCO−
3 + 15OH + 5H2 O
2+
−
[2] 8Fe
+ 16Fe(OH)3 + 16OH → 8Fe3 O4 + 32H2 O

Reaction (1) is driven by dissimilatory iron-reducing bacteria
(DIRB) that use ferric iron as an electron acceptor and organic
compounds or H2 derived from dead microbial cells as the electron donor to produce dissolved ferrous iron, which in turn reacts with extracellular ferrihydrite (reaction 2) to form magnetite
(Konhauser et al., 2005; Posth et al., 2013a). The ecophysiological
characteristics, stable isotope signature (Fe, C, O), and mineralogy of magnetite in BIFs support the important role of DIRB in
BIF diagenesis (Johnson et al., 2003, 2005; Li et al., 2011; Vargas
et al., 1998). Similarly, studies that applied pressure-temperature
(P/T) burial simulations of ferrihydrite mixed with dead microbial
biomass or glucose (as a proxy for biomass) showed that magnetite
in BIFs could also have formed by thermochemical Fe(III) reduction under low P/T metamorphic conditions (Halama et al., 2016;
Kohler et al., 2013; Posth et al., 2014, 2013b). Another biologicallymediated mechanism that leads to magnetite is via biologically
controlled biomineralization by the so-called magnetotactic bacteria (MTB) (Blakemore, 1975). Unlike the magnetite formed via
DIRB, the magnetite formed by magnetotactic bacteria is intracellular, has unique morphologies, is free from crystallographic defects,
and shows limited incorporation of contaminant elements leading
to its high chemical purity (Amor et al., 2020).
In addition to biotic transformations, abiotic transformation
pathways of ferrihydrite into magnetite are also possible, such as
the reaction of ferrihydrite with hot, Fe(II)-rich hydrothermal ﬂuids
(Klein, 2005). In this regard, Li et al. (2017) demonstrated experimentally that the reaction of Fe(II) with biogenic ferric iron under
strict anoxic conditions and at temperatures >50 ◦ C leads to the
formation of a metastable green rust phase which transformed
into magnetite within hours. Alternatively, Rasmussen and Muhling (2018) and van Zuilen et al. (2002) argued that magnetite in
BIFs formed through the replacement or thermal decomposition of
siderite, and other ferrous-iron-bearing carbonates and silicates after burial (reaction 3 and 4).

2. Materials and methods
2.1. Preparation of Fh substrates
Control ferrihydrite without further addition of trace elements
was precipitated by reaction of 99.999% pure Fe(NO3 )3 ∗ 9H2 O
(10 g) (Sigma-Aldrich, 7782-61-8) in 500 mL ultrapure water
(Milli-Q) with KOH (Sigma-Aldrich, 99.99%) until pH 7.0 was
reached (Raven et al., 1998). The material was centrifuged (7500
rpm; 10 min) and washed with ultrapure water (resistivity: 18.2
M cm−1 , Milli-Q™ , Q-Gard® 2 Puriﬁcation Cartridge) three times
to remove nitrate ions. ZnFh and NiFh were synthesized following a similar approach with the addition of 16.6 mL of either
1000 mg/L Zn (EMD Millipore, 170369) or 1000 mg/L Ni (SigmaAldrich, CH-9471) ICP standard solutions into the Fe(NO3 )3 ∗ 9H2 O
solution before addition of KOH. In order to be comparable with
the magnetite produced inside magnetotactic bacteria, the volumes of Zn and Ni ICP standard solutions were chosen to ensure
that the ratios of Fh (dissolved Fe(III), ppm)/trace elements (ppm)
were ∼84 in accordance to Amor et al. (2015). The ﬁnal Zn and Ni
concentrations coprecipitated with Fh were determined by ICP-MS
after dissolution with 6 M HNO3 and further chemical treatment
(see section 2.8).

[3] 3FeCO3 + H2 O → Fe3 O4 + 3CO2 + H2
[4] 6FeCO3 → 2Fe3 O4 + 5CO2 + C
Given that magnetite has an inverse spinel structure with the
general stoichiometry of Fe2+ Fe32+ O24− , trace elements can partially
substitute for Fe2+ or Fe3+ in this structure (e.g., Zn, Ni, Co, Cr, V,
etc.), leading to magnetite with different characteristic trace elemental concentrations (Dupuis and Beaudoin, 2011; Nadoll et al.,
2014). For example, Amor et al. (2015) compared the partitioning
of 34 trace elements between magnetite (MTB and abiotic) and the
aqueous solution from which it precipitated, and showed that the
incorporation of most elements was at least 100 times lower in
MTB magnetite compared to its abiotic counterpart. Indeed, Amor
et al. (2015) showed that the biological or abiotic origin of magnetite could be determined from its trace element composition.
The chemical purity of MTB magnetite was proposed to be generated by the selective internalization of iron for magnetite precipitation in these organisms, thus excluding distinct trace elements
contained in the external solution. Such iron puriﬁcation is not ex-

2.2. Strains and medium
A Shewanella oneidensis MR-1 stock culture was streaked out on
Luria-Bertani (LB) agar plates under oxic conditions. After incubation at 28 ◦ C for 18 h in the dark, one colony was chosen to be
transferred into 25 mL LB-medium and grown at 28 ◦ C for 23 h.
2
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Fig. 1. Schematic summarizing the sampling strategy of the incubation experiments. Red dots and black dots correspond to siderite and magnetite, respectively. The spiral
indicates a centrifugation step. Tptot , Tpaq , TpNaAc and Tpmag correspond to total transformation product, aqueous fraction, NaAc washing fraction and ﬁnal precipitate fraction
(should be pure magnetite) in transformation product, respectively. (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web version of this article.)

