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ARTICLE INFO ABSTRACT

Associate Editor: Karim Benzerara Biogenic magnetite nanoparticles produced by microorganisms are ubiquitous in modern environments and
likely abundant in ancient sediments such as banded iron formations and paleosols. While magnetotactic bacteria

Keywords: (MTB) synthesize intracellular magnetite with distinctive morphological, chemical, and magnetic biosignatures,

Biogenic magnetite dissimilatory Fe(IlI)-reducing bacteria (DIRB) generate extracellular magnetite that is nanoscale, aggregated, and

Dissimilatory iron-reducing bacteria (DIRB)
Trace-element partitioning
Fe redox state

often superparamagnetic, complicating its distinction from abiotic counterparts. To resolve this challenge, we
systematically compared magnetite synthesized through abiotic Feﬁ -induced ferrihydrite transformation and
biogenic transformation mediated by the DIRB Shewanella oneidensis MR-1. Ferrihydrite substrates were co-
precipitated with 21 trace elements at concentrations of 0, 10, and 20 ppm to evaluate the combined effects
of formation pathway and trace-element availability on magnetite particle size, Fe valence state, and trace-
element partitioning. Transmission electron microscopy results showed that biogenic magnetite was consis-
tently smaller than abiotic magnetite, with increasing trace-element concentrations further reducing particle size
in both systems. Notably, trace elements induced opposite redox trends: abiotic magnetite became progressively
oxidized due to substitution-driven Fe?* oxidation, whereas biogenic magnetite became more reduced as
microbially mediated Fe(III) reduction was enhanced. Inductively coupled plasma mass spectrometry (ICP-MS)
analyses demonstrated distinct trace-element partitioning patterns: abiotic magnetite preferentially incorporated
Mg, whereas the biotic solid aggregates were consistently enriched in Co and Cd, regardless of initial trace-
element concentrations or post-synthesis washing treatments. Because the biotic solid aggregates contained
both magnetite and bacterial biomass, their elemental compositions reflect both mineral and biological pools.
Accordingly, our objective is to identify pathway-dependent trace element signatures of biogenic and abiotic
magnetite formation rather than to quantify elemental incorporation into a pure magnetite lattice. The observed
differences may represent the combined effects of trace-element substitution in the magnetite lattice and bio-
logically mediated processes. Comparison with magnetite produced by MTB further highlights substantial
interspecies differences in trace-element partitioning, reflecting how the degree of biological control shapes
biomineralization. Collectively, the coupled signatures of particle size, Fe valence distribution, and trace-element
partitioning establish a coherent geochemical framework for distinguishing abiotic and biogenic magnetite.
These results provide new constraints for identifying extracellular microbial magnetite in modern and ancient
sedimentary records, with implications for paleoenvironmental reconstruction and astrobiological exploration.

1. Introduction extracellular biomineralization by dissimilatory Fe(IlI)-reducing bacte-
ria (DIRB), among other pathways. Given that both MTB and DIRB likely

Biogenic magnetite nanoparticles produced by microorganisms are originated during the Archean (Lin et al., 2017; Schroder et al., 2003),
widespread in natural environments. These nanoparticles form through biogenic magnetite is also expected to persist in ancient sediments such
intracellular mineralization by magnetotactic bacteria (MTB) or as banded iron formations (BIFs) and paleosols (Han and Pan, 2024; Hua
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et al., 2026). As a potential mineral fossil, biogenic magnetite could
provide direct evidence of microbial activity. However, distinguishing
biogenic from abiotic magnetite in geological records remains a formi-
dable challenge. To address this, previous studies have proposed diag-
nostic  biosignatures for MTB-derived magnetite, including
morphological traits (e.g., size, shape, chain-like arrangements),
chemical characteristics (e.g., Fe isotopic compositions, C-N signals, and
trace element contents), and magnetic properties (e.g. Spc/5zrc, Where §
is the amount of remanence lost by warming through the Verwey tran-
sition between the field-cooled (FC) and zero-field cooled (ZFC)) (Amor
et al., 2015, 2016; Moskowitz et al., 1993; Pérez-Huerta et al., 2022).

DIRB reduce ferric minerals (e.g., ferrihydrite) by coupling the
oxidation of organic compounds, Hy, CHs, NHi or sulfide, thereby
producing magnetite extracellularly. Unlike the well-defined, single-
domain, chain-organized crystals produced by MTB, magnetite formed
through DIRB typically occurs as nanometer-sized, superparamagnetic
aggregates (Han et al., 2024; Wu et al., 2013). This morphological and
magnetic ambiguity complicates its identification in ancient sediments.
Consequently, researchers have explored chemical biosignatures for
DIRB-derived magnetite. For instance, incubation experiments with
Geobacter sulfurreducens PCA and Shewanella putrefaciens CN32 using
goethite and hematite as Fe(Ill) substrates revealed Fe isotope frac-
tionation between ferric substrates and dissolved Fe(Il) (A%Fe of
—2.95%o for goethite and —2.70%o for hematite) that closely resembled
those of abiotic systems (—2.9%0 and —3.2%o, respectively) (Crosby
et al., 2005, 2007; Wu et al., 2009), limiting their diagnostic utility.

More recently, trace element partitioning has emerged as a prom-
ising biosignature. A comparative study demonstrated that DIRB-
derived magnetite preferentially incorporates Ni, whereas abiotic
magnetite enriches Zn (Han et al., 2021). This differential incorporation
arises from the higher Fe?'/Fe®* ratio of DIRB-derived magnetite
compared with abiotic magnetite, as Ni2* preferentially substitutes into
octahedral Fe?" sites, while Zn?t favors tetrahedral Fe3" sites. These
findings suggest that the partition coefficients of trace elements could
serve as the proxy for identifying DIRB magnetite in ancient deposits.
Nevertheless, further validation under environmentally relevant condi-
tions involving multiple trace elements at variable concentrations re-
mains essential.

The key objective of this study is to quantify the differential parti-
tioning of various trace elements in magnetite formed through abiotic
versus biotic pathways. We hypothesize that distinct trace element sig-
natures would emerge under controlled laboratory conditions,
providing a robust framework for identifying biogenic magnetite in
ancient deposits. We therefore synthesized abiotic magnetite via the
reaction of ferrihydrite with dissolved Fez*(aq), and biogenic magnetite
through the secondary transformation of ferrihydrite induced by the
DIRB Shewanella oneidensis MR-1. The ferrihydrite substrates were co-
precipitated with 21 trace elements (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr,
Cu, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, Zn) at concentrations of 0, 10,
and 20 ppm. The mineralogical and morphologic characteristics of
magnetite were analyzed by °’Fe Mossbauer spectroscopy, X-ray
photoelectron spectroscopy (XPS), and transmission electron micro-
scopy (TEM). The chemical compositions of different Fe species were
quantified by inductively coupled plasma-mass spectrometry (ICP-MS).

