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Iron(III) reducing bacteria (IRB) are best known andmost influential drivers formobi-
lising metal(loid)s via reductive dissolution of iron(III)-containing minerals. Our
study challenges this preconception and found that IRB immobilise metal(loid)s
by respiring elemental sulfur (S0) even when Fe(III) reduction is prevailing under
mildly acidic conditions. Antimony (Sb), a toxic contaminant, was chosen as an exam-
ple of metal(loid)s. Antimonite-adsorbed goethite was incubated with Shewanella
oneidensisMR-1, a widely distributed IRB, in the presence of S0 at pH 6.5. The results
show that although the extent of Fe(III) reduction (>100 μmol) was over ten times
greater than that of S0 reduction (<8 μmol), it was S0 reduction that immobilised
Sb through Sb2S3 precipitation. Further, the thermodynamic calculation suggests that

such great impacts of marginal S0 reduction can be extended to other metal(loid)s via the formation of soluble thio-species or
sulfide precipitates. This study redefines the role of IRB in the environmental fate of metal(loid)s, highlighting the strong impacts
from the marginal S0 reduction over the central Fe(III) reduction.
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Introduction

Iron oxides are natural scavengers for toxic metal(loid)s and iron
reducing bacteria (IRB) mobilise these metal(loid)s by facilitating
the reductive dissolution of iron oxides (Kappler et al., 2021). For
example, elevated arsenic (As) (Kontny et al., 2021), antimony (Sb)
(Hockmann et al., 2014), mercury (Hg) (Wang et al., 2021) and
cadmium (Cd) (Zhou et al., 2020) in waters usually associate with
increasing Fe(II) concentrations in the presence of IRB. In fact,
many IRB, such as Shewanella and Geobacter spp., have an under-
appreciated ability: elemental sulfur (S0) respiration (Flynn et al.,
2014). Accordingly, the biogenic sulfide (HS−) may either immo-
bilise metal(loid)s via sulfide precipitates or mobilise them by
forming soluble thio-species (Planer-Friedrich et al., 2020; Ye et al.,
2020;Helz, 2021). Previous studies suggested that S0 iswidely dis-
tributed in sediments and waters, and its concentration can be as
high as 60 mM as summarised in Table S-1. S0 usually co-exists
with Fe(III) oxides in the environment where FeS oxidation occurs
(Burton et al., 2009) or where microbial sulfate reduction occurs in
the presence of Fe(III) oxides (Burton et al., 2011). Thus, rather
than Fe(III) reduction alone, IRB influence the mobility of
metal(loid)s via coupled Fe(III) and S0 reduction.

The extents of Fe(III) and S0 reduction reveal their contri-
bution in regulating the fate of metal(loid)s. Our recent work
found that IRB prefer to reduce S0 under mildly alkaline condi-
tions, and the biogenic sulfide greatly enhanced Sb release by the
formation of thioantimonates (Ye et al., 2022). In contrast, in the
acidic environments, IRB prefer to respire Fe(III) rather than S0

to conserve more energy (Flynn et al., 2014). The effect of S0

respiration by IRB is previously neglected and probably masked
by appreciable Fe(III) reduction on the fate of metal(loid)s. Thus,
prevailing Fe(III) reduction (Cummings et al., 2000) is commonly
considered to drive the mobility of metal(loid)s in mildly acidic
sediments (Hockmann et al., 2015), such as mining areas and
acidic wetlands (Karimian et al., 2018).

Contrary to the previous preconception, our study revealed
that S0 respiration by IRB even to a marginal extent can greatly
shape the fate of metal(loid)s under mildly acidic conditions. In
detail, antimony (Sb), an emerging contaminant, is chosen as
an example of metal(loid)s. Antimonite-adsorbed goethite was
incubatedwith Shewanella oneidensisMR-1, a typical Fe(III) reduc-
ing bacterium, in the presence of S0 at pH 6.5. Our incubation and
characterisation results suggest that although Fe(III)was the dom-
inant electron acceptor and Fe(III) reduction was over ten times
greater than S0 reduction, Sb release was mainly inhibited by bio-
genic sulfide through the formation of Sb2S3 precipitates. The
thermodynamic calculation further indicates that the strong effect
of marginal S0 reduction can be extended from Sb to other metal
(loid)s. This study breaks the stereotype that IRB influence the
mobility of metal(loid)s via Fe(III) reduction alone, and highlights
the importance of S0 respiration.

Materials and Methods

The experiments were performed at pH 6.5 in the dark, and the
experimental setup and analytical techniques were similar to
our previous study (Ye et al., 2022). Dissolved Fe(II), sulfide,
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antimonite, antimonate and thioantimonates were analysed
periodically during the incubation. To extend the effect of
marginal S0 reduction from Sb to other metal(loid)s, reaction
path models were established to calculate the species of Sb,
arsenic (As), tungsten (W), molybdenum (Mo), mercury (Hg),
lead (Pb), zinc (Zn), cadmium (Cd) and copper (Cu) as a function
of pH and the activity of sulfide in the presence of goethite.
More details of the methods are shown in the Supplementary
Information (SI).

