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ABSTRACT: Understanding the biogeochemical cycling of mercury is critical for
explaining the presence of mercury in remote regions of the world, such as the
Arctic and the Himalayas, as well as local concentrations. While we have good
knowledge of present-day fluxes of mercury to the atmosphere, we have little
knowledge of what emission levels were like in the past. Here we develop a trend
of anthropogenic emissions of mercury to the atmosphere from 1850 to 2008—
for which relatively complete data are available—and supplement that trend with
an estimate of anthropogenic emissions prior to 1850. Global mercury emissions
peaked in 1890 at 2600 Mg yr ', fell to 700—800 Mg yr ' in the interwar years,
then rose steadily after 1950 to present-day levels of 2000 Mg yr . Our estimate
for total mercury emissions from human activities over all time is 350 Gg, of which
39% was emitted before 1850 and 61% after 1850. Using an eight-compartment
global box-model of mercury biogeochemical cycling, we show that these emission
trends successfully reproduce present-day atmospheric enrichment in mercury.

The Three Phases of Historical Mercury Emissions
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B INTRODUCTION

Mercury (Hg) is a natural element found everywhere in the
Earth’s lithosphere. It is emitted naturally from the lithosphere to
the atmosphere as gaseous elemental Hg’ through processes of
erosion and volcanism. The atmospheric lifetime of Hg” against
deposition is ~1 year, allowing transport on global scale."*
Deposited Hg cycles through the surface environment in oceans
and soils, can be re-emitted to the atmosphere, and is eventually
buried in ocean sediments or stable terrestrial reservoirs. Human
activity, including fossil-fuel combustion, mining, and industrial
production, has greatly augmented the natural flux of Hg from
the lithosphere to the atmosphere and from there to the surface
environment. Present-day anthropogenic emissions are estimated to
be about 2000 Mg yr ', as compared to 500 Mg yr " for the natural
geogenic emissions.” ° The resulting accumulation of Hg in the
environment has been documented from analysis of deposits in
snow,"'? ice cores,"* lake sediments,">™** and peat cores. 617

Humans have disrupted the natural Hg cycle throughout their
history in pursuit of riches, useful metals, and energy. It was 5000
years ago when humans first began digging into the Earth’s crust to
extract gold, silver, copper, coal, and other materials, all of which
came laced with Hg. Since those ancient days, ever-increasing
amounts of ever-varying materials have been extracted and refined,
and large quantities of Hg have been liberated in the process. The
time scale for return of anthropogenic Hg to sediments has been
estimated to be ~2000 years."®"® The accumulation of Hg in the
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global environment thus represents the legacy of historical emis-
sions, with continuous augmentation from present-day human
activities. Balancing the sources, sinks, and fluxes of Hg in different
parts of the world at different times remains a modeling challenge,
however,"™ % and lack of knowledge of historical man-made
contributions has inhibited progress.

B DATA AND METHODS

The purpose of this present work is to develop an estimate of
the total amount of Hg released to the atmosphere due to human
activities from the dawn of civilization until 2008, the most recent
year for which activity data are available. For the period 1850—2008,
we present detailed decadal trends for each major source type and
each region of the world. Fourteen source types are included:
copper, zinc, and lead smelting; artisanal and large-scale gold
production; iron and steel manufacturing (separately); silver pro-
duction; mercury production; cement manufacturing; caustic soda
manufacturing (at chlor-alkali plants); and the combustion of coal,
oil, and waste. We do not include emissions from biofuel or open
biomass burning, as these represent a recycling of Hg previously
deposited in the surface environment. Emissions are calculated for
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Figure 1. Time development of Hg emission factors for Cu smelters in
five world regions. Each world region is comprised of countries with
similar levels of technology development, ranging from most developed
(Region 1) to least developed (Region 5). The composition of these
regions is provided in Table SI of the S

17 world regions (defined in Table S1 of the Supporting Informa-
tion (SI)). The method integrates our previous work on historical
and future emissions™®~** with our work on Hg emissions.” "
For the 11 industrial commodities, the assembly of historical
production levels between 1850 and 2008 is documented in the
SL For the three combustion-related emissions, the activity levels are
the same as used in previous work, 26728 disaggregated into 144
sector/fuel/technology combinations (see Table 3 of ref 28.).

