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Australian anthropogenic emissions of mercury have decreased by a factor of two since 2000,
with implications for atmospheric mercury concentrations and deposition to the Australian

continent.
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Abstract

Mercury is a toxic environmental pollutant emitted into the atmosphere by both natural and
anthropogenic sources. In Australia, previous estimates of anthropogenic mercury emissions
differ by up to a factor of three, with existing inventories either outdated or inaccurate and
several lacking Australia-specific input data. Here, we develop a twenty-year inventory of
Australian anthropogenic mercury emissions spanning 2000-2019 with annual resolution. Our
inventory uses Australia-specific data where possible and incorporates processes not included
in other Australian inventories, such as delayed release effects from waste emissions. We
show that Australian anthropogenic mercury emissions have decreased by more than a factor
of two over the past twenty years, with the largest decrease from the gold production sector
followed by brown coal-fired power plants and commercial product waste. Only the
aluminium sector has shown a notable increase in mercury emissions. Using a global 3-D
chemical transport model (GEOS-Chem), we show that the reduction in emissions has led to
a small decrease in mercury deposition to the Australian continent, with annual oxidised
mercury deposition ~3-4% lower with present day emissions than with emissions from the
year 2000. We also find that Australian emissions are not accurately represented in recent
global emissions inventories and that differences between inventories have a larger impact
than emissions trends on simulated mercury deposition. Overall, this work suggests a
significant benefit to Australia from the Minamata Convention, with further reductions to
Australian mercury deposition expected from decreases in both Australian and global
anthropogenic emissions.

Environmental Significance Statement
Anthropogenic mercury emissions to the atmosphere are the most readily controlled driver of
mercury pollution, with subsequent impact on the global mercury cycle. This work
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investigates anthropogenic mercury emissions in Australia, the 136™ country to ratify the
Minamata Convention on Mercury. We show how a combination of industry-driven
technology upgrades, power plant closures, and other factors have led to a steep decline in
mercury emissions over the past two decades. Neither the magnitude nor the sectoral
distribution of these emissions are accurately represented in the global emission inventories
used in modelling studies. Our results highlight the importance of using up-to-date, location-
specific knowledge when constructing anthropogenic emissions inventories for use in
scientific and policy analyses.

1. Introduction

Mercury is a highly toxic trace element, with both natural and anthropogenic sources, that
poses significant hazards to the environment and to human health.>? Mercury emitted to the
atmosphere can be transported significant distances as long-lived gaseous elemental mercury
(Hg® and deposited to ecosystems as both Hg® and highly soluble oxidised mercury (Hg"),
eventually bioaccumulating in food webs in its methylated form.3# To protect against the
detrimental effects of mercury, the Minamata Convention on Mercury, an international treaty,
requires parties to reduce anthropogenic releases of mercury to the environment.® In
December 2021, Australia became the 136" party to ratify the Convention. There is now an
urgent need to understand Australia’s controllable mercury emissions to effectively comply
with the terms of the Convention; however, there is currently no anthropogenic mercury
emission inventory that is fit-for-purpose for modern-day Australia.® Here, we develop a
twenty-year inventory of Australian anthropogenic mercury emissions spanning 2000-2019
and use the new inventory to quantify sectoral trends in mercury emissions and to evaluate
the implications for atmospheric mercury concentrations and deposition.

Australia is responsible for a relatively small share of total global anthropogenic emissions
but on a per capita basis has been estimated to have some of the highest emission rates in the
world.” Historically, the major sources of Australian anthropogenic mercury emissions have
been industrial-scale metal production (mainly gold) and fossil fuel combustion in coal-fired
power plants.® In the past, gold production emissions derived almost exclusively from a
single facility in Kalgoorlie, Western Australia,® while combustion emissions derived from a
mix of brown coal-fired power plants in Victoria and South Australia and black coal-fired
power plants in New South Wales, Queensland, and Western Australia.® Over the past two
decades, both sectors have experienced substantial change. At the Kalgoorlie facility,
technological upgrades have virtually eliminated mercury emissions.® Meanwhile, a third of
Australia’s coal-fired power plants have closed in recent years, including one of the largest
brown coal-fired power plants.©

These changes in the emissions landscape, coupled with uncertainties and inconsistencies in
the calculation of mercury emissions from different sectors, have led to very large disparities
in estimates of Australian anthropogenic mercury emissions. Fisher and Nelson® compared
Australian anthropogenic emission estimates from four global inventories”** and one
national inventory® and found estimates ranged from 7.7 to 27 Mg a*. Much of the difference
stemmed from discrepancies in input datasets and methodologies. For example, most of the
global inventories did not account for the low mercury content and high moisture content
present in Australian coal,® and in one case these errors were compounded by not including
any mercury capture from air pollution control devices at Australian coal-fired power plants.®
The national-scale inventory produced by Nelson et al.2 made the best use of local knowledge
and input data; however, the inventory was developed for 2006, before the changes in the
gold production and power plant sectors outlined above. As a result, Fisher and Nelson®
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concluded that none of the existing inventories are suitable for use in present-day Australia
and none provide consistent and reliable estimates that can be used to track change over time.

An alternative national-scale estimate of Australian anthropogenic mercury emissions comes
from the National Pollutant Inventory (NPI), an Australian emissions database where
facilities self-report emissions on an annual basis. The NPI has the advantage of covering a
long timeframe (since 1999), but there are inconsistencies caused by changes in reporting
thresholds and methodologies that can lead to spurious emissions trends in the database.
Further, the NPI has been found to substantially underestimate mercury emissions from
brown coal-fired power plants® and to have inconsistent or missing data for other sources
such as crematoria.®® These considerations mean that the NPI alone cannot be considered an
accurate representation of Australian anthropogenic mercury emissions and cannot be used
for trend analysis.

A further point of difference between existing inventories is the treatment of waste emissions
from disposal and breakage of mercury-containing products. Horowitz et al.1* previously
showed that because many products are used for decades before disposal, mercury contained
in these products is not emitted until 10-50 years after their production. Global historical
consumption of mercury-containing commercial products peaked in the 1970s* and has since
declined sharply in developed countries. Because of the delayed disposal and associated
mercury emission, the 1970s consumption peak continues to influence present-day mercury
emissions from commercial products. Most existing inventories have ignored these historical
trends and used present-day consumption data to estimate present-day disposal by assuming a
one-to-one relationship between consumption and disposal.®1* However, that assumption will
underestimate waste mercury emissions by not accounting for the fact that products disposed
of today contain more mercury than those produced today. Conversely, the few inventories
that have included delayed emissions from consumer products*2156 have overestimated these
emissions for Australia by not accounting for historical changes in global consumption
patterns.® The differences can be substantial, with waste emissions ranging from as little as 47
kg a! to as much as 5.1 Mg a™* [6l, Meanwhile, the facility-based NPI inventory does not
account for waste emissions at all.

In response to the lingering uncertainties in quantifying Australian mercury emissions,
development of an updated, time-varying Australian anthropogenic emissions inventory has
been identified as a critical research need.® In this paper, we address that need. We combine
mercury emission data from the NPI with improved estimates of mercury emissions from
coal-fired power plants, cremation, and disposal of commercial products (accounting for
delayed release) to quantify annually resolved, spatially distributed emissions from 2000 to
2019. We evaluate national-scale trends in sectoral and total anthropogenic emissions over
the past two decades and then use these emissions as input to a global atmospheric mercury
model to investigate the impact on regional atmospheric mercury concentration and
deposition.

2. Methods

2.1 Development of the emission inventory

We constructed a new anthropogenic emissions inventory for Australia with annual
resolution from 2000 to 2019. The inventory includes both point source and distributed
emissions. Section 2.1.1 describes the point source emissions, derived largely from the NPI
but with exceptions for coal-fired power plants. Section 2.1.2 describes the distributed
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emissions. Section 2.1.3 provides the speciation information, and Section 2.1.4 describes the
uncertainties.

