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Effect of the 2008 chaitén volcano
eruption over the antarctic snowfall

Efecto de la erupcion del volcdn Chaitén 2008

en la precipitacion nivosa de la antdrtica

P. Cid-Agiiero!, C. Toro 2, R. Khondoker?, M. Salamanca?, B. Jara® & C. Cardenas?®

Resumen

Se ha llevado a cabo una investigaciéon del impacto
potencial sobre la Antértica de la erupcién
del volcan Chaitén, ubicado en el sur de Chile
(42°49°58”S - 72°38'45”0). Variaciones en el
contenido de elementos quimicos principales en
la precipitacién nivosa fresca en la base antartica
chilena B. O’Higgins fue monitoreado por ICP-
MS analisis durante el afilo 2008. Sus principales
componentes y las proporciones isotdpicas
de plomo se compararon con la composicion
quimica de las cenizas recolectadas durante la
erupcién. Los resultados del analisis indican un
cambio significativo en la composicién de la nieve
antartica a partir de agosto de 2008, cuatro meses
después de la erupcion del volcan. Se encontrd
un aumento en el pH y la concentracién de varios
elementos en la nieve. Ademas, se detecté un
fuerte enriquecimiento del contenido de azufre en
las nevadas antarticas.
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Abstract

An investigation of the potential impact on
the Antarctic by the 2008 eruption of Chaitén
volcano, located in southern Chile (42°49°58”S
-72°38'45”W), has been conducted. Major
elements content in fresh snowfall was monitored
by ICP-MS analysis during the years 2008, at the
B. O°Higgins Antarctic Chilean base. Its major
chemical components and lead isotopic ratios were
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compared with the chemical composition of ashfall
collected during the eruption. Results from the
chemical analysis indicate a significant change in the
Antarctic snowfall composition starting in August
2008, four months after the volcano eruption. An
increase in the pH and the concentration of several
elements in the snowfall was found. Additionally, a
strong enrichment of sulfur content in the Antarctic
snowfall was detected.
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INTRODUCTION

Several studies showed that the impact of
explosive volcanic eruptions reaches far beyond the
immediate surrounding areas (Robock et al. 2000;
Millard et al. 2006; Martin et al. 2009; Delfosse
et al. 2005; Gauci et al. 2008). The global chem-

ical impact of these eruptions may be seen as fine
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volcanic ashes, aerosols and gases dispersed widely
through the atmosphere. The changing wind pat-
terns together with seasonality in circulations leads
to varied depositions in the polar snow. This depo-
sition may be used to fingerprint geological events
such as volcanic eruptions, cyclones and tsunamis.
In the same way, high aerosol contents are generally
reflected by increased concentrations of particulate
matter in the snow. In Antarctica, the main source
of information for past volcanic activities proceeds
from ice core analysis, showing the strong impact
of these events on the concentration of sulfur and
other elements in stratospheric aerosols (Zielinski et
al. 1997; Zielinski et al. 2000; Gao et al. 2007).

One of the most recent volcanic activities
within the southernmost region of the Andes sur-
prised scientists (Carn et al. 2009; Major & Lara,
2013), as the Chaitén volcano was considered in-
active, and the only recorded eruption happened
about 9300 years BP (Naranjo et al. 2004). The
Chaitén volcano, located in the Chilean Andes,
(42°49°587S-72°38'45"W), erupted violently on
May 2, 2008, reaching its maximum explosive
phase on May 6 and continued as a variable but
gradually decreasing emission of ash until 2009
(Major & Lara, 2013). The column of ashes and
vapor reached between 11 and 17 kilometers high
in the atmosphere (Smithsonian’s Global Volca-
nism Program). According to its characteristics,
the Chaitén eruption is classified as Plinian, being
comparable in magnitude to the explosive erup-
tions of Mount Saint Helens in 1980, El Chichén
in 1982 and Pinatubo in 1991. This kind of erup-
tion injects large amounts of ashes and vapors into
the stratosphere, which are distributed around the
globe (Bursik, 2001). These eruptions could be im-
portant factors for the climate change (von Glasow
et al. 2008; Major & Lara, 2013), with influences
lasting from hours to decades (Robock, 2000; Dor-
ries, 2006; Fischer et al. 2007). For instance, the
Pinatubo eruption was strong but relatively short,
and produced the largest cloud of sulfur dioxide
of the twentieth century. The cloud of combined
aerosols from Pinatubo covered the globe during
months. The collected data shows that the aver-
age temperature of the planet decreased by 0.5 °C
within the two following years (Fischer et al. 2007
Ottera et al. 2008).

