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Abstract

X-ray absorption spectroscopy (XAS) was used to determine the oxidation state of As, local chemical coordination and the
relative proportion of different As species in recent and ancient Andean volcanic ashes, as well as in Chaco Pampean loess. As
K edge XANES analysis indicates that in loess sediments the dominant species is As(V) (i.e., >91%). Conversely, As(III) is
dominant in all ash samples. In the Puyehue sample, only As(III) species were determined, while in both, the Chaitén and the
ancient tephra samples, As(III) species accounts for 66% of the total As. The remaining 34% corresponds to As(�1) in the
Chaitén sample and to As(V) in the weathered tephra. The proposed EXAFS models fit well with the experimental data, sug-
gesting that in ancient and recent volcanic ashes, As(III) is likely related to As atoms present as impurities within the glass
structure, forming hydroxide species bound to the Al-Si network. In addition, the identified As(�1) species is related to arse-
nian pyrite, while in the ancient volcanic ash, As(V) was likely a product of incipient weathering. In loess sediments, the iden-
tified As(V) species represents arsenate ions adsorbed onto Fe oxy(hydr)oxides, forming inner-sphere surface complexes, in a
bidentate binuclear configuration.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The presence of elevated concentrations of Arsenic (As)
in both surface and groundwater sources in South America
represents one of the most important environmental issues
in the region. The prolonged intake of waters with elevated
concentrations of As results in the well-known symptoms of
chronic As poisoning, known in Argentina as Chronic
Endemic Regional Hydroarsenicism (in Spanish:
‘‘Hidroarsenicismo Crónico Regional Endémico -
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HACRE”). The Chaco-Pampean plain of Argentina is the
largest area in the world (about 1 million km2) with high
As concentrations in groundwater (Bundschuh et al., 2012
and reference therein). While in Argentina the disease was
first described in the early 20th century, the illness had been
present since the Precolumbian Era (Arriaza et al., 2010). In
the Andean region of northern Chile, arsenicosis has also
been recognized as a disease that affected the earliest inhab-
itants (about BC 7000 and BC 2000), as evidenced by the
high concentration of As found in hair, bones and skin of
preserved mummies (Byrne et al., 2010; Rivadeneira
et al., 2010; Kakoulli et al., 2014; Swift et al., 2015).

For decades, a great number of studies were conducted
to better understand the natural sources of this hazardous
pollutant, and the factors that control its mobility in the
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aquatic reservoirs. Previous works (Nicolli et al., 1989;
Bundschuh et al. 2004; Bhattacharya et al., 2006; Sracek
et al., 2009; Nicolli et al., 2010; Nicolli et al., 2012)
described volcanic glass spread within the loess matrix as
the primary natural source of As. While the primary and
secondary sources of As in groundwater were mostly
inferred on the basis of water geochemistry analysis, only
a few works identified the As-bearing phases associated
with loess sediments (Smedley et al., 2005; Nicolli et al.,
2010; Borgnino et al., 2013; Garcı́a et al., 2014). In fact,
there are just a few studies reporting the chemical composi-
tion of glasses separated from loess (e.g., Nicolli et al., 1989;
Nicolli et al., 2010). Recently, Bia et al. (2015) used fresh
volcanic ashes collected after recent eruptions of Patago-
nian volcanoes as proxies for glass grains spread within
loess. In this work, the authors identify the presence of
As(III)-S and As(V)-O species on the glass surfaces, that
were formed by chemical reactions occurring in the volcanic
plume during the eruption, as well as by alteration during
transport. The release of As from these coatings depends
on the solubility of the As-bearing compounds and the
physico-chemical conditions that predominate during
transport and in the deposition location. However, the pres-
ence of As in volcanic glasses is not restricted to the above-
mentioned coatings. In one of the pioneering works that
characterized the solid speciation of As atoms in natural
glasses, Borisova et al. (2010) reported the occurrence of
oxy-hydroxide complexes, such as AsO(OH)2

– and As
(OH)3 in rhyolitic peraluminous glasses. The identification
of the second shell of coordination (or neighboring) could
not be resolved in this work; however the authors proposed
that this position should be restricted to a bond via one
oxygen atom to the Al-Si network of the glass, or coordi-
nated to the major cations K/Na via electrostatic attraction
in the disordered glass structure. The importance of defin-
ing the type and strength of bonds between As and the
neighboring atoms lies in the control that these bondings
exert on the As release during glass alteration.

Although the literature related to the As sources in the
Chaco Pampean loess is abundant (Smedley and
Kinniburgh, 2002; Bundschuh et al., 2004; Smedley et al.,
2005) the solid speciation of As has not yet been addressed.
Results of selective extraction carried out with loess sam-
ples revealed that an important fraction of As in the sedi-
ment is associated with Fe and Mn oxy(hydr)oxides
(Smedley et al., 2005; Sracek et al., 2009). In view of the
oxidizing conditions dominating in groundwater of the
region, such association should likely represent As(V)
atoms (i.e., arsenate) sorbed onto these oxides. Therefore,
if the speciation and coordination of As in volcanic ash
and loess are different, there is an oxidation stage that
should transform the As(III) within the glass structure to
the As(V) specie in the loess sediments. This stage still
remains to be unraveled.

In recent decades, X-ray absorption spectroscopy (XAS)
analysis have gained attention in Geoscience due to the
increasing ability of beamlines to determine trace concen-
trations at high spatial resolutions (Alexandratos et al.,
2007; Fernández-Martı́nez et al., 2008; Chakraborty et al.,
2010; Aurelio et al., 2010). Nevertheless, XAS studies
concerning the analysis of As in geological samples are still
scarce (Savage et al., 2000; Zielinski et al., 2007; Borisova
et al. 2010; Essilfie-Dughan et al., 2013; Root et al., 2015;
Wang et al., 2016).

