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Aqueous ferrous iron (Fe(Il),q) is known to induce recrystallisation of Fe(III) oxyhydr-
oxides, yet the relevance and implications of this process in low temperature hydro-
thermal systems remain underexplored. In this study, we investigated natural Fe-rich
precipitates containing mixed phases (ferrihydrite, goethite, lepidocrocite) collected
from the Longgqi Hydrothermal Field on the Southwest Indian Ridge. These precip-
itates were then incubated with °’Fe labeled Fe (I) aq under anoxic laboratory condi-
~ tions. Our results show that Fe(Il),q induced rapid mineral transformation of the
7 X Fe-rich precipitates containing the geochemical and mineralogical complexity of
hydrothermal systems. Secondary lepidocrocite and goethite formed readily, and

magnetite was observed under conditions with a high solid Fe(I)/Fe(IIl) ratio. The

>"Fe(Il) tracer revealed rapid Fe atom exchange between Fe(ll),q and structural Fe(Ill) (e.g., pre-existing goethite), leading to
increased crystallinity. During the prompt and extensive Fe(I)-induced mineral transformation and recrystallisation, we also
identified the development of new morphological features (e.g., lath-like structures) on mineral surfaces, alongside the redis-
tribution of associated Co, Ni, Cu, Zn, and Ba. This suggests their enhanced mobility and potential fluxes to surrounding sea-
water. Together, these results provide essential, yet frequently overlooked, insights into the role of Fe(Il)-Fe(IIl) interactions in
shaping both mineralogical evolution and trace element cycling within Fe-rich hydrothermal systems.
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¥ Introduction

Iron and other trace elements released from hydrothermal vents
are critical contributors to marine biogeochemical cycles
(Elderfield and Schultz, 1996; Resing et al., 2015). In low temper-
ature hydrothermal systems, the mixing of Fe-rich fluids with
oxygenated seawater, combined with biomineralisation by Fe
(I)-oxidising bacteria, triggers rapid precipitation of amorphous
and poorly crystalline Fe(Ill) oxyhydroxides (e.g., ferrihydrite).
These metastable phases act as transient sinks for trace elements
and nutrients, such as cobalt (Co), nickel (Ni), silicon (Si), and
phosphorus (P), thereby regulating their fluxes into surrounding
seawater (German et al., 1991). Yet, these initially formed Fe(III)
oxyhydroxides undergo transformations during deposition and
burial, with important implications for the mobility and fate of
associated trace elements. While microbial mediated mineralisa-
tion processes in these setting have been relatively well studied
(Konhauser and Riding, 2012), the role of Fe(Il),q — which is
ubiquitous in hydrothermal fluids and porewaters — in driving
subsequent mineral transformation remains poorly constrained
within hydrothermal systems.

Fe(I)-induced transformation of Fe(Ill) oxyhydroxides is
well documented in laboratory experiments using synthetic Fe
minerals such as ferrihydrite and lepidocrocite (Liu et al., 2022;
Hua et al, 2023). Extensive Fe atom exchange between
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Fe(Il)aq and structural Fe(Ill) has also been identified even with-
out noticeable mineral transformation (Handler et al, 2014;
Chen et al., 2023). This Fe(Il)-induced “cryptic” recrystallisation
and transformation not only alters the mineralogy of Fe(III) oxy-
hydroxides, but also affects the stability of associated trace metals
(Frierdich et al., 2011; Hua et al., 2023). Additionally, it can drive
Fe isotope fractionation among different mineral phases, com-
plicating the interpretation of Fe isotope signatures to trace
the origin and formation of Fe deposits (Johnson et al., 2020;
Fitzsimmons and Conway, 2023). However, natural hydrother-
mal systems are a unique matrix of mineralogical and geochemi-
cal environments, with major and trace elemental compositions
that may impede or redirect the transformation pathways of Fe-
rich precipitates (Jones et al., 2009; Li et al., 2024). Studies relying
solely on laboratory synthesised minerals may therefore fail to
capture the full range of processes occurring in situ, underscoring
the need to investigate Fe(ll),q-induced processes using geo-
chemically realistic samples from actual hydrothermal systems.