There were 10 g tryptone, 6 g NaCl, 5 g yeast extract, 16 g agar
(for LB-medium no agar added) per liter for LB agar plates and
medium (Lies et al., 2005). Cells were harvested by centrifugation
(7000 rpm, 10 min, 15 ◦ C), washed and resuspended in 30 mM
NaHCO3 or HEPES (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic
acid) buffer (pH 7.0) and transferred into bottles for the biotic experiments.

mM lactate as electron donor in 50 mL of 30 mM anoxic NaHCO3
buffer.
2.4. Incubation experiments
The experimental methodology and the samples analyzed are
summarized in Fig. 1. Given that there was likely a high concentration of HCO−
3 and CO2 in ancient seawater and atmosphere (Konhauser et al., 2007; Ohmoto et al., 2004), we carried out several
experiments with 30 mM bicarbonate buffer (NaHCO3 ) to maintain
environmental relevance. However, this can lead to the precipitation of siderite which could alter the trace metal incorporation
into magnetite. Considering the FeCO3 solubility product (K sp ) of
2−
10−10.93 (Bénézeth et al., 2009), and the sum of HCO−
3 and CO3
concentrations being 30 mM, FeCO3 would precipitate when the
Fe2+ concentration is higher than 3.3 × 10−6.93 mM. XRD (X-ray
diffraction) measurements of transformation products conﬁrmed
that there was siderite produced in the presence of NaHCO3 buffer.
To evaluate the effect of siderite precipitation on trace element
incorporation into magnetite, we ran parallel incubations using
HEPES buffer. Given that there were no obvious differences between Fe concentration and mineral phases for abiotic control Fh
transformation experiments with Fe2+ /Fh ratios of 2:1 and 3:1, a
Fe2+ /Fh ratio of 2:1 (24 mM FeCl2 and 12 mM Fh) was used for

2.3. Optimization of the Fe2+ /Fh ratio and bacterial density for
magnetite formation
Abiotic and biotic control Fh transformation experiments were
applied to evaluate the optimum Fe2+ /Fh ratio and bacterial density needed for maximum abiogenic and biogenic magnetite formation, respectively (Piepenbrock et al., 2011). Abiotic Fh transformations were performed in 100 mL serum bottles with 50 mL
of 30 mM anoxic NaHCO3 buffer in which Fe2aq+ was reacted with

control Fh at Fe2+ /Fh ratios of 2:1 (24 mM FeCl2 and 12 mM Fh)
and 3:1 (36 mM FeCl2 and 12 mM Fh), respectively. In biotic Fh
transformation experiments, cell suspensions of S. oneidensis MR1 with cell concentrations of 5 × 107 cells mL−1 , 7.5 × 107 cells
mL−1 , 1 × 108 cells mL−1 , 2 × 108 cells mL−1 , 5 × 108 cells mL−1
and 7.5 × 108 cells mL−1 were used to reduce 12 mM Fh with 5
3

X. Han, E.J. Tomaszewski, R. Schoenberg et al.

Earth and Planetary Science Letters 568 (2021) 117052

of ﬁnal transformation products (total, aqueous, NaAc washing and
ﬁnal precipitate fraction) were analyzed. All sampling, washing and
centrifugation steps for sequential extraction were conducted in an
anoxic glovebox (100% N2 ).

Table 1
A summary for different Fe species from sequential extraction of transformation
products from control Fh, ZnFh and NiFh substrates.
Transformation product

Label

Extraction, washing
and separation method

Total
Aqueous fraction
NaAc washing fraction
Final precipitate fraction
(should be pure
magnetite)

CtTptot , ZnTptot , NiTptot
CtTpaq , ZnTpaq , NiTpaq
CtTpNaAc , ZnTpNaAc , NiTpNaA
CtTpmag , ZnTpmag , NiTpmag

6 M HNO3
Centrifugation
1 M NaAc (pH = 5.0)
6 M HNO3

2.7. Mineral characterization

abiotic transformation of ZnFh and NiFh in 100-mL serum bottles
with 50 mL of 30 mM anoxic NaHCO3 buffer and HEPES buffer (pH
7.0). The resulting Fe(II) and Fe(III) concentration of the biotic control Fh transformation experiments using different cell numbers
showed that when applying a cell number of 2 × 108 cells mL−1 ,
the ﬁnal Fe(II)/Fe(III) ratio in the solid phase after ca. 10 days was
∼0.5 which corresponds to stoichiometric magnetite. Therefore, S.
oneidensis MR-1 at 2 × 108 cells mL−1 was added to a 12 mM Fh
suspension with 5 mM lactate as electron donor in 30 mM anoxic
NaHCO3 or HEPES buffer (pH 7.0) for biotic transformation of ZnFh
and NiFh. Triplicate experiments were used for Fe quantiﬁcation
and mineral characterization of ﬁnal transformation products, and
an additional two bottles were used for trace elements analyses.
Control bottles containing neither Fe2aq+ nor inoculum were included. Abiogenic and biogenic batch reactors were incubated at
28 ◦ C in the dark for 17.3 days and 23.2 days, respectively.

