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the precipitation process, As(III) forms dominantly 2C surface complexes on schwertmannite surfaces, likely on the sides of
double-chains of Fe(III)(O,OH)6 octahedra, with a smaller proportion of edge-sharing 2E surface complexes at the apexes of
these chains. Importantly, dissolved As(V) concentrations in contact with As(V)–schwertmannite or ferric arsenate were
found to be �10 times lower than dissolved As(III) concentrations in contact with As(III)–schwertmannite for similar As/
Fe ratios in the solid phase. Consequently, remediation of As-rich AMD environments is greatly improved by oxidation
of As(III) to As(V).
1. INTRODUCTION

Arsenic is toxic to humans and is naturally released at
Earth’s surface from volcanic activity and from the chemi-
cal weathering of rocks, as well as from mining and indus-
trial activities (Vaughan, 2006). Thanks to detailed
investigations of such As-impacted environments as well
as extensive laboratory studies, much progress has recently
been made in understanding the relationship between ar-
senic crystal chemistry and its speciation and distribution
at Earth’s surface. Among other major processes affecting
the fate of arsenic in the environment, arsenic scavenging
by iron-bearing minerals has been shown to play an impor-
tant role in delaying the long-term transfer of this element
to surface- and groundwaters. Arsenic trapping associated
with iron-bearing minerals has been observed in natural
and polluted soils as well as in acid mine drainage
(AMD) systems and hot springs (Morin and Calas, 2006;
and references therein). Among these systems, AMDs have
received much attention because they can locally produce
high levels of dissolved arsenic in surface waters. Indeed,
in AMDs, acidic Fe2+- and SO4

2�-rich waters originating
from the oxidation of sulfide-bearing rocks can often carry
high concentrations of dissolved As(III) resulting from dis-
solution of arsenopyrite or As-rich pyrite. In such sulfate-
and iron-rich acidic waters, arsenic is mainly trapped by
sorption and/or coprecipitation, with ferric oxyhydroxysul-
fates and oxyhydroxides formed via the oxidation of dis-
solved Fe2+ (e.g., Jambor and Blowes, 1994; Nordstrom
and Alpers, 1999). This iron oxidation reaction has been
demonstrated to often be catalyzed by the metabolic activ-
ity of acidophilic microorganisms such as Acidithiobacillus

ferrooxidans (e.g., Leblanc et al., 1996; Duquesne et al.,
2003; Morin et al., 2003). Moreover, oxidation of As(III)
to As(V), which is less toxic than the reduced form and less
soluble in low pH waters, can be catalyzed by arsenite-oxi-
dizing bacteria such as Thiomonas sp. (Battaglia-Brunet
et al., 2002; Morin et al., 2003; Arsène-Ploetze et al.,
2010; Bruneel et al., 2011). Such microbial oxidation has re-
cently been suggested to play a key role in the natural atten-
uation of arsenic in the heavily contaminated Carnoulès
AMD (Egal et al., 2010; Bruneel et al., 2011). Oxidation
of soluble Fe(II) into relatively insoluble Fe(III) leads to
over-saturation of water with respect to Fe(III)-bearing
minerals. In acidic sulfate-rich waters, iron sulfates and
oxyhydroxides form, following the sequence jarosite
[KFe3(SO4)2(OH)6], schwertmannite [Fe8O8(OH)6SO4], fer-
rihydrite [Fe5(OH)8�4H2O], and goethite [aFeOOH] with
increasing pH (Bigham et al., 1996a,b; Foster et al., 1998;
Savage et al., 2000; Burgos et al., 2012). These phases
may be crystalline (jarosite, goethite) or poorly ordered
(schwertmannite, ferrihydrite). Indeed, nanocrystalline or
amorphous iron oxyhydroxides and hydroxysulfates are
kinetically favored with respect to crystalline phases upon
rapid Fe(II) oxidation because high oversaturation with re-
spect to Fe(III)-bearing minerals leads to high nucleation
rates. Therefore, these poorly ordered ferric minerals fre-
quently occur as transient phases in AMD systems. They
exhibit very high surface areas (several 100 m2/g) and thus
play a key role in the geochemical cycling of minor and
trace elements, which sorb on their surfaces or are incorpo-
rated in their structures.

For instance, a number of laboratory studies have
shown that As(V) sorbs onto the surface of minerals such
as ferrihydrite (Pierce and Moore, 1982; Waychunas
et al., 1993, 1995a; Raven et al., 1998) and goethite (Fen-
dorf et al., 1997; Manning et al., 1998). Such sorption pro-
cesses have also been found in EXAFS studies of mine
tailings and AMD environments by Foster et al. (1998)
and Savage et al. (2000). This latter study has shown that
As(V) may be incorporated at low concentrations in jaro-
site [KFe3(SO4)2(OH)6] where it substitutes for (SO4)2�

