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Volatile metals are emitted at significant rates as gases and particulates from
volcanoes, although their speciation, bioreactivity and longevity during
atmospheric transport are essentially unknown. Ice cores provide detailed
yet largely unexplored long-term records of volcanogenic volatile metals in
air and precipitation. Here we evaluate the source and speciation of volatile
metals (cadmium, lead, bismuth, and thallium) in Antarctic ice cores from the
massive, halogen-rich and sulfur-poor ~17.7 ka eruptions of Mt. Takahe, West
Antarctic Rift. We show that these volatile, chalcophile metals were transported
to the ice core as soluble aerosol, derived from magma degassing, in contrast to
lithophile elements in the ice core that were transported as silicate ash. We use
correlation analysis and chemical speciation modelling of the chlorine-rich
volcanic plume to show that the volcanic metals cadmium, lead and bismuth
were likely transported as water-soluble chloride aerosols in the atmosphere
before they were scavenged from the plume by ice, water or ash and deposited
onto the ice within 400 km of the vent. Our findings show that as well as
recording trace metals sourced from much more distal regions, ice cores from
Antarctica also record clear signatures of regional continental volcanism in the
form of chloride aerosol.
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Introduction

Volatile metals are emitted at significant rates as gases and particulates from
volcanoes, although their speciation, bioreactivity and longevity during atmospheric
transport are essentially unknown. Ice cores provide detailed yet largely unexplored long-
term records of volcanogenic volatile metals in air and precipitation. Here we evaluate the
source and speciation of volatile metals (cadmium, lead, bismuth, and thallium) in
Antarctic ice cores from the massive, halogen-rich and sulfur-poor ~17.7 ka eruptions of
Mt. Takahe, West Antarctic Rift. We show that these volatile, chalcophile metals were
transported to the ice core as soluble aerosol, derived from magma degassing, in contrast
to lithophile elements in the ice core that were transported as silicate ash. We use
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correlation analysis and chemical speciation modelling of the
chlorine-rich volcanic plume to show that the volcanic metals
cadmium, lead and bismuth were likely transported as water-
soluble chloride aerosols in the atmosphere before they were
scavenged from the plume by ice, water or ash and deposited
onto the ice within 400 km of the vent. Our findings show that as
well as recording trace metals sourced from much more distal
regions, ice cores from Antarctica also record clear signatures of
regional continental volcanism in the form of chloride aerosol.

Volatile metals such as cadmium (Cd), bismuth (Bi), lead
(Pb), and thallium (Tl), among other chalcophile metals e.g.
mercury (Hg), gold (Au) and copper (Cu) are emitted into the
atmosphere in gas and particulate form during volcanic
eruptions at rates comparable to the industrial emissions of
entire countries (Pennisi et al, 1988; Nriagu, 1989; Hinkley
et al, 1999; Bagnato et al, 2014; Edmonds et al, 2018;
Ilyinskaya et al., 2021). Emanation coefficients (Lambert et al.,
1985; Pennisi et al., 1988) (the proportion of the metal in the
volcanic gas phase over the silicate melt or magma) may be
~70%-90% for Tl and Cd and ~1% for Pb (Rubin, 1997; Gauthier
and Le Cloarec, 1998; Aiuppa et al., 2000). Volcanoes in
subduction zones, which tend to produce large explosive
eruptions with the potential to impact global climate, produce
gases and aerosols rich in elements carried by fluids devolatilized
from subducting slabs (e.g., TL, Bi, Pb, and As) (Cox et al., 2019),
as well as metals whose solubility in silicate melts is optimised
under oxidising conditions, e.g., Au (Botcharnikov et al., 2011),
and those that tend to speciate with chlorine, a ligand inherently
rich in “arc” melts and exsolved fluids (e.g., Pb, Bi, and Cd)
(Edmonds et al., 2018; Zelenski et al., 2021).