Results and Discussion

Prevalent Fe(III) reduction versus minor S0 reduction. During the
incubation with Shewanella oneidensisMR-1 at pH 6.5 (Fig. S-2),
the electron donor was formate and the electron acceptor was
either goethite or S0. To determine the dominant electron
acceptor in our experiments, dissolved Fe(II) and sulfide (HS−)
were measured (Fig. 1) and the electrons accepted by goethite
or S0 were calculated (Table S-2). In the abiotic control without
MR-1 (Goe-SbIIIþS0), Fe(II) and sulfide were not detected
(Fig. 1). In the presence of MR-1 (MR-1þGoe-SbIIIþS0), dis-
solved Fe(II) concentrations reached up to 527 ± 27 μMwhereas
sulfide was below 3 μM during the 192 hr incubation (Fig. 1a).
Such a low sulfide concentration (<3 μM) would have a negli-
gible effect on goethite reduction (Poulton et al., 2004). At the
end of incubation, 2.7 ± 0.5 μmol/g Fe(II) were adsorbed on sol-
ids and 26.6 ± 3.4 μmol/g sulfide were precipitated (Table S-2).
Overall, goethite accepted 106.1 ± 5.3 μmol electrons from
MR-1 while S0 accepted 14.4 ± 1.6 μmol. The order of magnitude
difference in electrons suggested that goethite was the dominant
electron acceptor at pH 6.5.

Consistent with the prevailing Fe(III) reduction, the
thermodynamic calculations show that the free energy gain
(ΔGr) with goethite as the electron acceptor is higher than that
with S0 (Fig. S-3), as detailed in SI. Previous studies also sug-
gested that microbial Fe(III) reduction is the central pathway
in acidic environments under anoxic conditions, and IRB are
the dominant bacteria therein (Sun et al., 2015). Inconsistent
with the redox ladder concept (Peiffer et al., 2021), minor S0

reduction still occurred although in a lower ΔGr than goethite.
However, no research has paid attention to the marginal S0

reduction by IRB in acidic environments.

Minor S0 reduction immobilises Sb. As a primary pathway,
Fe(III) reduction has been reported to enhance Sb release due
to a depletion of sorption sites (Hockmann et al., 2014); how-
ever, the concentration of total dissolved Sb decreased from
9.07 ± 0.48 μM to 0.19 ± 0.07 μM in MR-1þGoe-SbIIIþS0

(Fig. 1b). In the abiotic control (Goe-SbIIIþS0; Fig. 1c), the
Sb concentration slightly increased from 7.33 ± 0.27 μM to
8.95 ± 0.57 μM during the incubation. The dissolved Sb was
mainly SbIII-O, and no thiolated Sb species was detected by
IC-ICP-MS (Fig. 1b-c). The decrease in dissolved Sb in MR-
1þGoe-SbIIIþS0 was consistent with the loss of SbIII-O (Fig. 1b).

The loss of dissolved SbIII-O in MR-1þGoe-SbIIIþS0 was
due to the formation of Sb2S3 as evidenced by Sb LI-edge
XANES analysis (Figs. 2a, S-4 and Table S-4). In detail, the first
derivative peak at 4703 eV in Goe-SbIIIþS0 was attributed to
SbIII-O, in accordance with the initial SbIII-O adsorbed on goe-
thite (Fig. 2a). In the presence of MR-1, SbIII-O was transformed
to Sb2S3 at 4702 eV (Fig. 2a). Linear combination fitting (LCF) of
XANES spectra further confirmed that 36 ± 4 % Sb2S3 were
formed in MR-1þGoe-SbIIIþS0, whereas the proportion of
Sb2S3 in Goe-SbIIIþS0 (5 ± 2 %) was negligible (Table S-4).
In addition, approximately 51 ± 1 % and 39 ± 2 % SbIII-O were
oxidised to antimonate (SbV-O) in Goe-SbIIIþS0 and MR-
1þGoe-SbIIIþS0, respectively (Fig. 2a and Table S-4). The abiotic
oxidation was ascribed to the electron transfer between SbIII-O
and goethite (Yin et al., 2021), as detailed in SI.

The mass balance calculations show that 1.52 ± 0.62 μmol
SbIII-O were precipitated in the presence of MR-1 at the end of
incubation, but 4.30 ± 0.48 μmol Sb as Sb2S3 were detected
by XANES analysis. The much higher amount of Sb as Sb2S3
than the loss of dissolved SbIII-O suggests that not only dis-
solved, but also adsorbed SbIII-O, reacted with biogenic sulfide
to form Sb2S3 precipitates. Consistent with this observation, the
precipitation of Sb2S3 may readily occur in mildly acidic environ-
ments, such as paddy soils, wetland, groundwater and lake/river
systems where sulfide was commonly less than 10 μM (Figs. 3a,
S-6a). Actually, if sulfide or pH slightly increased, instead of
Sb2S3, soluble thioantimony (Sb-S) would be prevalent (Figs. 3a,
S-6a), resulting in enhanced Sb release (Ye et al., 2022).

Unlike our results, a previous study ascribed the immobi-
lisation of Sb to incorporation of SbV-O into the newly formed
secondary iron phases (i.e. feroxyhyte and goethite) (Burton et al.,
2019). However, that pathway is not suitable in our system
because the phase transformation of goethitewas not significant.
In detail, Fe XANES LCF analysis suggest that 99 ± 0 % of
Fe phases remained as goethite and negligible iron sulfides
(1 ± 1 % of total Fe) were formed at the end of incubation
(Fig. S-5 and Table S-5). S K-edge XANES also confirmed
the negligible formation of iron sulfides (4 ± 1 % of total S;
Fig. S-5 and Table S-6). The newly formed iron sulfide may
co-precipitate with or re-adsorb Sb, but its low content (1 ± 1 %
of total Fe) limited its contribution to Sb mobility (detailed in SI).

Figure 1 (a) Changes in dissolved sulfide (red) and Fe(II) (blue). (b) Total dissolved Sb (black), SbIII-O (red), and SbV-O (blue) during incubation
in MR-1þGoe-SbIIIþS0 at pH 6.5. (c) Changes in dissolved Sb species in abiotic control Goe-SbIIIþS0. Fe(II) and sulfide were not detected
in Goe-SbIIIþS0.
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In addition, synchrotron X-ray diffraction (SXRD) did not resolve
new Fe minerals other than goethite and rhombic S8 in both
Goe-SbIIIþS0 and MR-1þGoe-SbIIIþS0 samples at the end of
incubation (Fig. 2b).

