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Sulfur depletion through repetitive redox cycling
unmasks the role of the cryptic sulfur cycle for
(methyl)thioarsenate formation in paddy soilst

José M. Leodn Ninin, ©*2 Carolin Lisbeth Dreher, & ° Andreas Kappler®
and Britta Planer-Friedrich}?

Inorganic and oxymethylated thioarsenates form through the reaction of arsenite and oxymethylated arsenates
with reduced sulfur, mainly as sulfide (S"~) but also as zerovalent sulfur (S°). In paddy soils, considered low-S
systems, microbial reduction of the soil's “primary” sulfate pool is the principal "~ source for As thiolation.
Under anoxic conditions, this primary pool is readily consumed, and the precipitation of iron (Fe) sulfides
lowers S'"~ availability. Nonetheless, sulfate can be constantly replenished by the reoxidation of "~ coupled
with the reduction of Fe' phases in the so-called cryptic S cycle (CSC). The CSC supplies a small secondary
sulfate pool available for reduction and, according to previous studies, As thiolation. However, sulfate
concentrations commonly found in paddy soils mask the biogeochemical processes associated with the
CSC. Here, we depleted a paddy soil from excess S, Fe, and As from a paddy soil through repetitive flooding
and draining (e.g., redox cycling). After 10, 20, and 30 such cycles, we followed thioarsenate formation
during an anoxic incubation period of 10 days. Higher S/As ratios increased As thiolation contribution to
total As up to 10-fold after 30 cycles. During the anoxic incubation, the depleted soils showed a transient
first phase where the reduction of the primary sulfate pool led to inorganic thioarsenate formation. In the
second phase, methylthioarsenate formation correlated with partially oxidized S species (S°, thiosulfate),
suggesting CSC-driven sulfate replenishment, re-reduction, and thiolation. Methylthioarsenates formed even
as inorganic thioarsenates de-thiolated, indicating thermodynamic preference under S-limited conditions.
This study highlights the role of the CSC in sustaining thioarsenate formation in low-S systems.

Cryptic sulfur cycling has been suggested to replenish sulfate pools in low-S systems like paddy soils, supporting the formation of highly mobile and toxic
thioarsenates. Here we show that sulfide production through the reduction of the soil's primary sulfate pool supports a high but transient formation of inorganic
thioarsenates. Once this primary sulfate pool is exhausted, lower sulfide concentrations cause de-thiolation. In a depleted system, we observed that the re-
reduction of sulfate recycled through the cryptic sulfur cycle supported the formation of methylthioarsenates. These results suggest that methyl-

thioarsenates can form even in very low-S environments, increasing mobility, toxicity, uptake by rice plants, and accumulation in rice grains.

Introduction

Arsenic (As) is a ubiquitously distributed element in the environ-
ment that is toxic for humans.' The mobility and toxicity of As are
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highly redox-dependent, making it a contaminant of interest in
redox-active environments, such as groundwater systems or
natural and managed wetlands."** The main As intake sources for
humans are As-contaminated groundwater and As-enriched rice
grains.>® Understanding how redox dynamics in groundwater and
rice cultivation systems influence As biogeochemistry could help
decrease the risk of As intake for consumers.>”*°

The mobility and toxicity of As depend on its speciation.**
Under sub-oxic and anoxic conditions, As is mobilized mainly
by the reductive dissolution of As-bearing Fe™™ (oxy)hydroxides

T Electronic supplementary information (ESI) available: ESI and figures supporting
the above-described observations and discussion based on soil properties and the
aqueous phase redox biogeochemistry of C, S, Fe, and As. Mdssbauer spectra from
original and depleted soils, and supplementary discussion on the use of uXRD for
identification of mineral phases. See DOI: https://doi.org/10.1039/d4em00764f
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as arsenate or arsenite.”>** These two species (summarized as
inorganic oxyarsenic) are known carcinogens.>* Arsenite can be
biotically methylated in consecutive steps to form the oxy-
methylated arsenates, mono- and dimethylarsenate (MMA and
DMA, respectively).”*” Oxymethylated arsenates are currently
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considered as less toxic to humans."*® Arsenic methylation is
carried out by microbes carrying the S-adenosylmethionine
methyltransferase (arsM) gene.*>***° Different microbial groups
can methylate As depending on environmental conditions. For
example, in geothermal springs, methanogens have been
identified as methylators.”* In paddy soils, sulfate-reducing
bacteria (SRB)**** and fermentative bacteria*® have been
shown to methylate As. Methanogens have been identified in
paddy soils as de-methylators, transforming oxymethylated
arsenates back to arsenite.”***>®

Current studies on As speciation often focus on arsenate,
arsenite, MMA, and DMA, and the biogeochemical processes
governing their contribution to total As. However, another group of
As species called thioarsenates has been shown to contribute
significantly to As speciation in different environmental
systems.”* Thioarsenates form when reduced sulfur (S) species,
mainly as sulfide (S"), but also as zerovalent S (S°), substitute one
or more hydroxyl groups in an As oxyanion.”**”*® The formation of
thioarsenates requires, thus, the reaction of arsenite or methylated
oxyarsenates with reduced S species, to form inorganic or meth-
ylated thioarsenates, respectively.”*' Depending on the system,
these reduced S species could be of abiotic origin or produced by
microbially mediated sulfate reduction.****