The purpose of this work is to contribute to the under-
standing of the As redox transformations that occur when
volcanic ash is exposed to the Earth surface conditions
for prolonged time periods. The oxidation state and the
local chemical coordination of As and Fe in recently emit-
ted ashes (the past eight years), ancient ashes
(�125,000 years) and loess sediments have been determined
by synchrotron XAS at the K-edges of As and Fe. Specifi-
cally, for loess samples, the junction analysis of the As and
Fe elements allowed for the discrimination of the As-
bearing compounds present in the sample.

2. MATERIALS AND METHODS

2.1. Volcanic ashes and loess sediments

The occurrence of discrete tephra layers, along with high
contents of volcanic shards within the loess, is the result of
direct contributions of volcaniclastic particles emitted dur-
ing the past Andean volcanic eruptions (Zárate, 2003;
Tripaldi et al., 2010). These volcanic materials were sup-
plied from eruptive centers located along the Central and
Southern volcanic zones (CVZ and SVZ, respectively).
The two volcanic arcs, located in western South America,
are separated by volcanically inactive gaps, where subduc-
tion is at such a shallow angle that magma is not generated
(Global Volcanism Program, Smithsonian Institution). The
volcanic eruptions of the Southern Volcanic Zone are more
significant as a source of loess material in the southern
Pampas, while the volcanoes of the Puna plateau were
probably the main source of loess in the Chaco region
and in some of the northern Pampas tephras (Zárate, 2003).

Recently emitted volcanic ash samples were collected a
few hours after the eruptions of the Chilean volcanoes
Chaitén (May 2nd, 2008; 42�S72�W) and Puyehue (June,
3rd-6th-2011, 40�S 72�W). The Chaitén sample was col-
lected in the village of Esquel (Argentina), located about
110 km E of the volcano, while the Puyehue sample was
collected from the roof of a house in the city of Bariloche
(Argentina), located 90 km SE from the volcano. The
ancient tephra (T) was collected from a �10 cm thick layer
of tephra found in an exposed profile along provincial road
No. 65 (Buenos Aires Province, 36�520S; 62�140W; 115 m a.
s.l.). This layer is embedded in a fluvial fine sand deposit
partially cemented with calcium carbonates. The base of
the deposit is not exposed but based on the regional con-
text, it likely overlies the late Miocene sediments that out-
crop at a short distance in the Encadenadas lakes and
constitute the general substrate of the region (Zárate and
Tripaldi, 2012; Lorenzo et al., 2013). The ashes are overlain
by a shallow mantle of fine aeolian sands. On the basis of its
stratigraphic position, it is assumed that the tephra layer
could be a Pleistocene deposit sensu lato, likely older than
late Pleistocene (i.e., older than 125 ka B.P). Loess sample
L-1 was collected from the bottom of a 12 m profile
exposed in an abandoned road excavation at Corralito
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(Córdoba Province; 32�000S; 64�090W; 490 m a.s.l.), 35 km
south of the city of Córdoba. The sedimentological charac-
teristics of this profile are described elsewhere (Frechen
et al., 2009). Sample L-10 was collected from a 5 m deep
borehole located in the city of Lamadrid (Tucumán Pro-
vince; 27�380S; 65�140W; 293 m a.s.l), 90 km south of the
city of San Miguel de Tucumán.

After collection, samples were air-dried and sieved
through <63 lm mesh in order to separate the more fre-
quent grain-size fractions, which are lower than 63 lm in
all cases (Kröhling, 1999; Bia et al., 2015).

2.2. Chemical characterization

The chemical and mineralogical characteristics of the
ashes emitted during the eruptions of the Chaitén and Puye-
hue volcanoes, as well as those of the two loess samples,
have been described elsewhere (Borgnino et al., 2013;
Garcı́a et al., 2014; Bia et al., 2015). The bulk chemical
composition of the ancient volcanic ash was determined
by ICP-OES (SpectroCiros Vision) after lithium metabo-
rate/tetraborate fusion (NF ISO 14869-2), while As was
determined by ICP-MS (Perkin Elmer 5000) after aqua
regia total digestion. The validity of the results for major,
minor, and trace elements was checked against measure-
ment of OREAS45EA and STD SO-19 standards, which
were carried out along with sample analysis.

2.3. XAS data collected

XAS spectra (including X-ray absorption near-edge
structure region or XANES and extended X-ray absorption
fine structure region or EXAFS) of the ashes, loess and ref-
erence patterns of As/Fe-bearing solids were collected at
the XAFS2 beamline of the Laboratório Nacional de Luz
Sı́ncrotron (LNLS), in Campinas, Brazil. The beamline
was equipped with a monochromator consisting of double
crystal Si (111), and the electron storage ring was operated
at 1.37 GeV with a current range of about 110–300 mA.
Spectra were collected at room temperature in transmission
mode for As and Fe reference materials, and in fluorescence
mode for the studied samples.

As K-edge XAS spectra were collected over the energy
range between 11,790 and 12,600 eV. The monochromator
step size was 1.0–2.0 eV per step; however in the XANES
region (11,850–11,930 eV) it was reduced to 0.5 eV per step,
which ensures higher resolution spectra. Fe K-edge XAS
spectra were collected over the energy range between 7020
and 8000 eV. The monochromator step size was 2.0–
3.0 eV per step and it has been reduced to 0.3 eV per step
between 7090 and 7200 eV. For As measurements, energy
was calibrated using a gold metallic foil and setting the first
inflection point to the energy of the Au L3 absorption edge
(11,919 eV) while for Fe measurements, energy was cali-
brated using an Fe metallic foil standard and setting the
K-edge energy at 7112 eV. The stability of the beamline
was monitored during sample measurements with the corre-
sponding reference behind the samples.