From the chemical point of view, each vol-

cano and each eruption present a particular fin-
gerprint in the composition of the tephra and the
proportion of its components, providing key infor-
mation for its source identification (Lopez-Escobar
et al. 1993; D’Orazio et al. 2003; Laluraj et al.
2009). Explosive eruptions inject large amounts
of different kind of particles and gases, such as
water vapor, carbon dioxide (CO,), sulfur dioxide
(SO,), chloride (Cl-), fluoride (F-), and ashes into the
stratosphere. The main part of the ashes is rapidly
eliminated from the atmosphere in a period of days
or a few weeks; however, the gases and the small-
est particles injected could remain for large periods
of time. These aerosols reflect the solar radiation,
thus cooling the atmosphere, and even can destruct
the ozone layer (Sato et al. 1993;Hickey-Vargas et
al. 1995; Gutierrez et al. 2005; Lopez-Escobar et
al. 1995; Selles et al. 2004; Tilmes et al. 2008).

Antarctica is not the isolate pristine environ-
ment as it may seem; it is rather well connected to
other continents, either by winds or oceanic cur-
rents, therefore it is exposed to natural and anthro-
pogenic pollution sources. It is a well-known fact
that the atmospheric circulation provides a con-
stant supplier of dust and contaminants to Antarc-
tica, especially from South America (Gaiero et al.
2007). All these contributions produce substantive
chemical composition changes in the Antarctic at-
mosphere, as a result of photochemical reactions,
heterogeneous reaction of gases with aerosols,
snow in the atmosphere and snow on the ground
(Barrie et al. 1994).

This study reports the results of the chemical
characterization of volcanic ashes of the 2008
Chaitén eruption, and snowfall within the Antarctic
Peninsula during some months after this eruption.
Due to snow being a major player in the chemistry
and scavenging of pollutants from the atmosphere,
the objective was to determine the occurrence of
volcanic material within the Antarctic snowfall and
the chronology of the arrival of such pollutants to
the White Continent.

METHODOLOGY
Sample collection

During this study, between May 11 and 13,
2008, ashes from the Chaitén eruption were col-
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Legend Table indicating the coordinates for the
ash sample stations
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Fig. 1. (A) Map for the ash sample stations including a table with their coordinates. (B)
Moderate Resolution Imaging Spectroradiometer (MODIS) image captured from NASA’s Terra
satellite shows Chaitén eruption plume dispersed across Argentina and the Atlantic Ocean.
NASA MODIS Rapid Response Team, 3 May 2008, 14:35 UTC. Numbers within the image
show the seven ash collection stations used for the present study.

Projection WGS84
EPSG: 4326

Chaitén Volcano
Palena Province, Los Lagos Region
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lected in 7 stations that were situated within an area
of 200 km from the volcano, following the western
direction of the plume (Fig. 1). This methodolo-
gy allowed the collection of pristine fallout ashes,
unaffected by post-deposition processes. Conse-
quently, during the year 2008, monthly samples of
snowfall precipitation were collected at the O’Hig-
gins base on the Antarctic Peninsula (63°19'49”S
- 57°52°28"W).

Duplicated samples of pristine ash
were stored in sealed Nasco, Whirl-Pak sterile
polyethylene bags. Samples of Antarctic fresh snow
were collected at O’Higgins base in the Antarctic
Peninsula immediately after precipitation during
the period from May to November 2008. Each
snow sample, weighing approximately 1 kg, was
carefully collected wearing disposable polyethylene
gloves and stored in sealed polyethylene bags, and
then kept frozen at -20°C, until it was shipped to
Punta Arenas for chemical analysis.