After emission, volatile metal-bearing gases condense rapidly
to form primary aerosol particulates (sulfates, chlorides, and
oxides) (Hinkley, 1991; Mandon et al., 2019). These non-silicate
volcanogenic particulates are comparable in size to desert dust
(~0.2 pm modal diameter (Kok et al., 2017; Mason et al., 2021))
and may adsorb to dust and other large particles. Secondary
particles may form in the plume due to oxidation of gaseous SO,
to sulfate, which may form around existing particles in the
plume, or may nucleate new particles, as observed for the
Eyjafjallajokull (Iceland) volcanic plume (Boulon et al., 2011).
Particulates may be lofted into the atmosphere and transported
thousands of kilometres downwind, although this process is
poorly understood or quantified. Volatile metals are then
deposited at the surface, where they may accumulate in
biological e.g., plants (Conti et al, 2020) and hydrological
systems, including into groundwater systems and ultimately,
drinking water supplies (Werner et al, 1997; Cuoco et al,
2013).
eruptions at Kilauea, Hawaii (Ilyinskaya et al, 2021), and Mt

Recent studies have shown that effusive basaltic

Etna, Italy (Brugnone et al., 2020) produce tropospheric volcanic
plumes that deposit much of their aerosol-bound chalcophile
metal load within a few hundred kilometres downwind of the
vent (Brugnone et al., 20205 Ilyinskaya et al., 2021). The fate of
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volcanic volatile metals in the atmosphere from larger, explosive,
stratospheric eruptions however, is unknown.

Volatile metals, if they are transported substantially in the
atmosphere, may be deposited to geological archives such as
glacier ice (Kellerhals et al., 2010) and sediments (Grasby et al.,
2019), both as aerosol and in the silicate phase. Volatile metals in
ice and sediments may be a useful tool to identify the sources of
volcanic signatures, including those associated with mass
extinctions in the geological record (Keller et al, 2020;
Rakocinski et al., 2021), although these archives have not yet
been widely exploited. The chemical signatures of volcanism
recorded in ice cores in terms of trace metals may be modified
their
atmospheric processes such as scavenging by ice, water and

substantially from “source” composition due to
ash phases during atmospheric transport and deposition
(Textor et al., 2003; Moune et al., 2006; Ilyinskaya et al,
2021). Glacier ice archives have been exploited for their
sulfate aerosol records of global explosive volcanism (Zielinski
et al., 2002; Sigl et al., 2013) but are relatively unexplored for
volcanogenic volatile metals. Cores drilled from glacier ice
contain chemical signatures of volatile metals from both
natural and anthropogenic sources e.g., Pb (McConnell et al,
2014). Natural sources of metals include windborne rock and soil
dust, sea spray, forest fires, biogenic particulates, and volcanic
activity (Nriagu, 1989). Emission sources may be local, for
example volcanoes close to or under ice sheets, or thousands
of kilometres distant from the deposition site in the case of most
anthropogenic emissions and large tropical eruptions.

Previous studies investigating chemical species delivered to
ice sheets as a result of anthropogenic activities have focused on
metals such as Pb (McConnell et al., 2014; McConnell et al.,
2019), Cd (Boutron et al., 1993; McConnell and Edwards, 2008),
Tl (McConnell and Edwards, 2008; Kellerhals et al., 2010),
mercury (Hg) (Schuster et al., 2002), Bi (Ferrari et al., 2000;
Chellman et al,, 2017), and copper (Cu) [e.g., (Boutron et al.,
1995)]. Ice core TI, Bi, Pb, and Cd concentrations may also be
tracers of pre-industrial volcanic activity (Ferrari et al., 2000;
Gabrielli et al., 2005; Kellerhals et al., 2010). Thallium peaks have
been found in ice cores associated with large tropical eruptions
with plume injection into the stratosphere such as the 1815 C.E.
Tambora and 1883 C.E. Krakatoa (Indonesia) eruptions
(Kellerhals et al., 2010). It has also been shown that during
the last 26 ka (pre-industrial), between 50%-95% of Bi measured
in Central Greenland ice cores was supplied by volcanism,
although it is unknown how much of this may have come
from local Icelandic volcanism (Ferrari et al., 2000).

High concentrations of volcanogenic chemical species in ice
cores are typically transient in that they are associated with local
or distal eruptions that produce emissions for a limited time (e.g.,
months to a few years). However, sustained delivery of trace
elements at lower levels due to quiescent degassing of volcanoes
around the world may also make an important contribution to
concentrations of volatile metals measured in ice cores, e.g., zinc
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Mt. Takahe and the 17.7 ka eruption sequence, lasting 192 years. (A) Location of Mt. Takahe and Mt. Erebus on the West Antarctic Rift System
(WARS; approximate location shown by solid black line). Ice core drilling locations are shown as blue circles. (B=D): Concentrations (in ng g,
uncorrected for sea-salt or background) of elements measured in the WAIS divide ice core (McConnell et al., 2017). The eruption sequence is divided

into stages A—C, as described in the text.

