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Abstract   

Three samples of volcanic ashes collected after eruptions of the volcanos Hudson in 

1991, Chaitén in 2008 and Puyehue in 2011 were analyzed in order to define the solid 

speciation of arsenic and the dynamics of its release to the aqueous phase. The bulk 

chemical and mineralogical characterization of the samples was performed by ICP/OES, 

DRX, and SEM/EDS analysis. The chemical composition of the near surface region 

(first 2-10 nm), along with the As and Fe solid speciation was performed by XPS. Batch 

experiments were conducted to evaluate the kinetics of the arsenic release under 

variable pH conditions. The integrated analysis of these data indicate that arsenic 

compounds are concentrated onto the ash surface in the form of As(III)-S and As(V)-O 

species. The As(III) species have been assigned to arsenian pyrite, while As(V)-O 

compounds have been assigned to adsorbed arsenate ions or Fe arsenate salts 

precipitated as thin coatings. 

Although the main As carrier in the studied volcanic ashes is Al-silicate glass, this 

phase is stable at the neutral pH that dominates the aqueous reservoirs of the area 
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affected by ashfall. Thus, its contribution to the pool of dissolved arsenic is minor. 

Higher contributions are clearly associated with the more mobile As species that 

concentrate onto the surface of Al-silicate glass. This more available arsenic represents 

less than 6% of the total measured arsenic. 

 

Key Words: XPS, As Solid speciation, Al-silicate glass, South America 

 

1. INTRODUCTION 

South America is home to the longest continental volcanic region in the world. Since 

the Late Triassic, magmatism and volcanism have centered on the Andean region. The 

first documentation of volcanoes in the region was recorded by the voyages of 

Columbus and Pizarro in the 16th century. Since then, a large number of volcanoes in 

the Andes volcanic arc have erupted one or more times (Global Volcanism Program, 

Smithsonian Institution). In this region, Chile is the country with the largest number of 

historically active volcanoes. The environmental consequences, however, are mostly 

observed in neighboring Argentina which is located downwind, and generally receives 

most of the ashfall. The elevated concentrations of As that are measured in the 

groundwater of the Chaco-Pampean region (Central and Northern Argentina), have 

traditionally been assigned to the  alteration of volcanic glass spread in the loessic 

sediments that blanket the entire region (i.e., Nicolli et al. 2012). While most of these 

conclusions were generated on the basis of water geochemistry analysis, little is known 

about the As- bearing phases associated with these materials.  

 Volcanic ash is generally produced by the expansion of magmatic gases. When 

magma ascends to the Earth’s surface and pressure decreases, gases become 

supersaturated; bubbles nucleate and grow within the magma. The magmatic volatiles 
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are scavenged by ash particles during their transport in the volcanic plume by gas-

particle and liquid-particle interactions (Taylor and Stoiber, 1973; Oskarsson, 1980; 

Delmelle et al., 2007; Martin et al., 2012). As the erupted plume cools, the volatiles 

condense onto the ash particle surfaces (Rose, 1977; Rose et al., 1980). Pokrovski et al. 

(2002) studied the speciation of arsenic in eruptive gases and found that arsenic is 

predominantly in the form of As(OH)3. Similar to other volatile compounds, As(OH)3 

can be adsorbed onto ash surfaces (Allard et al, 2000; Witham et al, 2005) and 

transported in this form along with the solid. A part of the magmatic arsenic could also 

be incorporated into the glass structure (i.e., Borisova et al., 2010).. The partial 

remobilization of structural As can occur by the dissolution of aluminosilicate glass, 

which is produced under the extreme acid conditions that predominate within the 

volcanic plume due to the presence of volatile acids (i.e., HCl, H2S, HF). Along with 

As, other elements, including Ca, Mg, Na and K, are also released and then precipitated, 

forming thin coatings onto the glass surfaces (i.e., Rose, 1977; Oskarsson, 1980; 

Africano and Bernard, 2000; Delmelle et al, 2007; Gislason et al, 2011b).  

A number of studies have already documented the relevance of compounds that 

are formed in the near-surface region of volcanic glasses in the rapid release of 

hazardous elements and nutrients to aquatic environments (i.e., Witham et al., 2005; 

Jones and Gíslason, 2008; Ruggeri et al., 2010). The study of the chemical composition 

of this near-surface region (first 2-10 nanometers) thus becomes key to understanding 

the mobility of natural contaminants in regions affected by ashfall. X-ray photoelectron 

spectroscopy (XPS) is a powerful tool used to determine the chemical composition of 

the top nanometers of solids and to discriminate between the electronic states of the 

elements. This technique has previously been applied in samples of volcanic ash 

collected after the eruptions of Eyjafjallajökull (2010), Grímsvötn (2011) and Chaitén 
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(2008) volcanoes. None of these works reported concentrations of As or its electronic 

state.  

