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Nano-magnetite is a potential archive for biosignatures and paleoenvironmental proxies in hydrothermal 
systems. However, sulfidic diagenesis at hydrothermal conditions potentially drives the rapid transforma-
tion of magnetite to Fe sulfide minerals. The identity and characteristics of transformation products from 
these reactions are crucial for interpreting biosignature records and paleoenvironmental proxies associ-
ated with Fe minerals in sulfide deposits. To constrain the preservation and transformation of magnetite 
in hydrothermal sulfide habitats, we incubated synthetic nano-magnetite in anoxic artificial seawater at 
a sulfide:Fe ratio of 4:1 as well as at different pH (7, 10) and temperatures (20-80 ◦C), and in presence or 
absence of added S0. Experimental products were analyzed by means of sequential Fe extraction, μ-X-ray 
diffraction (μ-XRD), Raman spectroscopy, and scanning electron microscopy (SEM). After 46 days, nano-
magnetite was only detected at 20 ◦C (pH ∼10). Fe(III)-containing mackinawite and greigite formed at 
pH ∼10 and ≥20 ◦C. At pH ∼7 and 80 ◦C, magnetite was transformed to pyrite within only 19 days, with 
faster rates in the presence of polysulfides, which formed from the sulfide-mediated reduction of Fe(III) 
and in the presence of S0. Our results demonstrate a potential taphonomic bias against nano-magnetite in 
sulfidic hydrothermal habitats and suggest that pyrite-associated paleoenvironmental proxies and biosig-
nature records of Fe- and S-cycling microorganisms in hydrothermal deposits are affected by diagenetic 
fluid-mineral interactions.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Nano-magnetite in natural environments forms via abiotic 
Fe(II)-catalyzed transformation of Fe(III) (oxyhydr)oxides or is 
driven by Fe-cycling microorganisms, such as dissimilatory Fe(III)-
reducing bacteria (DIRB) or magnetotactic bacteria (MTB) (Amor et 
al., 2020; Hansel et al., 2005; Kirschvink and Chang, 1984). Abi-
otic and biogenic magnetite differ in morphology, crystallographic 
structure, magnetic properties, redox state, trace metal content, 
and stable isotopic fingerprints (e.g., Kirschvink and Chang, 1984; 
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Thomas-Keprta et al., 2000; Carvallo et al., 2008; Lam et al., 2010; 
Amor et al., 2016, 2022; Han et al., 2021). Thus, nano-magnetite is 
a potential archive for biosignatures of Fe-cycling microorganisms. 
Moreover, the presence of nano-magnetite in sediments and rocks 
alongside its morphologic, geochemical, and isotopic characteris-
tics has been used to infer past biological productivity, availability 
of nutrients and substrates, diagenetic redox conditions, climate 
change, ocean circulation and stratification, as well as paleomag-
netic reconstructions (e.g., Chang et al., 2012; Havas et al., 2021; 
Hesse, 1994; Kopp and Kirschvink, 2008; Schumann et al., 2008; 
Yamazaki and Kawahata, 1998). However, these applications re-
quire a robust understanding of diagenetic processes affecting the 
preservation of nano-magnetite in different marine environments.

In marine sediments, both abiotic and biogenic magnetite are 
produced in anoxic to suboxic zones. These precipitates are typi-
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cally nm-sized and highly reactive due to their large relative sur-
face area (Byrne et al., 2015; Hansel et al., 2005). This affects their 
preservation potential during sulfidic diagenesis driven by sulfur 
cycling microbes (SCM); while μm-sized sedimentary magnetite 
can be preserved for 1000s of years after burial in sulfidic zones 
(Canfield and Berner, 1987), experimentally synthesized nm-sized 
magnetite has a half-life of only 72 days at 1 mM dissolved sul-
fide, pH 7.5, and 25 ◦C (Poulton et al., 2004). Magnetite-producing 
MTB and DIRB are also widespread in hydrothermal sulfide sys-
tems (Roh et al., 2006; Sylvan et al., 2012). In these habitats, 
sulfide is not only supplied by SCM but also from fluids contain-
ing high concentrations of volcanogenic sulfide (Früh-Green et al., 
2022). Elevated temperatures and high sulfide concentrations po-
tentially drive the rapid sulfidation of magnetite in hydrothermal 
sulfide systems, which are among the most ancient microbial habi-
tats on Earth (Van Kranendonk et al., 2008; Mißbach et al., 2021; 
Runge et al., 2022).

