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Ash is a potential sink of volcanically sourced atmospheric mercury (Hg), and the
concentration of particle-bound Hg may provide constraints on Hg emissions
during eruptions. We analyze Hg concentrations in 227 bulk ash samples from the
Mount Spurr (1992), Redoubt Volcano (2009), and Augustine Volcano (2006)
volcanic eruptions to investigate large-scale spatial, temporal, and volcanic-
source trends. We find no significant difference in Hg concentrations in bulk
ash by distance or discrete eruptive events at each volcano, suggesting that in-
plume reactions converting gaseous Hg® to adsorbed Hg?* are happening on
shorter timescales than considered in this study (minutes) and any additional in-
plume controls are not discernable within intra-volcanic sample variability.
However, we do find a significant difference in Hg concentration of ash
among volcanic sources, which indicates that volcanoes may emit
comparatively high or low quantities of Hg. We combine our Hg findings with
total mass estimates of ashfall deposits to calculate minimum, first-order Hg
emissions of 8.23t Hg for Mount Spurr (1992), 1.25t Hg for Redoubt Volcano
(2009), and 0.16 t Hg for Augustine Volcano (2006). In particular, we find that
Mount Spurr is a high Hg emitting volcano, and that its 1992 particulate Hg
emissions likely contributed substantially to the global eruptive volcanic Hg
budget for that year. Based on our findings, previous approaches that use
long-term Hg/SO, mass ratios to estimate eruptive total Hg under-account for
Hg emitted in explosive events, and global volcanogenic Total Hg estimates need
revisiting.
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1 Introduction

Mercury (Hg) is a volatile and toxic metal released to the environment by both natural
and anthropogenic sources. Volcanoes are considered to be one of the largest primary
natural sources of Hg, with previous estimates of total annual volcanic Hg emissions between
~50 and 700t a™' (e.g., Nriagu and Becker, 2003; Pyle and Mather, 2003). However, large
uncertainties exist in speciation, reaction pathways, total emission to the atmosphere, and
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the ultimate fate of volcanic Hg in the environment (see Figure 1 in
Edwards et al., 2021 for a schematic of Hg chemistry in volcanic
environments).

Despite these uncertainties, volcanic sources were measured to
release prodigious quantities of Hg to the atmosphere as Gaseous
Elemental Mercury (GEM; Hgo, Bagnato et al., 2015). Oxidation of
GEM to Gaseous Oxidized Mercury (GOM; Hg**) and subsequent
uptake in the form of Particulate-Bound Mercury (PBM; generally
Hg*") is the principal pathway for atmospheric removal of volcanic
Hg emissions (Driscoli et al., 2013). GEM is relatively insoluble in
water and has an atmospheric lifetime of ~3 months under standard
tropospheric conditions, theoretically allowing for long-distance
transport (Horowitz et al., 2017). However, modeling has
suggested that conditions within volcanic plumes, including the
presence of halogen species, may facilitate rapid oxidation of >80%
of volcanically-sourced GEM to PBM within minutes of emission
(von Glasow, 2010). These model results are supported by field
observations, which found depletion of GEM emitted from volcanic
features on the order of minutes (Aiuppa et al., 2007). Empirical
attempts to constrain speciation of emitted volcanic Hg have also
been performed up to hundreds of meters from emission sources in
ash-poor plumes, and have found PBM to represent anywhere from
low (1%-5%; Bagnato et al., 2007; Witt et al., 2008; Mather et al.,
2012) to high (40%-90%; Zambardi et al., 2009) proportions of Total
Hg (THg) emitted to the atmosphere. These observations suggest
that oxidation of GEM and subsequent removal through wet or dry
deposition may be more efficient, albeit variable, under certain
conditions in volcanic plumes than in the background atmosphere.

The main sources of uncertainty in the speciation and total
emission of volcanic Hg are rooted in a lack of measurements from
volcanic eruptions, due to the logistical challenges of collecting
gaseous Hg samples from actively erupting plumes. Therefore,
nearly all existing studies (summarized in Bagnato et al., 2015;
Edwards et al., 2021) have focused on volcanic Hg emissions from
quiescent persistently degassing volcanoes. Scrubbing of emitted
metals from volcanic plumes occurs through particle surface
adsorption and acid aerosol formation (Ayris and Delmelle, 2012;
Ilyinskaya et al, 2021), though little analytical work has been
performed to constrain the extent of these processes with respect
to Hg and in particular the role of the substrate on Hg adsorption
(Stewart et al., 2020). One potential method to better characterize
volcanic Hg speciation during eruption and to better quantify total
volcanic Hg emissions is through the analysis of PBM adsorbed to
the surface of volcanic ash particles, which can readily be sampled on
the ground downwind of eruptions. For this approach, we presume
that Hg in our samples is present on ash surfaces and that Hg in our
ash deposits is synonymous with PBM, though we recognize there
may be other modes of co-deposition including wet deposition
through dissolution into condensed aqueous phases (Lindberg
and Stratton, 1998).

Herein, we report analyses of Hg concentrations on 227 bulk
ash samples to investigate how PBM concentration varies 1)
with distance from the source, 2) between distinct events within
the same eruption, and 3) between different volcanoes. We then
apply a new approach to estimate Hg emissions from the target
eruptions, whereby we integrate our Hg-ash data with previous
mass estimates of total erupted ash. We consider our estimates
to be minimums because they do not account for the
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unconstrained abundance of Hg that remains in the
atmosphere down-plume, which can still be measurable over
thousands of kilometers (Babu et al., 2022).

