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ABSTRACT: Tooeleite [FeIII6(As
IIIO3)4SO4(OH)4.4H2O] is an

important As(III) host phase in diverse mining-impacted environ-
ments. Tooeleite has also received attention as a target phase for
immobilizing As(III) in environmental and engineered settings.
However, little is known regarding tooeleite’s environmental
stability, with no previous research examining the possible role of
Fe(II) in inducing tooeleite transformation (as occurs for Fe(III)
oxide minerals). We investigated shifts in solid-phase Fe and As
speciation and associated As mobilization into the aqueous phase
during exposure of tooeleite to aqueous Fe(II) under anoxic
conditions at pH 4 to 8. Our results demonstrate that environ-
mentally relevant concentrations of aqueous Fe(II) (i.e., 1 to 10
mM) induce significant mobilization of As(III) from tooeleite
under near-neutral pH conditions, with greater As(III) mobilization
occurring at higher pH. Extended X-ray absorption fine structure spectroscopy at both the As and Fe K-edge reveals that the
observed As(III) mobilization was coupled with partial Fe(II)-induced transformation of tooeleite to As(III)-bearing ferrihydrite at
pH 6 to 8. These results provide new insights into the environmental stability of tooeleite and demonstrate a novel pathway for
As(III) mobilization in tooeleite-bearing systems.
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■ INTRODUCTION

Arsenic (As) is a ubiquitous toxin that poses a significant
global environmental and public health challenge.1−3 Elevated
levels of As have been documented in water resources
worldwide, with particularly severe As contamination arising
from mining of sulfide ores.4−6 Arsenic contamination is a well-
recognized environmental issue that is associated with many
former mine sites.7−10

The toxicity and environmental mobility of As is controlled
by myriad geochemical reactions, depending on chemical
speciation and mineralogy.11,12 In general, As typically exists in
most near-surface environments as the oxygen-coordinated
arsenite [As(III)] and arsenate [As(V)] species. Arsenite is
thought to be 25−60 times as toxic and more soluble and
environmentally mobile than As(V).13,14 Thus, resolving the
stability and potential transformation of As(III) bearing
minerals is crucial to understanding the environmental cycling
of As.15

Tooeleite [Fe6(AsO3)4SO4(OH)4.4H2O] is the only known
As(III)-Fe(III) mineral.16 It accumulates in acidic systems that
are rich in As(III), iron, and sulfate. Tooeleite can be
considered to be an example of an anthropogenic mineral, in
that it originates as a result of human activities (i.e., mining or
mineral processing). As such, tooeleite has been reported to

occur in As(III)-rich acid mine drainage (AMD),17−19 mining
waste-rock and tailings,20−23 hydrometallurgical waste,21 and
surface soils of mine sites.24 Understanding tooeleite
formation, stability, and fate is of increasing interest from the
perspective of managing As mobility in mining-impacted
systems.25,26

Many abandoned mine sites and associated mining-impacted
systems contain As-contaminated waste and soil that
experience periodical waterlogging, which can lead to partial
reductive dissolution of Fe(III)-bearing minerals.27,28 The
resulting juxtaposition of newly produced aqueous Fe(II) and
residual Fe(III)-bearing minerals may lead to rapid Fe(II)-
induced mineral transformation and/or recrystallization
processes.28−31 Previous research examining Fe(III) oxides,
such as ferrihydrite and schwertmannite, has shown that
Fe(II)-induced transformation can have substantial effects on
the speciation and mobility of co-associated As.32−35
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To date, there is significant uncertainty regarding tooeleite’s
environmental stability. It appears that, under oxic conditions,
tooeleite may transform to a series of Fe-As phases, including
scorodite (Fe(III)-As(V) oxide) as well as jarosite, schwert-
mannite, and ferrihydrite, where the newly formed Fe(III)
phases can retain As(III) and As(V) through adsorption and
coprecipitation processes.36 However, we currently have little
information on tooeleite’s environmental behavior under
anoxic conditions (e.g., in waterlogged soil or mine waste).
In particular, no previous studies have examined if Fe(II) can
induce the transformation of tooeleite, thereby potentially
leading to As(III) mobilization.
Therefore, the objective of the present study was to