In this study, we report XPS data coupled with a complete chemical and 

mineralogical characterization of three Andean ashes emitted during recent eruptions. 

Our aim is to identify the As-bearing phases present in the near-surface region of the 

glass grains. Kinetics experiments performed under different pH conditions further help 

us to understand the impact of As release in aqueous reservoirs affected by ash 

deposition studied here. To the best of our knowledge, this is the first time that surface 

As-bearing components in Andean volcanic ashes have been identified through the 

interpretation of XPS spectra. 

 

2. MATERIALS AND METHODS  

2.1. Sampling  

Three volcanic ash samples were collected a few hours after eruptions of the 

Chilean volcanos Hudson (1991, 45°S 72°W), Chaitén (2008, 42°S 72°W) and Puyehue 

(2011, 40°S 72°W). The Hudson ash sample was collected at San Julian, a costal 

locality 550 km SE of the volcano. The Chaitén sample was collected at the village of 

Esquel, located at the eastern foot of the Andes about 110 km E of the volcano. Finally, 

the sample from the Puyehue eruption was collected from the roof of a house in the city 

of Bariloche 110 km E of the volcano.  

After collection, samples were air-dried and sieved through <63 μm mesh in order to 

separate the silty-clayed fraction. All the results presented here refer to this fraction.  
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2.2 Chemical and surface characterization 

Bulk chemical analysis was carried out on the ground <63 μm fraction by 

inductively coupled plasma optical emission spectrometry (ICP/OES) after lithium 

metaborate/tetraborate fusion. The validity of the results for major, minor, and trace 

elements was checked against measurement of NCS DC70014 standards, which were 

carried out along with sample analysis.  

Grain-size of the volcanic ashes was measured by laser diffraction using a Horiba 

LA 950 particle size analyzer. Samples were minimally dispersed to prevent the 

breaking up of aggregates. The precision (reproducibility) of the laser diffraction 

particle sizer was tested by using mixtures of glass beads (NIST Traceable polydisperse 

particle standard PS202/3-30 μm and PS215/10-100 μm, Whitehouse ScientificW). For 

both runs (PS202, n = 6 and PS215, n = 5) the median (D50) was certified to be within 

3% of nominal value, and the percentiles D10 and D90 were within 5% of nominal 

values for the standards.  

The specific surface area (SSA) was measured by N2 adsorption using a computer-

controlled STROHLEIN area meter II instrument. 

The chemical composition of the near-surface region (2-10 nm) was determined 

by X-ray photoelectron spectroscopy (XPS) using a XR50, Specs GmbH operated in a 

hemispherical electron energy analyzer PHOIBOS 100 MCD Specs, with a pass energy 

of 40 eV and non-monochromatic Mg Kα source (hν = 1253.6 eV; work voltage 13 kV 

and power 300 W). Air dried samples were analyzed in an ultra-high vacuum (UHV). A 

two-point calibration of the energy scale was performed using sputtered cleaned gold 

(Au 4f7/2, binding energy (BE) = 84.00 eV) and copper (Cu 2p3/2, BE = 932.67 eV) 

samples. Broad scans were collected over a 1100-eV range and high resolution spectra 

were obtained for Al, Si, C, O, Na, Ca, Fe, Cl, P, F, As, S, Mg and K at a resolution of 
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0.14 eV per step, 200 ms per step and a pass energy of 20 eV. For energy calibration 

purposes, in order to correct charging effects, all photoelectron peaks (Al 2p, Si 2p, O 

1s, Na 1s, Ca 2p, Fe 2p3/2, Cl 2p, P 2p, F 1s, As 3d, S 2p, Mg 2p and K 2p) were 

referenced against the C 1s binding energy from the aliphatic contaminants (originating 

from the hydrocarbon contamination of the surfaces) at 284.8 eV. In order to ensure 

comparability, the scan procedure was identical for all samples; no evidence of beam 

damage was found. For chemical composition, data were treated with commercial 

software, CasaXPS, using Shirley background correction. As and Fe spectra were fitted 

using the software of XPSpeak 4.1 with peaks of Gaussian-Lorentzian mixed function 

after subtraction of a Shirley baseline. The full width at half maximum (FWHM) was 

fixed during the fitting. The FWHMs were 2.0, 2.1 and 2.3 eV for As 3d5/2, ferrous and 

ferric species, respectively. In order to provide a reasonable agreement with the 

measured spectrum, all spectra were fitted with the least number of components 

possible. Finally, the peaks corresponding to the binding energies (BE) of As and Fe 

species were identified by comparing them to the reported values. 

