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Abstract
Purpose High arsenic (As) mobility in anaerobic paddy soil
due to microbial Fe- and As-reducing processes results in As
accumulation into rice plants. Sulfur (S) also undergoes mi-
crobial reducing processes in the anaerobic paddy soil, while
this process interacts with the Fe- and As-reducing processes,
forms secondary minerals, and thus influences As mobility in
paddy soil. This work was carried out to investigate the role of
sulfur and sulfate-reducing bacteria (SRB) in As redox trans-
formation and bioavailability to rice plant in an anaerobic
paddy soil.
Materials and methods Anaerobic incubation experiments
with or without sulfate (SO4

2−) and SRB were carried out to
monitor S and iron (Fe) dynamics and their relations to As
speciation and release to soil solution. Rice cultivation in pot
experiment was then carried out to check the SO4

2− amend-
ment in bioavailability and uptake into rice plants.
Results and discussion The inoculation of an enriched SRB
community into the sterilized paddy soil increased reduction
and release of As to the soil solution after flooding, showing
its ability in arsenate (As(V)) as well as SO4

2− reduction to

arsenite (As(III)) and sulfide (S2−), respectively. Sulfate addi-
tion (2 and 100 mM) into the anaerobic paddy soil increased
the reduction of SO4

2− and ferric iron (Fe3+) and resulted to
lower dissolved As in the soil solution, which limited As mo-
bility in the paddy soil. Application of SO4

2− (100 mg kg−1)
into paddy soil finally decreased the concentration of dis-
solved As in the soil solution by 23.5 % and also decreased
As content in rice roots and iron plaque by 22.6 and 30.5 %,
respectively.
Conclusions The results revealed the important role of sulfur
and the SRB activity in As speciation and mobility in anaer-
obic paddy soil, implying a lower As bioavailability to rice
plants under sulfur-enriched anaerobic paddy soil, and an ef-
ficient way to reduce As accumulation in rice plants by sulfur
fertilization in paddy soils.

Keywords Arsenic .Oryza sativaL. (rice) . Paddy soil .

Sulfur . Sulfate-reducing bacteria

1 Introduction

Arsenic is a ubiquitous environmental contaminant and a no-
torious carcinogen posing both acute and chronic adverse ef-
fects on human health mainly through ingestion of contami-
nated water and rice (Zhu et al. 2008a; Rahman et al. 2009; Li
et al. 2011). Large areas of farmland have been contaminated
by arsenic (As) due to the irrigation with As-enriched ground-
water or the contamination bymining and other activities (Zhu
et al. 2008b; Smith et al. 2000; Li et al. 2011). In paddy soils,
As is released into soil solution mainly in the form of arsenite
(As(III)), by As-reducing bacteria and by the reductive disso-
lution of iron oxyhydroxides which reduces the binding sites
of As on minerals (Stroud et al. 2011; Xu et al. 2008). Elevat-
ed concentration of As(III) in the soil solution under anaerobic
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condition provides As sources to rice plants (Roberts et al.
2010; Jia et al. 2014). Also, rice absorbs As(III) more effi-
ciently than other cereal crops because of its strong silicon
uptake pathway which also allows the quick uptake of As(III)
(Ma et al. 2008; Su et al. 2010). Thus, rice is the major As
exposure route for people living in Southeast Asia where the
paddy soil is As contaminated and rice is the major food
source (Mondal and Polya 2008; Zhu et al. 2008a; Li et al.
2011).

It is likely that As shares similar microbial redox transfor-
mations with sulfur (S) (Fisher et al. 2008). The reduction of
arsenate (As(V)) to As(III) and reductive dissolution of iron
oxyhydroxides facilitate As release from soil iron
oxyhydroxides to the soil solution (Poulton et al. 2004; Hoeft
et al. 2004).Microbially mediated reduction of sulfate (SO4

2−)
in the anaerobic soil interacted with changes in speciation and
mobility of Fe and As (Wilkin et al. 2003). Bacterial SO4

2−

reduction to sulfide (S2−) can immobilize As by facilitating the
precipitation of As sulfide and Fe sulfide minerals. The report-
ed iron and arsenic sulfide secondary minerals included
mackinawite, siderite, orpiment, and thioarsenites (Kirk et al.
2004; Fisher et al. 2008; Burton et al. 2013, 2014). It is re-
ported that microbial SO4