In this study, we address this knowledge gap by studying
natural Fe-rich precipitates collected from the Longqi
Hydrothermal Field on the Southwest Indian Ridge. These sam-
ples preserve the chemical and mineralogical complexity of natu-
ral systems, allowing us to explore Fe(Il),q-induced processes
under environmentally relevant conditions. By coupling 3”Fe(Il)
stable isotope tracer experiments with mass spectroscopy,
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scanning and transmission electron microscopy, X-ray diffrac-
tion, and Mdssbauer spectroscopy, we tracked mineralogical
and morphological changes in detail and identified Fe atom
exchange and trace metal redistribution in laboratory conditions.
Our findings highlight the often overlooked role of Fe(Il),q in
modern low temperature hydrothermal systems in addition to
biomineralisation, providing additional constraints for interpret-
ing sedimentary records in modern and ancient Fe deposits.

I Materials and Methods

Sample collection. Fe-rich precipitates were sampled from the
Longgi low temperature hydrothermal field on the Southwest
Indian Ridge, near an active vent located at 49.6497° E,
37.7832° S, at a water depth of ~2750 metres (Fig. 1).
Ambient water temperatures ranged from 50-60 °C near the
vent to 2-4 °C farther away, with pH values between 7.8-8.0.
Sampling was carried out December 2, 2018, using the RV
Tansuoyihao and the submersible “Shenghaiyongshi”.
Immediately upon retrieval, the precipitate suspension (solid-
liquid ratio was about 1:1) was preserved at —80 °C until further
processing. Prior to commencing our experiments, an aliquot of
the precipitate suspension was totally digested by 6 M HCI to
determine the concentrations of Fe and other elements in the
stock (see Table S-1).

Experiments. All experiments were conducted inside an
anoxic glovebox under N, atmosphere (O,<0.2 ppm).

Ultrapure water was deoxygenated by purging with N, and
equilibrated within the glovebox for one week before preparing
anoxic solutions. A stock solution of °’Fe(II) was prepared by dis-
solving metallic >’Fe (96 % of >’Fe, ISOFLEX, California) in 1 M
HCl (double distilled). This solution was then used to obtain
2 mM 57Fe(Il) in either HEPES buffer (25 mM, pH 8.0) or artificial
seawater (ASW, pH 8.0, ionic strength 0.72 mol/L)(Kester et al.,
1967), and subsequently exposed to the Fe-rich precipitates
(containing 10 mM Fe). Control experiments were performed
with only *Fe(ll),q or only the precipitates in HEPES buffer
and ASW, respectively. For the reaction medium, HEPES buffer
was used to isolate Fe(II) driven processes under controlled con-
ditions and investigate their mechanistic feasibility, whereas
ASW provided a more environmentally relevant context simulat-
ing hydrothermal systems. Although we acknowledge that the
experimental setups cannot fully replicate natural conditions,
key parameters such as pH (8.0) and Fe(Il)/Fe(Ill) ratios were
chosen to reflect conditions relevant to low temperature hydro-
thermal systems.

Triplicate reactors were rotated in the dark and sampled
over a 14 day reaction period. Aliquots were centrifuged, and
the resulting solids were subjected to sequential extractions:
1M MgCl, to isolate the exchangeable fraction, 0.5 M HCl to tar-
get the amorphous to poorly crystalline Fe fraction, and 6 M HCI
for the crystalline Fe fraction. More detailed methods can be
found in SI. Aqueous trace metals (Co, Ni, Zn, Cu, and Ba) were
quantified separately by ICP-MS, using '®Rh and ™In as
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Figure 1 (a) The geotectonicsetting and location of Longqi hydrothermal field. (b) Photo of sampling site that is away from active vent, and
(c) the specific sampling point of the Fe-rich precipitates used in this study, with environmental pH (7.8-8.0) and temperature ranged from
50-60 °C (closer to vent) to 2-4 °C that is similar to ambient deep sea water.
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internal standards. The count rate stability of the instrument was
maintained below 3 % relative standard deviation (RSD).

