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ABSTRACT: Results are presented from X-ray absorption spectroscopy based
analysis of As, Cr, and V speciation within samples of bauxite ore processing
residue (red mud) collected from the spill site at Ajka, Western Hungary. Cr K-
edge XANES analysis found that Cr is present as Cr3+ substituted into
hematite, consistent with TEM analysis. V K-edge XANES spectra have E1/2

position and pre-edge features consistent with the presence of V5+ species,
possibly associated with Ca-aluminosilicate phases. As K-edge XANES spectra
identified As present as As5+. EXAFS analysis reveals arsenate phases in red
mud samples. When alkaline leachate from the spill site is neutralized with
HCl, 94% As and 71% V are removed from solution during the formation of
amorphous Al-oxyhydroxide. EXAFS analysis of As in this precipitate reveals
the presence of arsenate Al-oxyhydroxide surface complexes. These results
suggest that in the circumneutral pH, oxic conditions found in the Torna and
Upper Marcal catchments, incorporation and sorption, respectively, will restrict the environmental mobility of Cr and As. V is
inefficiently removed from solution by neutralization, therefore, the red mud may act as a source of mobile V5+ where the red
mud deposits are not removed from affected land.

■ INTRODUCTION

Red mud is the fine material byproduct of Al-extraction from
bauxite via the Bayer processes, and up to 120 million tonnes
are produced annually.1 Although in recent years there have
been multiple attempts to find practical uses for red mud (e.g.,
in water decontamination,2,3 soil conditioning,4 and CO2

sequestration5) the majority of red mud produced is stored
in land based depositories1,6 or has been dumped into the sea.7

To prevent dust formation, red mud is often stored as wet
slurry, and once filled, depositories are covered and revegetated
to cap the waste.8,9

The failure of the northwestern corner of Cell X of the Ajkai
Timfoldgyar Zrt alumina plant red mud depository (Western
Hungary) on October 4, 2010 resulted in the release of ∼1
million m3 of caustic metalliferous red mud suspension.10,11

Cell X was the active depository in use at the time, therefore, it
contained red mud suspension with high water content (solids
∼200−300 g L−1)10 promoting the long-range transport of the
released material. The waste inundated homes and land
downstream killing 10 persons and causing over 100 other
serious injuries.9,12 Approximately 40 km2 of agricultural and

urban land was affected and the red mud was transported over
120 km downstream by rivers reaching the Danube itself.9,11

The specific composition of red mud is highly dependent on
the nature of the bauxite used. Red mud typically comprises
residual iron oxides, quartz, sodium aluminosilicates, titanium
dioxide, calcium carbonate/aluminate, and sodium hydroxide
(which raises the pH up to 13).6,9,13,14 Associated red mud
leachates are also hyperalkaline (up to pH ∼13), which itself
can be directly toxic to aquatic life.15 Equally important is the
greater mobility of oxyanionic forming trace elements such as
As, Cr, and V at elevated pH.16 At Ajka, water in the highly
alkaline (pH 13) red mud suspension has elevated concen-
trations of metals and metalloids such as Al (650 ppm), As, V,
and Mo (4−6 ppm), and the red mud itself has elevated
concentrations of As, V, Cr, Co, and Ni (100−1000 ppm).12,17

Within days after the spill, acid dosing of surface waters
was established close to the impoundment breach17 and was
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effective in lowering both pH values and metal(loid) co-
ncentrations immediately downstream of the spill.11,17 Gypsum
(CaSO4·2H2O) addition was also extensively used to lower pH
at sites from 5 to 70 km downstream.17,18 Mixing of the red
mud with soils, river sediments, and uncontaminated surface
water also contributed to the overall pH reductions observed.
Sequential extractions performed on these neutralized (pH 8−
8.5), transported red mud deposits determined that the
majority of metal(loids) such as As, Cr, and V (70−90%) are
present in residual hard-to-leach phases.17 The remaining 10−
30% of these metal(loids), however, occurred in weak acid/
hydroxylamine HCl leached phases, which may represent the
presence of metal(loid) containing phases that are more
environmentally available.17 Investigation of red mud behavior
in affected rivers also suggested the fine grained nature of the
red mud will facilitate its downstream transport, potentially
spreading contamination, but also diluting its effects.17