 

2.3. Minerological analysis 

Minerals present in the <63 μm size-fraction of the samples were identified by X-

ray diffraction (XRD) and scanning electron microscopy/energy-dispersive X-ray 

spectroscopy (SEM/EDS) measures. XRD analysis was performed with a Philips X´Pert 

PRO X-ray diffractometer operating at 40 kV and 40 mA using Cu-Kα radiation. XRD 

data were obtained for random samples in the 2 range from 5 to 70º (step size: 0.02; 13 

s/step). The mineralogical interpretation was done using the software X´Pert HighScore, 

installed on the X-ray diffractometer.  
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SEM/EDS studies were performed with a JEOL 35 JXA-8230 electron probe 

microanalyzer coupled with an energy-dispersive X-ray (EDS) analyzer. The samples 

were prepared in graphite stubs and coated with carbon. In addition, SEM was coupled 

with focused energy dispersive X-Ray analysis (EDAX DX4), in order to perform the 

elemental semi-quantification. The detection limit of EDS analysis was about 0.5 % for 

arsenic; the spatial resolution was about 1 μm. 

 

2.4. Kinetics experiments 

Batch experiments were performed in order to evaluate the release of As throughout 

time under varying pH conditions. The experiments we carried out by suspending 

1.0000 g of dry ash in three solutions consisting of  20 mL of milliQ water in which 

the pH was initially set at 6.5, 3.0 and  10.0. The pH value of the suspensions was kept 

constant during the experiments by adding drops of either 0.1 M HNO3 or NaOH 

solutions. Aliquots of the suspension were withdrawn after 1.5, 24, 72, 168, 240 and 

336 hours from the start of the experiments, centrifuged at 5000 rpm for 15 min and 

then filtered through a 0.45 μm cellulose membrane filter. Total As and Al contents 

were analyzed in acidified (1 % HNO3) dilutions by ICP-MS. Detection limits were 

0.22 μg L
-1 

and 2.5 μg L
-1

 for As and Al respectively.  

 

 

3. RESULTS  

3.1. Chemical and mineralogical characteristics of volcanic ashes 

Table 1 shows the bulk chemical composition of the three analyzed samples. 

According to the TAS classification (Le Maitre, 1984), Hudson ashes are trachyandesite 

in type, while Puyehue show a trachydacitic composition and Chaitén ashes are mainly 

dacitic. Similar to bulk chemical composition, trace element contents also indicate 
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compositional differences among the magmatic sources. The content of arsenic is 

remarkably higher in the Chaitén ashes than those measured in Puyehue and Hudson 

samples (Table 1). Surface areas for all three samples were lower than 3.5 m
2
 g

-1
. 

TABLE 1 

Observations using SEM/EDS showed that samples mostly consist of abundant 

shards of glass and small grains of crystalline minerals. Although X-ray diffractograms 

of the three studied ashes were typical of poorly crystalline materials (Figure 1), 

minerals such as quartz, plagioclase and cristobalite were identified in the Chaitén and 

Puyehue samples (Figure 1).  

Grain-size distribution in the Hudson ash sample is unimodal, with a peak at 48 

m diameter. The chemical characterization of single grain minerals allowed for the 

identification of Ti and Fe (hydr)oxide coatings associated with pyroxene and 

plagioclase, as well as frequent grains of ilmenite and subhedral to anhedral crystals of 

pyrite. Occasional halite, gypsum, illite and chromite were also identified. Glass shards 

show sharp borders and smooth surfaces; their composition is characterized by the 

dominance of Al, Fe, Ti, Mg, Ca and silica. Very fine particles appear adhered to the 

glass surface or filling vesicles (Figure 1).  

The grain-size distribution in the Chaitén ash is bimodal. The coarsest peak 

corresponds to 46 m diameter while the finest mode corresponds to 14 m diameter 

and is the predominant grain size in the sample. SEM/EDS analysis reveals the presence 

of Fe and Mn oxides, ilmenite, olivine, and euhedral pyrite. Like Hudson, the ash 

surface shows abundant vesicles filled with fine particles. Acicular crystals of 

cristobalite are frequently observed in this sample. The chemical composition of glass is 

dominated by Al, Na, K and silica, with subordinate amounts of Fe, Mg and Ca (Figure 

1). 
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The most frequent grain-size in the Puyehue ashes was 14 m. Primary minerals 

such as andesine, quartz, and cristobalite were recognized by X-ray diffractometry, 

while minor minerals such as gypsum, Fe (hydr)oxides and cristobalite were identified 

by EDS mapping. The glass showed a composition dominated by Ca, Na and silica 

(Figure 1). 

No arsenic was detected by EDS analysis, probably because the detection of low 

levels of this element is not adequate when Mg-bearing minerals are also present, due to 

the overlap of peaks. 