Chemical analysis

The snow was melted by letting the closed
sample bags sit in a warm water bath at room
temperature. The pH was measured no later than
3 hours after melting using a desktop pH-meter,
HANNA model HI 9321.

For major and trace elements determination
in ash, parallel analyses in two independent
laboratories were performed, while the snow
samples were analyzed only by the first technique.
The following is a description of both methodologies:

a)Elemental composition determination by In-
ductively Coupled Plasm-Mass Spectrometer
(ICP-MS)

An ICP-MS was used to determine the
elemental chemical composition of both ash and
snow samples. Briefly, one hundred milligrams of
dry ashes (triplicate) was acid digested with a mixture
of concentrated Suprapur® HCl and Suprapur®
bi-distillated nitric acid from Merck (4 ml HCI:
1 ml HNO,), in a Milestone Ethos D Microwave
oven, and then treated with enough HF to further
dissolve the silicates. Then, the resulting solution
was centrifuged and the supernatant was doubly
evaporated to incipient dryness with addition of

HNO,, and finally made up to 100 ml with deionized
water and 1% (v/v) HNO, an aliquot of this solution
was injected into a ThermoScientific XSeries 2
quadrupole ICP-MS. The instrument was calibrated
with a tune solution covering masses from Lithium
to Uranium, and a reactive blank was also read.
Major (Sodium, Magnesium, Aluminum, potassium,
Calcium, Manganese and Iron) and trace elements
(such as Sulfur, Scandium, Vanadium, Chromium,
Cobalt, Nickel, Copper, Zinc, Arsenic, Yttrium
Cadmium, Lead and Thorium) were measured
on the ash and snow samples. The results were
expressed in counts per second (cps), normalized
for each element.

b) Elemental composition determination by
Induced Coupled Plasm- Atomic Emission
Spectroscopy (ICP-AES)

Fifty milligrams of ashes were weighed into
a screw top PTFE vessels and all total digestion was
done by HF/HNO, method on a hotplate for 48hrs
at 120 °C followed by a 6M HCI step, then nitric
conversion. Samples were the evaporated to dry-
ness and re-fluxed twice in 0.5 ml of 15.6 M nitric
acid to dissolve solid fluorides. After digestion, the
samples were diluted with ultrapure water to obtain
ca. 4 ml of sample solution in ca. 0.8 M HNO,.
Then 1.5 ml of this solution was used for elemental
concentration analysis and 1.5 ml was taken for Pb
isotope ratio measurements. Major elements (Sodi-
um, Magnesium, Aluminum, potassium, Calcium,
Manganese and Iron) and trace elements (Scandi-
um, Vanadium, Chromium, Cobalt, Nickel, Cop-
per, Zinc, Yttrium, Cadmium, Lead and Thorium)
concentrations and trace elements abundance were
determined by inductively coupled plasma atomic
emission spectroscopy using a Thermo iCap 6500
Duo (Khondoker, 2014).

Data quality was monitored by using the
certified reference material USGS G-2 granite
(n=12). All Pb isotope ratio data were corrected
for mass bias and Tl optimization.

Method for lead isotope ratios
Lead was isolated from the sample matrix

by ion exchange chromatography using Eichrom
Sr spec resin (Weiss et al. 2004). Neodymium
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was isolated using a two-step column procedure
(Pin & Zalduegui, 1997). The REE fraction was
separated from the sample matrix using Eichrom
TRU spec resin, followed by isolation of the Nd
fraction from the other REE using Eichrom Ln spec
resin on volumetrically calibrated Teflon columns.
Lead and neodymium isotopic compositions were
analysed on a Nu Plasma (Nu Instruments Limited,
UK) multiple collector inductively coupled plasma
mass spectrometer (MC-ICP-MS). The samples
were introduced with a Nu DSN-100 Desolvation
Nebulizer System and PTFE nebulizer.

