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ABSTRACT: Centuries of anthropogenic releases have
resulted in a global legacy of mercury (Hg) contamination.
Here we use a global model to quantify the impact of
uncertainty in Hg atmospheric emissions and cycling on
anthropogenic enrichment and discuss implications for future
Hg levels. The plausibility of sensitivity simulations is evaluated
against multiple independent lines of observation, including
natural archives and direct measurements of present-day
environmental Hg concentrations. It has been previously
reported that pre-industrial enrichment recorded in sediment
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and peat disagree by more than a factor of 10. We find this difference is largely erroneous and caused by comparing peat and
sediment against different reference time periods. After correcting this inconsistency, median enrichment in Hg accumulation
since pre-industrial 1760 to 1880 is a factor of 4.3 for peat and 3.0 for sediment. Pre-industrial accumulation in peat and sediment
is a factor of ~§ greater than the precolonial era (3000 BC to 1550 AD). Model scenarios that omit atmospheric emissions of Hg
from early mining are inconsistent with observational constraints on the present-day atmospheric, oceanic, and soil Hg reservoirs,
as well as the magnitude of enrichment in archives. Future reductions in anthropogenic emissions will initiate a decline in
atmospheric concentrations within 1 year, but stabilization of subsurface and deep ocean Hg levels requires aggressive controls.
These findings are robust to the ranges of uncertainty in past emissions and Hg cycling.

1.0. INTRODUCTION

Humans have been releasing mercury (Hg) to the environment
since antiquity, resulting in accumulation of anthropogenic Hg
in the ocean, atmosphere, and terrestrial ecosystems. Much of
the anthropogenic Hg deposited to terrestrial and aquatic
ecosystems is re-emitted to the atmosphere, prolonging its
residence time in the environment." The ultimate fate of this
anthropogenic perturbation is sequestration in sediment,”
primarily in the coastal zone.” Here we refer to the re-emitted
component of anthropogenic Hg as “legacy” Hg. We define
“natural” Hg as that originating from geogenic sources. This
includes primary releases (e.g., volcanism and weathering) and
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re-emission of geogenically derived Hg from soils and the ocean
to the atmosphere. Ecosystem responses to reductions in
anthropogenic emissions, such as those targeted by the
Minamata Convention, are affected by the magnitude and
timing of legacy re-emissions from environmental reservoirs.
Here we review available evidence for accumulation of legacy
Hg in global environmental reservoirs, quantitatively discuss

Received: December 3, 2014
Revised:  March 6, 2015
Accepted: March 9, 2015
Published: March 9, 2015

DOI: 10.1021/e5s5058665
Environ. Sci. Technol. 2015, 49, 4036—4047


pubs.acs.org/est
http://dx.doi.org/10.1021/es5058665

Environmental Science & Technology

Critical Review

Table 1. Description of Model Sensitivity Simulations

scenario numbers short name

1 mining decreased 3X

factor of 3 as in Zhang et al*?

description of changes made relative to Amos et al.> model

forced by Streets et al.'” inventory with 1570-to-1920 large-scale Hg, Ag, and Au mining emissions decreased by a

forced by Streets et al.'® inventory with 1850-to-1920 large-scale Hg, Ag, and Au mining emissions decreased by

1

decrease the rate coefficients for Hg(0) evasion from the slow and armored organic soil reservoirs by a factor of 5

2 zero pre-1850 emissions

50% and zero pre-1850 emissions
3 greater geogenic emissions  increase geogenic emissions from 76 to 300 Mg year™
4 increased ocean evasion increase the rate coefficient for ocean evasion by +30%
N greater soil retention
6 greater burial

The time history of emission scenarios 1 and 2 are shown in SI Figure S1.

90% of total particle-bound Hg discharged by rivers buried in benthic sediment at ocean margins

uncertainties in the global Hg budget, and analyze implications
for future environmental responses.

Information on historical Hg accumulation can be drawn
from multiple natural archives, including aquatic sediment,
ombrotrophic peat, glacial ice, and biological tissues.* ® Lake
sediment and peat archives are commonly used to indicate
changes in Hg accumulation. Each archive reflects different
time intervals of accumulation and can be disturbed by a variety
of postdepositional processes.”’® In both cases, careful
selection of sampling sites and analysis of evidence for
disturbance by investigators establishes reliability as an
indicator of historical pollution.'

Remote lake sediments have been widely reported to
converge around a 3-fold increase in Hg accumulation in the
modern era relative to the pre-industrial (1850) period after
correcting for sediment focusing, watershed inputs, and other
factors.">™"* Prior work reported a 40-fold pre-industrial to
present increase in peat Hg accumulation rates,' but we find
the temporal periods of accumulation being compared were not
the same. This has artificially inflated the apparent discrepancy
across archives, and we correct for this here to revisit the
comparison of Hg accumulation in remote lake sediment and
peat records.