2.1.1 Point-source emissions

The NPI was used for point source emissions in sectors where previous work by Nelson et
al.2 showed the NP1 data to be consistent and reliable. These sectors were production of gold,
aluminium group metals (aluminium, alumina, and bauxite) and other metals (nickel, iron,
steel, zinc, magnetite, manganese, copper, lead, lithium, uranium, and mixed metals); cement,
clay and concrete production; chlor-alkali production; oil refining; and other industrial
sources. While Nelson et al.2 also used the NPI for black coal-fired power plants, we found
discrepancies in the NP1 data for this sector as detailed below and therefore did not use the
NPI data for power plants.

NP1 data for each year were downloaded directly from the NP1 website.r” The annual NPI
data are provided on an Australian financial year basis (1 July to 30 June); in what follows,
we refer to these emissions by the year in which they start (e.g., the reported 2000-2001
emissions are referred to as “2000 emissions’) to make the text more readable. Data in the
NPI are reported by each facility that emits any of 93 specified pollutants to air, land or
water, as mandated by the Australian National Environmental Protection Measure. For
mercury, the mandatory reporting threshold is currently 5 kg a* but was 10 Mg a* until 2007.
To avoid discontinuities in our inventory, we examined the NP1 logs that record the year in
which facilities were first added to the database for any significant emission sources added to
the database between 2000 (when our inventory begins) and 2007 (when the threshold
changed). The Gidji roaster, a single facility that once dominated Australia’s anthropogenic
emissions,® has been operational since 1989 but was only added to the database in 2004. For
earlier years, we estimated emissions from the Gidji facility using an emission rate of 1.08 kg
hr measured during stack testing conducted by Kalgoorlie Consolidated Gold Mines Pty Ltd
(KCGM).*8 Following the same assumptions used by KCGM, we assumed the roaster was
operating 75% of the time during these years. Our calculated emissions for the Gidji roaster
in these earlier years (shown in Section 3) are within 10% of the reported emissions for 2004.
Apart from the Gidji roaster, we found that none of the other facilities added to the NPI
between 2000 and 2007 were major mercury emitters, with all added facilities combined
accounting for less than 1% of total annual emissions. We therefore ignored emissions from
these facilities in the years before they were added to the database.

For brown coal-fired power plants, Nelson® found that the NP1 substantially underestimates
mercury emissions because when coal mercury contents are not known, facilities are allowed
to estimate emissions using a generic mercury emission factor (1.610° kg tonne™* at the time
of their work®). By comparing the NPI-reported emission to a separate estimate based on coal
consumption data and measured brown coal mercury contents, Nelson® showed that the
generic mercury emission factor in the NP1 was much too low (by a factor of ~20),
overestimating mercury capture in air pollution control devices and underestimating
emissions. In 2012, the NPI increased the generic emission factor to 2.6¢10° kg tonne* [19],
While use of the newer emission factor would lead to emission estimates that are better
aligned with the consumption-based estimates of Nelson®, the change to the reporting
methodology causes inconsistencies in the NPI record between emissions reported before
2012 and those reported after.

We therefore did not use the NPI estimates for brown coal-fired power plants and instead
calculate the emissions using the coal consumption-based method described by Nelson®.
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Annual total Australian brown coal consumption was obtained from the Australian Energy
Update 2020 (Table P)?° and multiplied by an assumed coal mercury content of 0.032 ppm
based on extensive measurements from Australian brown coals?! and corrected for moisture
content®. This estimate was then corrected for mercury capture by electrostatic precipitator
(ESP) air pollution control devices using an assumed mercury capture rate of 2% as
recommended in the NPl Emission Estimation Technique Manual.*® Note that ESPs are the
only air pollution control technology in use in Australian brown coal-fired power plants and
are known to have relatively poor capture efficiencies for mercury from brown coals.®*!

Total annual emissions from brown coal-fired power stations calculated as described above
were then distributed amongst the eight power stations that were active at some point during
the 2000-2019 inventory period. To do so, we used the distribution of carbon dioxide (COz2)
emissions as a proxy for the distribution of mercury emissions, following Schofield et al.??
For each power plant in each year, we calculated the fractional contribution to CO2 emissions
from all brown coal-fired power plants active in that year and applied that fraction to total
annual mercury emissions from brown coal-fired power plants. CO2 emissions from each
power plant were obtained from the Australian Clean Energy Regulator?® for every year from
2013 onwards. Prior to 2013, reliable CO2 emission data were unavailable, and so the CO2
fractions calculated for 2013 were used for all earlier years (we did not use a multi-year
average, as several power plants closed between 2013 and 2019).

For black coal-fired power plants, Nelson® previously found that the NPI did not suffer from
the same biases as seen for brown coal-fired power plants. In that analysis, based on data for
the year 2004, the NPI-reported emissions were consistent with the coal consumption-based
estimate, assuming a mercury capture efficiency of 67%. The 67% capture rate used by
Nelson® was consistent with the NPl recommendations at the time (46% for ESPs and 83%
for Fabric Filters, FFs), but these numbers were revised in 2012 to a much lower rate of 19%
for both technologies.*® More recently, Garg et al.?* found that the NP1 significantly
underestimated mercury emissions from black coal-fired power plants in New South Wales
relative to estimates based on electricity data.

For our analysis, we compared NPI-reported emissions to those calculated based on coal
consumption (as used for brown coal-fired power plants) and found significant discrepancies,
with the NPI estimates 20-300% lower. Trends from the NPI were also unreliable, with year-
to-year inconsistencies caused by changes in reporting methods, including the change to the
mercury capture rates and associated emission factors in 2012.° We also compared both
emission estimates to independent electricity generation data from black coal-fired power
plants?® and found only the consumption-based estimate reproduced the interannual
variability of the electricity data.

We therefore estimated emissions from black coal-fired power plants using the same method
as used for brown coal-fired power plants. Annual total Australian black coal consumption
was obtained from the Australian Energy Update 2020 (Table P)?° and multiplied by an
assumed coal mercury content of 0.05 ppm based on measurements from 100 Australian
black coal samples.®252 This estimate was then corrected for mercury capture using the 19%
mercury capture rate currently recommended in the NPI Emission Estimation Technique
Manual.'® We then distributed the emissions amongst black coal-fired power plants using
COz2 emissions as a proxy, as for the brown coal-fired power plant emissions.
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2.1.2 Distributed emissions

In addition to the point-source emissions, our inventory includes distributed emissions from
cremation, petroleum products (e.g., crude oil, gasoline, diesel), and waste from consumer
products that contain mercury. All distributed emissions were first calculated at national scale
as described below and then distributed using population density (as in Nelson et al.8).
Population data came from the Centre for International Earth Science Information Network.?’
The dataset provided gridded population data at 15 arc-minute resolution every five years
from 2000 to 2020, which we interpolated for population estimates in the intervening years.

Australian cremation emissions were estimated by combining the annual number of deaths
from the Australian Bureau of Statistics?® with an assumed cremation rate of 67% (based on
information from the Australasian Cemeteries & Crematoria Association®). We applied a
mercury emission factor of 1.55 g Hg per cremation as specified in the NP1 Emission
Estimation Technique Manual.?® To the best of our knowledge, mercury capture devices are
not used in Australian crematoria.°

For petroleum product emissions, we followed the methodology of Nelson et al.2 to relate
emissions to consumption. No single consumption dataset was available for the full period, so
we combined 2000-2010 data from the Australian Bureau of Agricultural and Resource
Economics and Sciences®'*? with 2010-2020 data from the Australian Petroleum Statistics
2021.% For the latter, we assumed equivalence between product sold and consumption, which
resulted in consumption values that were on par with those from those from the earlier
dataset. Volumetric consumption was converted to mass units using the following best
estimates of petroleum product densities: 520 kg m for liquified petroleum gas (LPG),3* 750
kg m3 for automotive gasoline,® 890 kg m- for diesel,® 886 kg m for fuel oil,*® 786 kg m
for aviation turbine fuel 3" and 715 kg m- for aviation gasoline.®” From the mercury content
data compiled by Nelson et al.838-4% combined with aviation fuel data,3®*! we assumed
mercury emission factors of 2.32 ug g for LPG, 1.0 ug g* for automotive gasoline, 0.4 ng g
! for diesel, 0.67 pg g* for fuel oil, and 1.5 ug g* for both aviation turbine fuel and aviation
gasoline. We did not include any mercury emissions from consumption of natural gas as
previous work has shown insignificant emissions due to mercury removal during recovery.*?