For Pb isotope analysis, samples and NIST-
SRMS8 981 Pb standards were doped with NIST-
SRM 997 TI to vield Pb/Tl ratio of 3:1. The
instrument mass bias was corrected for using
the Tl as an external spike (Weiss et al. 2004).
The precision and accuracy of Pb isotope ratio
measurements were assessed using certified
reference material USGS G-2 granite. Samples
were measured over a five-month period. Repeat
measurements vielded ?°°Pb/2%Pb values = 18.399
+ 0.005, 27Pb/?%Pb = 15.640 = 0.006, and
208Pp/204Ph = 38.902 + 0.021 (n = 22). Reported
Pb isotope results for USGS G-2 granite were in
agreement with published data (18.396 + 0.023,
15.636 + 0.005, 38.900 + 0.019, respectively;
Weis et al. 2006).

RESULTS AND DISCUSSION
Volcanic ashes
Ash characterization by both analytical

methods showed Na, Mg, Al, K, Ca, Mn and Fe to
be the major elements besides Si, while in a lesser

extent, Sc, V, Cr, Co, Ni, Cu, Zn, Y, Pb, Cd, and
Th were found. Table 1 shows the main compo-
nents of the Chaitén ashes expressed as oxide in %
v/v as well as the concentration of traces expressed
in pg g™

Several reports have regarded the magmatic
material composition from the 2008 Chaitén
eruption (Castro et al. 2009; Martin et al. 2009;
Ruggieri et al. 2011), showing approximately 72%
Si0,, 15% AlLO, 4% K,0, 2% de CaO y Fe O, a
phosphorus average content of 10-20 ppm calcium
1000-2000 ppm, and a magnesium content
higher than 180 ppm (Buduba et al. 2008). These
outcomes are consistent with our results, which are
given by difference an approximated 75.9% w/w
abundance of SiO,. Prata et al. (2008) suggest that
the rhyolitic Chaiten’s volcanic eruption is unusual,
generating an acidic and viscous magma that may
explain the observed strong explosive eruption.

Antarctic snowfall

The main constituents in Antarctic snow
samples corresponded to sodium, representing in
average 89% of the total composition, magnesium
with 5%, and minor constituent such as potassium
(2%) and iron (1%). Also the presence of silicon,
zinc, sulfur, aluminum and metals at trace
levels were detected. In general, the elemental
composition agreed with previous finding in
glaciers in the Southern Ice Fields (Grigholm
et al. 2009). For purposes of comparison, the
normalized signal intensities in cps for each
isotope were used. When the temporal variation
of the main elements in chemical composition
of snowfall is analyzed, we can observe that the

Table 1. Main components of volcanic ashes expressed as oxide concentrations in % w/w
and trace elements concentrations expressed as pg g-1.

Element ALQ, Na,O K,0 CaO Fe,O, MgO MnO Traces
Expressed

as oxide

Yo W/W 135 4.05 3.07 1.64 1.46 0.32 0.06 >0.04
Element Sc \Y% Cr Co Ni Cu Zn Y Pb Cd Th
pg gt 2.31 3.30 0.974 1.19 0.343 2.81 33.7 12.0 19.2 0.0612 129
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relative abundance of some elements such as Na,
K, Mg and S increased drastically in the month of
August (Fig. 24), and some others like Fe, Al and
Si reached their maximum increment in the month
of September (Fig. 2B). These increments cannot
be explained by natural seasonal variations, which
have been monitored in previous studies (Weller
et al. 2008). Conversely, our unusual results can
only be explained if we consider an extra source for
these elements, as may be the ashes coming from

the Chaitén’s eruption. This idea of South America
as a source of pollution in the Antarctic continent
is not new. Prospero et al. (2002) showed that
there are three persistent dust sources from South
America: Patagonia (39°-52°S), central-western
Argentina (26°-33°S), and the Puna-Altiplano
plateau (19°-26°S). They also suggested that these
sites were probably much more active during the
LGM (Last Glacial Maximum). However, to the
best of our knowledge, this is the first time that

a) 61
g 5
3
=] 4 |
= —e—Na
=
_g 3 —a— Mg
< —a—K
2
£ ] )
9
5 \
11 | o ——
0 T T T T T T 1
May June July August  September October November
b) 16 T
14 -
g 12 |
®
£ 10 |
g ——Fe
é 8 1 —mSj
S 6 ——Al
E
g 4
2 |
0 T T T T T T 1
May June July August  September October November