FIGURE 1 

3.2. Kinetics experiments 

Figure 2 illustrates the results obtained from the kinetics experiments performed 

on the suspensions of the three ashes in solutions at pH 3.0, 6.5 and 10.0. As observed, 

the release involves two stages: a first rapid step, which occurs during the first 90 

minutes, followed by a second, much slower step that involves a gradual release of As 

after 300 h, when pseudo-equilibrium conditions are reached. In the first hour of 

reaction, up to 0.6 % of the bulk As was released into the solution at pH 3.0 and up to 

1.1% at pH 10.0. Interestingly, similar amounts of As were released in the first hour of 

reaction in acidic and basic suspensions, while at pH 6.5 the amount of As released was 

lower in the three cases. This first step may represent the rapid release of arsenic by 

desorption and/or dissolution of more soluble As-bearing phases deposited in the 

uppermost region of the glass grains. 

The final concentration of As measured in the leachates at pseudo-equilibrium 

(after 336 h) showed that As is preferentially released under extreme pH conditions, 

while at neutral pH, the release is minimized (insets in Figure 2). The final 

concentration of As in the leachates also seems to be conditioned by the content of total 
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arsenic in the bulk samples. The Chaitén sample leachates exhibited the highest release, 

probably because it has been formed from a magmatic source richer in arsenic. The 

amount of As released at the end of the experiments at pH 3.0, represented 1.7, 11.1 and 

1.5 % of the bulk As concentrations determined in the Hudson, Chaitén and Puyehue 

ashes respectively, while at pH 10.0 the corresponding percentages were 1.9, 9.8 and 

3.7%. 

FIGURE 2 

 

3.3. Surface composition 

The relative element mass concentrations in the fresh surfaces are shown in 

Table 2 along with the composition of the bulk samples expressed in weight %. Most 

elements are depleted in the near-surface region, while As and some other elements 

such as F, Mg and Ca  show noticeable enrichments.  

TABLE 2 

Fig. 3 shows the XPS spectra obtained for As3d bands. Although the signals are 

relatively weak and noisy, two peaks could be fitted, at 43.4 eV and 45.0 eV (Figure 

3, Table 3) using a peak separation constrained at 2 eV. Reference values used for peak 

identification are listed in Table 4. According to these values, peaks at 43.4 eV 

identified in Puyehue and Chaitén samples correspond to As(III)-S compounds. The 

peak at 43.7 eV observed in the Hudson sample was also attributed to As(III) species by 

comparison with reference BE values reported by Costa et al. (2002). A similar 

interpretation was applied by Schaufuss et al (2000) to signals observed in XPS spectra 

of arsenopyrite oxidized surface samples. Peaks fitted at 45.0 eV correspond to As(V)-

O compounds.  

FIGURE 3 

TABLE 3 
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TABLE 4 

Because the most common phases containing As-S bondings are Fe sulphides, 

we have also analyzed the XPS spectra corresponding to the Fe2p3/2 band (Figure 4). 

The obtained peaks (Table 3) coincide with the BE of the following chemical bondings: 

Fe(II)-AsS, Fe(II)-O, and Fe(III)-O. In accordance with values reported in the literature 

(Table 4), the peaks found in the range between 706 and 708 eV are typical of Fe-S 

bondings, which are usually assigned to pyrite (i.e., Nesbitt et al., 1995; Costa et al., 

2002). However, Nesbitt et al (1995) demonstrated that Fe-As-S and Fe-S-S bondings 

have the same BE in XPS spectra obtained from loellingite (FeAs2) and pyrite crystals. 

Binding energies for Fe(II)-O are near 709 eV (Costa et al., 2002) while for Fe(III)-O 

are in the range of 711-712 eV (Eggleston et al. 1996), which is suggestive of the 

presence of Fe (hydr)oxides.  

FIGURE 4 

 

4. IDENTIFICATION OF AS-BEARING PHASES  

In this section we analyze the possible As-bearing phases in detail. 

 

4.1. Structural As in the Al-silicate glass 

Recent studies have investigated the speciation and structure of arsenic in natural 

melts and glasses. They found that oxy-hydroxide complexes such as AsO(OH)2
–
 and/or 

As(OH)3 are the primary As species in these systems (e.g., Pokrovski et al., 2002; 

Testemale et al., 2004; Borisova et al., 2010; James-Smith et al., 2010). These findings 

indicate that this element may form strong bonds within the glass structure and thus, 

extreme chemical conditions (i.e.: strongly acidic or alkaline media) are necessary to 

release these atoms to the water.   
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The results obtained from kinetics experiments reveal that As is preferentially 

released under extreme pH conditions which suggests, on the basis of previous works, 

that the dissolution of glass is taking place. Declercq et al. (2013) summarized the 

dissolution of natural Al-silicate glasses as a series of steps that begins by the rapid 

exchange of protons for alkali and alkaline-earth metals near the glass surface leading to 

the formation of an Al and Si-rich surface layer (Thomassin and Touray, 1979; Berger 

et al., 1987; Guy and Schott, 1989; Gout et al., 1997; Crovisier et al., 2003; Oelkers et 

al., 2009). The final, rate-limiting step of natural Al-silicate glass dissolution is the 

destruction of this Si- and Al-rich surface layer (Daux et al., 1997; Oelkers and 

Gislason, 2001; Gislason and Oelkers, 2003; Wolff-Boenisch et al., 2004a,b). On the 

basis of kinetics experiments and numerical modeling, Gıslason and Oelkers (2003) 

predicted the dissolution rates of basaltic glass across the entire range of pH. According 

to their calculations, at 25ºC minimum rates of dissolution were determined at pH 6. 