(Zn), Cu, Cd, indium (In), Pb, antimony (Sb), and selenium (Se)
(Weiss et al., 1978; Matsumoto and Hinkley, 2001). A more
complete understanding of volcanic metals recorded in polar ice
relies on knowledge of volatile metal contributions from local
Antarctic or Arctic volcanism, as well as the processes that may
alter chemical signatures during atmospheric transport from the
emission source to the deposition site. Significant knowledge
gaps remain as to how volatile metals are speciated during
atmospheric transport from volcanic sources, the particle size
distribution and residence time of metals in the atmosphere
(Dusek et al., 2006), and how transport at different altitudes (e.g.,
stratospheric versus tropospheric) may affect these processes and
ultimately, their preservation potential in ice cores (Hong et al.,
2003).

Here, the transport and deposition of volatile metals is
examined using detailed geochemical data from ice cores
recording a ~192-year series of halogen-rich eruptions from
Mt. Takahe, an alkaline volcano on the West Antarctic Rift
(WARS). the
speciation of the volatile metals at- and near-source, and

System Through modeling, we establish
assess the potential for long-distance global transport of
the the

interpretation of ice records of volcanism.

volcanic volatile metals and implications  for

Volcanism in the West Antarctic Rift
System

The WARS is one of the most extensive regions of stretched
continental crust on Earth, with at least 138 volcanoes located
along its length, and is thought to have been intermittently active
since the Cenozoic and into the Holocene (LeMasurier, 1990)
(Figure 1A). Lava compositions from subaerial outcrops along
the WARS are typically of intermediate alkaline composition,
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with less common instances of alkali basaltic or more evolved
eruptions (e.g., trachytic, rhyolitic) (de Vries et al, 2018)
(Supplementary Figure S1). Compared to subalkalic basaltic
volcanic gas plumes, only a small number of alkaline volcanic
gas plumes have been sampled directly for their source metal
emissions: at Mt. Erebus, Antarctica (Wardell et al., 2008), and
Nyiragongo, Democratic Republic of the Congo (Calabrese et al.,
2014). Alkaline intraplate magmas are typically chlorine-rich,
which may produce higher concentrations of gaseous volatile
metals than subalkalic basaltic intraplate volcanoes due to the
higher availability of chloride ligands in the exsolved fluids
(Mandon et al, 2019), although this has not yet been
demonstrated.

Mount Takahe (76.28°S, 112.08°W, and 3460 m a.s.l.) is a
volcano on an incipient rift in Marie Byrd Land, Antarctica
surrounded by the West Antarctic Ice Sheet (Figure 1A). Tephra
studies have identified its magma composition as peralkaline
trachyte, and suggest alternating subaerial magmatic and
hydrovolcanic eruptions from 30 to 20 thousand years before
present (ka B.P.), followed by a sustained period of hydrovolcanic
eruptions from 20 to 14 ka B.P. (Palais et al., 1988; McConnell
et al,, 2017). During the latter period, eruptive activity from Mt.
Takahe was most intense between 17.748 and 17.556 ka B.P., with
a 192-year series of massive, halogen-rich volcanic eruptions that
have been documented in the West Antarctic Ice Sheet Divide
(WAIS Divide, or WD, ~360km distant), Byrd (~450 km
distant), Taylor Glacier (~1300 km distant) and Dome C
(~2800 km distant) ice cores (Hammer et al., 1997; Gabrielli
et al., 2005; McConnell et al., 2017). The 17.7 ka Mt. Takahe
eruption sequence is unique in the ~68 ka WD ice core record in
terms of both halogen concentrations [chlorine (Cl), fluorine
(F)], and volatile metals such as Cd, Pb, T1, and Bi (Gabrielli et al.,
2005; McConnell et al., 2017). Sulfur isotope anomalies (i.e., mass
independent fractionation) indicate that eruption plumes

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1002366

Mason et al.

reached the stratosphere, and marked decreases in ice core
bromine concentrations, consistent with increased surface UV
radiation, suggest that they led to stratospheric ozone depletion
(McConnell et al., 2017).