For hydrothermal sulfide deposits, the implications are twofold: 
biosignatures and environmental proxies associated with mag-
netite might be diagenetically altered or erased. On the other hand, 
the sulfidation of primary magnetite may yield distinct transforma-
tion products that might be subject for use as biosignatures and 
paleoenvironmental proxies themselves. Textural, trace element, 
and isotopic characteristics of pyrite, for example, are commonly 
used to trace microbial Fe- and S- cycling, fluid composition and 
temperature, as well as redox conditions in hydrothermal sulfide 
environments (e.g., Baumgartner et al., 2020; Li and Kusky, 2007; 
Nozaki et al., 2020; Ohmoto, 1972; Revan et al., 2014; Rouxel et al., 
2004; Vearncombe et al., 1995). This highlights the importance of 
understanding the formation and diagenetic history of Fe sulfides 
in such habitats. Previous experiments on magnetite sulfidation 
were conducted at temperatures ≥125 ◦C (Bendt et al., 2019; Qian 
et al., 2013, 2010), excess Fe conditions (Nie et al., 2023), or ex-
cluded the characterization of transformation products (Poulton et 
al., 2004). Microbial activity and biogenic mineral formation, how-
ever, are limited to temperatures of ≤121 ◦C (Kashefi and Lovley, 
2003), which occur along a mixing gradient from hot, acidic and 
sulfide-rich endmember fluids (∼400 ◦C; pH 2-5) to seawater (2-
4 ◦C; pH 8) in hydrothermal systems (Früh-Green et al., 2022). The 
stability of nano-magnetite and the identity and characteristics of 
its transformation products during in-situ sulfidation under condi-
tions in such mixing zones have not been constrained so far.

Here, we simulate the sulfidic diagenesis of nano-magnetite 
in hydrothermal systems by incubating synthetic nanoparticles in 
anoxic artificial seawater at different sulfide:Fe ratios (4:1 and 1:4), 
pH (∼7 and ∼10), temperatures (20–80 ◦C), and in the presence or 
absence of added S0, an important oxidant in pyrite forming reac-
tions under anoxic conditions (Benning et al., 2000; Mansor and 
Fantle, 2019) that commonly co-occurs with Fe oxyhydr(oxides) in 
hydrothermal sulfide systems (Kelley et al., 2002). The results of 
our multi-analytical approach, combining sequential Fe extraction, 
μ-X-ray diffraction (μ-XRD), Raman spectroscopy, and the struc-
tural characterization of experimental products by scanning elec-
tron microscopy (SEM), demonstrate the rapid transformation of 
nano-magnetite to pyrite and suggest a strong in-situ taphonomic 
bias against primary magnetite preservation in hydrothermal sul-
fidic systems.

2. Materials and methods

2.1. Synthesis of magnetite nanoparticles

Magnetite nanoparticles were synthesized by dropwise titration 
of 100 mL anoxic solution containing 0.2 M FeCl3: 0.1 M FeCl2 in 
0.3 M HCl with 100 g of anoxic 20% NaOH in a N2-filled anoxic 

chamber while stirring at 600 rpm. The resulting suspension con-
taining magnetite particles was further stirred at 600 rpm for 
15 minutes. A magnet was placed against the bottle to hold the 
magnetic particles in place while the supernatant was removed 
and replaced by anoxic ultrapure H2O (Milli-Q, Merck Millipore). 
This suspension was sonicated for 5 minutes and again replaced 
by anoxic ultrapure water. This washing procedure was repeated 
twice. The successful synthesis of the magnetite nanoparticles was 
confirmed using μ-X-ray diffraction (μ-XRD) (Fig. S1) and an av-
erage crystallite size of 12 nm was calculated based on XRD re-
flections using the Scherrer equation as detailed in (Mansor et al., 
2019).