A major challenge is to develop a representation of the time-
varying Hg emission factors associated with each industrial
activity. We have developed a dynamic representation of emis-
sion factors since 1850 to reflect the transition from old, small-
scale, uncontrolled processes to modern, large-scale processes
with emission controls. We know that materials production has
grown year-by-year—sometimes dramatically—but at the same
time process technology has improved and pollution controls
have been adopted. So the resulting level of emissions at any
given time reduces to a competition between production growth
and technology improvement.

We use the following transformed normal distribution func-
tion to estimate the variation of Hg emission factors over time:

Yopt = gy~ b)) 1,

where y, ,, = emission factor in region r for process p in year
t (g Mg ); a,, = pre-1850 emission factor (g Mgfl) in region r
for process p; b,, = best emission factor achieved in region r for
process p today (g Mg~ '); and sy,p = shape parameter of the curve
for region r and process p.

The use of such sigmoid curves to simulate the dynamics
of technology change has been greviously applied to energy
and emission control technology,3 carbon sequestration,33 and
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Figure 2. Trendsin Hg emissions by (a) source type and (b) world region.

automobile technology.** We have previously demonstrated the
use of this technique in estimating both historical®® and future®
emissions. By selecting values of the parameters a, b, and s to
correspond to the known or inferred time development pathway
of relevant technologies, we can estimate the values of emission
factor y at any point in time. Parameter values where this technique
was used are provided in Table S2 of the SL

Figure 1 illustrates the use of this technique for estimating Hg
emission factors for copper smelters. Note that we use five world
regions to represent different emission factor trajectories. Each world
region is comprised of countries with similar levels of technology
development, ranging from most developed (Region 1) to least
developed (Region S). The composition of these regions is provided
in Table S1 of the SI Emission factors for each world region were
determined from a review of reported emission rates in representa-
tive countries®***** 3 and used to anchor each trajectory. Table S3
of the SI presents and documents emission factor ranges for each
industrial activity for 1850, 1930, and 2008 and provides citations for
the studies used in the development of the emission factor curves.
The procedure for combustion sources is different and follows
previous work”®*® in that unique emission factors are developed for
each of the 144 sector/fuel/technology combinations, and transi-
tions from simple to advanced systems are determined by technolo-

gy shifts.

B RESULTS AND DISCUSSION

Historical anthropogenic Hg emission trends from 1850 to
2008 are shown in Figure 2, disaggregated by source type (upper)
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and world region (lower); here we aggregate emissions into
seven super-regions (defined in Table S1 of the SI). We calculate
that global Hg emissions peaked in 1890 at 2600 Mg yr . This
was mainly due to extensive production of gold (Au) and silver
(Ag) and production of the Hg that was used to extract them via
amalgamation; our results for this period are in good agreement
with previous work.*>*® Emissions then declined rapidly and
remained relatively constant at 700—800 Mg yr " in the interwar
years. After 1950, emissions grew again, driven mainly by growth in
coal combustion and, lately, artisanal Au production, rising to 2000
Mg yr~ " in 2008. Present-day values are consistent with previous
work,®~? as shown in Table S$4 of the SL The regional emission
trends show that North America and Europe were the dominant
emitting regions in the 19th century, but emphasis shifted initially to
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Figure 3. Estimates of Hg consumed in North America in the 19th
century to extract Au/Ag.

Russia and then sharply to Asia after 1950. We estimate that Asia was
responsible for 64% of global Hg emissions in 2008.