For XAS data collection, samples were ground to fine-
grained powders while reference materials were diluted with
reagent-grade boron nitride at the ratio of 1:6. Then, 70 mg
of the diluted references materials and 400–600 mg of the
<63 lm grain-size fraction of the samples were mechanical
pressed to obtain pellets. For measurements, the pellets
were fixed onto acrylic holders and sealed with a Kapton
tape film. Five scans, each one with a duration of 58 min,
were collected for the analyzed samples, while three scans,
each one with a duration of 23 min, were collected for the
reference compounds. At the end of every two scans, the
beam position was changed in order to avoid beam-
induced spectral modifications to the samples. Additionally,
the obtained spectra were compared in order to check pos-
sible shifting occurring during measurements. Natural As-
and Fe-bearing reference solids, such as native arsenic
(As0), arsenopyrite (FeAsS), orpiment (As2S3), realgar
(As4S4), scorodite (FeAsO4 2H2O), pyrite (FeS2), illite
((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]) and
goethite (a-FeOOH) were obtained from the CICTERRA
mineral collection. Other analytical grade reagents, such
as Na-arsenate (Na2HAsO4�7H2O), As2O3 and Na-
arsenite (NaAsO2�4H2O) were also used as reference mate-
rial. In addition, a reference material corresponding to As
co-precipitated on Fe(hydr)oxides was prepared by mixing
0.3 M Fe(NO3)3 and 0.2 M Na2HAsO4�7H2O solutions at
pH � 7.5 (Waychunas et al., 1993; Fuller et al., 1993).
The pH was regulated by the slow addition of 6.0 M
NaOH.

2.3.1. XAS data analysis

EXAFS analysis was used to extract data information
about the identity, coordination and radial distance of
atoms in the first and second shells around the target cen-
tral atom (i.e., As/Fe). In the simplest case, each peak in
the Fourier Transformed (FT) graph represents the correla-
tion between one type of absorber-backscatter pair (e.g.:
As/Fe and O). However, EXAFS analysis of complex and
heterogeneous materials, such as geological samples, may
become more complicated due to the presence of overlap-
ping peaks, multi-atom shells, increased disorder due to
the presence of poorly crystalline phases, and decreased
data quality due to background fluorescence from Fe,
which is usually concentrated in such materials (Foster
et al., 1998). As a general rule, when EXAFS is used to dis-
criminate between multiple chemical species of the same ele-
ment, at least 10% of one species is needed (Foster et al.,
1998). Low concentrations of the target atom lead to low
signal-to-noise patters in the EXAFS region of the spectra.
This is the case of the ashes and loess samples analysed in
this work, where the As concentrations vary between 2.4
and 40 lg g�1. To overcome this challenge, XANES spectra
were first analyzed by comparing the major peaks position
in first derivate spectra and then each phase was quantified
by linear combination fit (LCF) analysis. The information
obtained from XANES and LCF were then used to perform
the EXAFS modeling.

XANES and EXAFS spectra were analyzed using the
Athena and Artemis software based on the IFEFFIT
computer package (Ravel and Newville, 2005) and follow-
ing the recommendations of the International XAFS
Society (Sayers, 2000). Briefly, spectra normalization and



Table 1
Bulk chemical composition of the studied samples determined by
ICP/OES.

Samples Chaiténa Puyehuea T L-1b L-10b

Chemical composition (%)

SiO2 72.45 68.62 70.62 58.6 61.24
Al2O3 13.88 13.27 12.64 15.01 15.94
Fe2O3(T) 1.81 4.4 1.29 4.9 5.41
Na2O 4.07 5.2 4.09 2.23 2.49
CaO 1.74 2.05 0.88 4.51 2.57
K2O 2.88 2.82 4.13 2.76 3.39
MgO 0.46 0.65 0.64 1.65 2.35
TiO2 0.175 0.599 0.22 0.708 0.786
MnO 0.067 0.111 0.06 0.097 0.092
P2O5 0.09 0.09 0.04 0.23 0.14
LOI ND ND ND 6.90 4.60
Total 97.6 97.8 100.00 97.6 99.0

As concentration (lg g�1)

40.0 15.0 2.4 16 15

ND, not determined.
a Data from Bia et al. (2015).
b Garcı́a et al. (2014).
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background removal were performed in each of the sam-
ple’s scans and then merged in energy space using Athena.
The value corresponding to the first derivate spectra maxi-
mum was assigned to the edge energy value (E0).

Calculations involved in LCF were conducted with the
Athena software, which apply a non-linear least-squares
minimization over the range of energy spanning from
11,840 to 11,920 eV in normalized XANES spectra. The
sum of contributions from each fitted phase accounted for
100 in terms of percentage, while DE was not allowed to
vary due to previous calibration of the spectra. The quality
of the fit was assessed on the basis of the R factor and v2

values provided by Athena software. LCF analysis was car-
ried out using some selected reference phases in order to
determine the contributions of the As(-1)-S, As(III)-O in sil-
icates and As(V)-O species. The proportion of As(-1) was
quantified using FeAsS as a reference material, while the
contribution of As(III)-O species was determined on the
basis of the Macusani glass spectrum, reported by
Borisova et al. (2010) and provided by the authors. The
contributions of As(V)-O species was determined using
the synthesized As(V)-coprecipitated on Fe-(hydr)oxide
compounds.