Global biogeochemical Hg models extend observations in
space and time and provide complementary information to
natural archives of Hg accumulation. The first generation of
models prescribed a factor of 3 pre-industrial-to-present
enrichment of atmospheric deposition to estimate H%
accumulation in the ocean and terrestrial ecosystems." ¢!
Recently, the availability of historical inventories of global
anthropogenic Hg releases'”*® and accounting for longer time
scales of coupling among the atmosphere, terrestrial
ecosystems, and the ocean have allowed an independent,
alternate method for characterizing the global Hg cycle.”*!

Multiple historical inventories of atmospheric Hg emis-
sions'***7** point to substantial pre-1850 and late 19th century
Hg emissions to the atmosphere associated with the massive
quantities of H§ consumed for early gold and silver mining
activities.”***™>® The proportion of Hg released to the
atmosphere during pre-1850 and late 19th century mining
activities and the spatial extent of these impacts is a subject of
ongoing debate. Some recent work suggests releases to the
atmosphere are only a small fraction of the total Hg
consumed'>* and impacts are restricted to the local
environment.***!

The objective of this review is to bracket plausible scenarios
for global anthropogenic enrichment of Hg based on current
estimates of primary emissions and rates of exchange between
environmental reservoirs. Global anthropogenic Hg enrichment
is important because it directly affects future environmental
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responses to changes in anthropogenic emissions, and we
discuss the implications of various uncertainty scenarios here.
We re-examine evidence for anthropogenic enrichment of
atmospheric deposition in published peat records and compare
results to recent reviews of lake sediment data. We use a global
geochemical model for Hg cycling to explore impacts of
historical Hg emissions scenarios on global anthropogenic
enrichment and evaluate consistency of modeling scenarios
with archival data and contemporary measurements. Implica-
tions of various historical Hg emissions scenarios for future
environmental concentrations and responses to emissions
reductions are presented.

2.0. METHODS

2.1. Model Description. We use the global biogeochemical
box model developed by Amos et al.*' and updated to include
burial in coastal sediments® to investigate the environmental
implications of major uncertainties in Hg emissions and cycling.
The model represents Hg cycling as a set of coupled ordinary
differential equations based on first-order rate coefficients (k)
for Hg exchange between seven global reservoirs, as described
in previous work. Model reservoirs represent three types of
terrestrial Hg pools, three ocean compartments, and the
atmosphere. The model is initialized from a natural steady-state
simulation without anthropogenic Hg releases and then forced
from 2000 BC to present day (2008 AD) with anthropogenic
Hg releases. The size of modeled present-day Hg reservoirs and
the magnitude of anthropogenic enrichment are compared to
observations. All parameter values are provided in the
Supporting Information of Amos et al,’ and the model is
publicly available at http://bgc.seas.harvard.edu/models.html.

Table 1 describes six sensitivity simulations that explore
uncertainty in historical atmospheric Hg emissions and model
rate coefficients that describe how Hg cycles through the
environment. Sensitivity simulations include scenarios: (1 and
2) reduced anthropogenic emissions from pre-1900s mining,
(3) increased geogenic emissions, (4) elevated oceanic evasion,
(5) reduced terrestrial re-emissions, and (6) greater burial at
ocean margins. We evaluate the plausibility of each model
scenario using observational constraints on the following: (a)
anthropogenic enrichment factors from archival records, (b)
the timing of peak Hg inputs, and (c) the size of present-day
global Hg reservoirs derived from contemporary measurements
of Hg concentrations in the atmosphere, ocean, and soils.

2.2. Constraints on Anthropogenic Enrichment from
Natural Archives. We compile available data from remote
ombrotrophic peat bogs (Supporting Information (SI) Table
S1) to investigate changes in historical atmospheric Hg
deposition and anthropogenic enrichment across archives
from different regions. This includes the compilation of peat
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data from Biester et al.'> and other recent studies. Varved or

C dated lake sediment records covering the centuries before
Hg use in large-scale mining (ie., pre-16th century) are
included as well (SI Table S1). Shorter sediment records (~150
years) have been recently reviewed elsewhere.">*> We do not
conduct an additional review of *'°Pb dated cores, except to
discuss the Biester compilation of sediment data as it relates to
previous interpretation of peat.