Given that ferrihydrite is short-range ordered and diﬃcult to
identify properly with XRD, starting Fh substrates and abiotic
transformation products in preliminary experiments were analyzed
by 57 Fe Mössbauer spectroscopy. 5 mL slurry samples were ﬁltered (0.45 μm, nitrocellulose membrane) and the precipitates
were sealed between Kapton tape in an anoxic glovebox (100% N2 ).
All samples were stored in anoxic sealed bottles at −20 ◦ C until
analysis. Samples were measured with a Mössbauer spectrometer
(WissEL) with a 57 Co/Rh source at 77 K and 140 K. All spectra
were ﬁtted using the Voigt based ﬁtting (VBF) routine in the Recoil software (University of Ottawa) (Rancourt and Ping, 1991).
Total organic carbon (TOC) of both abiotic and biotic transformation products were quantiﬁed using a TOC analyzer (Model 2100S,
Analytik Jena, Germany) after the samples were dried at 60 ◦ C in
an oven. Mineral phases of both abiotic and biotic transformation
products, before and after treatment with NaAc, were dried in an
anoxic glovebox and analyzed using a Bruker D8 Discover GADDS
XRD2 -micro diffractometer with a Co-K α source at 30 kV and 30
mA. The total time measurement was 120 seconds at two detector positions, 15◦ and 40◦ , respectively (Berthold et al., 2009). The
data were analyzed using the Jade 6.5 software.

2.5. Fe concentration quantiﬁcation

2.8. Trace element analysis

For the Fe concentration analyses of the aqueous phases and
solid phases, 1 mL of the samples was centrifuged at 13,400 rpm
for 10 min (Fig. 1). The supernatant was stored in anoxic 1 M HCl
to prevent Fe(II) oxidation (Porsch and Kappler, 2011). Solid pellets
resulting from centrifugation were dissolved in anoxic 1 mL of 6 M
HCl for 24 h and then diluted in anoxic 1 M HCl. All sampling and
separation processes were done in an anoxic glovebox (100% N2 ).
Both Fe(II) and total Fe concentrations were quantiﬁed in the supernatant and solid phases using the spectrophotometric ferrozine
assay (Stookey, 1970). Fe(III) concentrations were calculated as the
difference between total Fe and Fe(II).

All samples were digested in sealed, screw-top PFA beakers in
2 mL of 6 M HNO3 solution on a hot plate at 120 ◦ C for 24 h. The
dissolved samples were evaporated and reacted with 200 μl of 30%
H2 O2 for three hours at room temperature to dissolve organic matter. Sample residues were dissolved in 2% ultrapure HNO3 for 24
h and gravimetrically diluted to 2% HNO3 stock solutions. The 2%
HNO3 used for dilution contained a mixture of 6 Li (3 ppb), In (1
ppb), Re (1 ppb), and Bi (1 ppb) to be used as an internal standard
for trace element determinations with a Thermo Fisher Scientiﬁc
iCAP Qc ICP-MS. The analytical procedure was similar to that described in Albut et al. (2018). Experiment sequences consisted of
measurements of sample carrier solution (i.e. 2% HNO3 ) blanks,
calibration solutions prepared from different dilutions of the W2a rock reference material, quality control rock reference materials
(AGV-2, BIR-1, BHVO-2), and sample with unknown Zn and Ni concentrations. Repeated measurements of a monitor solution was
analyzed between every 5–13 unknown sample for external drift
correction after internal standard spike correction.

2.6. Sequential extraction of different Fe species for trace elements
analyses
After ∼20 days of incubation of the three Fh substrates in
abiotic and biotic experiments, all Fh substrates were reduced
or transformed to secondary minerals with no Fh detected using
Mössbauer spectroscopy. Several Fe species were present, such as
aqueous Fe, adsorbed Fe, Fe colloids and Fe minerals at the end
of abiotic and biotic experiments (Table 1). To determine trace element concentrations associated with different Fe phases, sequential extractions were conducted using centrifugation and sodium
acetate (NaAc) washing (Fig. 1). Bulk samples (2 mL) were removed with a 2-mL syringe as total Fe species of transformation
products (CtTptot , ZnTptot , NiTptot ). Additional 2 mL bulk samples
were removed and centrifuged at 13,400 rpm for 10 min. The supernatant was collected as an aqueous fraction (CtTpaq , ZnTpaq ,
NiTpaq ). The pellet was then washed with anoxic 1 M NaAc (pH
∼5.0) for 24 h in the dark for dissolving potential siderite. Washed
samples were centrifuged (13,400 rpm for 10 min) and the supernatant was subsequently collected (CtTpNaAc , ZnTpNaAc , NiTpNaAc ).
The ﬁnal Fe precipitates after NaAc washing, which are supposed
to be mainly magnetite (CtTpmag , ZnTpmag , NiTpmag ), were dissolved in 6 M HNO3 . Trace element concentrations for all fractions

3. Results
3.1. Properties of ferrihydrite starting materials
Mössbauer spectra of all three Fh starting substrates showed
doublets at 77 K with hyperﬁne parameters (Table S1, Fig. S1) that
were indicative of ferrihydrite (Cornell and Schwertmann, 2003).
There were no signiﬁcant differences in the Mössbauer parameters
between the three Fh substrates in the presence or absence of Zn
and Ni.
Quantiﬁcation of Zn and Ni in the three Fh substrates showed
that despite minor Zn in control Fh (567 ppb) and NiFh (590 ppb),
which probably stemmed from the chemical reagents used for Fh
synthesis, the Zn concentration in ZnFh (1.1 × 105 ppb) was ∼180
times higher than that in control Fh and NiFh. Similarly, there was
extremely minor Ni in control Fh (118 ppb) and ZnFh (111 ppb),
4
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while the Ni concentration in NiFh (1.0 × 105 ppb) was ∼850 times
higher than that in control Fh and ZnFh. The ratios of Zn/Fe for
ZnFh and Ni/Fe for NiFh were determined to be 7.9 × 10−3 and
7.7 × 10−3 , respectively, while the ratios of Zn/Fe for NiFh, Ni/Fe for
ZnFh, as well as both Zn/Fe and Ni/Fe for control Fh were <0.1 ×
10−3 (Table S2).