To fit the FT data, the theoretical phase shift and the
scattering amplitude parameters were calculated by means
of FEFF 6.0 ab-initio code (Zabinsky et al., 1995) included
in the IFFEFIT package (Ravel and Newville, 2005). Fits
were performed in the R- and k-space to obtain the identity
of the backscattering atoms, the interatomic distance (R)
between the As/Fe and the dispersant atom, the coordina-
tion number (N) and the mean-square disorder parameter
(Debye-Waller parameter, r2). Samples fittings were per-
formed using k3 weighting.

Theoretical backscattering amplitude and phase-shift
functions for the pair absorber-backscatterer As/Fe-O/X
(where X is Si/Na/Al), were computed using the crystal
structures of AsFeS (Fuess et al., 1987), As2O3 (Pertlik,
1978), Na2HAsO4�H2O (Baur and Khan, 1970), vesuvianite
(Groat et al., 2013), FeS2 (Elliot, 1960), muscovite
(Guggenheim et al., 1987), scorodite (Hawthorne, 1976)
and goethite (Gualtieri and Venturelli, 1999). The ampli-
tude reduction factor (S0

2) was set at 0.75 ± 0.05 and was
obtained by fitting experimental spectra of the crystalline
standard (As2O3). This value was used then in all data fits.
The remaining variable parameters for each shell (i.e., N, R
and r2) were fixed or floated during fitting after assigning a
reasonable starting value. Fixed N values were used for the
standard compounds fitting, because they have known crys-
tallographic data while for the studied samples N, R and r2

were floated. Depending on data quality, normalized spec-
tra were fitted over a k-range of 3–11 Å–1 while R-ranges is
encompassed between 1.1 and 4.0 Å (not corrected for
backscatterer phase shift).

2.4. Sequential extraction

Sequential extractions were performed in recent ashes in
order to identify the following phases: (1) water soluble; (2)
strongly adsorbed As; (3) As bound to Fe (III) oxy-
hydroxides (i.e., ferrihydrite, schwertmannite, etc.); and
(4) As bound to primary sulfides. The As content that
remained in the residual fraction was calculated as
[As]near-total � R[As]steps1-4 and assigned to the fraction of
As associated with silicates. The details of the procedure
are described as Supplementary Material (see SI1).

3. RESULTS

3.1. Chemical composition of volcanic ashes and loess

sediments

Table 1 shows the bulk chemical composition of the ana-
lyzed samples. For the three volcanic ashes, the contents of
SiO2 and Na2O + K2O range between 68.6–72.5 wt% and
7–8 wt% respectively. Therefore, according to the TAS clas-
sification (Le Maitre, 1984) Chaitén ashes are dacitic/rhy-
olitic in type; Puyehue ashes show a trachydacitic
composition, and T ashes are rhyolitic. Loess samples are
andesitic in type according to their alkalis and silica
contents.

The As concentrations in both loess sediment samples
are rather similar (15–16 lg g�1), while in volcanic ashes,
As concentrations are more variable (2.4–40 lg g�1). A sim-
ilar trend can be observed when analysing Fe concentra-
tions: while in loess samples Fe contents (expressed as
Fe2O3) are similar (4.9 and 5.4 wt%), in the volcanic ashes
the Fe concentrations vary between 1.3 and 4.4 wt%. Con-
versely, the concentrations of Al (expressed as Al2O3) show
scarce variability, ranging from 12.64 and 15.94 wt%.

3.2. XANES analysis

3.2.1. As speciation

Normalized As XANES spectra and first derivative
analysis of samples and reference materials are shown in
Fig. 1 and SI2, respectively. Major peaks in first derivative
spectra are listed in Table 2. As a general rule, the inflection



Fig. 1. Normalized As K-edge XANES and their corresponding first derivative spectra for the studied samples. The dashed lines serve as a
reference to identify changes in peak positions.
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peak energies vary with the redox state of As, shifting
towards higher energy values at increasing As oxidation
state (e.g.: see Fig. SI2).

As seen in Fig. 1, both ancient and recent volcanic ashes
are dominated by the presence of As(III). The first deriva-
tive shows that E0 values in the Puyehue and Chaitén ashes
are similar to that of the As(III) oxide reference material
(Table 2). In the case of the Chaitén ash, a small shoulder
at 11865.7 eV is also detected (Fig. 1a, Table 2) which indi-
cates the presence of the most reduced species, As(-1).
XANES spectra of the ancient ash shows two peaks that
coincide with the positions of As(V) and As(III) reference
materials (Fig. 1b, Table 2). Like recent ashes, the position
of the more intense signal corresponds to an As(III) oxide.

The first derivative of loess samples showed the presence
of two peaks that reveals two inflection points. Unlike T,
the more intense signal in loess is found at energy values
typically assigned to As(V) species, while the weak shoulder
at �11,869 eV is likely associated with As(III) species
(Fig. 1b and Table 2).
Fig. 2 shows the proportion of the identified As phases
in the analysed samples calculated by LCF analysis. The
residual factors (R) and v2 values (Table 3) provide a mea-
sure of the goodness of the fit. For the Puyehue sample, the
best LCF suggests that As(III)-O is associated with a sili-
cate phase (100%), while for the Chaitén and T samples,
only 66% of As(III) is in association with this phase
(Fig. 2 and Table 3). In these last samples, the remaining
fraction of As (34%) is represented by an As sulphide (in
Chaitén) and a As(V)-O species (in T). In loess samples,
the LCFs shows that the As(V)-O associated with Fe-
oxide is the dominant species (>91%) while the As(III)-O
associated with a silicate phase has a much lower
contribution.