2− reduction leads to lower concen-
trations of porewater Fe(II) and As in a flooded soil, as a result
of mackinawite formation and As co-precipitation (Burton
et al. 2014). Furthermore, As(III)–mackinawite interactions
led to the formation of an orpiment (As2S3)-like species dur-
ing reduction of As(V)-co-precipitated schwertmannite (Bur-
ton et al. 2013, 2014). The extent and strength of As sorption
to Fe sulfides depend on aqueous As speciation (Bostick and
Fendorf 2003; Jönsson and Sherman 2008; Couture et al.
2013) and iron sulfide mineralogy (Gallegos et al. 2007;
Jönsson and Sherman 2008; Renock et al. 2009; Couture
et al. 2013). Ultimately, the interactions of these redox trans-
formations determine how sulfate reduction affects As mobil-
ity, considering the various sequestration and mobilization
processes. Microbial sulfate reduction is thus expected to also
play a significant role in determining As transformation and
mobility in the paddy soils, but limited researches have done
related to sulfate reduction and As mobility in the paddy soil
considering As uptake into rice plants.

The reduction of As, Fe, and S coexists in the As-
contaminated anaerobic paddy soil and is influenced by
different microbial and physico-chemical factors. These
processes interact with each other and together determine
the transformation and mobility of As in the soil. In this
study, incubation experiments and pot experiment were
therefore conducted to elucidate the potential coupling of
these redox processes in the paddy soil. The role of sulfur
and sulfate-reducing bacteria (SRB) on As transformation
and mobility in the paddy soil was investigated to elucidate
As transformation in paddy soil and its bioavailability to
rice plants.

2 Materials and methods

2.1 Anaerobic incubation of paddy soil with SO4
2−

addition

The soil was collected from the plow layer of a paddy field
near a mine from Chenzhou, Hunan province of China, with
the As concentration of 69.6 mg kg−1. The soil contained
2.98 g kg−1 total N, 0.67 g kg−1 total P, 8.8 g kg−1 total K,
30.8 g kg−1 total Fe, and 0.32 g kg−1 total S, and had a pH
value of 6.77. One-hundred grams of dry soil was weighted
into serum bottles, added with 100 mL sterilized water, and
then sealed with butyl rubber stoppers and aluminum caps.
Three treatments were set: without SO4

2− addition (0 mM);
addition of 2 mM kg−1 SO4

2− (Na2SO4) to the soil (2 mM);
and addition of 100 mM kg−1 SO4

2− to the soil (100 mM),
each with four replicates. The bottles were then incubated in
an anaerobic cabinet (Concept 400, Ruskin, UK) at a temper-
ature of 37 °C. Soil solution was extracted with sterile serum
during the incubation time of 90 days and passed through a
0.2-μmmembrane. Concentrations of S2− and Fe2+ were mea-
sured immediately after sampling. Soil solution was then
stored at −20 °C for further determination of total As concen-
tration and As speciation.

2.2 Anaerobic incubation of paddy soil with SRB

An anoxic medium was used for enrichment of SRB from the
fresh paddy soil. The medium contained (g L−1) K2HPO4 0.2,
MgSO4·7H2O 0.2, (NH4)2Fe(SO4)2·6H2O 0.2, Na2SO4 4.0,
CaCl2·2H2O 0.5, yeast extract 1.0, vitamin C 0.2, sodium
thioglycolate 0.1, and sodium lactate 3.5. The pH of the me-
dium was adjusted to 7.2 with NaOH solution. The medium
was autoclaved and cooled to room temperature under an at-
mosphere of N2/CO2 (90/10, v/v). Fresh paddy soil samples
(5.0 g) were weighted into 100 mL anoxic water and mixed
homogeneously, and then 5 mL of suspension was added to
the serum bottle containing 50 mL medium and then incubat-
ed at 30 °C in the dark. New cultures were inoculated with
10 % in a column (v/v), and a culture with a stable SRB
community was obtained after 15 transfers (Bao et al. 2012).