In the abiotic Fh transformation experiments with HEPES buffer,
4.10-4.26 mM Fe2aq+ were removed from the aqueous phase for all
three Fh substrates after 17.3 days of incubation (Fig. 3 (a)), presumably through adsorption and reaction with Fh. By comparison,
over the same time period of 17.3 days, the abiotic transformation
experiments with NaHCO3 buffer resulted in a removal of 12.9413.10 mM Fe2aq+ from the aqueous phase. The higher removal of

3.2. Optimization of Fe2+ /Fh ratio and bacterial density for magnetite
formation

Fe2aq+ in the abiotic NaHCO3 experiments is likely due to precipita-

tion of FeCO3 in addition to adsorption and reaction of Fe2aq+ with
Fh (see above, and the mineralogical characterizations). The corresponding Fe(II)/Fe(III) ratios in the solid phase after 17.3 days of
incubation for the three Fh substrates in NaHCO3 buffer conditions
(1.09-1.35) were higher than in HEPES buffer (0.30-0.37) (Fig. 3
(b)), again in good agreement with the presence of siderite precipitated from NaHCO3 . Additionally, the Fe(II)/Fe(III) ratios in the
solids at the ﬁrst measured time point (0.5 h) were ∼0.2 and ∼0.4
(i.e. non-zero) for the three Fh substrates in HEPES and NaHCO3
buffers, respectively, suggesting that adsorption of Fe2aq+ to Fh occurred almost immediately after the start of the experiment.
In the biotic transformation experiments, S. oneidensis MR-1 reduced Fh to Fe(II). Consequently, the Fe(II) was either released to
the supernatant as Fe2aq+ , associated with Fh, or reacted with CO23−

We evaluated the optimal Fe2+ /Fh ratios and bacterial densities required for producing magnetite from ferrihydrite in both
abiotic and biotic experiments. Iron speciation analyses showed
that abiotic experiments with initial Fe2+ /Fh ratios of 2:1 and
3:1 exhibited no obvious differences in solid-phase Fe(II) or Fe(III)
concentrations, with similar ﬁnal Fe(II)/Fe(III) ratios of 1.1:1 after
14 days (Fig. S2). Mössbauer spectroscopic analysis of the ﬁnal
transformation products (Fig. S3) for the abiotic preliminary experiments suggested similar secondary minerals formed from control
Fh, i.e., magnetite (76%) and siderite (18%). In the biotic experiments, the Fe(III) left in the solid phase (11.2-5.8 mM) and the
Fe(II) produced (0.5-5.7 mM) decreased and increased with higher
bacteria densities (from 5 × 107 to 7.5 × 108 cells mL−1 ), respectively, suggesting that more Fh was reduced to Fe(II) with higher
cell concentrations (Fig. S4). Solid phases with Fe(II)/Fe(III) of 0.5,
and typical of stoichiometric magnetite, were observed only with
a cell concentration of 2 × 108 cells mL−1 .

from the buffer to form siderite. The aqueous Fe2aq+ concentrations
after 23.2 days of incubation of the three Fh substrates were higher
in HEPES buffer (0.46-1.15 mM) than in NaHCO3 buffer (0.03-0.23
mM) (Fig. 3 (c)). Similarly, solid-phase Fe(II) concentrations after
23.2 days were higher for all three Fh substrates incubated in
HEPES buffer (3.9-4.1 mM) than in NaHCO3 buffer (2.54-3.9 mM)
(Fig. 3 (d)), implying that S. oneidensis MR-1 reduced more Fh to
Fe(II) in HEPES buffer than in NaHCO3 buffer. Correspondingly, after 23.2 days of incubation the solid-phase Fe(II)/Fe(III) ratios for
all three Fh substrates were higher in HEPES buffer (0.43-0.56)
than in NaHCO3 buffer (0.21-0.38).
At the end of biotic experiments, more Fe2aq+ was released by S.
oneidensis MR-1 from incubations containing control Fh (0.23 mM
and 1.15 mM in NaHCO3 and HEPES buffer, respectively) than from
ZnFh (0.03 mM and 0.7 mM in NaHCO3 and HEPES buffer, respectively) and NiFh (0.05 mM and 0.46 mM in NaHCO3 and HEPES
buffer, respectively). The solid-phase Fe(II)/Fe(III) ratios for control
Fh in HEPES buffer (0.56) were also higher than for ZnFh (0.44)
and NiFh (0.43), while the solid-phase Fe(II)/Fe(III) ratio for control
Fh in NaHCO3 buffer (0.38) was similar with that for NiFh (0.37),
but higher than that for ZnFh (0.21).

3.3. Characterization of Fh transformation mineral products
XRD results of solid mineral products before (gray lines) and
after Na-acetate extraction (black lines) are shown in Fig. 2. Both
magnetite and siderite were identiﬁed in the mineral products
obtained from all three Fh starting substrates in the abiotic experiments with NaHCO3 buffer. In the corresponding biotic experiments with NaHCO3 buffer, magnetite was identiﬁed in setups
with all three Fh substrates together with minor patterns stemming from short-range ordered minerals which match goethite
(α -FeOOH) as the transformation product. Siderite was also observed in the XRD pattern obtained for the mineral products from
control Fh incubated in the biotic NaHCO3 setup. In abiotic experiments with HEPES buffer, magnetite was identiﬁed but no siderite
was observed. In addition to magnetite signals, some minor reﬂections were present in the abiotic HEPES experiments with ZnFh
and NiFh, which we interpret to stem from goethite. In contrast, in
the biotic experiments with HEPES buffer, magnetite was the only
transformation product for all three Fh substrates.
In order to quantify the trace element content of the magnetite
in setups where both siderite and magnetite were formed, we applied a sodium acetate (NaAc) extraction to remove the siderite
from the solid phases. A comparison of X-ray diffractograms of
the mineral products before and after NaAc extraction (Fig. 2) revealed that the siderite reﬂections were almost entirely removed
in the extracted samples. Additionally, the XRD results showed
some NaAc in all NaAc-extracted samples which originated from
the sample preparation. Detailed information of the analyses of
mineral products for the three Fh substrates are given in Table S3.

