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ARTICLE INFO ABSTRACT

Keywords: During 2016, Copahue volcano (Neuquén, Argentina) made several eruptions and emitted ash and gases. This
Copahue volcano paper presents an analysis of the volcanic plume using dispersion models, remote sensor data, and analysis of
HYSPLIT

sedimentary ash collected at the Caviahue Health Center from early October to 21st December 2016. Water-
soluble elements contained in volcanic ash leachates were quantified. We have carried out a qualitative com-
parison of HYSPLIT dispersion simulations with SO and aerosol data obtained from OMI and OMPS sensor on
board of AURA and SUOMI NPP satellites, as well as between modeled concentrations and sampled surface
sediments. Good agreement was observed between gas dispersion plumes from HYSPLIT and total column SO5
values, as well as between volcanic ash plumes and satellite aerosol indices.

The average SO2 emission rate in the analyzed events was 985.7 & 492.9 t/d and the average emission rate of
ash 2.6 10° kt/d 2.9 104 kg/s). In situ observations of ash deposition rates peaked at 0.23 g/h on 30th
November. The average measured deposition rate from 1st October to 21st December was 0.12 g/h, consistent
with modeled values. The geochemical analysis of ash leachate showed major content of sodium (Na), calcium
(Ca) and magnesium (Mg) with 207.8 mg/kg, 209.5 mg/kg, and 195.3 mg/kg, respectively. Concentrations
sulfate, chlorides, and fluoride anions were 990.7 mg/kg, 352.34 mg/kg, and 129.15 mg/kg, respectively. The
SO2/HCI molar ratio was 1.05. In addition, traces of As, Cr, Hg, Mo, Pb, and Se were detected in concentrations
ranging from 0.2 mg/kg to 6.0 mg/kg.

Volcanic ash
Ash leachate
SO,

Remote sensing

1. Introduction complex in June 2011 (40°30’ S-72°12' W) affected areas surrounding the

volcanic complex in southern Chile and the Patagonian steppe (Wilson et al.,

Volcanic eruptions eject aerosols and gases into the troposphere.
During major events, they can even reach the stratosphere. The intensity
and duration of volcanic events are quite variable and so are the effects
of those events on the environment and human populations (Kerminen
et al., 2011; Stuefer et al., 2013). Human activities and livelihoods are
also affected, with consequent socio-economic impacts (Barberi et al.,
1984; Prata, 2009; Wilson et al., 2014)

In the past years, frequent volcanic eruptions in the Southern Andes dis-
rupted air and land traffic and had significant environmental and socio-
economic impacts on nearby communities in Argentina and Chile. Some of
these eruptions include Copahue in 2000 (Delpino and Bermidez, 2002);
Chaitén in 2008 (Watt et al., 2009); or Puyehue Cordén Caulle in 2011 (Eli-
ssondo et al., 2016). The eruption of the Puyehue-Cordén Caulle volcanic

* Corresponding author.

2013; Elissondo et al., 2016). This eruption dispersed pyroclastic material
until June 2012, which devastated river macro-invertebrates (Fuentes et al.,
2020), caused the death of grazing animals and the interruption of basic ser-
vices -e.g., water, electric power, wastewater treatment, among others- (Wil-
son et al., 2013). Bubach et al. (2014, 2020) evaluated the concentration of
sulfur, selenium and heavy metals in lichens, to determine the atmospheric
pollution associated with volcanic activity in the Southern Andean Volcanic
zone (SVZ) (volcanic complexes Copahue-Caviahue and Puyehue--
Corddn-Caulle). S and Se were detected at all measurement sites around the
Copahue-Caviahue area sulfur concentrations in lichens were several times
higher than those reported in other volcanoes studies (2800-12000 pg/g vs
600-2800 pg/g) (Bubach et al., 2020). Meanwhile, near the Puyehue-Cordén
Caulle volcano, sulfur concentrations were 20% higher (Bubach et al., 2014)
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Volcano emissions include volcanic ash, gases (water vapor (H0),
carbon dioxide (CO,), sulfur dioxide (SO3), carbon monoxide (CO),
hydrogen sulfide (HsS), carbon sulfide (CS), carbon disulfide (CSy),
hydrogen chloride (HCI), hydrogen (H2), methane (CH4), hydrogen
fluoride (HF), and hydrogen bromide (HBr), among other gases. Vol-
canoes emit a variety of organic compounds, as well as traces of alkali
metals, alkaline earth metals, and transition metals (Hansell and
Oppenheimer, 2004; Bubach et al., 2020). Sulfur gases are one of the
most abundant species in volcanic eruptions. The relative abundance of
sulfur depends on the thermodynamic characteristics of the volcanic
system (pressure, temperature, and oxygen fugacity) (Alessandro,
2006). Species abundance depends on the balance between a hydrous
fluid (exsolved gas) at the top and a silicate melt in the magma chamber
below (Symonds et al.,, 1994). It varies widely among volcanoes
depending on magma type and volcano activity (Symonds et al., 1988;
Textor et al., 2004).

Sulfur dioxide is a colorless gas with a characteristic odor that can be
perceived at different concentration levels, generally from 0.3 to 1.4
ppm, depending on individual sensitivity. It is easily detectable at 3.0
ppm (Alessandro, 2006), and its toxic level for continuous exposure is
10.0-15.0 ppm (IVHHN, 2020). The atmospheric half-life of sulfur di-
oxide is 6-24 h; consequently, only about 5% of the gas emitted is found
in the lower atmosphere after 1-4 days (Finlayson-Pitts and Pitts, 1986).
Moreover, sulfur represents a major concern worldwide because of its
potential effects on climate (Li et al., 2013; Wang et al., 2018).

Copahue is considered a very active volcanic system since 13 erup-
tive events have been recognized over the past 260 years (Delpino and
Bermudez, 1993; Delpino and Bermtdez, 2002; Naranjo and Polanco,
2004; Caselli et al., 2016a). The current eruptive cycle began on 19th
July 2012 (Daga et al., 2017) and is still ongoing (GVP, 2021). Emissions
from this ongoing eruptive cycle include sulfur dioxide (SO2) gas and ash
plumes (e.g., Petrinovic et al., 2014, Caselli et al., 2016a; Daga et al.,
2017; GVP, 2021). Previous studies of Copahue volcano focused on field
observations and geophysical and geochemical monitoring of fumaroles
and water springs and the characteristics of eruptive events (Petrinovic
et al., 2014; Augusto and Vélez, 2017; Caselli et al., 2017; Daga et al.,
2017; and Tassi et al., 2017). Ruggieri et al. (2011) assessed the po-
tential contribution of volcanic ash to the local geochemical balance
-during the Copahue eruption in 2000.