Another part of the response to the disaster was to remove
the red mud from residential areas and fields (in some cases
thin deposits were plowed into underlying soils) to prevent
dust formation.9,12,17 Initial investigations, however, suggested
that the likely health effects from red mud derived dusts are no
greater than other urban dust sources.9,19 In red mud affected
soils, the effects of elevated salinity and alkalinity were high-
lighted as being more important constraints on plant growth
than the heavy metal content.12 Despite these initial findings,
the longer term behavior and potential mobility of metal(loids)
in neutral red mud affected environments are still largely un-
known. Indeed, Grafe et al.13 recently highlighted limited knowl-
edge of trace metal speciation and leaching behavior as a key
knowledge gap in relation to the management of bauxite residues.
This study had the following specific objectives: (1) X-ray

absorption spectroscopy analysis was combined with electron
microscopy to determine As, Cr, and V speciation within the
red mud. (2) Alkaline leachate associated with the red mud was
acid neutralized, the changes in metal(loid) concentrations
were determined, and the speciation of As and V in the
neoformed leachate precipitate was investigated. (3) This new
information was used in conjunction with published data12,17 to
predict the likely environmental mobility, fate, and long-term
hazards from As, Cr, and V contamination associated with the
red mud spill.

■ MATERIALS AND METHODS

Field Sampling and Sample Handling. In December
2010 triplicate samples of red mud (K1a, K1b, and K1c) were
recovered from the dyke breach of the Ajka red mud
impoundment (Location K1 in 17; Lat 47°05′20 N, Long
14°29′43 E). The samples were air-dried, disaggregated using a
mortar and pestle, and sieved to retain the <2 mm fraction. Red
mud leachate was collected from a leachate drain at location K1
and stored at 5 °C in polypropylene bottles until used.
Leachate Neutralization Experiment. Unfiltered red

mud leachate (50 mL) was neutralized to pH 8.3 (typical pH
value recorded at sampling stations 5 km downstream of K117)
by dropwise addition of 6 mol L−1 HCl. The pH was
determined using an Orion benchtop meter calibrated with
pH 7 and pH 10 buffer solutions. Below pH 10.5 a cloudy
white precipitate formed. The suspension was left to equilibrate
for 13 days then centrifuged for 10 min at 6000g. The sup-
ernatant was removed, filtered (0.2 μm), and analyzed as below.
The precipitate was washed in a pH 8.3 NaOH solution and
dried at 70 °C.

Sample Characterization. Sample digestion was achieved
via microwave-assisted total digestion (aqua regia and HF).20

Elemental concentrations in digests and aqueous samples were
analyzed using a Perkin-Elmer Elan DRCII inductively coupled
plasma-mass spectrometer (ICP-MS; As and Cr) and an Optima
5300 DV ICP-OES (all other elements). X-ray powder diffraction
(XRD) analysis of K1c red mud and the leachate precipitate was
performed on a Bruker D8 Advance XRD with a Cu tube.

Transmission Electron Microscopy (TEM). Approxi-
mately 0.1 g of K1c was suspended in ethanol, placed on a Cu
support grid with holey carbon support film (Agar Scientific,
UK), and air-dried prior to analysis. The specimen was examined
using a Philips/FEI CM200 field emission gun TEM fitted with a
scanning (STEM) unit and an ultrathin window energy disper-
sive X-ray detector (Oxford Instruments ISIS EDX).

X-ray Absorption Spectroscopy (XAS). XANES and
EXAFS data were collected at station I18 at the Diamond Light
Source, UK, in April, 2011. One hundred mg of two red mud
samples (K1a and K1c) and the precipitate recovered from the
leachate neutralization experiment were prepared as pressed
pellets for analysis. XAS spectra were collected at the As, Cr,
and V K-edges (11867, 5989, and 5465 eV, respectively).
Standard spectra were collected from a range of laboratory
chemicals and aqueous solutions (1000 mg L−1). In addition an
amorphous Cr-hydroxide standard was prepared via precip-
itation achieved through dropwise neutralization of CrCl3
solution by sodium hydroxide.21 The resulting precipitate was
then washed with distilled water to remove all impurities and
dried in an oven at 60 °C for 24 h. A 5% Cr3+-substituted
hematite standard was prepared following the method of 22
and Cr K-edge XANES spectra were collected at the SuperXAS
beamline of the Swiss Light Source. All XANES and EXAFS
spectra were summed and normalized using Athena v0.8.061
and XANES data were plotted for samples and standards. Cr
and V K-edge spectra from red mud samples were affected by
irresolvable interferences with Nd and La L3-edges observed at
6208 and 5483 eV respectively, therefore, EXAFS spectra were
not analyzed. As K-edge spectra from all samples were
interference free and background subtraction for EXAFS
analysis was performed using PySpline v1.1. Background
subtracted EXAFS spectra were then fit in DLexcurv v1.023