Mineral characterisation. To track microstructural
changes, aliquots of sediment suspensions were placed on a cop-
per observation table and a copper net, dried in an anoxic glove-
box, and characterised with a field emission scanning electron
microscope (SEM Nano 450, FEI Co., USA) and a transmission
electron microscope (TEM, JEOL JEM-F200, Japan). Due to lim-
ited sample volumes, unreacted and reacted samples were fil-
tered (0.22 pm) and characterised using micro X-ray
diffraction (uXRD, Bruker D8 Endeavor, Germany). The *Fe
Mossbauer Spectroscopy (Wissel GmbH, Germany) was also
applied to track the mineralogical changes. More detailed meth-
ods about mineral characterisation can be found in the
Supplementary Information.

I Results and Discussion

Characteristics of the hydrothermal Fe-rich precipitates. The Fe-
rich precipitates investigated in this study primarily consist of
amorphous to poorly crystalline Fe(III) phases (e.g., ferrihydrite),
goethite, and lepidocrocite, as identified by HCl extractions
(Fig. 2), TEM imaging (Fig. 3), XRD, and Mdssbauer spectroscopy
(Fig. 4). Approximately 25 % of Fe in the original precipitates was
extractable with 0.5 M HCl, and 100 % was extractable with 6 M
HCI, indicating the relatively low stability of these Fe(III)

oxyhydroxides (Fig. 2). Morphologically, both amorphous and
rod-like hollow structures were observed (Fig. 3al,a2), sug-
gesting that abiotic and microbially mediated Fe(II) oxidation
both contributed to their formation (Chan et al., 2016; Li et al.,
2024). EDS analysis showed a very low abundance of Si (< 1%)
within these structures (Fig. S-1). The crystallinity and struc-
tural order of these minerals were further elucidated by selected
area electron diffraction (SAED) associated with TEM (Fig. 3a5),
the full width at half maximum (FWHM) of identical peaks in
XRD patterns (Table S-2), and magnetic ordering from 57Fe
Méssbauer spectra at 295 K (Fig. 4b). Collectively, these analyses
reveal structural defects in the crystal structures, particularly in
goethite with the nanoneedle morphology. Notably, the rela-
tively high proportion of crystallised Fe minerals (goethite and
lepidocrocite) combined with low Si content (< 1 %; Fig. S-1)
distinguishes these precipitates from those described in our pre-
vious study, where only poorly crystalline Fe(III) oxyhydroxides,
such as ferrihydrite, were identified (Li ef al., 2024).

Reactions with Fe(II). While microbial mediated mineral
formation and transformation are crucial, this study intentionally
focuses on abiotic processes mediated by Fe(Il).q, which are
comparatively understudied in hydrothermal systems. By react-
ing Fe-rich precipitates with Fe(Il),q at an initial Fe(Il)/Fe(IIl)
ratio of 0.2, 91 % of Fe(ll),q was removed over 14 days in the
HEPES buffer, resulting in a final Fe(Il)/Fe(Ill) ratio of 0.14 in
the solid phase (Fig. 2a). Sequential extraction revealed a signifi-
cant decrease in the total Fe content within the 0.5 M HCI
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Figure2 The mass of Fe(ll) (a, b) and total Fe (¢, d), as well as the fraction of 5’Fe in the aqueous, exchangeable (1 M MgCl, extracted), and
0.5 M HCl extracted pools during the reaction in HEPES buffer (a, ¢, e) or artificial seawater (b, d, f). The dashed lines in (c)-(f) represent the
mass or isotope balance. The overall Fe recovery rate was 91 + 3 %. Each point represents the mean + standard deviation of triplicate reactors.

Where error bars are not visible, they are smaller than the symbols.
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Figure3 Images of typical mineralstructures in the Fe-rich precipitates of the control group (a), treated with Fe(ll) in HEPES buffer (b), and in
artificial seawater (c). Columns 1 and 2 represent SEM images, 3 and 4 represent TEM images, and 5 represents the images of SAED. Arrows
point to the specific feature discussed in the text. Squared area represents the focus of the following image.

extractable fraction, accompanied by an increase in the 6 M HCl
extractable fraction, indicating a shift towards more stable and
crystalline mineral phases. Rapid Fe isotope mixing was identi-
fied, with the fraction of >Fe in different phases reaching near
equilibrium (*’Fe fraction ~0.16) within two days (Fig. 2e).
Visually, the solid phase exhibited a noticeable colour change
from yellowish to blackish, signaling substantial mineralogical
transformation.