3.2.2. Fe speciation

Normalized Fe XANES spectra and the corresponding
first derivative analysis for Fe in loess samples and refer-
ence materials are shown in Fig. 3 and SI3, respectively.
Peak positions are listed in Table 4. Edge features among



Table 2
First derivative XANES peaks (in eV) for the studied samples and As reference materials. The spectra are available in SI2.

Reference materials

Native As As sulphides As (II/III) sulphides As (III)-O As (III)-O in
silicates

As(V)-O

Arsenopyrite Orpiment Realgar Arsenolite Na-
arsenite

Macusaniglass Na-
arsenate

As (V)-Fe-
oxide

11865.8 11865.6/
11873.0

11866.6 11867.6 11869.0 11869.1 11869.0 11872.2 11872.7

Studied samples
Recent volcanic ashes

Chaitén 11865.7/
11873.7

11869.4

Puyehue 11869.1
Ancient volcanic

ashes

T 11869.3 11872.6
Loessic sediments

L-1 11869.2 11872.2
L-10 11869.9 11872.6

Fig. 2. Linear combination fits to As K-edge spectra of (a and c) recent and ancient volcanic ashes and (b) loess sediments. (d) As XANES
spectra of As(-1)-S in arsenopyrite, As(III)-O in silicates glass and As(V)-coprecipitated on Fe oxy(hydr)oxides compound. Thick solid lines
depict measured spectra, red solid lines indicate fit results. Black, light gray and dark gray fill indicate the contribution of As(1)-S, As(III) in
silicates glass and As(V)-O species, respectively. The quantitative data for the fittings are provided in Table 3. All the reference compounds
mentioned in Table 2 and Fig. SI2 has been considered in the LCF analysis as a reference compound.
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Fe compounds in sulphide phases (e.g.: pyrite, marcasite
and arsenopyrite), oxides/oxy(hydr)oxides (e.g.: goethite
and ferrihydrite) and phyllosilicate phases (e.g.: illite and
smectite) are very similar (O’ Day et al., 2004). However,
there are some distinctive spectrum characteristics between
the Fe compounds groups that may help to differentiate
them. For instance, pyrite has the pre-edge peak inflection
at 7112.1 eV, whereas the pre-edge position in goethite,
scorodite and illite is at �7113 eV (Fig. SI3 and Table 4).
Even though illite and goethite have the same pre-edge peak
inflection position, they both have another primary peak at
7123.6 and 7124.5 eV, respectively (Table 4). When com-
paring the spectra of the loess samples with those of the
Fe oxy(hydr)oxides and phyllosilicates, some similarities
can be observed (Fig. 3 and Table 4). This suggests that
these minerals are likely the dominant Fe phases in loess
samples in concordance with previous mineralogical
descriptions (Borgnino et al., 2013; Garcı́a et al., 2014).



Table 3
Results of linear combination fits applied to As K-edge XANES spectra of volcanic ashes and loess sediments samples.

Samples LCF - XANESa Statistical parameters

As1� b As(III)-O in silicatesc As(V)d R factor v2

Recent volcanic ashes

Chaitén 33.8 (0.9) 66.2 (0.9) 0.00095 0.141
Puyehue 100 0.00433 0.716

Ancient volcanic ash

T 66.4 (0.9) 33.6 (0.9) 0.00115 0.193

Loessic sediments

L-1 8.8 (0.2) 91.2 (0.2) 0.00367 0.687
L-10 5.8 (0.8) 94.2 (0.8) 0.00168 0.284

Values between parenthesis correspond to the standard deviation.
a Fitting range [11,840–11,920] eV for all cases.
b Natural arsenopyrite (FeAsS).
c Rhyolitic peraluminous glassspectrum from Macusani (SEPeru), obtained from Borisova et al. (2010).
d As(V) co-precipitated on Fe oxy(hydr)oxides and analytical reagents Na-arsenate (Na2HAsO4�7H2O).

Fig. 3. Normalized Fe K-edge XANES and their corresponding first derivative spectra for studied samples.
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Moreover, LCFs performed on Fe spectra (not shown)
revealed that Fe oxy(hydr)oxides are dominant and con-
tributed more than 90% of the Fe present in the samples.

3.3. EXAFS analysis

3.3.1. As coordination

Fig. 4 shows the corresponding k3-weighted EXAFS
spectra for the studied samples and reference materials,
while the derived structural parameters are listed in Table 5.
As seen in this figure, EXAFS spectra are noisy due to the
low As concentrations. However, the proposed EXAFS
model for the Puyehue ashes resembles an AsO3

pyramidal-like structure (Pokrovski et al., 1999, 2002;
Tossel and Zimmermann, 2008) composed of three oxygen
atoms at a distance of 1.79 Å around As atom (Table 5).
This arrangement is similar to that defined for the reference
material, As2O3. Beyond the first shell, the EXAFS model
gives reasonable fit with Na, Si and Al atoms as probable
second neighbor (Table 5), suggesting that the As(III)-O
species are included within the glass network structure
through chemical bonding with Al/Si, or electrostatically
bonded with cations. The best fit obtained for the Chaitén
EXAFS data resulted in a central As atom and three O
atoms at 1.79 Å, which is the same distance obtained for
the Puyehue sample. Additionally, the model proposes the
presence of a central As atom associated with three atoms
of Fe at 2.42 Å (Table 5). This arrangement coincides with
the first-shell of As-Fe coordination reported by Foster
et al. (1998) for As-bearing sulphides in partially oxidized
tailings. In that work, the authors obtained a longer dis-
tance than the arsenian pyrite reported by Tingle et al.