The formation of either inorganic or methylated thio-
arsenates is determined by the distribution of As species,
availability of reduced S species, and pH conditions.?”*' Inor-
ganic thioarsenates are preferentially formed in environments
with excess S"  at neutral to alkaline pH when arsenite
consecutively reacts with ™~ and S° to form mono-, di-, tri-, and
tetrathioarsenate (MTA, DTA, TTA, and TetraTA, respectively)
depending on S/As ratios.?”*° The role of S in inorganic thio-
arsenate formation is either related to the formation of MTA, or
the oxidation of the unstable intermediate thioarsenites to
thioarsenates.*® Alkaline, sulfidic geothermal springs have been
described as hotspots for the formation and identification of
inorganic thioarsenates.***

The formation of methylthioarsenates is largely governed by
the availability of oxymethylated arsenates, which are readily
thiolated in the presence of S~ .33*%* Consecutive reactions of
MMA with "~ produce monomethylthioarsenate (MMMTA),
monomethyldithioarsenate (MMDTA), and mono-
methyltrithioarsenate (MMTTA). Similarly, the thiolation of
DMA produces dimethylmonothioarsenate (DMMTA) and
dimethyldithioarsenate (DMDTA). Field and laboratory obser-
vations suggest that the S~ excess required to form methyl-
thioarsenates decreases with the number of methyl groups
attached to As.**% For example, DMA requires a lower S~
excess to be thiolated than MMA.* A lower S"~ requirement to
form methylthioarsenates, together with the low stability of
inorganic thioarsenates at pH values < 8,*” suggests that at
neutral and acidic pH, methylthioarsenate formation is ther-
modynamically preferred to that of inorganic thioarsenates.

Thioarsenate formation and identification in relatively low-S
terrestrial environments, such as wetlands and paddy soils, has
been controversial. In such systems, SRB carrying out dissimi-
latory sulfate reduction (DSR) have been identified to be the
main producers of S"~ for As thiolation.?*?®3%3” However, the
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anoxic conditions required for DSR also trigger reductive
dissolution of Fe(m) minerals.®® Reduced Fe scavenges S"~
through the precipitation of FeS phases,**' decreasing its
availability to form thioarsenates.”®*® Moreover, both wetlands
and paddy soils are considered methanogenic environments
where DSR accounts for only a small fraction of anaerobic
respiration since the low sulfate contents in the soil, and hence
aqueous phase concentrations are readily depleted.”® Despite
these assumptions, thioarsenates have been shown as impor-
tant contributors to the mobility and export of As in ground-
water’® and wetland systems,*”** as well as being formed in
flooded rice fields,******> and accumulated in rice grains.** Their
presence in paddy soils and rice grains has raised concern,
given their high mobility, phyto-, and cytotoxicity, comparable,
in the case of dimethylthioarsenates, to that of arsenite.’>***
Moreover, thioarsenates have been observed and suggested to
contribute to As mobility in systems with high dissolved Fe
concentrations, where the availability of S"™  should be
limited.>*® Thus, a better understanding of the biogeochemical
processes influencing As thiolation is required.

Micro- and mesocosm experiments have suggested that the
cryptic S-cycle (CSC) plays an important role in the formation of
thioarsenates, providing small amounts of S™ and S° for As
thiolation.?®* Such a CSC is related to the reoxidation of " to §°
coupled with the reduction of Fe'™ (oxyhydr)oxides, releasing Fe''
into the aqueous phase.***® Zerovalent S can be consecutively
further oxidized to thiosulfate and sulfate, thus being recycled
and available again as a substrate for DSR.>**** Thus, even when
most of the original “primary” pool of sulfate content has been
consumed, S"~ abiotic reoxidation forms a “secondary” pool of
sulfate. The re-reduction of this recycled sulfate through DSR
offers a constant source of reduced S species. While the role of
CSC in As thiolation has been implied,>****** to the best of our
knowledge, it has not been directly evaluated, yet.

In the environment, the CSC has been reported in marine
systems,>* low sulfate lakes,* and wetlands.**** Holmkvist and
Ferdelman® described how the reoxidation of S~ explains the
abundance of SRB in marine sediments with low but constant
sulfate availability. The authors associated the presence of
stable sulfate background concentrations with the presence of
Fe' phases and S" in sediment samples. The same study
suggests that the CSC might take place independent of sulfate
limitations, but that S-rich environments might mask the small
secondary pool of freshly produced sulfate. According to the
authors, only S-depleted environments allow the identification
of the CSC. In paddy soils, the CSC has been reported due to
root oxygen loss, which creates redox interfaces in which sulfate
is constantly reduced to S"~, and partially reoxidized to form S°,
thiosulfate, and sulfate.*****” However, the identification in the
bulk soil and the role of a secondary sulfate pool in thioarsenate
formation has been elusive due to the masking effect of the
bigger primary sulfate pool, despite products of partial $"~
reoxidation being found in the bulk so0il.>** In this sense, a S-
depleted paddy soil system is required to identify the role of
the CSC and its associated secondary sulfate pool in As
thiolation.

