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ABSTRACT: Karst terrains provide drinking water for about 25% of the people on
our planet, particularly in the southwest of China. Pollutants such as arsenic (As) in
the soil can infiltrate groundwater through sinkholes and bedrock fractures in karst
terrains. Despite this, the underlying mechanisms responsible for As release from
karst soils under redox changes remain largely unexplored. Here, we used multiple
synchrotron-based spectroscopic analyses to explore As mobilization and
sequestration in As-polluted karstic soil under biogeochemical conditions that
mimic field-validated redox conditions. We observed that As in the soil exists
primarily as As(V), which is mainly associated with Fe(oxyhydr)oxides. The
concentration of the dissolved As was high (294 μM) and As(III) was dominant
(∼95%) at low Eh (≤−100 mV), indicating the high risk of As leaching under
reducing conditions. This As mobilization was attributed to the fact that the
dissolution of ferrihydrite and calcite promoted the release and reduction of
associated As(V). The concentration of the dissolved As was low (17.0 μM) and
As(V) was dominant (∼68%) at high Eh (≥+100 mV), which might be due to the oxidation and/or sequestration of As(III) by the
recrystallized ferric phase. Our results showed that the combined effects of the reductive release of As(V) from both ferric and
nonferric phases, along with the recrystallization of the ferric phase, govern the redox-induced mobilization and potential leaching of
As in soils within karst environments.
KEYWORDS: arsenic mobilization, reducing-oxidation reactions, dissimilatory reduction, biogeochemical microcosms

■ INTRODUCTION
Karst regions are globally distributed and supply drinking
water to approximately 25% of the population.1 In China,
carbonate rocks cover an area of approximately 3.44 × 106
km2, accounting for 33% of the total land area. The majority of
the karst landscapes are concentrated in the southwestern part
of the country. This distribution coincides with numerous ore
deposits containing toxic elements such as arsenic (As),
cadmium (Cd), and mercury (Hg) due to low-temperature
metallogenesis.2 Arsenic contamination, in particular, is a
major concern, with over 61% of Chinese As resources (2.5
million tons) being distributed in southwestern China. This
accounts for 42% of the globally explored reserves.
Anthropogenic and natural activities have resulted in the
dispersion of As throughout the karst regions, sparking
concerns about potential groundwater contamination with As.
The concentration of As in karstic soil has been documented

as exceedingly high, reaching concentrations as high as 4000
mg kg−1.3 Karstic soil is characterized by its high pH and
carbonate content, as well as a thin soil profile.4,5 These
characteristics can limit the natural filtering effect of the soil on
As. This is due to competition between carbonate and As
oxyanions for binding with Fe(oxyhydr)oxides. Additionally,

the alkaline pH supports desorption of As oxyanions, further
reducing the filtering effect.6 Frequent flooding and rising
water tables caused by climate change also trigger bio-
geochemical processes that release As from the soil/sediment
into groundwater. Arsenic leaching from soils is a significant
contributor to contamination of both surface and underground
aquifers in karst regions. However, despite the well-
documented As contamination of aquifers in karst regions,
the biogeochemical processes that control As mobilization
within these environments remain poorly understood.7

Arsenic is redox-sensitive, and thus its release and
mobilization in soils are mainly governed by the changes of
redox potential (Eh). The dominant mechanisms underlying
the redox-induced (im)-mobilization of As in soils include
microbial-mediated reductive dissolution of Fe(oxyhydr)-
oxides, oxidative dissolution of As-rich sulfide minerals, and
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competitive adsorption of anions HCO3
− and PO4

3−.8,9 Under
anaerobic conditions, microbial respiration plays a pivotal role
in regulating dissolution of Fe(oxyhydr)oxides.10 Microbes
such as dissimilatory As(V)-respiring prokaryotes (DARPs),
Shewanella oneidensisMR-1, and Sulfurospirillum barnesii, which
possess As(V) respiratory reduction genes (Arr), facilitate the
reduction of As(V) and Fe(III).11−13 In the models of DARP-
mediated As(V) reduction, bacteria facilitate the mobilization
of As(V) from mineral surfaces by conversion to As(III). The
primary mechanism that facilitates the immobilization of
As(V) and As(III) in soils involves their adsorption onto
Fe(oxyhydr)oxides. Under aerobic conditions, the oxidation of
As(III) to As(V), followed by its adsorption on and/or (co)-
precipitation with Fe(oxyhydr)oxides, results in a marked
immobilization of As.14 Arsenic (im)mobilization processes in
soils are also modulated by various factors such as δ-MnO2,
aluminum oxides, organic matter, sulfide, (bio)carbonate, and
calcite. The presence of δ-MnO2 can promote the oxidation
and immobilization of goethite-adsorbed As because goethite
particles are distributed on the δ-MnO2 surface, which
supports As(III) oxidation by δ-MnO2.

15 In the absence of
Fe(oxyhydr)oxides, As(V) adsorption onto the surface of
aluminum oxides forms aluminum As(V)-like precipitate.16

However, in the aluminum-Fe(oxyhydr)oxide environment,
the mobilization of As is strongly dependent on bacterial
function. For example, in the presence of As(V) reducing
bacteria (Citrobacter sp. JH012-1), Al promoted the release of
As by affecting the distribution of As(III) and As(V) between
the solid and aqueous phases.17 Dissolved organic matter
(DOM) can promote the reductive dissolution of Fe-
(oxyhydr)oxides, subsequently releasing As bound to Fe-
(oxyhydr)oxides. Solaiman et al.18 reported that a lower
carbon:nitrogen ratio of DOM was favorable for the
mobilization of As. Excessive sulfide can hinder the adsorption
of As(III) onto Fe(oxyhydr)oxides by forming As2S3.

