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Impacts of Volcanic Emissions on the Global Biogeochemical
Mercury Cycle: Insights From Satellite Observations and
Chemical Transport Modeling

, Colin P. Thackray!

Benjamin M. Geyman! , Daniel J. Jacob’, and Elsie M. Sunderland'?

'Harvard John A. Paulson School of Engineering and Applied Sciences, Cambridge, MA, USA, *Department of
Environmental Health, Harvard School of Public Health, Boston, MA, USA

Abstract Volcanism is the largest natural source of mercury (Hg) to the biosphere. However, past Hg
emission estimates have varied by three orders of magnitude. Here, we present an updated central estimate and
interquartile range (232 Mg a~!; IQR: 170-336 Mg a~!) for modern volcanic Hg emissions based on advances
in satellite remote sensing of sulfur dioxide (SO,) and an improved method for considering uncertainty in
Hg:SO, emissions ratios. Atmospheric modeling shows the influence of volcanic Hg on surface atmospheric
concentrations in the extratropical Northern Hemisphere is 1.8 times higher than in the Southern Hemisphere.
Spatiotemporal variability in volcanic Hg emissions may obscure atmospheric trends forced by anthropogenic
emissions at some locations. This should be considered when selecting monitoring sites to inform global
regulatory actions. Volcanic emission estimates from this work suggest the pre-anthropogenic global
atmospheric Hg reservoir was 580 Mg, 7-fold lower than in 2015 (4,000 Mg).

Plain Language Summary Volcanism is widely recognized as the most important natural source
of mercury (Hg) globally, but existing emissions estimates contain substantial uncertainty. This study combines
satellite observations of sulfur dioxide (SO,) in volcanic plumes and measured Hg:SO, ratios to quantify the
magnitude and spatiotemporal variability of global volcanic Hg emissions. Using a global model, we show that
the spatial pattern of volcanic releases and atmospheric dynamics result in greater concentrations of volcanic
Hg in the mid-latitude Northern Hemisphere compared to the mid-latitude Southern Hemisphere. Modeling
results suggest that variability in volcanic Hg emissions at some locations may obscure trends in atmospheric
Hg concentrations driven by human emissions. The influence of volcanic Hg emissions should therefore

be considered during selection of global monitoring sites used to track the progress of regulatory actions
designed to mitigate Hg pollution. Volcanic release estimates from this work suggest the natural atmospheric
Hg reservoir was ~7 times smaller than in 2015, reinforcing that humans have profoundly disrupted the global
biogeochemical Hg cycle.

1. Introduction

Mercury (Hg) is a priority pollutant in the biosphere due to its toxicity and strong biomagnification in food webs
(Obrist et al., 2018). Despite decades of research, there is still considerable debate about the amount of natural
Hg in the environment (Edwards et al., 2021; Pyle & Mather, 2003). Volcanoes are the main natural Hg source
to the biosphere, and past estimates of annual emissions vary by three orders of magnitude (<1 to 1,000 Mg a=1!)
(Ferrara et al., 2000; Nriagu, 1989; Varekamp & Buseck, 1981). Little is known about spatial and temporal vari-
ability in Hg releases from volcanic Hg sources, which is important for interpreting changes in atmospheric Hg
concentrations and deposition at specific locations. Here we present refined estimates of volcanic Hg releases
and their fate in the global environment based on advances in satellite monitoring of sulfur dioxide (SO,) and
global modeling.

Volcanic Hg emissions are typically estimated by indexing Hg releases to sulfur dioxide (SO,) fluxes. Differences
in magma composition, gas chemistry, and emission temperatures can lead to spatial (Bagnato et al., 2015) and
temporal variability (Witt et al., 2008a, 2008b) in Hg:SO, ratios (Aiuppa et al., 2007; Bagnato et al., 2007). In
volcanic plumes, SO, is enriched relative to the background atmosphere and can be measured by remote sens-
ing because it absorbs ultraviolet light. Global satellite monitoring provides high-resolution estimates of small
(~8 kt SO, a~!) and diffuse volcanic sources (Carn et al., 2016, 2017; Fioletov et al., 2023). Global estimates
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of volcanic SO, emissions have increased from 13 to >20 Tg a~! due to improvements in satellite sensors and
extended spatial/temporal coverage (Andres & Kasgnoc, 1998; Carn et al., 2016, 2017; Fioletov et al., 2023).