More recently, Bia et al. (2020) analyzed 2016 Copahue ash and
determined the amount, conditions, and release rate of fluoride from
volcanic ash exposed to water by analyzing ash leachates. Tassi et al.
(2017) studied the chemical and isotopic composition of hydrothermal
gases emitted in the surroundings of Copahue volcano from fumaroles in
the active summit crater from 1976 to February 2016. They observed
that Hy, CO and light hydrocarbon concentrations had increased in
connection with major events of the latest eruptive cycle. Agusto and
Vélez (2017) examined fumarolic emissions from the crater of Copahue
volcano and surrounding thermal areas using an alkaline trap,
Multi-GAS and parallel register with an UV camera; they found sulfur
enrichment and presence of HCI, HF, and HBr. The content of sulfur and
ash in near surface air is causing concern at Caviahue Health Center
given that released sulfur oxides and ashes could be related to respira-
tory diseases, e.g., sulfur oxides react with sunlight, atmospheric gases
and aerosols, and become volcanic smog or “vog”, which is potentially
hazardous for human health (Pattantyus et al., 2018). This study of
Copahue emissions is driven by the evidence of strong past sulfur
emissions and sustained eruptive episodes, and the risk for people in the
region.

Emissions of volcanic ash and gases can be evaluated using satellite
imagery (Krueger, 1983; Carn and Krotkov, 2016) or in situ measure-
ments of ash deposition by analyzing the leachates of materials adsorbed
in ash (Witham et al., 2005). Satellite measurements provide an inter-
esting approach as they show an area at a time and are able to collect
extensive time-series. The first satellite measurements of aerosols, SOa,
and volcanic ash date back to the 1990s. Those measurements were
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made with the UV-VIS spectrometer of the Total Ozone Mapping Spec-
trometer (TOMS). However, it was useful only for large volcanic erup-
tions and extreme SO, degassing events (Krueger, 1983; Carn and
Krotkov, 2016). At present, remote sensors have improved sensitivity
(Carn et al., 2016); some of these sensors are for instance, the Ozone
Monitoring Instrument (OMI; Lopez et al., 2013; Carn and Krotkov,
2016; Krotkov et al., 2016), the Moderate Resolution Imaging Spec-
troradiometer (MODIS; Theys et al., 2013; Watson et al., 2004), the
Global Ozone Monitoring Experiment (GOME — GOMEZ2), the Infrared
Atmospheric Sounding Interferometer (IASI) (Theys et al., 2013), and
the most recent Tropospheric Monitoring Instrument (TROPOMI) on
board of Precursor Sentinel-5 satellite, which was launch in 2016 (Carn
and Krotkov, 2016). Increased sensitivity makes it possible to generate
long-term aerosol records and climatology (Carn and Prata, 2010).
Other methods include the comparison of modeled dispersion of volca-
nic ash with satellite images (Gray and Bennartz, 2015; Chai et al., 2017;
Pardini et al., 2017).

The analysis of leachates adsorbed on fine-grained ash particles in
volcanic ash samples provides information about the composition of
gases (Witham et al., 2005). Fine ash can adsorb and thus quickly
remove volatile elements from the emissions, such as sulfur, halogens,
and metal species in the form of soluble salts (Bagnato et al., 2011).
Water-soluble elements from ash found at land surface constitute an
indirect source of information about the composition of volcanic ash,
when in situ sampling is not possible. Batch water leachate tests allow
assessing environmental geochemical risks of ash fall, by examining the
release of soluble ash compounds into the environment. Such releases
can cause short-term though potentially significant impacts on the
environment (Ruggieri et al., 2011; Stewart et al., 2020).

This paper presents the study of Copahue volcano ash and SO, gas
emissions from 1st October to 21st December 2016; to determine the
scope of emissions and deposition through dispersion models, and to
quantify and describe sampled volcanic ash through the concentration
of soluble elements present in volcanic ash leachates.

2. Study area

Copahue volcano is located at the border between Argentina and
Chile (37° 45’ S; 71° 10.2° W; 2997 m asl). Its most recent eruptive cycle
began on 19th July 2012 and was still ongoing at the time of writing this
article (Caselli et al., 2016a; Agusto and Vélez, 2017; GVP, 2021). Most
events are phreatic and phreato-magmatic with low explosive character;
nevertheless, such eruptions represent a threat for the communities
living in the areas surrounding the emission center. (Caselli et al., 20164,
2016b, 2016¢). Moreover, increasing urban development implies that
even relatively small phreatomagmatic explosions could cause sub-
stantial economic losses and put lives at risk (Caselli et al., 2016a).
Argentine villages, Caviahue and Copahue (Fig. 1), have so far only
experienced ash fallout and gasses emissions, but are also at risk because
of possible mudflows and flank collapse triggered by volcanic activity
(Bermtuidez and Delpino, 1995; Caselli et al., 2016b).

Copahue is a stratovolcano with nine craters clustered along a belt,
with mainly andesitic to basaltic andesite lavas that have spread down
its flanks. The easternmost crater is the only one active at present with a
hot and acid lake (pH < 1; 32-40 °C) and two hot acid springs (pH =
1-2) located at 7 and 9.5 km to the northeast and east, respectively
(Varekamp et al., 2001; Naranjo and Polanco, 2004). The crater lake
originated from the interaction between acid magmatic/hydrothermal
gases and meteoric water from the melting of a nearby glacier (Vare-
kamp et al., 2001).

In 2016, from 1st October to 31st December, the National Service of
Geology and Mining of Chile (SERNAGEOMIN, by its acronym in
Spanish) declared a yellow alert for Copahue volcano, based on its ac-
tivity (SERNAGEOMIN, 2016a, 2016b; 2016c, 2016d, 2016e, 2016f).
During this period, 8.5% of seismic events recorded were classified as
volcanic-tectonic (VT) and associated with rigid material fracture
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Fig. 1. a) Location of Copahue volcano, Caviahue Health Center (CHC) and nearby Caviahue and Copahue villages. b) Image of the volcanic plume acquired by

satellite LANDSAT 8 on 3rd December 2016.

processes, whereas 91.5% were associated with fluid dynamics within
the volcano (e.g., long-period (LP) and very long-period seismicity
(VLP)). In the same period, the MIROVA program (Middle Infrared
Observation of Volcanic Activity) emitted several thermal alerts. This
paper analyzes the volcanic plume emitted in the period 1st October —
31st December 2016, to take advantage of the coexistence of a moni-
toring program led by health authorities and information on volcanic
activity.

3. Materials and methods

To achieve our goal, we (1) estimated ash and SO, gas emission rates
from the Ozone Monitoring Instrument (OMI) and methodologies
developed by Theys et al. (2013) and Mastin (2014); (2) obtained
samples and performed a geochemical analysis of volcanic ash from
passive samples in this period; (3) examined the plume dispersion using
the Hybrid Single Particle Lagrangian Integrated Trajectory model
(HYSPLIT); (4) assessed eruption events from remotely sensed data; and
(5) evaluated chemical composition of volcanic ash leachates.