19

Additionally, biocarbonate can react with arsenian pyrite and
As2S3, leading to the formation of arseno-carbonate com-
plexes,6,20 which compete with As(V)/As(III) for adsorption
sites on Fe(oxyhydr)oxides.21 In scenarios where Fe(oxyhydr)-
oxides are scarce, As may be adsorbed onto calcite or
integrated into the crystal lattice of carbonate minerals,22

with As(V) exhibiting a preferential sorption over As(III) in
the natural environment.23 Furthermore, carbonate and its
complexes can occupy the surface area of Fe(oxyhydr)oxides,
thus inhibiting their reductive dissolution and the ability to
absorb As.24−26 Regarding pH, high pH favors the adsorption
of As(III) onto Fe(oxyhydr)oxides, and this adsorption
remains pH-independent within a range of 4.0−8.0,27 whereas
low pH favors the adsorption of As(V) onto Fe(oxyhydr)-
oxides (e.g., goethite and gibbsite).28 As for anions, Yi et al.9

reported that the competitive adsorption of phosphate resulted
in the increased concentration of As(V) in the shallow
groundwater.
Despite numerous studies on the mobilization of As in soils,

the redox-induced dynamics of As in naturally contaminated
karstic soil remains unclear. Furthermore, the widespread
conversion of upland soils into paddy fields, driven by the
demand for rice production stemming from population growth,
along with the consequent alterations in redox conditions and
biogeochemical factors, has the potential to impact the
biogeochemical cycle and release of As in soils.29 However,
the precise extent of this impact on As behavior is yet
unknown. To address this knowledge gap, we examined the

biogeochemical processes that govern As fate in an As-polluted
karstic soil across varying Eh. This knowledge will enhance our
ability to predict As leaching risks from soils prone to frequent
flooding under the scenario of climate change and aid in
developing strategies for managing As-polluted soils in karstic
regions globally.

■ MATERIALS AND METHODS
Description of Sampling Site. The soil sampling site is

located at the Laowanchang gold mining site within a typical
karst environment in Qinglong County, Guizhou province,
China, where rocky desertification accounts for almost 41% of
the total land area.30 The region contains abundant carbonate
rocks with an annual precipitation of 1532 mm.31 All of these
topographical characteristics are favorable for the leaching of
contaminants. The Laowanchang gold mine is a Carlin-type
gold deposit, characterized by Au−As−Hg−Sb−Tl mineraliza-
tion. Arsenic is present in soils at a concentration of up to 4000
mg kg−1, and leaching from soil is reported to be the important
pathway of groundwater contamination by As.3 Monitoring
work has recorded an As concentration 100 times greater in
groundwater connected to mineralization relative to a control
site in Qinlong County.31

Soil Collection and Characterization. A composite
surface soil sample (0−15 cm) was randomly collected from
a contaminated site at the Laowanchang gold mining site. Soil
samples were air-dried, crushed, and sieved for the
biogeochemical microcosm study. Soil pH and organic matter
content were determined using standard methods.32 Soil
carbonate content was quantified using a carbonate detector
(Eijkelkamp Agrisearch Equipment, The Netherlands). Sub-
samples were digested with aqua regia in a microwave system
(Milestone MLS 1200 Mega, Germany), and the digest
solutions were analyzed for S, calcium (Ca), Fe, manganese
(Mn), and As concentrations using ICP-OES. Water-soluble
As was extracted according to the method of Wang et al.3 Total
CaO, Al2O3, Na2O, K2O, MgO, and SiO2 in the original soil
were determined with an X-ray fluorescence spectrometer
(AxiosmAX, PANalytical B.V., The Netherlands). The general
physicochemical properties of the soil are provided in the
Supporting Information, Table S1. The distribution of As, Ca,
and Fe, the As valence state, and the mineralogical phase of the
original soil particles were investigated using synchrotron-
based X-ray fluorescence spectroscopy (μ-XRF), micro-X-ray
absorption near-edge structure (μ-XANES) spectroscopy, and
micro-X-ray diffraction (μ-XRD) at the 4-BM XFM beamline
of NSLS II. The analytical details and processing of spectral
data have been published elsewhere and are presented in the
Supporting Information, S1.1.33,34 For TEM-EDS analysis, the
original soil powders were dispersed with 50% ethanol,
mounted in a carbon-covered copper grid, and analyzed
using an analytical transmission electron microscope (Tecnai
G2 F20 S-TWIN TMP, FEI Co., America) coupled with
energy-dispersive X-ray (EDX) spectroscopy.
Biogeochemical Microcosm Experiment. We used a

well-developed biogeochemical microcosm system (MC) to
simulate the varied redox potential (Eh) conditions of soil. This
system includes a stirrer, an Eh-platinum (Pt) electrode, a pH
electrode, and a thermometer, and it is capable of simulating
oxic or anoxic environments by flushing with synthetic air/O2
or N2. The details of the calibration and measurement of pH,
Eh, and temperature sensors are presented in the Supporting
Information, S1.2. A portion of 210 g of air-dried soil and 1680
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mL of water were added to each MC. The concentration of
water-soluble As in the soil was 9.2 μM, which set as a base for
the dissolved concentration of As in the original soil before
changing of Eh and its induced potential changes in soil pH,
governing factors, and therefore the mobilization of As.
Approximately 15 g of powdered wheat straw and 10 g of
glucose were introduced into each MC to provide carbon
sources for microorganisms, thereby eliminating any potential
carbon-limitation effect. Glucose, being highly bioavailable, can
be rapidly utilized by microorganisms, providing an immediate
carbon source. Conversely, wheat straw, though less bioavail-
able than glucose, serves as a long-term carbon source for
microbial communities. The details of the system have been
published elsewhere.35