These points of investigation provide an eruption-scale
understanding of Hg, from emission to in-plume reactions and
removal/deposition. First, PBM concentration variation with
distance is used to constrain the timing of GEM oxidation and
adsorption as the plume travels downwind, which is wholly
unconstrained for ash-rich plumes. Sustained oxidation-
adsorption of GEM to PBM may

concentrations of PBM as the ash-rich plume travels downwind

result in increasing
so long as GEM abundance does not become rate limiting, whereas
rapid formation of PBM would favor no discernable increase of PBM
with distance on the km scale investigated here. Second, PBM
concentration variation between distinct events is used to
investigate potential Hg variability over the eruption duration,
which is also unconstrained at present. Variations in Hg
concentration throughout the eruptive sequence may be a
function of Hg solubility in magma. For example, if Hg readily
exsolves from magma at depth, Hg may accumulate in a pre-eruptive
exsolved volatile phase and therefore be preferentially released early
in the eruption and subsequently absorbed on ash (Varekamp and
Buseck, 1986). In contrast, if Hg is relatively soluble in magma it may
degas upon surface eruption and exhibit no obvious temporal trend
in concentration over the eruption duration. Finally, differences in
PBM concentration in ash samples from the target volcanoes are
used to investigate variability in Hg emissions across volcanoes and
eruption cycles. Differences in PBM concentration between the
target volcanoes may reflect different Hg concentrations in
source magmas or may result from different oxidative potentials
in the eruption plumes. Variance in Hg concentration within source
magmas may be due to the relative mantle, slab, and crustal
contribution where the mantle is recognized as Hg-poor relative
to the crust and slab (Wedepohl, 1995; Canil et al,, 2015).

We focus on three recent and well-characterized eruptions from
Mount Spurr (1992), Redoubt Volcano (2009), and Augustine Volcano
(2006), Alaska. Volcanic ash samples from these eruptions were readily
available for analysis from the Alaska Volcano Observatory (AVO) and
have well-characterized corresponding eruption mass estimates to
address our proposed questions. Through this work we provide new
constraints on the amount of PBM from these three target eruptions
and discuss possible implications of our findings on global volcanic Hg
budgets. Our data provide a first estimate of mercury input into the local
environment for the areas impacted by our target eruptions, and can be
used to refine mercury cycling in the region.

2 Eruptive history

We target three volcanoes within Alaska (Figure 1A) that have
undergone explosive volcanic eruptions within the past 3 decades.
These volcanoes were selected on the basis of their well-
characterized recent eruptions, production of significant ash
clouds, and the spatially and temporally extensive sampling of
volcanic ash rapidly following the eruptive events by AVO
scientists. From east to west the target volcanoes (with eruption
year in parentheses) are Mount Spurr (1992), Redoubt Volcano
(2009), and Augustine Volcano (2006).
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FIGURE 1

(A) Location of studied volcanoes with sample collection locations for (B) Mount Spurr (1992), (C) Redoubt Volcano (2009), and (D) Augustine

Volcano (2006). Distinct eruptive events are color coded in the legends

Mount Spurr (61.2989 N, 152.2539 W; 3374 MASL) is an
andesitic to dacitic stratovolcano with recent eruptions in
1953 and 1992 (Miller et al., 1998). The 1992 eruption had a
Volcanic Explosivity Index (VEI) of 3 (0.1-0.01 km® erupted
tephra; Newhall and Self, 1982) and consisted of three distinct
Sub-Plinean explosive events on June 27, August 18, and
September 16-17, with the largest event (August 18) producing a
plume that reached 15 km above sea level (ASL; Eichelberger et al.,
1995). In total, the eruption is estimated to have produced 106 x
10° kg of cumulative tephra and ~830 kt SO, (Eichelberger et al.,
1995; McGimsey et al., 2001).

Redoubt Volcano (60.4852 N, 152.7438 W; 3108 MASL) is an
andesitic stratovolcano with recent eruptions in 1966, 1967, 1989-90,
and 2009 (Miller et al., 1998; Wallace et al., 2013). The 2009 VEI 3
eruption consisted of 19 distinct explosive events between March and
April, followed by extrusion of lava domes. In total, the eruption is
estimated to have had a maximum plume height of 19km ASL,
produced 55 x 10° kg of tephra and 1,270 kt SO,, and dispersed ash
over an 80,000-km? region (Wallace et al., 2013; Werner et al,, 2013).

Augustine Volcano (59.3629 N, 153.435 W; 1260 MASL) is an
andesitic to dacitic stratovolcano with recent eruptions in 1963, 1976,
1986, and 2006 (Miller et al., 1998; Wallace et al., 2010). The 2006 VEI 3
eruption consisted of 13 distinct explosive events and effusive phases
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between January and March (Wallace et al., 2010). In total, the eruption
is estimated to have had a maximum plume height of 13.5 km ASL,
produced 22 x 10° kg of tephra and 630 kt SO,, and dispersed ash up to
185 km away (McGee et al,, 2010; Wallace et al., 2010).