In ASW, the removal of Fe(ll),q proceeded more slowly,
with only 50 % removed over 14 days, resulting in a final Fe
(IT)/Fe(III) ratio of 0.09 in the solid phase (Fig. 2b). This slower
removal is mainly due to cation competition with Fe(Il) for
adsorption sites at high ionic strength. Correspondingly, both
the Fe(Il) and total Fe mass in the 0.5 M HCl extractable fraction
decreased more gradually, and Fe isotope exchange proceeded at
a slower rate compared to the reaction in HEPES buffer (Fig. 2d,
f), mainly due to the lower Fe(Il) loading in the solid phase.
Although no visible colour change was observed as seen under
the HEPES buffered conditions, microstructural alterations in
the solid phase were nevertheless evident in both SEM and
TEM analyses.

Morphological and mineralogical alterations. Compared
to the control group containing only the original precipitates,
the long rod-like hollow structures were generally shorter and
showed signs of fragmentation after reaction with Fe(Il),q in
HEPES buffer (Fig. 3al,b1). Additionally, new spherical particle
agglomerates formed, indicating substantial mineral transfor-
mation likely driven by Fe(Il),q (Fig. 3b2). In ASW, the rod-like
hollow structure and nanoneedles were largely preserved,
although an additional lath-shaped structure appeared, indicat-
ing significant modifications to the morphological features
(Fig. 3c1,c2).

TEM, XRD and Méssbauer spectroscopy provided further
insights into these transformations. After reaction with Fe(I).q
in HEPES buffer, the abundance of non-crystalline phases in

L]

the original precipitates was diminished, corresponding to the
formation of more crystallised Fe minerals (Fig. 4). In the XRD
pattern, magnetite identical peaks appeared, consistent with
the spherical particles observed in SEM images (Figs. 4a, 3b2).
In contrast, a higher proportion of non-crystalline phases per-
sisted in ASW (Fig. 4e, Table S-3), accompanied by the formation
of secondary goethite and lepidocrocite (Fig. 4a). The ratio of lep-
idocrocite to goethite decreased from 0.45 to 0.31 after reaction
with Fe(Il),q, indicating the enrichment of goethite after miner-
alogical transformation.

Comparing the SAED of the nanoneedles (Fig. 3) and the
FWHM values of the goethite [110] face (Table S-2), we observed
an improvement in goethite crystallinity after reaction with Fe
(IDaq in both media. This observation is linked to extensive Fe
atom exchange between Fe(Il),q and structural Fe(Ill) within
the crystalline Fe minerals (corresponding to the 6 M HCl
extractable; Fig. 2e,f). These results suggest that Fe(Il)-induced
recrystallisation of goethite occurred, leading to a reduction in
crystal defects by removing site vacancy or substitutions
(Notini et al., 2018; Southall et al., 2018). The increased concen-
tration of trace metals immediately after reaction with Fe(I).q
(Fig. S-4) also supports this interpretation (Frierdich et al., 2011).

Conversely, in ASW which better simulates natural con-
ditions, the crystallinity of lepidocrocite decreased (Table S-2).
This reduction in crystallinity may result from transformation
of pre-existing lepidocrocite into secondary goethite, with the
pre-existing goethite potentially serving as a template (Yin et al.,
2025). Additionally, the identified lepidocrocite could be newly
formed, promoted by the “lepidocrocite favouring effect” during
ferrihydrite transformation influenced by natural components
(Chen et al., 2015). The relatively short aging time of this secon-
dary lepidocrocite likely accounts for its lower crystallinity. This
interpretation is also supported by the emergence of newly
formed lath-shaped structures (Fig. 3c1,c2). Overall, our findings
based on laboratory experiments provide direct evidence that
Fe(ll)aq can induce rapid mineral transformation and
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Figure4 (a) X-ray diffraction patterns of Fe-rich precipitates before and after reaction with Fe(ll),q in HEPES buffer and artificial seawater;
Maéssbauer spectra of Fe-rich precipitates (b) before reaction; (c) reacted in HEPES buffer; and (d) reacted in artificial seawater. The spectra
were collected at 295 K. (e) The estimated percent of Fe atoms in each phase based on Mdssbauer spectrum and XRD patterns. Please note the
Méssbauer spectra of poorly crystalline minerals (e.g., ferrihydrite, lepidocrocite) are difficult to resolve at room temperature, and a mixed

phase of Fe(lll)-D1 was introduced to constrain them.

recrystallisation within Fe-rich precipitates derived from the low
temperature hydrothermal systems.