Table 4
First derivative XANES peaks (in eV) for the studied samples and Fe reference materials.

Reference materials
Sulfides

Pyrite 7112.1 7117.7 7123.8 7130.1

Oxides and (hydr)oxides

Goethite 7113.1 7123.6 7128.4 7133.7 7137.3 7145.8
Scorodite 7113.4 7123.5 7128.4 7137.0

Phyllosilicates

Illite 7113.1 7124.5 7128.2 7131.4 7145.2

Studied samples

L-1 7113.1 7123.7 7127.4 7131.5 7138.3 7145.6
L-10 7113.1 7123.7 7127.3 7131.7 7140.1 7145.5

Fig. 4. Normalized k3-weighted EXAFS spectra (a, c), and Fourier transform magnitudes at As K-edge (b, d) of volcanic ashes, loess
sediments and As(-1), As(III) and As(V) reference materials (not corrected for phase shift). Solid lines represent experimental data; dashed
lines correspond to fits obtained with parameters indicated in Table 5. As concentrations are in the range 2.4–40 lg g�1.
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(1996; 2.31 Å). According to Foster et al. (1998), the differ-
ence obtained in As-Fe distance may be due to the difficul-
ties involved in fitting the strongly overlapped first- and
second-shell features. In spite of these difficulties, the
obtained results in EXAFS analysis were consistent with
those obtained with LCF that revealed the presence of more
than one oxidation state of As in the Chaitén sample. For
the ancient volcanic ash, the EXAFS model revealed that
the first neighbor around the central As atom is located
at 1.75 Å with a N � 3.2. These parameters in the T sample
are almost certainly the result of overlapping peaks between
those of As(III)-O and As(V)-O species (1.79 Å in As2O3

and 1.69 Å in Na-Arsenate, see Table 5). Indeed, the As-
O distance in the T sample (1.75 Å) is intermediate between
the As(III)-O distance (1.79 Å) in recent ashes and As(V)-O
distance in loess samples (1.69 Å). The same analysis
applies to the N values (3.2, 3 and 4, respectively). Finally,
in loess sediments the As first shell is found at �1.69 Å with
N �4 (Table 5). This arrangement can be clearly assigned to
the As in arsenates. The second shell is found at �3.3 Å



Table 5
EXAFS fit results at the As K-edge for the studied samples, FeAsS, As(III) and As(V) reference materials. Experimental and calculated curves
are plotted in Fig. 4.

Samples Shell N R (Å) r2 (10�3 Å2) DE0 (eV) R-factor

Reference materials

FeAsS As-S 1(f) 2.34 (0.01) 1.2 (0.2) 7.00 0.006
As-Fe 3(f) 2.37 (0.01) 1.3 (0.4)
As-As 1(f) 3.07 (0.01) 1.1 (0.2)
As-As 2(f) 3.19 (0.02) 1.8 (0.5)
As-Fe 4(f) 3.79 (0.03) 1.8 (0.2)

As2O3 As-O 3(f) 1.79 (0.02) 3.7 (0.2) 11.60 0.015
As-O 3(f) 3.04 (0.02) 5.4 (0.9)
As-As 3(f) 3.27 (0.02) 4.4 (0.3)
As-O 3(f) 3.44 (0.03) 5.2 (0.6)
As-As 6(f) 3.98 (0.04) 11.3 (0.4)

Na2HAsO4�7H2O As-O 4(f) 1.69 (0.01) 2.1 (0.1) 6.56 0.012
As(V) Fe oxide As-O 4(f) 1.68 (0.01) 0.9 (0.1) 6.79 0.024

As-Fe 2(f) 3.30 (0.02) 1.3 (0.1)

Recent volcanic ash

Chaitén As-O 3.0 (0.1) 1.79 (0.01) 2.56 (0.1) 11.40 0.027
As-Fe 3.0 (0.1) 2.42 (0.02) 2.3 (0.1)
As-x 1.0 (0.1) 3.16 (0.02) 36.7 (0.1)

Puyehue As-O 3.0 (0.1) 1.79 (0.01) 2.39 (0.1) 11.19 0.029
As-x 1.0 (0.1) 3.17 (0.02) 3.12 (0.1)

Ancient volcanic ash

T As-O 3.2 (0.1) 1.75 (0.01) 2.74 (0.1) 12.45 0.032
As-x 1.1 (0.1) 3.21 (0.02) 3.78 (0.1)

Loessic sediments

L-1 As-O 4.0 (0.1) 1.69 (0.01) 2.6 (0.1) 8.68 0.025
As-Fe 2.0 (0.1) 3.26 (0.01) 2.4 (0.1)

L-10 As-O 4.0 (0.1) 1.69 (0.01) 3.4 (0.1) 6.74 0.030
As-Fe 2.0 (0.1) 3.32 (0.01) 1.6 (0.1)

Fit parameters include: N, coordination number, R (Å), interatomic distance, r2 (Å2), squared Debye-Waller factor, DE (eV), energy
difference accounting for phase shift between overall experimental spectrum and FEFF calculation. Fit quality was estimated using R-factor.
(f) Fixed parameter. The coordination number was fixed to the corresponding crystallographic values.
(x) Represent Na/Si or Al.
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(Table 5), which is close to the As-Fe distance reported for
As(V)-O adsorbed onto iron oxy(hydr)oxides phases
(Sherman and Randall, 2003).