The lowest Eh value (close to −350 mV) was achieved after
65 h of reaction as a result of anaerobic microbial metabolism
(Figure S1). The Eh was then raised sequentially in 100 ± 20
mV increments by flushing with synthetic air (N2/O2, 79.5/
20.5 vol %) or O2. Once target Eh values were attained, the
system was flushed with N2 or synthetic air to maintain each Eh
window for about 48 h, after which time a soil suspension
sample was taken. In total, seven preset Eh windows
(treatments), including −300, −200, −100, 0, + 100, + 200,
and +300 mV, were set and sampled, and three independent
MC replicates were used for each treatment. The Eh and pH
data for each MC were logged every 10 min during the
experiment. The actual Eh ranged from about −350 to +310
mV (Figure S1), which covers Eh ranges recorded in the
environment.36,37 The pH−Eh plots for the three replicated
MCs are shown in Figure S1.
At sampling, about 80 mL of soil suspension collected from

each MC was transferred into two 50 mL centrifuge tubes in an
anaerobic glovebox under a 95% N2/5% H2 atmosphere (A35
anaerobic workstation, Don Whitley Scientific Limited, UK).
All soil suspensions were centrifuged at 5000 rpm for 10 min.
About 40 mL of supernatant was filtered through a 0.45 μm
pore-size membrane (Whatman, Inc.) in the anaerobic
glovebox to obtain the dissolved fraction (liquid phase).38

The liquid phase sample was divided into five subgroups for
total dissolved As, As speciation (As(III) and As(V)), total
dissolved Fe, dissolved organic carbon (DOC), and sulfate
analyses. Subsamples for As and Fe analysis were acidified to
2% by using trace metal-grade HNO3 prior to analysis.
The residual supernatant was filtered through an 8 μm pore-

size membrane in the anaerobic glovebox, and thereafter it was
subjected to ultracentrifugation at 14,000 g for 1 h
(CS150GXII, Hitachi, Ltd., Japan) to obtain the colloid
fraction (colloidal phase).39

The remaining soil solid samples after centrifugation and
filtration collected from triplicate MCs at each targeted Eh
window were mixed to generate one composite soil sample
(soil solid phase). Each composite was further divided into
four subgroups to determine the microbial community
composition, as well as As, sulfur (S), and iron (Fe) speciation.
Liquid Sample Analysis. DOC was analyzed using a C/N

analyzer (Analytik Jena, Jena, Germany), and sulfate was
measured using an ion chromatograph (Personal IC 790,
Metrohm, Filderstadt, Germany). Total As and Fe concen-
trations were analyzed by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (Ultima 2, Horiba
JobinYvon, Unterhaching, Germany), with As(III) and As(V)
concentrations determined using HPLC-ICP-MS.40

Soil Sample Analysis. Morphology and chemical
compositions of the colloidal phase were characterized with a
scanning transmission electron microscope (STEM, Hitachi
HD-2700, Hitachi High-Technologies Corp., Tokyo, Japan)
using the standard method.41

The solid phase of soil samples from Eh windows of −300,
−200, 0, + 300 mV, and the original soil were analyzed for As,
Fe, and S speciation. Samples were freeze-dried and mounted
onto sample holders by Kapton tape in an anaerobic glovebox
and analyzed for As K-edge XANES and Fe K-edge XANES at
beamline 07 A and beamline 17C, respectively, at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan, ROC. Sulfur speciation was analyzed at beamline
4B7A at the Beijing Synchrotron Radiation Facility (BSRF).
All XANES spectra data were processed through background
subtraction, normalization, and linear combination fitting
(LCF) using Athena software.42 The details for synchrotron
analysis are presented in the Supporting Information, S1.3−
S1.5.
Microbial Community Analysis. Total genomic DNA in

soil samples collected at different Eh windows (soil solid phase)
was extracted with a Fast DNA Spin kit (MP bio, Santa Ana,
USA) using the producer’s protocol. NanoDrop One (Thermo
Fisher Scientific, MA, USA) was used to examine the
concentration and purity of the extracted DNA (in 1% agarose
gels). The DNA extractant was diluted to 1 ppb if necessary.
The 16S rRNA genes of V4−V5 distinct regions were
amplified using 515F/907R primer pairs with a 12 bp
barcode.43 The detailed syntheses of primers and polymerase
chain reaction reactions, generation of sequencing libraries,
and data processing are presented in the Supporting
Information, S1.6.
Quality Control and Data Analysis. Triplicate/quad-

ruplicate measurements were adopted in each analysis.
Standard solutions (Merck) were employed to ensure high-
quality results. The reliability of methods for total As
concentration and speciation analysis was checked by
comparing the dissolved As concentration measured by ICP-
OES and summation of As(III) and As(V) determined by ICP-
MS; values were similar (Figure S2). IBM SPSS Statistics 23
(NY, USA) was used to perform statistical analyses. OriginPro
9.1 b215 (OriginLab Corporation, Northampton, USA) was
used to create figures.