investigate the fate of As and Fe following the exposure of
tooeleite to a range of environmentally relevant Fe(II)
concentrations and pH conditions. Accordingly, we use X-ray
absorption spectroscopy (XAS), transmission electron micros-
copy (TEM), and X-ray diffraction (XRD) to characterize
solid-phase As and Fe behavior, while also monitoring aqueous
phase As speciation during the exposure of tooeleite to up to
10 mM aqueous Fe(II) over 14 days at pH 4−8.

■ EXPERIMENTAL DESIGN
Chemicals and Reagents. Chemical reagents were

sourced from Sigma-Aldrich (Australia). Experimental sol-
utions were prepared by using Type I water (18.2 MΩ cm). All
glassware was acid-washed for at least 12 h and rinsed with
Type I water. Experiments were performed in triplicate at
ambient temperature (22 °C). Oxygen-free conditions were
maintained throughout experimental work using an anaerobic
chamber containing an atmosphere of 97−98% N2 and 2−3%
H2.
Synthesis of Tooeleite. Tooeleite was synthesized as

described by Li et al.36 The synthesis procedure involved the
addition of 0.14 M As(III) solution (adjusting the pH to 1.3 by
H2SO4) with 1 L equiv molar concentration of Fe(III) solution
in a constant-temperature glass beaker. The resulting
suspension was agitated for 2 h at 95 °C at 50 rpm, while
pH was maintained at pH 2 by the slow addition of 1 M
NaOH. The suspension was then cooled to room temperature,
washed five times with deionized water, dried in a fan-forced
oven at 80 °C, ground to a fine powder using a stainless-steel
mechanical ball mill, and stored in a glass container for use in
subsequent experiments. We acknowledge that drying of
tooeleite may result in aggregation behavior that contrasts
with corresponding freshly prepared tooeleite that is
maintained as an aqueous suspension. However, it should be
noted that tooeleite has been observed in relatively dry
material at several field sites,20,24 and it is therefore reasonable
to assume that drying of synthetic tooeleite likely induces a
similar degree aggregation as that occurs for natural tooeleite
exposed to dry conditions in mine wastes or mine-site soils.
Transformation Experiment. Experimental examination

of the impact of Fe(II) on tooeleite behavior and As mobility
followed a general procedure for examining Fe(II)-induced
Fe(III) mineral transformation as described by Choppala and
Burton.30 Synthetic tooeleite (0.2 g) was pre-equilibrated for
24 h in 40 mL of deoxygenated 0.1 M KCl background
solution that was adjusted to pH 4, 6, or 8 (noncomplexing
tertiary amine buffers, PIPPS, and MES at 0.05 M, were used
to maintain the desired pH). Following pre-equilibration, 1 M
Fe(II) stock solution (prepared from FeCl2.4H2O, Sigma-
Aldrich) was added to achieve a final Fe(II) concentration of 0,

1, and 10 mM. Triplicate subsamples of each treatment were
sacrificed at predetermined time intervals and centrifuged
(4000 rpm), and the supernatant was filtered to <0.22 μm and
acidified to pH < 2 using HCl. At each sampling time, solid-
phase samples were subsequently rinsed with N2-purged
methanol and dried within an anaerobic chamber to prevent
further mineralogical transformation.