3 Methods
3.1 Ash samples

A subset of ash samples from the target eruptions was selected
based on their spatial coverage of discrete explosive events.
Specifically, we targeted events that had estimates of total ash-
mass and included samples that were deposited at various down-
wind distances from the vent and collected no more than a week
after deposition. Collection notes were used to exclude samples
that may have been contaminated, such as the sample being near
an industrial area or possibly containing non-representative
material. We also aimed to collect samples from a minimum
of three events per eruption spanning the beginning, middle, and
end of the eruption. Bulk ash samples previously collected for
mass per unit area analysis (full sample list, collection procedure,
and processing details for each eruption are detailed in McGimsey
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etal., 2001; Wallace et al., 2010; Wallace et al., 2013) were queried
from the Geologic Database of Information on Volcanoes in
Alaska (GeoDIVA; Cameron, 2004). In total, 227 samples were
selected: 84 from Mount Spurr (1992), 114 from Redoubt Volcano
(2009), and 29 from Augustine Volcano (2006). Outside the
immediate scope of our hypotheses but of additional interest
are four historic samples collected from a pit on Augustine
Volcano. All samples were bagged and stored in boxes on
large shelving units in an area removed from sunlight at the
Geologic Materials Center or the U.S. Geological Survey (USGS)
tephra labs in Anchorage, Alaska. Grain sizes of the bulk material
was not used a determinant in subsampling but samples represent
a mixture of extremely fine ash to lapilli (detailed particle size
distributions are presented in McGimsey et al., 2001; Wallace
et al.,, 2010; Wallace et al., 2013). It is assumed for the purpose of
this study that no Hg has been lost or gained under these storage
conditions. Ash masses of 0.1-5.0 g per sample were subsampled
from the repositories using sterile instruments.

3.2 Hg concentration analysis of ash samples

Bulk volcanic ash subsamples were freeze-dried and analyzed for
THg via direct combustion using Atomic Absorption Spectroscopy
(AAS) on a Milestone DMA-80 instrument (Milestone Srl, Italy)
following the U.S. Environmental Protection Agency (US. EPA)
Method 7473 (U.S. EPA, 1998) in the Marine Ecotoxicology and
Trophic Assessment Laboratory at the University of Alaska Fairbanks.
All samples (weights 0.01-0.1 g) were heated to 800°C and analyzed at
least in duplicate with a precision range of £10%, apart from 15 limited
quantity samples on which singlicate analysis was conducted. Calibration
curves were prepared using an internal liquid standard to a 0.5 ng Hg
limit of quantification. Accuracy checks were routinely performed after
analysis of 20 samples using two internal standards (10 ppb, 100 ppb)
and a National Institute of Standards and Technology Standard
Reference Material (NIST SRM 1633c—Trace Elements in Coal Fly
Ash; certified value: 1,005 + 22 ng g ™). The values of these standards were
determined by our AAS analyses to be 93.9 + 3.1 ng g™ (n = 39) for the
100 ppb liquid standard, 9.8 + 1.0 ng g™ (n = 52) for the 10 ppb liquid
standard, and 1,017.9 + 31.8 ng g™ (n = 55) for NIST SRM 1633c.

Ash samples are assumed in this study to have no Hg adsorbed
onto the surface at the time of fragmentation and ejection from the
vent. In-plume Hg concentration at the time of all three eruptions
was not measured, but assumed from GEM measurements of other
volcanic systems (Bagnato et al., 2015) to be 2-3 orders of magnitude
larger than the modeled ambient atmospheric concentration of
~1.5ng m™ for this area (Zhang and Zhang, 2022).

3.3 Variable classification and statistical
approach

In this study, we test the following three hypotheses: 1) there is a
significant dependence of bulk ash Hg concentration from individual
eruption events on the distance of the sampling location from the source
vent; 2) there is a significant difference in bulk ash Hg concentration
between eruption events; and 3) there is a significant difference in bulk
ash Hg concentration between volcanoes.
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Data were categorized by volcano of origin, event number within
each eruption sequence, and distance from the vent. Eruption events
were grouped together in cases where sample collection did not
allow for discrimination to specific events (e.g., Redoubt Volcano
events 7-8). Eruption chronology, definitions, groupings of eruption
events, and eruption mass estimates were defined or calculated in
Wallace et al. (2013) for the 2009 Redoubt Volcano eruption,
Wallace et al. (2010) for the 2006 Augustine Volcano eruption,
and McGimsey et al. (2001) for the 1992 Mount Spurr eruption. The
distance of each ash sample from the vent was determined using the
collected GPS coordinates and the eruptive vent coordinates as
defined by the AVO. More details on the samples used can be
found in Supplementary Material SI.

We use multivariable linear regression using the R stats package (R
core team, 2013; Supplementary Material S2) to test the relationships
among the three factors (sampling distance, eruption event, volcano of
origin) on Hg concentration in our ash samples. This statistical test was
identified as the most appropriate due to our dataset including multiple
independent variables. This method assumes a normally distributed
sample population, which was confirmed for our sample sets through a
Kolmogorov-Smirnov Normality Test for Mount Spurr (p = 0.22),
Redoubt Volcano (p = 0.07), and Augustine Volcano (p = 0.12). Testing
of statistical significance was conducted in four separate linear
regression model runs: the first three considered the influence of
distance and eruption event on Hg concentration for each of the
three volcanoes, and the fourth looked at the influence of volcano of
origin on Hg concentration. For this fourth test, we combined all Hg
concentration data per volcano so that it is independent of eruption
event and distance. Following our calculations, we apply a p-value
threshold to determine whether each of our factors influence Hg
concentration, where p > 0.05 indicates that factor does not exert a
statistically significant influence on our sample set. Significance is only
considered for sample sets of n > 5. We also calculate descriptive
statistics for the measured Hg concentration per sample for each
volcano and event, including mean, standard deviation, and quartiles.