3.1. Emissions

Ash and gases were released during the study period and the infor-
mation was compiled by The Global Volcanism Program (GVP) (GVP,
2016a; 2016b, 2016¢; 2016d, 2016e, 2016f, and 2016g) based on sat-
ellite images and in situ photographs. SO, gas, water vapor, and ash
plumes released into the atmosphere were intermittently detected and
reported by different institutions, such as SERNAGEOMIN, NASA,
Observatorio Argentino de Vigilancia Volcanica (OAVV) and informed by
GVP during the period studied. Observations were made with IP cameras
installed by SERNAGEOMIN near the volcano to record constant
degassing from El Agrio crater (SERNAGEOMIN, 2016a), Differential
Optical Absorption Spectrometry (DOAS) instrument at Mellizas station

(located 5 km to the east-northeast (ENE) of the active crater), satellite
imagery and overflights, among others. Table 1 lists the dates, duration,
plume height, and main plume composition of the eruptive events
considered in the present paper.

Copahue volcano emitted sulfur dioxide (SO2) continuously, with
varying concentration during the period under study. Those emissions
were recorded with a DOAS instrument at Mellizas station, installed by
SERNAGEOMIN. To complete this study, ground-based samples and
remote sensing data were analyzed to determine the duration of the
event, as well as the plume emission and its altitude. The analysis
included SO, and aerosol data acquired with the Ozone Monitoring In-
strument (OMI) installed on board of the EOS-AURA satellite (Aura/
OMI) and Aerosol Index (AI) from OMPS remote sensor (Ozone Mapper
Profiler Suite), Suomi NPP mission (Suomi National Polar-orbiting
Partnership).

The OMI sensor measures the Earth’s scattered light and solar radi-
ation in a wavelength range between 270 and 500 nm, with 0.5-0.6 nm
spectral resolution. AURA satellite has a near-polar orbit which enables
daily coverage of the globe at a nominal pixel size of 13 x 24 km at nadir
and 28 x 150 km at the extreme of the view angle (Levelt et al., 2006;
Carn et al., 2007; Ge et al., 2016). The bands are combined to provide
four sulfur dioxide estimates that are used to determine the column
density, based on the vertical distribution of SO2 (NASA, 2008; Krotkov
et al.,, 2016; Wang et al., 2018). The spatial resolution of the sensor is
also adequate to detect air pollution in urban areas (Levelt et al., 2006;
Carn et al., 2007; Carn and Krotkov, 2016; Li et al., 2017; Wang et al.,
2018). OMI had a reduced viewing capability because of a row anomaly,
which limited spatial coverage. This row anomaly has been varying and
its rate of expansion has slowed down since July 2011 (Torres et al.,
2018, OMI's KNMI website: projects.knmi.nl/omi/research/produc-
t/rowanomaly-background.php).

SO5 and atmospheric aerosol estimates were acquired with the OMI
sensor. The plume height or the center of mass altitude (CMA) is derived
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Table 1
Event duration (D), plume altitude (H km asl) and emission composition -Copahue volcano from 1st October to 23rd December 2016.
Period (dd/mm) D (days) H (km) Emission/plume composition References
(year 2016)
01/10-15/10 1 3.0 Weak gas and water vapor plumes with minor ash content. SERNAGEOMIN, 2016a (VAAC, 2016a; VAAC, 2016a) (9/10, pilot report)
15/10-26/10 4 3.0-6.1  Weak gas and water vapor plumes with minor ash content. (SERNAGEOMIN, 2016a, GVP, 2016a, VAAC, 2016b) (27/10, pilot report)
26/10-01/10
04/11-05/11 1 3.3-3.9 Gas and water vapor plumes with minor ash content. GVP, 2016b
07/11-08/11 1 3.3-3.9 Gas, water vapor and ash plumes. GVP, 2016b
09/11-12/11 2 3.3-3.6 Diffuse water vapor and ash plumes GVP, 2016c¢
16/11-18/11 3 3.3-3.6 Gas, water vapor and ash plumes GVP, 2016d
Diffuse water vapor and ash plumes GVP, 2016d
21/11-22/11 1 3.3-3.6 GVP, 2016e
23/11-25/11 3 3.3-5.2
27/11-29/11 2 3.3-5.2
30/11-04/12 4 3.3-4.2 Diffuse water vapor and ash plume. GVP, 2016f
06/12 3.3-4.2
07/12-09/12 2 3.0-3.3 Diffuse plume of water vapor and ash. GVP, 2016g
11/12 1 3.0-3.3
13/12-20/12 7 3.0-3.9 Gas and ash. GPV, 2016h,
21/12-23/12 2 3.0-3.9 Gas and ash. (GVP, Global Volcanism Program, 2016i)

from the vertical distribution of SO, at different heights: 0.9 km for the
planetary boundary layer (PBL), 2.5 km for the lower troposphere layer
(TRL), 7.5 for the middle troposphere (TRM) and 17 km for the upper
troposphere and stratosphere (STL). SO, data for each atmospheric layer
are generated by means of principal components analysis (PCA) (NASA,
2008; Li et al., 2013, 2017).

Ash presence was estimated from the OMI Aerosol Index (AI),
frequently used for qualitative detection of absorbing aerosols (Levelt
et al., 2006; Colarco et al., 2017). This method quantifies aerosol con-
centration, using the spectral contrast between two absorption bands at
360 nm and 331 nm (Colarco et al., 2017). Al values higher than 1.0
indicate the presence of volcanic ash (Krotkov et al., 2012); negative
values are associated with non-absorbing aerosols such as sulfate (Der-
oubaix et al., 2013).

The OMI satellite dataset was built following the scheme proposed in
NASA (2008). Consequently, we included pixels with less than 0.8 cloud
fraction, solar zenith angles less than 70° and central positions along the
path, and excluded data affected by row anomaly. We then selected all
the pixels within a radius of 80 km around the Copahue volcano.

SO, emission rates were calculated using the so-called transversal
technique (Theys et al., 2013, 2019):

a) From SO, OMI estimated pixels, we selected those with presence of
SO, in a radius of 80.0 km from the emission source to infer the mean
direction of the volcanic plume through the determination of a line
linking the direction of the plume and the location of the volcano.

b) SO, mass (MSO; (Mg)) was calculated following Spinei et al. (2010),
considering the molar mass of SO, gas (DU at 2.69 x 10'® mole-
cules/cm?) and the cross section of the column measured by OMI
sensor (13 x 24 km?). The uncertainty of the estimates of SO»
emissions through the OMI sensor is approximately 30% (Qu et al.,
2019)

c) Wind speed at the volcano height was obtained considering the
emission height reported by Volcanic Ash Advisory Centers (VAAC)
Buenos Aires and the atmospheric data available from NOAA Real-
time Environmental Applications and Display sYstem (READY) data.

d) Emission rates were estimated from the following equation:

Mu

Fc= T (€8}

where Fc is the mass emission rate (kg/s), M is the mass of emitted SOy

(kg), u is the wind speed (m/s) and L is the length of the volcanic plume

(m).

Emission rate results from Eq. (1) were compared with values

informed by OVDAS (Observatorio Volcanoldgico de los Andes del Sur -
SERNAGEOMIN) from DOAS instrument measurements.