Analyses. Concentrations of aqueous As(III) and As(V)
were measured by high-performance liquid chromatography
(Agilent 1100, Agilent Technologies, Japan, equipped with a
guard column and a Hamilton PRP-X100 separation column)
coupled to an inductively coupled plasma-mass spectrometry
(HPLC-ICP-MS), with a detection limit of <0.3 μg L−1

(Agilent 7900, Agilent Technologies, Tokyo, Japan).37

Mineralogy was evaluated by powder XRD (Malvern
PANalytical Empyrean, UK). Ground powdered samples
were homogenized and mounted on low background quartz
sample holders in an anaerobic glovebox to avoid oxidation
artifacts. The diffraction patterns were recorded in continuous
scan mode with 2θ angles from 5 to 80° with a step size of
0.02° 2θ and 1 s counting time per step. The XRD patterns
were evaluated using the X’Pert High Score Plus diffraction
software (Malvern PANalytical, Malvern, UK).
The solid-phase micromorphology of individual particles

was examined using scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM−EDX, Zeiss EVOLS-15,
Germany). In addition, the spatial distribution of As and Fe
and the crystal morphology in secondary mineral products
were examined using a JEOL JEM-2200FS transmission
electron microscope (TEM) at the Australian Nuclear Science
and Technology Organization (Sydney, Australia). Selected
experimental samples for TEM examination were suspended in
absolute ethanol and disaggregated by grinding using a mortar
and pestle. A drop of suspension was placed onto a Cu grid
with a lacy-carbon support, and then immediately loaded into a
JEOL double-tilt, analytical specimen holder. Observations of
individual mineral particles were undertaken at a voltage of 200
kV. Analyses was performed using Digital Micrograph (Gatan
Inc. USA) to measure d-spacings from selected areas.
Arsenic K-edge XAS data were collected in fluorescence

mode, using a Si(111) double crystal monochromator, at
approximately 5 K in a He atmosphere with the use of a 100-
element solid-state HP-Ge detector (Canberra/Mirion,
France) at the Australian Synchrotron. Self-absorption was
minimized by diluting the samples and reference standards to
∼0.1 wt % As with cellulose. Quantification of the relative
abundances of solid-phase As(III) and As(V) was determined
by linear combination fitting (LCF) of X-ray absorption near
edge structure (XANES) spectra against As(III) and As(V)
reference standards (i.e., NaAsO2 and Na3AsO4, respectively).
Solid-phase As speciation was further evaluated by fitting of k3-
weighted extended X-ray absorption fine structure (EXAFS)
spectra (in the 1−10 Å−1 range) for experimental samples
against corresponding spectra from a library of reference
standards. LCF was performed using Athena software.38 The
As reference standards included As(III)-sorbed ferrihydrite,
As(V)-sorbed ferrihydrite, amorphous ferric arsenate (AFA),
scorodite, and tooeleite.
Iron K-edge XAS spectra were collected at the Australian

Synchrotron in transmission mode at room temperature using
a Si(111) double crystal monochromator with an ionization
chamber detector. The dried experimental samples were
homogenized, pressed into pellets after dilution with cellulose,
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and sealed with Kapton tape. Solid-phase Fe speciation was
determined by the LCF analysis of the k3-weighted EXAFS
oscillations (in the 2−12 Å−1 range) of experimental samples
against corresponding spectra from a library of reference
standards including jarosite, lepidocrocite, green rust, ferrihy-
drite, goethite, and tooeleite. LCF of Fe K-edge EXAFS data
over a k-range of up to 12 Å−1 has proven to be sufficient for
differentiation among Fe(III) mineral phases in previous
studies on the Fe(II)-induced transformation of Fe(III)
oxides.29

■ RESULTS AND DISCUSSION

Characterization of the Initial Tooeleite. XRD
confirmed that the mineral synthesis procedure produced
tooeleite, with no other identifiable phases (Supporting
Information Figure S1). The total As and Fe content in the
synthesized tooeleite was 2.89 and 4.81 mmol g−1, respectively,
which equates to a molar As:Fe ratio of 0.60. This is
comparable to the molar As:Fe ratio reported in natural
tooeleite (e.g., Cesbron and Williams20 found a ratio of 0.61)
but is slightly lower than tooeleite’s theoretically ideal
stoichiometry (whereby As:Fe = 0.66). Arsenic K-edge
XANES spectroscopy confirmed that the tooeleite-bound As
was present as As(III) alone (Supporting Information Table
S1). SEM with EDX showed that the synthesized tooeleite
exhibited a platy aggregated structure and an As:Fe ratio of
∼0.7 (Supporting Information Figure S2). TEM showed that
the tooeleite was a multilayered nanocrystalline form with
thick flake structures (Figure 1a,b). The TEM−selected area
electron diffraction (SAED) pattern (Figure 1c) displays d-
spacings of 3.2, 2.6, 2.17, and 1.6 Å that are equivalent with
that of tooeleite.18