Coupled trace element cycling. During Fe(I)-induced min-
eral transformation and recrystallisation, we observed a rapid
release of Ni, Co, Cu, Zn and Ba at the beginning of the reactions,
followed by near complete resorption of Ni within one day (Figs.
S-3, S-4). The concentrations of Co, Cu, Zn and Ba were signifi-
cantly higher in ASW compared to the HEPES buffer, likely due
to higher background levels and cation desorption driven by the
higher ionic strength of ASW (Fig. S-3). Most of the trace metal
release occurred immediately after Fe(Il),q adsorption, which
could be attributed to cation exchange with Fe(II),q and a reduc-
tion in available binding sites within the newly formed secondary
minerals (Liu et al, 2016). Importantly, this prompt Fe(II)-
induced release of trace elements is crucial for their remobilisa-
tion, potentially allowing them to escape capture by Fe(III)

L]

oxyhydroxides within the hydrothermal plume (Lough, 2016).
In natural environments, dynamic mixing of hydrothermal fluids
with surrounding seawater further facilitates the efficient export
of these remobilised trace elements, potentially enhancing their
fluxes from hydrothermal systems to the ocean.

Implications for the Fe-rich precipitates formation proc-
esses. A number of studies have highlighted the role of Fe(II)-
oxidising microorganisms in forming Fe-rich precipitates and
characteristic morphological features in low temperature hydro-
thermal fields (Konhauser et al., 2017; Dong et al., 2022; Li et al.,
2024). Complementing this microbial perspective, our study
underscores the importance of Fe(Il),q in driving subsequent
transformation and recrystallisation of Fe-rich precipitates in
these environments.

Our experimental findings, together with previous stud-
ies, demonstrate that secondary minerals such as goethite,
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magnetite, and some intermediate minerals (e.g., lepidocrocite,
green rust) can form rapidly when settling Fe(III) oxyhydroxides
interact with Fe(II),q within a hydrothermal plume or during the
hydrothermal alteration of Fe deposits (Zegeye et al., 2012; Li
etal., 2017). While our experimental setup may not fully replicate
all conditions of the natural environment, especially the system
with HEPES buffer, the high Fe(I)/Fe(IIl) ratios achieved in the
solid phase, a key factor for magnetite formation (Bauer et al.,
2020), is plausible within a hydrothermal plume or during
post-depositional processes, such as those proposed for
Precambrian hydrothermal systems (Kump and Seyfried,
2005). These results suggest that Fe(Il)-induced magnetite for-
mation can occur not only in high temperature settings (Li ef al.,
2017) but also in low temperature hydrothermal systems.
Furthermore, the secondary lath-shaped structures identified
in our experiments closely resemble those observed in natural
hydrothermal deposits (Li et al., 2024), implying that such mor-
phologies could serve as indicators for Fe(Il)-induced mineral
transformation under anoxic and Fe(ll)-rich (“ferruginous”)
conditions.

Additionally, the 5”Fe(Il) tracer experiments revealed rapid
Fe atom exchange between Fe(Il),q and the ferric substrates of
varying crystallinity (Fig 2e,f). The prevalence of crystal defects
in naturally occuring minerals likely facilitated this efficient Fe
atom exchange (Notini ef al., 2018), enabling the Fe(Il)-induced
recrystallisation to play a part even in limited coexistence time of
Fe(ll),q and Fe(Ill) oxyhydroxides in the hydrothermal plume.
This rapid Fe atom exchange also suggests an additional mecha-
nism of Fe isotope fractionation, thus posing potential constraints
on the interpretation of Fe isotope signals in hydrothermal
systems (Johnson et al., 2020). Furthermore, the concurrent redis-
tribution of associated trace elements during mineral transforma-
tion and recrystallisation may promote their release into
surrounding seawater (Frierdich et al., 2011; Liu et al, 2016;
Gini et al., 2024). Taken together, these findings highlight the
need to take into account Fe(II)-induced processes when recon-
structing geochemical cycling and the formation pathways for
Fe-rich precipitates. More complex experimental setups better
simulating natural conditions and covering greater geochemical
gradients will be needed to further elucidate the implications
of Fe(II)-Fe(Ill) interactions in the hydrothermal system.