2. Materials and methods
2.1. Ferrihydrite substrates, strains and medium

Control ferrihydrite (Fh) without added trace elements was synthe-
sized by reacting pure Fe(NO3)3-9H20 (10 g, 99.999%, Sigma-Aldrich,
529303) in 500 mL ultrapure water with KOH (99.99%, Sigma-
Aldrich, 306568) until the pH reached 7.0 (Raven et al., 1998). The
resulting Fh precipitates were centrifuged (7500 rpm, 10 min) and
washed three times with ultrapure water to remove residual nitrate ions.
Fh was doped with trace elements during synthesis to simulate naturally
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occurring Fe(IIl) (oxyhydr)oxides, which commonly incorporate or
adsorb trace elements during precipitation. This experimental design
enables evaluation of the redistribution and partitioning of trace ele-
ments during the subsequent transformation of ferrihydrite to magnetite
under abiotic and biotic conditions. Fh mineral particles co-precipitated
with different concentrations of trace elements (0, 10, 20, 30, 40, and
80 ppm) were prepared using a similar procedure, with the addition of 0,
0.5, 1.0, 1.6, 2.1, or 4.2 mL of 1000 mg/L trace element ICP standard
solutions (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Ga, K, Li, Mg, Mn, Na, Ni,
Pb, Sr, T, Zn) to the Fe(NO3)3-9H20 solution prior to KOH addition. The
final trace element concentrations co-precipitated with Fh were deter-
mined by ICP-MS. Detailed information on strains and growth media is
provided in the Supporting Information.

2.2. Incubation experiments

Both abiotic and biotic experiments were conducted in 50 mL serum
bottles containing 25 mL of 30 mM anoxic PIPES (1,4-piper-
azinediethanesulfonic acid) buffer (pH 7.2) for 18 months. In the abiotic
Fh transformation experiments, Fe?;q) was reacted with Fh at an Fe?*/Fh
molar ratio of 2.5:1 (30 mM FeCl, and 12 mM Fh), a ratio previously
shown to be suitable for magnetite formation (Han et al., 2020). For the
biotic Fh transformation experiments, cell suspensions of S. oneidensis
MR-1 at a concentration of 1.4 x 10 cells/mL were used to reduce
12 mM Fh with 10 mM lactate as the electron donor. Fh mineral particles
co-precipitated with different concentrations of trace elements (0, 10,
20, 30, 40, and 80 ppm) were applied to evaluate the optimal trace
element concentrations for magnetite formation. Black precipitates
formed in all abiotic experiments regardless of the Fh mineral used. In
contrast, in the biotic experiments, black precipitates formed only with
Fh co-precipitated with 0, 10, or 20 ppm trace elements, suggesting that
higher concentrations (30, 40, 80 ppm) may have been toxic to
S. oneidensis MR-1. Consequently, subsequent mineral characterization
and trace element analyses were performed on the solids from abiotic
and biotic experiments using Fh mineral particles with 0, 10, and
20 ppm trace elements. The samples from the biotic experiments con-
tained magnetite together with bacterial cells and potentially cell-
associated organic material. Control bottles containing neither Feé:{l)
nor inoculum were also included.

2.3. Mineral products characterization

For TEM analysis, a drop of slurry was rinsed with ultrapure H,0 to
remove residual salts from the medium. The washed samples were
placed onto carbon-coated copper grids for characterization of the
morphology, particle size, and mineral phases of the final mineral
products. TEM imaging was performed on a JEM-2100HR TEM (JEOL,
Japan) operated at an acceleration voltage of 200 kV.

For Mossbauer and XPS analyses, mineral products were collected,
filtered through 0.45 pm membranes, and dried in an anoxic glovebox.
57Fe Méssbauer spectra at 6 K were recorded using a WSS-10 spec-
trometer (controlled by Wissoft 2003) with a 57Co/Rh source, and
spectra were fitted with MossWinn 4.0. XPS was employed to determine
the Fe valence state on magnetite particle surfaces. Measurements were
performed on an AXIS Supra X-ray photoelectron spectrometer (Kratos
Analytical Ltd.) equipped with a monochromatic Al K, radiation source.
Binding energies were calibrated against the adventitious C 1s peak at
284.8 eV, and background subtraction as well as peak fitting were car-
ried out using the Avantage software.

2.4. Sequential extraction of different Fe species and trace elements
analyses

Several Fe species, including aqueous Fe, adsorbed Fe, loosely bound
amorphous Fe-bearing precipitates, and crystalline Fe-bearing minerals,
were present in the final mineral products. To quantify trace element
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solid fraction (Tps,), respectively. A third 4 mL aliquot was centrifuged,
and the resulting pellet was washed with anoxic 1 M NaAc (pH ~ 5.0) for

concentrations associated with different Fe species, sequential extrac-

tion procedures were applied, involving centrifugation and sodium ac-

24 h in the dark to dissolve adsorbed Fe and loosely bound amorphous

etate (NaAc) washing (Fig. S1 and Table S1). Bulk samples (4 mL) were

while preserving crystalline magnetite

bearing precipitates (Tpnaac),
under these mild extraction conditions, as confirmed by XRD analysis

following the same washing procedure (Han et al, 2021). After
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Fig. 1. TEM images and particle size distributions of magnetite formed in abiotic (a—f) and biotic (g-1) experiments. Panels (a, d, g, j) show magnetite transformed

from O ppm TE-Fh, (b, e, h, k) from 10 ppm TE-Fh, and (¢, f, i, 1) from 20 ppm TE-Fh. Panels (m-o0) present HRTEM micrographs of magnetite formed abiotically from