A major improvement in our inventory over previous inventories is in the treatment of waste
emissions from breakage and disposal of mercury-containing products. Unlike previous
national-scale estimates,® we account for delays between consumption and disposal
(emission) for some products. We improve upon previous global estimates of delayed
emission1516 by better accounting for historical changes in Australia’s share of
consumption. Here we briefly describe our methodology; full details can be found in
Appendix 1.

Following Horowitz et al.,** we first calculated product mercury consumption at decadal
scale (2000, 2010, 2020) for four product categories: lamps, batteries, medical devices, and
wiring and measuring devices. The historical consumption data used here are only available
at the regional (Oceania) rather than national (Australia) scale. We first calculated total
Oceania consumption. For lamps and batteries, we used previously compiled Oceania
consumption data’#34 and extrapolated to 2020. For medical devices, we used developed
world consumption data from Horowitz et al.,** multiplied by the Oceania fraction derived in
that work and extrapolated to 2020. For wiring and measuring devices, we started from the
global and developed world consumption data from Horowitz et al.** and calculated the
Oceania fraction based on regional consumption data from other sources.”#34 In the absence
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of regional data for years earlier than 1990 (needed for the delayed emission calculations), we
assumed Oceania accounted for the same fraction of consumption in earlier decades as it did
in 1990. For all product categories, we derived Australian consumption from Oceania
consumption using Gross Domestic Product at Purchasing Power Parity (GDP-PPP) from the
World Bank* to determine the fraction of Oceania consumption attributed to Australia
(following 7).

We next used the estimated Australian consumption values to estimate disposal. Following
Horowitz et al.,** we assumed delayed (>10 year) disposal only for wiring and measuring
devices; for all other categories, at the decadal scale used at this stage, disposal was assumed
to equal consumption. For wiring and measuring devices, we applied the same delays as in
Horowitz et al.**: 10% disposal 10 years after consumption, 40% disposal after 30 years, and
50% disposal after 50 years.

Next, we calculated mercury emission factors from disposal of mercury-containing products
using the air distribution factors from Horowitz et al.,** which account for both changes in
disposal method (e.g., landfill versus incineration versus recycling) over time and different
emission factors for each disposal method. For 2000 and 2010 emissions, we used the
Horowitz et al.* air distribution factors directly. For 2020, we extrapolated the Horowitz et
al.*# air distribution factors for each disposal method and product to 2020.

Finally, we applied the decadal-scale, product-specific mercury emission factors to the
decadal-scale, product-specific disposal estimates. We then interpolated these from decadal to
annual scale and distributed spatially using population data, as described above.

2.1.3 Speciation

All emission estimates described in Sections 2.1.1 and 2.1.2 provide total mercury emissions.
For input into atmospheric models, we speciated the emissions into component contributions
from gaseous elemental mercury (Hg®), gaseous divalent mercury (Hg"(g), and particulate
mercury (HgP). Speciation factors, along with their source, are shown in Table 1.

Table 1. Speciation factors (%) used to separate total mercury emissions into component
contributions from Hg°, Hg'(g), and Hg".

Sector Hg° Hg'' HgP Source
Black Coal @ 53.4 45.6 1.0 Zhang et al.*6
Brown Coal 58.0 41.0 1.0 Zhang et al.*6
Cement ° 23.8 75.7 0.5 Wang et al.*’
Chlor-Alkali 70.0 30.0 0.0 AMAP/UNEP#
Copper 50.0 50.0 0.0 Zhang et al.*6
Cremation 80.0 15.0 5.0 AMAP/UNEP#
Ferrous Metals 32.1 62.9 5.0 Muntean et al.*3
Gold 32.0 57.0 11.0 Zhang et al.*6
Lead 39.0 61.0 0.0 Zhang et al.*6
Non-Ferrous Metals 80.0 15.0 5.0 Zhang et al.*6
(Exc. Cu, Pb, Zn)

Oil Refining ¢ 77.0 17.0 6.0 Nelson et al.®
Other Industry ¢ 77.0 17.0 6.0 Nelson et al.®
Refined Petroleum 50.0 50.0 0.0 AMAP/UNEP#

Products
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Waste 20 60 20 AMAP/UNEP#
Zinc 55 44 1 Zhang et al.*®

a\Weighted average of speciation factors from FF and ESP plants, assuming a distribution of 57% FF and 43%
ESP in Australian black coal-fired power plants.®

b Average of three cement plants measured by Wang et al.*’

¢ Average anthropogenic Australian speciation calculated from speciation reported in Nelson et al.®

2.1.4 Uncertainty

The primary data sources used here (e.g., the NPI, coal consumption data, etc.) do not
provide uncertainty estimates. We therefore based our uncertainty estimates for each sector
on the Global Mercury Assessment 2018 (GMA2018) Technical Background Report.!! The
total uncertainty for each sector (Ui) is the combined uncertainties from the underlying
activity data (Uab,i), the (unabated) emission factor (Uuer.,i), and the mercury capture
efficiency, referred to in the GMAZ2018 as the “technology factor” (Utr,i):

U; = \/Ufn,i + Ubgr; + Up; (1)

As an example, for coal-fired power plants, Uap, is the uncertainty on the coal consumption
data, Uuer,i is the uncertainty on the unabated emission factor from burning coal (from the
coal mercury contents), and Utr,i is the uncertainty on the mercury capture from ESPs and/or
FFs. We applied Equation 1 to all sectors except waste, for which we assumed an overall
uncertainty of 300% as used in the GMA2018 Technical Background Report.t

In the absence of uncertainty estimates for the primary data sources used here, we took Uap,i
and Uuer,i from the GMA2018 Technical Background Report. For Utr,i, the GMA2018
Technical Background Report sets uncertainty values that vary based on the overall
efficiency of the mercury capture technology.!! For “low abatement™ sectors with mercury
capture rates of up to 30%, Urr,i was set to 40% (capped at O, i.e., no mercury capture). Utr,i
decreased to 20% for “medium abatement” sectors (mercury capture rates of 30-50%) and to
10% for “high abatement” sectors (mercury capture rates of 50-85%). No sectors in our study
had mercury capture rates above 85%. To determine which abatement category to use for
each sector, we used the average reduction efficiencies from the NPI Emission Estimation
Technique Manual*® where possible and otherwise used the values from the GMA2018
Technical Background Report!?.

Table 2 shows the values for Uap,i, Uuer,, and Urr,i used here, along with the total
uncertainty Ui for each sector. We include both a lower and upper bound for the total
uncertainty to account for the fact that Urr.i is capped at 0% for low abatement sectors.

Table 2. Sectoral uncertainty for activity data (Uab,i), emission factors (Uuer,i), mercury
capture efficiency (Utr,i), and combined uncertainty (Ui), in percent (%).

Sector Uabp? Uuer?  UrgeP Ui- Ui—
Lower Upper
Black Coal-Fired Power Plants 5 30 40 30 50
Brown Coal-Fired Power Plants 5 30 40 30 50
Cement Production 5 50 20 54 54
Chlor-Alkali 5 50 10 51 51
Cremation 5 50 40 50 64
Gold Production 5 50 20 54 54
Oil Refining 5 50 40 50 64
Other Industry 5 50 40 50 64
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Other Metal Production 5 50 10 51 51
Refined Petroleum Products 5 50 40 50 64
Waste - - - 300 300

aFrom Table A3.7.1in 1!
b From Table A3.7.3 in 11, capped at 0% for low abatement sectors: black and brown coal-fired power plants,
cremation, oil refining, other industry, and waste.