to model clusters representing various As binding environments
relevant to the red mud and the precipitate recovered from the
leachate neutralization experiment (Supporting Information
Figure SI 1). Multiple scattering was allowed for as coded in
Dlexcurv v1.0.23,24 Improvement in R value (as coded in 24) was
used as a measure of goodness of fit. In addition, reduced Chi2

values were used to evaluate fits of each experimental spectrum
to various single shell vs multiple shell model clusters (see SI,
Sections 1 and 2 for detailed descriptions and protocols).

■ RESULTS

Sample Characterization. XRD analysis of the red mud
revealed hematite (Fe2O3), calcite (CaCO3), cancrinite
(Na6CaAl6Si6(CO3)O24·2H2O), and hydrogarnet (Ca3AlFe-
(SiO4)(OH)8), with minor amounts of boehmite (AlO(OH))
and gibbsite (Al(OH)3), similar to previous analysis of
deposited red mud samples but without any soil and sediment
derived minerals.9 The precipitate formed during leachate
neutralization was amorphous by X-ray diffraction, similar to
previous reports of precipitates formed from Al-rich leachates.25

Leachate neutralization is very effective in removing soluble Al
(99.7% removed), As, B, Fe, Ga, Ni, and Si (85−94% removed),
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but is progressively less effective in removing soluble Pb
(78% removed), Cu (77% removed), V (71% removed), Mo
(47% removed), and Cr (26% removed) (Table 1). The ranges of

As, Cr, and V concentrations in K1 red mud samples are 37−110,
733−934, and 860−963 mg kg−1, respectively (see SI Table SI 1
for the total major and minor element composition of replicates
K1a, K1b, and K1c). Samples K1a and K1c were selected for
detailed XAS analysis due to their higher concentrations of As, Cr,
and V.
TEM Analysis. Figure 1a shows an aggregate of small

particles typical of red mud from the Ajka spill.9,17 The fine

matrix particles (Figure 1b) are identified by selected area
electron diffraction (SAED) (Figure 1c) as aggregates of
crystalline hematite particles typically 10−200 nm in size

(although areas with <5 nm particles also occur (SI Figure SI 2)).
EDX analysis of hematite particles (Figure 1d) contained large
peaks due to the presence of Fe and O with smaller peaks for Al, Ti,
Si, Ca, Cr, and Mn (Cu peaks are due to the TEM support grid).
SAED analysis of larger 1−2 μm plate-like crystals was impossible
due to rapid beam damage. EDX analysis, however, revealed distinct
Na−Al−Si rich and Ca−Al−Si rich compositions consistent with
the cancrinite- and hydrogarnet-like phases already identified by
XRD in the same sample. V peaks were found to be present in
EDX spectra collected from the Ca−Al−Si rich hydrogarnet-like
phase only (SI Figure SI 3−4). (The energy of the Ti Kβ and V Kα

peaks overlap in EDX spectra, therefore, the presence of V in these
particles was indicated by the presence of the V Kβ peak.)