0 ppm TE-Fh (m) and 20 ppm TE-Fh (n), and biotically from 10 ppm TE-Fh (o).
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centrifugation, the remaining precipitates (Tpso.ac) Were digested in 6 M
HNOs. For both abiotic and biotic experiments using the three Fh sub-
strates, all Fe species were prepared in duplicate. All sequential
extraction steps were conducted in an anoxic glovebox (100% Na).
Trace element concentrations of all Fe species (Tptot, TPag, TPsos
TpNaac and Tpso.ac) were determined. Samples were transferred into
Teflon beakers and dried on a hot plate at 130°C. The dried residues
were digested with 1 mL concentrated HF (22 mol L™ and 1 mL
concentrated HNO3 (14 mol L) at 190°C for 24 h. After evaporation to
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dryness, the samples were redissolved in 1 mL concentrated HNO3 and
2 mL ultrapure water (Milli-Q) and heated at 190°C for 12 h. Following a
second evaporation step, the final residues were dissolved in 2% ultra-
pure HNOs3 containing an internal spike of 1 ppm In and subsequently
diluted gravimetrically for geochemical analysis. The In internal stan-
dard was used to correct for instrumental sensitivity drift during the
analytical session and to minimize potential matrix effects arising from
variations in sample composition among different samples. The result-
ing solutions were analyzed by inductively coupled plasma mass

Velocity (mm/s)
o Data —— Overall fit

- Magnetite (tetrahedral site Fe®)

- Magnetite (octahedral site Fe*)

-10 -5 0 5 10
Velocity (mm/s)

-] Poorly ordered magnetic component

|:| Magnetite (octahedral site Fe™)

Fig. 2. Mossbauer spectra of transformation products induced by abiotic addition of Fegcf (a-c) and biotic reduction by S. oneidensis MR-1 (d-f). (a)(d) O ppm TE-Fh
transformation products; (b)(e) 10 ppm transformation products; (c)(f) 20 ppm transformation products. The relatively high statistical noise mainly reflects counting
statistics associated with the limited absorber mass and low Fe content of the samples. The spectra were nevertheless sufficient for phase identification and
quantitative fitting, as demonstrated by the 10% residual curves shown above each spectrum. The reduced y? values used to evaluate the fitting quality are sum-

marized in Table S3.
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spectrometry (ICP-MS, Agilent 7900). Analytical sequences included
blanks, certified rock reference materials (BHVO-2, RGM-2, GSR-3, JA-
2), and unknown samples for trace element quantification.

3. Results
3.1. Trace element composition of ferrihydrite substrates

Quantification of trace elements in the three types of Fh mineral
particles with different initial trace element concentrations (0 ppm TE-
Fh, 10 ppm TE-Fh and 20 ppm TE-Fh) revealed that most element
concentrations ranged from 0 to 15 ppm (Table S2 and Fig. S2), and their
levels generally increased with higher additions of the trace element
stock solution. This indicates that the enrichment of most elements was
directly proportional to the external input. Na, K, Ca, and Al exhibited
elevated concentrations (0-~400 ppm), likely due to their stronger
surface affinity for Fh, resulting in enhanced adsorption onto ferrihy-
drite surfaces, or their greater capacity to become incorporated into the
ferrihydrite structure during mineral transformation. In contrast, Li, Mg,
Sr, and Ag remained at low levels (0—~400 ppb) and reached saturation
in the 20 ppm TE-Fh substrate, indicating limited binding capacity in Fh
(Fig. S2).

3.2. Characterization of transformation mineral products

TEM observations showed that the magnetite products formed in
both abiotic (Fig. 1a—c) and biotic (Fig. 1g-i) experiments were irregu-
larly shaped. Particle sizes were quantified from ~900-1300 particles
under each experimental condition using ImageJ. The average sizes of
abiotic magnetite were 16.7 £+ 7.8 nm for 0 ppm TE-Fh, 12.8 + 7.4 nm
for 10 ppm TE-Fh, and 9.7 + 5.7 nm for 20 ppm TE-Fh (Fig. 1d-f), while
the corresponding biogenic magnetite averaged 11.6 £+ 9.2, 8.9 + 4.8,
and 7.1 + 4.4 nm, respectively (Fig. 1j-1). At each trace-element level,
biogenic magnetite was consistently smaller than its abiotic counterpart.
Additionally, increasing trace element concentrations in the Fh sub-
strates resulted in smaller magnetite nanoparticles in both abiotic and
biotic systems. HRTEM of the final products (Fig. 1m-o), combined with
subsequent Mossbauer spectroscopy, confirmed that magnetite was the
dominant Fe-bearing mineral phase in all products.

Mossbauer spectra collected at 6 K for all samples were fitted with
three sextets corresponding to the magnetite components: tetrahedral
Fe3*t (Tet-site), octahedral Fe®* (Oct-site), and octahedral Fe?t (Oct-
site) (Fig. 2 and Table S3). The hyperfine parameters of these sub-
spectra fall within the ranges expected for well-crystallized magnetite,
confirming that both abiotic and biotic treatments produced magnetite
as the dominant Fe-bearing phase (Darbandi et al., 2012; Hah et al.,
2021). Clear differences in Fe site distributions were observed between
the abiotic and biogenic magnetite samples. In the abiotic products, the
Oct-site Fe?" population decreased systematically with increasing TE
concentration, dropping from 38.3% at O ppm to 34.3% at 10 ppm and
26.7% at 20 ppm. Meanwhile, Fe>* components exhibited an overall
increase from 0 to 20 ppm. The Tet-site Fe>* population increased from
40.3 to 45.6%, while the Oct-site Fe3* fraction increased from 21.4 to
27.7%. This trend indicates a progressive shift toward a more oxidized
magnetite as TE concentration increased in the abiotic experiment. The
biogenic magnetite produced by S. oneidensis MR-1 showed a different
behavior. The Oct-site Fe>" fraction increased with increasing TE con-
centration, rising from 28.9% at 0 ppm to 37.3% at 10 ppm and 49.9% at
20 ppm. In contrast, the Tet-site Fe>* population decreased markedly
over the same range, from 49.6 to 42.8 and 31.5%, while the Oct-site
Fe3" fraction remained relatively similar, varying only slightly be-
tween 21.5, 20.0, and 18.7%. These variations in Fe valence distribution
suggest that microbial Fe(III) reduction favors the formation of more
reduced magnetite with increasing TE concentration. The Mossbauer
spectra exhibit relatively high statistical noise, which mainly results
from counting statistics associated with the limited absorber mass due to
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the low Fe concentration of the samples. Although the Mossbauer
spectra were collected over a total acquisition period of two days to
improve the signal-to-noise ratio, the spectral quality remained limited
because of the small amount of Fe-bearing material available for anal-
ysis. Nevertheless, the spectra were sufficient for phase identification
and quantitative fitting. The fitting quality was assessed using reduced
XZ values (Table S3), and the 10% residual curves are provided in Fig. 2.
Minor spectral broadening may be related to structural disorder asso-
ciated with trace-element incorporation into magnetite. Although minor
biomass-associated Fe species cannot be completely excluded in the
biotic products, no additional spectral components were required for
satisfactory fitting. Furthermore, the obtained hyperfine parameters are
consistent with those reported for magnetite, and no resolvable spectral
features indicative of ferrihydrite or other Fe-bearing phases were
observed.