One-hundred grams of paddy soil was filled to the serum
bottles, added with 100 mL sterilized water, and then sealed
with a butyl rubber stopper and an aluminum cap. The bottles
with paddy soil were then sterilized at 121 °C for 30min. Four
treatments were set: without SO4

2− addition and without SRB
addition (−S-SRB); without SO4

2− addition and with SRB
addition (−S+SRB); with SO4

2− addition and without SRB
addition (+S-SRB); and with SO4

2− addition and with SRB
addition (+S+SRB), each with four replicates. Sulfate addi-
tion into the bottle was 20 mM kg−1 in the treatments with
SO4

2−, and the incubation of SRB from the enrichment solu-
tion was 2 mL in volume. Treatments without SRB were
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added with 2 mL sterilized enrichment solutions. The soil
solution was extracted with a sterile syringe during the incu-
bation time and passed through a 0.2-μm membrane
(Millipore, USA). The concentrations of S2−, Fe2+, and As;
soil pH; and Eh were then determined.

2.3 Rice cultivation

Phosphorus as CaHPO4·2H2O at 0.15 g P2O5kg
−1, potassium

as KCl at 0.2 g K2O kg−1, and nitrogen as CO(NH2)2 at
0.2 g N kg−1 (as solutions) were added to the air-dried soil.
The soil was mixed with SO4

2− at two levels: 0 and
100 mg kg−1, mixed throughout and transferred into PVC pots
(each of 1 kg soil).

Seeds of rice (Oryza sativa) were soaked in 1 % NaClO for
15 min, washed several times with double-distilled water, and
germinated in perlite. The healthy and uniform-sized seed-
lings were selected and randomly transplanted to PVC pots,
with one plant in each pot. The four treatments were as fol-
lows: −S-R (without sulfur addition and without rice plant), +
S-R (with sulfur addition and without rice plant), −S+R (with-
out sulfur addition and with rice plant), and +S+R (with sulfur
addition and with rice plant), each of four replicates. A soil
solution sampler (Rhizon Soil Moisture Samplers, Rhizo-
sphere Research Products, The Netherlands) was placed in
the center of each pot, and the soil solution was timely sam-
pled, passed through a 0.45-μm filter, and maintained in a
HNO3 concentration of 1 % for further determination of
Fe2+, As speciation, and total As concentration. Redox poten-
tial (Eh) in the soil was measured timely using Pt electrodes
with Ag/AgCl as the reference electrode. After growth for
110 days, rice plants were harvest for determination of dry
biomass and As content.

2.4 Determination of Fe2+, S2−, and As concentrations

Concentrations of Fe2+ in the soil solution were determined by
a spectrophotometer according to the reported method (Huang
et al. 2012). Concentrations of S2− were measured using the
spectrophotometer method immediately after sampling of the
soil solution (Cord-Ruwisch 1985). Arsenic speciation in the
soil solution was determined by high-performance liquid
chromatography–inductively coupled plasma mass spectrom-
etry (HPLC–ICP-MS) (Agilent 1200 and Agilent 7500,
Agilent Technologies, USA), and total As concentration was
determined by ICP-MS (Agilent 7500, Agilent Technologies,
USA). Arsenic speciation was separated by a PRP-X100 an-
ion exchange HPLC column (150×4.1 mm, Hamilton, Neth-
erlands) under the solution of 7.0 mmol L−1 (NH4)2HPO4 and
7.0 mmol L−1 NH4NO3 (pH=6.2). Roots were incubated in
DCB (dithionite–citrate–bicarbonate) solution for the extrac-
tion of iron plaques on the root surface (Taylor and Crowder
1983; Liu et al. 2004). Arsenic concentration in the iron

plaque extraction solution was determined by ICP-MS
(Agilent 7500, Agilent Technologies, USA). After DCB ex-
traction, roots and shoots were frozen dried, grinded to pow-
der, and stored at −80 °C in a refrigerator. The total As con-
centration in shoots and DCB extracted roots was digested in
HNO3 using a microwave digestion system (MARS, CEM
Microwave Technology Ltd., USA) and determined using
ICP-MS (Sun et al. 2008).