Solid-Phase Iron Speciation. Iron K-edge EXAFS
spectroscopy indicates that negligible transformation of
tooeleite occurred under Fe(II)-free conditions at pH 4 and
6, with only very minor transformation occurring over 14 days
at pH 8 (Figure 2). Likewise, very little tooeleite trans-
formation (amounting to only 6% of solid-phase Fe) occurred
following the addition of 1 mM Fe(II) under pH 4 conditions.

In contrast, the Fe K-edge EXAFS spectroscopic results show
that substantial levels of tooeleite transformation occurred in
response to the addition of Fe(II) at both pH 6 and 8. For
example, at pH 8, 31 and 39% transformation of tooeleite-
bound Fe(III) had occurred by day 14 following the addition
of 10 mM Fe(II) (Figure 2).

Figure 1. Bright field-TEM image of (a, b) initial tooeleite (T) and its (c) corresponding SAED pattern show four rings at 3.2, 2.6, 2.17, and 1.6 Å
positions that are characteristic for tooeleite. (d, e) tooeleite and ferrihydrite (FH) aggregates observed in the 10 mM Fe(II) treatment under pH 8
conditions at a reaction time of 14 d and (f) the corresponding SAED pattern exhibit three diffuse rings at 2.5, 2.25, and 1.5 Å reflections.

Figure 2. Iron K-edge EXAFS spectra of solid-phase material resulting
from the exposure of tooeleite to 0, 1, and 10 mM Fe(II) at pH 4, 6,
and 8 over 14 days, in comparison to reference spectra for tooeleite
(Too) and ferrihydrite (Fh). Linear combination fits (colored circles)
are superimposed on the experimental data (solid lines).
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LCF of the Fe K-edge EXAFS spectra indicates that Fe(II)
induced the partial transformation of tooeleite-bound Fe(III)
to a ferrihydrite-like Fe(III) species (Supporting Information
Table S2). In agreement, TEM−SAED identified the presence
of nanoscale ferrihydrite crystallites in the 10 mM Fe(II)
treatment at pH 8 (Figure 1). In this case, the presence of
ferrihydrite is evident from d-spacings at 2.50, 2.25, and 1.50 Å
in the SAED pattern shown in Figure 1f. These d-spacings for
ferrihydrite are readily distinguishable from those of tooeleite,
which is further differentiated from ferrihydrite, given
tooeleite’s larger crystallite size and distinct morphology
(Figure 1d). The newly formed ferrihydrite was X-ray
amorphous, as no new XRD peaks (beyond those attributable
to tooeleite) developed over the course of the experiment
described here (Supporting Information Figure S3).
Solid-Phase Arsenic Speciation. LCF of As K-edge

XANES spectra shows that As in all solid-phase samples
collected over the 14-day experiment duration was present as
As(III) (Figure 3a, Supporting Information Table S1). Arsenic