At lower pH values, rates steeply increase (about 4 orders of magnitude higher at pH 2) 

while under more alkaline conditions, the increase is more moderate (about 2 orders of 

magnitude higher at pH 10.0). Equations 1 and 2 represent the dissolution of the Al-

silicate glass occurring under acidic and alkaline condition respectively, as indicated by 

Oelkers and Gíslason (2001). 

SiAl0.36O2(OH)1.08 + 1.08H
+
 ↔ SiO2(aq) + 0.36Al

3+
 + 1.08 H2O                                  (1) 

2.77 SiAl0.36O2(OH)1.08 + 0.33OH
-
 + 3H2O = Al(OH)4

-
 + 2.77 SiO2(aq)                        (2) 

The solid curve shown in Figure 5 represents the concentration of Al released after 

the dissolution of basaltic glasses at 25ºC as predicted by the rate law of Gíslason and 

Oelkers (2003). Our experimental data were also plotted; as seen in the figure, the 

experimental trends closely resemble the theoretical curve, which suggests that 

dissolution of the Al-silicate glass is actually taking place in our systems, especially 
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after the first 90 min, when the kinetics of the As release began to slow. This trend thus 

reinforces the hypothesis that when extreme pH conditions predominate, As is released 

from sites within the glass structure. 

FIGURE 5 

 

4.2. Surface As speciation in the Al-silicate glass  

The first rapid release of As determined in the kinetic experiments likely 

corresponds to soluble As-bearing phases concentrated at the near surface region of the 

studied glasses. These phases are As(III)-S and As(V)-O compounds, as it was 

determined from the deconvolution of  XPS spectra for the As 3d band (Figure 3).  

Since no single phases containing detectable concentrations of As and S were 

found through SEM/EDS analysis, As(III)-S species could be assigned to arsenic 

occurring as a trace impurity in sulphide minerals, particularly pyrite. Abraitis et al. 

(2004) reported that pyrite may incorporate up to ca. 10.0 wt% of arsenic within its 

structure. The arsenic-bearing pyrite is known as arsenian pyrite; it is found in low-

temperature hydrothermal environments, especially sedimentary basins and mineral 

deposits (Wells and Mullens, 1973; Savage et al., 2000; Kolker et al., 2003). Previous 

studies of arsenian pyrite have shown that As substitutes as As
1-

  for S in the S2
2-

 unit to 

form Fe(As
1-

,S)2 (e.g., Fleet et al., 1989; Fleet and Mumin, 1997; Simon et al., 1999; 

Pals et al., 2003; Zachariáš et al., 2004; Reich et al., 2005). In a more recent study, 

Chouinard et al., (2005) suggested that As
3+

 may substitute for Fe
2+

 in arsenian pyrite 

from the Pascua Lama deposit (Chile). This substitution was also determined by 

Deditius et al (2008) by using XPS, HRTEM, and EMPA analyses in microcrystals of 

arsenian pyrite collected from hydrothermal deposits in Perú.. We have not observed the 

peak of As
1-

 in the As3d XPS spectra. Therefore, we consider that the As(III)-S bonding 
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may correspond to the presence of  microcrystals of As(III)-pyrite. This statement is 

further supported by the identification of Fe-As-S species in the Fe2p XPS spectra 

recorded for our samples (Figure 4). In fact, single crystals of cubic pyrite were 

observed in Hudson ashes, while in Chaitén, amorphous Fe-S coatings have been 

determined by ESD mapping (Figure 6). 

FIGURE 6 

Finally, peaks found in the region near 45.0 eV correspond to As(V)-O bondings 

(i.e., Nesbitt et al., 1995; Nesbitt and Muir., 1998; Fullston et al., 1999; Schaufuss et al., 

2000; Costa et al., 2002; Kim et al., 2014). They can be assigned to arsenate present at 

the glass surface as adsorbed and/or precipitated as poorly crystalline scorodite-like 

phase formed by oxidative dissolution of As-bearing sulphides (i.e., Asta et al., 2010; 

Courtin-Nomade et al., 2010). 