■ RESULTS
Physical−Chemical Properties of the Soil. The studied

soil had organic matter and carbonate contents of 1.20 and
3.65%, respectively, and pH 8.68 (Table S1). The carbonate
was dominated by calcite, as characterized by powder X-ray
diffraction (XRD) analysis. Total contents of CaO, Al2O3,
Na2O, K2O, MgO, and SiO2 were 4.80, 19.0, 0.180, 1.50,
0.500, and 51.0%, respectively. The total Fe concentration in
the soil was 54,852 mg kg−1 (Table S1). The total S
concentration in the soil was 649 mg kg−1. Arsenic
concentration was 3651 mg kg−1, which was 36 times higher
than the risk intervention value for contaminated agricultural
soils defined by the Chinese government (GB15618-2018).
The water-soluble As concentration was 5.50 mg kg−1. The
mole ratio of total Fe to total As was 20. The high total and
water-soluble concentration of As in the studied soil indicates a
high potential for the loss of As from the soil to groundwater
and therefore high potential ecological and human health risks.
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TEM-EDS analysis was used to study the association of As
with minerals in the studied soil. Results showed that As
presents as calcite−clay−Fe−As, goethite−As−clay, and clay−
Mn−Fe−As assembles in the soil (Figures 1a−d and S3). μ-
XRF analysis further showed that the distribution of As has a
rather close association with Fe in spots 3−4 and spots 6−8
(Figure 1e) and also with Ca in spots 2 and 5 (Figure 1e). The
μ-XRD analysis showed the presence of goethite in spots 3−4
and 6−8 and calcite in spots 2 and 5 (Figures 1f,g and S4). μ-
XANES analysis showed that As(V) is the primary As
speciation in all spots 1−8 (Figure S5). Therefore, in the
studied soil, goethite and calcite appear to be the important
minerals that are associated with As(V) and thus could affect
its release and mobilization under Eh changes.
Arsenic and Biogeochemical Factors in the Soil

Liquid Phase. Flooding for 65 h lowered the slurry Eh from
about 120 mV to lower than −300 mV (Figure S1). Soil slurry
pH dropped rapidly after flooding and reached 6.2 at Eh of
lower than −300 mV. After sampling at the Eh of about −300
mV, soil Eh was increased to 100 mV increments to achieve the
highest value of about +300 mV after 420 h; further flushing
with O2 did not significantly increase the Eh greater than +300
mV. However, pH increased gradually with increasing Eh, and
it was greater than 8.0 at an Eh of +200 mV (Figure S1). The
decrease of pH at low Eh was in contrast to the generally
reported inverse relationship between the pH and Eh. We
attribute this discrepancy to the release of protons associated
with decomposition of the added glucose and wheat straw.44,45

The dissolved As concentration increased as the Eh
decreased, with high values (87−294 μM) recorded at Eh of
about −300 to 0 mV, while it obviously decreased to 17−26
μM at high Eh (+100 to +300 mV) (Figures 2 and S1). The
speciation of As was quantified as As(V) and As(III), with
negligible organic As complexes (e.g., monomethylarsonic
acid) detected (Figures 2 and S1). As(III) concentrations
(76−280 μM) accounted for 87−99% of the total As at the Eh

Figure 1. (a, c) Bright-field TEM image of the original soil particles. (b) HR-TEM images of goethite. (d) TEM-EDX spectrum of the analyzed
particles (marked with cycles in the TEM images). Tables show the weights of elements of the particles analyzed by TEM-EDS. (e) μ-XRF images
of the As, Fe, and Ca distribution in the original soil particles. (f, g) μ-XRD spectra of the spots p2 and p3.

Figure 2. Dynamic of total As, As(V), As(III), and the dissolved Fe
concentrations in the soil liquid phase as a function of Eh changes.
Error bars represent the standard deviation from three replicates. Pie
charts above each error bar indicate the proportion of As(V) and
As(III) in the soil liquid phase.
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zone of −300 to 0 mV (Figures 2 and S1). The raising of Eh
over +100 mV decreased As(III) to 0.07−8.5 μM but
increased As(V) (Figures 2 and S1, 17−19 μM, 68−99% of
the total As).
The dissolved Fe concentration (14−29 μM) at the Eh zone

of −300 to −200 mV was 41−82 times higher than that at Eh
−100 to +300 mV (0.36−1.6 μM) (Figures 2 and S1). It
decreased rapidly for Eh greater than −100 mV (Figures 2 and
S1). The dissolved Ca concentrations at the Eh zone of −300
to −100 mV were 9.0−14.8 mM, and they began to decrease at
an Eh of 0 mV and reached the lowest value at an Eh value of
+200 mV (Table S2). Sulfate concentrations decreased as a
function of Eh, with the highest value at an Eh of −200 mV
(0.73 mM) and the lowest value presented at an Eh of +200
mV (0.33 mM) (Table S2). The concentration of dissolved Cu
showed a different response to changing Eh compared with that
of Fe and Ca (Table S2). It was at a maximum across the Eh
range of +100 to +300 mV (0.47−0.57 μM), followed by −300
to −200 mV (0.07−0.09 μM), and was the lowest for the range

of −100 to 0 mV (<0.01 μM). DOC concentration is Eh-
dependent, and it decreased with increasing Eh (Table S2).
Arsenic in the Colloidal Phase. We performed SEM-

EDX analysis of the colloids collected at Eh values of −300, 0,
and +300 mV (Figures 3 and S6). There was a similar
distribution pattern between Ca and O in the colloids collected
at different Eh windows (Figures 3 and S6), indicating the
presence of calcium carbonate. Also, there was a similar
distribution pattern between Fe and As at Eh values of 0 mV
and 300 mV and between Cu and S at an Eh value of 0 mV
(Figure 3, marked with the white dashed circles), suggesting
the adsorption of As onto Fe oxides and the formation of CuS
in the colloids. The similar distribution among Ca, Si, and Al
might indicate the presence of calcium aluminum silicate.
Redox Chemistry of Arsenic, Iron, and Sulfur in the