We calculate a series of enrichment factors (EFs), defined as
the ratio of Hg accumulation rates (ug m™> year™') from two
time intervals. EFs are calculated for four periods based on two
historical reference periods: (a) “pre-industrial” (1760 to 1880)
and (b) before the rise of lar§e-scale gold, silver, and Hg mining
(3000 BC to 1550 AD).” Longer, varved or *C dated
lacustrine sediment records and multimillennial '*C dated peat
records are used to derive EFs relative to 3000 BC to 1550 AD.
Relative accumulation is calculated for two modern periods: (a)
contemporary (ca. post-1990) Hg accumulation and (b) the
extended 20th century maximum (“20Cmax”) observed in most
archival records (SI Tables S1). These intervals are determined
empirically based on the temporal resolution of the archives.
We average Hg accumulation rates across the most pronounced
20th century peak, which is typically between the 1940s and
1980s. Supporting Information Table S1 documents the onset
and end of the 20Cmax in peat and sediment archives. The Hg
accumulation rates and EFs for each core are documented in SI
Table S1, as well as the onset and end of the 20Cmax. We
perform the Shapiro—Wilk test for normality. We average EFs
for studies with multiple cores per site. If data are normally
distributed, we report mean + standard deviation (SD). If data
are not normally distributed, we report the median and 95%
confidence intervals.

2.3. Constraints on Present-Day Global Hg Reservoirs.
Direct measurements of contemporary Hg concentrations in
the atmosphere, ocean, and soils can be used to constrain
modeled sizes of Hg reservoirs. Recent models evaluated
against direct measurements of atmospheric Hg estimate that
the atmosphere contains approximately S000 Mg of Hg (range,
4600—5600 Mg; reviewed in Amos et al.*"). Atmospheric Hg is
measured with a time resolution of minutes to hours at more
than 30 land-based stations.>***> Other data include measure-
ments from ship cruises®>° and aircraft measurements
spanning the globe,**™* as well as numerous field studies
(e.g, see Rutter et al.*and Jaffe et al.*’). Given the abundance
of atmospheric Hg measurements, the size of the present-day
atmospheric reservoir is one of the strongest constraints on the
global Hg budget.

Mean seawater Hg concentrations range between 0.6 and 2.9
pM in the upper 1000 m of the ocean and between 0.5 and 2.4
pM below 1000 m and can be used to constrain the
contemgorary oceanic Hg reservoir.””*”** Sunderland and
Mason'’ compiled all available seawater Hg measurements
prior to 2005 and estimated the Hg reservoir in the global
ocean at 350 Gg (90% confidence interval, 270—450 Gg), of
which approximately 18% (63—120 Mg) is above 1000 m.
Lamborg et al.>* synthesized more recent observations, mainly
from GEOTRACES cruises post-200S, and estimated the total
oceanic reservoir at 280 Gg. This is similar to the recent
modeling results (260 Gg) by Zhang et al.>* The upper ocean
reservoir estimate from Lamborg et al.*” falls on the low end of
the earlier estimates of Sunderland and Mason'” at 63 Mg,
indicating a general pattern of lower Hg concentrations
measured in recent cruises. This could be either a temporal
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trend or a result of contamination of earlier samples and
remains an open question.48

The size of the global soil Hg reservoir is less certain due to
sparser observational coverage and large variability across
ecosystems and soil profiles. There have been two independent
model estimates of global Hg storage in soils. Smith-Downey et
al.*” developed a mechanistic model for terrestrial Hg cycling
based on soil organic carbon dynamics that builds on their
strong association®">° and evaluated the model against two
continental scale transects across the United States and
Canada.*® This study estimated the terrestrial Hg reservoir to
be ~240 Gg globally. Hararuk et al.*’” estimated a reservoir of
approximately 15 Gg in the upper 40 cm of U.S. soils using
more recent fleld measurements. Extrapolating measured
organic carbon-to-Hg ratios globally results in more than 300
Gg suggesting results from Smith-Downey et al.*’ may have
underestimated Hg contained in the terrestrial environment. A
number of additional studies from a diversity of geographic
locations have reported soil Hg concentrations from upland
soils (SI Table S2). Mean Hg concentrations in North
American and European soils distant from point sources
generally fall between 20 and 50 ng ¢! dry weight (SI Table
S2), which is in the range of the two studies previously used to
estimate magnitudes of global reservoirs. Recently reported soil
concentrations from east Asia are higher on average (SI Table
$2), implying even 300 Gg may be biased low.

2.4. Primary Anthropogenic Emissions. Enrichment of
anthropogenic Hg in environmental reservoirs is determined by
the magnitude of historical anthropogenic releases and the time
scales of coupling among reservoirs that affect reemissions and
sequestration. Uncertainty in historical anthropogenic emis-
sions plays a large role in modeled enrichment of environ-
mental reservoirs. Horowitz et al.*® estimated that globally 320
Gg of Hg has been cumulatively released to the atmosphere
since 1850 by including environmental releases associated with
intentional uses of Hg in commercial products and processes
(Figure 1; Table 2). The earlier inventory developed by Streets
et al."? estimated 130 Gg (80% CI, 70—260 Gg) was released
prior to 1850, primarily associated with silver mining in colonial
Spanish America between the 16th and 19th centuries. The
model from Amos et al® is forced by the inventory from
Horowitz et al,>° which suggests global emissions to the
atmosphere peaked in the 1970s at the height of Hg use in
products such as batteries and paint.