Additionally, Fe 2p XPS spectra and peak deconvolution of the
transformation products formed under different conditions also exhibit
characteristic Fe 2p3/5 and Fe 2p;,» doublets accompanied by distinct
satellite peaks (Fig. 3), indicating the coexistence of Fe?> and Fe3*
species (Deng et al., 2025; Kumar et al., 2025). For the abiotic trans-
formation products, the Fe(II) content determined by XPS ranges from
28.8 to 32.2%, while Fe(IIl) accounts for 67.8-71.2%. A slight increase
in the Fe(Ill) fraction is observed with increasing initial trace element
concentration of Fh substrates from 0 to 20 ppm. In contrast, the biotic
transformation products induced by S. oneidensis MR-1 show relatively
higher Fe(II) proportions compared to the abiotic counterparts. The XPS-
derived Fe(Il) fractions range from 33.8 to 36.7%, with corresponding
Fe(II) contents of 63.3-66.2%. Although the Fe(II)/Fe(III) ratios ob-
tained from XPS and Mossbauer spectroscopy are not identical, the XPS
results show smaller variations in Fe(II) and Fe(III) contents in magne-
tite transformed from Fh substrates containing different trace-element
concentrations compared with the Mossbauer data. The difference ari-
ses from the probing depths and principles of these two techniques.
Mossbauer reflects bulk Fe valence and is sensitive to defects, causing
larger Fe(II)/Fe(Ill) variation, while XPS probes only the near-surface
region and may not fully represent bulk Fe valence heterogeneity
(Byrne et al., 2016; Greczynski and Hultman, 2022). Nevertheless, both
techniques consistently reveal the same overall trends: increasing trace-
element concentrations in the Fh substrate promote higher Fe(III) pro-
portions in abiotic magnetite, whereas they lead to increased Fe(II)
proportions in biogenic magnetite.

3.3. Trace elements partitioning between solid products and its
surrounding precipitation solution

Trace element concentrations for all fractions of transformation
products are shown in Table S4. Results showed that all duplicates were
consistent in all experimental conditions. The average standard devia-
tion between two replicates is ~19% (RSD) with a median value around
11% (RSD). Based on Table S4, the transformation products exhibit wide
concentration ranges of trace elements across different fractions and
experimental conditions. The concentrations of five elements (Na, Mg,
K, Ca and Al) in all fractions are higher and range over six orders of
magnitude, from 10 to 107 ppb, whereas transition and heavy metals
including Zn, Cu, Ni, Co, Mn, and Cr are present at intermediate con-
centrations of approximately 1071-102 ppb. In contrast, the other trace
elements (Li, B, Ga, Sr, Ag, Cd, Ba, Tl, Pb, Bi) show relatively lower
concentrations from 107 to 102 ppb. To quantify the relative incorpo-
ration of each element into solid products, a distribution coefficient DH
between solid products and their surrounding precipitation solution was
calculated from the equation (1):

Di _ Czo{idpraduct
C.

'solution

(€8]

where i is the kind of trace element, Cisolid product and Cisolution are
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Fig. 3. XPS spectra and deconvolution for the Fe2p regions of transformation products induced by Fegq abiotically (a-c) and S. oneidensis MR-1 biotically (d-f). (a)(d)
show 0 ppm TE-Fh transformation products; (b)(e) show 10 ppm transformation products; (c)(f) are 20 ppm transformation products.

concentrations of an element i in solid products and their surrounding
precipitation solution, respectively. In both abiotic and biotic experi-
ments, the distribution coefficients of replicates are consistent between
each other (Table S5, Fig. S3 and S4). Furthermore, D' of each element
was normalized with D™ of iron (equation (2)) to obtain their partition
coefficients (K*) which do not depend on the mass of magnetite.

. D
K = DR ()
Therefore, partition coefficients reflect the relative enrichment or
depletion of trace elements in solid products: K'>1 or < 1 indicates an
enrichment or depletion of this element (i) in solid products relative to
iron.

K for solid fraction of transformation products without (Tps,) and
with NaAc (Tpso-ac) wash yielded consistent results (Fig. 4 and Table S6),
suggesting NaAc did not affect trace element composition of the solid
fraction. Overall, trace elements exhibit highly variable affinities for
magnetite relative to the surrounding precipitation solution, depending
on trace-element levels in the Fh substrate, trace element type and
transformation pathway. The partition coefficients (K*) for Tps, and
Tpso-ac transformed from O ppm TE-Fh spanned a relatively narrow
range of approximately 1 x 10 to 48. In contrast, the K’ values for Tps,
and Tpso—-Ac transformed from 10 ppm and 20 ppm TE-Fh exhibited
much broader variability, extending from about 10* to 102 This
broadened range is closely related to the increasing trace-element con-
centrations in the initial Fh mineral particles, which enhance elemental
availability and promote more heterogeneous partitioning behavior
during the Fh transformation to magnetite.

Under all conditions, KX 107*-1073) and K (26-10%) corre-
sponded to the lowest and highest partition coefficients, respectively.
The extremely low KX values indicate that K is poorly incorporated into
magnetite, which can be attributed to its large ionic radius and mono-
valent charge, making it energetically unfavorable for substitution into
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the magnetite crystal lattice dominated by divalent and trivalent cat-
ions. In contrast, Ga>* has an ionic radius and charge more similar to
Fe®* under octahedral or tetrahedral coordination, facilitating its sub-
stitution into the spinel lattice. Consistent with this, Ga mapping in
magnetite from ore samples shows that Ga can be incorporated via
isomorphic substitution for Fe, explaining its relatively high partition
coefficients (Ariéns et al., 2022; Weng et al., 2025). Additionally, Al, Cr,
and Cd consistently showed K' > 1 in the undoped systems, whereas Al,
Cr, Cu, Zn, Pb, and Bi all exhibited K > 1 in the trace-element-doped
systems (10 and 20 ppm). These values indicate preferential retention
in magnetite-bearing solids relative to Fe, but do not establish lattice
incorporation. Structural substitution, surface adsorption, and inheri-
tance from the ferrihydrite precursor may all contribute, with biomass
providing additional binding sites in the biotic systems, particularly for
Cd, Pb, and Zn (Mishra et al., 2010; Wang et al., 2016; Yu and Fein,
2015).