Methods

Unless otherwise indicated, all ice core concentrations used here
for the Mt. Takahe 17.7 ka event are from McConnell et al. (2017) (all
data may be found in Supplementary Data Sheet S1), which also
includes measurements from the Byrd ice core, 450 km distant from
Mt. Takahe, and the Taylor Glacier and Dome C ice cores, which all
show chemical signatures associated with the 17.7 ka event. Analyses
were conducted on longitudinal samples (~100 mm by ~33 mm by
~33mm) using the Desert Research Institute’s continuous-flow
analysis with trace elements analytical system, including two
Element2 (Thermo Scientific) high-resolution inductively coupled
plasma mass spectrometers (HR-ICP-MS) operating in parallel for
measurement of a broad range of ~35 elements. Uncertainties in the
ice core measurements were discussed in detail by McConnell et al.
(2017). Comparisons of replicate measurements from within the WD
core and between the WD and Byrd ice cores (McConnell et al,, 2017)
indicate that results were highly repeatable for nearly all elements,
despite the extremely low concentration levels (as low as 20 fg g™') for
elements such as the low-boiling-point heavy metals (bismuth,
cadmium, and thallium) and REE (lanthanum, cerium, and
europium), and despite the distance between the WD and Byrd
coring sites. Under-recovery of more recalcitrant elements such as Al
and Fe contained in larger insoluble dust particles is implicit in
continuous methods (McConnell et al., 2007; Rhodes et al., 2011) but
does not impact measurements of heavy metals or other elements
associated with gaseous volcanic emissions that generally coat the
outside of insoluble particles because of the addition of ultra-pure
nitric acid to the sample flow stream immediately after the melter
head. The enrichments in trace metals during the 17.7 ka Mt Takahe
event were very large (e.g,, ~5 to ~25 for T, ~40 to ~1500 for Cd) for
all four heavy metals so small differences in recovery during the
continuous measurements would have little impact on our overall
findings (Arienzo et al,, 2019).

Where volatile metals are shown with the prefix “enr”, they
represent enrichments relative to Ce (a crustal dust tracer)
(Supplementary Figure S2) using “mean sediment” ratios
(Bowen, 1979)

[X/Cd ice

enrichment of X ('enrX’) = ————<¢
( ) [X/C€] sediment

1)
Where the prefix “ex” is used, non-crustal or excess metal
concentrations have been determined by subtracting estimated
crustal contributions (McConnell et al., 2019). Instead of ash, the
proportion of an element’s concentration derived from crustal
sources is calculated using the measured Ce concentration and
“mean sediment” ratios from Bowen (1979). This approach
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assumes that volatile metals in ice are from crustal and volcanic
sources only, which is reasonable as these are the major natural
1989)
anthropogenic pollution was negligible in ice cores in pre-
industrial times (i.e., during the 17.7 ka Mt. Takake eruptions).
An additional adjustment is applied here to the Cl data to

sources of these elements and

globally (Nriagu,

remove “background” or non-volcanic sources of Cl. An average
background Cl concentration is approximated using part of the
time series outside of the 192-year eruption period, specifically
from 17.97 to 17.76 ka. This yields a background Cl concentration
of 94 + 27 ng g”'. Where this background concentration has been
removed from the measured Cl concentrations, data are denoted as
nbgCl (non-background Cl). Note that there were no significant
changes in sea spray sources of Cl as shown by relatively constant
levels of sodium (Na) during this period, with Na in WAIS Divide
ice derived largely from sea spray.

Chemical speciation modelling

The Gibbs free energy minimisation (GEM) module of HSC
Chemistry (version 9.9.2, Outotec Research Oy, Finland) was
used to model gas-phase speciation in volcanic plumes.
Equilibrium speciation models solve a series of mass balance
and mass action equations to determine the species present at a
given temperature and pressure. Detailed descriptions of the
model are provided in previous works (Symonds et al., 1994).
Model inputs are molar gas concentrations of major and trace
species (kmol or mol%), pressure (bar), temperature (°C), and the
output phases expected in the plume.