We investigate the environmental implications of uncertainty
in historical Hg emissions from large-scale mining prior to the
20th century by considering alternate emissions scenarios
proposed in recent work. Over the past several centuries,
mining has been the dominant anthropogenic source of Hg to
the environment and the principal driver of early enrichment.
Historical mining emissions are uncertain, especially with
regard to the proportion of Hg used in mining that was lost to
the atmosphere as Hg(0). Scenario 1 decreases pre-1920
mining emissions from Streets et al.'’ by a factor of 3 as
suggested by Zhang et al.** (SI Figure S1). Scenario 2 reduces
1850-t0-1920 mining emissions by 50% and eliminates pre-
1850 emissions (SI Figure S1). Large-scale mining contributes a
relatively small portion to global anthropogenic emissions after
the 1920s when Hg amalgamation was largely replaced by
cyanide extraction.*®

2.5. Sources of Geogenic Emissions. The magnitude of
geogenic emissions establishes natural levels of Hg in the
atmosphere. Geogenic emissions were 90 Mg year™" in Amos et
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Figure 1. Published estimates of global Hg production and
consumption (top panel) and primary anthropogenic emissions of
Hg to the atmosphere (bottom panel),'%%2272>2728 1217123125

al.> based on passively degassing volcanoes® and are updated
to 76 + 30 Mg year ' here based on the most recent work from

the same group.® We investigate the biogeochemical
implications of the upper end of uncertainty in total geogenic
emissions (300 Mg year_l)21 as our third uncertainty scenario.
The contribution from large eruptions (2000—5000 Mg of Hg
per event, 1—2 times per century®') is small when integrated
over time. Cumulative release from large eruptions since 1850
comprise <5% of total anthropogenic emissions over the same
time period, which is similar to the fraction estimated by
Schuster et al.”> using ice core data. Hydrothermal vents are a
small source to marine waters**®> and are not considered here.
The upper range estimate for total geogenic emissions thus
depends on substantial emissions from naturally enriched soils,
which is constrained based only on data from Nevada, USA.**

2.6. Variability in Oceanic Evasion Rates. The
magnitude of air—sea exchange has a major influence on the
reservoir of Hg retained in the ocean and available for
conversion to bioaccumulative MeHg*® Concentrations of
dissolved Hg(0) in seawater are driven by (1) the supply of
inorganic Hg(1I), (2) biological and photochemical reaction
rates mediated by light availability and bacterial activity, and (3)
the stability of Hg(II) complexes in seawater.”> Air—sea
exchange measurements from multiple marine waters and
inland seas®*%*~7> suggest net fluxes range from 0.4 to 4.2 ng
m™> h™' (SI Table S3). Environmental drivers of variability in
photochemical and biological Hg redox reactions have only
been measured in a few studies.”””’” Modeled net global
evasion based on this work is approximately 3000 Mg year™'
(90% confidence interval,'”” 2000—4000 Mg year™'), which
results in a spatial and annual average of 0.9 ng m™> hl.%
Using observational constraints, Amos et al ! estimated

Table 2. Literature Estimates of Primary Hg Sources to the Environment®

source

emissions to the atmosphere

volcanoes, passive degassing

volcanoes, large sporadic eruptions
geothermal
releases to water

sea floor hydrothermal vents

emissions to the atmosphere
2008
2008
2010
since 1850
all time
releases to land and water
2010
since 1850

annual release (Mg year™")

Geogenic
76 + 30°
~1007
2000—5000 Mg per event®
60°
<20"
Anthropogenic
19007, 2000/

2000 (1300—3200)%, 1300
2000 (1000—4100)™, 1600", 2400°

1100 (550—1900)™4, 1400°"

cumulative release (Gg)

12 + §°
~16°
>4
9.6

<3.2°

220 (140—-370)%F, 320°
350 (230—-790)%F

3107°

“Pyle and Mather®' estimate small sporadic volcanic eruptions release 500 (60—2000) Mg of Hg year™". Emissions from geologically enriched soils
along the world’s mercuriferrous belts have been estimated to be between 500 and 750 Mg year™.** The analysis here suggests these may be
overestimated based on empirical constraints on the global Hg cycle (see Figure 4 and text in Section 3.0). bBagnato et al.*° “Assuming a constant
emission rate between 1850 and 2010. dBagnato et al;* Mather et al;"'” Andren and Nriagu® “Pyle and Mather " For four large eruptions between
1850 and 2010. Large eruptions occur at a frequency of 1—2 times per century.®' #Varekamp and Buseck'*® hLamborg et al.%® for total dissolved Hg
(and MMHg) inputs. ‘Wilson et al.''® /Pacyna et al.'** *Streets et al.'” ‘Muntean et al.'*' "’ AMAP/UNEP'?> "Rafaj et al."** “Horowitz et al.>* Note
this inventory includes commercial products missing from previous emission estimates. PRange represents 80% confidence intervals. “Includes
primary anthropogenic releases of 190 (range, 40—3580) Mg year™' to water, plus ASGM releases to land and water of 880 (range, 500—1300) Mg

year_1

are 150 Gg.
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. "Releases to water are 560 Mg year™, and releases to land are 790 Mg year™". *Cumulative releases to water are 160 Gg, and releases to land
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uncertainty in the first-order rate coefficient for Hg(0) evasion
from the surface ocean is +30% and we explore this as the
fourth uncertainty scenario.