 

5. ENVIRONMENTAL IMPLICATIONS FOR AQUATIC SYSTEMS 

Volcanic ash is the most widely-distributed product of explosive volcanic 

eruptions, and ashfall may affect areas hundreds of kilometers away from an erupting 

volcano (Stewart et al., 2006). South America is particularly affected by this 

phenomenon, as it spans the greatest length of any continental volcanic region in the 

world (Global Volcanism Program, Smithsonian Institution). Historical records of 

volcanic eruptions in the region are only available after 500 years BP. The largest 

eruptions recorded during the 20th century took place in Chilean volcanoes (i.e., 

Quizapu, 1932; Hudson, 1991) and produced heavy ashfall that drifted downwind to the 

east. Distal ashfall was reported in regions as far as Rio Janeiro, Brazil (Quizapu 

eruption; González-Ferrán, 1995) and the Malvinas Islands in the South Atlantic Ocean 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

(Hudson eruption; Tilling, 2009).  The 1991 Hudson eruption ejected 4.3 km
3
 of ash 

(Scasso et al., 1994) and caused heavy ashfall southeast of the volcano. 

More recent eruptions registered in the Patagonia region also delivered 

important volumes of ashfall to nearby regions. The most remarkable include the 2008 

eruption of the Chilean volcano Chaitén, which deposited a volume of 0.15 km
3
 of 

tephra
 
(Watt et al., 2009) over Argentina, and the 2011 eruption of the Puyehue-Cordón 

Caulle volcanic complex, which ejected 0.12 km
3
 of volcanic material.  In May 2008, 

the Chaitén volcano erupted explosively and produced an ash plume that rose 21 km 

into the atmosphere (Lara, 2009; Carn et al., 2009). Heavy ashfall from the plumes 

affected extensive downwind areas of neighboring Argentina (e.g., Folch et al., 2008; 

Martin et al., 2009; Watt et al., 2009). On June 4th 2011, the Puyehue volcano began an 

eruptive process, generating a column made of gases and volcanic ash 11-13 km high 

and 5 km wide. The eruption dispersed volcanic products to the SE of the volcano, 

reaching the Atlantic Ocean coast in just one day. In the following days, the dispersion 

of the volcanic plume had varied in direction, but predominantly moved to the east side 

of the Andean mountains based on the dominant west-east wind currents at this latitude 

(Daga et al., 2014). 

These recent eruptions are only a brief sample of the more important eruptions in 

southern Patagonia, which reveal the magnitude of ashfall that has affected large 

regions in the southern portion of South America, delivering hazardous elements and 

compounds of magmatic origin. At the place of deposition, a rapid dissolution of the 

more soluble phases is most likely to occur.  In contrast, the dissolution of the glassy 

fraction is expected to be slower, as the dissolution of silicate glass is produced at low 

rates for the pH conditions that dominate most aquatic reservoirs in the affected areas. 

Initial chemical fluxes into these aquatic environments will thus be derived from the 
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rapid dissolution/detachment of the more mobile phases (As(III) and As (V) surface 

species) present on the glass surfaces. In a following stage, the fluxes of As will be 

dominated by the release of the structural As. These conclusions are mostly derived 

from the leaching experiments carried out with suspensions of the volcanic ashes in 

milliQ water, which may better represent the environmental conditions dominating the 

affected areas.  

A hypothetical calculation of the maximun amount of As delivered towards 

surrounding regions after the analyzed eruptions was performed by using the  

experimental results in conjunction with data reported in the literature. Table 5 shows 

the mass of volcanic material emitted by the Hudson, Chaitén and Puyehue volcanoes in 

the events of 1991, 2008 and 2011 respectively, along with the mass of total As 

delivered in each eruptive event, estimated from the concentration of bulk As in the 

studied ashes. The table also includes the estimations of the amount of As potentially 

released from the deposited ashes after 90 minutes and 14 days of exposure to water 

(considering that the entirety of the ash would be submerged/exposed to water). All 

these amounts represent less than 6% of the bulk As measured in the ash samples 

(Table 4).  

TABLE 5 

In the vast Chacopampean plain, groundwater resources exhibit concentrations 

of arsenic that largely exceed national and international guidelines for drinking water 

(from 470 to 770 μg/L, Nicolli et al., 2012). There is a wide agreement that these 

elevated concentrations of As, along with other trace elements such as F, Mo, V and U, 

are derived from the alteration of volcanic glass spread in the loessic sediments that 

blanket the entire region (i.e. Nicolli et al., 2012). However, the identification of the 

surface speciation of As in these materials has not yet been performed. Although the 
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ashes studied here are not those incorporated into the loessic matrix, we may infer that 

the identified As-bearing phases were also present in ashes that had been emitted by 

past eruptions and then deposited into the Chacopampean Plain. If this is true, the old 

volcanic ashes would have rapidly released the As associated with As(V)-O and 

probably As(III)-S compounds during their first exposure to water, while the As 

included within the glass structure remained almost immobile. Because pH conditions 

in the aquifers are dominantly neutral to alkaline, the rate of dissolution of silicate glass 

is low, and thus only a minor proportion of the structural As is released to groundwater. 