Finally, to derive the overall uncertainty on total Australian anthropogenic mercury emissions
(U), we combined the individual sectoral uncertainties Ui, weighted by the contribution of the
sectoral emissions Ei to total emissions E:
EiU; 2
U= %(*5) 2
Because both sectoral and total emissions vary annually, the overall uncertainty U also varies
annually in our inventory.

2.2 Chemical transport modelling

To evaluate the implications of the updated emissions inventory for atmospheric mercury
concentrations and deposition, we used the GEOS-Chem chemical transport model (CTM).
The GEOS-Chem mercury simulation is described by Horowitz et al.,*® with updates to the
atmospheric chemical mechanism described by Shah et al.>® Here we use the version
described by Shah et al.,>® a modified version of GEOS-Chem v12.9.0.5! The GEOS-Chem
mercury simulation dynamically couples a global 3-D atmosphere to ocean and terrestrial
reservoirs, with ocean and land mercury concentrations provided as boundary conditions.*
The atmospheric simulation includes Hg® and 24 forms of Hg", with chemical cycling
including gas-phase oxidation reactions, gas-phase and aqueous-phase photolysis, and
multiphase processes in aerosols and cloud droplets.>°

We simulated the full 2000-2019 period, preceded by a two-year spin-up (repeating spin-up
year 1999), with our analysis primarily focused on the final three years of the simulation
period (2017-2019). Our simulations were driven by assimilated meteorology from the
NASA Modern-Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2) reanalysis product.>? We perform global simulations at 2°x2.5° resolution by
downgrading the native MERRA-2 resolution (0.5°x0.625°), as is standard for global GEOS-
Chem mercury simulations.*>% We used model timesteps of 10 minutes for transport and
convection and 20 minutes for emission and chemistry. Mercury emissions are speciated into
contributions from Hg® and Hg", with online gas-particle partitioning of Hg" following Amos
et al.>® We used anthropogenic emissions as described below, along with biomass burning
emissions from the Global Fire Emissions Database Version 4 (GFED4s)>* and natural
emissions (including exchange with surface reservoirs) as described by Horowitz et al.*°

We performed a suite of three model simulations: a base simulation and two sensitivity
simulations. Only the anthropogenic emissions differed between the simulations. For the base
simulation, we used the Streets et al.' global anthropogenic emissions inventory outside of
Australia, overwritten by our new inventory for Australia.

The first sensitivity simulation was designed to understand how changes in Australian
anthropogenic emissions since 2000 have influenced present-day mercury. While the 20-year
simulation provides some indication, it is not sufficient to understand the anthropogenic
influence because of contemporaneous changes in meteorology and other emissions (e.g.,
biomass burning, anthropogenic emissions from other countries). Instead, we repeated the
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final three years of our base simulation (2017-2019) using Australian anthropogenic
emissions from the year 2000. All other parameters (meteorology, biomass burning
emissions, initial conditions, etc.) remained unchanged from the base simulation, meaning
any differences between the two simulations can be solely attributed to changes in Australian
anthropogenic emissions since the year 2000.

The second sensitivity simulation was designed to understand how use of our new inventory
changes simulated present-day mercury relative to the global inventory. To do so, we used
the Streets et al.*® global anthropogenic emissions everywhere, including for Australia. For
this simulation, we repeated the full 2000-2019 simulation period (starting from the same
initial conditions as in the base simulation) to capture the impact of any differences in trends
between the inventories. The final year of emissions data in the Streets et al.'® inventory is
2015, and so 2015 emissions are used for all subsequent years.

3 Results and discussion

3.1 Anthropogenic emissions and trends

The annually resolved, 20-year record of anthropogenic emissions summed over Australia is
shown in Figure 1, which presents the timeseries of total anthropogenic emissions (along with
their uncertainties) shown as the sum of the absolute contributions from each sector, and
Figure 2, which shows the timeseries for each sector individually. Summed over sectors, total
annual anthropogenic mercury emissions decreased by nearly 10 Mg over the past 20 years,
from 18.6 Mg a* in 2000 to 8.9 Mg a* in 2019 (a decrease of 52%). Figure 1 shows that this
decrease is primarily due to the decreasing emissions in the gold production sector. As
discussed previously by Fisher and Nelson,® the dramatic decrease in gold production
emissions can be attributed to a change from roasting to grinding at the Kalgoorlie gold
processing facility. As a result, mercury emissions from gold production decreased by 8.2 Mg
a! from their peak in 2004, accounting for 75% of the total decrease in anthropogenic
mercury emissions since then.
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Figure 1. Annual Australian mercury emissions coloured by sector. Error bars represent the
uncertainty on total mercury emissions, calculated as described in Section 2.1.4.
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Figure 2. Annual anthropogenic mercury emissions by sector from 2000 to 2019. Note the
different scales on each plot.

While the emissions decline was largest for the gold production sector, we find that mercury
emissions from most other sectors also decreased over the two decades from 2000 to 2019.
This can be seen qualitatively in Figure 2. To quantify the change, we used the Mann-Kendall
test (implemented in Python as pyMannKendall®®) to test for the presence of a significant
monotonic trend. For those sectors found to have a significant trend (with 95% confidence),
we used the Theil-Sen estimator®®57 to calculate the magnitude of the trend. The results,
shown in Table 3 in both absolute and relative units, show statistically significant trends in
emissions from all sectors except black coal-fired power plants and production of “other”
metals (excluding gold and aluminium). Decreasing trends were found for most sectors (gold
production, commercial product waste, brown coal-fired power plants, cement production, oil
refining, and chlor-alkali production), with increasing trends for only aluminium production,
cremation, and refined petroleum products.
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Table 3. Average annual 2000-2019 trend (absolute and relative) in anthropogenic emissions
by sector, ordered by the magnitude of the absolute trend. 2

Sector Trend Trend
(kgat)  (%al)
Gold -4623 -4.733
Waste P 6750, -3.25%
Brown Coal -31%; -1.351
Cement -9 -3.97;
Other Industry 62, 245,
Oil Refining 53 -5.2%3
Chlor-Alkali 23, -8.3%3
Refined petroleum +0.55s  +1.601%
Cremation +215 +1.611%
Aluminium +3815 +2.3005
Black Coal n.s. n.s.
Other Metals n.s. n.s.
Total -61052 -3.05%

2 Absolute trend (to the nearest kg except where less than 1 kg a!) calculated as the Theil-Sen slope where
trends are found to be significant with 95% confidence using the Mann-Kendall test. “n.s.” indicates the trend
was not significant. Relative trend calculated from the absolute trend based on the intercept (year 2000) value.
Numbers to the right of each trend give the lower and upper 95% confidence estimates of the trend.

b The annual waste emission estimates are interpolated linearly from the decadal estimates and therefore assume
a continuous trend across each decade. Interannual variability in this source that is not captured in our inventory
could render this trend insignificant.

As shown in Table 3, trends in most sectors were small in absolute terms, with changes of
<10 kg a* (<200 kg over the 20-year study period). The exceptions (in addition to the gold
production sector discussed above) were emissions from commercial product waste (-67 kg a
L or -1300 kg over 20 years), brown coal-fired power plants (-31 kg a* or -600 kg over 20
years), and aluminium production (+38 kg a* or +800 kg over 20 years). The decrease in
emissions from commercial product waste can be explained by the lag between product
consumption and disposal (Section 2.1.2), with peak mercury consumption in earlier
decades'4 influencing the quantity of mercury-containing waste and associated emission.
Larger air emission factors in 2000 than in later decades driven by changes to disposal
practices (e.g., increased recycling; Appendix 1) also play a role.