Volcanic plume injection altitude and Hg speciation both affect the atmospheric lifetime of emissions and spatial
patterns of subsequent deposition. Some explosive eruptions inject Hg into the upper troposphere and lower
stratosphere, which extends the lifetime of Hg prior to deposition and increases long-range transport (Gratz
et al., 2015). The long half-life of elemental Hg (Hg®) in the troposphere allows hemispheric to global transport
after release, but other forms (Hg!" species, including particle-bound) are highly water soluble and deposit rapidly
(Horowitz et al., 2017). Rapid redox reactions in volcanic plumes cause Hg:SO, ratios to change during plume
dispersal (Aiuppa et al., 2007; Bagnato et al., 2011; Von Glasow, 2010; Zambardi et al., 2009). Halogens known
to oxidize Hg? are co-emitted from volcanoes, increasing Hg!' in plumes and decreasing atmospheric Hg life-
time (Von Glasow, 2010; Zambardi et al., 2009). Some prior measurements suggest that >90% of volcanic Hg
emissions are present as Hg? immediately after degassing (Bagnato et al., 2007, 2011; Witt et al., 2008a, 2008b).
However, available measurements from sites in Italy (Dedeurwaerder et al., 1982; Zambardi et al., 2009) and
model calculations (Von Glasow, 2010) suggest rapid oxidation of Hg? occurs as the plume ages, sustaining up to
60% of total Hg as Hg'". While oxidant concentrations and volcanic plume altitude are known to be important for
Hg deposition patterns, neither has been evaluated in past work.

The main objectives of this work are to: (a) develop improved Hg emissions estimates from volcanism and (b)
simultaneously consider the influence of both atmospheric dynamics and chemistry on the spatial patterns of Hg
deposition attributable to volcanic sources. We use timeseries data of satellite-derived volcanic SO, emissions
(Carn, 2022; Edwards et al., 2021; Fioletov et al., 2023) and measured variability in volcanic plume Hg:SO,
ratios to characterize spatial and temporal variability in global Hg releases from volcanism. We simulate volcanic
Hg deposition from 2005 through 2021 by forcing the GEOS-Chem global 3-D atmospheric chemical transport
model (Shah et al., 2021) with refined emissions estimates from volcanism. These results provide insights into
the contributions of volcanic Hg to contemporary atmospheric observations and the atmospheric lifetimes of
Hg emitted from different categories of volcanism. Finally, we use a geochemical box model to reconstruct the
natural Hg budget prior to human influence based on the updated volcanic Hg releases estimated in this study.

2. Data and Methods
2.1. Spatial and Temporal Hg Emissions From Global Volcanism

We estimated emissions for three categories of volcanism: passive degassing (gaseous emission with no coin-
cident eruption of magma), effusive eruptions (outpouring of lava onto the ground), and explosive eruptions
(expulsion of volcanic ash and gases into the atmosphere following depressurization at the vent). We used the
global catalog of large anthropogenic and volcanic SO, sources to estimate passive degassing fluxes from 2005
to 2021 (Fioletov et al., 2023). These data were generated using retrievals from multiple satellite spectrometers
(OMPS, OMI, TROPOMI) (Fioletov et al., 2023). Uncertainties in SO, emissions from passive degassing were
assumed to follow a Gaussian distribution and varied from 4% to 81% among individual sources depending on
source magnitude, satellite overpass frequency, vent elevation, and albedo (Fioletov et al., 2023).