Because K' > 1 also occurred in cell-free abiotic experiments, it alone
is not a biological signature. Comparing the partition coefficients of
biogenic (KiB) and abiotic (Kﬂ,‘) products revealed contrasting trace-
element retention (Fig. 4 and Table S7). Except for Co and Cd, most
elements are more strongly depleted in biogenic products than in abiotic
products. Notably, all K$°/KS° ratios exceed unity and remain relatively
constant (~2-4) across mineralization products transformed from the
three Fh substrates, indicating a robust enrichment of Co in biogenic
products. An even more pronounced enrichment is observed for Cd, with
K§4/KS$d ratios consistently > 1 and reaching up to 94 for mineralization
products transformed from 10 ppm TE-Fh. In contrast, Mg is the most
strongly depleted element in biogenic products under all conditions,
with K8 /KV® ratios reaching 174 at 10 ppm TE-Fh. These results sug-
gest that Co and Cd are preferentially incorporated into biogenic prod-
ucts, whereas Mg is preferentially incorporated into abiotic products,
and that these contrasting partitioning behaviors are largely indepen-
dent of culture conditions, reflecting fundamental differences in mineral



X. Han et al.

Solid fraction (Tpso) of transformation

products without NaAc wash

2
10 (a) 0 ppm TE-Fh
®
100 cd Ga
® °®
| Co ¢
. XY
qd
10t [ -
o} °
102 [ o> . Mg
o K
108 S 1 ] 2
10 10 10 1 10 10
103
(b) 10 ppm TE-Fh Ga
102 | °
{
cd °
@
10!} °
Co ®
-~ 1 F L] ® o
[ ]
( ]
10—1 L [ ] ..
o ®°
@
102 [
A . Mg
107 oK : . . .
10 102 10 1 10" 10% 103
103
(c) 20 ppm TE-Fh Ga gl
2t
10 cd )
10! 1 ' *
Co b
= 1 f ° ®
® [ ]
100 [ o?
L
102 [ o & Mg
102 [acy
1o

K,

10 103 102 10" 1 10" 10% 103

Geochimica et Cosmochimica Acta 434 (2026) 153-164

Solid fraction (Tpso-Ac) of transformation
products with NaAc wash

2
10 (d) 0 ppm TE-Fh

101 L
1 7 ° E
10t} /' Rs.‘
102 f

107 }

10

10* 103 102

10°
(e) 10 ppm TE-Fh

102 L
101 L

17 °

\\ oK
104 e
10* 103 102 10" 1

10" 102 103

(f) 20 ppm TE-Fh

F Y oK

104 . . . . . .
104 10% 102 100 1 10" 10% 10°

1

KA

Fig. 4. Trace element partition coefficients for the solid fraction of Fh transformation products without (Tps,) and with (Tpg,.ac) NaAc wash in abiotic (KiA) and biotic

(K%) experiments. Except for Cd and Co, most elements are depleted in the biogenic magnetite produced by MR-1 compared with the abiotic magnetite (below the 1:1
line). Mg is the most depleted element in the biogenic magnetite compared with the abiotic magnetite.

formation pathways rather than environmental variability.
4. Discussion

4.1. Effects of trace elements and formation pathways on particle size of
magnetite

Although Mossbauer spectroscopy is highly sensitive for identifying
Fe-bearing mineral phases, minor amounts of residual Fe phases below
the detection limit cannot be completely excluded. Nevertheless, the
absence of detectable ferrihydrite signals in the Mossbauer spectra,
together with the dominant magnetite morphology observed by HRTEM,
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indicates that magnetite was the primary transformation product.
Across the three Fh mineral precursors, higher concentrations of trace
elements produced progressively smaller magnetite particles in both
abiotic and biotic experiments (Fig. 1). Generally, the adsorption of Fe?*
to Fh is necessary to induce Fh transformation to magnetite via sol-
id-state conversion (Amstaetter et al., 2012; Han et al., 2020). There-
fore, higher trace-element loadings likely reduce available reactive
surface sites of Fh, leading to smaller particles of magnetite. This is
supported by the previous study of Pb, where Pb loading blocks reactive
surface sites on Fh, and lowers Fe?" production, ultimately favoring the
formation of finer magnetite crystals (Meite et al., 2022). Another
plausible explanation is that trace elements enhance nucleation rates by
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providing additional sites or lowering the energetic barrier for nucle-
ation, while simultaneously inhibiting subsequent crystal growth
through surface adsorption or partial incorporation into the magnetite
lattice (Li et al., 2019; Watson, 1996). This is consistent with observa-
tions for lead (Pb) and arsenic (As), where Pb%* and As(III) adsorb onto
magnetite nuclei, reduce interfacial tension, and limit solute diffusion to
the surface, thereby suppressing particle growth (Meite et al., 2022;
Wang et al., 2008).

Biogenic magnetite was consistently smaller than its abiotic coun-
terpart. This additional size control likely reflects microbial influences,
including the involvement of cell surfaces, extracellular polymers, and
enzymatic reduction processes, which create localized microenviron-
ments that promote nucleation and restrict crystal enlargement (Dong
et al., 2022; Han et al., 2024; Koepnick et al., 2025). Another reason
could be due to the difference in total iron content between abiotic and
biotic experiments. Although both systems started with 12 mM Fh, an
additional 30 mM Fe?* was supplied in abiotic experiments to promote
Fh conversion, whereas in biotic experiments Fe?* was produced only
via microbial reduction (Piepenbrock et al., 2011). As a result, the
abiotic system contained ~2.5 times more total iron, favoring larger
particles. This is consistent with higher Fe concentrations in the final
precipitates (~626 ppm in abiotic system vs. ~202 ppm in biotic
system).

4.2. Structural heterogeneity and Fe valence states of magnetite

In addition to particle size effects, biogenic magnetite shows larger
variations in isomer shift (8) and quadrupole splitting (AEg) in
Mossbauer spectra than abiotic magnetite for all three Fe components,
especially octahedral Fe?*, suggesting greater heterogeneity in local
electronic density and coordination symmetry (Table S3). This greater
heterogeneity can be linked to organic-influenced growth environments
(Amstaetter et al., 2012). Previous studies demonstrate that organic
molecules like L-cysteine can directly distort surface coordination,
creating distinct Fe3* species with altered 5, AEg, and smaller hyperfine
magnetic fields (Byg) (lacob et al., 2025). Additionally, the Bys of
biogenic magnetite are generally lower or more variable than those of
abiotic magnetite, suggesting weaker or less uniform magnetic exchange
interactions. These features reflect the structurally heterogeneous na-
ture of biogenic magnetite formed under microbially mediated condi-
tions, where mineral nucleation and growth occur in spatially and
chemically variable microenvironments. This is consistent with findings
that organic impurities and nanoscale particle sizes, often promoted by
organic electron shuttles, disrupt long-range magnetic order and induce
superparamagnetic behavior, leading to spectral broadening (Markovski
et al., 2017). In contrast, abiotic magnetite displays more uniform & and
AEq values and more stable Bys. This spectral homogeneity reflects a
more ordered spinel structure and homogeneous magnetic exchange,
consistent with growth in a chemically uniform environment without
strong organic-surface interactions (Shipilin et al., 2014).