3.5. Zn and Ni partitioning between magnetite and the precipitation
solution
Zn and Ni concentrations in the different fractions of transformation products are shown for both abiotic and biotic experiments
in Table S2. Given there was no Fh detected by Mössbauer spectroscopy, we assume that all Fh was reduced or transformed to
secondary minerals. During Fh reduction and dissolution, Zn and
Ni were released into solution and subsequently incorporated into
secondary minerals or adsorbed on cell surface. Both Zn/Fe and
Ni/Fe were lower in all fractions of the abiotic compared to the
biotic transformation products from ZnFh and NiFh. This is due to
the dilution of the Zn and Ni concentration by the addition of Fe2aq+
in abiotic setups which contained Fe, but no Zn or Ni. For abiogenic and biogenic magnetite, we described Zn and Ni partitioning
between magnetite and residual solution using the partition coefﬁcient (K iZn and K iNi ) normalized to iron:

3.4. Ferrihydrite reduction and transformation in abiotic and biotic
experiments using NaHCO3 and HEPES buffers
Variations of Fe2aq+ and solid-phase Fe(II)/Fe(III) ratios for both
abiotic and biotic transformation products were followed to determine the rate and extent of Fh reduction and magnetite formation
(Fig. 3). No Fe3aq+ was detected in any experiment at any time point.
Detailed data are provided in the Supporting Information.

K iZn =
5

[Zn]magnetite /[Zn]solution
[Fe]magnetite /[Fe]solution

(1)
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Fig. 2. X-ray diffractograms of solid mineral products transformed from three ferrihydrite substrates control Fh, ZnFh and NiFh under abiotic and biotic reductive conditions
in NaHCO3 and HEPES buffer. Gray lines and black lines are solid mineral products before and after sodium acetate (NaAc) extraction, respectively.

K iNi =

[Ni]magnetite /[Ni]solution
[Fe]magnetite /[Fe]solution

partition coeﬃcient thus describes the aﬃnity of Zn and Ni for
magnetite in both precipitation conditions. Therefore, partition coeﬃcients reﬂect the relative enrichment of Zn and Ni in magnetite
compared to iron: if K = 1, Zn and Ni show the same partitioning
between magnetite and solution as iron; if K > 1, Zn and Ni are
enriched in magnetite relative to iron, whereas K < 1 corresponds
to a depletion of Zn and Ni in magnetite relative to iron.
Partition coeﬃcients of Zn and Ni between magnetite and solution for abiogenic and biogenic magnetite transformed from control Fh, ZnFh and NiFh substrates are reported in Table 2. For abio-

(2)

where i is A and B indicating abiogenic magnetite and biogenic
magnetite, respectively. Rather than low or high levels of Zn and
Ni impurities in magnetite, which directly depend on the initial
Zn and Ni concentrations, the important point is to determine
whether differential incorporation of Zn and Ni into magnetite exists between the abiotic and DIRB formation pathways. Thus, we
used partition coeﬃcients (K iZn and K iNi ) to determine the origin of magnetite based on their Zn and Ni ﬁngerprints. Here, the
6
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Fig. 3. Ferrihydrite transformation promoted abiotically by added Fe2aq+ or biotically by the DIRB S. oneidensis MR-1, respectively. (a) and (c) are Fe2aq+ concentrations in abiotic
and biotic transformations of ferrihydrite; (b) and (d) are solid-phase Fe(II)/Fe(III) ratios over time in abiotic and biotic transformation of ferrihydrite. Error bars indicate the
range of triplicate culture bottles. Bars not visible are smaller than the symbols.

Table 2
Zn and Ni partition coeﬃcient (K iZn and K iNi ) between magnetite and solution (normalized to iron, see Eq. (1) and Eq. (2)) for abiogenic
and biogenic magnetite transformed from control Fh, ZnFh and NiFh substrates, respectively. Since Ni concentration for biogenic magnetite
transformed from control Fh with HEPES buffer was 0, there was no K BNi value for this magnetite.
Magnetite
control Fh transformation

ZnFh transformation

NiFh transformation

Abiogenic (NaHCO3 )
Biogenic (NaHCO3 )
Abiogenic (HEPES)
Biogenic (HEPES)
Abiogenic (NaHCO3 )
Biogenic (NaHCO3 )
Abiogenic (HEPES)
Biogenic (HEPES)
Abiogenic (NaHCO3 )
Biogenic (NaHCO3 )
Abiogenic (HEPES)
Biogenic (HEPES)

K iZn

K iNi

K iZn / K iNi

K AZn / K BZn

K ANi / K BNi

1.09
0.01
3.48
0.18
5.58
0.02
7.33
0.58
0.28
0.03
1.94
0.06

0.71
0.06
0.17
0.52
0.02
0.33
3.21
0.45
0.48
0.32
0.23

1.53
0.18
20.63
10.78
0.99
22.53
0.18
0.63
0.05
6.02
0.25

99.38

11.93

19.15

-

248.18

22.89

12.70

0.10

10.64

0.93

33.55

1.40

genic magnetite, K AZn ranged from 0.28 to 7.33; while K ANi values

Comparing abiogenic and biogenic magnetite, all ratios between

show narrower variations and lower element incorporations (0.17-

K AZn and K BZn were >1, especially for the magnetite transformed

0.71). Most K AZn /K ANi ratios were >1 (Table 2), except for K AZn / K ANi

from ZnFh in NaHCO3 buffer which was 248.18, indicating that

(0.63) of the magnetite transformed from NiFh in NaHCO3 buffer.