The equilibrium speciation results calculated in HSC
chemistry depend strongly on the input major and trace H-,
C-, S-, O- and halide-bearing gases. Ideally, the inputs of these
gases would be as close to the real composition in the plume as
possible. However, measurements of these gases other than H,O,
CO,, SO,, H,S, and hydrogen halides are rarely made at exactly
the same time as trace metal and metalloid measurements. Major
gas compositions are not available for Mt. Takahe; therefore the
model assumes the composition of the passive degassing from
Mt. Erebus (Oppenheimer et al., 2011) (H,O, CO,, CO, H,, SO,
H,S, CO, OCS, and S,; Supplementary Table S1); and S/Cl
(Supplementary Figure S3a) and CI/F (Supplementary Figure
S4) ratios from ice core measurements for the 17.7 ka Mt. Takahe
event are used to calculate HCl gas and HF gas input
concentrations, respectively. All ratios are corrected based on
the assumption that ~25% of CI versus ~80% of S reaches the
stratosphere (Textor et al., 2003). Comparable amounts of F and
Cl are assumed to reach the stratosphere, i.e., the Cl/F ratio is not
altered. Metal-to-Cl ratios for the 17.7 ka event (Figure 2) are
then used to calculate input concentrations of Bi, Cd, Pb, and T1
(Supplementary Figure S3b-e). Metal input concentrations were
not corrected for contributions from ash as these already have
been taken into account by a correction relative to Ce, and ash
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data are from McConnell et al. (2017). (A): Reference timeseries showing the concentrations of non-sea-salt S (nssS, black line) and Cl (green area)
over time. The horizontal grey dashed line represents the background Clvalue (94 ppm) used to calculate non-background Cl (nbgCl; as described in
text). Data points that fall within the 192-year eruption period are shown as circular data points, coloured by their age. These coloured data
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the total. The solid black line represents a linear regression model to which the values given for each Fig (R?, p-value) are derived. Dashed black lines
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not fully overlap for at least two of the time periods. Due to variability within stage B, two different ratios have been calculated. For exPb, one value at
~0.2 ng g is omitted from the Figure to make the other data points easier to distinguish, and also is excluded from the regression.

contributions for the volatile metals considered here are typically

low. All ratios are taken from stage A of the eruption sequence, as

labelled in Figure 1.
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are unstable at high temperatures. Only gaseous species with
thermodynamic properties known at more than ~600°C are
used; i.e., this is the limit to which extrapolation beyond
known thermodynamic properties is allowed in the model.
For comparison, a model for a basaltic continental rift
volcano, Erta ‘Ale (Ethiopia) is also presented, over the
same range of temperature and atmospheric mixing,
based on data from Symonds et al. (1994). All inputs to
this model are given in Supplementary Table S1 (Symonds
et al., 1994).

The equilibrium speciation is modelled during the addition
of air immediately after emission at the lava-air interface. In this
case the magmatic plume is simplified to a 52:47 mixture of H,O
and CO, (to match that used in the Mt. Takahe model), and air is
a 78:21:1 mixture of N, O,, and Ar. Air addition is modelled
between atmospheric (V) to magmatic (V) gas ratios between
0 and 0.33 (at increments of 0.01). The temperature of the gas
mixture at the range of mixing ratios considered (0<(V5/Vyy)
<0.33) is determined using a simple fluid mixing model (Mason
et al.,, 2021):

(Tyxmykcy) + (Tormp*cy) + ... + (Tkmy*c,)
(mykcy) + (my¥cy) +. .. + (my¥*c,)

Tmixture (OC) =
@

where T'yixture i the temperature of the mixture of magmatic
and atmospheric gases; T, is the input temperature of the
gases (i.e., 25°C for air; ~1150°C for magmatic gas); m,, is the
mass of gas (in kg) present in the mixture; and ¢, is the specific
heat of the gas (in kJ/(kg*K)) at the relevant T',. Specific heat
values for atmospheric N,, O, and Ar gases at 25°C are 1.0,
0.9 and 0.5 kJ/(kg*K), respectively; the specific heat values for
H,O and CO, vapour at ~1150°C are 2.5 and 1.3 kJ/(kg*K)),
respectively. Between V ,/V=0 and 0.33, this corresponds to
a temperature decrease from 1040°C to 889°C. The initial
the equilibrium
temperature calculated using redox couples (H,-H,O,
H,S-SO, and CO-CO,, H,S-SO,) (Giggenbach, 1980)).
Atmospheric magmatic

temperature of emission is average

mixing rapidly oxidises gas
mixtures close to the lava-air interface, leading to a
compositional discontinuity (Gerlach, 2004). This oxidised
gas mixture will eventually “quench” (i.e., cool to a largely
non-reactive state), and then undergo further chemical
changes through low temperature reactions during
atmospheric transport.

In order to be able to directly relate the literature major gas
species compositions to those measured in the studies presented
here, element to Cl (X/Cl) are scaled to the HCl concentration
used in the model input compositions, as follows:

(XD imodet = [X]measured/ [Cl]measured*[CZ (g)] (3)

model

Where X is the element of interest and [Cl(g)],0de is the Cl in
HCI in the literature values used in the model. This scaling
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assumes that the emitted concentrations of all the elements used
in the model scale linearly with Cl. However, shifts in the relative
abundances of certain ligand-forming elements (e.g., changes in
the S/Cl ratio of the plume) may favour the degassing of certain

elements over others.