2.2. Experimental setups

The preparation of incubation experiments, sampling, and sam-
ple preparation for analysis were conducted in a N2-filled chamber. 
Batch experiments were prepared in triplicate with total volumes 
of 50 mL in 100 mL-volume serum bottles closed with butyl stop-
pers to prevent the presence of oxygen. Artificial seawater was 
prepared using 17.30 g/L NaCl, 8.61 g/L MgCl2•6H2O, 0.03 g/L 
MgSO4•7H2O, 0.99 g/L CaCl2•2H2O, 0.39 g/L KCl, 0.06 g/L KBr, 0.25 
g/L NH4Cl, and 1.85 g/L NaHCO3. The pH of the resulting solution 
was adjusted to 7 using 0.5 mL of 1 M HCl, and dissolved O2 was 
degassed by purging with 50/50 N2/CO2. An anoxic 1 M sulfide 
solution was made by dissolving Na2S in O2-free H2O.

Batch experiments were prepared in triplicate with total vol-
umes of 50 mL in 100 mL-volume serum bottles closed with butyl 
stoppers. The magnetite suspension and the sulfide solution were 
added to the artificial seawater at 60 mM sulfide and 15 mM Fe 
(4:1 molar ratio), representative of plausible hydrothermal fluids 
in modern black smoker environments (Hannington et al., 2005). 
This composition resulted in an initial pH of 10.3 that, during 
the experiment, remained constant at 20 and 40 ◦C, and slightly 
decreased to 9.2 and 9.5 at 60 and 80 ◦C, respectively (Fig. S2). 
Two additional setups were prepared that further contained (i) 200 
mM MOPS buffer, and (ii) 200 mM MOPS buffer and 62 mM (100 
mg) elemental sulfur (S0, Sigma Aldrich, product # 13803), respec-
tively. These experiments had a starting pH of 7.0, which slightly 
increased to 7.4 during the experiment (Fig. S2). The serum bot-
tles for the pH ∼10 experiments were incubated at 20, 40, 60, or 
80 ◦C, and the pH ∼7 experiments were incubated at 80 ◦C. Sam-
pling for geochemical analysis was done after 0, 19, 30, or 46 days. 
For μ-XRD, Raman spectroscopy, and scanning electron microscopy 
(SEM), samples were taken after 19, 30, or 46 days.

2.3. Geochemical analyses

Aliquots (0.5 mL) of the mineral suspension were centrifuged 
for 5 minutes at 12,100 × g to separate the minerals from the “liq-
uid” phase (this phase contains both the combined dissolved and 
colloidal Fe that did not settle during centrifugation). Fe concen-
trations in both fractions were quantified spectrophotometrically 
using the ferrozine assay (Stookey, 1970). Supernatants were acid-
ified with 1 M HCl before analysis. Sequential Fe extraction of 
the solid phase using 6 M HCl (reactive Fe minerals: magnetite, 
mackinawite, and greigite) and 8 M HNO3 (pyrite) was used to de-
termine the extent of pyritization over time (Heron et al., 1994; 
Huerta-Diaz and Morse, 1990; Poulton and Canfield, 2005). Extrac-
tion with 6 M HCl was conducted for 24 hrs in an anoxic chamber 
in the presence of Ti(III)-citrate to prevent oxidation of dissolved 
sulfide to S0, which could reduce Fe extraction yields (Rickard et 
al., 2006). Solid residues from the 6 M HCl extraction step were ex-
tracted with 8 M HNO3 for >2 hrs. Polysulfides in the liquid phase 
were analyzed via UV-VIS spectroscopy in 1 mL plastic cuvettes 
using a spectral range of 250-500 nm.
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2.4. μ-X-ray diffraction (μ-XRD)

Aliquots for μ-XRD measurements were taken in an N2-filled 
anoxic chamber. Mineral pellets were harvested by centrifugation 
and washed three times with anoxic ultrapure water to remove 
residual salts before drying. Dry samples were stored in N2-filled 
preserving jars until μ-XRD analysis under ambient atmospheric 
conditions (Boursiquot et al., 2001; Zhang et al., 2020). μ-XRD was 
performed on dry material using a Bruker’s D8 Discover GADDS 
XRD2 micro-diffractometer equipped with a standard sealed tube 
with a Co-anode (Co Kα radiation, λ = 0.179 nm) at 30 kV/30 mA. 
The total time measurement was 240 seconds at two detector 
positions (15◦ and 40◦). Phase identification was validated using 
the Match! Software for phase identification from powder diffrac-
tion (Match!, Crystal Impact, Bonn, Germany, version 3.11.5.203) 
with the Crystallography Open Database (COD-Inorg REV211633 
2018.19.25).