Zn was up to ∼250 times more enriched in abiogenic magnetite

This shows that Zn was therefore more enriched in abiogenic mag(0.02-0.48) values for

than in biogenic magnetite. For Ni, the ratios between K ANi and
K BNi (11.93 and 22.89) of magnetite transformed from control Fh

biogenic magnetite show much narrower variations, except for the

and ZnFh in NaHCO3 buffer were >1, and while that of mag-

magnetite transformed from ZnFh in HEPES buffer (K BZn , 0.58; K BNi ,
3.21). Additionally, all K BZn /K BNi ratios were <1 (Table 2), indicating

of magnetite transformed from NiFh in both NaHCO3 and HEPES

that Ni was more enriched in biogenic magnetite than Zn.

buffer were close to 1 (0.93 and 1.40).

netite than Ni. Both

K BZn

(0.01-0.18) and

K BNi

netite transformed from ZnFh in HEPES buffer was <1 (0.10), that
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in HEPES buffer (based on XRD results), the Fe(II)/Fe(III) ratios in
the solid phase produced in HEPES buffer only reﬂects the transformation rate of Fh to magnetite. As shown in Fig. 3, solid-phase
Fe(II)/Fe(III) ratios for all three Fh substrates promoted by Fe2aq+ in
HEPES buffer reached a plateau within 2 days and increased by
an average rate of 0.14-0.17 day−1 . This is much quicker than that
promoted by S. oneidensis MR-1 which reached a plateau in 9 days
and increased by an average rate of 0.05-0.07 day−1 . These results
indicate that initial Fe2aq+ concentration played a dominant role in
the rate of magnetite formation from Fh, which is consistent with
previous studies on Fe2aq+ and DIRB-induced transformation of Fh
(Dippon et al., 2015; Han et al., 2020b; Xiao et al., 2018).
Interestingly, the ﬁnal solid-phase Fe(II)/Fe(III) ratios for all
three Fh substrates promoted by Fe2aq+ were 0.30-0.37, i.e. lower
than that (0.43-0.56) promoted by S. oneidensis MR-1 in HEPES
buffer. Previous studies on cation site occupancy in magnetite with
L-edge X-ray magnetic circular dichroism (XMCD) also found that
the biogenic magnetite produced by G. sulfurreducens and S. oneidensis showed a small excess (between 0.01–0.04) of Fe cations
present as Fe2+ in octahedral sites (Coker et al., 2007, 2008). This
work suggests that in general the biogenic magnetite was more
reduced than abiogenic magnetite or that there was more Fe(II)
adsorbed on the biogenic magnetite since bacteria and associated
biomass (such as EPS) that were present could adsorb Fe(II) in
the biotic experiments. This reasoning might also explain the differences observed in Fe(II)/Fe(III) ratios in magnetite formed from
incubations containing NaHCO3 instead of HEPES buffer.

Fig. 4. Solid-phase Fe(II)/Fe(III) ratios in the transformation products (CtTp, ZnTp
and NiTp) from three ferrihydrite substrates reduction promoted by Fe2aq+ or
Fe(III)-reducing bacteria S. oneidensis MR-1 in NaHCO3 buffer (green color) and
HEPES buffer (yellow color), respectively. The dashed line indicates a stoichiometric
Fe(II)/Fe(III) value of 0.5 as present in magnetite with an ideal Fe(II):Fe(III) ratio of
1:2.

4. Discussion
4.1. Effect of co-precipitated trace elements and buffer on Fh reduction

4.3. Zn and Ni patterns of abiogenic versus biogenic magnetite

As shown in Fig. 4, under both abiotic and biotic reduction conditions, the Fe(II)/Fe(III) ratios in the solid phase for the control Fh
were higher than that of ZnFh and NiFh irrespective of whether
they were precipitated in NaHCO3 or HEPES buffer. These results
suggest that more Fe(II) adsorbed and reacted with control Fh than
with ZnFh and NiFh. Magnetite forms via dissolution of Fh and
subsequent re-precipitation, via solid-state conversion of Fh, and/or
a combination of both (Cornell and Schwertmann, 2003; Hansel et
al., 2005). For these two pathways, the adsorption of Fe(II) to Fh
is necessary to induce electron transfer and drive mineral transformation (Jolivet et al., 1992; Piepenbrock et al., 2011; Xiao et al.,
2018). Therefore, the presence of coprecipitated Zn and Ni in Fh
partially occupied adsorption sites, resulting in less Fe(II) adsorbed.
Apart from the changes related to the trace metal content,
the buffer system used for the incubation experiments also altered the overall geochemistry. For the abiotic experiments (Fig. 4),
the Fe(II)/Fe(III) ratios in the solid phase were much higher when
formed in NaHCO3 instead of HEPES buffer. However, the substantial increase of Fe(II)/Fe(III) ratios did not only correspond to faster
Fh reduction, but also reﬂected the reaction between Fe2aq+ with