This journal is © The Royal Society of Chemistry 2025
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Here, we present the results of a long-term microcosm
experiment. Through repetitive redox cycling and aqueous
phase removal, we decreased a paddy soil's background
concentrations (i.e., depleting it) of S, Fe, and As, aiming to
investigate the role of the CSC in As thiolation. Our hypothesis
is that in a S-depleted system with a smaller primary sulfate
pool, CSC will provide a constant source of S"~ and S°, forming
thioarsenates. Following changes in S, Fe, and As speciation, we
show that even in low-sulfate, high-methanogenic systems,
thioarsenates form and even dominate As speciation, with CSC
providing small amounts of sulfate which, through DSR, form
S™ for thioarsenate formation.

Materials and methods
Long-term microcosm experiment

Soil from the paddy cultivation area in Cixi, Province of Zhe-
jiang, China, was used for a long-term microcosm experiment.
This soil is the youngest paddy soil (50 years of paddy use - P50)
of a chronosequence which has been previously used to
understand how long-term paddy use affects pedologic
properties®* and redox biogeochemistry.***”** With its early
stage of paddy development, the soil has shown a high potential
for the formation of thioarsenates, due to low amounts of SOC
and reducible Fe, and high pH.***” For the microcosm experi-
ments, the <2 mm fraction of the topsoil (0-7 cm) was used. Soil
properties have been published elsewhere®***® and can be found
summarized in Table S1.7¥

Microcosms were prepared inside a glovebox (COY, with 95%
N,, 5% H,) by mixing 10 g of paddy soil, 0.13 g of finely milled
rice straw to support microbial activity, and 20 mL of N, purged
tap water inside 120 mL septum vials. The rice straw had an As
content of 2.76 pg g ', while the tap water background
concentrations of S, Fe, and As were 14.3, 0.04, and
0.0003 umol L. The vials were closed with butyl rubber stop-
pers and aluminum caps and incubated standing in the dark in
an oven at 30 °C. To deplete the soil from excess S, Fe, and As,
microcosms went through 30 redox cycles for one and a half
years. Each redox cycle consisted of an anoxic period of 10 days
followed by an oxic period of 5 days.

Redox fluctuations were carried out in the following way. After
10 days of anoxic incubation under the above-described condi-
tions, the vials were taken from the oven, allowed to reach room
temperature (20 °C), and shaken before removing the aluminum
caps and butyl rubber stoppers. After allowing the soil to settle, the
overlaying water was removed using a pipette. Finally, milled rice
straw (0.13 g) was mixed into the soil to replenish the available C
pool for microbes. The open vials were taken into the oven and
incubated oxically for 5 days. After the oxic period, the vials were
refilled with 20 mL of N, purged tap water inside the glovebox,
closed with butyl rubber stoppers and aluminum caps, and
anoxically incubated again at 30 °C for 10 days.

An additional, constantly anoxic (CA), setup was used as
control. These vials went through 10 anoxic incubation days
before being opened inside the glovebox to release the accu-
mulated gases and add new rice straw before being closed again
and returned to the oven. On the fifth day of the oxic cycle of the

This journal is © The Royal Society of Chemistry 2025
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main setup, the rubber stoppers of the CA bottles were punc-
tured with a needle inside the glovebox to release accumulated
gases. This release was done in order to keep similar starting
conditions between CA and the redox-cycled bottles throughout
the experiment and at the moment of sampling.

Samplings

After 10, 20, and 30 redox cycles (C10, C20, and C30, respectively),
sacrificial time-resolved samplings took place in which aqueous
phase and soils were taken at days 1, 3, 5, 7, and 10 days of the
anoxic cycle. Thus, in total 15 sacrificial vials were used per redox
cycle sampling. The triplicates of the CA setup were sampled only
on day 10 after 20 and 30 cycles (CA20 and CA30, respectively).
These sampling days were selected based on previous reports from
redox dynamics in similar setups with the same soil.>***”** On each
sampling day, the corresponding triplicate vials were taken out of
the glovebox, mixed, and allowed to reach room temperature. The
pressure inside the vials was measured with a handheld pressure
meter (Greisinger GMH, 3100 Series) before taking a 5 mL head-
space sample with a needle and a gastight syringe. This sample
was injected into an evacuated glass vial and stored until CH, and
CO, determination using a gas chromatograph with a flame
ionization detector (GC-FID, SRI Instruments 8610C) equipped
with a methanizer.

The vials were then brought inside the glovebox, mixed to
form a slurry, and their contents poured into a 50 mL centrifuge
tube. The tubes were closed and wrapped with Parafilm before
being centrifuged outside the glovebox (4000 rpm, 10 min).
Back inside the glovebox, the aqueous phase was separated
from the soil using a syringe and needle and used for the
different analyses described in each section below.

Aqueous phase analyses

The aqueous phase was filtered through 0.2 um cellulose-acetate
filters (Chromafil® Xtra) and split into different aliquots for the
following biogeochemical analyses. A 2 mL aliquot was stabilized
with 15 pL of 30% H,0, and 20 pL of 65% HNO; and diluted
before the determination of total As and S by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, 8900 Triple Quad, Agilent).
The determination was carried out using reaction mode with O,,
with As being measured as AsO" (m/z =91) and S as SO" (m/z = 48).
Rhodium was used as an internal standard to compensate for
signal drift, and a certified reference material (TMDA 62.2, Envi-
ronment Canada) was used for quality control.