4 Results
4.1 Mount Spurr (1992)

The largest number of samples analyzed in this study were from
Mount Spurr’s two most well-documented events (Figure 2A) on
18 August (n = 33) and 16-17 September (n = 49) 1992, with
samples distributed fairly evenly over the total distance collected
(5-378 km). Associated p-values (Table 1) show no significant
difference in sample Hg concentration with distance or among
events. The 27 June event had a small sample size (n = 2) of only
proximal samples and data are plotted but not examined statistically.
The mean Hg concentration for all Mount Spurr samples is 77.6 +
487 ngg "' (range: 19-338 ngg "), which is the highest mean Hg
concentration measured for the three target volcanoes (Table 1).

4.2 Augustine Volcano (2006)

The 2006 Augustine Volcano eruption had the smallest
sample set analyzed (n = 25) of all three target volcanoes
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Distance (km)

Plot of Hg concentration measured as PBM on volcanic ash versus distance for individual events within (A) Mount Spurr (B) Augustine Volcano, and
(C, D) Redoubt Volcano (separated to avoid plot crowding) eruptions. Dashed lines are linear model fits used in determining significance and grey shaded
areas are 95% confidence intervals. Note the high variance in measured PBM for each eruptive event and occurrence of sample Hg concentrations
plotting outside 95% confidence interval regions indicating no significant relationship between Hg concentration and distance for these events.

owing to the volcano’s location on an island, with most ashfall
deposited into the ocean. Samples for this volcano were also more
limited in spatial coverage than the other two, covering distances
of 1-85 km from the vent, and were split between events 3-8, 9,
and a continuous phase (Figure 2B). All samples for events
3-8 were collected from the island and only cover a distance
gradient of 2-3 km from source, while event nine and continuous
phase sample coverage include island and mainland Alaska
coverage (Figure 1D). Samples from the continuous phase and
event 9 show no significant difference between event groups or
distance. Of additional interest are four historic samples
collected from a pit on Augustine Volcano that have similarly
low Hg concentrations (Table 1; Figure 3). The mean Hg
+

concentration for all Augustine Volcano samples is 7.2
6.0ng g™ (range: 0.5-40 ng g''), which is the lowest mean Hg
concentration measured for the three target volcanoes (Table 1).

4.3 Redoubt Volcano (2009)

The dataset for Redoubt Volcano comprises samples subdivided
into three composite event groupings (events 2-4, 7-8, 9-18) and
discrete events within the 2009 eruption sequence (Figures 2C, D).
The full sample distribution covers 3-333 km, however some
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individual event groupings have limited spatial coverage (e.g.,
event 5 covers 120-301 km and event 6 covers 5-119 km). No
statistically significant difference in Hg concentration is seen
between event grouping or distance from source (Table 1; Figures
2C, D). Samples from eruption event 0 and those with uncertain
event origins were excluded from variance analysis due to either the
small sample size or unknown event origin. The mean Hg
concentration for all Redoubt Volcano samples is 22.8 +
15.1ng g (range: 3.6-148 ngg™") (Table 1).

4.4 Total particulate-bound Hg from the
target eruptions

A linear regression model fit to data from all three volcanoes
finds a significant difference in Hg concentration in ash among
these three volcanoes (p = 2.2 x 107" Table 1). Thus, for the three
volcanoes considered here, there is no statistical difference in Hg
concentration by distance or eruptive event, however there is a
statistical difference in Hg concentration by volcano of origin. On
this basis, all samples from an individual volcano may be grouped
together irrespective of distance or eruptive event (Figure 4A),
simplifying methods to estimate the total PBM emission from
each volcano (Figure 4B).
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TABLE 1 Descriptive statistics of analyzed Mount Spurr, Redoubt Volcano, and Augustine Volcano ash. Descriptive statistics for the full volcanic sample set are in
bold and broken into individual events beneath. Concentration data are presented as ng g~'.

Volcano Hg concentration mean £ SD Hg quartiles (25%, 75%) Regression p-value
Mount Spurr 1992 77 77.6 £ 48.7 37.5, 114.5 0.08¢, 0.24"
June 27 1 155.3 NA
Aug 18 | 32 77.7 £29.9 59.6, 97.0
Sept 16-17 | 44 75.7 £ 58.4 32.0, 108.3
Redoubt Volcano 2009 107 22.8 £ 15.1 11.0, 33.2 0.09¢, 0.61°
Event 0 | 2 47.6 + 23.1 39.4, 55.7
Events 2-4 = 16 26.6 £ 11.0 18.4, 32.7
Event5 8 338 £ 11.3 229, 41.6
Event 6 | 7 124 + 6.4 8.1, 153
Events 7-8 = 17 27.7 £ 18.6 14.4, 34.6
Events 9-18 = 20 223 £ 143 11.1, 28.6
Event 19 11 19.6 + 15.9 7.7, 29.3
Uncertain | 26 16.6 + 129 8.6, 21.7
Augustine Volcano 2006 =25 7.2 £6.0 1.9, 12.0 0.22¢, 0.68"
Events 3-8 | 8 39+24 21,53
Event9 8 8376 12,122
Continuous Phase = 9 9.5+ 55 6.8, 14.0
Historic Pit | 4 57+09 5.0, 6.4
All Volcanoes | 209 NA NA 2.2 x 1071%¢

p-value for event
*p-value for distance
p-value between volcanoes
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FIGURE 3

Box plot of sample Hg concentration measured as PBM on volcanic ash for individual events within Augustine Volcano (green), Redoubt Volcano
(blue), and Mount Spurr (red) eruptions showing median Hg concentration (thick lines), interquartile ranges (colored boxes), and minimum/maximum
values excluding outliers (horizontal caps).
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FIGURE 4

Hg concentration measured as PBM on volcanic ash from Mount Spurr (1992), Redoubt Volcano (2009) and Augustine Volcano (2006) volcanic
eruptions in Alaska. (A) PBM on ash as a function of ash deposition distance from the eruption vent, with dashed lines showing linear regressions. Note the
high variance in measured PBM for each eruption and occurrence of sample Hg concentrations plotting outside gray (95% confidence interval) regions
indicating no significant relationship between Hg concentration and distance for these eruptions. (B) Box plot showing the observed difference in
median Hg concentration (thick lines), interquartile ranges (colored boxes), minimum/maximum values (horizontal caps), and outliers (black circles).