oxoanions. Importantly, As(V) sorbs at high loadings onto
schwertmannite [Fe8O8(OH)6SO4] (Burton et al., 2009), and
this mineral has been identified as an As(V) scavenger in
AMD systems (Fukushi et al., 2003) and has further been
proposed as a water treatment sorbent in these environ-
ments (Carlson et al., 2002; Fukushi et al., 2004). In a com-
parison of AMD sediments with synthetic analogs using
XRD, Carlson et al. (2002) showed that As(V) can also
co-precipitate with ferric iron to form amorphous ferric
arsenate with As/Fe ratios as high as 0.8, whereas schwert-
mannite forms at lower As/Fe ratios. In a previous EXAFS
study of synthetic samples, Paktunc et al. (2008) proposed
that the local structure of amorphous ferric arsenate con-
sists of single chains of corner-sharing FeO6 octahedra with
bridging AsO4 tetrahedra alternating along the chains, as in
the structure of sulfate minerals such as butlerite, parabu-
tlerite, and fibroferrite. An investigation of arsenate-rich
Fe-precipitates from continental acidic hot-springs (Inskeep
et al., 2004) also illustrated the strong ability of As(V) to
coprecipitate with Fe(III) in acidic sulfate waters to form
hydrated amorphous ferric arsenate phases. These studies
have shown that H2As(V)O4

� oxoanions retard or inhibit
the formation of schwertmannite (Waychunas et al.,
1995b; Carlson et al., 2002) or ferrihydrite (Paktunc et al.,
2008) when the As(V)/Fe(III) molar ratio exceeds �0.25
in the starting solution. However, the uniqueness of the lo-
cal structure of amorphous ferric arsenate, especially the
possibility of the existence of various local structures



depending on formation conditions of the ferric arsenate is
still under debate (Paktunc, 2010; Jiang et al., 2010).

In addition, the As(V) to schwertmannite binding modes
are still poorly documented from direct structural analysis.
XRD (Carlson et al., 2002) and EXAFS (Waychunas et al.,
1995b) studies have suggested that H2As(V)O4

� oxoanions
strongly bind to FeO6 octahedra via inner sphere complexes
upon precipitation of schwertmannite, which is thought to
inhibit crystal growth and may explain the formation of
an amorphous ferric arsenate at high As/Fe ratio (Waych-
unas et al., 1995a; Paktunc et al., 2008). On the other hand,
the significant displacement of sulfate ions upon sorption of
arsenate oxoanions on schwertmannite has led to the sug-
gestion that arsenate could substitute for sulfate, assuming
an akaganeite-like structure for schwertmannite (Bigham
et al., 1990; Burton et al., 2009; Fernandez-Martinez
et al., 2010). In such a structure, sulfate ions are proposed
to be mainly hydrogen bonded to the iron–oxyhydroxide
network within the channels and at the particle surface
(Majzlan and Myneni, 2005). There is less sulfate exchange
for H3As(III)O3, which is known to sorb less efficiently than
H2As(V)O4

� on schwertmannite at acidic pH (Burton et al.,
2009; Paikaray et al., 2011). Despite this existing knowledge
concerning the reactivity of As(III) with respect to schwert-
mannite in the laboratory, the mechanisms of As(III) scav-
enging by schwertmannite in AMD systems is still poorly
documented, although the more toxic H3As(III)O3 species
may be the dominant dissolved arsenic species in acidic
waters of AMD systems (Casiot et al., 2003; Morin et al.,
2003; Morin and Calas, 2006), and hot springs (Inskeep
et al., 2004). In addition, the possible influence of microbial
activity and exopolymeric substances on the structure of
As-bearing Fe minerals has been rarely investigated in
AMD samples (Benzerara et al., 2008). For instance, a
study by Egal et al. (2009) showed that the kinetics of bac-
terial Fe(II) oxidation can influence the nature of minerals
forming in high As(III) AMD systems, with slow or fast
oxidation rates leading to the formation of tooeleite [(Fe6(-
AsO3)4SO4(OH)4�4H2O)] or As(III)-rich schwertmannite,
respectively.

The main objective of the present study is to directly
determine the molecular-level structure of poorly crystalline
As(III)- and As(V)-bearing Fe oxyhydroxysulfate minerals
from the Carnoulès AMD system, France, which exhibits
exceptionally high As(III) concentrations. Powder X-ray
diffraction (XRD) and extended X-ray absorption fine
structure (EXAFS) spectroscopy were used to compare
the local As structural environments in these field samples
with those of synthetic analogs prepared via biotic or abi-
otic pathways, with As/Fe ratios ranging from those in
nanocrystalline schwertmannite to those in amorphous fer-
ric arsenate compounds.