Sparks et al. (1997) correlated the mass eruption rate was with the
plume height based on theoretical considerations and compilation of
historical eruptions. Mastin et al. (2009) updated the compilation and
obtained relationship (2). The mass emission rate (kg/s) in this paper
was calculated considering the empirical equation given by Mastin
(2014):

M=140H*" )

where H is plume altitude (km asl).
3.2. Ash sample collection and analysis

During the eruption episodes from October to mid-December 2016,
the Caviahue Health Center of the Ministry of Health of the Province of
Neuquén, implemented a sampling program for volcanic ash. The pro-
gram followed the protocols developed by Stewart et al. (2013). Ash was
collected in passive samplers —i.e., wide-mouth plastic receptacles with
28.5 cm diameter. Samples were then stored in hermetic plastic bags.
Sediments were dried and weighted, and finally decanted into labeled
hermetic plastic vessels. Table 2 describes the amount of ash deposited
in the different sampling periods and the deposition rate (R (g/h)
expressed as the relationship between ash sediment mass (g) and sam-
pling duration (h).

Ash geochemistry was determined by means of the leachate method
suggested by Ruggieri et al. (2011) and Stewart et al. (2013). The batch
of 30th November was selected for subsequent analysis, as it had the
greatest number of samples to allow chemical characterization. The
leachate solution was prepared with deionized water for a rapid deter-
mination of potentially dangerous substances (Witham et al., 2005;
Stewart et al., 2013).

Table 2

Volcanic ash sampling data: date, sampling time (t (h)), mass of the sediment
(Mmta (8)), sedimentation rate (R (g/h)), deposition rate (D (g/rnz)) and HYS-
PLIT estimated deposition (Myys (g/mz) in t(h)). (sampler diameter - 28.5 cm).

Date (dd/mm) t (h) Mmea (8) R (g/h) D (g/m?) Myys (g/m)

(2016)

28/10 28.0 1.05 0.038 16.5 >12.0
30/10 19.0 1.94 0.102 30.4 >45.0
02/11 11.0 1.15 0.104 18.0 >20.0
03/11 10.0 0.93 0.093 14.6 >10.0
05/11 48.0 6.72 0.140 105.3 >195.0
30/11 72.0 16. 69 0.232 261.6 >210.0
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The proportion of ash mass and deionized water was 1:20 mass/
volume (1 g of ash per 20 ml of deionized water) (Cronin et al., 2003;
Cronin and Sharp, 2002). The ash-leachate compound was agitated for
90 min in a High-Density Polyethylene (HDPE) sealed vessel. The so-
lution was settled for 10 min and then filtered through 0.45 pm nylon
filters. Anions and cations were determined by means of ion chroma-
tography, using the analytical Standard Method 4110 B (APHA et al.,
2012) and ISO 14911:1998 (ISO, 1998). Heavy metal traces were
quantified by inductively coupled plasma atomic emission spectroscopy
(ICP-OES), following the guidelines of the analytical US EPA Method
200.7 (USEPA, 1997).

3.3. Atmospheric dispersion

Considering the SO, and ash mass emission rates described in the
previous section, we modeled the dispersion of pollutants released by
Copahue volcano under two emission scenarios: predominant content of
SO, and predominant content of volcanic ash, as suggested in literature
(e.g., Lopez et al., 2013; Gray and Bennartz, 2015; Chai et al., 2017;
Prata et al., 2017). For instance, Schneider et al. (1999) found evidence
of independent dispersion of SO, and ash in their study of the Chichén
volcano (Mexico) eruption in 1982.

The volcanic plume was modeled with HYSPLIT to estimate trans-
port, dispersion and concentrations of volcanic ash and SOy (e.g.,
Draxler and Hess, 1997; Stein et al., 2015). HYSPLIT is a hybrid
Lagrangian dispersion model, developed by NOAA/ARL. It is used by
some Weather Services and the VAAC to model airborne volcanic ash,
with meteorological data provided by external models (e.g., Crawford
et al., 2016; Chai et al., 2017).

The dispersion of ash and SO, plumes was modeled including dry and
wet deposition of ashes. Model’s input data were: (1) meteorological
data from the Global Data Assimilation System (GDAS) of the US Na-
tional Environmental Prediction Centers (NCEP). USA. (2) Emission
rates of ash and SO, calculated from eq. (1); (3) Particle size distribution
of ash was obtained from literature (Daga et al., 2017). The results
included ash column with mass loadings (g/mz) and deposition rate (g/
m?) for ashes and plume, as well as surface concentration (mg/m3) for
SO,.

The size and mass fraction of emitted particles was estimated from
literature. Daga et al. (2017) characterized the pyroclastic products
emitted on 19th July 2012 and described the eruptive mechanism,
which was consistent with a phreatomagmatic eruption. As the event
described by those authors was the initial stage of the 2016 eruption
event, we used their results of particle fractions as input data for our
HYSPLIT simulations.

A set of Copahue volcano events was selected considering the
emission maxima shown in Tables 2 and 4. To complement the infor-
mation, daily MODIS satellite imagery was used to detect gases and
aerosols in the volcanic plume. Although polar orbit satellites would
provide the most appropriate spatial resolution, the revisiting period did
not coincide with all the analyzed days. The presence of clouds at the
time of the satellite visit made it difficult to obtain the necessary data.
Consequently, we selected the events of 5th, 18th, 27th October, and 5th
November 2016 for the analysis of SOy plumes and performed the
analysis of ash plumes on those days as well as on the 1st December
2016. The MODIS imagery available was analyzed to discriminate SO,
and ash plumes (not shown), but because of the size of the plumes,
cloudiness, and the spatial resolution of MODIS, the information
retrieved from OMI and OMPS proved more accurate.

4. Results and discussion

In this section we considered SO, column retrievals from the current
OMI SO, algorithm at the same time and HYSPLIT dispersion model.

Ash/aerosol column images were also obtained from the Aerosol
Index (AI) values acquired by the Ozone Mapping and Profiler Suite
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(OMPS) on board of NASA-NOAA’s Suomi NPP satellite. As noted, when
discussing SO detection, cloudiness represents a weakness to this tool.
Another weakness is the lack of ability to identify the origin of partic-
ulate matter. Consequently, when strong winds lift and transport large
amounts of particulate matter from the land surface, and suspended
particulate matter from the land mixes with volcanic ash, it becomes
difficult to determine volcanic concentrations at levels close to the
surface. This is the case of the study area -arid land with little vegetation
cover-which facilitates sediment resuspension.

4.1. SO5 data and ash emissions

This section presents emissions results and comparison with avail-
able surface data.

Table 3 presents values of Al, SO, mass and total column SO, (DU; 1
DU = 2.69 x 10'® molecules/cm?) on particular eruption days at each
atmospheric layer PBL, TRL, TRM and STL from OMI sensor data. The
relative maximum values of SO, and Al were selected considering the
area with significant presence of SO (in general greater than 13 km).

The values of aerosol index and SO mass presented in Table 3 show
that emissions in October and November contained more gases than ash.
On the contrary, from 30th November to 21st December we observed
rising amounts of ash with a decrease in gas levels.

Table 4 shows the average and maximum SO, emission rate provided
by the Volcanic Activity Report (RAV) of the National Geological and
Mining Service of Chile (SERNAGEOMIN) and the daily mass emission
rate calculated using eq. (1). This result is presented in Table 4, as the
daily mass emission rate of SO, (Fc).