We follow the methodology used previously for Hg emissions
from power plants in China®' to determine uncertainties in
the emission estimates. All input parameters and their corre-
sponding probability distributions were incorporated into a
Monte Carlo framework with Crystal Ball software and 10 000
simulations performed. For activity rates we assumed normal
distributions with time-, region-, and sector-dependent uncer-
tainties, based on previous work.”*** Measurements of emission
factors, if they existed, were applied directly in our model; and, if
measurements were not available, probability distributions were
based on expert judgment. For the emission estimates that follow,
we present lower and upper bounds around the central estimate that
correspond to an 80% confidence interval (CI), meaning that, based
on the underlying distributions, the probability of emissions being
outside the stated range is less than 20%. Figure S1 of the SI shows
the uncertainty range of the historical global Hg emissions. The
range of uncertainty is large before 1910 (lower bounds varying
between —30% and —45% and upper bounds varying between
+65% and +110%, depending on the year), decreasing to a relatively
stable level after 1920 (—30% to +60%). Our modern-day un-
certainty range is similar to estimates given by Pacyna et al.® SI
Figure S1 also shows that the largest contributors to total variance
are the emission factor for Au/Ag production before 1940 and the
emission factor for coal combustion after 1940.

Because of the large contribution of the 19th century peak and
its relatively high degree of uncertainty, we have investigated the
situation in North America (the “Gold Rush”) in detail. The red
line in Figure 3 shows our estimate of the amount of Hg needed
to extract the reported amounts of Au and Ag produced,
assuming that amalgamation began to be phased out after 1880
in favor of cyanidation. We also show the range of uncertainty
(blue) caused by uncertainties in the Au/Ag production data and
the implied Hg emission factor. Because considerable amounts of
Hg were exported from Spain, Italy, and Slovenia to Mexico, we
know that the amount of Hg available lies somewhere in the range
(yellow) bounded by production in North America (N.A.) and the

Table 1. Cumulative Commodity Production Amounts and Associated Hg Emissions”

pre-1850 1850—2008 all-time to 2008
material production (Tg) emissions (Mg) production (Tg) emissions (Mg) production (Tg) emissions (Mg)
copper 45 1240 547 3410 592 4650
zinc S0 3750 403 6520 453 10300
lead SS 2400 268 3590 323 5990
iron 330 20 32 900 1110 33300 1130
steel ~0 ~0 44200 388 44200 388
mercury 0.229 41700 0.720 53300 0.949 95000
gold, large-scale ~0 ~0 0.145 20 600 0.145 20 600
gold, artisanal 0.016 8200 0.025 10200 0.041 18 400
silver 0.276 78700 1.17 67 300 145 146 000
cement ~0 ~0 61200 3000 61200 3000
caustic soda ~0 ~0 1710 4240 1710 4240
coal 2900 868 319000 33900 322000 34800
oil ~0 ~0 312000 2620 312000 2620
waste ~0 ~0 2310 5310 2310 5310
total 137 000 215000 352000

“Values are rounded to no more than three significant digits, consistent with the level of confidence.
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combined production in N.A. and Europe. Our trend line lies for the
most part within the overlapping range (green) of uncertainties in
Hg availability and Hg requirement. Actual Hg consumption data
for N.A. are not known with confidence, but we show annual
consumption values reported for N.A. and for N.A. minus the
amounts of Hg that were used for purposes other than amalgama-
tion in the U.S.*' (These other uses are not known for Canada and
Mexico.) We believe that the consumption statistics are too low after
1865 compared to both production values and the inferred require-
ments for amalgamation; we attribute this to underestimation or
even omission of imported Hg from Europe. Sources of uncertainty
in these historical data are: other uses of mercury (medicine and
paint), stockpiling of cheap Hg for later use when prices rise, and
timing of the replacement of amalgamation with cyanidation in
Mexico and Canada.

Another issue is the amount of Hg lost per kg of Au/Ag produced,
which we set at 1.3 kg. Previous recommendations for this ratio have
ranged between 0.75 and 1.5,*>* and Nriagu* suggested a range of
values from 0.85—4.1, depending on the richness of the ore (the
richer the ore, the more Hg need for extraction). It is possible that in
the early periods of Au/Ag mining in North America, richer ores
were mined and more Hg was used. To test this possibility, we
calculated the ratios of apparent Hg consumption to the amount of
Hg required. Values are: 4.02 (1850s), 1.37 (1860s), 1.00 (1870s),
0.89 (1880s), 0.88 (1890s), and 1.15 (1900s). These values are thus
consistent with declining ore richness.*> Our emission estimates for
this period are in good agreement with previous estimates,®** and
therefore we have confidence in the size and timing of the 19th
century peak in Hg emissions. Figure S2 of the SI shows the full trend
of Hg emissions in North America.