Additionally, abiotic and biogenic magnetite exhibited opposite
trends in Fe valence distributions with increasing concentrations of trace
elements. In abiotic magnetite, decrease in Oct-site Fe?>* and enrichment
of Fe>* at both A and B sites indicate progressive oxidation with
increasing trace-element incorporation. This trend arises because
substituting cations (e.g., Mg?t, Cu®", Ni®") preferentially occupy
octahedral sites but do not participate in Fe>"-Fe>* electron hopping. As
a result, charge compensation occurs via oxidation of neighboring Fe?*
and/or redistribution of Fe between A and B sites, leading to a lower
FeZ* fraction (Liang et al., 2013; Manohar and Krishnamoorthi, 2017;
Melai et al., 2023). In contrast, biogenic magnetite exhibited enrichment
of Oct-site Fe?* and depletion of Tet-site Fe>" with increasing trace
element concentrations. This trend indicates that microbial Fe(III)
reduction progressively favored the formation of more reduced
magnetite, consistent with previous studies (Carvallo et al., 2008; Han
et al., 2021). Moreover, trace elements likely enhance this process by
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acting as enzymatic cofactors or metabolic regulators that promote
electron transfer in iron-reducing bacteria. Metals such as Cu, Ni, and Co
support intracellular redox enzymes (Kunkle and Skaar, 2023; Mulroo-
ney and Hausinger, 2003), while others (e.g., Cu?t, cd?*, ca®") can
further stimulate extracellular electron transfer through shuttle pro-
duction, improved cell adhesion, or cell aggregation (Fitzgerald et al.,
2012; Xu et al., 2016). Together, these effects support a biologically
dominated pathway in which trace elements enhance Fe(III) reduction
and favor more reduced magnetite. Overall, abiotic and biogenic sys-
tems display distinct redox signatures and structural heterogeneity,
reflecting their contrasting formation mechanisms.

4.3. Trace-element patterns in biogenic versus abiotic solid products

It should be noted that the solid fractions obtained after centrifu-
gation may contain both magnetite particles and bacterial biomass in
biotic experiments. Therefore, the measured elemental compositions
may reflect contributions from mineral-associated pools as well as bio-
logical pools, including intracellular metals, cell-surface-bound metals,
and extracellular polymeric substances (EPS)-associated metals. How-
ever, the objective of this study is to identify differences in trace element
signatures between biogenic and abiotic magnetite formation pathways
rather than to quantify elemental incorporation into the pure magnetite
crystal lattice. Biological processes, including metal adsorption onto cell
surfaces, EPS interactions, intracellular metal regulation, and biologi-
cally mediated mineral precipitation, are considered intrinsic compo-
nents of biogenic mineral formation rather than analytical artifacts. The
consistent differences observed between abiotic and biotic products
reflect the combined effects of mineral formation pathways and bio-
logical processes, and these differences remain relevant for dis-
tinguishing biogenic from abiotic magnetite. ICP-MS results indicate
that most trace elements are preferentially enriched in abiotic magnetite
with Mg being the most enriched element in this group. In contrast, Co
and Cd are consistently enriched in biogenic products, regardless of
initial trace-element concentrations or washing treatments. Addition-
ally, since K was normalized with iron, it should not vary with the yield
of magnetite. The contrasting enrichment can be explained by differ-
ences in crystal-chemical substitution and biomineralization processes
rather than environmental variability. In abiotic systems, Mg?* (ionic
radius 0.72 10\) closely matches Fe2t (0.78 A) and preferentially occupies
the octahedral B sites in magnetite (Liu et al., 2022; Shannon, 1976).
Rapid precipitation under cell-free conditions typically produces defect-
rich and structurally open crystals (Dobrica et al., 2023), which further
facilitate incorporation of small, high-affinity cations like Mg. Moreover,
Mg is not directly involved in extracellular electron transfer by DIRB,
limiting its interfacial enrichment during biomineralization (Lovley
et al., 2004). Consistent with our observation of preferential Mg reten-
tion in abiotic products, Perez-Gonzalez et al. (2013) reported Mg
incorporation into inorganic magnetite but not into magnetite produced
by Shewanella oneidensis, suggesting that Mg incorporation depends on
the mineral formation pathway.

In contrast, biogenic products formed by S. oneidensis MR-1 are
enriched in Co and Cd due to strong interfacial adsorption and biological
regulation. Co and Cd can interact with outer-membrane proteins and
negatively charged functional groups (e.g., carboxyl and phosphoryl) on
lipopolysaccharides and EPS (Sutherland et al., 2023; Wang et al.,
2023). However, similar interactions may also occur for other transition
metals, such as Cr and Cu, which are not significantly enriched in
biogenic products. This suggests that trace-element incorporation is not
controlled solely by surface adsorption, but may also depend on bio-
logical regulation of element uptake and detoxification processes.
Essential elements are often tightly regulated and preferentially allo-
cated to intracellular functions. In contrast, non-essential or toxic ele-
ments may accumulate through passive adsorption or detoxification
mechanisms, increasing their potential incorporation into extracellular
biogenic products. Moreover, Co can serve as a metabolic cofactor in
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microorganisms (Kunkle and Skaar, 2023), but enhanced uptake related
to this function is mainly expected under Co-limiting conditions.
Because Co was supplied in our cultures, its role as a metabolic cofactor
alone is unlikely to explain Co enrichment in biogenic products. While
Cd can stimulate electron shuttle production (e.g., riboflavin) and cell
adhesion, promoting extracellular electron transfer (Xu et al., 2016).
These processes concentrate Cd during ferrihydrite reduction and
magnetite nucleation, facilitating their incorporation. Furthermore,
biologically controlled magnetite typically forms more slowly and with
higher crystallographic order, favoring selective incorporation of tran-
sition metals over small alkaline-earth cations. Consequently, Co and Cd
are more readily incorporated or surface-associated during the forma-
tion of biogenic products than Mg.