The SO, emission rates on 5th Oct, 18th Oct and 27th Oct were
754.2 t/d, 720.1 t d, and 1586.8 t/d, respectively. These results were
similar to those obtained by SERNAGEOMIN using the DOAS instrument
(SERNAGEOMIN, 2016a, 2016b; 2016¢c, 2016d, 2016e, 2016f) (see
Table 4). The evolution observed in Table 4 is the same as in Table 3:
during the October-November period, values of SO, emission rates were
higher than those observed in the period 30th November —21st
December period.

The uncertainty of the mass emission rate is approximately 50% and
it includes uncertainties related to the SO, columns, cutoff values used,
SO, losses and wind fields (Theys et al., 2013).

The average ash mass eruption rate in the analyzed cases was 2.9 10*
kg/s. The uncertainty in height calculation is difficult to quantify but
Mastin et al. (2014) estimated it in tens percent or more. Besides,
empirical equation (2) results in significant uncertainty when used to
estimate mass fluxes because it does not consider local atmospheric
temperature, humidity, or wind, which can affect plume height, espe-
cially when eruptions are small (Sparks et al., 1997; Degruyter and
Bonadonna, 2012).

4.2. SO; dispersion

Fig. 2 shows the dispersion of SO in the cases where SO5 prevailed in
the emissions (5th, 18th, 27th Oct, 5th Nov, and 1st Dec). According to
the HYSPLIT model, the plumes on the 5th and 27th October extended to
the NE, in a narrow area, reaching 80 km in 3 h, with a SO, concen-
tration greater than 0.01 mg/m> on 5th October; and 0.55 mg/m> on
27th October, when the relative maximum was 32 km long in the NE
direction with a relative maximum greater than 1 mg/m? near Copahue
village. The plume on 18th October had SW direction, with a maximum
SO, concentration of 0.1 mg/m°>. The direction of atmospheric transport
on 5th November was SE with a peak concentration of 0.1 mg/m> ob-
tained from HYSPLIT results. Modeled SO, plumes coincided in terms of
location and direction with remotely sensed concentrations —i.e., OMI/
Aura detections of SO5 (Fig. 3).

On the 18th and 27th October, maximum SO, concentrations were
observed downwind of the volcano with 1.0 mg/m? dispersed over small
areas near the crater. In both cases, after 1 h from the event, the plume
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Table 3

Total column SO, at each atmospheric layer from OMI sensor, on particular eruption days (bold: crater values; red:

SO, and Al maximum values). Alfaro-Contreras et al., 2016.
Date Time Total column SO, (DU)* Msos
(dd/mm) CF? SZA® | PBL TRL TRM | STL ALY R
2016 UTC Mg)
04/10 18:31 0 42.59 3.457 1.456 0.855 0.736 0.3 58.09
04/10 18:31 0 43.5 2.62 1.018 0.583 0.504 1.08 42.20
05/10 19:14 0 49.18 2.21 0.433 0.241 0.19 1.36 27.46
05/10 19:14 0 4943 | 47321 1.871 1.013 0.787 0.88 75.04
05/10 19:14 0 49.69 2.996 1.271 0.614 0.452 1.06 47.63
18/10 18:43 1 41.09 7.523 1.049 1.024 1.171 -0.19 96.14
18/10 18:43 1 40.92 2.879 0.378 0.38 0.455 -0.02 36.55
18/10 18:43 1 41.01 3.94 0.634 0.625 0.728 -0.24 52.94
19/10 19:26 0.681 48.22 2.43 0.608 0.425 0.36 0.63 34.15
19/10 19:26 0.713 48.29 1.807 0.416 0.305 0.269 0.48 24.98
20/10 18:31 0.469 38.49 4.354 0.72 0.535 0.51 0.6 54.65
20/10 18:31 0.431 38.57 3.923 1.187 0.872 0.84 0.41 60.93
20/10 18:31 0 39.01 3114 0.609 0.352 0.306 0.4 39.13
20/10 18:31 0 39.09 7.547 1.816 1.114 0.986 -0.16 | 102.38
20/10 18:31 0 39.29 3.274 0.437 0.325 0314 | -0.99 38.85
21/10 19:14 0 45.66 2.829 1.319 0.723 0.572 1.10 48.61
24/10 18:06 1 33.99 1.825 0.279 0.236 0.235 -0.21 23.00
27/10 18:37 0 37.83 4.148 1.573 0.846 0.716 1.56 65.05
05/11 18:31 0 34.74 13.64 0.16 0.08 0.06 | -0.08 | 124.51
11/11 17:54 0 28.04 1.841 2.163 1.03 0.711 0.76 51.31
11/11 17:54 0 28.02 2.41 0.633 0.293 0.2 0.93 31.58
20/11 19:26 0.474 31.58 1.15 0.2 0.138 0.121 0.53 14.37
21/11 18:31 0 31.52 2.165 0.48 0.309 0.279 1.11 28.88
01/12 18:31 0 31.58 0.64 0.376 0.206 0.177 1.45 12.5
05/12 18:43 0.227 31.46 2.288 0.901 0.615 0.579 0.48 39.15
21/12 18:43 0 39.47 0.514 0.645 0.357 0.305 1.12 16.26

a. CF: Cloud fraction derived from satellite.

b. SZA: solar zenith angle derived from satellite.

c. Total column SO,. Optimized satellite data for different height regions: planetary boundary layer
(PBL), lower troposphere (TRL), middle troposphere (TRM) and lower stratosphere (STL).
1DU=2.69 10'¢ molecules/cm? for ideal gases (Spinei et al., 2010).

Al: Aerosol Index.

e. SO; mass (Mso2 (Mg)) molar mass of SO, versus cross-sectional area of the column measured on

surface for OMI sensor (13x24 km? (Alfaro - Contreras et al., 2016)).
extension was less than 50 km. In the remaining events, average
Table 4

Volcanic Activity Report (RAV) average and maximum SO, mass emission rate
(F, (t/d); Fax, (t/d) respectively) and calculated SO, daily mass emission rate
((Fe), (t/d)) from Copahue volcano. Period: October-December 2016 (SERNA-
GEOMIN, 2016a, 2016b; 2016¢, 2016d, 2016e, 2016f).

Period (dd/ Fp, (t/d) Frax (t/ Record F. (t/d)
mm) d) date Eq. (1)
(year 2016)
01/10-15/10 1427 + 4874 04/10 754.2 + 377.1 (05/10/
1311 16)
15/10-31/10 190 + 98 1000 24/10 720.1 + 360.0 (18/10/
16)
1586.8 + 793.4 (27/
10/16)
01/11-15/11 1153 + 2400 10/11 1508.4 + 754.2 (05/
686 11/16)
16/11-30/11 479 £ 297 969 27/11 -
01/12-14/12 1071 + 3082 12/12 377.1 +188.5(01/12/
358 16)
15/12-31/12 479 + 127 585 15/12 -

downwind concentration was 0.065 mg/m?>. This HYSPLIT estimate is in
line with OMI estimates of total atmospheric column SO (see Figs. 2-3).