TABLE 2 Total particulate-bound Hg from each volcano.

Volcano

Eruption Mass (x10° kg)

Mean Hg conc. (ng g7") Emitted PBM (t)

Mount Spurr 1992 106.0* 77.6 8.23
Redoubt Volcano 2009 54.7° 22.8 1.25
Augustine Volcano 2006 21.7¢ 7.2 0.16

Total erupted tephra mass from:
*McGimsey et al. (2001)
bWallace et al. (2013)

“Wallace et al. (2010)

We calculate the total PBM in the tephra deposit from each
target eruption by multiplying existing total eruption ash mass
estimates by the mean Hg concentration of our bulk ash samples.
We infer this to provide a minimum estimate of total Hg emissions
for these eruptions, as we do not account for remaining GEM or
unbound Hg’* within the volcanic plume. The resulting Hg
emissions (as PBM) per volcanic eruption are shown in Table 2.

5 Discussion

5.1 Mercury variation with distance from
vent

Our results find no significant difference in Hg concentration on
volcanic ash based on downwind distance, at least on the scale of
1-500 km downwind distances investigated here. Volatile trace
metals (e.g., Cu, Cd, Pb) have been shown to partition strongly
into non-silicate particulate matter and preferentially deposit
proximally (Ilyinskaya et al, 2021). It has also been suggested
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that volcanic plumes may provide a medium to rapidly oxidize
entrained atmospheric GEM within minutes (von Glasow, 2010)
which would lead to PBM as the dominant Hg species within the
nearer distances considered for this study. Alternatively, the more
distal samples from both Mount Spurr and Redoubt Volcano
contain higher proportions of fine ash material than proximal
samples (McGimsey et al.,, 2001; Wallace et al., 2013), providing
a correspondingly higher surface area for adsorption reactions to
take place (Ermolin et al., 2018; Ermolin et al., 2021) which would
favor higher bulk-sample concentrations of PBM. Despite these
pathways potentially favoring a decrease or increase of PBM with
distance, respectively, neither process appears to be discernible
within the variability of our samples. Though there is large
variability (>50%) in the PBM concentration of ash between
these volcanic sources, the absence of a correlation with either
downwind distance or eruptive event suggests that either
substantial GEM oxidation happened before deposition at our
closest sampling sites (~1-5km) and any further in-plume
oxidation is not distinguishable within the sample variability, or
that the GEM oxidation process is much slower than the timescales
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TABLE 3 Literature values of PBM in volcanic ash.

10.3389/feart.2023.1054521

Volcano Eruption year Hg concentration (ng g™') Reference Analytical method

Mount Spurr = 1992 77.6 This work AAS
Augustine Volcano = 2006 22.8 This work AAS
Redoubt Volcano | 2009 7.2 This work AAS
Redoubt Volcano | 2009 6 Coufalik et al. (2018) AAS
Eyjafjallajokull | 2010 0.3 Coufalik et al. (2018) AAS
Sakurajima | 1985 11-80 Ohki et al. (2016) AAS
Sakurajima | 2010 6-66 Ohki et al. (2016) AAS
Aso (magmatic) = 2014-2015 1-4 Marumoto et al. (2017) AAS
Aso (phreatic) | 2015-2016 145-354 Marumoto et al. (2017) AAS
Kilauea | 2018 37-180 Damby et al. (2018) AAS

Etna | 2001 3-16 Stracquadanio et al. (2003) CVAFS

Tolbachik = 2012 70-73 Ermolin et al. (2018; 2021) ICP-MS

Tolbachik Fissure Eruption | 1975-76 23 Ermolin et al. (2021) ICP-MS

Klyuchevskoy | 2015 75-80 Ermolin et al. (2018; 2021) ICP-MS

Puyehue = 2011 <8 Ermolin et al. (2018) ICP-MS

Kizimen | 2010 10 Ermolin et al. (2021) ICP-MS

Shiveluch | 2010 <3 Ermolin et al. (2021) ICP-MS

Copahue | 2000 7-22 Smichowski et al. (2003) ICP-MS

on which ash dispersion and sampling are occurring (minutes to
hours) and thus cannot be identified in this dataset. We consider the
first explanation to be the more likely one. The most proximal
samples from both Redoubt Volcano and Mount Spurr were
collected at ~5km downwind, corresponding to plume transport
times exceeding 10 min, which would still allow for the rapid
oxidation processes proposed by von Glasow, 2010 and be
consistent with other findings of elevated PBM in proximal ash
from Marumoto et al. (2017) or elevated Hg in soils and lichens from
select volcanic areas (Catan et al., 2020), which are interpreted to
result from very near-vent deposition and uptake. Previous studies
which have attempted to constrain the speciation of Hg within
volcanic plumes have all been performed on much shorter spatial
scales—within hundreds of meters of the vent—such that rapid
oxidation of GEM may occur, but the extent is not captured on the
scale of existing studies (Witt et al., 2008; Bagnato et al.,, 2015). If
oxidation is occurring on much slower timescales than represented
in this dataset our study would represent an underestimation of
erupted PBM; however, this is unlikely as we detect oxidized Hg on
all of our studied ash samples, indicating that this process has taken
place.