Eruptive SO, emissions data were from the Multi-Satellite Volcanic Sulfur Dioxide Database (v4), which cata-
loged explosive and effusive eruptions that occurred between 1978 and 2022 (Carn, 2022). For effusive and
explosive eruptions, we assumed uniformly distributed SO, emission uncertainties based on past work of +50%
for smaller eruptions with a volcanic explosivity index of <4 and +20% for larger eruptions (VEI > 4) (Ge
et al., 2016). The emission data set included 194 independent volcanic sources. The Supporting Information S1
(Text S2) provides additional details on uncertainty propagation for SO, emissions.

We used a bootstrap approach (Efron & Tibshirani, 1986) to quantify how the distribution of measured Hg:SO,
ratios (Table S1 in Supporting Information S1; Edwards et al., 2021) affects volcanic Hg emissions estimates. We
estimated Hg emission flux for each volcano as the product of a Hg:SO, ratio randomly selected from available
observations and the SO, flux for that volcano, sampled from within its uncertainty. We repeated this procedure
over 10,000 iterations. Measured values were used for volcanoes with available Hg:SO, data. For volcanoes with
no Hg measurements, we randomly selected Hg:SO, values from among all global measurements. Sites with
available Hg:SO, measurements included 18 of the 194 volcanic SO, sources in the satellite record, represent-
ing 39% of total SO, emissions from passive degassing, 3% from explosive eruptions, and 60% from effusive
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eruptions. Hg:SO, ratios were available from seven additional sites where the SO, flux was too small or transient
for accurate satellite quantification. We included these seven Hg:SO, ratios in the bootstrap sampling distribution.
We partitioned global Hg emissions among specific volcanic sites and events based on relative SO, emission
magnitudes for use in global atmospheric modeling.

Prior work has estimated Hg emissions from volcanism by applying a uniform Hg:SO, value (Bagnato et al., 2015;
Li et al., 2020). To generate a comparable result, we identified the central Hg:SO, ratio estimate from Bagnato
etal. (2015) (7.8 pg g~!) and combined this with the central estimate for SO, emissions. The difference between
results from the bootstrap analysis and uniform scaling illustrates the effects of explicitly quantifying uncertainty
in Hg:SO, ratios and SO, emissions in this work.

2.2. Global Atmospheric Modeling of Volcanic Hg Fate

We simulated the atmospheric transport and deposition of volcanic Hg emissions using the GEOS-Chem chem-
ical transport model (v12.8, www.geos-chem.org). GEOS-Chem uses assimilated meteorological fields from the
MERRA-2 reanalysis product and simulates atmospheric Hg chemistry using a state-of-the-science oxidation
and reduction mechanism (Gelaro et al., 2017; Shah et al., 2021). The most recent version of the Hg model (Shah
et al., 2021) incorporates gas-phase photolysis of oxidized Hg species and builds upon the multi-phase, two-stage
oxidation mechanism developed in prior versions (Horowitz et al., 2017). This simulation bridges laboratory and
computational chemistry results and has been extensively evaluated to ensure consistency with observational
constraints (Horowitz et al., 2017; Shah et al., 2021). All simulations were conducted at a 2° X 2.5° horizontal
resolution using a 72-level vertical model grid. Each simulation was initialized from a restart file following a
5-year spin-up, and volcanic Hg emissions were paired with the corresponding meteorological year.

We used the HEMCO emissions module (v2.2.0) (Keller et al., 2014) within GEOS-Chem to release Hg at
specific altitudes for different volcanic events and evaluate the effects of plume injection altitude on the life-
time and dispersal of Hg released by eruptive volcanism. Emissions from effusive and explosive eruptions were
released to a height corresponding to the upper third of the distance between the vent altitude and the uppermost
extent of the volcanic plume, following previously established methods (Chin et al., 2000; Ge et al., 2016). Hg
emissions from passive degassing were mixed into the planetary boundary layer following the standard scheme
used for anthropogenic emissions (Lin & McElroy, 2010). This scheme does not account for passive releases from
a few high emitting volcanoes that may result in buoyant plumes and high-altitude releases, but presently there is
no standardized way to represent such phenomena in the model.