The gas dispersion plumes obtained from HYSPLIT were qualita-
tively tested against total column SOy concentrations from OMI (see
Figs. 2-3). Good agreement was observed between both estimates. In
some of the events considered, the row anomaly blocked the coverage of
the complete plume area. However, its behavior was inferred in all the
cases (see Fig. 3). The November 5, 2020 event presented a diffuse
pattern in OMI data but the relative maxima were aligned with the
HYSPLIT plume direction. There was not much agreement between gas
plume concentration obtained from HYSPLIT and total column SO,
concentration from OMI However, the analysis of the wind profile
revealed that wind at the vent level was over 40% stronger than on the
other days analyzed. Stronger winds take SO5 away, so less SO, remains
right over the source but a longer downwind tail plume develops (Fio-
letov et al., 2015). The volcano would produce a larger signal in mete-
orological situations with weaker wind. Wind has no impact on the
emission rate, but it does spread SO, over larger areas and causes a drop
in peak values (Fioletov et al., 2015).



P.A. Paez et al.

Journal of South American Earth Sciences 110 (2021) 103365

18/10/2016 *

-37.85

WA

-37.85

C(mg/m*)
> 1.0
- 0.1
> 0.01
> 0.001

Fig. 2. a) HYSPLIT SO, plume (mg/m3) (date: dd/mm/yyyy) a) October 05, 2016 at 19:15 UTC, b) October 18, 2016 at 18:37 UTC, c) October 27, 2016 at 18:43

UTC, d) November 05, 2016 at 18:31 UTC, e) December 01, 2016 at 18:35 UTC.

OMI images of days 18th and 27th October displayed pixels with SO
presence also in a direction opposite to the HYSPLIT plume. The infor-
mation in Table 4 suggests that a degassing process was taking place on
those days. Assuming that 5% of emitted SO, would persist in the at-
mosphere for 4 day at most, any change in wind direction during that
period, would cause the sensor to detect SO, both downwind and
windward of the volcano.

4.3. Volcanic ash dispersion

Satellite images provide a view of the atmosphere from space, not
from a specific layer. Consequently, it is useful to consider multiple
layers together by weighting the concentration at each layer by the layer
depth to achieve the total atmospheric column load (g/m?). Column
loads show all locations where volcanic ash is predicted to be irre-
spective of altitude (Dare et al., 2016). Volcanic ash dispersion was
analyzed on 5th, 18th, 27th Oct, 5th Nov, and 1st Dec 2016 by

considering the ash column with mass loadings (g/m?) from the HYS-
PLIT model. Fig. 4 shows the temporal evolution of the selected events at
1-h time intervals on 5th October and 1st December: 2 h after the event,
ash had reached distances of up to 60 km from the source (see for
instance, 5 th Oct and 1st Dec in Fig. 4). Maximum ash concentrations
ranged from 220 g/m? on 5th Oct to peak at 1400 g/m? on 1st Dec.
Although the direction of ash plumes was similar to that of SO plumes,
the extent after 1 h was less.

In spite of the lack of information at some pixels, HYSPLIT ash
dispersion matches the detections based on the Al algorithm in satellite-
based OMPS (see Figs. 5-6). The Al corresponding to 27th October is
difficult to observe because of the great proportion of pixels without
data. However, qualitatively, the modeled plume follows AI detections.
On this day, the plume reached a maximum altitude of 6.1 km.

Schneider et al. (1999) documented the separation of SO5 and vol-
canic ash in the atmosphere from satellite imagery, and suggested the
cause was gravitational vertical segregation of volcanic cloud
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Fig. 3. SO, column average (DU) from OMI remote sensor in the area of Copahue volcano (DU at 2.69 x 10'® molecules/cm?)(dates: dd/mm/yyyy) a) October 05,
2016, b) October 18, 2016, c) October 27, 2016, d) November 05, 2016, e) December 01, 2016.
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Fig. 4. Ash mass loadings (g/mz) plume evolution (date: dd/mm/yyyy) October 05, 2016 (a), b) and c)), December 01, 2016 (d), e) and f)) obtained from HYSPLIT.
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Fig. 5. a) Ash mass loadings (g/mz) (date: dd/mm/yyyy). a) October 05, 2016 at 19:15 UTC, b) October 18, 2016 at 18:37 UTC, c) October 27, 2016 at 18:43 UTC, d)
November 05, 2016 at 18:31 UTC, e) December 01, 2016 at 18:35 UTC. (white dot indicates the position of maximum deposition; red triangle, Copahue Volcano; and
red square, Caviahue Health Center).

constituents. Furthermore, they suggested that the presence of a strong estimates in our study, given that the strongest wind shear was observed
wind shear was a primary factor in determining whether the separation on 5th November (not shown).

would be observed in satellite imagery. This fact could be associated As noted, when discussing SO» detection, cloudiness represents a
with the different patterns observed in OMI’'s SO, and AI’'s OMPS weakness to ash/aerosol column images obtained from the Aerosol
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Fig. 6. Aerosol Index (AI) from OMPS remote sensor (Ozone Mapper Profiler Suite, Suomi NPP mission (Suomi National Polar-orbiting Partnership)) in the Copahue
volcano area (dd/mm/yyyy). a) October 05, 2016 b) October 18, 2016, c¢) October 27, 2016, d) November 05, 2016, e) December 01, 2016.

Index (AI) values acquired by the Ozone Mapping and Profiler Suite
(OMPS) on board of NASA-NOAA’s Suomi NPP satellite. Another
weakness is the lack of ability to identify the origin of particulate matter.
Consequently, when strong winds lift and transport large amounts of
particulate matter from the land surface, and suspended particulate
matter from the land mixes with volcanic ash, it becomes difficult to
determine volcanic concentrations at levels close to the surface. This is
the case of the study area -arid land with little vegetation cover-which
facilitates sediment resuspension.

4.3. Deposition

Deposition on the days under analysis was estimated using particle
characteristics as described in Daga et al. (2017). Fig. 7 presents the
deposition estimated for 5th, 18th, 27th Oct, 5th Nov, and 1st Dec.
Modeled deposition on 18th October includes a 11 km-radius area from
the volcano with 190 g/m? deposition, which reached 30 km within 3 h,
accumulating 3300 g/m? of ash at a distance of 4 km from the source. On
that day, the atmosphere presented neutral stability with abundant
cloudiness over the region (Pasquill stability classification, class D).

The estimated peak of deposition at 19:00 UTC on 5th October 2016
was 130 g/m? in a 5 km area around the crater. Three hours later they
reached 520 g/m? at 4.5 km east from the volcano. HYSPLIT estimate
was more than 0.1 g/m? up to 72.5 km downwind in the following 3 h.
On that day, unstable atmospheric conditions dominated (Pasquill class
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C). On 27th October, the plume reached its highest altitude and
concentrated over Copahue volcano. Deposition peaked at a distance of
1 km from the source with 180 g/m?. The atmosphere presented Pasquill
class B, i.e., unstable conditions and deposition was over 1.0 g/m2 both
in the Bio Bio region up to 12 km east from the volcano (see Figs. 7) and
14 km to Caviahue village. On 5th November, the plume stretched over
56 km. The deposition peak was 370 g/m? at 4 km east of the source. A
relative maximum greater than 1.0 g/m? was observed over a long and
narrow strip in the southeast direction. In situ records of ash deposition
rates for 5th November show an increase of 0.14 g/h with respect to the
other days under analysis (28th Oct, 30th Oct, 2nd Nov and 3rd Nov).
The average deposition rate was 0.084 g/h (see Table 2).