Once in solution, the aqueous species of As interacted with the reactive phases present 

in the sediments, either adsorbing onto Fe (hydr)oxide coatings or co-precipitating with 

carbonates, as has been suggested in a previous work (Garcia et al., 2014). From that 

moment on, the interaction of soluble As with solid particles remained controlled by the 

geochemical conditions that dominate the aquifer. 

 

6. CONCLUSIONS 

Volcanic ashes have been traditionally considered important carriers of arsenic 

to aquatic environments affected by volcanic ashfall. The identification of the As 

species associated with this material is thus essential to understanding the dynamics of 

this pollutant. 

The arsenic-bearing phases defined in this work are closely linked with the 

release of this element to the aqueous media. The most available species are those 

concentrated onto the grain surface, consisting of thin coatings of As(III)-S compounds, 

probably arsenian pyrite, and As(V)-O compounds, present as adsorbed/precipitated 

arsenate species. The most stable As-bearing phase is the Al-silicate glass, where As is 

included within the structure. The release from this phase at the pH conditions 
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dominating the aqueous reservoirs represents less than 1% of the total arsenic measured 

in the bulk samples, while more mobile surficial phases may release up to 6%. 
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FIGURE CAPTIONS 

Figure 1. Electron images, EDS spectra, XRD patterns and grain-size distribution of the 

studied volcanic ashes. Quartz (Qtz), plagioclase (Pl), cristobalite (Crs), lepidolite (Lpd) 

and fluorapatite (F-Ap). Scale bars in SEM images correspond to 10 m in Hudson and 

Puyehue and to 100 m in Chaitén samples. 

 

Figure 2. Kinetics curves showing the release of As with time. The insets show the As 

released after 336 h of reaction as a function of pH. Circles: milliQ water; triangles: pH 

3; squares: pH 10. 

 

Figure 3. X-ray photoelectron As 3d spectra obtained for Hudson, Chaitén and Puyehue 

ashes. The best fit curve is shown by a solid thick line; individual As 3d5/2 peaks are 

indicated with dashed lines. 

 

Figure 4. X-ray photoelectron Fe 2p spectra obtained for Hudson, Chaitén and Puyehue 

ashes. The best fit curve is shown by a solid thick line; individual Fe 2p3/2 peaks are 

indicated by dashed lines. 

 

Figure 5. Plot showing the log Alreleased as a function of pH in leachates obtained after 

336 h of suspension. Solid thick line: theoretical dissolution of basaltic glass (Aradottir 

et al., 2013); dashed lines: experimental results. Squares: Hudson; circles: Chaiten; 

triangles: Puyehue. 

 

Figure 6. (1) SEM image showing the presence of coatings of Fe-S onto a Al-silicate 

grains of glass in the Chaitén sample. EDS diagrams show the chemical composition of 
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two different points in the image. Mappings show the spatial distribution of Si, S and 

Fe. (2) SEM image and EDS diagram of pyrite found in the Hudson sample. 

 

TABLE CAPTIONS 

Table 1. Bulk chemical composition (ICP/OES), specific surface area (BET-N2) and 

content of glass determined for the studied samples. 

 

Table 2. Bulk (ICP/OES) and surface (XPS) chemical composition (expressed in weight 

%) determined for ash samples. Carbon and oxygen contamination, detected on all 

surfaces, were excluded for a clearer comparison. Enriched elements on particles 

surface are marked in bold. Conversion of surface concentrations from atoms % in 

weight % was performed with the online software available from  

http://www.lasurface.com/xps/convertisseur.php#  (Thermofisher Scientific) 

Notes to Table 2 

S/B, ratio surface/bulk composition. ND, not determined; BDL, below detection limit. F 

was estimated from the maximum concentration released in the kinetics experiments. 

 

Table 3. As 3d binding energy assignments for the analyzed samples. 

 

Table 4. As 3d5/2 and Fe 2p3/2 binding energy values from a compilation of literature 

sources. 

 

Table 5. Maximum amount of As delivered from the ejected materials during eruptions 

of Hudson (1991), Chaitén (2008) and Puyehue (2011) volcanoes and amounts of As 

potentially released after 1.5 h and 14 days of exposure to water. 
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Figure 1
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Figure 5
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Figure 6
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Samples HUDSON CHAITEN PUYEHUE 

Chemical composition (%)     

SiO2 59.32 72.45 68.62 

Al2O3 15.59 13.88 13.27 

Fe2O3 6.33 1.81 4.4 

Na2O 5.69 4.07 5.2 

CaO 3.65 1.74 2.05 

K2O 2.36 2.88 2.82 

MgO 1.65 0.46 0.65 

TiO2 1.223 0.175 0.599 

MnO 0.163 0.067 0.111 

P2O5 0.48 0.09 0.09 

As concentration (ug g
−1

) 

  

 