K-edge EXAFS spectroscopy shows that, in some treatments,
tooeleite-bound As(III) transformed partially to As(III) sorbed
to ferrihydrite (Figure 3b, Supporting Information Table S1).
The extent of transformation of tooeleite-bound As(III) to
ferrihydrite-sorbed As(III) varied as a function of both pH and
the level of Fe(II) addition. In the absence of Fe(II), 0, 11 and
19% of tooeleite-bound As(III) had transformed to ferrihy-
drite-sorbed As(III) by day 14 at pH 4, 6, and 8, respectively
(Supporting Information, Table S1).
In comparison to the Fe(II)-free treatments, much larger

changes in solid-phase As speciation occurred in the 10 mM
Fe(II) treatments. In these Fe(II)-rich treatments, ferrihydrite-
sorbed As(III) comprised 10, 21, and 33% of solid-phase As
under pH 4, 6, and 8 conditions, respectively, at day 14.
Overall, the As and Fe K-edge EXAFS spectroscopy results
show that the addition of Fe(II) under circumneutral pH
conditions induced a significant transformation in solid-phase
As speciation, whereby tooeleite-bound As(III) was partly
replaced by As(III) sorbed to ferrihydrite (Figure 3).
In general, both the As and Fe K-edge EXAFS spectroscopy

results point to Fe(II) acting to induce transformation of
tooeleite to ferrihydrite at pH 6 and 8. From a quantitative
perspective, the extent of transformation of tooeleite-bound As
(up to 33% of solid-phase As) compares relatively well with the
corresponding transformation of tooeleite-bound Fe (up to
39% of solid-phase). Although the percentage transformation
of tooeleite-bound Fe does not exactly match transformation of
tooeleite-bound As in each experiment treatment, the differ-
ences are in fact minor, considering that the accuracy of the
LCF approach has been reported as approx. ±5%.39

Aqueous-Phase Arsenic Dynamics. Analysis of aqueous
As speciation revealed the presence of As(III) alone, with no
detectable As(V), in either control (Fe(II)-free) or Fe(II)-
amended treatments over the 14 day experiment duration. As
shown in Figure 4, mobilization of As(III) from the solid phase
into the aqueous phase occurred (to varying degrees) in all
experimental treatments. Both pH and the addition of Fe(II)
had a significant effect on the magnitude of As(III)
mobilization (Figure 4). Increases in pH (from 4 to 8) were
found to enhance As(III) mobilization in the 0, 1, and 10 mM
Fe(II) treatments. At pH 4, the presence of 1 or 10 mM Fe(II)
had little effect (relative to the Fe(II)-free treatment) on the
extent of As(III) mobilization from tooeleite.
In contrast, increasing the concentration of added Fe(II)

(from 0 to 10 mM) at both pH 6 and 8 resulted in substantial

Figure 3. (a) Arsenic K-edge XANES spectra and (b) k3 weighted
EXAFS spectra of solid-phase materials collected after reaction with
10 mM Fe(II) for 1 h or 14 days at pH 4, 6, or 8. The vertical gray
lines in panel (a) indicate the white line energy for As(III) and As(V).
Solid and dotted lines represent experimental data and linear least-
squares fits, respectively. AsIII-FH denotes As(III) sorbed to
ferrihydrite.

Figure 4. Temporal evolution of As(III)(aq) during the (a) 0 Fe(II), (b) 1 mM Fe(II), and (c) 10 mM Fe(II) induced reductive dissolution of
tooeleite as a function of pH (4−8) over 14 days.
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increases in As(III) mobilization. For example, at pH 8, the
final amount of As(III) that was released to the aqueous phase
following the addition of 10 mM Fe(II) was ∼165 μmol g−1

compared to only ∼75 μmol g−1 under Fe(II)-free conditions
(Figure 4). This comparison indicates that the addition of 10
mM Fe(II) at pH 8 enhanced As(III) mobilization by more
than twofold relative to the corresponding 0 mM Fe(II)
treatment. On the whole, the results therefore show that the
addition of Fe(II) under circumneutral pH conditions induced
significant mobilization of As(III) into the aqueous phase
(Figure 4), which occurred in parallel with Fe(II)-induced
transformation of tooeleite to ferrihydrite (Figures 1 and 2).
Fe(II)-Induced Transformation of Tooeleite. The