A recent study demonstrated that SbV-O can readily
incorporate into the goethite structure during Fe(II) catalysed
recrystallisation without phase transformation (Burton et al.,
2020). This phenomenon, which involves relatively rapid

Figure 2 (a) Observed (circles) and linear combination fitting (lines) for the first derivative of normalised Sb LI-edge XANES for samples at
the end of incubation. Spectra for standard references are also shown for comparison. The results of linear combination fitting analysis are
shown in Table S-4. (b) Synchrotron X-ray powder diffraction pattern recorded from the solid in MR-1þGoe-SbIIIþS0 and Goe-SbIIIþS0 at the
end of incubation.

Figure 3 Species of (a) Sb, (b)As, (c)W, (d)Mo, (e)Hg, (f) Pb, (g) Zn and (h) Cd in the reactionwith different log activity (H2S) and pH values in
the presence of goethite at 25 °C. The activities of thesemetal(loid)s were set as 10 μM. The red, blue, green andmagenta symbols represent
the sulfide concentrations inmildly acidic paddy, wetland, groundwater and lake/river systems, respectively. The data are from references in
Table S-7.
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interactions between goethite and Fe(II), may have contributed
to the immobilisation of Sb under our experimental conditions.
However, an assessment of the quantitative contribution of
Fe(II)-induced goethite recrystallisation to Sb immobilisation
in our experiment is beyond the scope of the present study.
Despite this possible uncertainty, it is clear from our results that
a substantial amount of Sb was certainly immobilised via Sb2S3
precipitation due to the IRB-driven S0 reduction.

Strong impacts from weak S0 reduction on metal(loid)s
mobility. Since environmental acidification is inevitable with
increasing CO2 emission (Terhaar et al., 2020), the effect of mar-
ginal S0 reduction under mildly acidic conditions should be paid
more attention. This effect can be extended to other metal(loid)s
including arsenic, tungsten, molybdenum, mercury, lead, zinc
and cadmium. To justify the proposition, reaction path model-
ling was performed to predict the speciation change of these
metal(loid)s at 10 μM (Fig. 3) and 1 μM (Fig. S-6) as a function
of pH and the activity of sulfide. As shown in our thermodynamic
calculations (Figs. 3b-d, S-6b-d), soluble thiolated species such
as thioarsenic (As-S), thiotungsten (W-S), and thiomolybdenum
(Mo-S) would occur in multiple low sulfide (<0.1 mM) environ-
ments. Consistent with our results, As-S has been detected in
paddy soil porewaters when sulfide <10 μM at pH 6.5, and
the As-S formation was promoted by S0 (Wang et al., 2020).
In general, the formation of As-S and W-S may enhance their
mobility (Mohajerin et al., 2014; Ye et al., 2020), whereas Mo-
S is less mobile than Mo-O due to its higher affinity for sulfide
minerals and natural organic matter (Smedley and Kinniburgh,
2017).

On the other hand, S0 reduction leads to precipitation of
sulfideminerals, such as cinnabar (HgS), galena (PbS), sphalerite
(ZnS), and greenockite (CdS) (Figs. 3e-h, S-6e-h). These miner-
als immobilise metal(loid)s due to minor S0 reduction (∼10 μM),
resulting in decoupling of Fe(II) and metal(loid)s release to the
aqueous phase during the microbial Fe(III) reduction. How-
ever, most previous studies attributed the decoupling of Fe(II)
and metal(loid)s release to re-adsorption on, or incorporation
into, the newly formed iron minerals (Hockmann et al., 2020).
This study provides a new perspective that IRB shape the mobil-
ity and transformation of metal(loid)s via S0 respiration. Even
under mildly acidic conditions where Fe(III) reduction is prevail-
ing, the underappreciated andmarginal S0 reduction plays a vital
role in the mobility of metal(loid)s.
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Materials and Methods 

1. Adsorption Experiments: 
The preparation of Goe-SbIII is similar to our previous study (Ye et al., 2019). Antimonite (potassium 
antimony tartrate) was loaded on goethite (α-FeOOH) at 60 mmol/kg to simulate Sb content and species in 
natural contaminated subsurface sediments, labelled as Goe-SbIII. In detail, KSbIIIOC4H4O6∙1/2H2O 
(Sinopharm Chemical Reagent Co., Ltd) was dissolved in deoxygenated deionized (DI) water to prepare 10 
mM SbIII-O stock solution. The stock solution was filtered through a 0.22 μm sterile membrane filter to 
prevent bacterial contamination in the glovebox (100 % N2). Goethite was autoclaved at 0.1 MPa and 121 ℃ 
for 20 min. Filtered SbIII-O stock solution (0.6 ml) was simultaneously mixed with 0.1 g sterile goethite and 
diluted with DI water to 45 ml. The samples were mixed on a rotator in dark for 12 h, and then the 
suspensions after adsorption were filtered through 0.22 μm membrane filters to detect total dissolved Sb. 
The dissolved Sb concentration after adsorption was 0.2 μM. Finally, the goethite+SbIII-O mixture was 
centrifuged and the solid phase was rinsed three times with autoclaved deoxygenated DI water. 
 