3.3.2. Fe coordination

The corresponding k3-weighted Fe EXAFS spectra for
L-1 and L-10 samples and reference materials are shown
in Fig. 5. Based on the results obtained from the first
derivative analysis of the Fe XANES spectra, goethite
and illite were used as reference materials in the Fe EXAFS
model. The results indicate that, in both samples, the first
coordination shell is composed of six O atoms around a
central Fe, three of them located at a distance of 1.96 Å;
the remaining three atoms at 2.06 Å. The second shell cor-
responds to Fe-Fe bonding, with N = 2 at a distance of
3.09 Å (Table 6). These features are similar to those of Fe
oxy(hydr)oxides compounds, which are important con-
stituents in these sediments (Borgnino et al., 2013).

4. DISCUSSION

Since the early work of Zoller et al. (1974) it has been
well known that volcanic emissions contain important
amounts of volatiles such as H2O, CO2, SO2, H2S, HCl,
HF, and N2, CO, CH4 and H2 in lower proportions. In
addition, volcanic gases and aerosols are enriched in many
elements including alkali, alkali-earth, transition and heavy
metals. Because magmatic temperatures are high, these ele-
ments are in their volatile form in gaseous volcanic emana-
tions worldwide.

In Latin America, the presence of As in volcanic regions
is associated with volcanic gases and/or volcanic products
forming the volcanic edifice ejected as solid particles during
the eruption (López et al., 2012). In the former vapor phase,
As is normally present in fumaroles as AsH3, which is the
most volatile inorganic compound. In contrast, arsenolite
(As2O3)2 is rare because it needs temperatures higher than
460 �C to enter into the gaseous phase. Pokrovski et al.
(2002) determined that in a system containing As–H2O–
NaCl–H2S (at temperature >500 �C and pressures up to
6 MPa) the preferential species into the vapor phase is As
(OH)3(g). XAS spectra and LCF of Puyehue and Chaitén
samples identify the presence of As(III)-O associated with
a silicate phase. In addition, the Debye-Waller factor
obtained is around 0.0023/6 Å2 which is close to the value
previously reported by Borisova et al. (2010) for the As
(OH)3 and AsO(OH)2

– species in solution (0.002 A2). These
r2 values, along with the similarity with the Macusani glass



Fig. 5. (a) Normalized k3-weighted EXAFS spectra, and (b) Fourier transform magnitudes at Fe K-edge of loess sediments and Fe reference
materials. Solid lines represent experimental data; dashed lines correspond to fits obtained with the parameters indicated in Table 6.
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XANES spectrum, strongly suggest that As(III) is present
as the hydroxide species As(OH)3 in both recent volcanic
ashes, together with the corresponding deprotonated spe-
cies, AsO(OH)2

�. As a consequence of the in-plume condi-
tions, it is likely that these As gaseous species would be
adsorbed onto the glass particles or even incorporated
within the mineral structure. Besides, at elevated pressures
and water contents, the hydrous melt resembles an aqueous
fluid (Shen and Keppler, 1997) which favors the incorpora-
tion of the As-oxy-hydroxide complex into the disordered
melt (Farges et al., 2006).

The second neighbor (i.e., As chemically linked to Al/Si
atoms or electrostatically bound to cations) was also
explored by the analysis of EXAFS spectra. However, the



Table 6
EXAFS fit results at the FeK-edge for L-1 and L-10 sediments and Fe reference materials. Experimental and calculated curves are plotted in
Fig. 5.

Samples Shell N R (Å) r2 (10�3 Å2) DE0 (eV) R-factor

Reference materials

Pyrite Fe-S 6 (f) 2.23 (0.01) 0.7 (1.1) �1.1 (1.0) 0.018
Fe-S 6 (f) 3.42 (0.01) 5.9 (2.2)
Fe-S 2 (f) 3.57 (0.02) 0.8 (3.9)
Fe-Fe 12 (f) 3.80 (0.02) 10.0(1.7)

Goethite Fe-O 3 (f) 1.95 (0.01) 3.2 (0.2) 1.4 (1.0) 0.021
Fe-O 3 (f) 2.10 (0.01) 3.1 (0.4)
Fe-Fe 2 (f) 3.04 (0.02) 6.7 (0.1)
Fe-Fe 2 (f) 3.30 (0.01) 8.3 (0.5)

Illite Fe-O 6 (f) 2.04 (0.02) 6.1 (0.3) 2.1 (1.0) 0.034
Fe-Al 3 (f) 3.06 (0.02) 7.8 (0.2)
Fe-Si 4 (f) 3.32 (0.02) 6.4 (0.3)

Loessic sediments

L-1 Fe-O 3.0 (0.1) 1.96 (0.02) 3.4 (0.3) 1.2 (1.0) 0.026
Fe-O 3.0 (0.1) 2.06 (0.01) 2.9 (0.2)
Fe-Fe 2.0 (0.3) 3.09 (0.01) 5.2 (0.3)

L-10 Fe-O 3.0 (0.1) 1.95 (0.02) 3.2 (0.5) 1.4 (1.0) 0.030
Fe-O 3.0 (0.1) 2.07 (0.02) 3.0 (0.3)
Fe-Fe 2.0 (0.2) 3.11 (0.02) 6.0 (0.3)

Fit parameters include: N, coordination number, R (Å), interatomic distance, r2 (Å2), squared Debye-Waller factor, DE (eV), energy
difference accounting for phase shift between overall experimental spectrum and FEFF calculation. Fit quality was estimated using R-factor.
(f) Fixed parameter. The Coordination number was fixed to the corresponding crystallographic values.
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low concentrations of As in the samples produced a noisy
EXAFS spectrum and consequentially, the information
about lattice coordination could not be accurately
obtained. To overcome this, the information provided by
chemical extraction procedures (see SI1) helped to con-
strain a possible model. After the total sample digestion,
�93% of As still remained in the residual fraction, suggest-
ing that As is included within the glass network and thus, it
must be strongly bound to Si/Al atoms. Although the dis-
ordered chemical structure of the glass should enhance
the release of As, leaching experiments showed that at a cir-
cumneutral pH and after 14 days of ash-water interaction,
only 6% of the total As is released from the studied samples
(Bia et al., 2015).