Integrating under the trend curve (Figure 2), we calculate that
a cumulative total of 215 (—34% to +74%) Gg of Hg were
released to the atmosphere from human activities between 1850
and 2008. Table 1 shows that emissions during this period were
dominated by Ag production (31%), Hg production (25%), and
coal combustion (16%). The dominant regions were North
America (32%), Europe (24%), and Asia (13%).

We also conducted a review of materials production and fuel
combustion for the period from when humans first began to
extract metals (ca. 3000 BC) until 1850. There are good
estimates for the large contributions of Ag mining in South
and Central America in the 16th—18th centuries.**® We also
consulted a wide variety of other historical sources (see the SI).
We estimate that about 137 Gg of Hg were released prior to 1850.
It is not possible to do a formal uncertainty analysis for this value,
but we believe confidence is on the order of —50% to +300%.
This pre-1850 amount of Hg is dominated by Ag production in
Spanish America (58% of total) and production of the Hg needed
to extract it (30%). Combining the pre-1850 and post-1850
values leads to the conclusion that cumulative, all-time releases of
Hg to the atmosphere up to 2008 have been about 350 Gg.

For anthropogenic emissions since 1850 we are able to develop
speciated emission trends usin %peciation factors that we have
documented in previous work.””>° Figure 4 shows that the share of
Hg" in total Hg emissions has declined from 80% in 1850 to 55%
today. Nevertheless, emissions of Hg” have grown steadily in the
modern era, from 420 Mg yr ' in 1950 to 1080 Mg yr ' in 2008,
due to worldwide economic and industrial development.

The emissions that we have calculated are direct releases, that
is to say, injection of Hg directly into the atmosphere from
thermal processes. In addition, there have been comparable
quantities of anthropogenic Hg directly released from these
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Figure 4. Trends in speciated emissions of Hg: absolute magnitude

(lines) and shares of total (shading).

same industrial activities as liquid and solid waste streams that
have been deposited locally to land surfaces and water bodies. It
is more difficult to quantify these pools of Hg, but they may be
amenable to estimation based on some of our results, such as the
total commercial production of Hg over time, the amounts of raw
ore and fuel processed, and the amounts of Hg captured by
emission control devices. As one example, we estimate in this work
that 720 Gg of Hg were produced commercially between 1850 and
2008 (Table 1), of which 340 Gg were used to extract Au/Ag.
This implies that about 380 Gg of Hg have been used for other
purposes—in other industrial processes or in the manufacture of
products. This large pool of unaccounted Hg is likely sequestered in
landfills and other localized waste repositories. Nevertheless, it will
eventually be released on time scales faster than the natural geogenic
sources and therefore should be accounted for in biogeochemical
models. Any changes to the availability of these nonatmospheric
repositories of man-made Hg through activities such as dredging
and waste combustion could liberate large quantities of Hg to the
atmosphere and biosphere.

Using the historical atmospheric emissions inventory developed
here we are able to construct a temporally resolved simulation of
how various biogeochemical reservoirs have changed in response to
anthropogenically mobilized Hg. To do this, we developed an eight-
compartment global box-model that is based on current estimates of
global budgets.'®**~** The model includes three fast-cycling surface
reservoirs (the atmosphere, the surface mixed-layer of the ocean,
and a rapidly responding terrestrial compartment that includes
vegetation, sea-ice, snowpacks, and labile organic carbon pools),
two intermediate compartments that respond on the order of
decades (intermediate ocean and slow terrestrial reservoir), two
deep reservoirs that respond on the order of centuries (deep ocean
and armored soil pool), and the large mineral reservoir of Hg,

We assume that the mass flows between compartments in this
eight-box model are governed by first-order processes having the
same rate constants in the preindustrial period and the present.
These rate constants are specified from global models of Hg cycling
in the atmosphere,24 terrestrial systems,22 surface ocean,” and
intermediate and deep ocean.'® We first run the model to steady
state using a geogenic emissions value® of 200 Mg yrfl. We then
conduct a time-dependent simulation between 1450 and 2008 using
the historical emissions presented here. Biomass burning is specified
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Figure S. Modeled, time-dependent accumulation of anthropogenic
Hg in global biogeochemical reservoirs.

as a constant value of 300 Mg yr ' between 1450 and the present.
For anthropogenic emissions occurring before 1850, we divide the
total releases (137 Gg) into a peak emissions period spanning 200
years (80% of total releases) to represent Ag mining in South and
Central America between 1450 and 1650.** We assume the
remaining fraction of pre-1850 anthropogenic emissions (20%) was
released at a constant rate between 1650 and 1850.