2.5. Raman spectroscopy

For Raman spectroscopy, aliquots from suspended samples were 
dried onto glass slides in an anoxic chamber. Glass slides were 
transported to the instrument in N2-filled jars. Raman spectra 
were acquired with an Alpha 500R Confocal Raman Microscope 
(WITec GmbH, Ulm, Germany), which was equipped with a 532 nm 
excitation laser, an UHTS 300 spectrometer and a DV401-BV CCD 
camera. The optical grating was 600 g/mm for recording the spec-
tra in the range of 0 to 3790 cm−1. Herein, a 40× objective with 
a numerical aperture of 0.6 was used (EC Epiplan-neofluor, Carl 
Zeiss, Germany). The laser power was adjusted to 1 mW using 
an optical power meter (PM100D, Thorlabs GmbH, Dachau, Ger-
many) to avoid excessive heating that potentially induces mineral 
transformation. Per sample, three spots were analyzed using 10 
integrations for 10 to 20 seconds each. Spectra from these three 
spot measurements were combined into a composite spectrum, 
and relative intensities were normalized to 100. Magnetite and 
pyrite were identified using the software CrystalSleuth, the RRUFF 
database (https://rruff .info/; accessed 15 August 2022) and mack-
inawite (FeSm) and greigite were compared to reference patterns 
from (Bourdoiseau et al., 2011, 2008).

2.6. Scanning electron microscopy (SEM)

For SEM analysis, samples were washed with anoxic Milli-Q wa-
ter and dried onto carbon adhesive tabs attached to aluminium 
stubs in an anoxic chamber. The dried samples were coated with 
8 nm of gold using a BAL-TEC SCD 005 sputter coater. The mor-
phological characterization of the minerals was performed using 
a Crossbeam 550 L SEM (Zeiss, Oberkochen, Germany) operating 
at an acceleration voltage of 2 kV and working distances of 3.7 
mm. All micrographs were taken using the Secondary Electron Sec-
ondary Ion (SESI) detector.

3. Results

3.1. Mineralogical analysis

After 46 days of incubation, magnetite was detected only at 
pH ∼10 and 20 ◦C (Fig. 1). FeSm was present in all experiments 
at pH ∼10 (Fig. 1). The shifted band positions of FeSm in our 
experiment (255 to 257 cm−1and 315 to 317 cm−1) relative to 
Fe(II)-mackinawite (208 and 282 cm−1) indicates the presence of 
Fe(III) in the crystal structure (Bourdoiseau et al., 2008; Sanden et 
al., 2021). Greigite was only detected in experiments at pH ∼10 
and ≤40 ◦C after 46 days (Fig. 1), although it formed at 60 ◦C after 
7 days (Fig. S3B). Pyrite was only detected after 46 days at pH ∼7 
(80 ◦C) in both the presence and absence of S0 (Fig. 1).

Fig. 1. Raman spectra of minerals from the incubation experiments after 46 days at 
a sulfide:Fe ratio of 4:1. Fe(III)-FeSm: Fe(III)-containing mackinawite; Mt: magnetite; 
Grg: greigite; Py: pyrite.

Fig. 2. Fe geochemistry of batch experiments. The error bars represent standard de-
viations of triplicate analysis. A: aqueous phase (combined dissolved and colloidal 
Fe); B: pyritization extent at a sulfide: Fe ratio of 4:1 as determined via sequential 
Fe extraction of the solid phase using 6 M HCl (magnetite/FeSm/greigite) and 8 M 
HNO3 (pyrite). *Denotes samples in which colloidal particles were not fully removed 
by centrifugation.