Finally, the ash plume reached 4.2 km altitude on the 1st December
2016. Unstable to very unstable atmospheric conditions (Pasquill class
B-A) favored the occurrence of surface maxima near the source. In the
first hour after eruption, the deposition maximum of 410 g/m? was
located 2.2 km around the source and concentration in the Copahue
Provincial Park was greater than 1 g/m? as shown in Fig. 7. Accumu-
lated sediment after 2 h was estimated at more than 1400 g/m?.

On 18th October, it rained less than 6 mm and clouds were present
during most of the day. Such moist atmospheric conditions, could have
enhanced the removal of particles from the atmosphere (Langmann
et al., 2010).

HYSPLIT was also run for the days presented in Table 2, when surface
samplings were taken at the CHC. The comparison of deposited ash
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Fig. 7. a) HYSPLIT ash deposition (g/m?) on: (date: dd/mm/yyyy) a) October 05, 2016 at 19:15-20:15 UTC, b) October 18, 2016 at 18:37 UTC, c) October 27, 2016
at 18:43 UTC, d) November 05, 2016 at 18:31 UTC, e) December 01, 2016 at 18:35 UTC. (white dot indicates the position of maximum deposition, red triangle,

Copahue Volcano and red square, the Caviahue Health Center).

sampled in the observation period with model results indicated that dry
deposition parameterization failed to estimate deposition adequately in
the cases considered (see Table 2). However, the estimates presented the
same order of magnitude as measurements (see Table 2). The measured
ash sedimentation rate on 30th November was 0.232 g/h (see Table 2),
accumulating 261 g/m? of ash in Caviahue. It was the highest measured
value in the observation period in concordance with the peak in ash
deposition rates estimated by HYSPLIT as a consequence of the 4.2 km-
high eruptive plume. Nevertheless, meteorological data used for HYS-
PLIT are available at relatively coarse temporal and spatial resolution,
and so deposition estimates at the CHC location were interpolated. It
should also be noted that there were large uncertainties in eruption
parameters such as the period, height or size distribution of release, that
could affect the estimates of amount and localization of peaks. More-
over, aggregation of ash particles, not examined in this paper, could
have significant effects on ash distribution (Mastin et al., 2016).
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4.4. Analysis of ash leachates

The abundance of water-soluble components in the ash sample is
presented in Tables 5 and 6. Table 5 shows the concentrations of major
components in the leachate sample. The most abundant species, with
concentrations above 1 mg/kg of ash (Ruggieri et al., 2011), were
S032>Cl~ > Ca*?>Na*>Mg*?>F~, ranked from higher to lower
concentrations.

The concentration of fluoride in ash leachate was 6.62 mg/L or
129.1 mg/kg of ash. The content of fluoride anion in the leachate was
relatively low compared to the results of Bia et al. (2020), who deter-
mined an amount of 598 mg/kg of fluoride in Copahue Volcano ash
(January 2016 eruption). Those authors performed the analysis using
the same ash/water ratio and agitation time but different quantification
method from the one used in this work. Fluoride concentration in
Copahue was similar to that of Yasur volcano, i.e., 178-281 mg/kg
(Cronin and Sharp, 2002), under similar leachate analysis conditions.
Comparisons were made with other volcanoes, e.g., St. Helens: 300
mg/kg (Smith et al., 2017); Ruapehu: 350-850 mg/kg (Cronin et al.,
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Table 5
Major soluble ion concentrations in volcanic ash (Cy, (mg/L) Cc (mg/kg)), as
determined from ash-leachate analysis.

Cy, (mg/L) Cc (mg/kg)

F~ 6.62 129.15
cl- 18.06 352.34
NO; 0.04 0.78
NO3 2.63 51.31
Br~ 0.11 2.15
5052 50.78 990.69
Na™ 10.65 207.78

K" 1.69 32.97
Ca*? 10.74 209.53
Mg 2 10.01 195.29

Table 6

Concentration of soluble trace elements (as cations) in volcanic ash (C, (mg/L)
Cc (mg/kg)), as determined from ash-leachate analysis.

Cy. (pg/mL) Cc (mg/kg)
As 0.14 2.7
Ba 0.29 5.7
cd 0.02 0.4
Co 0.02 0.4
Cr 0.09 1.8
Cu 0.57 11.1
Hg 0.01 0.2
Mo 0.05 1.0
Ni 4.07 79.4
Pb <0.01 0.2
Se 0.31 6.0
Sb <0.01 0.2
Sn <0.01 0.2
Ti 0.30 5.9
Zn 2.27 44.3

2000); Soufriere de Guadalupe: 540-800 mg/kg (Le Guern et al., 1980).

The volcanoes selected for comparison are classified as stratovol-
canoes. They have VEI <3, their lava composition was mainly andesitic
to basaltic andesite, identical to the Copahue volcano. Nevertheless, as
can be seen, fluoride concentrations obtained in this study are lower
than those of the other volcanoes. Such difference could be explained
either by a) methodological differences (Witham et al., 2005; Stewart
et al., 2020); or b) by the type of fluoride compound contained in ash
(Bia et al., 2020). In general ash containing water-soluble fluoride salts,
release the fluoride within the first hour of interaction; the presence of
fluoride aluminum silicates which might inhibit or release F in longer
ash-water interaction periods (Cronin et al., 2003; Bia et al., 2020;
Stewart et al., 2020).

The most abundant anion in ash leachate was sulfate with 990.7
mg/kg (see Table 5). The molar ratio of SOy/HCI was 1.05, compa-
rable to the S/Cl ratio equal to 1.00 reported by Tassi et al. (2015) for
volatile gases from hydrothermal sources in the Caviahue-Copahue
region. These values have been reported in ash leachates from pas-
sive degassing to slightly explosive volcanoes (Bagnato et al., 2011).
The sample contained sodium (Na), calcium (Ca) and magnesium (Mg)
concentrations up to 207.8 mg/kg, 209.5 mg/kg, and 195.3 mg/kg
respectively. These amounts are similar to the concentrations found in
the samples from the 2000 Copahue eruption (Na, 277.0 mg/kg; Ca.
351.0 mg/kg and Mg, 595.0 mg/kg) (Ruggieri et al., 2011). Those
authors examined ash samples with an ash/water ratio of 0.1:5 and
agitation time (12 h) (Ruggieri et al., 2011), which is different from
the methodology applied in this study. However, leached fractions are
of the same order of magnitude and have the same trend as in the study
by Ruggieri et al. (2012). In their latter work, they tried different ash
amounts (0.1 g and 1 g), different ash/water ratios (10, 25 and 50),
and different agitation time (1.5, 4, and 16 h) for the leachate tests.
The leachates prepared with the smallest ash weight have greater
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amounts of soluble elements.