A 700 pL aliquot for As and S speciation was stabilized with
a 10 mM solution of hydroxybenzylethylenediamine (HBED, pH
7) and directly frozen in dry ice.* For analyses, the samples were
thawed inside the glovebox to avoid changes in the speciation
due to oxidation. Arsenic and S speciation was determined by
ICP-MS after chromatographic separation by ion chromatog-
raphy (IC, 940 Professional IC Vario Metrohm) using an AS16
column (Dionex AG/AS16 IonPac column) with a 2.5-100 mM
NaOH gradient, a 1.2 mL min " flow rate, and an injection
volume of 50 pL.*> Concentrations were calculated through
a calibration containing arsenite, arsenate, MMA, DMA, sulfate,
and thiosulfate. Thioarsenates were identified based on
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previously reported retention times,”***' and their concentra-
tions were determined through their oxyarsenic homologs.
Throughout the text, As species are often grouped depending on
the biogeochemical processes ruling their formation. The sum of
oxymethylated and methylthiolated arsenates is referred to as
total methylated As, while the sum of inorganic and methylated
thioarsenates is referred to as total thiolated As.

Total dissolved Fe, Fe", and S"~ were determined photo-
metrically using the ferrozine®*® and the methylene blue
method.*® After stabilization according to the methods, colori-
metric reactions were done outside the glovebox. Photometric
determinations were carried out in triplicate using a multiplate
reader (Infinite® 200 PRO, Tecan). Sulfide was not detected
throughout the experiment (LOD = 1.2 pmol L™%).

The rest of the filtered aqueous phase was used for the
determination of pH and redox potential using a multiparam-
eter (HQ40d, Hach) connected to the corresponding electrodes
(PHC301, Ag/AgCl electrode and MTC101, respectively).

Solid phase analyses

Subsamples from all post-incubation soils were immediately
frozen after being separated from the aqueous phase, and later
freeze-dried and homogenized. Zerovalent sulfur (S°) was
determined via HPLC-UV-Vis after chloroform extraction.* Soil-
extracted S° is operationally defined as chloroform-extractable S
(which includes zerovalent S in polysulfides, S bound to solid
phase, and Sg).

Total Fe content in the original soil and after redox cycling was
determined after microwave-assisted digestion (MARS Xpress,
CEM) in 10 mL aqua regia. The digested samples were filtered
through 0.2 um cellulose-acetate filters (Chromafil® Xtra) and
diluted 1 : 10 with ultrapure deionized water (Millipore, 18.2 MQ
cm) before analysis by ICP-MS as described above. Changes in Fe
mineralogy due to repetitive redox cycling were assessed by
Mossbauer spectroscopy using samples from day 10 of the anoxic
cycle from C10 and C30, as well as the original soil (C0). Dried
mineral powders were loaded into Plexiglas holders (area 1 cm?),
forming a thin disc. Holders were inserted into a closed-cycle
exchange gas cryostat (Janis cryogenics) under a backflow of He
to minimize exposure to air. Spectra were collected at 5 and 77 K
using a constant acceleration drive system (WissEL) in trans-
mission mode with a *’Co/Rh source. All spectra were calibrated
against a 7 um thick o-°’Fe foil that was measured at room
temperature. Analysis was carried out using Recoil (University of
Ottawa) and the Voigt Based Fitting (VBF) routine.®® The half
width at half maximum (HWHM) was constrained to 0.12 mm
s~' during fitting. Due to some uncertainties regarding the
mineral phases of the Fe and the Fe™ (oxyhydr)oxides, addi-
tional uXRD measurements were carried out and can be found in
the ESI Discussion.f The reference minerals were partly taken
from the XRD Match! Software and partly from the mineralogical
database “Rruff”.

Statistical analyses

Unless stated otherwise, all data are presented as mean values +
standard deviation (n = 3). Pearson correlation coefficients were
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used to assess the significance of all variable correlations pre-
sented. Tukey post hoc analyses were used to evaluate changes in
As speciation with increasing redox cycling. Pearson correlation
and Tukey post hoc analyses were carried out using R (version
4.2.1) in RStudio (R Development Core Team, 2008).