3 Results

3.1 Dynamics of S2−, Fe2+, and As under the addition
of SO4

2−

Addition of SO4
2− into the paddy soil altered the dynamics of

S, Fe, and As in serum incubation experiment 1 (Fig. 1). Sul-
fide concentrations increased in the first 40 days and then
decreased later during the incubation in all treatments
(Fig. 1a). Addition of SO4

2− (2 and 100 mM) into the paddy
soil significantly increased S2− concentration in the soil solu-
tion compared with the control treatment, especially in the
treatment with 100 mM SO4

2−. In day 40, the S2− concentra-
tion in the 100 mM SO4

2− treatment was seven times higher
than that without SO4

2− addition. Ferrous iron concentration
was significantly increased during the incubation, in all the
three treatments, and was much higher (about 30 % higher)
in the treatment with higher SO4

2− (100 mM) addition
(Fig. 1b). The concentrations of dissolved As in soil solution
were increased in the first 40 days, and then retained in a
steady level in the treatments by 2 and 100 mMSO4

2− amend-
ment, but still kept increasing in the non-sulfate addition con-
trol treatment (Fig. 1c). Addition of SO4

2− into the soil result-
ed in a lower As concentration in the soil solution after incu-
bation for 40 days. Arsenic concentration at day 90 in the
treatment without SO4

2− amendment was about 90 % higher
than that with 100 mM SO4

2− amendment. The ratio of
As(III)/As(V) increased steadily during the incubation and
was higher with SO4

2− addition (Fig. 1d).

3.2 Dynamics of S2−, Fe2+, and As under the addition
of SRB

Concentrations of S2−, Fe2+, and As and ratio of As(III)/As(V)
in the soil solution were not changed during the experiment in
sterilized soil without bacteria addition, regardless of the SO4

2

− addition, in serum incubation experiment 2 (Fig. 2). In con-
trast, SRB inoculation into the paddy soil significantly in-
creased the concentrations of S2− and Fe2+ in the soil solution
(Fig. 2a, c). S2− concentration was greatly elevated at day 10
and day 20 for+S+SRB and -S+SRB, respectively. Fe2+ con-
centration was in average 45.3 % higher during the experi-
ment in the treatment with both SO4

2− and SRB addition (+S+
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SRB>−S+SRB) (Fig. 2b). SRB inoculation significantly in-
creased As release to the soil solution, while it was not signif-
icantly different between the treatments with or without addi-
tion of SO4

2− (Fig. 2c). The presence of SRB significantly
increased As reduction, shown by the increased ratio of
As(III)/As(V) and the higher ratio in the treatments with
SO4

2− addition (Fig. 2d).

3.3 Sulfate addition changes As bioavailability and its
uptake into rice plants

Pot experiment was then conducted to investigate the effect of
SO4

2− addition on As bioavailability and its uptake into rice
plants. After flooding, the redox potential (Eh) decreased
greatly in 2 weeks and then to a steady level (Fig. 3). Soil with
rice growth had higher Eh than the soil without rice plant, and
the sulfate addition decreased the Eh at a later time. Concen-
trations of Fe2+ and As in the soil solution increased greatly in
the first 30 days and then decreased later (Figs. 4 and 5). The
treatments with sulfur application into paddy soil had a higher
Fe2+ concentration in soil solution in the first 5 weeks and then
lower than treatments with no sulfate addition, by 15.8 and

18.9 % with or without rice plants, respectively (Fig. 5). Ar-
senic concentration in soil solution was also increased by the
addition of sulfate in the first 4 weeks, and then decreased and
lower than the treatments without sulfate addition, by 20.8 and
26.2 % with or without rice plants, respectively (Fig. 4). The
presence of rice plants decreased the concentrations of As and
Fe2+ in soil solution compared to the controls without rice
plants, respectively (Figs. 4 and 5). Arsenic speciation in soil
solution was mainly As(III) and also small amounts of As(V)
and DMAs(V) (Fig. 6).

Application of sulfate significantly reduced the As concen-
tration in rice roots and iron plaque by 22.6 and 30.5 %, while
also a numerically not statistical decrease of about 5 % in
shoots compared to non-sulfur application treatment (Fig. 7).