Based on our findings, we suggest that bulk samples for
determining average volcanic PBM may be sourced from
downwind distances ranging from 1 to 500 km, as it is likely that
by those distances most GEM has either been oxidized and scrubbed
by ash or aerosols or is no longer being efficiently adsorbed due to
significant plume dilution with background air. However, the
variation seen within each sample set suggests that accurate
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characterization of Hg present in the ash of a single volcano
should not be based on small sample sizes. A good illustration of
this is presented in our Hg concentrations for Redoubt Volcano,
which are higher than previously reported for a single sample of the
same Redoubt Volcano eruption (Coufalik et al., 2018; Table 3).

5.2 Mercury variation across volcanoes

We find a significant difference in PBM concentrations on ash
between eruptions from our three target volcanoes. This suggests
that Hg concentration may be controlled in part by either volcanic
source conditions or by conditions within the volcanic plume that
promote or hinder adsorption of Hg after release from the vent.

Different initial concentrations of Hg emanating from the
volcanoes, reflecting a source control, would lead to different
quantities of GEM being available for oxidation and adsorption.
Specifically, volcanoes with Hg-poor plumes would have less
available Hg, and ash samples from these volcanoes would
therefore be expected to contain less PBM. Wide arrays of
measurements from passively degassing volcanic environments
(summarized in Bagnato et al., 2015; Edwards et al., 2021) show
orders of magnitude differences of GEM within volcanic plumes at
downwind distances within ~1 km of the vent, ranging from near
ambient (4 ngm?) at Gorely (Russia) and Poéas (Costa Rica)
volcanoes to orders of magnitude higher (373ngm?) at
Nyiragongo (Democratic Republic of the Congo) volcano. A
compilation of literature values for PBM on volcanic ash
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(Table 3) shows similar orders-of-magnitude differences between
volcanic sources as we have found here. This suggests that the
notable variations in Hg concentration on deposited ash seen in our
study and globally may be attributable to variable (comparatively
high and low) Hg emissions by source, which could result from
large-scale variations in the source of Hg incorporated into magma.
A significant difference in Hg concentration by source (different
volcanoes and geologic settings) would mechanistically account for
the variation between Hg in ash samples and GEM concentrations in
volcanic plumes.

The lack of distinguishability among events at all three
volcanoes in this study suggests that Hg emissions are
consistent throughout an eruptive sequence and potentially
across multiple eruptive episodes. Despite variability of major
gas species during an eruptive sequence (Werner et al., 2013), a
consistent abundance of Hg throughout each of the examined
eruptions is supported by similar PBM concentration on ash.
The undated ash samples collected from a historical pit at
Augustine Volcano (Table 1) were also found to have similar
Hg concentrations as the 2006 eruption, suggesting that
Augustine Volcano’s low-Hg emissions have persisted across
multiple eruption cycles. Similarly, ash samples collected and
analyzed for PBM from two eruptions from Sakurajima volcano
(Japan, 1985 and 2010; Ohki et al., 2016) were found to be within
the same range, further supporting this idea. Conversely, two sets
of proximal samples from Aso volcano (Japan, Marumoto et al.,
2017) collected during phreatic and magmatic (Strombolian)
eruptions were found to have PBM concentrations that differed
by two orders of magnitude (Table 3). Marumoto et al. (2017)
proposed that the orders-of-magnitude difference in PBM
concentrations may be attributable to different eruption
styles. If an eruption is sourced from low-Hg magma, it is not
surprising that phreatic eruptions (i.e., eruptions that do not
erupt juvenile material) would have higher quantities of emitted
Hg than magmatic eruptions for the same volcano. Some crater
lakes such as the one overlying Mt. Ruapehu have been measured
to contain high concentrations of Hg (Deely and Sheppard,
1996) for Hg
contribution phreatic

signifying there may also be potential

from hydrothermal systems in
eruptions. Therefore, while our findings together with the
literature suggest that volcanoes may be characteristically
high- or low-Hg emitters, even over multiple eruption cycles,
it is possible that Hg emissions can vary substantially for
different eruption styles at the same volcano.

Certain physical or chemical conditions within the volcanic
plume could facilitate adsorption of Hg on ash particles, which
include: 1) the presence of gaseous species facilitating GEM
oxidation (e.g., halogens, ozone); 2) a large quantity of aerosols
which would increase the surface area for uptake; 3) the availability
of sunlight at the eruption time (von Glasow, 2010; Amos et al.,
2012). Rapid ozone depletion and formation of BrO have been
measured in Redoubt Volcano’s plume (Kelly et al., 2013), which
may indicate that conditions favorable to the oxidation of GEM were
sustained for this and potentially other eruptions. Comparable
measurements at Mount Spurr and Augustine Volcano are not
have found different BrO
concentrations in volcanic plumes at other volcanoes (Bobrowski