Fig. 2. a) Relative monthly contribution of main elements reaching a maximum during August, expressed as a
percentage of the total annual concentration in the snowfall collected during 2008, at the Antarctic sampling
station. b) Relative monthly contribution of main elements with a maximum in September, expressed as a
percentage of the total annual concentration in the snowfall collected during 2008, at the Antarctic sampling
station. In both plots the standard error of the mean value is included.
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simultaneous measurements, by a non-remote
sensing technique, have been done in order to get
a temporal data for the arrival of material from a
specific volcano to Antarctica.

Itisafactthat many elementsare incorporated
to the ashes as they interact with the plume gases
and the atmosphere (Johnston, 1997; Witham et
al. 2005), modifying its chemical composition.
Therefore, the appearance of sodium is not
surprising as the main component in this analysis,
it being one of the more abundant elements in the
Earth’s crust as well as in the atmosphere (Lutgens
& Tarbuck, 2000).

Sulfur

Because the temporal behavior of sulfur
was different to the other elements, the fact of
its unusual increase during winter season and
consequently remaining at high levels for several
months will be discussed separately.

Increased concentrations of sulfur in aerosols
are generally reflected by increased concentrations
in the snow (Yalcin et al. 2006). Elemental sulfur
detected in snow samples may have different origins,
such as sea salts, atmospheric oxidation of dimethyl-
sulphide (DMS) emitted by marine phytoplankton
(Saltzman et al. 1995; Prospero et al. 1991,
Prendez et al. 2009), earth’s crust (Cole-Dai et al.
2000), volcanic activity, and anthropogenic sources.
As we do not have the capability to distinguish each
one of them, for our purposes we are taking them as
a whole. The seasonality of mineral dust and sea salt
was investigated at Neumayer Antarctic station by
Weller et al. (2008) during a four-year study, where
they demonstrated a large variation of aerosol
composition between winter and summer seasons,
showing an increase of sulfur concentration from
about 6% in winter to about 28 % during summer.
dJourdain et al. (2001) layered at two coastal
Antarctic sites, Neumayer (1983-1995) and Dumont
d’'Urville (1998-1999); these observations suggest
that coastal Antarctic regions are less sensitive than
the Antarctic high plateau in receiving volcanic
sulfate fallouts following eruptions of global concern.
Preunkert et al. (2007), did a multiple year-round
study of atmospheric dimethyl sulfide (DMS) (from
December 1998 to April 2003) as well as sulfur-
derived aerosols (methanesulfonic acid (MSA) and

non-sea-salt sulfate) from March 1991 to February
2003 at Dumont d’Urville, coastal Antarctica. The
three sulfur-derived species exhibit a seasonal cycle
characterized by maxima in midsummer (January).
All these studies demonstrate that we can expect a
natural increase in the abundance of sulfur during
summer season.

To assess the impact of the contributions
of volcanic material in the sulfur concentration in
the aerosol, we considered the amount measured
in May as the base line signal. As it is shown in Fig.
2A, its concentration measured in the snowfall had
a significant increase from the month of August
and persisted for the next months, reaching up
to near 40% increment when compared to the
concentrations shown in May. Since our results
present a sharp increase of sulfur concentrations
in the middle of winter, we can discard seasonal
variations to explain this phenomenon, and relate
our observations to an extraordinary source such as
the Chaitén volcano.