4 Discussion

Results from the present study demonstrate that microbial re-
duction of As and Fe in anaerobic paddy soil resulted in As
release from paddy soil. SRB community also had the ability
of As(V) and Fe(III) reduction. However, under the activity of

Fig. 1 Concentrations of sulfide (a), ferrous iron (b), and arsenic (c) and the ratio of As(III)/As(V) (d) in the soil solution of the treatments with 0, 2, and
100 mM SO4

2−. Bars represent the standard errors (n=4)
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SRB and sulfate addition, As(III) mobility could later be lower
in the soil solution, which limited As bioavailability to rice

plants in the anaerobic paddy soil. Sulfate application into the
paddy soil thus decreased As uptake into the rice plants and

Fig. 2 Concentrations of sulfide (a), ferrous iron (b), and arsenic (c) and
the ratio of As(III)/As(V) (d) in the soil solution. −S-SRB without SO4

2−

and without SRB addition, −S+SRB without SO4
2− and with SRB

addition, +S-SRB with SO4
2− and without SRB addition, +S+SRB with

SO4
2− and with SRB addition. Bars represent the standard errors (n=4)

Fig. 3 Redox potential (Eh, vs. SHE) in soil during rice culture in the four
treatments.−S-Rwithout sulfur addition and without rice cultivation,+S-
R with sulfur addition and without rice cultivation, −S+R without sulfur
addition and with rice cultivation, +S+R with sulfur addition and with
rice cultivation. Bars represent the standard errors (n=4)

Fig. 4 Arsenic concentrations in soil solution during rice culture in the
four treatments.−S-Rwithout sulfur addition andwithout rice cultivation,
+S-R with sulfur addition and without rice cultivation, −S+R without
sulfur addition and with rice cultivation, +S+R with sulfur addition and
with rice cultivation. Bars represent the standard errors (n=4)
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can be used in decreasing As uptake in anaerobically cultivat-
ed rice.

In anaerobic paddy soil, microbes mediated the reduction
of As, Fe, and S, while sterilized paddy soil showed no reduc-
tion in the release of these elements (Fig. 2). Most energy for
microbes is generated from respiration supported by O2 as the
electron acceptor and under anaerobic conditions like flooded
paddy soil, also by Fe(III), SO4

2−, and As(V) etc., which is
conducted by special microbial groups, and their activities
determine the speciation and fate of elements in the environ-
ment (Newman et al. 1997; Macy et al. 2000; Lovley and

Coats 2000; Saalfield and Bostick 2009). A stable community
of SRB was obtained using enrichment culture method by
SO4

2− enrichment for 15 transfers and was also suggested to
use the As(V) and Fe(III) as the electron acceptor under an-
aerobic soil conditions (Fig. 2), but the amount of As reduc-
tion release by the SRB group was much lower than that in the
non-sterilized dry soil incubation (Figs. 1c and 2c); this sug-
gested that the SRB is only a part of the As(V)-reducing bac-
teria in the paddy soil. It was also previously shown that some
of the SRB species have the ability of dissimilatory respiration
of As(V) (Newman et al. 1997; Macy et al. 2000), suggesting
that dissimilatory As(V) reduction also occurs in the
sulfidogenic zone. Saalfield and Bostick (2009) suggest that
bacterial reduction of As(V) is necessary for As sequestration
in sulfides, even where sulfate reduction is active. So, the co-
occurrence of As(III), Fe(II), and sulfide thus enables the for-
mation of As sulfide or As–Fe–sulfide minerals. The activity
of anaerobic microbes significantly decreased the soil Eh by
the production of a large amount of the reductive substance,
such as elevated S2−, Fe2+, and As(III) (Figs. 1 and 2). The
dramatic increase in As concentrations is often seen in systems
undergoing dissimilatory Fe reduction of As-bearing iron ox-
ides (Pedersen et al. 2006).

Though activity of SRB alone may facilitate As reduction
for reasons mentioned above, SO4

2− amendment into the pad-
dy soil resulted in decreased As concentration in the soil so-
lution (Figs. 1 and 2). Arsenic concentration in soil solution
was lower in the SO4

2− addition treatment, which was also
supported by previous findings that active SO4

2− reduction
limits aqueous As accumulation in batch experiments
(Saalfield and Bostick 2009), and higher SO4

2− resulted in a
lower As concentration in flood soil solution (Burton et al.
2014). Sulfur XANES analysis by Saalfield and Bostick
(2009) suggested that sulfate-reducing bacteria caused signif-
icant changes in Fe and S speciation, including reduction of Fe

Fig. 5 Concentrations of ferrous iron in soil solution during rice culture
in the four treatments. −S-R without sulfur addition and without rice
cultivation, +S-R with sulfur addition and without rice cultivation, −S+
R without sulfur addition and with rice cultivation, +S+R with sulfur
addition and with rice cultivation. Bars represent the standard errors
(n=4)