Chromium XANES Analysis. The Cr K-edge XANES
spectrum from red mud sample K1a lacks the large character-
istic pre-edge peak associated with Cr6+ at 5993 eV and has its
main absorption edge at position similar to the CrOOH and
Cr2O3 standards (Figure 2). This indicates that the majority of

Cr is present as Cr3+. The red mud spectrum contains features
consisting of sub peaks and shoulders throughout the XANES
region (marked by arrows in Figure 2) that resemble XANES
spectra collected from the Cr3+-substituted hematite and Cr2O3

standards.
Arsenic XANES Analysis. The As K-edge XANES spectra

(Figure 3) collected from both red mud samples (K1a and
K1c) and the leachate precipitate all have their edge position
and white line peaks at the same energy as the arsenate
standard. This indicates that the majority of As is present as
As5+ in all samples. All samples also have a small shoulder on
the absorption edge at the same energy as the arsenite standard
peak that is absent in the arsenate standard. This indicates that
some As3+ is also present; however, linear combination fitting

Table 1. Concentration of Selected Soluble Elements in Red
Mud Leachate and Neutralized Leachate (0.2-μm Filtered)

determinand red mud leachate neutralized leachate % removed

pH 12.6 8.3

selected elements (μg L‑1)

Al 833500 2400 99.7

As 6325 383 93.9

B 1693 107 93.7

Cr 65 48 26.0

Cu 429 100 76.6

Fe 288 <10a >96.5

Ga 3820 294 92

Mo 7883 4190 46.9

Ni 35 5 85.1

Pb 405 89 77.8

Si 9133 642 93.0

V 8977 2650 70.5
aLess than given limit of detection.

Figure 1. (A) Low-resolution bright field (S)TEM image of K1c red
mud particles. (B) Higher magnification image of area highlighted by
white arrow in A. (C) Selected area electron diffraction pattern with
the polycrystalline rings labeled by hematite miller indices; and (D)
EDX spectra collected from the point shown with a white arrow in B.

Figure 2. Normalized Cr K-edge XANES spectra collected from the red
mud sample K1a and three Cr(III) and one Cr(VI) containing standards.
Arrows mark position of spectral features discussed in text. *E0 for the
Cr-hematite spectrum was shifted +1.2 eV to match the Cr2O3 spectra.
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using arsenate and arsenite spectra as end members suggests
the As3+ contribution is less than 5%.
Arsenic EXAFS Analysis. Arsenic K-edge EXAFS spectra

(Figure 4) collected from two red mud samples (K1a and K1c)

both have similar coordination environments with spectra fitted
with 4 oxygen backscatters at 1.65−1.74 Å (Table 2). An
additional peak identified in the Fourier transforms at around
2.8 Å could be entirely attributed to multiple scattering within
the arsenate tetrahedron.26 The fits to these spectra could
not be statistically improved (reduced Chi2) by including
an additional shell of either Al or Fe backscatterers at ∼3.2 or

3.3−3.4 Å, respectively. EXAFS data collected from the leachate
precipitate were best fit with an additional shell of ∼2 Al/Fe
backscatters at around 3.2 or 3.3−3.4 Å, respectively, with a
resultant ∼28% improvement in reduced Chi2 (comparing the
fit with 4 oxygen backscatterers vs 4 oxygen backscatterers and
2 Al/Fe next-nearest neighbors) (Table 2).

Vanadium XANES Analysis. The V K-edge XANES
spectrum (Figure 5) collected from the red mud sample K1c
has a prominent pre-edge peak at 5470 eV (all energy values are
quoted to ±0.25 eV) with a normalized intensity of 0.50. The
main absorption edge (E1/2 = point where absorption reaches
50% of the normalized absorption) is at 5480.3 eV. The V K-
edge XANES spectrum collected from the leachate precipitate
also has a pre-edge peak at 5470 eV, with a normalized intensity
of 0.55 and E1/2 = 5479.9 eV. The E1/2 positions for standard
spectra are as follows: aqueous vanadate = 5480.9 eV, V2O5 =
5480.4 eV, VOSO4·xH2O = 5479.6 eV, and V2O3 = 5478.5 eV.

■ DISCUSSION

Speciation of Chromium, Arsenic, and Vanadium in
Red Mud. Cr K-edge XANES analysis reveals that Cr in red
mud is predominately present as Cr3+, supporting previous
observations that virtually no Cr6+ could be extracted from red
mud samples recovered downstream of the spill.12 There is a
similarity between the red mud spectra and both the Cr-
substituted hematite and Cr2O3 standard spectra, suggesting a
similar Cr3+ coordination environment in all three spectra. (In
SI Figure SI 5, a more detailed comparison reveals a slightly

Figure 3. Normalized As K-edge XANES spectra collected from red mud
samples (K1a and K1c), the K1 leachate precipitate, and 1000 mg·L−1

arsenic standard solutions. Vertical lines should guide the eye.