Drawing parallels between modern hydrothermal systems
and the depositional environments of ancient iron formations
(IFs), our findings suggest that in addition to biomineralisation
processes, the abiotic Fe(II)-induced processes could have also
played a role in iron deposition on early Earth. During the
Great Oxidation Event (GOE), redox stratification within the
ocean water column may have permitted the coexistence of
Fe(Il),q and Fe(Ill) oxyhydroxides over a broad spatial and tem-
poral scale (Zegeye et al., 2012; Liang et al., 2025). Consequently,
Fe(I)-induced mineral transformation of settling Fe(IIl) oxy-
hydroxides and concurrent recrystallisation could have en-
hanced the crystallinity of Fe minerals and fractionated Fe
isotope compositions in IFs (Johnson et al., 2020). Furthermore,
Fe(I)-induced processes may have facilitated the release of
micronutrients (e.., Co, Ni, Cu, Zn) from amorphous to poorly
crystalline Fe(Ill) oxyhydroxides formed during oxygenation,
thus increasing nutrient availability for early marine microorgan-
isms in ancient oceans.
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Supplementary Methods

1. Sequential Fe Extractions

The extractions were conducted in a glovebox filled with N2 (O2 < 0.2 ppm). Triplicate reactors were sampled
in regular intervals over 14 days of reaction. At each time point, aliquots were centrifuged, the supernatant
filtered (0.22 um) and subsequently acidified with HCI to preserve the Fe(ll) in ~0.1 M HCI. The solids were
subjected to sequential extractions under anoxic conditions using 1 M MgCl. (exchangeable Fe pool), 0.5 M
HCI (amorphous to poorly crystalline Fe oxyhydroxides), and finally the residual solids were dissolved in 6
M HCI under microwave for 15 seconds (Voelz et al., 2019). The concentrations of Fe(ll) and total Fe in the
aqueous, exchangeable, 0.5 M HCI extractable, and 6 M HCI extractable pools were analysed with a modified
ferrozine method (Viollier et al., 2000).

2. Fe Isotope Measurement

For Fe isotope composition, samples were diluted with 2% HNOs3 (double distilled) to achieve a final Fe
concentration of ~2 uM, and analyzed using a quadrupole ICP-MS (Agilent 7900). He gas mode with a
collision cell was applied to remove isobaric interferences with Argon (primarily “°Ar*0 and “°Ar'®0*H) for
%5Fe and °’Fe (Zhou et al., 2018). Four Fe isotopes (**Fe, *®Fe, 5"Fe, and *®Fe) were measured, and the percent
of °’Fe in each sample was calculated as an indicator for Fe isotope mixing processes. Fe isotope standards
(2.1 % and 96.0 % of 5’Fe) and internal standards of 1®*Rh and *°In were used to monitor instrument stability

and correct between samples. The measurement precision of *>’Fe percent was about 0.1 %.
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3. Mineral Characterization

For SEM, the samples were coated with Au and operated at 5-30 kV with a maximum beam current of 200nA.
An energy dispersive X-ray spectrometer (EDS) was used to identify elemental compositions. The TEM was
equipped with a Schottky gun operating at 200 kV (Cs 1.0 mm, Cc 1.1 mm, point resolution of 1.9 A). XRD
patterns were collected from 5-80° with a step increment of 0.02° (tube conditions: 40 kV, 40 mA; Cu source),
and processed using MDI JADE 6.0. The relative peak intensities of lepidocrocite and goethite, as well as the
full-width at half maximum (FWHM) of identical peaks, were analysis and verified by full-pattern fitting
using Rietveld refinements. Samples were further analysed by 57Fe Mossbauer Spectroscopy (Wissel GmbH,
Germany) at the East China Normal University. Mdssbauer spectra were collected at 295 K using a 57Co
source in a Rh lattice and calibrated against an a-Fe(0) foil. Spectral fitting was performed using the Recoil
software (University of Ottawa, Canada) with an extended Voigt-Based fitting (XVBF) routine. The phase

interpretations were based on established fitting parameters (Vandenberghe and De Grave, 2013).
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Supplementary Tables