2.7. Variability in Atmospheric—Terrestrial Exchange
of Hg(0). A substantial proportion of the atmospherically
deposited Hg(II) to soils, on leaf surfaces and vegetation, ice,
and snow is photochemically, abiotically, and/or biologically
reduced and evaded back to the atmosphere as Hg(0).”*~** For
example, Graydon et al.** found that 45—70% of isotopically
labeled Hg(1I) wet deposited to a forested watershed had been
re-emitted to the atmosphere after 1 year. No study has
experimentally assessed the re-emission potential for other
forms of deposition such as stomatal uptake and re-release of
Hg(0) or the fate of particulate-bound Hg. Using a global
model, Smith-Downey et al.*’ estimated 56% of annual
atmospheric deposition is re-emitted. Recent observations
suggest less evasion of Hg(0) from soils and therefore higher
storage than previously thought.** This implies smaller first-
order rate coefficients for Hg(0) evasion from soils to the
atmosphere globally, which we explore as a fifth model scenario.

2.9. Sequestration of Hg in Marine Sediments.
Sediment burial at ocean margins is the largest sink of
anthropogenic Hg globally.” Present-day global mean Hg
discharges from rivers based on Hg concentrations measured at
or near river mouths range from 1000 to 5500 Mg year™".>'7%
Settling and burial of 70—90% of the suspended particle load in
rivers prior to reaching the open ocean®® is equivalent to a
deposition flux of 20—130 ug m™> year™', within the range of
observed Hg settling fluxes in estuaries and on the shelf (60—
700 pg m~* year').3¥%"7%° The upper estimate of global Hg
discharge (5500 Mg year™!)* reflects the inclusion of recent
measurements from large, highly contaminated Asian rivers.
Burial in deep ocean sediments is estimated to be 190 Mg
year™! (90% confidence interval, 180—260 Mg year)"” and is
a comparatively less important sink. As the sixth uncertainty
scenario, we increase the percent of permanent burial at ocean
margins from 70% to 90% to accommodate previously
published ranges. Disturbance of buried estuarine and shelf
sediments through benthic trawling, dredging, and coastline
development has been widespread in recent decades and may
effectively lower this sequestration term. However, the
temporal and spatial extent of these effects has not been
quantified and thus cannot be considered here.

3.0. RESULTS AND DISCUSSION

3.1. Pre-industrial-to-Present Enrichment. Supporting
Information Table S1 summarizes relative changes in Hg
accumulation rates in peat records for the four time periods
considered in this analysis. We refer to the period of maximal
Hg accumulation as the extended 20th century maximum
(abbreviated 20Cmax). Median 20Cmax occurs in 1960 (95%
confidence interval, 1940 to 1977; n = 20) in peat records and
1960 (95% CI, 1953 to 1982; n = 70) in lake sediments (SI
Table S1).

Our analysis of peat records suggests the choice of pre-
industrial reference period explains most of the previously
reported discrepancy between lake sediment and peat. Biester
et al."” reported median pre-industrial-to-present enrichment of
3 + 1 for lake sediments and 40 for peat. The authors used
1760 to 1880 as a reference period for sediment and 3000 BC
to 1550 AD as a reference for peat, leading to more than a
factor of 10 difference in reported EFs. Correcting the reference
period for peat to 1760 to 1880, we calculate a median
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enrichment factor of 4.6 (2.3—14; n = 19) with all data included
and 4.3 if the Shotyk et al’ outlier is excluded (2SD outlier
test; see SI Table S1). There is still a statistically significant
difference (p < 0.001) in enrichment between sediment and
peat. Differences between sediment and peat enrichment may
be explained by the delayed release of Hg from catchment soils
and longer time scales of accumulation associated with
watershed dynamics'®”*® or by potential *'°Pb dating issues
with both peat' and sediment cores.””'% It has been argued
*19Pb is mobile in the surface layers in some bogs, introducing
bias in age datinsg and overestimation of recent Hg
accumulation rates.” Establishing a reliable '°Pb chronology
in any archive requires validation by an independent time
marker (e.%., HC, 137Cs, 2220py, varves, known episodic
events)'' 7% but is lacking for many sediment records.
Figure 2 illustrates how the signal of atmospheric Hg
deposition can be dampened by longer time scales of
accumulation. Figure 2 shows modeled atmospheric deposition,
the fast terrestrial reservoir and slow terrestrial reservoir for
several model scenarios (Table 1) to characterize a range of
possible histories of Hg accumulation. The signal of enrichment
diminishes as the temporal integration of inputs increases from