available, but previous studies

etal, 2015), and the variation in PBM from our study sites could in
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part be controlled by the availability of reactive species. Photolytic
conditions between our studied volcanoes may be extrapolated by
the timing of eruptions and resulting availability of solar radiation.
Specifically, Mount Spurr erupted in a period of high solar radiation
(June-September), while Augustine Volcano (January-February)
and Redoubt Volcano (March-April) both erupted during
periods of lower solar radiation. Events within each of the
studied eruptive sequences include both day and nighttime-only
events with no discernable difference in PBM noted at equivalent
downwind distances, so it is unlikely that variations in solar
radiation had a significant effect on our samples. As an example,
the Mount Spurr eruption contains two well documented events
(McGimsey et al, 2001) during daytime (August 18, ~7:00 p.m.
eruption) and nighttime (September 16-17; 1:00 a.m. eruption), but
the Hg concentrations measured in downwind samples are not
distinguishable from each other. It is also unlikely that the
geographic location played a primary role in the observed
variation in Hg concentration, as all three eruptions had similar
VEIs (~3-4), plume heights (13-19 km), and occurred at similar
latitudes (~60°N).

A geologic mechanism that could explain initial Hg
concentration differences across volcanoes would be related to
heterogeneous distribution of Hg within the crust or subducting
slab. The mantle is measured to be Hg-poor relative to crustal
material (Wedepohl, 1995; Canil et al,, 2015), so magma derived
primarily from the mantle (e.g., hotspot volcanoes) would be Hg-
poor compared to those which have incorporated more material
from a dehydrating subducted oceanic slab or crust (arc volcanoes).
Similar metal-rich or metal-poor signatures have been measured
between arc and non-arc volcanoes (Edmonds et al., 2018; Edwards
etal,, 2021), and crustal incorporation as a source of volcanic Hg has
previously been proposed (Coufalik et al, 2018). Records of
ascending Hg-rich fluids are preserved in regions of subduction
of oceanic sediments underneath continental crust as economically
significant Hg mineral deposits, which typically occur in low-
temperature environments where numerous deposits may be
dispersed over a wide region (Rytuba, 2003). Therefore, Hg-rich
volcanoes could be explained by either the direct recycling of Hg-
rich fluids sourced from subducted sediments to arc volcanoes, or by
the assimilation of Hg-rich crust during magma storage and ascent.
We note that the volcanoes in this study which contain higher
concentrations of PBM (Mount Spurr and Redoubt Volcano) are
built upon thicker sections of crust (Zhang et al., 2019), including
lithologies containing high proportions of evolved granitoids and
terrestrial sediments (Wilson et al., 2015).

Differing source controls on the quantity and concentration
of Hg emitted from volcanic sources would also lead to
environmental implications. Levels of Hg in Alaska marine
mammals have been found to exhibit spatial variability which
is not entirely accounted for by anthropogenic sources,
suggesting in part a natural source (Ricca et al., 2008; Rea
et al., 2020). Volcanoes are a likely natural source to explain
variability in Hg uptake by marine mammals over both space
and time, as individual eruptions will provide Hg input into the
local environment. The immediate availability of any PBM
deposited through ash for uptake by local flora or fauna is
still not well constrained, but minimum estimates of ash masses
deposited over well-defined areas presented here provide a
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starting point for modeling Hg cycling within the local
environments downwind from our target volcanoes.

5.3 Insights into global volcanic Hg
estimates

Different approaches have been used to extrapolate global
volcanic Hg estimates over space and time. The two most cited
estimates, both of which differentiate between eruptive and
persistent degassing contributions, rely on an assumed Hg/SO,
mass ratio in the gas phase to some extent (Nriagu and Becker,
2003; Pyle and Mather, 2003). Both studies found that eruptive
contributions made up approximately half to the majority of annual
volcanic Hg emissions. Nriagu and Becker (2003) approximated
eruptive THg contributions as 57 t a~' Hg out of a total volcanic Hg
flux of 112 t a™' over the two-decade period of 1980-2000 based on
the number of days each volcano was in an eruptive phase versus
days on which they were passively degassing. For cases without Hg
measurements, they assumed a constant eruptive Hg/SO, mass ratio
of 1.18 x 107> Similarly, Pyle and Mather (2003) approximate a
time-averaged Hg flux for small explosive eruptions of ~500 ta™' Hg
(60-2000 t a' Hg range) out of a total volcanic Hg flux of ~700 t a™
(80-4,000 t a~* Hg range) by assuming an Hg/SO, mass ratio range
of 1 x 10°-2 x 10~ paired with a time-averaged global eruptive SO,
flux. In both studies, persistently degassing volcanoes are assigned a
lower Hg/SO, ratio of 3.18 x 107® (Nriagu and Becker, 2003) and
107°-10"* (Pyle and Mather, 2003) compared to eruptive degassing.
While Hg/SO, ratios for persistently degassing volcanoes have been
quantified (Aiuppa et al., 2007; Bagnato et al., 2007; Bagnato et al.,
2015), no such measurements exist for explosive eruptions. Instead,
the higher Hg/SO, ratio for explosive volcanism was inferred from
volcanically attributed records of increased Hg concentration in peat
bogs (Roos-Barraclough et al., 2002) and select eruptions in glacial
cores (Schuster et al., 2002). Chronology reassessment of glacial
records in Chellman et al. (2017) has questioned the assignment of
large Hg depositional events in Schuster et al. (2002) as volcanically
sourced, so it is possible that the assumptions underpinning a higher
Hg/SO, ratio for active explosions in these studies is not uniformly
valid. No direct Hg/SO, measurements have been collected yet for
our target volcanoes in any stage of activity, however we may
extrapolate a minimum Hg/SO, ratio for our target eruptions
given the measured PBM emissions and available SO, output
provided in the eruptive history section as 9.9 x 107 for Mount
Spurr (1992), 9.8 x 1077 for Redoubt Volcano (2009), and 2.5 x 1077
for Augustine Volcano (2006). Though these estimates do not
account for unconstrained Hg speciation, they are within the
range of Hg/SO, ratios measured from open-conduit quiescent
degassing in Bagnato et al. (2015).