Results & discussion
Depletion of S, Fe, and As with repeated redox cycling

Repeated redox cycling and removal of the aqueous phase after
each anoxic period effectively depleted the soil of aqueous Fe, S,
and As, and in consequence, concentrations in the aqueous
phase. Aqueous Fe concentrations from the original soil (C0),
peaked at 0.55 + 0.09 mmol L™ " at 7 days of incubation (Fig. 1a).
At day 7 Fe concentrations in the aqueous phase from the
depleted soils (C10, C20, and C30) were lowered by 49, 43, and
61%, respectively. On average, 89% of the Fe in the aqueous
phase was Fe" throughout the experiment (Fig. S1t). Moreover, in
the aqueous phase from the depleted soils, Fe concentrations
increased constantly during the 10 day anoxic incubation period.
Aqueous phase S decreased strongly with repeated redox cycling.
Starting at 2.53 & 0.08 mmol L ™" at day 1 in C0, the aqueous
phase of the depleted soils lost, on average, 96% of this initial
dissolved S concentration, decreasing the size of the primary S
pool. In the depleted soils, a stable pool of dissolved S of around
0.10 mmol L' was found in the system at the beginning of each
cycle. This observation suggests that during the oxic incubation
period, sulfide phases were re-oxidized, releasing partially or fully
oxidized soluble S forms, replenishing a small fraction of the
primary sulfate pool, which was available for reduction in the next
anoxic cycle (Fig. S21).***” In C0 and C10, dissolved S concentra-
tion decreased during the first incubation days, indicating
consumption of sulfate from the primary pool, before stabilizing
by day 7 around 0.14 and 0.04 mmol L™, respectively. In C20 and
C30, stable dissolved S concentrations under 0.03 mmol L™ were
reached after day 3, showing a faster consumption of a smaller
primary sulfate pool. Despite being depleted of electron accep-
tors, microbial activity was observed throughout the experiment,
as shown by the decreasing Eh values throughout the 10 day
anoxic period, and higher CO, and CH, production with
increased redox cycling (Fig. S37).

Dissolved As concentrations also decreased with increasing
redox cycling and depletion. In CO, concentrations increased
sharply with anoxic incubation time, peaking on day 7 at 2.11 +
0.09 pmol L% In C10, C20, and C30, dissolved As concentra-
tions at the same incubation time were only 13, 5, and 6% of
those in CO, respectively. More importantly, opposite to the
trend observed in C0, As concentrations in the aqueous phase of
the depleted soils decreased throughout the 10 day anoxic
incubation period.

In the CA controls (Fig. S47), dissolved Fe concentrations by
the end of each cycle remained constant for CA20 and CA30
(0.7 &+ 0.1 and 0.7 + 0.03 mmol L™, respectively) showing an
increase compared to CO (0.47 & 0.06 mmol L™ at day 10).
Dissolved S concentrations in CA20 and CA30 were 0.13 £+ 0.01
and 0.16 & 0.01 mmol L, respectively. These concentrations
are comparable to the stable values found on CO from day 7 of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Depletion of dissolved Fe (a), S (b), and As (c) through repeated redox cycling and washout. Data points are average values and bars

indicate standard deviation (n = 3).

the anoxic period reported above. Dissolved As concentration
also decreased with longer CA cycling, but to a lesser extent than
in depleted soils. In CA20 and CA30, aqueous phase As
concentrations were 0.40 + 0.02 and 0.57 4+ 0.07 umol L7,
compared to 2.07 + 0.03 pmol L™ " at day 10 in CO.

The depletion of S, Fe, and As in the soils and hence the lower
concentrations in the aqueous phase were a consequence of
redox cycling and the removal of the standing water. Under
anoxic incubation conditions, reductive dissolution of Fe(ur)
minerals took place, releasing Fe"" and the associated As into the
aqueous phase.” By removing the standing water at the end of
each anoxic cycle, the dissolved fraction of Fe™ and As was
removed from the system. The repetition of this process with
repetitive redox cycling caused the depletion of the bioavailable
Fe'" fraction in the soils, lowering how much Fe™ could be
reductively dissolved in the next anoxic period. The decrease of
dissolved S throughout the 10 days of the anoxic periods indicates
DSR and suggests the precipitation of sulfides, likely through
reaction with dissolved Fe™.**” By removing the standing water at
the end of each anoxic cycle, the non-precipitated S was removed
from the system. The constant increase of dissolved Fe
throughout the anoxic periods in the depleted soils suggests that
FeS precipitation could be limited in these soils compared to CO,
due to a lower availability of sulfate and hence, sulfide. In the CA
setups, the stable concentrations of Fe and S in the aqueous
phase suggest that their biogeochemistry might have reached an
equilibrium in these setups, with FeS precipitation no longer
taking place. The precipitation of Fe or As sulfide phases could be
responsible for the lower As concentrations in the aqueous phase
compared to C0.*"%%%

Changes in As speciation with repeated redox cycling

Repeated redox cycling directly affected As speciation. These
results are presented as the percentage contribution of group
species to total As, to correct for As depletion. Summarizing the
data of the 10 anoxic incubation days of each cycle, the median

This journal is © The Royal Society of Chemistry 2025

contribution to total methylated As showed no trends with
increasing redox cycling, with median values staying around
20-30% of total As (Fig. 2a). However, total As thiolation
increased sharply with increasing redox cycling (Fig. 2b). Total
contribution of thioarsenates to total As was 4% in CO, signifi-
cantly increasing (p < 0.05) to 10, 40, and 39% in C10, C20, and
C30, respectively.