Soil Solid Phase. Arsenic speciation in the original soil and
the soil solid phase collected at Eh values of −300, −200, 0,
and +300 mV was analyzed with As K-edge XANES
spectroscopy (Figure 4a). Principal component analysis and

Figure 3. Environmental scanning electron microscope (ESEM) images of the colloids collected at the predefined Eh of −300 mV, 0 mV, and +300
mV, and ESEM-energy-dispersive spectroscopy (EDS) digital images of silicon (Si), calcium (Ca), copper (Cu), manganese (Mn), iron (Fe),
arsenic (As), aluminum (Al), and sulfur (S). The white dashed circles indicate a similar distribution pattern of Fe and As at the predefined Eh values
of 0 and +300 mV. The ESEM images of other elements are shown in Figure S6. % means the mass weight ratio of the element of the analyzed
sample. Note: We did not detect As in the colloid at the predefined Eh of −300 mV, and Mn at both 0 and +300 mV.

Figure 4. (a) Arsenic K-edge XANES spectra and (b) iron K-edge XANES spectra of the original soil and the soil solid phase collected at
predefined Eh of −300, −200, 0, and 300 mV. (c) Sulfur K-edge XANES spectra of the original soil and the soil solid phase collected at predefined
Eh of −300 and 0 mV. The different proportions of As, Fe, and S obtained from the LCF at different Eh windows were labeled adjacent to each
spectrum. Go means goethite, and Fh means ferrihydrite. Solid lines represent the spectra of soils and standards, while gray or green dashed lines
represent the LCF curves.
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LCF indicated that XANES spectra of As could be
reconstructed using XANES spectra data for Fe(oxyhydr)-
oxide-bound As(V) and As(III) (Table S3). Arsenic in the
original soil was characterized as 86% As(V) and 14% As(III).
Flooding of soil (−300 mV) led to a reduction in the
proportion of As(V) to 64% and an increase in the As(III)
proportion to 36% (Figure 4a). A gradual increase of Eh to
−200 mV decreased the proportion of As(V) to 56% and
increased As(III) to 44% (Figure 4a). It appears that the low
Eh windows are favorable for the conversion of As(V) to
As(III). Further increase in Eh to 0 mV increased the
proportion of As(V) to 64%; however, there was no more
change in relative speciation as the Eh increased to +300 mV.
Iron speciation in the original soil and soil solid phase

collected at Eh values of −300, −200, 0, and +300 mV were
analyzed with Fe K-edge XANES spectroscopy (Figure 4b and
Table S4). Relative Fe speciation in the original soil was 65%
goethite and 35% ferrihydrite. The dominance of goethite was
consistent with our μ-XRD result. The relative proportion of
ferrihydrite decreased to 22−28% at Eh of −300 to 0 mV. This
decrease in ferrihydrite was associated with an increase in the
abundance of goethite (72−78% at Eh of −300 to 0 mV),
accounting for nearly all of the change in ferrihydrite. This
phenomenon is likely due to the recrystallization of ferrihydrite
to goethite. The relative abundance of ferrihydrite increased
slightly at an Eh over 0 mV and then remained relatively
consistent between 0 and +300 mV.
Sulfur speciation in the original soil and in the soil solid

phase collected at the predefined Eh of −300 and 0 mV was
analyzed with S K-edge XANES spectroscopy (Figure 4c and
Table S5). The relative speciation of S in the original soil was
54% S2+, 33% S6+, and 13% zerovalent sulfur (S0). Changes in
S speciation were redox-dependent. Flooding of soil to an Eh of
−300 mV decreased the proportion of S6+ to 25% and
increased S0 to 22%. The subsequent increase of Eh to 0 mV
decreased the proportion of S0 to 11% and increased S6+ to
41%. The proportion of S2+ remained relatively stable (48%−
53%) throughout the studied Eh zones (−300 to 0 mV).
Key Microbial Community Composition in the Soil

Solid Phase. Among the identified bacteria, Bacillus spp.,
Clostridium spp., Desuf itobacterium spp., Pseudomonas spp., and
Stenotrophomonas spp. are likely to be involved in the
transformation of As in our soil (Figure S7). The relative
abundance of Clostridium spp, Desulf itobacterium spp, and
Bacillus spp. was greater in the anaerobic environment and
reduced with increasing Eh (Figure S7). In contrast,
Pseudomonas spp. and Stenotrophomonas spp. had a greater
relative abundance at high Eh windows. Both Desuf itobacterium
spp. and Pseudomonas spp. showed lower relative abundance
than Bacillus spp., Clostridium spp., Achromobater spp., and
Stenotrophomonas spp.