Our interpretation of high- and low-Hg emitting volcanoes
potentially challenges previous assumptions that Hg accounting
based on SO, emissions may be uniformly applied across all
volcanic sources. The global eruptive THg estimate in Nriagu and
Becker (2003) is particularly useful for comparison with our study as it
includes our three target volcanoes as constituents of the ~57 t a™' Hg
average eruptive flux. The 20-year period attributes 2.67t Hg to
Augustine Volcano (600 days erupting), 473t Hg to Redoubt
Volcano (201 days erupting), and 0.71t Hg to Mount Spurr
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(80 days erupting). The 1980-2000 period evaluated for Augustine
and Redoubt volcanoes does not encompass our studied eruptions, but
their analysis for the Mount Spurr eruption appears to be solely
composed of the 1992 events, and therefore should be directly
comparable to our results. If we compare the erupted PBM on ash
from the 1992 Mount Spurr eruption, determined here as ~8.23 t Hg, to
the inferred eruptive THg estimate from Nriagu and Becker (2003) of
0.71t Hg, our results suggest that their eruptive THg emissions are
underestimated by at least one order of magnitude, and potentially by
more as our study considers only PBM and not other Hg phases. The
21-day duration of the Redoubt Volcano 2009 eruption (Wallace et al.,
2013) accounts for only ~10% of the 201 total erupted days over the 20-
year period analyzed by Nriagu and Becker (2003), yet our eruptive
PBM estimate comprises ~25% of their 4.73 t eruptive THg estimate,
again suggesting that their eruptive THg estimates may be
underestimated. For Augustine Volcano, our PBM
represents 17 days of explosive-phase plumes (Wallace et al.,, 2010),
or ~3% of the 80-day period used by Nriagu and Becker (2003), yet
comprises ~6% of Nriagu and Becker’s eruptive THg estimate despite

estimate

Augustine Volcano appearing to be a low-Hg volcano. These
discrepancies show that the most cited explosive global Hg estimates
(57 t a™!, Nriagu and Becker, 2003) are likely too low and may not be
appropriately accounting for variations in individual volcanic input.
Individual-scale comparisons to other studies which consider only
global SO, emissions and a fixed Hg/SO, ratio are difficult (Nriagu
and Becker, 1989; Pyle and Mather, 2003).

Given these comparisons, dedicated analysis of globally significant
eruptions would be required to confidently provide a minimum global
eruptive PBM contribution for a given year. However, each of our target
eruptions are cataloged by the Global Volcanic Program (2013) as
among the largest eruptions for those years, so we could estimate that
the total contribution of PBM to THg from explosive events is on the
order of 10-100 t a™ given a typical annual number (<10) of VEI 3 or 4
eruptions with comparable eruption mass to our studied volcanoes.
This estimate for PBM is within the same order of magnitude as that of
THg by Nriagu and Becker (2003), suggesting that the Nriagu and
Becker (2003) is likely underestimated. Our constraints for PBM are on
the lower end of the range of THg provided within Pyle and Mather
(2003), suggesting that this global estimate is likely more accurate
though potentially variable depending on the number of large eruptions
each year and volcanic sources. We suggest that global eruptive
contributions of volcanically-sourced PBM could exceed 100t a™'
only in a year with atypically numerous eruptions from lower-Hg
volcanoes or a single VEI 5+ eruption from a high-Hg volcano.
Expanding on the method presented in this study to analyze ash
samples from recent large eruptions with corresponding eruption
mass estimates may then allow for more precision to be placed on
the upper bounds of our estimate.

6 Conclusion

Analysis of Mercury (Hg) adsorbed onto volcanic ash may provide
a logistically straightforward and safe collection method to gain insights
into Hg emissions from explosive eruptions, including historic
eruptions, where syn-eruption campaign measurements and
emissions sampling within the volcanic plume is hazardous.

Statistical analysis of Hg data from ash samples collected over a
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wide range of downwind distances and eruptive events from three
different explosive volcanic eruptions shows that, despite variability in
PBM concentration among samples, there is no significant difference in
Hg concentration on ash either between different eruptive events from
the same volcano or by distance from the vent. We find that the most
determinative factor for PBM concentration is the volcano of origin,
with mean PBM concentrations ranging over three orders of magnitude
among our target volcanoes. This finding suggests that certain
volcanoes may be comparatively high- or low-Hg emitters,
potentially due to local-regional geologic source controls such as
Hg-rich subducted sediments or crust.

We present a new approach for providing minimum
constraints on Hg released during volcanic eruptions by
integrating our PBM data with prior estimates of erupted ash
deposit masses. We calculate total PBM from our target eruptions
of 8.23, 1.25, and 0.156 t Hg for Mount Spurr (1992), Redoubt
(2009), and Augustine Volcano (2006) volcanic

respectively. Our

Volcano

eruptions, estimates are considered a
minimum because they do not account for the unconstrained
abundance of Hg that remains in the atmosphere. Still, our
findings for these three volcanoes exceed previous estimates of
Hg emissions for individual volcanoes, which has ramifications for

estimates of global volcanic Hg emissions.
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