Chemical features of the 17.7ka Mt.
Takahe eruption sequence

The WD ice core records of volatiles (S and chlorine Cl), volatile
metals (Cd, Bi, Tl and Pb) and refractory elements [manganese
(Mn), cerium (Ce), lanthanum (La)] are shown in Figures 1B-D. To
aid interpretation, the eruption sequence, which spans 192 years, has
been divided into three stages (A-C; Figure 1). Stage A contains high
concentrations of Cl, refractory (non-volatile) elements (Mn, La, and
Ce) and volatile metals (McConnell et al., 2017; Zelenski et al., 2021),
which we interpret to reflect that this stage of the eruption was
characterised by plumes rich in both silicate material (ash), which
hosted the refractory elements, as well as soluble aerosol (which
hosted the Cl and S and a fraction of the volatile metals). In stage B,
Cl remain high, but
concentrations of refractory elements decrease, consistent with

and volatile metal concentrations
ash being less abundant but plumes remaining rich in aerosol. In
stage C, concentrations of Cl, refractory elements and volatile metals
all decrease relative to stages A and B, while S concentrations remain
at a relatively low, broadly similar level.

The average S/Cl mass ratio for the full eruption sequence is
0.13 £ 0.05 (mean *1 SD), and is relatively consistent throughout
the eruption sequence for non-background Cl (nbgCl) values
greater than 150 ng g™' (Supplementary Figure S3a). This ratio is
at the low end of measured values when compared to a global
compilation of volcanic gas S/Cl ratios, including Mt. Erebus, for
which S/CI ratios range from 0.2 to 3.2 (Wardell et al., 2008;
Aiuppa, 2009), although these ratios are comparable to other
alkaline volcanic systems (Zelenski et al., 2013). We would,
however, not expect the S/CI ratio preserved in the ice core to
faithfully record the same ratio in volcanic gases. Volcanic SO, in
gaseous form is slowly oxidised to sulfate in the stratosphere
(Bekki, 1995; Robock, 2000). Sulfate has a much longer lifetime
than gaseous SO, and will be dispersed in the stratosphere/
atmosphere before being deposited onto the ice, whereas HCl is
scavenged without any chemical transformation. During
hydrovolcanic activity, external ice-water may modulate
pressure at the vent as well as interact directly with magmatic
gases. The production of fine hydrovolcanic ash may also
promote chemical scavenging processes on ash surfaces by
adsorption (Ayris et al, 2013; Rowell et al, 2021). Large
explosive eruptions, such as the early ash-producing eruptions
associated with the 17.7 ka event, may generate rapidly ascending
plumes that can reach heights in excess of 30-40 km, although
the eruption column heights for this series of eruptions are
unconstrained. It has been shown from other studies that
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during ascent through the lower atmosphere acidic species may
be removed from the plume through scavenging by water or ice
(Textor et al.,, 2003). This process preferentially removes HCI (up
to 75% of the total) over SO, (~20%) (Halmer et al., 2002).
Further, it has been shown that the amount of HCI gas reaching
the atmosphere is limited by adsorption to ash to a greater extent
than for S-bearing gases (Pinto et al.,, 1989). As a result of these
scavenging processes, Cl may be associated with larger particles,
which fall out of the plume more rapidly under gravity, thereby
reducing the residence time of Cl in the atmosphere.
Correlations between the volcanic volatile metals with potential
ligands of S and Cl provide clues about metal speciation in the
volcanic plume (Moune et al., 2010). During the early stages of the
eruption sequence, Cd, Bi, and Pb display stronger correlations with
Cl than with S, and the strength of the correlation between these
metals and Cl decreases over time (R*~0.6-0.8 in stages A and B
versus R?~0.3 in stage C; Figure 2). For Tl the correlations are weaker,
and similar for S and CI (R*~0.2). Ratios of Cd/Cl, Bi/Cl and Pb/Cl
also decrease through the eruption sequence, while there is no
discernible change in TI/Cl ratios (Supplementary Figure S3).
Ratios of Cd, Bi, Pb, and Tl to Cl in the Mt. Takahe eruption
sequence are comparable, to within an order of magnitude, to
emissions from other basaltic volcanoes (Supplementary Figure
S5). Cd/Cl and Pb/Cl are at the lower end of values measured in
the gases and particulates emitted from Mt. Erebus (Wardell et al,
2008) (Tl and Bi measurements of volcanic gases are not available for
Mt. Erebus). It is therefore plausible that the ratios observed in the ice
core are comparable to volcanic gas emissions; however without direct
source measurements it is impossible to state this conclusively. In
contrast to metal-to-Cl ratios, metal-to-S ratios do not appear to
change significantly through the early stages of the eruption (A and B);
however, there is an indication that they decrease in the later stages of
the eruption sequence in stage C (and perhaps also towards the end of
stage B; Supplementary Figure S3a). The data therefore suggest that
Cd, Bi, and Pb are speciated dominantly as chloride, whereas T1 does
not appear to be dominantly speciated as either chloride or sulfate.