present study demonstrates, for the first time, that Fe(II)
induces relatively rapid partial transformation of tooeleite
under circumneutral pH conditions. As described previously
for Fe(III) oxides,29,20 the Fe(II)-induced transformation
pathway is likely to occur via a cascade of processes involving
(i) Fe(II) adsorption to the tooeleite surface, (ii) electron
transfer between adsorbed Fe(II) and tooeleite-bound Fe(III),
and (iii) conduction of transferred electrons to different
Fe(III) lattice sites within tooeleite, which then (iv) undergo
reductive release of Fe(II). During this Fe(II)/Fe(III) electron
transfer−atom-exchange (ET-AE) process, Fe atoms are
rapidly exchanged between the aqueous and solid phases,
thereby accelerating the transformation of metastable Fe(III)
phases to more stable phases.29−32 The overall consequence of
the ET-AE process is that tooeleite dissolves and As(III)-
sorbed ferrihydrite precipitates, with this dissolution-precip-
itation transformation pathway occurring at rates that are
accelerated under Fe(II)-rich conditions relative to Fe(II)-free
conditions.
The initial requirement for Fe(II) sorption is consistent with

our finding that the extent of Fe(II)-induced transformation of
tooeleite increased from pH 6 and 8, but it was negligible at
pH 4. In this regard, previous research demonstrates that
Fe(II) adsorption to Fe(III) oxides is negligible under acidic
conditions, and it increases significantly over a narrow pH
range just below neutral pH. Strathmann and Stone,40 for
example, found that Fe(II) adsorption on hematite and
goethite increased from negligible at pH < 5 to nearly 100%
at pH > 7. A similar pH-dependent behavior has been reported
by Burton et al.41 for Fe(II) adsorption to schwertmannite. In
this case, Fe(II)-induced transformation of schwertmannite
was negligible at pH < 5 and was found to increase in line with
the increased extent of Fe(II) adsorption at pH > 5.
A New Pathway for As(III) Mobilization. Our results

show that the Fe(II)-induced transformation of tooeleite was
associated with enhanced mobilization of As(III) into the
aqueous phase. This is broadly consistent with the trans-
formation of tooeleite to ferrihydrite (represented as Fe-
(OH)3) according to the reaction

· + +

→ + +

−

−

Fe (AsO ) SO (OH) 4H O 8H O 2OH

6Fe(OH) 4H AsO SO

6 3 4 4 4 2 (s) 2

3(s) 3 3
0

4
2

Although this equation points to the complete dissolution of
all tooeleite-bound As(III), it is clear from our results that the
ferrihydrite that forms via Fe(II)-induced transformation of
tooeleite retains a large amount of the As(III) that was initially
bound within tooeleite. This observation is consistent with
previous work showing that ferrihydrite (or comparable phases,
such “hydrous ferric oxide”, HFO) can retain large amounts of

As(III). For example, Dixit and Hering42 report a maximum
sorption density for As(III) on HFO of 0.31 molAs(III)
molFe(III)

−1. Raven et al.43 found an even higher maximum
sorption density for As(III) on ferrihydrite of 0.60 molAs(III)
molFe(III)

−1.
Importantly, these previous reports suggest that ferrihydrite’s

ability to sorb As(III) is either less than or comparable to
tooeleite’s As(III) content (which is 0.66 molAs(III) molFe(III)

−1

for tooeleite’s ideal composition of Fe6(AsO3)4SO4(OH)4·
4H2O). Furthermore, the adsorption of large amounts of
As(III) by ferrihydrite requires very high equilibrium aqueous
As(III) concentrations. For example, Raven et al.43 found that
their maximum sorption density of 0.60 molAs(III) molFe(III)

−1

for As(III) adsorption to ferrihydrite corresponded to an
aqueous-phase concentration of ∼15 mmolAs(III) L