3.2. Geochemical analysis

In experiments at pH ∼10, Fe(II)aq was generally low (≤100 μM) 
compared to the initial total Fe concentration (15 mM) and de-
creased slightly over time (Fig. 2B; Table S1). At 80 ◦C and pH 
∼10, the fraction of HNO3 extractable Fe (Fe[HNO3/(HCl+HNO3)]) 
slightly increased to 0.1 over 46 days (Fig. 2B; Table S1), suggesting 
minor pyrite formation and/or cross-contamination from the 6 M 
HCl fraction. In experiments at pH ∼7, Fe(II)aq was initially higher 
(∼300 μM) compared to ones at pH ∼10, and then dropped to 
∼24 μM within the first 19 days (Fig. 2B; Table S1). 6 M HCl ex-
traction of the solid phase from these experiments after 19 days 
yielded black residues that were soluble in HNO3, suggesting the 
presence of pyrite (Huerta-Diaz and Morse, 1990). The fraction of 
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Fig. 3. Photographs of experimental bottles and UV-VIS spectra of dissolved poly-
sulfides in experiments (80 ◦C, 19 days). No polysulfides were found in the experi-
ments at pH ∼10 (A). Polysulfides formation in experiments at pH ∼7 was apparent 
from the yellow coloration (B, C). Note that the liquid in the experiment with added 
S0 (C) has a more intense coloration than the experiment without added S0 (B), in-
dicating increased formation of polysulfides in the presence of added S0. This is 
supported by a higher UV-VIS absorbance in the presence of S0 (D). The difference 
in the peak position between both experiments at pH ∼7 (D) may be due to varia-
tions in polysulfide chain-lengths.

HNO3-extractable Fe (Fe[HNO3/(HCl+HNO3)]) at pH ∼7 increased 
to ∼1 within 46 days, indicating near-complete transformation of 
magnetite to pyrite with faster reaction rates in the presence of 
added S0 (Fig. 2B). The yellowish coloring of the liquid phases and 
UV-VIS spectroscopy revealed that polysulfides formed in the ex-
periments at pH ∼7, but not at pH ∼10 (Fig. 3).

3.3. SEM

Experiments at pH ∼7 contained rosette-like structures com-
prised of tens of nm sized platy crystals (Fig. 4A-C) that are char-
acteristic of FeSm (Csákberényi-Malasics et al., 2012; Picard et al., 
2018). Pyrite crystals in both experiments at pH ∼7 were roughly 
bi-pyramidal in shape and ca. 2-5 μm in size (Fig. 4, e.g., D, I). All 
pyrite crystals from the experiment without additional S0 exhib-
ited poorly developed surfaces and had a dendritic habit (Fig. 4A-
F). Dendritic pyrite also occurred in the presence of added S0 but 
was much less prominent; instead, most pyrite crystals appeared 
more rounded with smoother crystal faces (Fig. 4G-L). Notably, 
pyrite crystals in experiments with added S0 showed abundant 
nm-sized surface-bound globules of unknown composition (Fig. 4J-
L). Over time, these globules increased in size from individual par-
ticles (after 19 days) to particle aggregates (after 30 d) (Fig. 4J-K). 
After 46 days, these aggregates were no longer present (Fig. 4L).

4. Discussion

4.1. Mineral (trans)formation

We suggest that the removal of magnetite from our exper-
iments is driven by reductive dissolution in presence of excess 

sulfide (Eq. (1); Poulton et al., 2004). If this is the case, mag-
netite will dissolve at a much slower rate at excess Fe conditions. 
Therefore, we performed additional experiments with an equiva-
lent setup to the pH ∼10, 60 ◦C runs but varied the S:Fe ratio 
between 4 and 0.25. Raman spectroscopy of the resulting min-
erals demonstrates the presence of magnetite and absence of Fe 
sulfides after 7 days with excess Fe (Fig. S3A). At excess sulfide 
conditions, in contrast, magnetite signals are strongly diminished 
while Fe(III)-containing mackinawite (Fe(III)-FeSm) and greigite are 
present (Fig. S3B). Therefore, we consider reductive dissolution by 
sulfide as the key-mechanism for the removal of magnetite from 
our experiments at excess sulfide conditions.