The decrease in emissions from brown coal-fired power plants can be attributed to the closure
of a number of power stations, in particular the Hazelwood power station in Victoria’s
Latrobe Valley. Prior to its closure in 2017, Hazelwood alone emitted around 500 kg a’?,
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accounting for 20-25% of emissions from the brown coal-fired power plant sector. The
closure of Hazelwood power station was preceded by closure of several smaller brown coal-
fired power stations between 2012 and 2016 (including Playford and Northern in South
Australia and Morwell and Angelsea in Victoria), collectively accounting for mercury
emissions of around 150 kg a* before 2012. Combined, these closures drove a decrease in
mercury emissions from brown coal over the past decade (Figure 2).

The aluminium sector (including mining, refining and production of aluminium, alumina and
bauxite ore) was the only sector with a notable emission increase from 2000 to 2019. The
bulk of aluminium sector emissions come from six bauxite facilities: Worsley, Kwinana,
Wagerup, Pinjarra (all in Western Australia), Queensland Alumina Limited (Queensland),
and Gove (Northern Territory). The growth in aluminium sector emissions can be attributed
to increasing emissions from the Western Australian refineries since 2009; meanwhile,
emissions from Queensland Alumina Limited decreased over the study period, and the Gove
refinery closed in 2014. The mercury emissions trend found here is consistent with Australian
bauxite production and export trends and may be linked to growth in Chinese imports over
this period.>® Despite a brief downturn in 2020, aluminium and bauxite production are
projected to grow in coming years, potentially leading to further growth in aluminium
sector mercury emissions.

The growth in emissions from the aluminium sector combined with declines in most other
sectors has led to a redistribution of the relative importance of the different anthropogenic
mercury sources. As shown in Figure 3 and Table 4, Australia’s controllable primary mercury
emissions can now largely be attributed to two sectors: electricity from coal-fired power
plants (39%) and production of aluminium and other non-gold metals (37%). Within the coal-
fired power plant sector, we find that emissions from black and brown coal-fired power
plants were roughly equivalent from 2000 to 2016. Following the 2017 closure of Hazelwood
discussed above, black coal-fired power plants now account for roughly 60% of sectoral
emissions (Table 4).
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Figure 3. Relative contribution of each sector to total Australian anthropogenic mercury
emissions in each year.

Table 4. Annual anthropogenic mercury emissions (kg) by sector in 2019.

Sector 2019 Emissions
Aluminium 2150
Black Coal 2090
Waste 1460
Brown Coal 1350
Other Metals 2 1170
Cement 257
Cremation 176
Other Industry 165
Gold 58
Refined petroleum 34
Oil Refining 17
Chlor-Alkali 0
Total 8920

2 Nickel, iron, steel, zinc, magnetite, manganese, copper, lead, lithium, uranium, and mixed
metals.

Within the metal production sector, roughly two thirds of emissions come from the
aluminium sector discussed above (Table 4). Emissions from production of other metals (i.e.,
not gold or aluminium) are dominated by “mixed metals” (typically 60-80% of sectoral
emissions), followed by nickel (15-25% of sectoral emissions). Mixed metals are reported as
such in the NPI, preventing further delineation by metal type. On average, mixed metal
production is responsible for mercury emissions of 1000 kg a, but with large variability
(range of 200-3300 kg at). Inspection of the NPI database shows that a single facility, Mount
Isa Mines, dominates both the magnitude and the variability of the mixed metal category,
reporting annual emissions that range from 14 to 3100 kg a* with a median annual value of
600 kg at. We expect the extremely large variability is due to inconsistent reporting to the
NPI database, rather than any true variability in emissions. In an examination of lead
emissions, Cooper et al.>° previously found that Mount Isa Mines reported emissions to the
NP1 using up to seven different estimation methods within 14 years.>® While this
inconsistency has only been explicitly identified for lead, the same inconsistent reporting may
apply to mercury emissions. The large increase in 2018 in particular (Figure 2) may be a
reporting error. Mercury emissions from the mixed metal sector remain an important
uncertainty in our inventory, especially in recent years where they account for more than 10%
of total anthropogenic mercury emissions (Table 4).

As shown in Table 4, our best estimate of present-day Australian anthropogenic mercury
emissions is 8.9 Mg a%, consistent with the 5-10 Mg a'* suggested by Fisher and Nelson.® We
also compare our new inventory to two recent independent estimates from global inventories:
Streets et al.'® and the GMA2018.1! The Streets et al.1® inventory for Oceania is similar to the
WHET inventory*? discussed in detail by Fisher and Nelson® but with updates to fossil fuel
combustion sources.® As in Fisher and Nelson,® we estimate Australian emissions from total
Oceania emissions assuming Australia accounts for 81% of total Oceania emissions in each
sector (excluding artisanal-scale gold mining, which takes place exclusively outside of
Australia). For the GMA2018 inventory, the Technical Background Report!! provides
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Australian-level emission estimates, which we use directly. To ensure consistency in the
comparison, we lump emissions from each inventory into the five overarching categories
used by Fisher and Nelson® and further split “other metals” into aluminium and non-
aluminium metals. We compare emissions estimates for 2015, the only year of overlap
between all three inventories.

Figure 4 shows 2015 emissions from our inventory compared to those from the Streets and
GMAZ2018 global inventories. Total emissions estimated with our inventory are roughly 50%
higher than those from the GMA2018 and 50% lower than those from Streets. At the sector-
level, the figure shows that the largest differences are in the waste, gold, and aluminium
sectors. The Streets inventory overestimates emissions from commercial product waste
because they assumed that Oceania’s share of global consumption was the same in earlier
decades as in 2010 (see Fisher and Nelson® discussion for WHET, which used the same waste
emissions). In reality, the Oceania share of consumption more than doubled from 1990 to
2010 (Appendix 1), so applying the 2010 value to historical consumption data significantly
overestimates historical consumption and contemporary disposal and emissions. The Streets
inventory also overestimates 2015 gold production emissions, with values that are
representative of the Kalgoorlie facility before the transition from roasting to grinding.
Mercury emissions from aluminium production are not considered in the Streets inventory.
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Figure 4. Total Australian anthropogenic mercury emissions (Mg) in 2015 from (left to right)
this work, Streets et al.,'® and the GMA2018,*! separated into six consistent sectors.

In contrast, emissions from the GMA2018 inventory are lower than in our new inventory for
most sectors. The GMAZ2018 does not account for delays between consumption and disposal
of commercial products, explaining the lower waste emissions. Differences in aluminium,
gold, other metals, and other industry (mainly cement) can be attributed to methodological
differences, with the GMA2018 estimates based on country-level activity data (e.g., total
aluminium produced) versus the facility-level NPI emissions used here. For coal-fired power
plants, we find the GMA2018 underestimates emissions by using a mercury capture rate of
46.5% for brown (sub-bituminous) coal combustion. This value originates from the 2005 NPI
Emission Estimation Technique Manual recommendation for black coal-fired power plants
with ESPs® and is significantly higher than the 2% capture rate recommended for brown
coal-fired power plants in the updated 2012 NP1 Emission Estimation Technique Manual®®.
For black coal combustion, the GMAZ2018 also uses higher mercury capture rates (46% for
ESPs, 83% for FFs) than now recommended by the NPI (19% for both); however, the
resulting underestimate is compensated by a higher assumed black coal mercury content in
the GMA2018 (0.068 ppm) than used in our work (0.05 ppm; see Section 2.1.1). Based on
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these findings, we recommend an update to the assumptions used for Australian coal
combustion emissions in the next iteration of the Global Mercury Assessment.