The direct comparison between Zn and Ni partitioning into
abiogenic and biogenic magnetite reveals that Zn was more enriched in abiogenic magnetite (the ratio between Zn and Ni partition coeﬃcient in abiogenic magnetite as high as ∼22) while Ni
was more enriched in biogenic magnetite (the ratio between Zn
and Ni partition coeﬃcient in biogenic magnetite was as low as
0.05). With regard to the effect of the initial trace element concentration in ferrihydrite substrates on Zn and Ni partitioning, Zn
was more enriched in abiogenic magnetite than in biogenic magnetite, no matter whether magnetite was precipitated from ferrihydrite substrates with lower (∼600 ppb) or higher (1.1 × 105
ppb) initial Zn concentration (Fig. 5). While there were obvious
differences of Ni enrichment between abiogenic and biogenic magnetite (K ANi / K BNi ) which precipitated from ferrihydrite substrates
with lower initial Ni concentration (∼100 ppb), the Ni enrichment
difference between abiogenic and biogenic magnetite (K ANi / K BNi )
which precipitated from ferrihydrite substrates with higher initial Ni concentration (1.0 × 105 ppb) were similar. We consider
one reason which might have resulted in different partitioning of
Zn and Ni into abiogenic and biogenic magnetite to be the different preference of Zn and Ni for tetrahedral sites or octahedral
sites. Previous studies demonstrated that Ni2+ ions tend to substitute into octahedral sites while Zn2+ ions tend to substitute into
tetrahedral sites (Coker et al., 2008; Schiessl et al., 1996). The ﬁnal solid-phase Fe(II)/Fe(III) ratios with HEPES buffer likely reﬂect
the actual Fe(II)/Fe(III) ratios of magnetite, which showed the average ﬁnal solid-phase Fe(II)/Fe(III) ratios of abiogenic and biogenic
magnetite were 0.33 and 0.47 which are lower than stoichiometric magnetite (i.e. 0.5), indicating there were less Fe2+ in octahedral sites compared with Fe3+ in tetrahedral sites. Therefore, there
were less octahedral sites for Ni2+ ions substituting while more
tetrahedral sites for Zn2+ ions substituting.
In this study, both abiogenic and biogenic magnetite have different trace metal partitioning compared to that in Amor et al.
(2015), with the possible reasons discussed below. In the characterization of the chemical composition of magnetite produced

CO23− from the NaHCO3 , leading to the precipitation of FeCO3 .
Conversely, for biotic experiments (Fig. 4), the Fe(II)/Fe(III) ratios
in the solid phase were lower in incubations containing NaHCO3
instead of HEPES buffer. We postulate that the reasons for these
lower Fe(II)/Fe(III) ratios in NaHCO3 buffer include: (i) the precipitation of FeCO3 on the surface of Fh resulting in passivation of the
Fh surface layer which inhibits further reaction; (ii) the precipitation of FeCO3 on the surface of bacterial cells causing less Fe(II) to
be produced; and/or (iii) DIRB S. oneidensis MR-1 having a lower
metabolic rate in NaHCO3 buffer than in HEPES buffer, resulting in
less Fe(II) production and thus lower Fe(II)/Fe(III) ratio.
4.2. Abiotic and biotic magnetite formation
Given that two mineral phases, namely siderite and magnetite,
precipitated in the presence of NaHCO3 buffer, both minerals contributed to the resulting Fe(II)/Fe(III) ratio of the solid phase. However, since magnetite was the only transformation product from Fh
8

X. Han, E.J. Tomaszewski, R. Schoenberg et al.

Earth and Planetary Science Letters 568 (2021) 117052

Fig. 5. Zn (KZn ) and Ni (KNi ) partition coeﬃcients of magnetite products v.s. initial Zn and Ni concentrations of ferrihydrite substrates. Filled symbols indicate magnetite
precipitated in NaHCO3 buffer, while open symbols stand for magnetite precipitated in HEPES buffer, respectively.

by magnetotactic bacteria (Amor et al., 2015), the incorporation of
both Zn and Ni was lower in biogenic magnetite than in abiogenic
magnetite. For abiogenic magnetite, Zn and Ni partition coeﬃcients
normalized to iron were 0.02 and 0.2; for biogenic magnetite, Zn
and Ni partition coeﬃcients were 7 × 10−4 and 9 × 10−4 in their
study. These partition coeﬃcients were much lower than the Zn
and Ni partition coeﬃcients here, especially for the biogenic magnetite which further supports the high chemical purity of MTB
magnetite. In the initial study of Amor et al. (2015), the abiogenic
magnetite was synthesized from co-precipitation of Fe3+ and Fe2+
ions. In our study, the abiogenic magnetite transformed from Fh either via dissolution of Fh and subsequent re-precipitation, or most
likely via solid-state conversion of Fh induced by the Fe2+ which
leads to the trace elements staying in the transformation products.
For the biogenic magnetite, the results presented in our study focus on a very different mechanism for magnetite formation, i.e., we
consider extracellular magnetite precipitation by DIRB rather than
intracellular controlled magnetite precipitation by MTB. Therefore,
the different metabolic processes could affect the transfer of chemical elements from the external substrates to magnetite.
On the other hand, the presence of biomass and EPS could impact Zn and Ni partitioning. Total Organic Carbon (TOC) of biotic
transformation products (5.1-9.3%) were higher than that of abiotic
transformation products (0.3-1.8%) (Table S4). Therefore, in biotic
experiments, Zn and Ni released from Fh by S. oneidensis MR-1
could adsorb onto cell surfaces or EPS and thus co-precipitated
with biogenic magnetite (Tomaszewski et al., 2020), resulting in
higher Zn and Ni partition coeﬃcients in biogenic magnetite here
than in Amor et al. (2015).
In principle, for magnetite precipitated in NaHCO3 buffer, dissolution of siderite by the NaAc treatment could have released trace
metals back into solution and then adsorbed on magnetite surfaces
or re-precipitated, but no Zn or Ni mineralized components were
detected by XRD, implying the amount of ZnCO3 or NiCO3 precipitated was either minor, or that they were X-ray amorphous.
Although the Zn recovery for the abiotic transformation system
for ZnFh (124-138%) was higher than 100%, for most setups, the
Zn recovery for the biotic transformation products for ZnFh (104110%) and Ni recovery for both abiotic and biotic transformation
systems for NiFh (99-109%) were close to 100%, implying that potential contamination of NaAc was minor. Therefore, even if there
was re-release of Zn and Ni by the NaAc treatment, this would not
change our main conclusion since, compared with NaHCO3 buffer,
there were similar partitioning results for HEPES buffer in which
there was in absence of dissolution of siderite.