■ DISCUSSION
Mechanism of Arsenic Desorption and Reduction in

the Soil. A minor amount of As(III) as determined by bulk
XANES in the original soil was likely due to the formation of
bidentate binuclear surface complexes on iron oxides (e.g.,
goethite), which protected As(III) from oxidation.46,47 It was
reported that the complexation of As(III) on the surface of
goethite could yield an average As(III)−Fe interatomic
distance of 3.378 ± 0.014 Å, which is indicative of bidentate
binuclear bridging As(III) complexes on the α-FeOOH
surface.47 However, the μ-XANES analyses did not detect

As(III) presumably due to the spatial heterogeneity of the
studied soil. In addition to Fe(oxyhydr)oxides (Figure 1e−g),
a close association of As(V) and calcite was observed, which
was in line with a previous report that calcite preferentially
immobilized As(V) through sorption or coprecipitation
processes.48 The original soil exhibited an Fe/As mole ratio
of 20, surpassing the previously recorded range in sediments
(0.3−1.1),49,50 where Fe oxides have been shown to efficiently
scavenge dissolved As from the liquid phase. The Fe/As ratio
in our soil is therefore expected to characterize the ability of
the soil to scavenge As. Nevertheless, the water-soluble As
concentration was unexpectedly high at 5.5 mg kg−1, likely due
to the alkaline pH, which impairs the chemisorption of As(V)
and diminishes the binding affinity of Fe oxides.51

The recorded dissolved As concentrations during redox
changes in the MCs (87−294 μM) were 9−32 times higher
than the water-soluble As concentration (9.2 μM) in the
original soil (Figure 2). This substantial difference provides
compelling evidence that As-bearing minerals play a significant
role in As mobilization (reductive, proton, and ligand). A
significant positive correlation between the dissolved Fe and
dissolved As concentrations suggested the promotion of As
mobilization via the dissimilatory reduction of As-bearing Fe
minerals (Figure 5a). Both ferrihydrite and goethite are present

in our soil, and the fractional amount of ferrihydrite decreased
significantly at an Eh of −300 mV compared to the original soil
(Figure 4b). This is because the high surface area and great
reactivity of ferrihydrite (ΔGrxn = −43 kJ mol−1) made it more
thermodynamically favorable for dissimilatory reduction than
goethite (ΔGrxn = −6.4 kJ mol−1).52 Additionally, the reductive
dissolution of ferrihydrite can also occur via a sulfide-catalyzed
reaction under sulfidogenic conditions (eq 1).53 We expected
the occurrence of this reaction in the soil at low Eh windows, as
supported by the presence of the significant amount of S0 at an
Eh value of −300 mV compared to the original soil (increased
by 9%) (Figure 4c and Table S5).

2Fe(OH) HS 5H 2Fe S 6H O3
2 0

2+ + + ++ +
(1)

In addition to the reductive dissolution of Fe oxides, the
dissolution of calcite also contributes to As mobilization. As
shown in Figure 1e−f, some As were associated with calcite in
the soil. The low pH at an Eh value of −300 mV of the soil
shall facilitate the dissolution of calcite, leading to the release
of Ca and As associated with calcite. This is supported by the
positive correlation between dissolved Ca and dissolved As in
the soil liquid phase (Figure 5b, R2 = 0.77, p < 0.001).
Arsenic was primarily present as As(III) in the soil liquid

phase at low Eh windows (−300 to 0 mV) (Figure 2). This
could be due to the desorption of As(III) from the soil As(III)
pool and the reduction of soil As(V). Since the original soil

Figure 5. (A) Relation between the dissolved Fe and As, and (B) the
dissolved Ca and As in the soil liquid phase across the Eh zones. n =
21.
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contains As(III), it is possible that the desorption of labile,
outer-sphere As(III) complexes and complexes located on
exterior surface sites might be contributing to As(III) in the
soil liquid phase. Assuming that As(III) desorption was
predominant in the soil, the proportion of As(III) should
have decreased. In reality, the proportion of As(III) in the soil
at an Eh of −300 mV increased by 22% compared to the
original soil (Figure 4a and Table S3). Therefore, the
contribution of As(III) desorption from the soil As(III) pool
is relatively minor. Alternatively, the reduction of soil As(V) is
expected to be the dominant process affecting aqueous As(III)
in the soil. Certain bacteria belonging to the genera Bacillus,
Clostridium, Desulf itobacterium, and Pseudomonas possess
arsenate reductase, an enzyme capable of catalyzing the
reduction of As(V).54 This reduction occurs subsequent to
the diffusion or uptake of As(V) into the cytoplasmic space.
Consequently, the reduction of As(V) takes place after its
liberation from Fe(oxyhydr)oxides. Notably, this desorption
and reduction process is remarkably swift, as evidenced by the
negligible levels of As(V) detected in the liquid phase of the
soil after just 48 h of incubation (Figure 2).
Sequestration of Arsenic by Fe(oxyhydr)oxides. The

variation of Eh resulted in the change of the relative proportion
of ferrihydrite and goethite in the soil solid phase (Figure 4b
and Table S4). We attributed this phenomenon to the
recrystallization of ferrihydrite to goethite catalyzed by Fe(II).
The Fe2+-catalyzed transformation of ferrihydrite to goethite is
rapid under room temperature, achieving a conversion rate
constant of 4.0 × 10−5 1/s at 21 °C.55 Further, the increase in
reaction temperature can increase the constant by orders of
magnitude. Hansel et al.56 found that the presence of 40 μM
Fe2+ resulted in a 90% conversion of 2-line ferrihydrite to
goethite and lepidocrocite within 120 min under advective flow
conditions. Further, the recrystallization of Fe oxides can be
enhanced by carbonate,57 which presented in our soil. Fe(II)
was utilized during the recrystallization of the Fe phase, and
thus its availability was reduced.58 Generally, the concomitant
release of both Fe and As via the dissimilatory reduction of As-
bearing Fe(oxyhydr)oxides typically results in a high Fe/As
mole ratio in solution, consistent with the Fe/As ratio of the
solid (or surface layers). For example, Fe/As mole ratios
ranging from 154 to 669 were observed in solutions from As-
contaminated soil (with a total Fe content of 32.1 g kg−1 and a
total As content of 164 mg kg−1) collected from Zhejiang
province in China.59 Our soil solid phase had an Fe/As mole
ratio of 20, but that in the liquid phase was only 0.01−0.1
(Figure S8), proving a significant elimination of aqueous
Fe(II).
Further, the microaerophilic conditions promote Fe