2. Incubation Experiments: 
Shewanella oneidensis MR-1 was activated in Luria-Bertani (LB) medium at 30 ℃ on an orbital shaker (160 
rpm) for 24 h under aerobic conditions. After activation, cells of MR-1 in 30 mL LB medium were harvested 
at 8000 g (6000 rpm, Eppendorf 5424, Hamburg, Germany) for 5 min and washed by fresh sterile BTPGW 
three times. The cells were then inoculated anaerobically into 200 mL sterile buffered artificial groundwater 
(BTPGW) medium containing 1 g/L Goe-SbIII solid and 0.32 g/L sterile powdered rhombic S8, labelled as 
MR-1+Goe-SbIII+S0. Goethite and powdered rhombic S8 were validated by X-ray powder diffraction as 
shown in Figure S-1. Abiotic controls without MR-1 inoculation were also prepared following the same 
procedures as the MR-1+Goe-SbIII+S0, labelled as Goe-SbIII+S0. Each system was performed in triplicates. 
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3. BTP-buffered artificial groundwater (BTPGW): 
The recipe for preparing BTPGW (1 L): 10 mM bis-tris propane (BTP), 4.21 mM CaCl2, 0.28 mM KCl, 1.11 
mM MgCl2·6H2O, 0.01 mM KH2PO4, 0.10 mM NH4Cl, 5.05 mM NaHCO3, 1 mM HCOONa, 10 mL 
vitamin solution, 1 mL SL-10 trace elements solution. The sterilisation of all components was realised by 
filtration or autoclavation. The culture medium was equilibrated under an 100 % N2 atm, and the pH was 
adjusted to 6.5 with HCl. 
 
4. Dissolved Fe, S and Sb species analysis: 
During the incubation, the homogenised suspensions (~2.0 ml) were sampled periodically and then filtered 
through 0.22 μm membrane filters for soluble Fe, S and Sb speciation analysis. Dissolved sulfide and Fe(II) 
concentrations were analysed with the methylene blue method and the colourimetric 1,10-phenanthroline 
method, respectively(Clesceri et al., 1998). To exclude the impact of the BTPGW medium on sulfide and 
Fe(II) detection, the calibration curves of sulfide and Fe(II) were established based on the standards in the 
BTPGW matrix. The sorbed Fe(II) was determined by digestion of the solids in 0.4 M HCl (Yin et al., 2021), 
and the sulfide in the solid was determined by digestion with 5 M HCl first, and then trapping with 0.05 M 
NaOH (Zerkle et al., 2010). 

Total dissolved Sb concentrations were determined by inductively coupled plasma-mass spectrometry 
(ICP-MS, NexION350X, PerkinElmer). Anion-exchange chromatography ICP-MS (IC-ICP-MS) and high-
performance liquid chromatography (HPLC) coupled with ICP-MS were used to quantify the concentrations 
of dissolved Sb speciation (Ye et al., 2020). In detail, dissolved Sb species were separated by a DX-1100 ion 
chromatograph (IC, Dionex, Sunnyvale, CA) with an AG16/ AS16 IonPac column before quantification 
with ICP-MS. The mobile phase was 70 mM KOH with a flow rate of 1.2 mL/min. Due to the lack of 
available standards, thioantimonate species were quantified based on the calibration curve of antimonate 
(SbV-O). Because the IC peaks of SbV-O and antimonite (SbIII-O) were partially overlapped, high-
performance liquid chromatography (HPLC) coupled with ICP-MS was used to quantify the concentration 
of SbV-O as follows: a Hamilton PRP-X100 anion exchange column was used to separate SbIII-O and SbV-O, 
and the mobile phase was 10 mM EDTA and 1 mM potassium-hydrogen phthalate (KHP) with a flow rate of 
1.0 mL/min. 
 
5. XANES analysis: 
At the end of the incubation, the solids were collected by centrifugation at 16,000g (Eppendorf 5424, 
Hamburg, Germany), then washed with autoclaved DI water three times, and finally freeze-dried for X-ray 
absorption near edge structure (XANES) spectroscopic analysis. Sb LI-edge, S and Fe K-edge XANES 
analysis were used to explore the Sb, Fe and S speciation in the solid, respectively. The spectra were 
recorded in fluorescence mode with a Lytle detector at room temperature on beamline 16A at the National 
Synchrotron Radiation Research Centre (NSRRC). The Sb and S spectra were collected under He 
atmosphere, and Fe spectra were collected under N2 atmosphere. The Sb spectra were obtained from −35 to 
+250 eV relative to the Sb LI-edge (4698 eV) with a step size of 0.2 eV at the edge region. The Fe K-edge 
XANES spectra were collected from −70 to +300 eV relative to the Fe K-edge (7112 eV) with a step size of 
0.25 eV at the edge region. The S spectra were obtained from −200 to +200 eV relative to the S K-edge 
(2472 eV) with a step size of 0.2 eV at the edge region. Standard reference chemicals as shown in Figure 2a 
and Figure S5-S6 were also measured. Normalisation of the XANES spectra was conducted using the 
software Athena as used in our previous studies (Ye et al., 2020). XANES spectra were analysed using 
linear combination fitting (LCF) with the Athena program. 
 
6. SXRD Analysis: 
The mineral phase in the solid at the end of incubation was analysed by synchrotron X-ray diffraction 
(SXRD). SXRD experiments were performed on beamline BL01C2 at the National Synchrotron Radiation 
Research Centre (NSRRC). SXRD data were collected with a double crystal monochromator radiation (λ = 
0.774908 Å). A LaB6 standard was used for calibration, and the beam size at sample was 0.9 × 0.2 mm. To 
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compare with the diffractograms of reference minerals, the SXRD patterns were converted to conventional 
Cu Kα wavelength (1.540 Å) using FIT2D program. 

7. Geochemical Modelling: 
The Act2 program of the GEOCHEMIST’S WORKBENCH modelling package was used to calculate the 
reaction path models by using a modified version of the Lawrence Livermore National Laboratory 
thermodynamic database (O'Day et al., 2004) augmented with thermodynamic data for Sb (Filella and May, 
2003), As (Helz and Tossell, 2008), W (Mohajerin et al., 2014) and Mo species (Liu et al., 2020). The 
activities of these metal(loid)s are set as 10 μM and 1 μM, respectively. The equilibrium constants for the 
reactions used in these models are listed in the Table S-3. 
 