Figure 4. Right: Background subtracted As K-edge EXAFS spectra
collected from red mud samples (K1a and K1c) and the K1 leachate
precipitate. Left: Corresponding Fourier transforms calculated from
EXAFS spectra. Dashed lines represent DLexcurv V1.0 model fits
using the parameters listed in Table 2.

Table 2. As K-edge EXAFS Fitsa

goodness of fit

sample shell N R (Å) 2σ2 (Å2) R (%) reduced χ2

K1a O 1 1.66 0.007 22 56

O 1 1.67 0.005

O 1 1.72 0.005

O 1 1.72 0.006

K1c O 1 1.63 0.005 23 56

O 1 1.69 0.010

O 1 1.70 0.005

O 1 1.73 0.004

leachate ppt O 1 1.65 0.009 20 32

fit with 4 O O 1 1.66 0.010

O 1 1.70 0.006

O 1 1.74 0.005

leachate ppt O 1 1.65 0.010 19 24

fit with 4 O and 2 Al O 1 1.66 0.012

(shown in Figure 4) O 1 1.69 0.004

O 1 1.73 0.004

Al 1 3.19 0.015

Al 1 3.19 0.021

leachate ppt O 1 1.63 0.009 18 22

fit with 4 O and 2 Fe O 1 1.65 0.006

O 1 1.71 0.005

O 1 1.73 0.005

Fe 1 3.33 0.020

Fe 1 3.25 0.030
aN is the occupancy (± 25%), R is the interatomic distance (± 0.02 Å for
the first shell, ± 0.05 Å for outer shells), 2σ2 is the Debye-Waller factor
(± 25%), and R and reduced χ2 are the least squares residual and the
reduced Chi2 goodness of fit parameters, respectively. Four As−O bonds
have been considered separately to allow for multiple scattering within the
AsO4 tetrahedron. N values were held constant during the fitting.
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better match to the Cr-substituted hematite standard). XANES data
are complimented by TEM analyses that indicate Cr is colocalized
in hematite particles (this study and 9). At the elevated pH and
temperatures encountered in the Bayer Process, hematite recrys-
tallization will be promoted,27 and Cr3+ is known to readily substi-
tute for Fe3+ in metal oxides.22 Thus, incorporation into hematite is
the most likely fate for Cr3+ in the red mud and is supported by a
similar association of Cr3+ in iron oxide particles previously
observed in μXANES analysis of Australian bauxite residues.28

As K-edge XANES analysis reveals that the As in red mud
samples is present predominantly in the As5+ oxidation state.
Further EXAFS analysis of spectra collected from red mud
samples shows that the local coordination environment is
consistent with the tetrahedral arsenate structure. There is no
evidence for any contribution to these spectra from additional
shells of backscattering atoms at longer distances. This chemical
structure is consistent with arsenate oxyanions present as
simple outer-sphere sorption complexes. Arsenate associated
with iron and aluminum oxyhydroxides commonly forms inner-
sphere sorption complexes, with next-nearest neighbor (second
shell) features evident in the EXAFS analysis.24,26,27 In contrast,
EXAFS analysis of inorganic phases such as calcium arsenate
(Ca3(AsO4)2) and mansfieldite (AlAsO4·2H2O) reveal no long-
range structure beyond the AsO4 tetrahedron.29 Mineral
saturation modeling (SI Table SI 3) using the K1 red mud
leachate composition indicates that the solution is undersaturated
with respect to a range of Ca-arsenates and Al-arsenate, but is
oversaturated with respect to Ba-arsenate (Ba3(AsO4)2), which is
relatively insoluble at elevated pH.30,31 The presence of inorganic
arsenate phases in the red mud, therefore, is consistent with
EXAFS and modeling results.