A chemical speciation model for Mt.
Takahe volcanic gas emissions

The speciation of volatile trace elements during degassing
provides key initial conditions for the subsequent atmospheric
transport, solubility, deposition and resulting hazard from these
elements (Ilyinskaya et al, 2021). Major elements—such as S,
oxygen (O), hydrogen (H) and Cl (and other halogens)—are the
main ligand-forming elements for volatile trace metals and
metalloids in volcanic gas emissions, e.g., as sulfates (SOi’),
sulfides ($27), chlorides (CI7), bromides (Br~), fluorides (F),
oxides (0O?") and hydroxides (OH") (Zelenski et al, 2021).
Factors that control the speciation of elements in volcanic gas
emissions at the point of degassing include the composition of
the volatiles released from the melt, as well as temperature, pressure,

Frontiers in Earth Science

07

10.3389/feart.2022.1002366

and the composition of the magma from which degassing occurs
(ie., its oxidation state). Here, the Gibbs free energy minimisation
(GEM) module of HSC Chemistry (version 9.9.2, Outotec Research
Oy, and Finland) was used to model gas phase speciation in volcanic
plumes (see Methods). Equilibrium speciation results for volatile
metals in Mt. Takahe emissions are shown in Figure 3 (and given in
Supplementary Data Sheet S1). Speciation of most volatile metals at
the point of emission from magma (ie., V5/Vy=0) is controlled
partly by the oxygen fugacity of the magmatic fluid phase. However,
the gas mixture is oxidised rapidly by a small amount of mixing with
the atmosphere, which occurs quasi-instantaneously. Therefore, to
understand the composition of metal complexes in the atmosphere
it is more relevant to consider the speciation of metals in the oxidised
gas mixture (after the so-called compositional discontinuity (Martin
et al., 2006), ie., after V,/Vy=0.15 for Mt Takahe; see Methods).

In the model simulations, Cd, Bi, and Pb are dominantly present
as gaseous chloride species (Figure 3), in agreement with correlation
analysis of our ice core observations (Figure 2). Tl is again an
exception, with the vast majority of it present as TIO gas in the
model (Figure 3D). The increase in concentrations of metal-chloride
complexes after mixing between volcanic gases and atmosphere has
also been observed in speciation models for basaltic ocean island
volcanoes e.g., Kilauea Volcano (Mason et al., 2021) and is thought to
be caused by an increase in reactive halide species during atmospheric
mixing (Gerlach, 2004). Here, a comparison model using
compositions from Erta ‘Ale, a basaltic volcano located on the
East African Rift, Ethiopia (Zelenski et al,, 2013), is also shown
(Figure 3; Supplementary Data Sheet S1). Due to the higher oxygen
fugacity (SupplementaryTable S1) of the Erta ‘Ale volcanic gases, the
compositional discontinuity occurs after less atmospheric mixing
than for Mt. Takahe. Concentrations of metal-chloride complexes
also increase with atmospheric mixing for Erta’ Ale, with chloride
species dominant for Bi and Pb. For Cd; however, the dominant
chemical species is Cd(OH), gas, and PbO and BiO gases are more
abundant than for Mt. Takahe. Comparatively higher concentrations
of metal-chloride gas species at Mt. Takahe are likely to be driven by
higher Cl concentrations in alkaline magmas (Mandon et al., 2019).

Implications for volcanogenic volatile
metals in ice core archives

The 17.7 ka sequence of halogen-rich eruptions at Mt
Takahe in West Antarctica preserved in the ice core allows
quantification of the deposition of metal-bearing chloride
aerosols within 400 km of the volcanic source (Pinto et al,,
1989; Textor et al., 2003). We show here, by analysis and
correlation statistics of Antarctic ice core geochemistry and by
gas phase speciation modelling, that volatile metals such as
Cd, Bi, and Pb are likely transported in the atmosphere as
chloride aerosols in volcanic plumes and clouds. Our
interpretations are consistent with previous work: chloride
is reported as the most efficient ligand at transporting metals

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1002366

Mason et al.