Results and Discussion 
1. The preference of goethite as electron acceptor than S0: 
The preference for electron acceptor is determined by the free energy gain (ΔGr) of the redox reaction 
(Peiffer et al., 2021). The ΔGr with goethite as the electron acceptor (blue line in Fig. S-3) is higher than that 
with S0 (red line in Fig. S-3), indicating that goethite is energetically favourable as the electron acceptor 
over S0. According to the redox ladder concept (Peiffer et al., 2021), goethite would be consumed first; after 
goethite is depleted, MR-1 would then use S0 as the electron acceptor. In contrast, MR-1 prefers to reduce S0 
rather than goethite under mildly alkaline conditions, consistent with our previous study (Ye et al., 2022). 
 
2. Oxidation of SbIII-O to SbV-O: 
The linear combination fitting (LCF) results suggest that 51 ± 1 % SbIII-O was oxidised to SbV-O in the 
abiotic control (Goe-SbIII+S0, Table S-4). The abiotic oxidation may be attributed to the electron transfer 
between SbIII-O and goethite via O2•− and •OH radicals (Yin et al., 2021). By comparison, the lower amount 
of SbV-O in MR-1+Goe-SbIII+S0 (39 ± 2 %) suggested that MR-1 slightly inhibited the oxidation of SbIII-O, 
which may due to the reduction of O2•− and •OH radicals by the excreted electrons from MR-1 (Reguera et 
al., 2005). On the other hand, a recent study suggested that the electron transfer mediates the formation of 
labile Fe(III), which is more reactive than Fe(III) (Sheng et al., 2020). We hypothesised that the labile Fe(III) 
may be also involved in the oxidation of adsorbed SbIII-O. 
 
3. Transformation of Fe and S species in the solid phase: 
Fe K-edge XANES suggests that Fe phase remained as 100 % goethite in the abiotic control (Goe-SbIII+S0), 
and only 1 % goethite were transformed to mackinawite in the presence of MR-1 (Fig. S-6 and Table S-5). 
Previous studies indicated that aqueous Fe(II) catalyses the transformation of iron oxides to more-crystalline 
forms via the electron transfer and Fe atom exchange between adsorbed Fe(II) and structural Fe(III) (Sheng 
et al., 2020; Liu et al., 2021;). Since goethite, a stable crystalline Fe(III) phase, was the initial mineral in our 
study, the Fe(II)-induced phase transformations was not significant (Liu et al., 2021).Consistent with the Sb 
LI- and Fe K-edge XANES analysis, S K-edge XANES also suggested the minor formation of sulfides, 
including Sb and Fe sulfides (3 ± 2 % Sb2S3 and 4 ± 1 % pyrite) in MR-1+Goe-SbIII+S0 (Figure S-6 and 
Table S-6). 

Although previous studies suggested that the newly formed iron sulfides can re-adsorb or precipitate 
with Sb-O (Burton et al., 2020), but its amount was too low to account for the decrease of dissolved Sb in 
our experiment. In detail, about 4.30 ± 0.48 μmol Sb was precipitated as Sb2S3, and the total sulfides was 
about 6.8 ± 0.9 μmol (Table S-2), therefore, the amount of Fe sulfides was <0.5 μmol. Actually, the 
formation of Sb2S3 was responsible for the loss of 1.52 ± 0.62 μmol dissolved Sb. 

SXRD further confirmed the negligible transformation of Fe and S species in the solid. In detail, no 
newly formed minerals were observed, and goethite and rhombic S8 were the identified minerals in both 
Goe-SbIII+S0 and MR-1+Goe-SbIII+S0 samples at the end of incubation (Fig. 2b). The negligible 
transformation of Fe and S species can be attributed to the stability of goethite and rhombic S8. 
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Supplementary Tables 
 
Table S-1 The concentrations of S0 and polysulfides in solid-phases (blue shading, μmol/kg) and water 
(green shading, μmol/L) from the literature. Data were selected from those with the highest concentrations. 
 

Environments [S0] [Sn2−]a [HS−] pH References 
Sediment ecosystems 60000 12,000 800 7.0 (van Gemerden et al., 1989) 

Paddy soil 9375 - - - (Zhang et al., 2019) 

Sediment 9300 - 1000 - (Zopfi et al., 2008) 

Agricultural soil 6250 - - - (Fuentes-Lara et al., 2019) 

Sediment 1500 45 4000 - (Holmkvist et al., 2011) 

Sediment 300 - - - (Lichtschlag et al., 2013) 

Sediment 98 27.7 273 8.0-8.3 (Kamyshny and Ferdelman, 2010) 

Subtidal sediment 60 30 160 8.3 (Luther et al., 2001) 

Estuarine sediment 11.4 55.6 5.3 7.0 (Rozan et al., 2000) 

Sediment ecosystems - 393,000 500 7.8-8.5 (Visscher et al., 1990) 

Underground spring 555 330 800 7.6 (Boulegue, 1977) 

Water column 140 - 760 - (Ciglenečki et al., 1996) 

Pore water 100 120 2500 8.0 (Lichtschlag et al., 2013) 

Deep Water 33 - 689 5.1 (Findlay et al., 2014) 

Aquifer 24.1 4610 1010 6.87 (Kamyshny et al., 2008) 

Pore water 9.2 - 15.3 5.8-6.4 (Wang and Tessier, 2009) 

Hot brines 5 1060 590 6.4 (Boulegue, 1978) 

Lake - 1000 ~6000 - (Bura-Nakić et al., 2009) 

Pore waters - 330 5460 7.2 (Boulegue et al., 1982) 

Pore waters - 326 3360 6.8 (Luther et al., 1986) 
a Polysulfides [Sn2−] are formed by the reaction between sulfide and S0. 
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Table S-2 The concentration and amount of Fe(II) and sulfide at the end of incubation in Goe-
SbIII+S0+MR-1. The accepted electrons of goethite and S0 were also calculated, respectively. 
 