Like Puyehue, the analysis of the Chaitén´s XAS spectra
reveals the presence of As(III) within the glass structure. In
addition to the As(III) species, XANES also discriminated
the presence of As(-1) that likely corresponds to arsenian
pyrite. The oxidation state of As in arsenian pyrite (Fe(S,
As)2) is controversial. Many authors have suggested a
valence state of -1 for As, where As(-1) substitutes S in
the S2

2� unit to form Fe(As1�,S)2 (Savage et al., 2000). Con-
versely, other authors have reported the presence of As(III)
substituting Fe(II) in arsenian pyrite (Chouinard et al.,
2005; Deditius et al., 2008). This latter association has been
identified by X-ray photoelectron spectroscopy (XPS) in the
uppermost surface of the studied ashes (Bia et al., 2015),
while As(-1) was not identified. The exposure of the
grain´s surface to the atmosphere may trigger the oxidation
of the As(-1) in the arsenian pyrite to As(III), as it has been
described in many previous works (e.g., Nesbitt et al., 1995;
Corkhill and Vaughan, 2009).
The alteration of ashes is triggered by their interaction
with water, atmospheric oxygen and CO2. The weathering
process of volcanic glass to allophane implies a series of
steps that involves: (1) hydrolysis of the aluminosilicate
glass leading to the formation of a solid product in the form
of gibbsite-like sheets; (2) partial release of Si in the form of
soluble monosilicic acid; and (3) development of a Si(OH)
(OVIAl)3 structure as a result of the reaction between the
gibbsite-like sheet and the monosilicic acid (Hiradate and
Wada, 2005). The T sample has been exposed to the weath-
ering agents for nearly 125 ka. XAS results reveal that the
solid speciation of As in the ancient ash sample represents
an intermediate stage between the As speciation determined
in fresh ashes and in the loess samples. Like fresh ashes, the
solid speciation of As in old tephras is dominated by the
presence of As(III) atoms included within the Al-Si-glass
structure. However, a minor proportion of As(V)-O species
is also present. One interesting feature regarding this species
is that the second shell of coordination is represented by a
cation, likely Si, Al or Na with N = 1. This arrangement
suggests that As(V) is coordinated within the Al-Si-glass
lattice and not in the form of arsenate ions adsorbed onto
Fe oxy(hydr)oxides. Therefore, the weathering of volcanic
ashes should involve a rather slow (i.e., in the order of thou-
sands of years) oxidation of the As(III) atoms in the most
distal sites of the Al-Si network. In more advanced stages
of weathering, the incongruent dissolution of the alumi-
nosilicate glasses leads to the release of the As (either As
(III) or As (V)) included in the glass network. Once in solu-
tion, As(III) oxidizes and forms arsenate ions. Depending
on water pH, these ions could be adsorbed onto the Fe
oxy(hydr)oxides that are usually present in sediments in
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the form of amorphous coatings. This sequence explains the
solid speciation of As in loess sediments, where a major
proportion of As is in the form of As(V)-O, more specifi-
cally as arsenate sorbed onto Fe oxy(hydr)oxides. Regard-
ing this, different surface complexes could develop when As
(V) is adsorbed onto Fe oxides, each one characterized by
known As–Fe distances (Arai et al., 2001; Ladeira et al.,
2001; Sherman and Randall, 2003). The As-Fe distances
calculated for loess samples range between 3.26 and
3.32 Å, which indicates that arsenate ions are adsorbed
onto Fe oxy(hydr)oxides in the form of bidentate binuclear
complexes.

5. CONCLUSIONS

For many years, the sources and processes that control
the dynamics of As in groundwaters from the large Chaco-
pampean region have been the subject of numerous studies.
Although earlier works had already considered volcanic
shards spread within the loess sediments that cover the
entire plain to be the primary source of As, the solid speci-
ation of this element in the volcanic materials and its trans-
formations during weathering remained unknown.

One important challenge in the identification of the As
solid speciation in the volcanic ashes and sediments here
studied was related to their low total As concentrations
(i.e., 2.4–40 lg g�1), that determined low signal-to-noise
ratios in the EXAFS data. In order to overcome this, a
set of information derived from sequential extraction proce-
dures, mineralogical determinations as well as qualitative
and quantitative XANES analysis and EXAFS information
was used to infer the coordination of As within the studied
solids until the second shell. Beyond this, weak backscatter-
ers were not evident in the EXAFS region, and therefore
their identification in the silicate glass turned vague.

The results obtained in this work suggest that As atoms
included within the aluminosilicate structure in natural
glasses may be preserved for long periods of time in their
original speciation, dominated by As(OH)3 and AsO
(OH)2

� complexes. The initial oxidation seems to occur
within the glass lattice, as evidenced by the arrangement
of As(V) atoms determined in the �125 ka old ashes. When
natural glasses are not preserved from weathering, such as
in loess sediments, their alteration results in a slow release
of the structural As atoms. The alkaline and oxidizing con-
ditions that dominate the Chaco-pampean aquifers deter-
mine the formation of arsenate ions in solution and their
subsequent adsorption onto Fe(hydr)oxide surfaces.
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APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2017.06.016. These data include Google maps of the
most important areas described in this article.
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