The Méssbauer-derived Fe?'/Fe®* ratios further support these
mechanisms. At 0 ppm TE-Fh, abiogenic magnetite exhibits a higher
Fe?"/Fe3" ratio (0.61) than biogenic magnetite (0.41). However, the
trends diverge with increasing trace-element levels: abiogenic samples
show a progressive decrease in Fe*/Fe3* (0.52 at 10 ppm to 0.37 at
20 ppm), whereas biogenic samples display an increase (0.59 at 10 ppm
and up to 1 at 20 ppm). This contrast is consistent with preferential Mg
enrichment in abiogenic magnetite, where Mg?* substitution for octa-
hedral Fe" requires charge compensation through Fe?* oxidation,
thereby lowering the Fe?' fraction (Melai et al., 2023). In contrast,
biogenic magnetite is enriched in Co and Cd. Due to its variable valence
and stronger electronic compatibility with the spinel lattice, Co can
occupy both Fe?' and Fe®* sites in magnetite, therefore reducing the
need for extensive Fe>" oxidation by redistributing cations within the
spinel structure (Byrne et al., 2013). Meanwhile, Cd*" preferentially
occupies tetrahedral Fe>" sites owing to its relatively large ionic radius,
thereby modifying the distribution of Fe> between tetrahedral and
octahedral sites without altering the overall valence state (Bakeer et al.,
2025). Consequently, the combined effects of Co and Cd incorporation
in biogenic magnetite favor the retention of Fe?* and the development
of a more reduced magnetite structure compared with the Mg-enriched
abiogenic counterpart.

Trace-element retention in the biogenic products may reflect con-
tributions from both magnetite and associated biomass. Studies of
biofilm-mineral interfaces demonstrate element-specific and condition-
dependent partitioning. Wang et al. (2016) found that Zn(II) preferen-
tially partitioned into S. oneidensis biofilms after short exposure,
whereas Pb(II) favored reactive oxide surfaces at low concentrations and
increasingly partitioned into biofilms at higher concentrations. Longer
exposure increased mineral association for both elements. Templeton
et al. (2001) likewise showed that mineral surfaces could dominate Pb
(ID) uptake despite the presence of biofilms. In contrast, Schmid et al.
(2016) found that Ni was predominantly associated with iron minerals
rather than organic constituents in cell-mineral aggregates. Although
these systems differ from our magnetite-forming experiments, they
demonstrate that biomass does not necessarily dominate trace-element
retention. Our bulk analyses cannot uniquely assign Co or Cd enrich-
ment to either magnetite or biomass and thus we interpret the parti-
tioning as a property of the recovered biogenic solid products (i.e. cell-
mineral aggregates) as a whole.

Overall, abiotic magnetite is controlled by crystal-chemical substi-
tution that promotes Mg incorporation and Fe?" oxidation, yielding a
more oxidized state. In contrast, biogenic magnetite is governed by
cell-mineral interactions that enrich Co and Cd and stabilize higher Fe?*
contents. The agreement among trace-element partitioning patterns,
Mossbauer spectral parameters, and Fe?'/Fe>* ratios established a
coherent mechanistic framework that links biomineralization pathways
with the resulting chemical, structural and redox characteristics of
magnetite.

4.4. Implications for the identification of biogenic magnetite in sediments

A comparison of the trace element composition of magnetite
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produced by DIRB in this study with that synthesized by MTB in previous
studies (Amor et al., 2015; Mathon et al., 2024) reveals marked differ-
ences among S. oneidensis MR-1, Magnetospirillum magneticum AMB-1,
and Magnetovibrio blakemorei MV-1 (Table S8 and Fig. 5). Magnetite
produced by MR-1 exhibits systematically higher partition coefficients
(KY) than magnetite formed by magnetotactic bacteria, with enrichments
of 1-5 orders of magnitude relative to AMB-1 and 1-4 orders of
magnitude relative to MV-1 for most elements. The markedly elevated K*
values observed for MR-1 are consistent with extracellular magnetite
precipitation, where trace elements can be incorporated through surface
adsorption, coprecipitation, and lattice substitution (Crean et al., 2012;
Sundman et al., 2020). In this setting, trace metals, particularly Cu, Ga,
Cd, and Pb, are readily scavenged, resulting in enrichments of several
orders of magnitude relative to intracellular magnetite. In contrast,
magnetite formed by MTB (AMB-1 and MV-1) is produced intracellularly
within magnetosome vesicles, where iron uptake, redox conditions, and
crystal growth are tightly regulated (Lin et al., 2014; Wan et al., 2024).
This strong biological control leads to systematic exclusion of most trace
elements, yielding uniformly low K values in AMB-1. The intermediate
behavior of MV-1 likely stems from its maintenance of higher intracel-
lular concentrations of these elements compared to AMB-1. This dif-
ference originates from the distinct properties of their efflux pump
systems (Mathon et al., 2024). Consequently, a greater amount of trace
elements is incorporated into magnetite by MV-1 than by AMB-1, though
still far less than by MR-1. In addition, the higher concentrations of trace
elements observed in the abiotic magnetite produced in this study,
compared to those reported for the abiotic counterpart of MTB magne-
tite, can be attributed to differences in formation pathways. The latter is
synthesized via the co-precipitation of Feg’(f and Feg(f ions in the pres-
ence of trace elements. In contrast, the magnetite in our system is pre-
dominantly formed through the Fegcf -induced solid-state transformation
of ferrihydrite, which retains substrate-associated elements. Overall,
trace-element signatures in magnetite are strongly controlled by for-
mation pathway, suggesting magnetite trace element compositions
could be indicators of microbial processes in modern and ancient
environments.