 Fe(II) Sulfide 

Solution Conc. (μM)a 527.2 ± 26.6 2.2 ± 0.4 
Amount (μmol)b 105.4 ± 5.3 0.4 ± 0.1 

Solid Conc. (μmol/g)c 2.7 ± 0.5 26.6 ± 3.4 
Amount (μmol)d 0.7 ± 0.1 6.8 ± 0.9 

Total Amount (μmol)e 106.1 ± 5.3 7.2 ± 0.8 
Accepted electrons (μmol)f 106.1±5.3 14.4 ± 1.6 

a Data from Figure 1 (at 192 h); 
b Amount (μmol) = Conc. × volume (0.2 L); 
c Data detected according to “Fe, S and Sb Speciation Analysis” in the Methods section; 
d Amount (μmol) = Conc. × mass (0.255 g), 

mass = initial mass (0.2 g goethite + 0.064 g S0) − dissolution of goethite (0.009 g); 
e Total amount (μmol) = amount in solution + amount in solid; 
f Accepted electrons (μmol) = total amount (μmol) × 1 for Fe(II), and × 2 for sulfide. 

 
 
Table S-3 Equilibrium constants for the reactions used in the reaction models. 
 

Reaction logK 
Sb(OH)2

+ + H2O = Sb(OH)3 + H+ −1.4900 
H2SbSO2

− + H2O = Sb(OH)3 + HS− −0.8768 
Sb(OH)4

− + H+ = Sb(OH)3 + H2O 11.9200 
H2Sb2S2O2 + 4H2O = 2Sb(OH)3 + 2HS− + 2H+ −29.8636 

H2Sb2S4 + 6H2O = 2Sb(OH)3 + 4HS− + 4H+ −50.2872 
HSb2S4

− + 6H2O = 2Sb(OH)3 + 4HS− + 3H+ −46.7872 
Sb2S4

2− + 6H2O = 2Sb(OH)3 + 4HS− + 2H+ −35.3272 
SbS2

− + 3H2O = Sb(OH)3 + 2HS− + H+ −20.1136 
Sb2O3 + 3H2O = 2Sb(OH)3 −8.9600 
Sb4O6 + 6H2O = 4Sb(OH)3 −19.6896 

Stibnite + 6H2O = 2Sb(OH)3 + 3HS− + 3H+ −53.1100 
As(OH)3 + H2O = As(OH)4

− + H+ −9.2327 
HAsO3

2− + H2O + H+ = As(OH)4
− 11.0123 

AsS2
− + 4H2O = As(OH)4

− + HS− + 2H+ −26.8053 
H2AsS2O− + 3H2O = As(OH)4

− + 2HS− + 2H+ −23.6327 
H2AsS3

− + 4H2O = As(OH)4
− + 3HS− + 3H+ −36.1827 

H2AsSO2
− + 2H2O = As(OH)4

− + HS− + H+ −12.8827 
H3AsS2O + 3H2O = As(OH)4

− + 2HS− + 3H+ −27.3327 
H3AsS3 + 4H2O = As(OH)4

− + 3HS− + 4H+ −39.8827 
H3AsSO2 + 2H2O = As(OH)4

− + HS− + 2H+ −16.5827 
HAsS2 + 4H2O = As(OH)4

− + 2HS− + 3H+ −30.5068 
HAsS2O2− + 3H2O = As(OH)4

− + 2HS− + H+ −15.0327 
HAsS3

2− + 4H2O = As(OH)4
− + 3HS− + 2H+ −27.5827 

HAsSO2
2− + 2H2O = As(OH)4

− + HS− 1.2173 
Arsenolite + 5H2O = 2As(OH)4

− + 2H+ −19.8859 



 
 
 

Geochem. Persp. Let. (2022) 21, 37–41 | https://doi.org/10.7185/geochemlet.2215   SI-6 

 