2. MATERIALS AND METHODS

2.1. AMD samples

Hydrated and loosely packed sediments were sampled in
the upstream section of the acidic Reigous creek (pH 3–4.5)
(Carnoulès AMD, France), which exhibits exceptionally
high concentrations of dissolved As(III) and As(V) (up to
250 mg/L dissolved total As) and of dissolved iron and sul-
fate (�0.5–1 g/L and �1–3 g/L, respectively) (Casiot et al.,
2003, 2005; Egal et al., 2010). Samples were air dried for
24 h and stored in a dry atmosphere before spectroscopic
analysis. Sample ‘Sed S32F00’ was sampled 32 m down-
stream from the acidic spring and consists of amorphous
Fe(III)–As(V) oxyhydroxysulfate with an As/Fe molar ra-
tio of 0.63 and with an As(III)/AsTotal ratio of 0.05 as
determined by electron microprobe analysis (EMPA) and
X-ray absorption near edge structure (XANES) spectros-
copy, respectively (Fig. S1; Morin et al., 2003). Sample
‘Sed arch0503’ was sampled �200 m downstream from
the acidic spring and consists of poorly ordered oxyhydr-
oxysulfate with an As/Fe molar ratio of 0.45 and an
As(III)/AsTotal ratio of 0.23, as determined using the same
methods (Lebrun, 2004). Sample ‘Sed foyer0303’ was sam-
pled �1000 m downstream from the acidic spring and con-
sists of poorly ordered schwertmannite with an As/Fe
molar ratio of 0.25 and an As(III)/AsTotal ratio of 0.46,
as determined using the same methods (Lebrun, 2004).

2.2. Biogenic laboratory samples

Model compound samples were prepared via microbial
incubation of sterilized water from the Carnoulès AMD
water with autochthonous bacterial strains: Thiomonas sp.
(Tm B2 and Tm B3 strains; Morin et al., 2003) and A. fer-

rooxidans (Af CC1 strain; Duquesne et al., 2003; Egal et al.,
2009). Incubations with strain Tm B2 or Tm B3 yielded
amorphous As(V)–Fe(III) oxyhydroxysulfate as the single
solid product, owing to the ability of these strains to cata-
lyze the oxidation of As(III) to As(V) at acidic pH, with
Fe(II) being slowly oxidized abiotically by dissolved O2

over the 1 week experiment (Morin et al., 2003; Casiot
et al., 2003). Samples obtained after incubation by strains
Tm B2 or Tm B3 are characterized by As/Fe molar ratios
of 0.63 and 0.8, respectively, and do not contain As(III)
as determined by EMPA and XANES spectroscopy
(Fig. S1; Morin et al., 2003). In contrast, incubation with
strain Af CC1 for 5 days yields pure As(III)-rich schwert-
mannite due to the ability of this strain to catalyze Fe(II)
to Fe(III) oxidation without significant abiotic oxidation
of As(III) to As(V) (Duquesne et al., 2003; Egal et al.,
2009). This sample exhibits an As/Fe molar ratio of 0.19
and does not contain As(V) as determined by EMPA and
XANES spectroscopy (Egal et al., 2009).

2.3. Synthetic abiotic analogs

Abiotic model compounds were prepared according to
the schwertmannite synthesis protocol from Loan et al.
(2004), which was modified by adding various amounts of
dissolved As(III) or As(V) in the starting solutions. This
protocol relies on hydrolysis of ferric iron in acidic sulfate
water at pH 3, at a temperature of 80 �C. This protocol
was chosen for As-coprecipitation samples instead of the
one we used for pure schwermannite and schwertmannite
sorption samples (see next paragraph) because of the ab-
sence of an H2O2 oxidation step, in order to avoid As(III)



oxidation. The protocol was modified by mixing appropri-
ate volumes of 100 mM NaAsO2 or Na2HAsO4 stock solu-
tions with 100 mL of a 16 mM ferric sulfate stock solution,
in order to obtain As(III)/Fe(III) or As(V)/Fe(III) dis-
solved molar ratios of 0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, and
0.8. The volume of the mixture was increased to 250 mL
by adding deionized water to polypropylene flasks contain-
ing the mixture, and the pH was adjusted to 3 using H2SO4,
thus giving a starting dissolved Fe(III) concentration of
6.4 mM. Initial dissolved As concentrations were thus 0,
0.16, 0.32, 0.64, 1.28, 2.56, 3.85, and 5.12 mM. Each aliquot
was then heated to 80 �C for one hour in closed flasks under
magnetic stirring. Suspensions were then cooled in ice-
water, centrifuged at 10,000g, and washed two times in
deionized water. In order to preserve the As(III) oxidation
state, all experiments with As(III) were conducted with de-
gassed deionized water. The solids were then dried under
vacuum and stored in a dry atmosphere before spectro-
scopic analysis. Supernatants were analyzed for dissolved
As and Fe concentrations after 0.2 lm filtration using flame
Atomic Absorption Spectroscopy (Solaar S, Thermo elec-
tron corporation). Chemical compositions of the solids
were determined by averaging 15 EDXS analyses per sam-
ple. X-ray emission spectra were collected on thin powder
samples deposited on carbon tape using a Bruker Si-drift
detector mounted in a Zeiss Scanning Electron Microscope
operating at 15 kV with a 60 lm diaphragm. Hematite and
scorodite were used as standards for semi-quantitative anal-
yses with the Esprit software (http://www.bruker-axs.com/
esprit_software.html). The solid As/Fe molar ratio values
estimated with this method were consistent with those
determined from the supernatant analyses. Solid As/Fe val-
ues and corresponding standard deviations were then esti-
mated by averaging these two sets of values.