Isotopic fingerprint

[sotopic comparison of the contaminants
with material from the possible source is one of
the tools that geologists are using to identify the
origin of material transported to the Antarctic or
other territories. As an example, we may mention
the work done by Gaiero et al. (2007), who per-
formed a systematic Sr and Nd isotopic study of
sediment permanently exported to Antarctica. He
stated that the chemical and isotopic signatures of
Patagonian-sourced sediments are different from
those of sediments from the Southern Ocean, the
Pampean Region or the Antarctic ice. Therefore, it
is possible to identify the source of these sediments
without ambiguity.

A relationship between the isotopic ratios of
lead was established as a means to find the pres-
ence of ashes from the Chaitén among the Antarc-
tic snowfall (Table 2).

For the ratios from the ashes composition
206Pp/207Ph, 207Pb/208Pb, 296Pb/208Pb we got the
following values: 1.20, 0.39 and 0.47 respectively.
These values are coincident with the ratios given by
the snowfall composition in the month of August.
This is another indication that points towards the
affirmation that the increments in the concentration
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Table 2. Isotopic ratios of Pb 206,207, 207/208 y 206/208 in in Chaitén’s volcano ashes and Antarctic snowfall
from May to November 2008. (All Pb isotope ratio data has been corrected for mass bias and Tl optimization).

Ash Ash Isotopic ratios in Antarctic snowfall
Isotope Ratios This  Khondoker
work 2014 May-08 Jun-08 Jul-08 Agu08 Sep-08 Oct-08 Nov-08
206p /207PY 1.20 1.2026 0.97 1.15 1.00 1.22 1.26 141 1.14
207Pb /08P 0.39 0.4036 0.46 0.38 0.40 0.39 0.41 0.34 0.44
206Pb /205Ph 0.47 0.4856 0.44 0.43 0.40 0.47 0.51 0.48 0.50

of several elements seen during August on the
snowfall are due to the contribution of the Chaiten’s
volcano ashes. These results have been recently
confirmed in a work done by Khondoker (2014) in
the same ashes samples where the isotopes were
determined by an alternative analytical technique
(Q-ICP-MS analysis in the ‘no gas’ mode of the
collision-reaction cell (CRC)).

pH

As it is shown in figure 3, the pH measured
in the snow samples shows an abrupt increase in
the month of September. The pH of the Antarctic
snow ranged between 7.04 and 7.52 between
May and August. Later, September and October
show the highest pH values measured, with 8.66
and 8.75 respectively, while in November the pH
decreased to 6.86 (Fig. 3). This behavior seems to
be consistent with leaching experiments performed
on Chaiten’s ashes (Ruggieri et al. 2012).

It is difficult to describe chemical phenom-
ena in natural snow systems, since they are very
complex, and their chemistry must take many vari-

9

ables into consideration. Therefore, the system
must be described by a simplified model, based on
some chemical concepts.

In an attempt to explain the basicity of the
snow samples, we can consider Ca?*, K+ and Mg?*
(Toom-Sauntry et al. 2002; Kaushar et al. 2010)
as some of the known contributors to alkalinity of
snow by neutralization of acidic components. Since
the two later elements presented a considerable in-
crease in concentration starting in August, as it is
shown in Fig. 2A, we may consider that they may
be the main factors that explain the increased al-
kalinity of the snow starting in the month of Sep-
tember.

CONCLUSIONS

After all the evidences described above,
and according to the data collected on the chem-
ical composition of the Chaitén volcano ashes,
the chemical composition of the snowfall during
the year 2008 and the confirmation given by the
lead isotopic ratios within the volcanic ashes com-
position and the snowfall composition, we can

pH

June July

May

August

September October  November

Fig. 3. Measured pH in Antarctic snow collected from May to November 2008.
Standard error of the mean value it is included.
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conclude that the arrival of the Chaitén’s volcano
eruption materials reached the Antarctic Peninsula
in the month of August 2008, four months after
the actual event. This source increased the con-
centration of some elements, such as Na, K, Mg
and Si, in the Antarctic snowfall. The pH of fresh
snow precipitation turned basic due to contribution
of ashes and a strong increment of sulfur and sili-
con concentrations was observed in the Antarctic
snowfall due to the arrival of the material released
by the Chaitén eruption.
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