We performed separate 17-year global simulations (2005—end of 2021) for each category of volcanism (passive
degassing, effusive eruptions, and explosive eruptions) and for two functionally defined Hg species (Hg? and
Hg™). This approach allows for sensitivity analysis of atmospheric concentrations and deposition to speciated
emissions from a given process using source-receptor methods (Corbitt et al., 2011). We specified plume speci-
ation based on average values simulated by Von Glasow (2010) over the 3 days following eruption (i.e., 8%
[2%-10%] particulate bound Hg", 23% [7%-46%] gaseous Hg", and 69% [44%-91%) Hg®). Hg" species were
initially specified as HgCl,(g), for consistency with the Shah et al. (2021) benchmark.

2.3. Model Experiments Varying Plume Height and Hg Speciation at Two Sites

We conducted separate model experiments using GEOS-Chem to evaluate the effects of plume injection altitude
and Hg speciation on the fate of volcanic Hg emissions. In each experiment (n = 576), we simulated an eruption
emitting 100 Mg Hg over 1 day and tracked its dispersion for 6 months. The plume was released to one of six
atmospheric pressure levels (945-18 hPa), and Hg speciation was specified as one of three gaseous Hg species
(Hg®, HgCl,, HgBr,) or one particulate species (Hg(II) chloride salts on sea salt aerosol). Eruptions were simu-
lated at a mid-latitude volcano (Mount Saint Helens; 46.19°N, 122.20°W) and a tropical volcano (Mount Pina-
tubo; 15.14°N, 120.35°E) to evaluate effects from differences in tropopause height and atmospheric transport.
Each experimental treatment was replicated over 12 start dates on the first day of each month.

2.4. Global Geochemical Box Modeling

We simulated the natural global Hg budget by forcing a 7-box geochemical model (Global Biogeochemical Box
Model [GBBM]) (Amos et al., 2013, 2014) with the volcanic emissions estimated in this work to steady state
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Table 1
Global Mercury Emissions From Volcanism®

SO, (Tga™) Hg, traditional scaling® (Mg a~!) Hg, best estimate® (Mg a=!)

Flux type Year range Active sites (n) nto nto Median (IQR)
Passive degassing 2005-2021 106 20+ 1.6 155 + 109 211 (157-301)
Effusive eruptions 1979-2021 30 1.4+04 11 +38.1 9.1 (5.5-17)
Explosive eruptions 1978-2021 119 1.3+0.2 10+7.5 12 (8.1-18)
All categories 23 =27 177 £ 125 232 (170-336)

“Emission magnitudes and uncertainties represent the temporal mean over the time range provided. *Global volcanic Hg emissions estimated using a uniform Hg:SO,
ratio from Bagnato et al. (2015) (7.8 pg g~') and the central SO, emissions estimate from satellite data. “Global volcanic Hg emissions estimated using a bootstrap
procedure for sampling the empirical distribution of Hg:SO, ratios and SO, emission fluxes from each volcano, over 10,000 iterations. IQR = interquartile range. Note
that emissions are generally reported to two significant figures; three significant figures are reported where emissions exceed 100 Mg a='.

(Table S4 in Supporting Information S1). Model compartments included the atmosphere, three ocean compart-
ments delineated by depth (surface, intermediate, deep), and three compartments for terrestrial vegetation and
soils delineated by carbon turnover time (fast, slow, and protected). The model is defined as a system of first-order
differential equations of the form:

dm

T Km +s
in which m is a vector containing the mass in each of the seven reservoirs, s is a vector containing inputs to each
reservoir and K is the 7 X 7 matrix of rate coefficients coupling each reservoir pair (Amos et al., 2013). We addi-
tionally included natural inputs of Hg from deep-sea hydrothermal vents (50 Mg a~!) to the deep ocean based on
Hg concentrations measured in vent fluid (4-10 pmol kg™') (Lamborg et al., 2006; Lee et al., 2015) and the upper
range of flows to the deep ocean (1-4 x 10" g a~!, 1 Sverdrup) (Lamborg et al., 2006; Mottl, 2003).