Table S-1 Major and trace element composition of the precipitate used in this study. The precipitate was digested by
6M HCI, which was strong enough to total dissolve the solid based on our pre-test.

Element Mg Al K Ca Fe Li Sc Ti V Cr Mn
(%0) (ppm)

Weight 17 052 007 000 072 290 |1563 347 3819 5993 BDL BDL
fraction 8 4 * *

Co Ni Cu Zn Ga Rb Sr Mo Cd Ba Nd U
Element

(ppm)

Weight 243 009 27100 7934 50 g6g 3125 8507 694 1042 694  13.89
fraction 1 7 0

*Below detection limit.

Table S-2 The FWHM value of representative identical peaks in different samples.

Full-width at half maximum (FWHM)

Lz Control Reacted in HEPES Reacted in ASW
Goethite [110] 0.905 0.715 0.893
Lepidocrocite [200] 0.262 - 0.320

Table S-3 Fitting parameters for °’Fe Mossbauer spectra of different samples.

Area Center . Hyperfine o
Phase shift QSor€® fielq 5
SR LB interpretation (mm s7) Redy
0 -1 -1
% (mm s7) (mm s™) (T) or (T)
Paramagnetic Fe(III)
Fe(II)-D1 phases, likely Fh, Lp 82.3 0.37 0.60 - 0.17
Control and nGt 0.65
Fe(IIT)-S1 Likely goethite 17.7 0.38 -0.12 24.00 4.00
Paramagnetic Fe(III)
Fe(Il)-D1 phases, likely Fh, and 6.1 0.37 0.51 - 0.24
nGt
Reacted in Magnetite
HEPES Fe(I1I)-S2 (Tetrahedral) 4.8 0.26 0.04 48.00 1.20 1.57
Fe(IlDFe(Il)- Magnetite
33 (Octahedral) 5.8 0.67 -0.04 45.00 2.00
Fe(11I)-S1 Likely goethite 83.3 0.38 -0.12 24.52 9.61
Paramagnetic Fe(III)
Reacted in Fe(Ill)-D1 phases, likely Fh, Lp 30.9 0.37 0.58 - 0.15
ASW and nGt 2.18
Fe(I1D)-S1 Likely goethite 69.1 0.37 -0.06 17.30 10.46

*Quadrupole splitting (QS, for doublets) or quadrupole shift (€, for sextets);
bs, standard deviation of QS (doublet) or H (sextet);
Abbreviations: Fe(IIT)-D= Fe(III) doublet; Fe(I1I)-S = Fe(III) sextet; Fe(Il)-D = Fe(II) doublet. Fh = ferrihydrite; Lp = lepidocrocite;
nGt = nano goethite.
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Supplementary Figures

Spum
Figure S-1 Main elemental compositions of specific sites on typical structures of the original Fe-rich

precipitates based on EDS results. No obvious Si signal (<1%) was identified.
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Figure S-2 Fe(Il)aq control in (A) HEPES buffer and (B) artificial seawater, as well as the control groups with

only the precipitates in (A) HEPES buffer and (B) artificial seawater. Each point represents the mean +

standard deviation of duplicate reactors. Where error bars are not visible, they are smaller than the symbols.
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Figure S-3 Aqueous concentrations of Co, Ni (left Y axis) and Cu, Zn, Ba (right Y axis) in the Fe-rich
precipitation control (without Fe(Il)) in (A) HEPES buffer, and (B) artificial seawater.
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Figure S-4 The concentrations of trace metals in the aqueous phase during the reactions between Fe(Il)aq and
the precipitates in (A) HEPES buffer, and (B) artificial seawater. Each data point represents the mean +

standard deviation of triplicate reactors.
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