Figure 5 shows the resulting modeled trends in the fast,
intermediate, and slowly responding Hg reservoirs between
1450 and present. Results show that the present-day atmosphere
has been enriched in Hg by a factor of 3.9 (range of 3.2—6.9
based on the low and high emission estimates shown in Figure S1
of the SI), which is in excellent agreement with archival records of
deposition in ice and sediments.'"*” Fast-cycling terrestrial and
ocean surface reservoirs closely track temporal trends in atmo-
spheric concentrations and historical emissions, peaking in the
early 1600s and 1800s due to Au and Ag mining and rising again
after 1950 due to the large increases in coal combustion.

Slow terrestrial and intermediate ocean Hg concentrations
reflect alonger time history of anthropogenic inputs, because the
lifetime of Hg in these reservoirs is on the order of decades
(Figure S). In slow terrestrial and subsurface ocean reservoirs it is
possible to distinguish among peaks occurring in the 1600s due
to Ag mining in South and Central America and the rise in
emissions in 1850 to present day, though the local minimum in
the early 1900s is not visible. Present-day enrichment of these
reservoirs from anthropogenic sources is between 270—280%
relative to pre-1450 levels. This is higher than previous model

estimates for the intermediate ocean'®*® that could not consider

releases prior to 1850 and the fully resolved time history of
anthropogenic emissions presented here. Considerable accumu-
lation of historical anthropogenic Hg is evident in the deep ocean
(>100 Gg since 1450) compared to <1 Gg in the armored soil
pool because of the large sink of mercury from the surface and
intermediate ocean through particle settling. Because of the long
lifetime of Hg in the deep ocean (many centuries) and armored
terrestrial pools, these reservoirs will continue to slowly rise over
time, even with declines in future emissions.

A recent analysis of worldwide trends in Hg concentrations in air
and wet deposition*” showed a 20—38% decline in atmospheric Hg
concentrations from 1996 to 2009 at long-term monitoring stations
in the Northern and Southern Hemisphere. A declining trend was
also reported at the Mace Head baseline station in Ireland*® and at
the Alert station in the Canadian Arctic,” though the magnitude of
the change at Alert was smaller. These measurement trends are in
apparent conflict with the increasing trends in primary anthropo-
genic Hg0 emissions presented here (Figure 4).

Slemr et al.*’ postulated that the recent decline in atmospheric
Hg could be due to declines in re-emission of Hg from surface ocean
and soil reservoirs. Our geochemical box-model analysis shows a
1900—1950 decline of atmospheric concentrations following the
late 19th century maximum in emissions, but a post-1950 increase
driven by growing emissions (Figure 5). Although there is uncer-
tainty regarding the time scales for re-emission and transfer to stable
geochemical reservoirs, the trend of increasing anthropogenic
emissions shown in Figure 2 is incompatible with a decline in Hg
in the surface reservoirs. The observed atmospheric decline could
possibly reflect a suppression of re-emission from the surface
reservoirs or an increase in atmospheric oxidant concentrations,
but there is no independent evidence for such effects.

One possible explanation for the observed atmospheric decline is
the legacy of Hg in commercial products (batteries, thermometers,
switches, etc.). Production of these Hg-containing products peaked
in the late 20th century (ca. 1970) and has been declining since then.
This Hg eventually enters the environment through incineration,
wastewater, or leakage from landfills and other solid waste reposi-
tories. Our inventory accounts for incineration but not the other
modes of disposal. As pointed out above, the quantities involved are
large, and there is little knowledge of how rapidly they could enter
the environment and be emitted to the atmosphere. Better under-
standing is needed of the processes and time scales involved.
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