3. Results and Discussion
3.1. Global Volcanic Emissions

Results of the bootstrap simulation suggest global volcanic Hg fluxes across all emission categories are 232 Mg a™!
(interquartile range = 170-336 Mg a~'). Passive degassing (211 [157-301] Mg a~') accounts for 91% of emis-
sions. Effusive (9.1 [5.5-17] Mg a~!) and explosive (12 [8.1-18] Mg a~!) eruptions make up the remaining 9% of
volcanic emissions (Table 1). Uniform scaling of Hg:SO, ratios produces lower passive degassing estimates than
the bootstrap analysis (155 + 109 Mg a~'; mean + standard deviation) and comparable estimates for effusive and
explosive eruptions (11 + 8.1 and 10 + 7.5 Mg a™!, respectively; Table 1).

The bootstrap method (“Best Estimate,” Table 1) better captures high-emitting sites that elevate the total Hg
emissions relative to the uniform scaling method used in most past work (“Traditional Scaling,” Table 1).
Hg:SO, measurements exhibit a long-tailed distribution, implying that most volcanoes fall below the mean of the
observed Hg:SO, distribution, while a few volcanoes emit at a much higher ratio. This distribution highlights the
presence of a few “super-emitting” sites characterized by high Hg:SO, ratios that disproportionately affect global
volcanic Hg emissions.

3.2. Greatest Volcanic Hg Releases in the Tropics and Mid-Latitude Northern Hemisphere

Most (75%) global volcanic Hg releases are concentrated in the tropics. Emissions of 67 Mg Hg a~! are released
in the Northern Hemisphere (NH) tropics (Equator—23.5°N) and 107 Mg Hg a~! are released in the South-
ern Hemisphere (SH) tropics (Equator—23.5°S). These emissions undergo interhemispheric exchange during
seasonal migration of the Intertropical Convergence Zone. This results in elevated mean tropical atmospheric
Hg concentrations (+28%) and deposition (+61%) attributable to volcanic emissions compared to extratropical
regions (Figure 1).

By contrast, the magnitude of volcanic Hg sources and associated atmospheric concentrations and deposition
varies between the extratropical NH and SH (Figure S1 in Supporting Information S1). In the mid-latitude SH
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Figure 1. Effects of volcanic mercury emissions on annual mean (2005-2022) concentrations and deposition. Panel (a)
shows surface-level atmospheric Hg® concentrations from primary volcanic Hg emissions. Panel (b) shows simulated net
deposition flux (wet and dry). Simulations were conducted using the GEOS-Chem global atmospheric Hg model (v12.8, Shah
et al., 2021) forced with daily volcanic Hg emissions (2005-2022) from three eruption categories (passive degassing, effusive
eruptions, and explosive eruptions). Light red represents values above 20 ppq and 5 pg m~2 a~! for panels (a, b), respectively.

(23.5°5-66.5°S), only 6.2 Mg a~! of volcanic Hg is emitted compared to 51 Mg a~! in the mid-latitude NH
(23.5°N-66.5°N). Negligible volcanic Hg emissions occur in polar regions (<0.1 Mg a~!, Figure S1 in Support-
ing Information S1).

These differences propagate to atmospheric concentrations and deposition due to the relatively long timescales
required for extratropical interhemispheric mixing. Extratropical Hg emissions largely remain in their hemi-
sphere of origin because the lifetime of Hg against deposition (z = 5.5 months in troposphere, Shah et al., 2021)
is shorter than the timescales required for interhemispheric transport (~1-1.5 years) (Geller et al., 1997; Jacob
et al., 1987). For example, volcanic Hg emissions cause surface-level (0-320 m) atmospheric Hg concentrations
to be 83% greater in the extratropical NH than in the extratropical SH (Figure 1a).