Fe3O4 + 4HS− + 4H+ → 3FeSm + 4H2O+ S0 (1)

At pH ∼10, the formation of Fe(III)-FeSm was most likely due to 
rapid reprecipitation after magnetite dissolution driven by excess 
sulfide (Eq. (1)). The incorporation of Fe(III) into the FeSm structure 
may be due to a release of Fe(III)aq from magnetite during mineral 
dissolution, as previously observed during the reduction of sul-
fate green-rust [Fe(II)4Fe(III)2(OH)12SO4•8H2O] by sulfate-reducing 
bacteria (Langumier et al., 2009). Therefore, we suggest that the 
formation of Fe(III)-FeSm at pH ∼10 is the result of a dissolution-
reprecipitation mechanism. The exclusive detection of greigite in 
experiments at pH ∼10 and ≤40 ◦C after 46 days (Fig. 1) suggests 
a rate-dependent removal of greigite at higher temperatures, per-
haps via reduction to FeS or transformation to pyrite.

At pH ∼7, the high initial concentration of Fe(II)aq (Fig. 2A; Ta-
ble S1) compared to pH ∼10 experiments can be explained by the 
presence of dissolved or colloidal Fe(II), or both. It is unlikely that 
this difference is controlled by the solubility of FeS which is inde-
pendent of pH above pH 6 (Rickard and Luther, 2007). However, 
it has been demonstrated that colloidal FeS precursors to crys-
talline FeSm aggregate upon pH increase via oriented assembly, 
suggesting that the formation of FeSm is promoted at higher pH 
(Matamoros-Veloza et al., 2018b, 2018a). We therefore attribute 
the higher initial concentration of Fe(II)aq at pH 7 mainly to the 
presence of colloidal FeS. The subsequent decrease of Fe(II)aq to 
∼25 μM after 19 days (pH ∼7) (Fig. 2A; Table S1) is then most 
likely due to aggregation of colloidal FeS into FeSm particles that 
are large enough to settle during centrifugation (Mirabello et al., 
2020). We therefore suggest that the growth of initial Fe sulfides 
in pH ∼7 experiments was driven by the assembly of colloidal FeS.

Pyrite can form via reaction of FeSaq precursors with H2Saq
(“H2S pathway”, Eq. (2); Rickard, 1997), surface-mediated sulfida-
tion of Fe (oxyhydr)oxides (Ferric Hydroxide Surface “FHS path-
way”, Eq. (3)a-e; Peiffer et al., 2015), or oxidation of FeSaq by dis-
solved polysulfides (“polysulfide pathway”, Eq. (4), Rickard, 1975). 
Pyritization via the H2S pathway is likely of minor importance in 
our experiments, due the limited abundance of H2S(aq) from the 
speciation of H2S(aq)/HS− at pH 7 and the fact that the required 
reactions will be kinetically inhibited under strict anoxic condi-
tions (Benning et al., 2000; Mansor and Fantle, 2019). The FHS 
pathway requires the presence of Fe (oxyhydr)oxide surfaces to 
proceed (Peiffer et al., 2015). However, at excess sulfide conditions, 
magnetite nanoparticles were mostly transformed to Fe sulfides 
within 7 days even at 60 ◦C (Fig. S3A). At the conditions in our 
pyrite-forming experiments (80 ◦C, excess sulfide) the removal of 
magnetite was likely even faster, while pyrite formation proceeded 
over 46 days (Fig. 2B). Therefore, the FHS pathway was most likely 
not quantitatively important in our experiments. In contrast, the 
higher abundance of polysulfides in the presence of added S0
(Fig. 3) was associated with a faster pyritization rate (Fig. 2B), indi-
cating a rate control of polysulfide availability on pyrite formation. 
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Fig. 4. SEM micrographs of samples taken throughout the incubation experiments at pH ∼7. Pyrite crystals from experiments without added S0 (purple frame) exclusively 
exhibited a distinct dendritic habit (A-F; white arrows) and were associated with platy nm-sized particles, likely FeSm (A-C; yellow arrows). Note that this dendritic habit 
is still well-preserved after 46 days (F; white arrow). In contrast, most pyrite crystals in experiments without added S0 (brown frame) appeared more rounded (G-L; pink 
arrows), although some dendritic pyrite crystals also occur in these experiments (G-I, white arrows). Pyrite crystals from this experiment also contained globular precipitates 
of unknown composition that were 100 s of nanometres in size (H, J-L; green arrows). These precipitates appeared to coalesce over time and become incorporated into pyrite 
crystals after 46 days (L).

For these reasons, we consider the polysulfide pathway the domi-
nant pyrite formation mechanism in our experiments.