10.0 40.0 15.0 

SSA (m
2
g

-1
) 

     2.31 2.62 3.44 

% glass 

     78.0 74.0 88.8 

 

Table 1
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Samples HUDSON CHAITEN PUYEHUE 

Chemical composition Bulk Surface S/B Bulk Surface S/B Bulk Surface S/B 

Si 52.17 58.78 1.1 66.64 64.77 1.0 61.85 68.89 1.1 

Al 15.53 19.55 1.3 14.46 17.90 1.2 13.54 14.53 1.0 

Na 7.94 8.04 1.0 5.94 5.81 1.0 7.44 4.40 0.6 

K 3.69 ND - 4.70 ND - 4.51 ND - 

Mg 1.87 3.70 2.0 0.55 3.88 7.0 0.76 1.31 1.7 

Fe 8.33 4.10 0.5 2.49 2.46 1.0 5.93 3.84 0.6 

Ca 4.91 3.54 0.7 2.45 3.55 1.5 2.83 4.20 1.5 

As 0.0019 0.72 379 0.0079 0.80 101 0.0029 0.99 341 

Cl ND 0.69 - ND 0.55 - ND 1.22 - 

F 0.009 0.47 52 0.0040 0.27 67 0.022 0.62 28 

P 0.39 0.41 1.0 0.077 BDL - 0.076 BDL - 

S ND ND - ND ND - ND ND - 

Ti 1.38 ND - 0.21 ND - 0.69 ND - 

Mn 0.24 ND - 0.10 ND - 0.17 ND - 

Total 96.46 100.00 97.63 100.00 97.82 100.00 

     

 

Table 2
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As 3d5/2 Binding energy (eV) Designation 

Hudson Chaitén Puyehue  

43.7 

   

As(III) in oxidized 

  FeAsS surface 

 

  

43.4 

 

43.4 

 

As(III)-S 

 

 

45.1 

 

45.2 

 

45.3 

 

As(V)-O 

 

Fe 2p3/2 Binding energy (eV) Designation 

Hudson Chaitén Puyehue  

 

705.7 

 

705.9 
 

Fe(II)-AsS   706.8 

707.7 

 
  

º714.6  714.2 

 

Fe(II)-AsS Satellite 

 

 

 

709.8 

 

 

709.4 

 

709.9 

 

Fe(II)-O 

 

711.3 

 

711.2 

 

711.1 

Fe(III)-O 

712.9  

 

712.6 

 

 
 

713.3 
 

 

Fe(III)-O in oxidized 

FeAsS, surface 

 

Fe(III)-O Satellite 

 

 

 

717.0 

 

 

Table 3
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Species 
Binding 

energy (eV) 
Designation Reference 

 

As
3+

 

 

43.4 

 

As(III)-S in sulphide minerals 

 

Fullston et al., 1999 

Kim et al., 2014 

 

44.5 As(III)-O in oxidized FeAsS surface Nesbitt et al., 1995 

 

As
5+

 45.3 As(V)-O in oxidized FeAsS surface Nesbitt et al., 1995    

 

45.4 As(V)-O in As2O5 Costa et al., 2002 

 

Fe
2+

 706-708 Fe(II)-AsS in oxidized FeAsS, surface Nesbitt et al., 1995 

  
 

 

 714.6 Fe(II)-AsS Satellite in oxidized FeAsS surface Nesbitt et al., 1995 

 

709.5-709.9 Fe(II)-O in FeO McIntyre and Zetaruk, 1977 

Descostes et al., 2000 

Costa et al., 2002 

 

Fe
3+

 710.4-713.5 Fe(III)-AsS in oxidized FeAsS, surface Nesbitt et al., 1995 

 

711-713 Fe(III)-O in Fe2O3 Descostes et al., 2000 

Biesinger et al., 2011 

 717-719 Fe(III)-O Satellite in Fe(III) oxides Mills and Sullivan, 1983 
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Samples 

Volume of 

tepha 

(km
3
) 

Density 

(g cm
-

3
) 

Estimated 

mass of 

delivered 

As (mt) 

Amount of As released 

(mt) 
% As released 

    1.5 h 14 days 1.5 h 14 days 

HUDSON  4.30 3.000 1.29 x 10
5
 172.6 1410.0 0.13 1.09 

CHAITEN  0.15 0.997 5.98 x 10
3
 86.2 344.2 1.44 5.75 

PUYEHUE  0.12 2.200 3.96 x 10
3
 1.5 8.2 0.04 0.21 

 

Table 5



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Highlights 

 
 Volcanic ashes from South Andean volcanoes release As when exposed to water 

 As-bearing phases are concentrated onto the ash surface  

 As(III)-S species have been assigned to arsenian pyrite 

 As(V)-O compounds correspond to arsenate adsorbed or precipitated 

 As included within the glass structure is released under extreme pH conditions  