Volcanism disproportionately affects total atmospheric Hg concentrations and deposition in several regions
(Figure 1). For example, Kamchatka, Japan, Melanesia, Central America, Central Africa, Hawaii, and the Medi-
terranean all have volcanic Hg deposition levels that exceed 5 pg m~2 a~! (light red in Figure 1b). This occurs
even though the total magnitude of volcanic Hg emissions (232 Mg a~!) is approximately an order of magnitude
less than contemporary anthropogenic emissions of ~2,000 Mg a~! (Shah et al., 2021; Streets et al., 2019).

3.3. Large Temporal Variability in Eruptive Hg Emissions

Eruptive volcanic emissions show much greater interannual variability than passive degassing. Over the last
several decades, Hg emissions from explosive eruptions have varied by approximately three orders of magnitude
from year to year. Between 1979 and 2022, the lowest eruptive Hg releases occurred in 1987 when eruptions at
Klyuchevskoy (Russia) and Nyamuragira (Democratic Republic of the Congo) released <0.1 [0-0.1] Mg Hg a~".
Highest eruptive Hg emissions occurred in 1991 (79 [44-160] Mg a~') when Mount Pinatubo in the Philippines

released an estimated 55 [23—120] Mg Hg (Table S5 in Supporting Information S1).

The impacts of volcanic Hg emissions on atmospheric Hg concentrations and deposition are greatest in the days
to weeks following effusive and explosive eruptions. Modeling suggests that individual explosive eruptions since
2005 have enhanced Hg concentrations by >200 ppq during the month of the eruption within the 2° X 2.5° area
surrounding the vent. This represents an approximate doubling of Hg mixing ratios relative to the background
atmosphere, though ventilation and high plume injection altitudes mitigate near-field deposition impacts. In
comparison, large effusive eruptions may cause greater near-field deposition because of lower injection altitudes
and longer lasting eruptive events. We estimate that the largest effusive eruptions from Kilauea (Hawaii, USA)
increased atmospheric Hg concentrations by >300 ppq and deposition by 33 pg m~2 in June 2018, and annual
deposition increased by 91 pg m=2 during 2018-2019.

Effects of variability in volcanic Hg emissions on atmospheric Hg concentrations and deposition should be
considered when establishing new stations for monitoring how reductions in anthropogenic Hg emissions affect
atmospheric Hg concentrations. This question is essential for evaluating the effectiveness of the global Minamata
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Figure 2. Fate of a 100 Mg pulse of volcanic Hg released to the atmosphere. Panel (a) shows the effects of varying plume injection altitude on the fraction of initial
mass remaining 10 days after the pulse was released. Panel (b) shows the effects of differences in Hg speciation of the initial pulse on atmospheric Hg mass trends
over the 3 months following eruption for each emitted Hg species (subpanels) and pressure level (point color). All experiments were conducted using the GEOS-Chem
atmospheric Hg model (v12.8) (Shah et al., 2021). (a) Error bars and (b) shaded regions show variability (1o) based on release location (Pinabuto and Mt. St. Helens)
and eruption date. Oxidized Hg species are annotated as gaseous (g) or particulate (p).

Convention on Mercury (Pirrone et al., 2013). For example, volcanic Hg emissions drive interannual variabil-
ity (1o) of up to 9.6% of annual mean atmospheric Hg concentrations at existing monitoring sites (Table S3 in
Supporting Information S1). Volcanic emissions also produce atmospheric Hg trends ranging from —0.49% a~!
(AMNet HI0O0; Hawaii, USA) to +0.42% a~! (GMOS MIN; Minamata, Japan) from 2005 to 2022 (Table S3 in
Supporting Information S1), which is 20%-40% of the —1.2% a~! to —2.1% a~! trend observed since the 1990s
at mid-latitude NH sites (Zhang et al., 2016). Variability in volcanic Hg emissions may therefore confound inter-
pretation of atmospheric Hg trends in response to shifts in anthropogenic emissions at some monitoring sites and
should be considered when interpreting temporal trends.