Table S-3 continued 
 

Reaction logK 
Claudetite + 5H2O = 2As(OH)4

− + 2H+ −20.0163 
Orpiment + 8H2O = 2As(OH)4

− + 3HS− + 5H+ −64.7654 
H2Mo6O21

4− + 3H2O = 6MoO4
2− + 8H+ −51.1700 

H3Mo8O28
5− + 4H2O = 8MoO4

2− + 11H+ −69.7400 
HMo7O24

5− + 4H2O = 7MoO4
2− + 9H+ −58.5800 

HMoO4
− = MoO4

2− + H+ −4.2400 
Mo7O24

6− + 4H2O = 7MoO4
2− + 8H+ −52.8600 

Mo8O26
4− + 6H2O = 8MoO4

2− + 12H+ −74.3800 
MoO3(H2O)3 = MoO4

2− + HS− + 2H+ −8.2400 
MoSO3

2− + H2O = MoO4
2− + HS− + H+ −12.1317 

MoS2O2
2− + 2H2O = MoO4

2− + 2HS− + 2H+ −23.8734 
MoS3O2− + 3H2O = MoO4

2− + 3HS− + 3H+ −35.8151 
MoS4

2− + 4H2O = MoO4
2− + 4HS− + 4H+ −47.6368 

H2MoO4 = MoO4
2− + 2H+ −12.8765 

MoO3 + H2O = MoO4
2− + 2H+ −8.0000 

H2W12O42
10− + 6H2O = 12WO4

2− + 14H+ −111.5000 
H2W6O22

6− + 2H2O = 6WO4
2− + 6H+ −48.4000 

HW7O24
5− + 4H2O = 7WO4

2− + 9H+ −71.2400 
HWO4

− = WO4
2− + H+ −3.6200 

W7O24
6− +4H2O = 7WO4

2− + 8H+ −65.1900 
WO3(H2O)3 = WO4

2− + 2H+ −8.7000 
H2WO4 = WO4

2− + 2H+ −5.8000 
WO3S2− + H2O = WO4

2− + HS− + H+ −10.0217 
WO2S2

2− + 2H2O = WO4
2− + 2HS− + 2H+ −20.1834 

WOS3
2− + 3H2O = WO4

2− + 3HS− + 3H+ −29.8851 
WS4

2− + 4H2O = WO4
2− + 4HS− + 4H+ −39.1868 

H2WO4 = WO4
2− + 2H+ −15.4000 

Pb(HS)2 = Pb2+ + 2HS− −15.2700 
Pb(HS)3

− = Pb2+ + 3HS− −16.5700 
Pb(OH)2 + 2H+ = Pb2+ + 2H2O 17.0940 
Pb(OH)3

− + 3H+ = Pb2+ + 3H2O 28.0910 
Pb2(OH)3+ + H+ = 2Pb2+ + H2O 6.3970 

Pb3(OH)4
2+ + 4H+ = 3Pb2+ + 4H2O 23.8880 

Pb4(OH)4
4+ + 4H+ = 4Pb2+ + 4H2O 20.8880 

Pb(OH)+ + H+ = Pb2+ + H2O 7.5970 
Galena + H+ = Pb2+ + HS− −14.9200 

Litharge + 2H+ = Pb2+ + H2O 12.6900 
Massicot + 2H+ = Pb2+ + H2O 12.8900 
Pb(OH)2 + 2H+ = Pb2+ + 2H2O 8.1500 

Pb2O(OH)2 + 4H+ = 2Pb2+ + 3H2O 26.1900 
Hg(HS)2 + 2H2O = Hg(OH)2 + 2HS− + 2H+ −44.5800 

Hg2+ + 2H2O = Hg(OH)2 + 2H+ −6.1640 
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Table S-3 continued 
 

Reaction logK 
Hg2(OH)3+ + 3H2O = 2Hg(OH)2 + 3H+ −9.0310 
Hg3(OH)3

3+ + 3H2O = 3Hg(OH)2 + 3H+ −12.1010 
HHgS2

− + 2H2O = Hg(OH)2 + 2 HS− + H+ −38.0900 
HgOH+ + H2O = Hg(OH)2 + H+ −2.7670 

HgS2
2− + 2H2O = Hg(OH)2 + 2HS− −29.3800 

Cinnabar + 2H2O = Hg(OH)2 + HS− + H+ −45.2800 
Metacinnabar + 2H2O = Hg(OH)2 + HS− + H+ −44.8800 

Montroydite + H2O = Hg(OH)2 −3.6100 
Zn(OH)2 + 2H+ = Zn2+ + 2H2O 16.8940 
Zn(OH)3

− + 3H+ = Zn2+ + 3H2O 28.3910 
Zn(OH)4

− + 4H+ = Zn2+ + 4H2O 41.1880 
Zn2(OH)3+ + H+ = 2Zn2+ + H2O 8.9970 
Zn2S3

2− + 3H+ = 2Zn2+ + 3HS− −0.3500 
Zn4S6

4− + 6H+ = 4Zn2+ + 6HS− −1.9300 
ZnOH+ + H+ = Zn2+ + H2O 8.9970 

Spharelite + H+ = Zn2+ + HS− −10.8200 
Wurtzite + H+ = Zn2+ + HS− −8.6200 
Zincite + 2H+ = Zn2+ + H2O 11.2300 

Cd(HS)2 = Cd2+ + 2HS− −15.3100 
Cd(HS)3

− = Cd2+ + 3HS− −17.1100 
Cd(HS)4

2− = Cd2+ + 4HS− −19.3100 
Cd(OH)2 + 2H+ = Cd2+ + 2H2O 20.2940 
Cd(OH)3

− + 3H+ = Cd2+ + 3H2O 33.3000 
Cd(OH)4

2− + 4H+ = Cd2+ + 4H2O 47.2880 
Cd2(OH)3+ + H+ = 2Cd2+ + H2O 9.3970 

CdHS+ = Cd2+ + HS− −8.0100 
CdOH+ + H+ = Cd2+ + H2O 10.0970 

Cd(OH)2 + 2H+ = Cd2+ + 2H2O 13.6440 
Greenockite + H+ = Cd2+ + HS− −14.0200 
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Table S-4 Linear combination fitting results of Sb XANES normalised first derivative spectra. 
  

Goe-SbIII+S0 MR-1+Goe-SbIII+S0 
SbIII-O 44 (2) 25 (3) 
SbV-O 51 (1) 39 (2) 
Sb2S3 5 (2) 36 (4) 

R-factor 0.1588 0.2675 
Chi-square 0.2780 0.7965 

Reduced chi-square 0.0015 0.0042 
 
 
 
Table S-5 Linear combination fitting results of Fe XANES normalised first derivative spectra. 
  

Goe-SbIII+S0 MR-1+Goe-SbIII+S0 
Goethite 100 (0) 99 (0) 

Mackinawite 0 (0) 1 (1) 
Pyrite 0 (0) 0 (1) 

R-factor 0.0009 0.0010 
Chi-square 0.0007 0.0008 

Reduced chi-square 0.0001 0.0001 
 
 
 
Table S-6 Linear combination fitting results of sulfur XANES normalised first derivative spectra. 
  