In addition, model compounds consisting of arsenic
sorbed on schwertmannite were prepared at pH 3 by react-
ing for 24 h 550 lM solutions of Na2HAsO4 or NaAsO2

with 1 g/L of schwertmannite prepared according to the
protocol of Barham (1997). For this synthesis protocol,
100 mL of a 0.1 M ferrous sulfate solution adjusted to pH
2.5 using H2SO4 was oxidized by an excess of H2O2. The
schwertmannite precipitate was washed and air-dried be-
fore resuspension in deionized water for the sorption exper-
iment. After 24 h of interaction of the schwertmannite
precipitate with aqueous arsenic, the sorption samples were
centrifuged and vacuum dried, and then stored under a dry
atmosphere before spectroscopic analyses. Final As/Fe ra-
tios in the solids were 0.04 and 0.09 for the As(III)- and
As(V)-schwertmannite sorption samples, respectively.
XANES analysis indicated that the oxidation state of ar-
senic was fully preserved during the sorption process (Leb-
run, 2004).

2.4. XRD and EXAFS analyses

X-ray powder diffraction patterns of AMD samples and
of biogenic model compounds were recorded using a
PW1710 Philips diffractometer equipped with a back-
mounted graphite monochromator, and using Co Ka radi-
ation. Data were recorded in step-scan mode using 0.04� 2h
steps and a counting time of 6–12 h per sample. XRD pat-
terns of the synthetic model compounds were recorded
using an Xpert pro PanAlytical diffractometer equipped
with an XCelerator linear detector and filtering the Co
Kb radiation using a Fe filter. Data were recorded in con-
tinuous mode with a resulting 2h step of 0.05� and counting
for 3 to 6 h per sample over the 10–100� 2h range. Bragg
peaks from the aluminum sample holder were removed
from the data for samples that were too thin due to a low
amount of powder.

EXAFS spectroscopy data were recorded at a tempera-
ture below 20 K in a liquid helium cryostat in order to max-
imize second-neighbor contributions in the EXAFS of the
poorly crystalline samples studied. All Fe K-edge data were
recorded in transmission detection mode using a Si(111)
double-crystal monochromator at the BM29 beamline
(ESRF), except for samples Sed S32F00, Tm B2, and Tm

B3, that were analyzed at the D44 beamline (LURE) using
a similar setup. Most of the As K-edge EXAFS data were
recorded in transmission mode at the XAFS beamline
(ELETTRA) using a Si(111) double-crystal monochroma-
tor, except for the Af CC1 sample that was analyzed at
the 11–2 beamline (SSRL) using a Si(220) double-crystal
monochromator. Iron K-edge EXAFS data of sample Sed
arch0503 were recorded in transmission mode at the FAME
beamline (ESRF) using a Si(220) double-crystal mono-
chromator. Arsenic K-edge EXAFS data of the two arsenic
sorption samples and of sample Sed arch0503 were re-
corded in fluorescence detection mode using a Canberra
Ge 30 elements detector at the FAME beamline (ESRF),
using a Si(220) double-crystal monochromator.

EXAFS spectra were extracted from the raw fluores-
cence data using the XAFS program (Winterer, 1996) after
averaging and normalization using the Athena Program
(Ravel and Newville, 2005) or the SixPack Program (Webb,
2005) for SSRL data. Radial distribution functions (RDF)
were obtained by Fourier transforming the k3v(k) EXAFS
functions using a Kaiser-Bessel window, with a Bessel
weight of 2.5. Least-squares fitting of the unfiltered k3v(k)
functions was performed with the plane-wave formalism,
with a S0

2 value set to 1, using a Levenberg–Marquard min-
imization algorithm. Theoretical phase-shift and amplitude
functions employed in this fitting procedure were calculated
with the curved-wave formalism using the ab initio FEFF8
code (Ankudinov et al., 1998). As–O and As–Fe phase-shift
and amplitude functions were extracted from the scorodite
(Hawthorne, 1976) and tooeleite (Morin et al., 2007) crystal
structures. For faster calculations, the threshold energy was
calculated without using the self-consistent potential option
in FEFF8, which explains the high DE0 values observed in
our fits of As K-edge EXAFS data. The fit quality was esti-
mated using the classical reduced v2 (see Table 1).