3.4. Atmospheric Hg Lifetime Dictated by Plume Injection Altitude for Eruptive Emissions

Volcanic eruptions can introduce Hg to the upper troposphere and lower stratosphere, thereby extending its
lifetime in the atmosphere. Model experiments show much lower (10-15x) initial deposition of oxidized Hg in
plumes released to 101 hPa (~16 km) from Mt. Pinatubo (tropics) and Mt. St. Helens (mid-latitude NH) relative
to those released near the surface (945 hPa = ~0.6 km). We found >90% of oxidized Hg released to 945 hPa was
re-deposited within 10 days, compared to <60% at 625 hPa (~3.9 km) and 13% at 227 hPa (11 km) (Figure 2).
This pattern reflects decreased scavenging by precipitation with higher altitude throughout the troposphere.

After ~10 days, modeling results show a pronounced “elbow” in the atmospheric loss rate (Figure 2b). This
occurs when the volcanic plume of oxidized Hg has been either scavenged by precipitation and particle settling,
or it has undergone conversion to Hg® via aerosol uptake of HgCl,,, and HgBr, ,, followed by photoreduction of
aqueous organic aerosol (Hg”P(Org)) to Hg® (Shah et al., 2021). Atmospheric Hg remaining after 10 days generally
follows first-order loss with an average atmospheric lifetime of 5.3 months across model experiments. This result
is consistent with the overall tropospheric lifetime of 5.5 months from Shah et al. (2021) and observationally
constrained values of 4—7 months (De Simone et al., 2014; Holmes et al., 2010; Horowitz et al., 2017).

The volcanic plume injection altitude of Hg? is less important for the atmospheric lifetime because it is sparingly
soluble and is not scavenged by precipitation. Approximately half of Hg? released near the surface (945 hPa) in
model experiments was lost within 10 days (Figure 2). We found only small differences between volcanic plume
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Volcanic Hg in plumes reaching the stratosphere exhibit substantially longer
lifetimes against deposition. Minimal losses (<5%) were observed in model
Sotﬂnrf?ﬁ experiments for both oxidized Hg and Hg? at the 101 hPa (16 km) level, with

Intermediate greater losses observed at Pinatubo (tropics) owing to the higher position of
MLD-1000m the low-latitude tropopause compared to Mt. St. Helens (mid-latitude NH).
Deep The deposition lifetime of Hg may increase with altitude above the tropo-
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pause, where vertical mass transport is slow. No appreciable atmospheric Hg

Figure 3. Natural global mercury (Hg) budget prior to human influence.

removal was observed over the six months following release for any of the Hg
species emitted to the highest altitudes (18 hPa; 27 km), which may be rele-

Simulated Hg mass (Gg; black and white) in major reservoirs is calculated vant for the very largest eruptions emitting material to 40-57 km (Holasek

at steady state using the seven-compartment global biogeochemical mercury et al., 1996; Proud et al., 2022).

model (Amos et al., 2013, 2014). Updated fluxes from the model are provided
in Table S4 in Supporting Information S1. Geogenic emissions (red) are

In summary, these results reinforce that the atmospheric lifetime of volcanic

based on the central estimate for all categories of subaerial volcanism (passive ~ Hg emissions is primarily controlled by Hg speciation, but plume injection
degassing, effusive eruptions, and explosive eruptions) presented in this work altitude is most important for explosive eruptions. Explosive eruptions inject
(0.23 Gg a™), and from submarine hydrothermal activity (0.05 Gg a™). Ocean  Hg to the upper troposphere and stratosphere, where rates of scavenging by

compartments are annotated with their corresponding depth scale, with a
global average mixed layer depth of ~54 m (Montégut, 2004).

precipitation and settling particles are slow and Hg emissions are likely to
undergo chemical processing with background air masses before removal.
In contrast, a large proportion of near-surface releases from passive degas-
sing deposit close to the source, particularly when Hg is emitted in oxidized
forms. Additional constraints on factors controlling the lifetime of Hg in volcanic plumes may be gained though
mechanistic studies on Hg sorption and removal by sulfate-rich volcanic ash (Koenig et al., 2023).