Goe-SbIII+S0 MR-1+Goe-SbIII+S0 
S0 98 (0) 87 (1) 

Cysteine 2 (0) 6 (0) 
Sb2S3 0 (0) 3 (2) 
Pyrite 0 (0) 4 (1) 

R-factor 0.0037 0.0034 
Chi-square 0.0118 0.0110 

Reduced chi-square 0.0001 0.0001 
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Table S-7 Sulfide and Fe(II) concentrations (μM) in mildly acidic environments. 

Environment pH Dissolved Sulfide 
Dissolved 

Fe(II) 
Site References 

Paddy soil 

7.0 <3 286 Sacramento Valley, USA (Tanji et al., 2003) 

6.2 4 31 Wanshan, China (Rothenberg and Feng, 2012) 

6.5 200 - Guangxi, China (Wang et al., 2019) 

6.5 2 1700 Huanning, China (G. Wang et al., 2020) 

6.4 3.0 300 Veronica, Italy (J.J. Wang et al., 2020) 

6.4 0.3 900 Langosco, Italy (J.J. Wang et al., 2020) 

6.5 1.2 1500 Cascina Oschiena, Italy (J.J. Wang et al., 2020) 

6.6 1.2 100 Rovasenda, Italy (J.J. Wang et al., 2020) 

6.8 0.3 700 Vedeau, France (J.J. Wang et al., 2020) 

Wetland 

6.8 <20 - Sepetiba Bay, Brazil (Lacerda et al., 1993) 

6.5 37.5 - Madisonville, USA (Baldwin and Mendelssohn, 
1998) 

6.8 209 - Madisonville, USA 
(Baldwin and Mendelssohn, 

1998) 
6.6 <10 50 Michigan, USA (Koretsky et al., 2006) 

6.5 150 < 10 Michigan, USA (Koretsky et al., 2007) 

6.5 25 30 Michigan, USA (Koretsky et al., 2007) 

6.5 10 100 Michigan, USA (Koretsky et al., 2007) 

6.5 <5 50 Michigan, USA (Koretsky et al., 2007) 

6.0 <2 40,000 North-eastern Australia (Burton et al., 2011) 

6.4 25 - Weeks Bay, USA (Lee et al., 2019) 

6.58 <1 230 Min River Estuary, China (Luo et al., 2019) 

6.4 0.8 - Lake Angessjon, Sweden (Skyllberg et al., 2021) 

6.6 2.6 86.5 New York, USA (Simkin et al., 2021) 

6.6 13.3 17.7 New York, USA (Simkin et al., 2021) 

Groundwater 

5.9 0.3 6.25 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.3 7.7 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.3 6.6 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.8 0.6 36.6 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 0.3 957 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.4 0.3 1589 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.4 - 960 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 0.3 754 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 0.6 848 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.4 - 625 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.2 - 1107 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.2 - 1911 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 0.9 991 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.2 0.3 1500 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 - 1036 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 0.6 839 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 
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Table S-7 continued 

Environment pH Dissolved Sulfide 
Dissolved 

Fe(II) 
Site References 

Groundwater 

6.3 - 2196 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.3 0.9 2143 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.6 2804 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 - 25 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.4 - 147 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.6 0.3 187.5 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.3 295 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.9 317 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 1.3 295 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.3 333 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

6.5 0.1 440 Titas district, Bangladesh (Planer-Friedrich et al., 2018) 

Lake/River 

>6.5 0.17 120 Lake Matano, Sulawesi (Crowe et al., 2008) 

6.8 260 - New York, USA (Oduro et al., 2013) 

6.7 1060 - New York, USA (Oduro et al., 2013) 

6.4 0.3 - Kedah and Terengganu, 
Malaysia 

(Amal et al., 2015) 

6.5 5 50 Quebec, Canada (Couture et al., 2016) 

6.9 2 600 Quebec, Canada (Couture et al., 2016) 

6.5 2.8 27 Becker, USA (Pollman et al., 2017) 

6.3 3.3 305 St. Louis, USA (Pollman et al., 2017) 

6.4 80 <0.2 Freeborn, USA (Pollman et al., 2017) 

6.5 14 0.55 Itasca, USA (Pollman et al., 2017) 
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Supplementary Figures 
 

 
 
Figure S-1 X-ray powder diffraction pattern recorded from goethite and rhombic S8 used in this study. 
 

 

 

 

 
 
Figure S-2 Change in pH values as a function of incubation time in Goe-SbIII+S0 (blue) and Goe-
SbIII+S0+MR-1 (red). 
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Figure S-3 Free energy change with the consumption of formate when rhombic S8 (red), goethite (blue) 
and ferrihydrite (black) as the electron acceptor, respectively. The insert shows the standard Gibbs free 
energies change (ΔGr0) of the redox reactions. The initial formate concentration was set as 1 mM and pH 
was set as 6.5. Thermodynamic data used for calculation are from a previous study (Haynes, 2015). 
 

 

 

 

 
 
Figure S-4 Normalised (a) Sb LI-, (b) Fe and (c) S K-edge XANES for samples at the end of incubation. 
Spectra for standard references are also shown for comparison. 
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Figure S-5 Observed (circles) and linear combination fitting (lines) for the first derivative of normalised 
(a) Fe and (b) S K-edge XANES for samples at the end of incubation. Spectra for standard references are 
also shown for comparison. The results of linear combination fitting analysis are shown in Tables S-5 and S-
6. 
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Figure S-6 Species of (a) Sb, (b) As, (c) W, (d) Mo, (e) Hg, (f) Pb, (g) Zn and (h) Cd in the reaction with 
different log activity (H2S) and pH values in the presence of goethite at 25 °C. The activities of these 
metal(loid)s were set as 1 μM. The red, blue, green and magenta symbols represent the sulfide 
concentrations in mildly acidic paddy, wetland, groundwater and lake/river systems, respectively. The data 
are from references in Table S-7. 
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