3.2 Implications for atmospheric mercury and mercury deposition

Figure 5a shows the present-day (2017-2019) spatial distribution of gaseous elemental
mercury (Hg®) and oxidised mercury (Hg'") concentrations in surface air over Australasia, as
modelled by GEOS-Chem using our base simulation driven by our new anthropogenic
emissions inventory (Section 2.2). Mean Hg® concentrations in the region are roughly 1 ng m-
3, consistent with observations® and models!! of the Southern Hemisphere Hg® background.
Observational constraints in this region are limited.® Over Australian coastal regions, the
modelled values are generally consistent with observations from Australian coastal sites
(Gunn Point and Cape Grim) of 0.9-1.0 ng m- [6283] (as shown overlay in Figure 5a). Inland,
simulated Hg® concentrations are somewhat lower, but still higher than the 0.7 ng m-2
observed by MacSween et al.% Mean Hg'" concentrations are more variable, ranging from
near-zero over the ocean to 16 pg m- near emission hotspots, with average values over
Australia closer to 10 pg m3. Measurements of Hg' in this region are even more scarce than
for HgC,[61 with the longest available dataset (6 months using a Tekran 2537/1130) showing
mean concentrations of 11 pg m= near Sydney®® that are roughly consistent with our
simulations (noting large uncertainties in Tekran Hg'' measurements®).
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Figure 5. (a) Mean concentration of elemental mercury (Hg°, left) and oxidised mercury
(Hg", right) in surface air as simulated by GEOS-Chem for 2017-2019 using the new
Australian anthropogenic emissions inventory derived in this work (base simulation). For
Hg®, overlay circles show published mean observed concentrations at Cape Grim®3 and Gunn
Point.%? (b-d) Relative difference in simulated Hg® and Hg" in surface air between the base
simulation for 2017-2019 and: (b) the base simulation for the year 2000; (c) a sensitivity
simulation for 2017-2019 using the year 2000 Australian anthropogenic emissions; (d) a
sensitivity simulation for 2017-2019 using the Streets et al.'® global inventory for Australian
anthropogenic emissions. All relative differences are calculated as (base-
sensitivity)/sensitivity. For a larger regional perspective, see Figure S2 in the supplement.

To provide an indication of change over time, Figure 5b compares the simulated surface air
mercury concentrations for 2017-2019 to those for the year 2000 (i.e., the first year of our
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study period), both from the base simulation. Some features of the concentration differences
are consistent with the anthropogenic emissions trends discussed in Section 3.1, such as the
large decrease in both Hg® and Hg'' concentrations in southwest Australia at the location of
the Kalgoorlie gold processing facility (see Figure S1 in the supplement for emission maps).
However, trends and interannual variability in other parameters confound interpretation of the
differences. For example, the extreme fires in southeast Australia in late 20195768 |ed to
enhancements in simulated HgP that more than compensated for the decreased emissions from
waste and power plants in this region.

We removed the influence of other parameters by instead comparing the base run to a
sensitivity simulation that replaced present-day Australian anthropogenic emissions with year
2000 Australian anthropogenic emissions (both from our new inventory). The simulations are
otherwise identical (see Section 2.2), and so all differences can be attributed to temporal
changes in Australian anthropogenic emissions between 2000 and present-day (2017-2019).
Figure 5c¢ shows the relative difference between the two simulations, both averaged over
2017-2019. Consistent with the emission trends described in Section 3.1, concentrations of
both Hg? and Hg'" generally decrease over time, with the largest change found in the vicinity
of the Kalgoorlie gold processing facility in southwest Australia. Moderate decreases are also
seen across southeast Australia, reflecting the emissions reductions from brown coal-fired
power plants and commercial product waste. Small increases in both Hg® and Hg'' are
associated with metal production from alumina refineries in Perth and other metal facilities in
Queensland, including Mount Isa Mines (northwest Queensland). We note that our
comparison period includes the year 2018, when we suspect NPI reporting errors led to
unexpectedly large mixed metal emissions from Mount Isa Mines (see Section 3.1) and
therefore likely overestimates the increase at this site. Nonetheless, even when 2018 is
excluded from the comparison, we still find small increases in Hg® and Hg'' concentrations at
Mount Isa (not shown).

The differences in surface air concentrations are reflected in total Hg® and Hg'' deposition,
shown in Figure 6. Comparing the base run in 2017-2019 to the same run in 2000 (Figure 6b)
and to the sensitivity run using year 2000 Australian anthropogenic emissions (Figure 6¢)
shows that the impact of changes in Australian anthropogenic emissions is generally dwarfed
by the impact of changes in other variables except near Kalgoorlie. In fact, for Hg" Figure 6b
shows that in some places (e.g., central Australia, Southern Ocean) the deposition differences
are opposite in sign to the concentration differences, presumably due to contemporaneous
changes in precipitation over this period. We tested the output from the base run for trends in
Australian Hg®, Hg'", and total mercury deposition over the 2000-2019 simulation period.
Despite the decreasing trend in anthropogenic emissions (Section 3.1), we did not detect a
statistically significant trend in deposition, again pointing to the influence of interannual
variability in precipitation, biomass burning emissions, and potentially other variables. In
addition, Hg'" wet deposition strongly depends on oxidation in the free troposphere,®®

which would be less impacted by Australian surface emissions. Nonetheless, we find using
the sensitivity simulation that 4 Mg a* (~3-4%) less Hg'' is deposited to the Australian
continent with present-day anthropogenic emissions than year 2000 emissions. Differences in
total Hg® deposition were negligible (<1%); however, our simulations did not account for
changes to secondary re-emission from soil and ocean sources, which would also be expected
to decrease in response to the emission changes.



Non-peer reviewed preprint, in review for Environmental Science: Processes & Impacts

4 %
o 2 ot 20
0 0 2
~ [} j
-20 -20
-40 -40
d) Relative to global inventory
- a 40 — 40
v Y
o - - o
} o R 4} 0 g
: —20 ) -20
-40 -40

Figure 6. Same as Figure 5 but for deposition of Hg° (dry deposition and ocean uptake) and
Hg' (wet and dry deposition). For a larger regional perspective, see Figure S3 in the
supplement.

We used a second sensitivity simulation to understand the impact of modelling Australian
anthropogenic emissions using our new inventory rather than a global inventory. Figure 5d
compares the surface air mercury concentrations from the base run using our new inventory
to a sensitivity simulation that instead uses the Streets et al.'® global anthropogenic emissions
inventory for Australia (see Section 2.2). Consistent with the inventory comparisons shown in
Figure 4, driving the model with our new inventory results in lower Hg® concentrations
across most of Australia. The only exceptions are locations where most emissions derive
from metal production (alumina refineries in the southwest, Mount Isa Mines in the north),
which we found to be underestimated in the global inventory (see Section 3.1). Despite the
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large differences in total emissions between the two inventories, differences in Hg®
concentration are only of order 5% over Australian emission hotspots and negligible
elsewhere. These results highlight the relatively minor contribution of Australian
anthropogenic emissions to HgP surface air concentrations, both locally and downwind,
consistent with previous model findings that most HgP in this region can be attributed to
natural sources.170.71

For Hg', differences are more heterogenous and larger in magnitude. The base run (using our
inventory) displays lower Hg'' concentrations in populous parts of the country around
Adelaide, Melbourne, and Tasmania, likely due to the substantially lower waste emissions
(Figure 4), which scale spatially with population density. However, in several emission
hotspots, Hg'! is higher in the base run, in some cases by more than 40% (Figure 5d). Except
in the few locations where Hg® was also higher in the base run, the increase in Hg'" reflects
different speciation between the two inventories. Comparing speciation fractions from our
inventory to those from Streets et al.® (Table S1) shows similar values for most sectors
except production of cement (76% Hg'" in this work versus 49% Hg'"' in Streets et al.*6) and
most non-ferrous metals (50-68% Hg'" in this work versus 20-36% Hg'" in Streets et al.'6 for
gold, copper, lead, and zinc). The differences in Figure 5d indicate that in many cases, the
choice of speciation factors has a more significant impact on Hg'' concentrations than the
overall quantity of emissions.