−1 (at pH 4.6
and 9.2). This exceeds the As(III) concentration that results
from equilibration of initially As-free solutions with tooeleite,
which Zhu et al.44 found from long-term (over 330 days)
dissolution experiments to be within the range of 6−7
mmolAs(III) L−1 (at pH 4−8). Overall, the quantitative
comparisons discussed above support our observation that
As(III) mobilization into the aqueous phase occurs during the
transformation of tooeleite to ferrihydrite.
Our results show that ferrihydrite was the only detectable

mineral produced via the Fe(II)-induced transformation of
tooeleite. It would therefore appear that tooeleite is metastable
with regard to ferrihydrite under the conditions examined in
our experiment. However, it should be noted that ferrihydrite
is itself metastable, readily undergoing rapid Fe(II)-induced
transformation to more crystalline Fe(III) minerals such
goethite, feroxyhyte, lepidocrocite, and magnetite.31,34,45,46 In
contrast to the expected role of Fe(II) in inducing ferrihydrite
transformation, we found no evidence for the formation of
these more crystalline products. Therefore, once formed, it
appears that ferrihydrite persisted under the experimental
conditions described here.
The persistence of ferrihydrite in the present study is

consistent with high concentrations of sorbed As(III) acting to
stabilize ferrihydrite against Fe(II)-induced transformation.
This effect of As(III) has been reported previously from
studies into the Fe(II)-induced transformation of both
ferrihydrite and schwertmannite.33,35 In this case, ferrihydrite
stabilization may result from surface-complexed As(III)
passivating the mineral surface against Fe(II) adsorption
and/or interfering with electron transfer processes following
the adsorption of Fe(II).

Environmental Implications. Tooeleite forms from
As(III)- and Fe(III)-rich solutions at low pH and is relatively
stable under oxidizing conditions at pH 2−3.5.19 Although
tooeleite appears to persist under low pH conditions, previous
work has indicated that tooeleite becomes unstable at pH >
3.5, Opio47 conducted long-term stability tests (over 30
weeks) showing that tooeleite gradually transformed at pH 4−
9 to form a poorly ordered “ferric arsenite” phase. Likewise,
Chai et al.48 found that tooeleite transformed at pH 6 and 9 to
an “amorphous ferric compound” with broad XRD peaks
similar to those of 2-line ferrihydrite.
Previous studies on tooeleite stability at pH > 3.5 have

considered oxic conditions where Fe(II) is absent.25,26,47,48

The present study is significant in that it is the first to evaluate
tooeleite stability under anoxic conditions at higher pH. Under
such conditions, Fe(II) can be produced by microbially
mediated Fe(III) reduction and may subsequently interact
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with tooeleite. Higher pH conditions (relative to the initially
acidic conditions under which tooeleite forms) can be driven
by microbial Fe(III) reduction coupled to the oxidation of
organic C.6,41 Higher pH can also develop via neutralization of
acidic tooeleite-bearing mine waste or mine-site soil by (i)
deliberate addition of acid-consuming material (e.g., lime) as a
management strategy, or (ii) the natural presence of slowly-
reactive acid-neutralizing minerals whereby in-situ neutraliza-
tion lags behind rapid initial acid generation.
The results from the present study show, for the first time,

that Fe(II) induces transformation of tooeleite under anoxic,
circumneutral pH conditions. The Fe(II)-induced trans-
formation of tooeleite results in formation of ferrihydrite,
which appears to be stabilized by large amounts of sorbed
As(III). It also results in mobilization of elevated concen-
trations of As(III) into the aqueous phase. This finding
highlights a novel pathway for As(III) mobilization in
tooeleite-bearing systems, and challenges the concept that
tooeleite represents a stable host phase for minimizing As(III)
mobility.
The findings from this study have important implications for

situations where tooeleite-bearing mine wastes, mine-site soils
and other materials may be exposed to waterlogged, circum-
neutral conditions. It is likely that, under such conditions,
tooeleite will experience rapid Fe(II)-induced transformation
causing it to become a source for release of As(III) into
ground- and surface-waters. This work deepens our under-
standing of how Fe cycling and associated mineralogical
transformations can influence As mobility and fate in mining-
impacted systems.
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