The results of this study provide new insights into how trace ele-
ments, Fe valence states, and structural characteristics can be used to
distinguish magnetite formed through different pathways, with impor-
tant implications for identifying biogenic magnetite in natural and
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Fig. 5. A comparison of the trace element composition of magnetite produced
by DIRB in this study with that synthesized by MTB in previous studies (Amor
et al., 2015; Mathon et al., 2024). The K! values from this study represent the
average values obtained from experiments conducted under three TE-Fh con-
ditions (0, 10, and 20 ppm TE-Fh).
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ancient sedimentary environments. First, biogenic magnetite formed by
S. oneidensis MR-1 consistently exhibits smaller particle sizes and greater
Mossbauer spectral variability than abiotic magnetite. These features
likely reflect the heterogeneous microenvironments created at
cell-mineral interfaces, where extracellular polymers, cell surfaces, and
enzymatic reduction processes regulate nucleation and growth.
Although particle size alone cannot serve as a definitive biosignature
due to possible overlap with abiotic nanoparticles, the combination of
nanoscale size distributions with enhanced structural heterogeneity may
provide supportive evidence for microbially mediated formation. In
addition, the contrasting Fe valence trends between abiotic and biogenic
systems represent an additional diagnostic feature. In abiotic magnetite,
increasing trace-element concentrations lead to progressive FeZ*
depletion and Fe>' enrichment, while biogenic magnetite shows the
opposite behavior, with increasing Fe?* enrichment driven by microbial
Fe(II) reduction. This divergence reflects fundamentally different redox
controls during mineral formation and suggests that Fe valence distri-
butions in magnetite could serve as a complementary proxy for identi-
fying microbially mediated mineralization pathways in sediments.

Furthermore, and most importantly, trace-element partitioning pat-
terns provide a robust geochemical fingerprint of magnetite formation
pathways. Among the analyzed elements, Mg, Co, and Cd exhibit the
most systematic differences between abiotic and biogenic products. Mg
is strongly enriched in abiotic magnetite, with partition coefficients
(KM8) ranging from ~1.5 to 3.6, whereas biogenic products produced by
S. oneidensis MR-1 show extremely low Mg incorporation
(KM#20.01-0.03). In contrast, Co and Cd are consistently enriched in
biogenic products relative to abiotic samples. The most pronounced
difference is observed for Cd, whose partition coefficients (KCd) in
biogenic products exceed those of abiotic products by up to two orders of
magnitude. Because fluid compositions in ancient sedimentary systems
are generally difficult to constrain, partition coefficient ratios rather
than raw partition coefficient values may provide more practical in-
dicators of mineral origin. Unlike Mg, Co, and Cd, Mn exhibits broadly
similar partitioning behavior in both abiotic KM = 0.04-0.28) and
biotic (KM" = 0.06-0.21) systems, making it a suitable reference element
for constructing partition coefficient ratios that are less sensitive to
variations in fluid composition. Although the use of Mn as a reference
eliminates the need to constrain Mn concentrations in the parent fluid,
independent estimates of Mg and Cd concentrations in the fluid are still
required when applying these ratios to natural samples. In practice, the
required fluid compositions may be constrained using coexisting min-
erals that equilibrated with the same fluid, such as carbonates associated
with magnetite (Mathon et al., 2024), thereby improving the applica-
bility of these partition coefficient ratios to natural rock samples. Based
on this study, the KM8/KM™ and K°4/KM™ ratios show clear contrast be-
tween abiotic and biogenic products. Abiotic products typically exhibit
KM&/KM1 ratios of approximately 10-80, whereas biogenic products
show much lower values of about 0.08-0.3, corresponding to a differ-
ence of roughly two to three orders of magnitude. This large difference
indicates that the KM8/KM™ ratio is an effective indicator for identifying
chemically formed magnetite. In contrast, the KC4/KM" ratio is more
characteristic of DIRB-generated biogenic products. Abiotic products
generally show KCY/KM™ ratios of about 3-20, whereas biogenic prod-
ucts exhibit significantly higher values of approximately 10-400, rep-
resenting a difference of about one to two orders of magnitude. Such
enrichment in Cd relative to Mn provides an additional geochemical
criterion for recognizing magnetite of biological origin. Because the
partition coefficients are normalized to iron, they are largely indepen-
dent of magnetite yield and therefore provide a reliable indicator of
formation mechanisms. The reproducible enrichment patterns of Mg and
Cd across different trace-element concentrations and washing treat-
ments suggest that these elements may serve as particularly useful
markers for distinguishing DIRB-derived magnetite from abiotic
magnetite in sedimentary records.

Magnetite commonly occurs together with Fe-Mn nodules, iron
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(oxyhydr)oxides, clay minerals, and carbonates in sedimentary envi-
ronments, which may provide indirect constraints on the trace-element
composition of the fluids present during mineral formation (Mathon
et al., 2024). Even if the composition of the ancient fluid phase can
only be estimated within one order of magnitude, the large differences in
KM&/KM and KO4/KMP ratios observed here should still allow discrimi-
nation between abiotic and microbially mediated magnetite formation.
Taken together, these results demonstrate that no single parameter is
sufficient to identify biogenic magnetite in sediments. Instead, a multi-
proxy approach combining trace element partitioning patterns, Fe
valence distributions, and structural characteristics provides a more
reliable framework for recognizing magnetite formed through microbial
processes. Application of such integrated geochemical and mineralog-
ical criteria to magnetite-bearing sedimentary rocks may therefore
provide a useful tool for identifying extracellular magnetite produced by
dissimilatory Fe(III)-reducing bacteria in both modern environments
and the geological record.

5. Conclusions

We cultivated a DIRB (Shewanella oneidensis MR-1) with Fh con-
taining various amounts of trace elements to test possible generalization
of this proxy for identification of biogenic magnetite. Results demon-
strate that the microbially formed magnetite retains a strong geochem-
ical memory of its formation pathway (compared to abiotic
transformation of Fh to magnetite), expressed through systematic dif-
ferences in crystal chemistry and trace-element behavior. In abiotic
systems, trace-element incorporation is governed primarily by lattice
substitution and charge-compensation mechanisms, leading to pro-
gressive modification of Fe site occupancy and a shift toward more
oxidized compositions as trace element concentrations increase. In
contrast, magnetite formed by Fe(IlI)-reducing bacteria reflects biolog-
ically regulated interfacial processes in which microbial Fe(III) reduc-
tion, localized redox conditions, and surface complexation collectively
shape mineral composition. The preferential enrichment of Mg in abiotic
products and Co-Cd in biogenic products highlights the contrasting
controls of crystal-chemical versus biologically mediated processes. In
addition to trace-element partitioning, our results also demonstrate that
biogenic magnetite is characterized by a more reduced Fe valence state
than abiotic magnetite. Moreover, comparison with MTB magnetite
emphasizes that the degree and mode of biological control fundamen-
tally determine trace-element partitioning patterns. Integrating multi-
element partitioning with structural parameters therefore provides a
robust framework for identifying extracellular microbial magnetite.
These findings advance the mechanistic basis for interpreting magnetite
compositions in modern and ancient environments and strengthen the
use of trace-element systematics as indicators of ancient iron-reducing
activity on Earth and, by analogy, in extraterrestrial settings where
magnetite is preserved.
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