Atmospheric Deposition

8000
Amos et al. (2014)
Increased ocean evasion
6000 7 Mining decreased 3x L
== Greater burial
Fast Terrestrial Reservoir
18000 A -
S 12000 - -
=
6000 - -
B
0 T T T T T
Slow Terrestrial Reservoir
80,000 - =
=)
=
~ 40,000 - =
C
0 T T T T T
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Figure 2. Modeled effects of variable time scales of integration on the
signal of atmospheric Hg deposition recorded in terrestrial ecosystems.
Atmospheric deposition (panel A) is based on the model scenarios
described in Table 1. Panel B shows the response of the fast terrestrial
reservoir with a lifetime of less than a decade, which is analogous to
the temporal resolution of peat archives. The slow terrestrial reservoir
shown in panel C has a lifetime of decades or more and is analogous
the time scales of accumulation for most lake sediment records.
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Figure 3. Observational constraints (gray bars) on model sensitivity simulations (symbols). Thick black horizontal lines indicate the observational
mean or best estimate and median +95% confidence intervals for panel B (see text). For panels B and C, EFs from peat are shown as the darker gray
bar and lighter gray bar for lake sediments. Table 1 describes each model scenario. For archives, EF, ;.4 = the ratio of mean Hg accumulation rate
from the extended 20th century maximum (“20Cmax”) relative to pre-industrial (1760 to 1880) and EF,j,. is the ratio 20Cmax relative to pre-
large-scale mining (3000 BC to 1550 AD). Model EFs are calculated from atmospheric deposition, and 20Cmax is taken as 1950 to 1975 based on

peak emissions in Horowitz et al.>® (Figure 1).

Table 3. Emission Factors Associated with Mercury, Silver®, and Gold” mining

type of miningb region time period % emitted to the atmosphere ref
Hg, large scale Huancavelica, Peru colonial 25 Robins and Haga.nz6
Ag, large scale Potosi, Bolovia colonial 85¢ Robins'®®
Ag, large scale colonial 7-344 Guerrero'®
Ag and Au, large scale Americas colonial—gold rush 60—65 Nriagu®®'%®
Ag and Au, large scale global 1850—1880 40°¢ Streets et al."”
Ag and Au, large scale global post-1880 15-39" Streets et al."”
Au, artisanal Amazon modern 65—87¢ Lacerda'®*
Au, artisanal global modern 45°¢ AMAP/UNEP'*?
Hg, artisanal Guizhou, China modern 7-32 Li et al.'**

“For Hg amalgamation methods only. ng = mercury, Ag = silver, and Au = gold. “Lost to the atmosphere in the initial or one of the subsequent
firings. “Assumes 100% recovery of Hg during firing and washing without losses to the environment but does not include reprocessing of recovered

Hg. “Assumes no recovery of Hg. fIncludes some recovery of Hg.

years (fast terrestrial reservoir) to decades (slow terrestrial
reservoir). In Amos et al’ (Figure 2, orange line), the
enrichment from 1760 to 1880 to 20Cmax is a factor of 4.4
for atmospheric deposition, 4.0 for the fast terrestrial reservoir,
and 2.9 for the slow terrestrial reservoir. This pattern supports
the premise that differences in median peat and sediment
enrichment may in large part reflect differences in time scales of
Hg accumulation and associated coupling with the atmospheric
deposition signal.

3.2. Evidence for Pre-1850 Anthropogenic Impacts. In
peat records, pre-industrial (1760 to 1880) Hg accumulation
rates are a factor of S greater than pre-mining accumulation
(3000 BC to 1550 AD). The mean increase in Hg accumulation
from the pre-mining era to the 20Cmax in peat is a factor of 27
(SD, +14; median = 26; n = 14). Mean enrichment from
varved or '*C lake sediment is a factor of 17 (SD, +17; median
= 14; n = 7). Mean sediment and peat enrichment factors are
not significantly different (t test, p = 0.21), but there is
substantial variability in the precolonial Hg accumulation in the
seven lake sediment records. Modeled enrichment in
atmospheric deposition from Amos et al® over the same
period is 18 and ranges from 6 to 19 across uncertainty
scenarios (Figure 3C). Multiple lines of evidence for enrich-
ment in atmospheric Hg deposition before the pre-industrial
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(1760 to 1880) era from sediment, peat, and modeling all
support early anthropogenic enrichment of the global Hg cycle.