Breaking down these species groups into subgroups shows
that while there was no net trend in total methylated As, there
was a significant decrease (p < 0.05) in the contribution of
oxymethylated arsenates (Fig. 2c), from a median contribution
of 26% in CO to only 7% in C30. In contrast, the contribution of
methylthioarsenates (Fig. 2d) increased significantly (p < 0.05)
with increasing redox cycling between C0 and C20 from 3 to
25%. Since the contribution of total methylated species
remained constant throughout the repetitive redox cycling, the
opposite trends observed for these two subgroups suggest that
the decrease in the contribution of oxymethylarsenates is
caused by their thiolation to form methylthioarsenates. More-
over, the significant increase (p < 0.05) in the median contri-
bution of inorganic thioarsenates, from 0.6 to 24% from CO to
C30 (Fig. 2e), caused a sharp increase in the contribution of
total thiolated species. Strikingly, the thioarsenate contribution
to total As in these depleted systems, was much higher than
values commonly reported for paddy soils, which are often
<10%.%%3¢

An increasing S/As molar ratio in the depleted soils (C10-
C30) significantly correlated (p < 0.0001) with the increased
contribution of inorganic thioarsenates (Fig. 3a). In C0, despite
high S/As ratios, the contribution of inorganic thioarsenates to
total As was low, since S here was mostly found as sulfate
(Fig. S21). In the CA controls, S/As values were in the same
magnitude as those of C20 and C30, but the contribution of
inorganic thioarsenates in the CA setups was similar to that in
C10. Besides higher S/As ratios, the high contribution of thio-
arsenates in the depleted soils compared to CO can be linked to
the lower bioavailable Fe (Fig. S5at), since at low aqueous Fe"
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concentrations, more reduced S is available for thiolation.
Excess S over Fe correlated positively and significantly with high
inorganic thioarsenate formation (Fig. S5bt). Repeated redox
cycling caused a higher ratio of inorganic thioarsenates over
their oxyarsenic homologs, particularly at the beginning of the
anoxic incubation period in C20 and C30. Nonetheless, arsenate
and arsenite were still the dominating inorganic species
throughout the experiment (Fig. S67).

Moreover, changes in the contribution of inorganic thio-
arsenates throughout the 10 days of the incubation period show
further insights into how increased redox cycling influenced
their formation. In the depleted soils, the contribution of
inorganic thioarsenates to total As was higher at the beginning
of the 10 day anoxic period (Fig. 3b). The depleted soils, espe-
cially C20 and C30, showed a higher contribution of highly
thiolated inorganic thioarsenates (DTA and TTA), which
decreased throughout the anoxic incubation. The constantly
anoxic controls did not show a similar trend, with MTA being
constantly the dominant inorganic thioarsenate and rather
a decrease in inorganic thiolation with increasing cycling
(Fig. S71).

Increasing S/As ratios also had a significant influence on the
contribution of methylthioarsenates (p < 0.001) (Fig. 3c). In CO,
despite the high S/As ratio, the formation of methylthioarsenates
was low. Moreover, the contribution of methylthioarsenates to

1844 | Environ. Sci.: Processes Impacts, 2025, 27, 1839-1851

total As changed throughout the anoxic incubation period,
showing differences from the trends reported above for inorganic
thioarsenates (Fig. 3d). With increasing redox cycling, the
formation, contribution, and degree of thiolation of methyl-
thioarsenates increased. In particular in C20 and C30, highly
thiolated monomethylated arsenates (MMDTA and MMTTA)
contributed significantly to total As. During most of the anoxic
incubation period in C20 and C30, methylthioarsenates domi-
nated over methyloxyarsenates. The contribution of methyl-
thioarsenate to total As did not decrease with increasing
incubation time, and the degree of thiolation was relatively
constant throughout the anoxic period.

The above-described results for the formation and stability
of inorganic and methylated thioarsenates show the contrasting
behaviors of these two species groups. The formation of inor-
ganic thioarsenates coincides kinetically with the consumption
of the primary sulfate pool in the first three days of incubation
(Fig. S81), with high inorganic thioarsenate concentrations
being present at high concentrations of sulfate. We suggest that
this period of high DSR triggers the formation of highly thio-
lated inorganic thioarsenates, due to a relative excess of $"~
related to the high sulfate consumption. Once S~ becomes
limited, due to the consumption of most of the primary sulfate
pool and likely the precipitation of FeS phases in the presence of
a relative excess of dissolved Fe, inorganic thioarsenate

This journal is © The Royal Society of Chemistry 2025
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concentrations decrease, indicating de-thiolation (Fig. S87).
Around the same time of the anoxic incubation, the contribu-
tion of methylthioarsenates increased. Methylthioarsenate
formation was limited at the start of the anoxic period due to
low MMA and DMA concentrations, but once these species are
available, they are readily thiolated.*® Moreover, methyl-
thioarsenates still formed when the system seemed to be S~
limited (Fig. S81), as suggested by the dethiolation of inorganic
thioarsenates and low sulfate concentrations.

Taking C20 and C30 as examples of highly depleted systems,
although there is a decrease in the contribution of inorganic
thioarsenates and an increase in methylthioarsenates, the
contribution of total thiolated As species remains constant
during the anoxic incubation period (Fig. S9t). Similar obser-
vations of inorganic thioarsenate dethiolation coupled with the
formation of methylthioarsenates have been recently reported
along the outflow channel of a geothermal spring.® Under
neutral pH conditions commonly found in paddy soils and in
the incubation setups of this experiment (Fig. S101), methyl-
thioarsenates require a lower excess of S"~ to form and, thus,
are thought to be more thermodynamically stable and preferred
thiolation products.*** We suggest that under S"~ limited
conditions in the depleted soils, the formation of MMA and
DMA could trigger the de-thiolation of inorganic thioarsenates.