precipitation.60 As the Eh of the soil exceeded −200 mV, the
pH shifted toward alkalinity, resulting in the oxidation of
Fe(II) and its subsequent precipitation as Fe(oxyhydr)oxides,
thus eliminating its availability. The XANES results showed a
slight increase of ferrihydrite by 6% in the soil solid phase at an
Eh of 0 mV relative to −300 mV (Figure 4b). The newly
formed Fe(oxyhydr)oxides (likely as ferrihydrite) can sorb As,
as further confirmed by the coprecipitation of Fe and As in the
colloids at Eh ≥ 0 mV (Figure 3).
The variation of As speciation in the soil solid phase as a

function of Eh corroborated the liquid phase data (Figures 4a
and 2). The proportion of soil As(III) (bound with
Fe(oxyhydr)oxides) increased by 22% at an Eh of −300 mV
(Figure 4a and Table S3), corresponding to the highest

concentration of As(III) in the soil liquid phase (280 μM)
(Figure 2). It appears that most of the mobilized As(III) was
retained by Fe(oxyhydr)oxides, while the remaining As(III)
entered the soil liquid phase. Binding of As(III) by
Fe(oxyhydr)oxides was noticeable under neutral to alkaline
conditions.51 Further, it has been reported that the
recrystallization of Fe(oxyhydr)oxides (e.g., from ferrihydrite
to goethite) can lead to the incorporation of As(III) into
secondary Fe oxide minerals.61 The extent to which As(III) is
retained in these secondary Fe oxides will depend on their
specific properties. For example, the newly formed siderite or
green rust is less efficient in binding As than goethite or
magnetite.61,62 Here, the newly formed goethite, resulting from
the recrystallization of ferrihydrite upon the onset of reducing
conditions (−300 to −200 mV), might sorb As(III). This
finding further confirms the previous result, obtained based on
the desorption of As from ferrihydrite-coated sands presorbed
with As(III), that the retention of As(III) only depends on the
recrystallization of ferrihydrite to goethite or magnetite.63

Additionally, the labile carbon plays a critical role in the
adsorption of As(III) by the secondary ferrous/ferric phases.
The limited amount of labile carbon can restrain the
microbially mediated Fe(oxyhydr)oxide reduction, leading to
the poor retention of As(III) through the newly formed Fe
oxides. Here, glucose and wheat straw were added to the
microcosms to prevent any carbon-limitation effect on
microbial growth. The stimulation of microorganisms could
have increased the Fe(oxyhydr)oxide reduction rate, promot-
ing the retention of As(III) by the newly formed ferric phases
(e.g., goethite).64 The retention of As(III) by the “old” ferric
phases (e.g., original goethite) in our soil is expected to be of
minor importance. This is due to their association with
aggregates of organic matter, CaCO3, and clay minerals
(Figure 1a−c), which, in turn, decreases the surface area of
Fe(oxyhydr)oxides, ultimately restricting the adsorption of
As(III).
The proportion of As(III) bound to Fe(oxyhydr)oxides

remained relatively constant across a range of Eh values from
−200 to +300 mV (Figure 4a and Table S3), suggesting the
persistent presence of As(III) in the soil. It appears that As(III)
bound to the newly formed ferric phase was resistant to
oxidation. We proposed that the newly formed ferric phase
might adsorb/incorporate As(III), thereby shielding it from
oxidation. Zhang et al.65 found that about 50−90% of the
added As(III) and As(V) became more stable during the
Fe(II)-catalyzed recrystallization of As-adsorbed ferrihydrite.
They attributed this phenomenon to the incorporation of As
into the structure of the crystallized products.
Microorganisms Responsible for Arsenic Transforma-

tions. Bacillus spp., Clostridium spp., Desuf itobacterium spp.,
and Pseudomonas spp. are important in the transformation of
As in the soil (Figure S7). Bacteria belonging to Bacillus spp.
(e.g., B.selenitireducens strain MLS10),66−69 Clostridium spp.70

(e.g., Clostridium spp. CN, Sulfurospirillum arsenophilum),71,72

Desuf itobacterium spp.,73−76 Pseudomonas spp. (e.g., APSLA3
and MP1400),77,78 and Geobacter spp. possess the ability to
reduce both As(V) and Fe(III). These bacteria, capable of
reducing As(V), express the arsenate reductase gene,79 which is
located in the outer membrane and periplasm of bacteria.80,81

Some bacteria belonging to Stenotrophomonas have been
documented as an As(III) oxidizer.82 Stenotrophomonas
exhibited a high relative abundance at high Eh windows
(+100 to +300 mV). Thus, it is likely to play a role in As(III)
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oxidation in our soil under high Eh. It should be noted that the
potential As(V) reducers such as Pseudomonas spp. exhibited a
considerable relative abundance within high Eh windows, but
they unlikely promoted the As(III) level because of its
oxidation to As(V) via both microbial (e.g., Stenotrophomonas)
and abiotic processes.
Effect of DOC and Sulfate on Arsenic Mobilization

and Sequestration. The highest DOC concentration
presented at low Eh windows was attributed to the
decomposition of straw as well as the interaction of glucose
itself. The continuous decrease of DOC as a function of Eh was
likely due to both microbial consumption and the adsorption
onto Fe(oxyhydr)oxides.39,83 The presence of higher dissolved
As and DOC at low Eh zones is consistent with the hypothesis
that organic carbon promotes the microbially mediated
reductive dissolution of As. Further, a significant positive
correlation between DOC and dissolved As/dissolved Fe
(Figure S9) suggests that DOC may promote As desorption by
inducing Fe oxide dissolution.84 Further, the aromatic and
terrestrially derived fulvic acid of DOC can enhance As
mobilization by promoting As−Fe−DOC complexation
reactions.85