Similarly, Figure 6d shows that simulated Hg'' deposition is generally higher when using our
new inventory, at least near major emission hotspots. Summed over Australia, we find mean
present-day (2017-2019) annual Hg'' deposition of 105.2 Mg a* using our inventory versus
105.0 Mg a* using the global inventory—a negligible difference that is much smaller than
the uncertainties. Examining the entire 2000-2019 period shows larger differences in the first
years of the simulation, with mean annual Hg" deposition over Australia that is 5 Mg a™*
(~5%) larger with our inventory than the global inventory during 2000-2002. Although the
difference between inventories decreases with time, we find that summed over the entire
2000-2019 period, using our inventory results in an additional 61 Mg of Hg" deposition to the
Australian landscape. Changes to Hg® dry deposition are smaller and opposite in sign (as
expected from the change in speciation). With both species combined, we find an increase in
total Australian mercury deposition of 49 Mg when using our inventory. This estimate does
not take into account re-volatilisation and subsequent re-deposition of this additional
mercury, and therefore represents a lower limit of the overall difference.

4 Conclusion

We have developed an updated, Australia-specific spatially resolved anthropogenic mercury
emissions inventory with annual resolution from 2000 to 2019 using data from a variety of
Australian sources. Our new inventory showed that Australian anthropogenic mercury
emissions have undergone significant change over the past 20 years, with a decrease in total
annual anthropogenic emissions of 10.3 Mg. Most of this decrease was due to the elimination
of mercury emissions from a single gold production facility in Kalgoorlie, Western Australia.
There have also been significant decreases in emissions from brown coal-fired power plants
due to power plant closures and from waste due to the reduced mercury use in commercial
products and changing disposal practices. Only the aluminium sector has experienced notable
growth in emissions, mostly likely linked to export demand. Mercury emissions from
production of aluminium and other metals are now on par with emissions from coal-fired
power plants, and projections of future growth in aluminium and bauxite production imply
this source may become increasingly prominent. These shifts in the sectoral distribution of
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emission sources have implications for developing appropriate regulatory actions to reduce
Australian atmospheric mercury emissions.

Using the GEOS-Chem chemical transport model, we evaluated the implications for
atmospheric mercury concentrations and deposition in the Australasian region. We found that
the decrease in Australian anthropogenic mercury over the past two decades resulted in
significant decreases in Australian Hg" concentration and deposition, with a maximum
decrease around the Kalgoorlie gold production facility in Western Australia and smaller
decreases along the east coast of Australia. When only changes in Australian anthropogenic
emissions were considered, we found a decrease in Australian Hg" deposition from 2000 to
present-day of 4 Mg at. However, contemporaneous changes in precipitation and other
drivers (e.g., biomass burning emissions) make for a more complex picture, with increased
deposition in some parts of the region and no significant trend over time.

We found that Australian emissions are not accurately represented in current global
anthropogenic emission inventories, with differences of roughly a factor of two in total
Australian emissions from our inventory relative to the GMA2018'! and Streets et al.*® global
inventories. Sectoral distributions also differed between the inventories, with implications for
the spatial distributions of emissions (and therefore deposition). The GEOS-Chem model
results showed a bigger impact on mercury concentration and deposition from using an
inaccurate global emission inventory than from the temporal trends in emissions. Model
studies of source attribution and source-receptor relationships that underlie scientific and
policy analysis rely on global emission inventories for consistency (e.g., 17%72). Our work
highlights the need for assumptions about Australian emissions to be revisited in global
inventories.

Our model results suggest present-day total Australian mercury deposition is 228 Mg a* (123
Mg a* Hg® 105 Mg a* Hg'), much larger than the <10 Mg a* of mercury now emitted from
Australian anthropogenic sources. The remainder comes from natural emissions (including
biomass burning, soil re-emission, and marine emissions) and transported anthropogenic
emissions from other countries. The contribution from Australian soils remains a particularly
large uncertainty: while some model studies suggest a very large soil source,? recent
observations show a balance between soil emission and uptake resulting in a near-zero net
flux.646473 Development of improved, observationally constrained Australian soil flux
parameterisations remains a key research priority for Australian mercury science. Meanwhile,
the contribution from transported anthropogenic emissions indicates a significant benefit to
Australia from the Minamata Convention: with the relatively small impact of local
anthropogenic emissions shown here, Australia stands to gain from the reductions in global
anthropogenic emissions expected to arise in response to the Convention.
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Appendix 1

This appendix describes the methodology used to estimate mercury emissions from disposal
of mercury-containing products. As described in the main text, we calculated these emissions
for four categories: lamps, batteries, medical devices, and wiring and measuring devices. We
calculated emissions at decadal scale for 2000, 2010, and 2020 as described here (then
interpolate to annual scale as described in the main text). For each product and year, we first
calculated Oceania consumption, then Australian consumption, then Australian disposal, and
finally Australian emission.

Oceania consumption
For lamps, batteries, and medical devices, we did not consider delayed disposal (on the
decadal scale), so only data from 2000-2020 were needed.

For lamps and batteries, consumption data came directly from Wilson et al.*® for 2000 and
the GMA2013 Technical Background Report for 2010.7 For 2020, we extrapolated the 5-
yearly 2005-2015 consumption data from Wilson et al.,*® the GMA2013 Technical
Background Report,” and the UN Environment for 2015.4

For medical devices, Horowitz et al.*# calculated the “developed world” (Oceania, North
America, Western Europe) consumption for 1990, 2000 and 2010, and Zhang et al.*? then
determined the Oceania fraction of the developed world consumption for each of those years.
Here, we calculated Oceania consumption for 1990, 2000, and 2010 directly from those
values. For 2020, we extrapolated the developed world consumption to 2020 and applied the
2010 Oceania consumption fraction (we found this method produced a monotonic decreasing
trend, whereas extrapolating the noisier consumption fraction led to an unexpected increase
in 2020, although the differences were <50 kg).

For wiring and measuring devices, we calculated decadal scale consumption starting from
1950, as the earlier data are necessary for the eventual calculation of delayed disposal and
emission. We started from the global and developed world consumption data from Horowitz
et al.,’4 shown in Table Al.

Table Al. Consumption of mercury in wiring and measuring devices from Horowitz et al.,'4
in Mg Hg consumed.

1950 | 1960 | 1970 | 1980 | 1990 | 2000 | 2010

Developed World ? - - 591 380 385 131 90
Total World ® 450 893 - - - - -

2 Defined as Oceania, North America, and western Europe. Only available from 1970.
® Only used for 1950-1960, when developed world data are not available.

To calculate the Oceania consumption, we need to know the fraction of total world (1950-
1960) and developed world (1970-2010) consumption that can be attributed to Oceania.
Wilson et al.*3 reported regional and global consumption values from 1990-2005, with similar
data for 2010 reported in the GMA2013 Technical Background Report.” We used these data
to calculate the Oceania fraction of developed world consumption for 1990, 2000, and 2010.
In the absence of historical regional information, we assumed the 1990 consumption patterns
are representative of earlier decades. We therefore used the 1990 value for the Oceania
fraction of developed world consumption in 1970-1980. We also used the Wilson et al.*® data
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to calculate the Oceania fraction of total world consumption in 1990 for 1950-1960. Table A2
shows the resulting decadal Oceania consumption fractions.

Table A2. Fraction of consumption of mercury in wiring and measuring devices that can be
attributed to Oceania.