V K-edge XANES spectra have a reported trend in increasing
absorption edge position (E1/2) with increasing V valence state
of approximately 1−2 eV per valence increase.32,33 E1/2 is also
affected by variation in V coordination structure which can
cause overlap in E1/2 values between compounds with different
V oxidation states.33,34 E1/2 values recorded for the red mud
sample (5480.3 eV) are within the range of values reported for
V5+ containing compounds,32,34−36 and just below that
recorded for V2O5 in this study. In addition, the majority of
V4+ containing compounds reported have E1/2 values below
5479.4 eV.32,34,37 The normalized pre-edge peak intensity also
increases with V oxidation state. The normalized pre-edge peak
intensity values determined from the red mud spectra (0.50)
are also within the range reported for V5+ compounds but there
is considerable overlap with V4+ compounds for this indicator.34

Likewise the energy of the pre-edge peak increases with
oxidation state, but again V4+ and V5+ are not separated by this
indicator.33 Graefe et al.28 found V present primarily as V4+

associated with goethite particles in a sample of Darling Range
bauxite residue (Western Australia), however, goethite is absent
from the Ajka red mud (this study and 9) and V was not found
associated with hemeatite particles in the red mud at
concentrations detectable by EDX analysis. Indeed, at the pH
and Eh reported for the red mud17 the presence of appreciable
V4+ is not expected due to rapid oxidation to V5+ that is
catalyzed by OH− and mineral surfaces.38−40 Therefore,
although E1/2, and especially pre-edge peak intensity, should
be applied with care when assigning V oxidation state, it can be
reasonably inferred that much of the V within the red mud
sample is present as V5+.
Although mineral saturation modeling results (SI Table SI 3)

predict that no vanadate phase is oversaturated in the red mud
leachate, the V-XANES data reported for a Ca-vanadate
standard (E1/2 = 5480 eV; pre-edge peak = 5470 eV, pre-
edge peak intensity = 0.535) are within error of data collected
from the red mud. TEM analysis of red mud particles, however,
found V associated with a Ca-aluminosilicate phase with a
hydrogarnet-like composition (SI Figure S4). Hydrogarnet is
known to be able to incorporate oxyanions such as chromate
(CrO4

2−) by substituting for four hydroxyls (H4O4
4−) in its

structure41 and the similar size and structure of the vanadate
ion compared to chromate may also promote such substitution.
Substitution of vanadate into hydrogarnet-like phases within
the red mud, may therefore, limit V mobility; although the
affinity and stability of V in such phases, and the nature of their
V K-edge XANES spectra are unknown.

Chromium, Arsenic, and Vanadium Behavior during
Leachate Neutralization. When red mud leachate is acid-
neutralized a neoformed amorphous Al-rich oxyhydroxide
precipitate is formed (Al concentrations are reduced from
834 to 2.4 mg L−1). There is also an observed overall reduction
the concentrations of the potentially hazardous trace elements
present in the leachate, however, the degree of removal varied
by element. For oxyanionic forming elements such as As, Cr,
and V the degree of removal observed is consistent with the
variation in pH-dependent sorption behavior observed for
arsenate, chromate, and vanadate with metal oxyhydroxides
during pH reduction (i.e., at pH 8.3 arsenate is predicted to
have greater affinity for mineral surfaces than vanadate, and
chromate is predicted to remain highly soluble).16,42

Cr concentrations in the leachate are relatively low, as was
the degree of sorption to the neoformed precipitate (precluding
XAS analysis of Cr speciation in this sample). Cr3+ is predicted

Figure 5. Normalized V K-edge XANES spectra collected from the red
mud sample K1c, the leachate precipitate (L. ppt) and V3+, V4+, and V5+

containing standards. The vanadate spectrum is from a 1000 mg L−1

aqueous solution in 0.1 mol L−1 NaOH. Arrow marks position of the La
L3-edge which is superimposed onto the K1c data above this energy.
Vertical lines should guide the eye.
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to precipitate as Cr-hydroxide at circumneutral pH, however,
Cr6+ is predicted to be soluble as chromate throughout the
circumneutral to alkaline pH range.43 This suggests that
aqueous Cr may be present as Cr6+ as the chromate ion.
Although Cr was not strongly removed from solution during
leachate neutralization, downstream dilution lowers aqueous
[Cr] to undetectable concentrations in river water samples.17