3. RESULTS AND DISCUSSION

3.1. Chemistry and mineralogy of the laboratory and field

samples

The chemical compositions of the solids and superna-
tants for the synthetic samples obtained from precipitation



Table 1
Results of shell-by-shell fitting of unfiltered EXAFS data at the Fe K-edge for the As(III) samples studied. R(Å): interatomic distances; N: number of neighbors; r(Å): Debye Waller factor; DE0

(eV): difference between the experimentally determined threshold energy and the FEFF8-calculated threshold energy, without using the self-consistent potential calculation; Standard deviations of
these fit parameters are 0.02 Å, ±30%, 0.01 Å, and 2 eV, respectively v2

FT is a goodness of fit estimate v2
FT ¼ Nind=½ðN ind � pÞn�Rn

1ðjjFT jjexpi
� jjFT jjcalci

Þ2 with Nind = (2DkDR)/p), the number of
independent parameters, p the number of free fit parameters, n the number of data points fitted, and ||FT||exp and ||FT||calc the experimental and theoretical Fourier transform magnitudes within the
0–8 Å R-range. Note: vAs(V)/AsTotal if greater than 0.00; *fixed N value. As/Fe and S/Fe molar ratio of the solid samples are reported. n.d.: not determined.

Sample Origin As/Fe mol/mol S/Fe mol/mol R(Å) N r(Å) R(Å) N R(Å) N r(Å) v2
FT DE0 (eV)

As free Abiotic lab sample 0.00 n.d. 1.94 3.15 FeO 0.08 3.03 1.2 FeFe 5.53 0.8 FeFe 0.06 0.02 �2
2.07 1.93 FeO 3.31 0.7 FeFe 6.03 0.6 FeFeFeFe

3.40 24.0 FeOO*

3.42 1.1 FeFe
As3_0.1 Abiotic lab sample 0.06(1) 0.19(4) 1.93 2.55 FeO 0.08 3.03 1.2 FeFe 5.50 0.8 FeFe 0.07 0.01 �2

2.05 2.25 FeO 3.30 0.6 FeFe 6.02 0.6 FeFeFeFe
3.42 1.2 FeFe
3.39 24.0 FeOO*

As3_0.2 Abiotic lab sample 0.10(1) 0.22(1) 1.91 2.15 FeO 0.07 3.02 1.1 FeFe 5.51 0.7 FeFe 0.07 0.02 �3
2.04 2.45 FeO 3.33 0.7 FeFe 6.02 0.5 FeFeFeFe

3.41 24.0 FeOO*

3.44 0.9 FeFe
As3_0.4 Abiotic lab sample 0.16(2) 0.24(1) 1.93 2.30 FeO 0.07 3.04 1.2 FeFe 5.55 1.0 FeFe 0.07 0.03 �2

2.06 2.25 FeO 3.31 0.8 FeFe 6.03 0.7 FeFeFeFe
3.37 24.0 FeOO*

3.43 1.3 FeFe
As3_0.6 Abiotic lab sample 0.21(2) 0.22(1) 1.93 2.55 FeO 0.08 3.03 1.3 FeFe 5.52 0.6 FeFe 0.08 0.02 �2

2.05 2.45 FeO 3.41 1.2 FeFe 6.01 0.6 FeFeFeFe
3.46 24.0 FeOO*

Af CC1 Biogenic lab
sample

0.19(1) n.d. 1.92 2.30 FeO 0.07 3.04 2.0 FeFe 5.48 0.6 FeFe 0.09 0.03 �2

0.05V 2.04 2.80 FeO 3.26 1.5 FeFe 6.03 0.7 FeFeFeFe
3.34 24.0 FeOO*

3.42 1.9 FeFe
Sed foyer0303 AMD sample 0.25(1) 0.20(1) 1.94 2.55 FeO 0.08 3.03 1.0 FeFe 5.51 0.5 FeFe 0.08 0.01 �2

0.47V 2.05 2.35 FeO 3.43 24.0 FeOO* 6.03 0.4 FeFeFeFe
3.39 0.8 FeFe









Table 2
Results of shell-by-shell fitting of unfiltered EXAFS data at the As K-edge for the As(III) samples studied. R(Å): interatomic distance; N: number of neighbors; r(Å): Debye Waller factor; DE0

(eV): difference between the experimentally determined threshold energy and the FEFF8-calculated threshold energy, without using the self-consistent potential calculation; Standard deviations of
these fit parameters are 0.02 Å, ±15% and ±30% for first and second neighbors respectively, 0.01 Å, and 2 eV, respectively v2

FT is a goodness of fit estimate (Table 1). Note: *fixed N value. As/Fe
and S/Fe molar ratio of the solid samples are reported.