This journal is © The Royal Society of Chemistry 2025

Such competition for $" could take place as the inorganic
thioarsenates de-thiolate due to a shift in the equilibrium
caused by lower S~ concentrations. The S~ released by the de-
thiolation could then react with MMA or DMA to form methyl-
thioarsenates, which are stable at lower S~ concentrations.

Changes in S speciation and influence on thioarsenate
formation

Zerovalent S and thiosulfate, products of the partial reoxidation
of 8™, were found in the incubations. Despite the depletion of
dissolved S in the aqueous phase with increasing redox cycling,
S° accumulated in the solid phase (Fig. 4a). In C20 and C30, S°
formation did not decrease by the washout of over 95% of the
aqueous phase S. More importantly, S° was higher in depleted
soils than in C0. Thus, the formation and accumulation of $°
were independent of the S washout with increased redox
cycling. This newly formed S° pool stayed relatively stable
throughout the 10 day anoxic incubation, indicating compa-
rable rates of production and consumption. In the depleted
soils, S° content correlated positively (p < 0.05) with sulfate
concentration in the aqueous phase (Fig. 4b).

Similarly, thiosulfate was found in the aqueous phase, being
slightly higher at the beginning of the anoxic incubation and
decreasing with time (Fig. 4c). Thiosulfate concentrations
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peaking at the beginning of the incubation could be related to
the partial oxidation of S~ during the oxic incubation period.
Nonetheless, thiosulfate is reported to be highly reactive,
transforming easily back into S"~ or further oxidizing into
sulfate.®®*  Thus, thiosulfate concentrations around
0.025 pmol L™ * towards the end of the anoxic incubation period
suggest its formation under anaerobic conditions. Thiosulfate
concentrations also significantly correlated (p < 0.0001) with
sulfate concentrations (Fig. 4d). A stable pool of S° and thio-
sulfate formation under anoxic conditions, and their significant
correlations with aqueous sulfate concentrations, suggest an
active CSC in the depleted soils.

Reduction of Fe' is the main proposed partner for S
reoxidation under anoxic conditions.**”® Increasing concentra-
tions of dissolved Fe during the anoxic incubation periods in
the depleted soils indicate Fe™ reduction. This reduction could
be partially associated with Fe respiration. However, trends in
CH, production suggest that Fe reductive dissolution is not
a central respiration pathway in the depleted soils. In C0, CH,
production had a lag phase (Fig. S31) normally associated with
the use of other thermodynamically preferred respiration
pathways,”>”* followed by a phase of exponential CH, produc-
tion. Bioavailable Fe™ (oxyhydr)oxides are known to delay
methanogenesis.”>”* In the depleted soils, this lag was not
present, showing a linear increase in CH, production between
day 1 and 10 of the anoxic incubation, suggesting the low
availability of other electron acceptors for anaerobic respiration
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Fe reduction associated with the CSC might dominate over
biotically mediated Fe reductive dissolution.

In the solid phase, Mossbauer spectroscopy showed that
repeated redox cycling mainly caused changes in the distribu-
tion of Fe™ (oxyhydr)oxides (Tables S2, S3 and Fig. S117).
Crystalline Fe™ (oxyhydr)oxides contributed 24.6% to CO and
were decreased in half by C10. Further cycling slightly decreased
their contribution. In contrast, poorly crystalline Fe™ (oxyhydr)
oxides increased from 2.8% in CO to 5.4% in C10, with a slight
increase with further cycling. Moreover, there were slight
increases in the contribution of other identified phases, such as
Fe' and adsorbed Fe™ with increased redox cycling (Table S37).
These Fe phases could offer a chemically reactive Fe™ pool for
S™" reoxidation, as proposed by Hansel et al.” for low sulfate
freshwater sediments. Similarly, Holmkvist and Ferdelman®
correlated a slowly reacting Fe pool with 8"~ reoxidation.

Sulfate reduction, sulfide reoxidation, and thioarsenate
formation

The above-described results for As speciation suggest that the
formation of inorganic and methylated thioarsenates might be
ruled by different sources of reduced S species, depending
mainly on thermodynamic stability and sulfate reduction
kinetics. According to these results, early thiolation in paddy
soils could be driven by the reduction of a big primary pool of
sulfate, taking place in the first days of anoxic incubation. Later,
as this primary sulfate pool is consumed, thiolation is driven by
the reduction of a smaller secondary sulfate pool as a conse-
quence of the CSC. The As speciation in the depleted soils of
this experiment offers insights into this dependency.

High contribution of methylthioarsenates correlated posi-
tively (p < 0.01) with excess S° over methyloxyarsenates (as a molar
ratio of the precursors (S°) and reactants (MMA + DMA) required
for methylthioarsenate formation) (Fig. 5a). This correlation was
not present when considering inorganic thioarsenate formation
through the reaction of S° and arsenite (Fig. 5b). In contrast,
a higher contribution of inorganic thioarsenates was found at low
S°/arsenite ratios. Similarly, methylthioarsenate formation
correlated positively (p < 0.05) with excess thiosulfate over
methyloxyarsenates (Fig. 5¢), but not with inorganic thioarsenate
formation when comparing thiosulfate/arsenite (Fig. 5d). These
positive correlations do not imply thiolation directly through the
reaction of MMA and DMA with S° or thiosulfate, but rather S°
and thiosulfate as intermediate S species of CSC for the forma-
tion of sulfate, which will be biotically reduced to S"~, and form
thioarsenates.