Table 6 shows the analysis of heavy metal traces. The most abundant
were nickel (Ni, 79.4 mg/kg), zinc (Zn, 44.3 mg/kg), and copper (Cu,
11.1 mg/kg). Smaller concentrations were found of As, Cr, Hg, Mo, Pb,
and Se with values ranging from 0.2 mg/kg to 6.0 mg/kg. Trace ele-
ments (as cations) with the highest concentrations in water batch
leaching tests included: Ni > Zn > Cu > Se > Ti > Ba > As > Cr > Mo >
Cd > Co > Hg, Pb, Sn, Sb (in decreasing order) (see Table 6). Some of
these elements (As, Cu, F, Mo, Ni, Pb, Se and Zn) are included in the
drinking water guidelines (CAA, 2019; WHO, 2008) due to their po-
tential toxicity and must be monitored in the environmental assessment
of ashfall deposits, as suggested by Ruggieri et al. (2012).

Fluoride is also soluble in water and it is included in drinking water
regulations because of its toxicity (CAA, 2019; WHO, 2008). The
Argentine Food Code (CAA, by its Spanish acronym) establishes a
threshold of 1.7 mg/L for fluoride at an average air temperature of 10 °C
and of 0.01 mg/L for Se (CAA, 2019). In order to determine whether ash
leachate contained toxic levels of ion concentrations, we calculated the
minimum mass concentration of those elements in a 1:20 solution from
CAA thresholds (Witham et al., 2005). These equivalent threshold con-
centrations in ash for F (as anion) and Se (as cation) were 34.0 mg/kg
and 0.2 mg/kg, respectively, in an ash/water solution of 1:20. Fluoride
and selenium concentrations in the ash leachate were 129.15 mg/kg and
6 mg/kg, respectively. These concentrations exceeded by far the calcu-
lated minimum mass concentration. It is worth noting that this inference
is valid if total species dissolution occurs (as in laboratory). However, in
natural water bodies, total dissolution is not granted (Witham et al.,
2005). Table 7 presents a comparison between the minimum mass
concentrations in an ash/water solution of 1:20 that are required to
exceed the World Health Organization (WHO) or CAA drinking water
safety thresholds, and ion concentrations in volcanic ash (mg/kg), as
determined from ash leachate analysis. At concentrations greater than
the minimum mass concentration, F, As, Cd, Cr, Hg, Ni, and Se are
hazardous to human health.

One of the objectives of this study was to evaluate the chemical
composition of volcanic ash leachate. This analysis only provides a first
approach for assessing the impacts of water-soluble elements that leach
from falling volcanic ash on human health, environment and/or agriculture.
Some studies exist of the mobility of these elements between water and soil
(e.g., Georgakopoulos et al., 2002) and of non-biodegradable and persistent
metallic elements that bioaccumulate and biomagnify in plant species (e.g.,
Pena-Fernandez et al., 2014; Ali et al., 2019). However, further in-depth
analysis of the presence in air, water and soil of these elements would
shed light on the actual exposure to volcanic contamination (Adamo et al.,
2003) of people and other living beings in the study area.

In this sense, Bubach et al. (2020) examined atmospheric pollution
by relating it to the presence of some chemical elements in lichens and
soil at a distance of 7-18 km from Copahue volcano. They observed
enrichment in sulfur and selenium at all the sites examined, even at the
most distant sites from the volcano crater. They also determined the
concentrations of non-toxic (Ca, K, Se, Mg, and Mn) and toxic (As, Hg,
Cr, and Pb) elements in the areas most affected by volcanic ash. There is

Table 7

Soluble element concentrations in volcanic ash (Cc (mg/kg)), as determined
from ash-leachate analysis compared to minimum mass concentrations (Cm
(mg/kg)) required to exceed the WHO drinking water threshold at an ash/water
ratio of 1:20.

Ce (mg/kg) Cm (mg/kg)
F 129.1 34
As 2.73 1.0
Cd 0.39 0.1
Cr 1.75 1.0
Hg 0.20 0.02
Ni 79.4 0.4
Se 6.0 0.2
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agreement between the areas identified by Bubach et al. (2020) with the
areas of greatest deposition identified in the present paper.

5. Conclusions

This paper presents a combined analysis of measurements of volcanic
ash deposited at ground level with dispersion models and satellite
readings. The association with modeled plumes makes it possible to
determine the nearby area affected by volcanic ash and SO» from the
Copahue volcano plume. We quantify and describe ash sediments by
examining deposition rates obtained from in situ observations and from
HYSPLIT estimates.

The maximum in situ ash sediment rate - 0.14 g/h-occurred on 5th
November. The deposition average rate for the five analyzed days was
0.084 g/h (see Table 2). The spatial distribution and order of magnitude
of HYSPLIT modeled concentrations of SO, and volcanic ash presented
good agreement with OMPS’s Al estimates. The accuracy of modeled
dispersion might improve if more monitoring data were available,
mainly related with time of occurrence and duration of eruption.

The study area, located in an arid environment with little vegetation
cover, favors lifting and transporting of mineral particles by strong
winds. Saltation and sandblasting lead to mineral aerosol release in arid
areas (Mingari, 2018; Alfaro and Gomes, 2001) as well as resuspension
of volcanic ashes. Non-volcanic particles could mix with volcanic ash,
making it difficult to determine volcanic concentrations close to the
surface. This information could be combined with backward runs of the
dispersion model to obtain more accurate results.

In this study, we determined the SO, emitted during eruptions
through OMI measurements and in situ data. The OMI algorithm pro-
vides essential data on SO, emissions, but it only quantifies the gas phase
of this species and does not quantify ash-adsorbed sulfur. The total mass
of SO, emitted by the volcano would be the sum of adsorbed and gas
sulfur. Consequently, further investigation is needed to determine the
relative importance of adsorbed SOy in the injection of SO, gas into the
atmosphere (Witham et al., 2005). Further analysis of events occurred
after 2017 would also include TROPOMI data with improved spatial
resolution.

The analysis of volcanic ash leachate reveals that the main anions
released are SO32, Cl~ and F~; and the main cations, Na*, Ca*™2, and
Mg*2. These water-soluble species provide indirect evidence about the
composition of the gas emitted by the volcano. The SO2/HCI ratio in-
dicates for Copahue volcano a passive degassing process to mildly
explosive classification at the time of sampling, although further sam-
pling would be advisable for greater certainty.

We calculated the minimum mass concentration in a 1:20 dilution
solution equivalent to the WHO/CAA guideline values for comparison
with ion concentrations in ash leachates. The concentration of F, As, Cd,
Cr, Hg, Ni, and Se determined in 1:20 ash leachates, largely exceeded the
minimum mass concentrations calculated. Such high ion concentrations
imply a risk to human health. These results must be carefully considered
in terms of surface water quality, because there is no direct relationship
between ash deposits in water deposits and the experimental ash/water
ratio of 1:20 proposed in this study. The concentration and effects of
each of these elements on the environment (soil, water, plant species,
air) requires further studies focused on species mobility.
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