The historical pattern of Hg consumption is well
documented (Figure 1). Associated emissions to the atmos-
phere are more uncertain, as illustrated by the range of
proposed historical emission profiles (Figures 1 and S1
(Supporting Information)). Hg consumed for large-scale silver
mining in colonial South America grew rapidly following the
discovery of the patio amalgamation process in the 1550s.'"*
Mercury use for amalgamation in large-scale mining peaked in
the late 1800s>*® at approximately 4600 Mg of Hg year™',**
which is comparable to contemporary global consumption.

Variability in the emission factor for historical silver mining
and uncertainty about calomel (Hg,ClL,(s)) formation during
the processing of silver ores are the major contributors to
uncertainty in pre-1900s atmospheric emissions. The amalga-
mation process began by crushing silver ore, combining it with
water, Hg, salt, and other ingredients, and spreading it out on a
patio. Humans tread on the mixture to accelerate amalga-
mation. The paste was rinsed and runoft was recaptured and
reused. Once separated, the amalgam was squeezed through
cloth to further remove excess Hg. The amalgam was fired in
kilns, leaving behind pure silver and releasing Hg(0) vapor.
More detail on the amalgamation process can be found
elsewhere.>®'%°
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Estimated atmospheric releases range from 7 to 85% of total
Hg consumed (Table 3).>%'%7'% The low end of this range
(7—34%) favors extensive calomel formation and assumes
100% recovery of Hg during washing without losses to the
environment.'®® This is unlikely given the porous ceramic
materials used in smelting that would release substantial
quantities of Hg as vapor'®'”'% and ignores the extensive
reprocessing of refining byproducts enriched in silver and Hg,
as well as the use of Hg captured in the smelting process.
Substantial quantities of Hg are known to leach from wasted
calcines (roasted ores).''07!!? Leaching and subsequent
volatilization from mine wastes are currently not accounted
for in loss estimates.

3.3. Changes in the Modern Era. Archival observations
and geochemical modeling both provide evidence for peak
atmospheric Hg concentrations during the second half of the
20th century and declines in more recent decades. Peat records
indicate Hg accumulation has declined by a factor of 2.2
(median; 1.5-9.0; n = 14) from the 20C max to the modern
era (post-1990s). Most lake sediments show a more gradual
decrease, or no decrease, in Hg accumulation since the 20Cmax
(factor, 0.9; 95% CI, 0.7—1.5; n = 70), which was also found
independently by Zhang et al.>* (n > 100 cores). As shown in
Figure 2, greater temporal integration of Hg accumulated
through both watershed influences and in-lake processes can
explain time averaged or slow changes in sediment Hg
accumulation rates in response to changes in atmospheric Hg
emissions.

Variability in Hg concentrations over the past several decades
recorded in an ice core,” firn air,’ and snow from central
Greenland''® corroborate the occurrence of a 20Cmax between
the 1940s and 1980s and a subsequent decline. Greenland snow
cores at Summit revealed Hg concentrations that were 1.7-fold
higher in 1948—1965 than in 1965—1988.""* Interstitial air in
firn from Summit, Greenland shows a 2-fold increase in Hg(0)
from 1940 to 1970, followed by a 1.8-fold decrease to modern
levels.® This 20th century peak in anthropogenic emissions is
alsz% accounted for in the global inventory from Horowitz et
al.

3.4. Uncertainty in Anthropogenic Hg Emissions and
Biogeochemical Cycling. Here we present six sensitivity
simulations that explore the impact of uncertainty in Hg cycling
and atmospheric emissions on anthropogenic enrichment. The
plausibility of each scenario is assessed against multiple
independent lines of observation. Figure 3 shows the model
outcomes from the six uncertainty scenarios (Table 1)
evaluated against the observational constraints described in
section 2.0. Historical emissions scenarios that decrease releases
from mining by a factor of 3 or exclude pre-1850 anthropogenic
emissions (SI Figure S1) fall below the observational
constraints for the atmosphere, terrestrial ecosystems, and
deep ocean (Figure 3AEF). All-time enrichment in atmos-
pheric deposition from these low historical emissions scenarios
also fall outside the 95% confidence intervals of observed peat
enrichment factors (“EF e~ in Figure 3C) and are biased low
relative to the mean enrichment from lake sediments. A
proposed rationale for decreasing global emissions from early
mining by 50—66% (scenarios 1 and 2, SI Figure S1) is that
most Hg used for amalgamation ended up as calomel instead of
being volatized to the atmosphere.'”® The comparison in
Figure 3 demonstrates that making this assumption worsens
agreement with multiple independent measurements and by
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extension suggests the fraction of Hg emitted must have been
large and the impact global.