Fig. 6 Arsenic speciation in soil solution during rice culture in the four
treatments.−S-Rwithout sulfur addition and without rice cultivation,+S-
R with sulfur addition and without rice cultivation, −S+R without sulfur
addition and with rice cultivation, +S+R with sulfur addition and with
rice cultivation. Bars represent the standard errors (n=4)

Fig. 7 Arsenic concentrations in the rice shoots, roots, and iron plaque of
the two treatments with or without sulfur addition into the paddy soil.
Bars represent the standard errors (n=4). Different letters mean
significant differences between the two treatments
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to form magnetite and iron sulfides and formation of solid-
phase elemental sulfur from aqueous SO4

2−. In natural com-
pounds, As bonds primarily to oxygen and sulfur, generating a
variety of aqueous species and minerals. Affinity of As to
these two elements, along with its stable bonding to methyl
groups, constitutes the structural basis for most organic and
biosynthetic compounds (O’Day 2006). According to the
chemical speciation model in Burton et al. (2014), under our
paddy soil conditions, formation of an As2S3-like species is
likely, and As retention as an As2S3-like complex is associated
with mackinawite (tetragonal FeS) rather than as a discrete
As2S3 phase in the flooded soils. Microbial sulfate reduction
often resulted in subsequent precipitation of As by a mixed
population of SRB (Jong and Parry 2003; Rittle et al. 1995).
Conversely, under sulfate-reducing conditions, As may react
with excess sulfide to first form soluble thioarsenite com-
plexes, which may then precipitate as As–S solid phases such
as amorphous As2S3 or realgar (AsS) as dissolved sulfide
concentrations increase (O’Day et al. 2004; Bostick et al.
2005). The thioarsenite complexes are more easily formed in
a low Fe2+ and high organic matter environment (Couture
et al. 2013; Burton et al. 2014), while not commonly reported
in paddy soil. It is likely that the consistently decreased S2−

concentrations at a later time of incubation experiment 1,
maintained by reaction or precipitation with iron and dis-
solved As(III) concentrations, were due to limited As reduc-
tion as well as its strong adsorption to Fe solids.

Paddy soils are high in microbial reduction activity and
create anoxic conditions which are high in S2− and Fe2+.
The reduction of iron and As usually resulted in high As
dissolution from the soil minerals, mainly in the form of
As(III), and caused high As uptake in rice (Jia et al. 2012).
Arsenic speciation was mainly As(III) during rice growth
(Fig. 6), and As concentration had a linear relationship with
Fe2+ concentration in soil solution, suggesting that the Fe
reduction and As(V) reduction induced As(III) release. Arse-
nic bioavailability and uptake into rice plants decreased under
SO4

2− application (Fig. 5), which may be through the co-
precipitation of As(III) with reducing S2− and iron sulfides
under anaerobic conditions. It has been suggested that low
As mobility in soil solution is related to the conditions of high
sulfur in anaerobic paddy soils and also in sediments of aqui-
fers, peat, and floodplains (O’Day et al. 2004; Langner et al.
2012; Burton et al. 2014). The release of As to soil solution
and its accumulation in rice plants in the transition from oxi-
dizing to reducing may depend on the amount of available
iron and sulfur in the paddy soil, rate of reductive dissolution
of Fe(III) phases, SO4

2− reducing rate, and the rate of As
precipitation with S2−. Previous research also showed a de-
creased As uptake in rice plants with sulfur addition in the rice
growth media (Hu et al. 2007); here, we elucidated the role of
sulfate reduction in limited As bioavailability in the paddy
soil. This study suggests that As-contaminated paddy soil

might be alleviated at low cost by stimulating microbial sul-
fate reduction and As precipitation in the subsurface through
sulfur fertilization.

5 Conclusions

The results overall suggested the important role of sulfur and
the SRB in As biogeochemical cycling in anaerobic paddy
soil, implying a lower As mobility and bioavailability to rice
plants under sulfur-enriched paddy soil, and an efficient way
to reduce As accumulation in rice plants by sulfur fertilization
in paddy soils. Direct evidence for the solid-phase As specia-
tion interaction with S and Fe in the anaerobic paddy soil
needs to be further investigated, using the X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), X-ray ab-
sorption near edge structure (XANES), or some other relevant
techniques.
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