FeSaq +H2S → FeS2 +H2 (2)

> FeIIIOH+HS− ↔> FeIIIS− +H2O (3a)

> FeIIIS− ↔> FeIIS• (3b)

> FeIIS• +H2O ↔> FeIIOH+
2 + S•− (3c)

> FeIIOH+
2 + 2S•− → H2O+ > FeIIS−

2 (3d)

> FeIIS−
2 → FeS2,aq + new surface site (3e)

FeSaq + S2−2 → FeS2 + S2− (4)

4.2. Polysulfide formation

Polysulfide formation can occur via a reaction of HS− or H2Saq
with S0 (Eq. (5); Rickard, 1975). This reaction is consistent with 
the more intense coloration of polysulfides in the experiment with 
added S0 (Fig. 3) since sulfide was added in equal amounts to all 
experiments. However, polysulfides also formed at pH ∼7 with-
out added S0, but not at pH ∼10 (Fig. 3), suggesting polysulfide 
formation was also controlled by pH in addition to S0 abundance. 

Eq. (5) predicts favorable conditions for polysulfide formation at 
higher pH, which is inconsistent with our observation (Fig. 3). An-
other possible pathway for polysulfide formation is the oxidation 
of HS− on surfaces of Fe(III) mineral surfaces, which are more 
protonated at pH ∼7 than at pH ∼10, making surface-mediated 
oxidation of HS− more efficient than in circumneutral solutions 
(Yao and Millero, 1996). Thus, oxidation of HS− at the magnetite’s 
surface led to formation of polysulfides as well as S0, which in 
turn could promote even more polysulfide formation via the reac-
tion between remaining HS− and newly formed S0 (Eq. (5)).

H2S + S0 ↔ S2−2 + 2H+ (5)

4.3. Pyrite crystal growth

The exclusive presence of dendritic pyrite in experiments with-
out added S0 and the dominance of rounded pyrite in experi-
ments with added S0 (Fig. 4) suggests different particle growth 
mechanisms and/or reaction kinetics as a function of S0 abun-
dance. Dendritic pyrite is known from experimental synthesis and 
black smoker chimneys in the environment, and commonly used 
as indicator for formation temperatures ≤250 ◦C and rapid crys-
tal growth at high degrees of supersaturation (Murowchick and 
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Fig. 5. Sulfidation of nano-magnetite to pyrite in a hydrothermal sulfide system. 
Nano-magnetite derives from MTB or reduction of Fe(III) oxyhydroxides by DIRB. 
During early diagenesis, volcanogenic and/or biogenic (from SCM) sulfide (H2S/HS−) 
in hydrothermal fluids causes reductive dissolution of magnetite in the sediment, 
yielding Fe2+ and minor Fe3+ . The reaction of Fe2+ and Fe3+ with HS− leads to 
nucleation of Fe(III)-containing FeSm. Polysulfides (S2−n ) dominantly form via oxida-
tion of HS− during interaction with protonated magnetite surfaces and/or oxidation 
of HS− by S0. These polysulfides oxidize FeSaq to pyrite (FeS2).

Barnes, 1987; Wang et al., 2022). This suggests that the growth 
of dendritic pyrite in our experiments was fast, most likely driven 
by early surface-mediated polysulfide formation at pH ∼7 and 
Feaq from rapidly dissolving magnetite at excess sulfide conditions. 
The presence of rounded pyrite crystals in experiments with S0
(Fig. 4G-L) is consistent with expected reaction kinetics since S0
facilitates the formation of polysulfides and thus pyrite (Berg et 
al., 2020; Rickard, 1975). Therefore, dendritic pyrite in both ex-
periments might reflect the initial precipitation of approximately 
2-5 μm-sized pyrite crystals. The presence of surface-associated 
globules on rounded pyrite crystals (Fig. 4J-L), in contrast, indi-
cates a second stage of crystal growth proceeding at a faster rate in 
the presence of added S0. Since magnetite surfaces were no longer 
available, polysulfides formed via Eq. (5) during this stage. The 
transformation of these globules from individual particles (after 
19 days) to larger aggregates (after 30 days) indicates an assem-
bly mechanism for their growth. After 46 days, these aggregates 
were no longer visible (Fig. 4L), suggesting their progressive in-
corporation into pyrite crystals. Thus, the growth of dendritic to 
rounded pyrite in the presence of added S0 seems to proceed via 
attachment of nanocrystals followed by recrystallization (Gong et 
al., 2013). This mechanism seems to proceed without a visible in-
crease in particle size (Fig. 4G-L), similar to skeletal growth (Salas 
et al., 2021).