4.4. Implications for the origin of magnetite in banded iron formations
(BIF)
Konhauser et al. (2009) combined a compilation of Ni/Fe ratios
in BIF with Ni partition coeﬃcients for precipitated ferrihydrite to
constrain the oceanic Ni reservoir through geological time, indicating a paleomarine Ni concentration of up to ∼400 nM in the
Archean, and a subsequent drop to ∼200 nM by 2.5 Ga. In a similar manner, Robbins et al. (2013) measured Zn in BIFs and showed
a relatively constant marine Zn reservoir through geological time,
which is also in line with that of the black shale record (Scott
et al., 2013). In the modern oceans, total dissolved Zn below the
photic zone is 8–10 nM, where it remains relatively constant down
to the seaﬂoor (Bruland et al., 1994; Lohan et al., 2002). Combining
the above estimates for Zn and Ni concentrations in Precambrian
seawater and trace element data from magnetite grains from the
c. 3.75 Ga old Nuvvuagittuq Supracrustal Belt in Québec (Canada),
2.45 Ga Weeli Wolli Iron Formation in Western Australia and 1.88
Ga Sokoman Iron Formation in the Labrador Trough (Canada) analyzed by laser ablation (Chung et al., 2015; Robbins et al., 2019),
we reconstructed potential Zn and Ni partition coeﬃcients between Precambrian seawater and magnetite grains in order to shed
light on the origin of magnetite mineral grains within BIFs. As
shown in Fig. 6, the ratios between reconstructed potential Zn and
Ni partition coeﬃcients for magnetite grains were >1, suggesting Zn was more enriched in these magnetite grains compared to
Ni. Thus, we speculate that the magnetite grains in Nuvvuagittuq
Supracrustal Belt, Weeli Wolli and Sokoman Iron Formation were
abiogenic. These magnetite grains in these three formations could
have formed through the reaction of settling ferrihydrite and Fe(II)rich hydrothermal ﬂuids that existed in the deeper waters (Li et al.,
2017).
An alternative pathway for the abiogenic magnetite was ferrihydrite reduction by DIRB, where Fe(II) was transported to the
ferrihydrite by diffusion or advection rather than in close proximity to the bacteria. In this scenario, there would be a disconnection
between DIRB and the Zn and Ni scavenging processes. However,
the organic carbon content in BIFs 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 DIRB but instead could have been due to the
direct reaction of Fe2+ with ferric oxyhydroxides in seawater (Li
et al., 2017). Moreover, negative δ 56 Fe values are not found in the
sedimentary record prior to around 2.9 Ga, Johnson et al. (2008)
suggesting that DIRB did not have a large impact on the marine
sedimentary record before that time. Therefore, the biogenic ori9

X. Han, E.J. Tomaszewski, R. Schoenberg et al.

Earth and Planetary Science Letters 568 (2021) 117052

cambrian seawater and magnetite grains in BIFs could potentially
serve as a geochemical constraint on the origin of magnetite grains
within BIFs. However, caution must be exercised in predicting for
the Zn and Ni concentrations of Precambrian oceans based on geochemical information recorded in a single mineral, because there
are multiple minerals in BIFs. Further studies on various trace elements partitioning in iron-bearing minerals such as magnetite,
hematite and siderite in BIFs are required to better understand and
reconstruct on the origin of minerals in BIFs and the evolution of
trace elements on the early Earth. A multi-proxy approach, such as
a combination of trace elements and Fe isotope composition to decipher the origin of minerals in BIFs could be widely applied in the
future.
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Fig. 6. Reconstructed Zn and Ni partition coeﬃcients between Precambrian seawater and magnetite grains from the Nuvvuagittuq Supracrustal Belt, Québec, Canada
(purple color), the Weeli Wolli Iron Formation in Western Australia (green color)
and the Sokoman Iron Formation, Labrador Trough, Canada (orange color). The red
diamond symbol represents the Zn and Ni partition coeﬃcients for magnetite produced by magnetotactic bacteria in Amor et al. (2015).
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Overall, our data demonstrate that the Zn and Ni compositions
in magnetite were highly dependent on the magnetite precipitation pathway (i.e., abiogenic transformation of ferrihydrite through
reaction with dissolved Fe2+ from hydrothermal sources, or biogenic by ferrihydrite transformation by dissolved Fe2+ stemming
from DIRB), regardless of whether the magnetite was precipitated
in NaHCO3 or HEPES buffer. The direct comparison of Zn and Ni
partitioning in abiogenic and biogenic magnetite reveals that Zn
was more enriched in abiogenic magnetite while Ni was more
enriched in biogenic magnetite. We consider the different partitioning of Zn and Ni into abiogenic and biogenic magnetite could
be related to differences in Fe(II)/Fe(III) ratio, coupled to the preference of Ni2+ ions to substitute for octahedral Fe2+ sites and
Zn2+ ion preference for tetrahedral Fe3+ site substitution. Alternatively, if we consider the chemical composition of MTB magnetite,
both Zn and Ni partition coeﬃcients in biogenic magnetite reported in this study are much higher than that of MTB magnetite,
which further supports the high chemical purity of MTB magnetite.
The reconstructed Zn and Ni partition coeﬃcients between Pre-
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