Sample Origin As/Fe mol/mol S/Fe mol/mol R(Å) N r(Å) R(Å) N r(Å) v2
FT DE0 (eV)

As3_0.04_ads Abiotic lab sample 0.04(1) 0.18(6) 1.77 3.00 AsO 0.07 2.94 0.3 AsFe 0.08 0.06 15
3.21 6.0 AsOO*

3.41 1.8 AsFe
As3_0.05 Abiotic lab sample 0.03(1) 0.21(1) 1.79 3.05 AsO 0.06 2.95 0.7 AsFe 0.11 0.04 16

3.17 6.0 AsOO*

3.41 2.6 AsFe
As3_0.1 Abiotic lab sample 0.06(1) 0.22(1) 1.79 2.65 AsO 0.06 2.94 0.7 AsFe 0.11 0.04 16

3.18 6.0 AsOO*

3.41 2.7 AsFe
As3_0.2 Abiotic lab sample 0.10(1) 0.19(4) 1.79 2.80 AsO 0.06 2.97 0.7 AsFe 0.11 0.06 16

3.21 6.0 AsOO*

3.41 2.7 AsFe
As3_0.4 Abiotic lab sample 0.16(2) 0.24(1) 1.79 2.85 AsO 0.06 2.95 0.5 AsFe 0.10 0.06 15

3.22 6.0 AsOO*

3.41 2.5 AsFe
As3_0.6 Abiotic lab sample 0.21(2) 0.22(1) 1.79 2.80 AsO 0.06 2.94 0.8 AsFe 0.10 0.03 17

3.27 6.0 AsOO*

3.41 2.3 AsFe
Af CC1 Biogenic lab sample 0.19(1) n.d. 1.79 3.45 AsO 0.07 2.91 0.8 AsFe 0.10 0.07 17

3.28 6.0 AsOO*

3.41 2.1 AsFe



Table 3
Results of shell-by-shell fitting of unfiltered EXAFS data at the Fe K-edge for the As(V) samples studied. R(Å): interatomic distance; N: number of neighbors; r(Å): Debye Waller factor; DE0 (eV):
difference between the experimentally determined threshold energy and the FEFF8-calculated threshold energy, without using the self-consistent potential calculation; Standard deviations of these
fit parameters are 0.02 Å, ±30%, 0.01 Å, and 2 eV, respectivel v2

FT is a goodness of fit estimate.(Table. 1).

Sample Origin As/Fe mol/mol S/Fe mol/mol R(Å) N r(Å) R(Å) N R(Å) N r(Å) v2
FT DE0 (eV)

As free Abiotic lab sample 0.00 n.d. 1.94 3.15 FeO 0.08 3.03 1.2 FeFe 5.53 0.8 FeFe 0.06 0.02 -2
2.07 1.93 FeO – 3.31 0.7 FeFe 6.03 0.6 FeFeFeFe –

3.40 24.0 FeOO* –
3.42 1.1 FeFe –

As5_0.05 Abiotic lab sample 0.05(1) n.d. 1.94 2.85 FeO 0.08 3.03 1.2 FeFe 5.53 0.9 FeFe 0.07 0.02 -2
2.06 2.00 FeO – 3.29 0.7 FeFe 6.02 0.6 FeFeFeFe –

3.37 24.0 FeOO* –
3.41 1.3 FeFe –

As5_0.1 Abiotic lab sample 0.13(1) 0.20(2) 1.91 2.50 FeO 0.07 3.01 0.7 FeFe 5.46 0.4 FeFe 0.06 0.02 -4
2.04 2.45 FeO – 3.32 0.8 FeFe 6.00 0.3 FeFeFeFe –

3.34 24.0 FeOO* –
3.43 0.9 FeFe –

As5_0.2 Abiotic lab sample 0.24(1) 0.16(6) 1.93 2.40 FeO 0.07 3.03 0.9 FeFe 5.50 0.6 FeFe 0.07 0.01 -2
0.85(2)v 2.05 2.40 FeO – 3.31 0.4 FeFe 6.02 0.4 FeFeFeFe –

3.39 24.0 FeOO* –
3.41 0.9 FeFe –

Sed arch0503 AMD sample 0.45(1) 0.18(1) 1.98 4.95 FeO 0.09 3.04 0.5 FeFe 3.92 6.0 FeOFeO* 0.08 0.01 -2
0.77(2)v 3.30 0.4 FeAs 6.02 0.2 FeFeFeFe –

3.39 24.0 FeOO* –
3.42 0.7 FeFe –
3.61 0.7 FeFe –

As5_0.4 Abiotic lab sample 0.48(2) 0.18(2) 1.98 5.20 FeO 0.09 3.32 1.8 FeAs 3.91 6.0 FeOFeO* 0.10 0.01 -2
3.43 24.0 FeOO* –
3.60 1.5 FeFe –

Sed S32F00 AMD sample 0.62(2) 0.09(1) 1.99 5.25 FeO 0.08 3.31 2.8 FeAs 3.89 6.0 FeOFeO* 0.10 0.02 -2
0.93(2)v 3.44 24.0 FeOO* –

3.60 2.2 FeFe –
Tm B2 Biogenic lab

sample
0.63(2) n.d. 1.98 5.30 FeO 0.09 3.32 2.5 FeAs 3.90 6.0 FeOFeO* 0.10 0.01 -3

3.49 24.0 FeOO* –
3.60 2.0 FeFe –

Tm B3 Biogenic lab
sample

0.80(2) 0.12(1) 1.99 5.20 FeO 0.09 3.32 3.0 FeAs 3.90 6.0 FeOFeO* 0.10 0.02 -2

3.50 24.0 FeOO* –
3.60 2.3 FeFe –

As5_0.8 Abiotic lab sample 0.78(2) 0.10(3) 1.98 5.15 FeO 0.09 3.32 2.2 FeAs 3.93 6.0 FeOFeO* 0.10 0.01 -3
3.46 24.0 FeOO* –
3.61 1.5 FeFe –

Note: vAs(V)/AsTotal when lower than 1.00; *fixed N value.