Analysis of As K-edge EXAFS spectra collected from the
leachate precipitate shows that the local coordination environ-
ment is consistent with the tetrahedral arsenate structure.
There is also evidence (reduced Chi2) for additional Fe/Al
backscatterers at approximately 3.2−3.4 Å consistent with the
formation of bidentate corner-sharing complexes on iron and
aluminum oxyhydroxides.26,44,45 Assuming a similar affinity of
arsenate for Al and Fe oxyhydroxide surfaces, then the majority
of the As is more likely to be found with the Al oxyhydroxides
that dominate the leachate precipitate (Table 1). The existence
of arsenate in inner-sphere surface sorption complexes
associated with the neutralized precipitate also implies pH
will be an important control for As mobility.16,42 The elevated
pH present in the red mud repository promoted high arsenate
solubility, but soluble As is almost completely absent
downstream where pH is lowered17 and adsorption dominates.
V K-edge XANES spectra collected from the leachate

precipitate also have spectral features that are consistent with
the presence of vanadium in the V5+ oxidation state. This is not
surprising as, at the pH present in the red mud repository,
vanadate is predicted to dominate aqueous speciation.39,46,47When
the leachate was neutralized, therefore, some adsorption of
vanadate to the neoformed precipitate is expected.39,42 The degree
of vanadate adsorption increases as pH is lowered but complete
adsorption to minerals is not observed at circumneutral pH when
surface loadings are elevated.48,49 In experiments using goethite
this effect is attributed to the formation of more soluble
polyvanadate species,48 but saturation of potential sorption sites
may also lead to elevated V concentrations at circumneutral pH.
This is consistent with the behavior observed downstream of the
spill in December 2010, where, despite the lowered pH and the
effects of dilution, soluble V is present throughout the Torna and
Upper Marcal catchments.17

Implications for Affected Environments. In the weeks
after the spill, global media attention was focused on the
immediate impacts to human welfare, property, and the
environment. Much of the immediate concern focused on
the risks posed by the elevated levels of potentially toxic trace
metals in the red mud, including As, V, and Cr. This study and
the work of others9,12,17 have shown that in the case of As
and Cr these risks seem overstated. Chromium is largely
incorporated as Cr3+ in hematite and aqueous Cr is quickly
diluted to below detection. As hematite is very insoluble at pH
values between 2 and 14 (pKsp ≈ 44;16), and the oxidation
kinetics observed for Cr3+ in the environment are very slow,50

the future evolution of more soluble, toxic Cr6+ from red mud
deposits is likely to be inhibited.
Arsenic solubility can be expected to be controlled by a

combination of dissolution and adsorption reactions. Dissolution
of arsenate-bearing phases may potentially release As to solution,
but an abundance of suitable sorption surfaces in soils and
sediments should ultimately limit As mobility. Indeed, arsenate
sorbed to red mud has been shown to be very stable in neutral to
acidic conditions.51,52 In the near neutral pH, oxidizing, surface
environments that characterize much of the effected Torna and
Upper Marcal catchments, arsenate sorption behavior is more

likely to be effected by the presence of other anions (e.g.,
phosphate and to a lesser extent bicarbonate), which compete for
the same sorption sites.53−55 Where red mud has been deposited
into water-saturated marshes, however, development of reducing
conditions may promote the reduction of arsenate to As3+ species
that are predicted to be more soluble in sediment porewater at
circumneutral pH.47,56

Although V is found as V5+, exact speciation is much less
assuredly assigned by XAS analysis. At circumneutral pH
adsorption will be important in controlling V solubility, however
this study and previous work17 showed that neutralization is
relatively inefficient in removing aqueous V, and soluble V was
detected over 40 km downstream of the spill site. The dissolution
of hydrogarnet during red mud neutralization13 may also promote
V release, and, similar to arsenate, anion exchange processes are
also likely to be important in V leaching behavior. Due to the
observed enhanced solubility of V5+ species at circumneutral pH,
red mud deposits may be a potential source for soluble V5+ species
until extensively leached by meteoric and surface waters. As a
result we recommend that, where feasible, red mud deposits are
recovered from affected environments. Where recovery is
impracticable it is advisible that measures are taken to ensure
pH remains at near neutral levels to minimize the mobility of toxic
trace elements.
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