10.3389/feart.2022.1002366

ViV,
0.1 Bi(g) 0.2

< N
Pb(g)

!

-3

|
'
1
'
i

i PbO

@ T

T(°C)

FIGURE 3

1074 i L L L L T8 PR
1040 1020 1000 980 960 940 920 900

Models
Takahe (alkaline)
Erta 'Ale (basaltic) -------

—
S,
[N]

Q8 Lo
1040 1020 1000 980 960 940 920 900
T(°0)

Chemical speciation results for Mt. Takahe and Erta ‘Ale. Figs (A—D) show changes in speciation for concurrent mixing between V/Vu=0 and
0.33 and cooling between 1040 and 889°C (as calculated by the mixing model outlined in Methods). Species are shown as mixing ratios (X;)
representing the contribution each species makes to the total concentration of each element. Note the different y-axis scale for TL (D). Input and

output data are in Supplementary Data Sheet S1.

Cu, Bi, Zn, Pb at White Island (New Zealand) and other
subduction zone volcanoes (Mandon et al., 2019; Zelenski
et al, 2021); although at Masaya (Nicaragua), correlation
analysis may suggest that Tl, Bi, Cu, and Te appear to have
more affinity with S than with CI (Moune et al, 2010).
Proximal deposition of metal-chloride complexes might be
a ubiquitous feature of volcanic eruption plumes. Prolonged
stratospheric transport of volcanic clouds over larger spatial
and temporal scales from explosive tropical eruptions may
lead to the majority of volcanic chloride aerosol being lost
between the source and Antarctic or Greenland ice sheets,
giving rise to the typical ice core sulfate signals we observe
associated with these eruptions, which are not accompanied
by large chloride signals (Delmas et al., 1992).

In contrast however, speciation and correlation analysis
results indicate that Tl may have less affinity for Cl, which
may extend its atmospheric residence time, perhaps suggesting
that it is a more promising tracer of distal (global) volcanism,
although further study of TI behaviour in volcanic plumes is
warranted. Further, metals known to complex with sulfate
[possibly tellurium (Te), copper (Cu), cesium (Cs), rubidium
(Rb) sulfates] based on correlation analysis (Aiuppa et al., 20005
Moune et al, 2010); and Zn sulfate based on SEM analysis
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(Mandon et al,, 2019) may also have longer residence times in
the atmosphere as they are not expected to be scavenged as
extensively as chloride complexes. Previous work may support
this hypothesis. A study of volcanogenic metals in the Illimani ice
core, Bolivia, associated with massive explosive eruptions such as
Tambora, 1815 A.D. and Krakatoa, 1883 A.D. in Indonesia
observed enrichments in Tl (as well as sulfate and fluoride)
but no enrichment in Cl, Cd, Pb, and Bi relative to crustal
sources (dust) (Kellerhals et al., 2010). We note however that
some studies have postulated that the ratio of Pb, Cd, In, and Tl
in pre-industrial Antarctic ice directly reflects input from
tropospheric, passively degassing volcanoes (Matsumoto and
Hinkley, 2001). Studies of Himalayan ice cores (Xu et al,
2009) and the Mount Logan ice core (Yukon Territory,
Canada) (Osterberg et al, 2014) have linked sulfate spikes
relating to known eruptions with spikes in Bi concentrations,
although it is not clear whether the Bi was transported to the ice
as soluble aerosol, or as fine ash.

We note that the dry, cold conditions in the Antarctic
atmosphere may have extended the atmospheric residence
times of volcanogenic halogens and metals, particularly
during the dark winter months where reactions relying on
UV radiation would have been limited (McConnell et al,

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1002366

Mason et al.

2017). This may have been particularly relevant for the 17.7 ka
eruption of Mt. Takahe which occurred during the extremely
dry and cold conditions of the last glacial maximum. These
extreme conditions, along with the metal- and halogen-rich
nature of alkaline volcanism, may act together to deliver high
concentrations of metal-chlorides to the Antarctic ice. Local
continental volcanism may be an important contributor to
Antarctic ice and the metal assemblage associated with local
Antarctic volcanism may be quite different than that associated
with sulfate-rich large tropical eruptions. Indeed, this is clear in
Antarctic ice cores where no Pb, Tl, Bi, or Cd anomalies are
associated with well-known tropical eruptions such as Tambora
(Vallelonga et al., 2003). As many ice core drilling locations are
located close to the WARS (Figure 1A), the geochemical
contribution from local volcanoes should always be
considered carefully.
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