3.5. Natural Global Biogeochemical Hg Cycle

Natural Hg releases estimated in this study using the GBBM support a pre-anthropogenic atmospheric Hg reser-
voir of 580 Mg (IQR: 410-820 Mg, Figure 3) compared to 4,000 Mg estimated for 2015 (Shah et al., 2021). Hg
releases from deep-ocean hydrothermal vents (50 Mg a~') account for an estimated 5% of the natural atmospheric
reservoir and 8% of the surface ocean to 1,000 m depth. This reinforces that the natural atmospheric Hg budget is
primarily driven by subaerial volcanism.

The 2013-2015 atmospheric reservoir (4,000 Mg) simulated in GEOS-Chem (Shah et al., 2021) corresponds to
an approximately 7-fold (IQR: 4.9-9.8) enrichment above the natural level simulated using the GBBM. Enrich-
ment factors for Hg based on sediment and peat records have been reviewed extensively in prior work (Amos
et al., 2015; Biester et al., 2007; Cooke et al., 2020; Li et al., 2020). These records indicate that Hg accumulation
rates have increased by a factor of ~5-13 in the modern era (1990-2010) compared to pre-1450 levels. Archives
focusing on shorter records since the industrial revolution (ca. 1850) to maximum 20th century deposition levels
demonstrate lower enrichment factors of approximately 3-5, and mainly reflect shifts in anthropogenic Hg
releases over this period (Fitzgerald et al., 1998; Lamborg et al., 2002).

4. Conclusions

Accounting for the long-tailed distribution of observed Hg:SO, ratios in volcanic plumes results in higher volcanic
Hg flux estimates (232 Mg a~!) compared to the traditionally used method of uniformly scaling Hg:SO, ratios
(177 Mg a~') (Bagnato et al., 2015). This implies that a few volcanoes with high Hg:SO, contribute dispropor-
tionately to the global total and should be identified and monitored to better constrain spatial and temporal release
estimates. Cumulative SO, emissions are strongly impacted by only a few sites, indicating that a large fraction
of global Hg emissions could be continuously observed through directed measurement. Eruptive emissions have
varied by three orders of magnitude over the last four decades but are less important than passive degassing on
an annualized basis (21 vs. 211 Mg a™!). Interannual variability in volcanic emissions may obscure atmospheric
trends forced by anthropogenic emissions at certain monitoring sites. Accounting for contributions of volcanic
Hg at both present and future monitoring locations is therefore important for long-term trend analysis. For exam-
ple, past work shows that proximity to volcanos in southwest Alaska is an important predictor of both plankton
methylmercury concentrations (Bartz et al., 2023) and Hg isotopic signatures in lake trout (Lepak et al., 2015).
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For explosive eruptions, plume injection altitude controls the atmospheric lifetime of emitted Hg because depo-
sition declines with plume altitude in the days following eruption. For passive degassing and effusive eruptions,
Hg speciation in the volcanic plume is most important for the atmospheric lifetime of Hg emissions. The highest
concentrations and deposition of volcanic Hg emissions occur in the tropics. More volcanic Hg is present in
the extratropical NH atmosphere compared with the extratropical SH. This reflects both higher emissions and
extended timescales of extratropical interhemispheric exchange that are longer than the lifetime of tropospheric
Hg against deposition. Finally, the present-day (2013-2015) atmospheric Hg reservoir appears to be ~7-fold
(IQR: 4.9-9.8) larger than the natural reservoir based on volcanic release estimates.

This work provides an approach for space-based observation of volcanic Hg emissions and a template for study-
ing the fate of volcanic Hg using mechanistic and dynamical models. Additional measurements of Hg speciation
in magmatic gases, which exhibit wide variation in temperature, initial oxidation state, and oxidant concentra-
tions would further improve and constrain volcanic Hg emissions estimates. Ideally, such research would focus
on improving mechanistic understanding of how Hg:SO, relationships vary with tectonic setting and style of
volcanism.
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