Table 4
Results of shell-by-shell fitting of unfiltered EXAFS data at the As K-edge for the As(V) samples studied. R(Å): interatomic distance; N:
number of neighbors; r(Å): Debye Waller factor; DE0 (eV): difference between the experimentally determined threshold energy and the
FEFF8-calculated threshold energy, without using the self-consistent potential calculation; Standard deviations of these fit parameters are
0.02 Å, ±15% and ±30% for first and second neighbors respectively, 0.01 Å, and 2 eV, respectively v2

FT is a goodness of fit estimate (Table 1).
Note: vAs(V)/AsTotal when lower than 1.00; *fixed N value.

Sample As/Fe solid S/Fe mol/mol R(Å) N r(Å) v2
FT D E0 (eV)

As5_ads 0.09(2) 0.17(1) 1.68 4.1 AsO 0.05 0.07 3
3.11 12.0 AsOO* –
3.20 4.0 AsOAsO* –
3.27 1.5 AsFe 0.07
4.35 4.9 AsOO

As5_0.025 0.03(1) n.d. 1.69 4.6 AsO 0.05 0.07 5
3.12 12.0 AsOO* –
3.30 4.0 AsOAsO* –
3.30 2.0 AsFe 0.08
4.34 8.0 AsOO

As5_0.05 0.05(1) n.d. 1.69 4.4 AsO 0.05 0.08 4
3.13 12.0 AsOO* –
3.31 4.0 AsOAsO* –
3.30 1.9 AsFe 0.08
4.34 7.2 AsOO

As5_0.1 0.13(1) 0.20(2) 1.69 4.4 AsO 0.05 0.08 5
3.12 12.0 AsOO* –
3.30 4.0 AsOAsO* –
3.31 1.9 AsFe 0.08
4.36 7.1 AsOO

As5_0.2 0.24(1) 0.16(6) 1.68 4.0 AsO 0.05 0.06 3
0.80(2)v 3.12 12.0 AsOO* –

3.24 4.0 AsOAsO* –
3.30 1.9 AsFe 0.08
4.33 6.0 AsOO

As5_0.4 0.48(2) 0.18(2) 1.68 4.5 AsO 0.05 0.05 5
3.12 12.0 AsOO* –
3.26 4.0 AsOAsO* –
3.31 1.7 AsFe 0.07
4.39 6.2 AsOO

As5_0.8 0.78(2) 0.10(3) 1.68 4.2 AsO 0.05 0.05 4
3.16 12.0 AsOO* –
3.21 4.0 AsOAsO* –
3.32 2.0 AsFe 0.08
4.41 7.3 AsOO

Sed arch0503 0.45(1) 0.18(1) 1.68 3.9 AsO 0.05 0.04 3
0.77(2)v 3.11 12.0 AsOO* –

3.26 4.0 AsOAsO* –
3.30 1.9 AsFe 0.08
4.36 6.1 AsOO

Sed S32F00 0.62(2) 0.09(1) 1.68 4.3 AsO 0.05 0.04 2
0.93(2) v 3.12 12.0 AsOO* –

3.25 4.0 AsOAsO* –
3.31 1.9 AsFe 0.07
4.38 6.1 AsOO

Tm B2 0.63(2) n.d. 1.68 4.3 AsO 0.05 0.04 2
3.14 12.0 AsOO* –
3.21 4.0 AsOAsO* –
3.31 2.0 AsFe 0.08
4.40 6.6 AsOO

Tm B3 0.80(2) 0.12(1) 1.69 4.6 AsO 0.06 0.05 3
3.16 12.0 AsOO* –
3.25 4.0 AsOAsO* –
3.32 1.5 AsFe 0.07
4.45 5.7 AsOO















formation of tooeleite may improve the efficiency of As re-
moval from the solution compared to As(III)-sorbed schw-
ertmannite in AMD systems. Indeed, the final dissolved
concentration of As(III) after tooeleite formation was
found to be �2 to 4 times lower than that measured after
precipitation of As(III)–schwertmannite (Egal et al., 2009,
and Fig. 1, this study, respectively).