The higher sulfate concentration in the liquid phase
presented lower Eh values (Table S2). We attributed this
phenomenon to the fact that the reductive dissolution of
Fe(oxyhydr)oxides (e.g., ferrihydrite) liberated the associated
sulfate. The slight decrease of the fractional amount of sulfate
(S6+) in the soil at an Eh of −300 mV compared to the original
soil further supported the liberation of sulfate from soil
Fe(oxyhydr)oxides (Figure 4c). At a high SO4

2− concentration
(∼70 mg L−1) and pH value greater than 5.0, the dissimilatory
reduction of SO4

2− can competitively inhibit the reduction of
As(V) and Fe3+.83,86 This is particularly the case when the
Gibbs free energy change (ΔG0) for dissimilatory sulfate or Fe
oxide reduction is equally favorable.87 Preferential or
concurrent SO4

2− reduction may preserve the sorbed As(V)
and prevent its release.83 Given that the sulfate concentration
was approximately 0.63−0.73 mM in the soil liquid phase at
the Eh zone of −300 ∼ −200 mV and pH > 6.5 (Figure S1 and
Table S2), it is likely that the dissimilatory reduction of SO4

2−

had an impact on Fe oxide reduction, which subsequently
influenced As release. Sulfide can bind with As(III)/As(V) to
form As2S3 and arsenian pyrite.

88,89 In the soil solid phase, we
failed to detect As2S3 and arsenian pyrite using XANES
spectroscopy (Figure 4a), which indicates a minor effect of
sulfide on As. This is likely due to the consumption of sulfide
within various biogeochemical reactions during redox
changes.90 As mentioned earlier, the sulfide-catalyzed reductive
dissolution of ferrihydrite utilizes sulfide for the production of
S0 and Fe2+. The occurrence of this reaction in our soil was
confirmed by the presence of S0 (Figure 4c). Further, the
presence of CuS in the colloid at an Eh of 0 mV suggested the
scavenging of sulfide through binding to Cu2+ (Figures 3 and
S6).
Environmental Implication. Soils and sediments contain

abundant Fe(oxyhydr)oxides, which primarily control the
geochemical behavior of As. The abundance and types of
Fe(oxyhydr)oxides and the reductive dissolution ability of
Fe(oxyhydr)oxides strongly affect the desorption of As,
etc.91,92 In a typical karstic soil highly contaminated with As,
besides Fe(oxyhydr)oxides, it possesses abundant carbonate
minerals (e.g., calcite), which can serve as an As reservoir via
incorporation of both As(V) and As(III) into calcite crystals or

be incorporated during calcite growth.93 Both the reductive
dissolution of Fe(oxyhydr)oxides and acidic dissolution of
calcite led to the release of As(V) followed by its reduction to
As(III) under anaerobic conditions. Most of the mobilized
As(III) was sequestered by the recrystallized Fe(oxyhydr)-
oxides (e.g., goethite). The recrystallization of ferrihydrite into
more stable Fe(III) oxides (e.g., goethite) appears to be an
important sequestration mechanism for As(III) in karstic soil.
It should be noted that although most As(III) was sequestered
by the ferric phases, As(V) reduction still triggered a significant
release of As(III) into the soil liquid phase upon flooding. The
dissolved As(III) concentration (14.4−22.7 mg L−1) under low
Eh windows (−300 to −100 mV) was almost 3 orders of
magnitude higher than the maximum allowable As concen-
tration in the drinking water (0.01 mg L−1) as defined by the
World Health Organization and approximately 3-fold over the
toxicity characteristic leaching procedure limit (5 mg L−1).
Our findings are fundamental for assessing the environ-

mental risks associated with As contamination in soils across
global karst regions, encompassing southwestern China,
southeastern Asia, the Mediterranean, and North America.
An environmental hazard stemming from As in flooded or
anaerobic soils, specifically in karst regions with exogenous
carbon inputs, is particularly pronounced when As has the
potential to readily infiltrate groundwater via pipes, cracks,
vents, and sinkholes.94 In the context of climate change, our
research highlights flooding and the leaching of soil carbon
from straw decomposition and dead plant matter as the
primary drivers of As mobilization in karstic soils.
Also, our findings provide valuable insights into practical

strategies for managing As risks. We advise against
transitioning from dry cropping or pasture to paddy rice
production in karst regions as this can potentially reduce the
redox potential. Also, the change of cropping system from
water-lodged rice to ridge-cultivated rice can increase the redox
potential of soil, leading to the decrease of As mobility.95

Moreover, the amendment of oxygen-based amendments such
as hydrogen peroxide can also be an option to increase the
redox potential of soil.96 By enhancing the Eh value, over 90%
of soluble As in the soil solution can be removed through
mechanisms such as coprecipitation/adsorption with Fe-
(oxyhydr)oxides. This presents a promising strategy for
mitigating the risk of As leaching into groundwater through
the application of Fe-based amendments. Future research is
crucial to monitor the behavior of As and its governing factors
in karstic soils under natural conditions as well as to assess the
effectiveness of Fe-based amendments in minimizing the risk of
As contamination in groundwater.
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