Figure 3A shows that increasing geogenic emissions to the
atmosphere to their upper limit (300 Mg year™') in the model
biases the present-day atmosphere outside the observational
range. High geogenic emissions bias the upper ocean
concentrations high with respect to mean concentrations
(Figure 3D). Field observations suggest that global Hg
emissions from volcanoes are 76 + 30 Mg year_l,60 suggesting
the additional contribution from Hg enriched soils is 200 Mg
year! or less.

Recent research on Hg contained in terrestrial ecosys-
tems®”' 14 suggests greater Hg retention in soils on a global
scale than previously realized (scenario S, Table 1). Figure 3
shows that decreased Hg emissions from soils are consistent
with the range of available observational constraints. Increasing
Hg retention in soils also implies a reduction in oceanic Hg
accumulation, which is consistent with lower Hg concentrations
in seawater from recent measurements (see section 2.3). The
scenario for increased oceanic evasion lowers modeled surface
ocean concentrations but results in an atmospheric reservoir
and deep ocean that fall outside observational constraints.
Similarly, increasing burial of Hg in ocean margins lowers
modeled seawater Hg concentrations in the upper ocean
(Figure 3D) but results in a large low bias with respect to the
atmosphere, deep ocean, and soil reservoirs (Figure 3A,E,F).

3.5. Implications for Future Responses. Figure 4 shows
relative changes in atmospheric and oceanic Hg concentration
following the elimination of all primary anthropogenic Hg
emissions to the atmosphere in 2015 for several model
uncertainty scenarios. Although eliminating emissions in
hypothetical, it allows us to directly compare environmental
responses across sensitivity simulations. Results show relatively
little difference among base-case model scenario and lower Hg
emissions from mining, increased Hg removal through burial,
and high air—sea exchange on future responses. The
atmosphere responds immediately under all emissions scenarios
to the termination of future emissions, which is consistent with
contemporary measurements showing rapid decreases in
atmospheric deposition in response to decreasing emis-
sions."'>!'® This reflects the relatively short lifetime of Hg
against removal (0.5—1 year). Removing the full anthropogenic
perturbation to the global biogeochemical requires longer time
scales as reflected by the growth of the Hg reservoir in the deep
ocean over the 21st century. The amount of Hg sequestered in
ocean margin sediments (burial) has the greatest impact on
future concentration trends across all geochemical reservoirs
(Figure 4).

Figure 4 also illustrates how the profile (ie., shape) of past
emissions impacts future trajectories. Amos et al’? (Figure 4,
orange line) is forced by the Horowitz et al** emission
inventory, where there is a rapid drop in global anthropogenic
emissions after the 1970s and emissions only begin to increase
after 2000 (Figure 1) due to growth in Asia. Conversely, the
scenario labeled “mining decreased 3X” (cyan line) is based on
Streets et al,'” which does not include commercial products,
and global emissions have monotonically increased since the
1970s. Even though upper ocean concentrations start lower in
2016 under the decreased mining emission scenario, the
recovery after terminating emissions is notably slower because
global emissions steadily climbed from the 1970s to present.
The implication is that the near-term response of upper ocean
concentrations to future regulations is particularly sensitive to
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Figure 4. Modeled relative changes in Hg concentrations in the
atmosphere and ocean following termination of all primary
anthropogenic emissions in 2016. Results are normalized to 2015
and expressed as percent (%) change in concentrations. Relative
responses of the atmosphere (A), upper ocean (B), and deep ocean
(D) are shown for the base-case simulation developed by Amos et al.®
and scenarios that increase oceanic mercury evasion by 30%, decrease
mining emissions by a factor of 3, and increase sequestration of Hg in
ocean margin sediments from 70% to 90% as described in Table 1.

the profile (i.e, shape) of anthropogenic emissions in recent
decades.

Rapid declines in atmospheric and surface ocean concen-
trations in response to changes in anthropogenic Hg emissions
to the atmosphere are robust to the uncertainties considered in
this analysis. Aggressive reduction of global Hg emissions is
needed to stabilize subsurface and deep oceanic Hg levels
irrespective of the uncertainty in historical emissions and
biogeochemical cycling considered.

Using a combination of measurements and modeling, this
analysis shows early mining emissions have had a substantial
impact on global all-time anthropogenic enrichment. Mercury
accumulation rates in peat increased by a factor of 4.3 (median)
from pre-industrial (1760—1880) to the 20Cmax, compared to
a factor of 3.0 (median) for lake sediment. Median Hg
accumulation rates in both peat and sediment are a factor of ~5
lower during the precolonial period (3000 BC to 1550 AD)
than during the pre-industrial period (1760 to 1880), which is
in agreement with model simulations that have also been
constrained by contemporary measurements. Important
research directions for better anticipating the impacts of legacy
anthropogenic Hg in coming decades include improved
quantification of the retention of atmospherically deposited
Hg in soils, disturbance of Hg buried in coastal sediment, and
air—sea exchange.
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