3.7. Implications for arsenic remediation in AMD

Regarding the much higher residual dissolved As(III)
concentrations relative to dissolved As(V) after precipita-
tion of schwertmannite in acidic waters (Fig. 1), remedia-
tion of As-rich AMD systems is greatly improved by
oxidizing As(III) to As(V), which allows the formation of
As(V) hydroxysulfates exhibiting As/Fe solid ratios similar
to those of the starting solution. Importantly, dissolved
As(V) concentrations in contact with these phases are
found to be �10 times lower than dissolved As(III) concen-
trations in contact with these phases for a similar As/Fe ra-
tio in the solid phase (Fig. 1). These phases are As(V)–
schwertmannite for low starting As/Fe ratio (60.2 mol/
mol) and amorphous ferric arsenate sulfate for high starting
As/Fe ratio (P0.2 mol/mol). In AMD systems, formation
of such phases is accelerated by microorganisms such as
Thiomonas sp., which are able to catalyze As(III) to
As(V) oxidation by dissolved oxygen (Morin et al., 2003,
2006). In the Carnoulès AMD system, seasonal variations
of the microbial activity of As(III)-oxidizing microorgan-
isms likely influence the efficiency of the natural remedia-
tion process and lead to larger production of As(V) in the
summer season (Morin et al., 2003, 2006). Nevertheless,
aggregation and sedimentation of tooeleite and amorphous
ferric arsenate sulfate in thick biofilms rapidly lower the dis-
solved arsenic concentration in the upstream section (first
50–100 m downstream the spring) of the AMD system
(Casiot et al., 2003; Egal et al., 2010). Because the dissolved
As concentration decreases, schwertmannite can, therefore,
precipitate downstream, and it becomes the dominant solid
phase in the Reigous creek sediments. The remaining dis-
solved arsenic thus progressively immobilizes by forming
surface complexes on the surfaces of this mineral, as shown
for sample Sed foyer0303 sampled in Reigous creek, 1000 m
downstream of the acidic spring (Lebrun, 2004; Casiot
et al., 2005). The present study improves our understanding
of the relationships between the structure and reactivity of
As-bearing nanocrystalline and amorphous phases involved
in natural and (bio)technological As remediation processes.
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P. N. (2010) Structure, function and evolution of the Thiomonas

spp. genome inferred from sequencing and comparative anal-
ysis. PLoS Genet. 6(2), e1000859.

Barham R. J. (1997) Schwertmannite: a unique mineral, contains a
replaceable ligand, transforms to jarosite, hematite, and/or
basic iron sulfate. J. Mater. Res. 12(10), 2751–2758.

Battaglia-Brunet F., Dictor M. C., Garrido F., Crouzet C., Morin
D., Dekeyser K., Clarens M. and Baranger P. (2002) An
arsenic(III)-oxidizing bacterial population: selection, character-
ization, and performance in reactors. J. Appl. Microbiol. 93,

656–667.

Benzerara K., Morin G., Yoon T. H., Miot J., Tyliszczak T.,
Casiot C., Bruneel O., Farges F. and Brown, Jr., G. E. (2008)
Nanoscale study of As biomineralization in an acid mine
drainage system. Geochim. Cosmochim. Acta 72, 3949–3963.

Bigham J. M., Schwertmann U., Carlson L. and Murad E. (1990)
A poorly crystallized oxyhydroxysulfate of iron formed by
bacterial oxidation of Fe(II) in acid mine waters. Geochim.

Cosmochim. Acta 54, 2743–2758.

Bigham J. M., Schwertmann U. and Pfab G. (1996a) Influence of
pH on mineral speciation in a bioreactor simulating acid mine
drainage. Appl. Geochem. 11, 845–849.

Bigham J. M., Schwertmann U., Traina S. J., Winland R. L. and
Wolf M. (1996b) Schwertmannite and the chemical modeling of
iron in acid sulfate waters. Geochim. Cosmochim. Acta 60,

2111–2121.

Bruneel O., Volant A., Gallien S., Chaumande B., Casiot C.,
Carapito C., Bardil A., Morin G., Brown, Jr., G. E., Personne
C. J., Le Paslier D., Schaeffer C., Van Dorsselaer A., Bertin P.,
Elbaz-Poulichet F. and Arsene-Ploetze F. (2011) Characteriza-
tion of the active bacterial community involved in natural
attenuation processes in arsenic-rich creek sediments. Microb.

Ecol. 61(4), 793–810.



Burgos W. D., Borch T., Troyer L. D., Luan F., Larson L. N.,
Juliana F., Brown J. F., Lambson J. and Shimizu M. (2012)
Schwertmannite and Fe oxides formed by biological low-pH
Fe(II) oxidation versus abiotic neutralization: impact on trace
metal sequestration. Geochim. Cosmochim. Acta 76, 29–44.

Burton E., Bush R., Johnston S., Watling K., Hocking R., Sullivan
L. and Parker G. K. (2009) Sorption of arsenic(V) and
arsenic(III) to schwertmannite. Environ. Sci. Technol. 43,

9202–9207.

Carlson L., Bigham J. M., Schwertmann U., Kyek A. and Wagner
F. (2002) Scavenging of As from acid mine drainage by
schwertmannite and ferrihydrite: a comparison with synthetic
analogues. Environ. Sci. Technol. 36, 1712–1719.

Casiot C., Lebrun S., Morin G., Bruneel O., Personné J. C. and
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