4.4. Geological implications

A significant portion of magnetite in marine sediments is pro-
duced by DIRB and MTB (Amor et al., 2020; Kirschvink and Chang, 
1984), which are widespread in hydrothermal systems (Roh et al., 
2006; Sylvan et al., 2012) and might have emerged as early as 
in the Archean (Johnson et al., 2008; Lin et al., 2017). Indeed, 
syngenetic magnetite associated with organic matter is present in 
Earth’s oldest hydrothermal sulfide deposits, that is, the ∼3.2 Ga 
Sulphur Springs Group of Western Australia (Baumgartner et al., 
2022). Hence, magnetite and its diagenetic transformation products 
might provide biosignature records in ancient hydrothermal sulfide 
systems, which are among the most ancient microbial habitats on 
Earth (Van Kranendonk et al., 2008; Mißbach et al., 2021; Runge et 

al., 2022). Our study demonstrates that nano-magnetite is rapidly 
transformed to Fe sulfides under conditions relevant to sulfidic 
hydrothermal habitats (Fig. 5), suggesting that any structural or 
geochemical information on paleoenvironmental conditions or mi-
crobial processes associated with nano-magnetite is rapidly erased 
or altered at hydrothermal temperatures as low as 80 ◦C. This likely 
results in a substantial taphonomic bias against authigenic Fe ox-
ides in sulfidic hydrothermal systems throughout geological time.

Our results suggest that pyrite in hydrothermal deposits can be 
a secondary product from early diagenetic magnetite sulfidation 
(Fig. 5). The formation of dendritic pyrite in our experiments in-
dicated rapid growth of initial pyrite crystals. In common marine 
sediments, sulfide is only supplied at a low rate by SCM, result-
ing in slow magnetite dissolution and a reduced supply of Feaq
(cf. Canfield and Berner, 1987). In hydrothermal systems, however, 
magnetite sulfidation and dendritic pyrite formation may be driven 
by abundant sulfide from both biogenic and volcanogenic sources 
(Früh-Green et al., 2022), causing rapid magnetite dissolution. This 
implies that morphological, trace element, and isotopic character-
istics of some pyrites in sulfide deposits may not record primary 
signals but be the result of a diagenetic interaction of a mag-
netite precursor with hydrothermal fluids. Moreover, the observed 
pyrite growth mechanisms in presence of added S0 would produce 
zoned crystals (Salas et al., 2021), which may record geochemi-
cal and isotopic signals from multiple growth stages and, hence, 
time-averaged signals in bulk analysis. Thus, our study highlights 
the importance of a detailed understanding of diagenetic mineral 
(trans)formation for interpreting paleoenvironmental and biosigna-
ture records of Fe- and S-cycling microorganisms in hydrothermal 
sulfides.

5. Conclusions

We experimentally demonstrated the rapid sulfidation of nano-
magnetite to pyrite under conditions similar to those prevailing in 
sulfidic hydrothermal habitats. The transformation of magnetite to 
pyrite occurred within 19 days (80 ◦C, pH ∼7) and was faster in 
the presence of added S0. This transformation proceeds via a mul-
tistep process, involving (i) reductive dissolution of magnetite by 
aqueous sulfide, (ii) reprecipitation of Fe(III)-containing FeSm, (iii) 
transformation of Fe(III)-FeSm to pyrite via the polysulfide path-
way, and (iv) pyrite growth via particle attachment. Our findings 
strongly suggest that sulfidic diagenesis of nano-magnetite in hy-
drothermal habitats drives pyrite formation, likely resulting in a 
substantial preservation bias against authigenic magnetite in hy-
drothermal sulfide systems. Thus, magnetite sulfidation is an im-
portant process to consider when interpreting paleoenvironmental 
proxies and biosignatures of Fe- and S-cycling microorganisms in 
hydrothermal deposits throughout geological time.
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