1950 | 1960 1970 | 1980 | 1990 | 2000 | 2010
Developed World @ - - 0.028 | 0.028 | 0.028 | 0.050 | 0.064

Total World ® 0.013 | 0.013 - - - - -

2 Defined as Oceania, North America, and western Europe. Based on data from Wilson et al.*? for 1970-2000,

with 1990 value used for earlier decades, and the GMA2013 Technical Background Report7 for 2010.
® Only used for 1950-1960, when developed world data are not available. Based on 1990 data from Wilson et
al.43

Finally, we applied the Oceania consumption fractions in Table A2 to the consumption totals
in Table Al to derive Oceania consumption of mercury in wiring and measuring devices.
These values, along with the Oceania consumption of mercury in other products described
above, are shown in Table A3.

Table A3. Consumption of mercury in products in Oceania, in Mg Hg consumed.
1950 | 1960 | 1970 | 1980 | 1990 | 2000 | 2010 | 2020

Lamps 2 - - - - - 2 2 3
Batteries @ - - - - - 4 2 0
Medical Devices @ - - - - - 4 0.1 0.1

Wiring & Measuring Devices® | 6 12 | 17 | 11 | 11 7 6 -

a For lamps, batteries, and medical devices, no delayed disposal is assumed so only 2000-2020 values are
needed.

b For wiring and measuring devices, disposal (and associated emission) is assumed to occur at least 10 years
after consumption, so 2020 values are not needed.

Australian consumption

For all product categories, we determined the fraction of Oceania consumption that can be
attributed to Australia using Gross Domestic Product at Purchasing Power Parity (GDP-PPP)
from the World Bank,*® following AMAP/UNEP.*® GDP-PPP data are only available from
1990, so we again assumed the 1990 distribution is representative of earlier decades.

We calculated total Oceania GDP-PPP by summing GDP-PPP for all countries included in
the Wilson et al.*3 definition of Oceania (defined in 7). This definition was used to calculate
the Australian fraction of Oceania consumption for lamps, batteries, and wiring and
measuring devices, as the Oceania values for these categories all originate from Wilson et
al.*® data. For medical devices, the Oceania consumption comes directly from Horowitz et
al.,* who used a slightly different definition of Oceania that includes Papua New Guinea (as
defined in °). For this category, we therefore re-calculated the Australian fraction of Oceania
inclusive of Papua New Guinea.

Australian consumption fractions are shown in Table A4. We applied these to the Oceania
consumption data in Table A3 to derive the decadal Australian consumption estimates shown
in Table A5.
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Table A4. Fraction of Oceania consumption that can be attributed to Australia, based on
GDP-PPP.

1950 | 1960 | 1970 | 1980 | 1990 | 2000 | 2010 | 2020
Excluding Papua New Guinea® | 0.83 | 0.83 | 0.83 | 0.83 | 0.83 | 0.84 | 0.85 | 0.83

Including Papua New Guinea® | 0.82 | 0.82 | 0.82 | 0.82 | 0.82 | 0.82 | 0.83 | 0.82

@ Used for lamps, batteries, and wiring and measuring devices.
b Used for medical devices.

Table A5. Consumption of mercury in products in Australia, in Mg Hg consumed.

1950 | 1960 | 1970 | 1980 | 1990 | 2000 | 2010 | 2020

Lamps @ - - - - - 1.7 1.7 | 25
Batteries @ - - - - - 3.3 1.7 0.0
Medical Devices 2 - - - - - 3.2 0.1 0.1

Wiring & Measuring Devices® | 49 | 98 | 14 | 90 | 91 | 55 | 49 -

2 For lamps, batteries, and medical devices, no delayed disposal is assumed so only 2000-2020 values are
needed.

® For wiring and measuring devices, disposal (and associated emission) is assumed to occur at least 10 years
after consumption, so 2020 values are not needed.

Australian disposal

We next used the estimated Australian consumption values from Table A5 to estimate
disposal. As in Horowitz et al.,** we assumed delayed (>10 year) disposal only for the wiring
and measuring devices; for all other categories, at the decadal scale used here, disposal was
assumed to equal consumption.

For wiring and measuring devices, we applied the same delays as in Horowitz et al.*; 10%

disposal occurs 10 years after consumption, 40% disposal after 30 years, and 50% disposal

after 50 years. This means, for example, that disposal in the year 2020 is the sum of 10% of
the 2010 consumption (10-year delay between consumption and disposal), 40% of the 1990
consumption (30-year delay), and 50% of the 1970 consumption.

Estimates of Australian mercury product disposal derived using these assumptions (applied to
the data in Table A5) are shown in Table A6. As emissions occur at the disposal stage, only
2000-2010 disposal values are relevant to this work.

Table A6. Disposal of mercury in products in Australia, in Mg Hg.
2000 | 2010 | 2020

Lamps 1.7 | 1.7 | 25
Batteries 3.3 1.7 0.0
Medical Devices 3.2 0.1 0.1

Wiring & Measuring Devices? | 9.0 | 9.0 11
2 Incorporates >10-year delay between consumption and disposal.

Mercury air emission factors

Mercury air emission factors represent the fraction of disposed mercury that is emitted to the
atmosphere during the disposal process. We calculated mercury air emission factors

using the air distribution factors from Horowitz et al.** For each product type, Horowitz et
al.*# determined the fractional distribution of different disposal methods (e.qg., landfill versus
incineration versus recycling) for each decade from 1990 to 2010, as well as the air emission
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factor associated with each disposal method. These terms were combined to derive an overall
air distribution factor (i.e., air emission factor) for each disposal method and product type,
and then summed over different disposal methods to give the total air distribution factor (for
each decade).

We used the Horowitz et al.'* values directly for 2000 and 2010. For 2020, we extrapolated
the Horowitz et al.}# air distribution factors for each disposal method and product to 2020 and
then summed over disposal methods to give the total air emission factor for each product for
2020 (rather than extrapolating the summed value). The resultant air emission factors are
shown in Table A7.

Table A7. Air emission factors by year and product type, in Mg Hg emitted to air per Mg Hg
disposed of.

2000 2010 2020 @
Lamps 0.17 0.11 0.07
Batteries 0.11 0.03 0.01
Medical 0.18 0.12 0.11
Wiring & Measuring 0.18 0.12 0.11

2 Extrapolated from 1990-2010 values for each disposal method.

Mercury emissions from Australian product disposal

Finally, we applied the air emission factors from Table A7 to the Australian mercury disposal
estimates from Table A6 to calculate total Australian emissions from disposal of mercury-
containing products, shown in Table A8. These were then interpolated to annual scale and
distributed spatially as described in the main text.

Table A8. Air emissions from disposal of mercury in products in Australia, in Mg Hg
emitted to air.

2000 | 2010 | 2020
Lamps 03 | 02 | 0.2
Batteries 04 {005 O
Medical Devices 0.6 | 0.01]|0.01
Wiring & Measuring Devices? | 1.6 | 1.1 | 1.3
Total 28 | 14 | 15

2 Incorporates >10-year delay between consumption and disposal.
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Figure S1. Anthropogenic mercury emissions at the resolution of the GEOS-Chem model for
elemental mercury (Hg°, left) and oxidised mercury (Hg", right) from (a,b) the new
Australian anthropogenic emissions inventory derived in this work for 2017-2019 (a) and
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2000 (b) and from (c) the Streets global inventory. Note that the most recent year of
emissions data available in the Streets inventory is 2015.
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Figure S2. Same as Figure 5 in the main text (mean mercury concentration in surface air),
but for a greater regional extent.
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a) This Work (2017-2019)

Figure S3. Same as Figure 6 in the main text (mercury deposition), but for a greater regional
extent.

Table S1. Differences in speciation between our inventory and the Streets global inventory,
shown as the fraction of emissions that are emitted as oxidised mercury (Hg") for each sector.

Sector Thiswork  Streets

Hg” % Hg” %
Black Coal 47 47
Brown Coal 42 47
Cement 76 49
Steel 68 55
Iron 68 60
Gold 68 20
Copper 50 36
Lead 61 26
Zinc 45 27
Other Non-Ferrous Metals 20 n/a
Refined Petroleum 50 50
Products

Waste 80 78-80