A direct evaluation of thiolation through S™ was not
possible since it was not detected in any setup. Low S" has
been previously linked to the CSC since the small and constant
amounts of S~ produced readily react and thus, do not accu-
mulate.>*® Sulfate concentrations were used to evaluate the role
of the reduction of the primary sulfate pool on As thiolation,
under the assumption that most of the available sulfate would
be reduced by SRB to form S . Nonetheless, this correlation
does not consider that not all produced S"~ would be available
for As thiolation, due to, for example, FeS precipitation. High

This journal is © The Royal Society of Chemistry 2025
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thioarsenates (b, d, and f, respectively).

sulfate over oxymethylated arsenate ratio correlated negatively
(p < 0.05) with methylthioarsenate formation, while high inor-
ganic thioarsenate formation correlated positively (p < 0.05)
with excess sulfate over arsenite, but only when considering C20
and C30 as highly S depleted systems (Fig. 5e and f).

These correlations suggest that in a S-depleted paddy soil,
the formation of inorganic and methylated thioarsenates takes
place through the reduction of two different sulfate pools,
summarized in Fig. 6 and contextualized for our 10 day incu-
bation period. Since inorganic thioarsenates formed mainly at
the beginning of the anoxic incubation period, and they lacked
a correlation with intermediate, partially oxidized S products of
the CSC, we suggest that their formation is strongly related to
the reduction of the primary sulfate pool (Fig. 6, process 1),
which was likely replenished through the oxidation of sulfide
phases during the oxic period. The relatively high availability of
S", low dissolved Fe, and high S/As ratios then favored the
formation of highly thiolated inorganic thioarsenates (DTA and
TTA).

This journal is © The Royal Society of Chemistry 2025
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After 5 days, and once the primary pool of sulfate had been
consumed by SRB, S"~ had been likely scavenged by FeS
precipitation, and methylated oxyarsenates were present,
inorganic thioarsenates dethiolated. Furthermore, the positive
correlation between methylthioarsenate formation and
partially oxidized products of the CSC suggest that the main
source of S for their formation in later stages of the anoxic
incubation is the secondary sulfate pool formed through the
CSC (Fig. 6, process 2). While this secondary sulfate pool would
theoretically be available for the formation of inorganic thio-
arsenates, the lower excess S"~ necessary for the formation of
methylthioarsenates favors their formation in an S-depleted
system. Moreover, due to the depletion of S, the primary
sulfate pool becomes a less relevant source of S~ with
increasing redox cycling.
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Fig. 6 Conceptual model indicating the formation of inorganic thio-
arsenates (iThio As) and methylthioarsenates (MeThioAs) with S''~ from
either a primary (1) or secondary (2) sulfate pool. The top diagram in
the figure displays the biogeochemical reactions involved in the
production of S~ and thioarsenates. The thickness of the arrows
qualitatively illustrates the importance of a reaction. Sulfur species are
protonated assuming pH 7, reflecting the neutral values during the
experiment (Fig. S107). In the center, diagrams indicate changes in
concentrations of key players in the reactions throughout the 10 day
anoxic incubation period. Circles at the bottom of the figure show how
the reduction of the primary sulfate pool decreases in importance as
the soil is depleted, while S"~ produced due to the reduction of
a secondary sulfate pool gains importance.
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Conclusion

The results presented here show the importance of consid-
ering thioarsenate formation when studying As speciation. It
is often assumed that thioarsenates do not form in low-S
systems such as wetlands or paddy soils, considered to be
methanogenic environments. Here, we show that through the
CSC, a supply of reduced S species is available for thiolation
even in S-depleted systems and once the primary sulfate pool
is consumed by SRB activity. These observations help explain
the presence of thioarsenates in paddy soil porewaters even
when sulfate reduction is no longer taking place. In systems
with low As, where there is a high S/As ratio, thioarsenates can
significantly contribute to speciation and, thus, mobility,
long-range transport, and toxicity, depending on environ-
mental conditions. In the context of paddy soils, a large share
of thioarsenates can be related to a higher As uptake by rice
plants, risking food safety. The results presented here do not
imply that CSC only takes place in S-depleted systems. Cryptic
S cycling likely takes place in S-rich systems as well, but its
effects are masked by high S concentrations and changes in S
speciation dominated by SRB activity during the consumption
of the primary sulfate pool.

More importantly, this study highlights the differences in
the kinetics and thermodynamics of the formation of inorganic
and methylated thioarsenates. Systems with a high and
constant reduced S supply might be dominated by inorganic
thioarsenates, as is the case in many geothermal systems.
However, if methylated oxyarsenates are present, and reduced S
becomes scarce, our results suggest the dethiolation of inor-
ganic thioarsenates to form methylthioarsenates. These obser-
vations show the complex biogeochemistry behind As
thiolation, which depends on reduced S availability and the
presence of specific As species, which in turn are strongly gov-
erned by microbially mediated reactions and the biogeochem-
istry of C and Fe.
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