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Abstract Mercury (Hg) is a global and persistent contaminant, affecting human health primarily via
marine fish consumption. Large anthropogenic releases of Hg to the atmosphere by mining and coal
combustion have resulted in a significant perturbation to the biogeochemical cycling of Hg. The magnitude of
this perturbation and the relative roles of the ocean and land as sinks for anthropogenic Hg remain unclear.
Here we use a 3-D global ocean biogeochemical model to show that surface ocean Hg concentrations
have increased fourfold over the last 600 years. We find that anthropogenic Hg enters the ocean’s interior
predominantly by absorption onto sinking organic matter particulates, which decompose and release

Hg at a depth of 500-800 m, implying that the human perturbation is largest in subsurface waters of
biologically productive regions. Our model simulation predicts that over the last six centuries half of emitted
anthropogenic Hg has accumulated in the oceans and marine sediments.

1. Introduction

Anthropogenic emissions of mercury (Hg) to the environment date back to the early history of human
civilization. Prior to 1850, atmospheric emissions were primarily from Hg mining and use of Hg in amalgam
extraction of gold and silver ores [Lacerda, 1997; Nriagu, 1993; Streets et al., 2011]. Since the industrial
revolution, coal combustion has become the dominant source of Hg, accounting for nearly half of present-day
anthropogenic Hg emissions [Pacyna et al., 2010]. Once in the atmosphere, Hg is transported globally until it
deposits onto the Earth’s surface, where it bioaccumulates in aquatic food chains as highly toxic methylmercury
[Fitzgerald et al., 2007; Morel et al., 1998]. Natural archives of atmospheric deposition from lake sediments,
peat bogs, and ice cores suggest that the current Hg deposition flux to land is 2-5 times higher than in
1850 [Fitzgerald et al., 2005]. Available records extending back several thousand years show even larger
increases [Cooke et al., 2009; Elbaz-Poulichet et al., 2011].

Little is known about how human perturbation has affected the marine biochemical cycling of Hg, what
fraction of anthropogenic Hg has accumulated in the oceans, or what areas of the oceans are most affected.
These uncertainties severely limit our ability to understand the past and predict the future Hg concentrations
in the oceans and their impact on Hg content in marine fish. In particular, the response of marine Hg to
ongoing and planned reductions in anthropogenic emissions will be highly dependent on contributions from
historical sources. Oceanic measurements of Hg profiles remain very sparse and display large interlaboratory
variability, making spatial and temporal trends in marine Hg concentrations difficult to assess observationally
[Fitzgerald et al., 2007; Mason et al., 2012]. Modeling studies predict factors of 1.25 to 3 increase in surface
ocean Hg concentrations since 1850 [Mason et al., 1994; Lamborg et al., 2002; Mason and Sheu, 2002;
Sunderland and Mason, 2007; Selin et al., 2008] and factors of 3.6-6 increase when compared with natural
conditions and taking into account pre-1850 anthropogenic emissions [Streets et al., 2011; Amos et al., 2013].
Large disagreement is found among estimates of the mass of anthropogenic Hg residing in the ocean,
ranging from 120 Mmol [1 Mmol = 10° mol] to 1100 Mmol [Streets et al., 2011; Mason et al., 1994; Lamborg
et al., 2002; Mason and Sheu, 2002; Sunderland and Mason, 2007; Selin et al., 2008; Amos et al., 2013]. These
variations reflect uncertainties in emissions of anthropogenic Hg over the last centuries, as well as treatment
of oceanic transport in a simplified manner. Indeed, current global ocean Hg models represent the ocean
as 1-3 boxes in the vertical and/or neglect horizontal transport [e.g., Sunderland and Mason, 2007; Amos et al.,
2013]. These simplifications are problematic as the intermediate and deep oceans are not well mixed on
the 200-600 year timescale of the anthropogenic Hg perturbation [Siegenthaler and Oeschger, 1978; Joos et al.,
1996; Strode et al., 2010].
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We examine the distribution and evolution of anthropogenic Hg in the ocean using a global 3-D ocean
tracer model coupled with global 3-D atmosphere-land model [Zhang et al., 2014; Holmes et al., 2010].
This framework, with realistic treatment of oceanic and atmospheric transport, allows us to place new
constraints on the human perturbation to the Hg cycle via direct comparisons to (1) lake sediment
observations of the temporal and spatial changes in deposition to land, and (2) oceanic profiles of Hg in
different ocean basins representing the cumulative anthropogenic input. In our model, Hg enters the
ocean from atmospheric deposition and riverine effluents. Hg biochemistry in the ocean tracer model
includes air-sea exchange, biological, and photochemical Hg redox chemistry, as well as reversible sorption
onto organic particles and coupling to the biological pump (see section 2). As part of the biological pump,
the Hg absorbed on organic particles sinks to the intermediate and deep ocean waters, where bacterial
remineralization leads to the release of Hg [Mason and Fitzgerald, 1993; Mason et al., 1998].

2. Methods

We couple an offline ocean tracer model (OFFTRAC-Hg) with an atmospheric chemical transport model
(GEOS-Chem) to simulate the Hg cycle in this study. The details of these models are elaborated below:

2.1. OFFTRAC-Hg Model

OFFTRAC model is an offline advection/diffusion ocean tracer model. It uses archived monthly averaged
transport fields from the Hallberg Isopycnal Model (HIM) [Hallberg and Rhines, 1996; Ladd and Thompson,
2001]. The world’s oceans are resolved on a nominal 1° latitude by 1° longitude with 1/3° latitude resolution
in the equatorial ocean. The model has 49 isopycnal layers containing two layers of Kraus-Turner-type
mixed layer and two buffer layers. The HIM model is run for 650 years with climatological forcing at the
surface by prescribed atmospheric boundary conditions (CORE-Il) [Large and Yeager, 2009] and then
integrated further using interannanually varying winds, air temperatures, and humidity from the National
Centers for Environmental Prediction reanalysis between 1950 and 2006 [Kalnay et al., 1996]. The Hg
modeling capability in the OFFTRAC model was developed and described in Zhang et al. [2014]. Briefly, the
OFFTRAC-Hg model simulates three Hg tracers: dissolved elemental mercury (Hgoaq), dissolved oxidized
mercury (Hg"aq), and mercury bound to particulate matter (ngaq). We assume that Hg input to the ocean is
via atmospheric deposition and riverine effluent input (both in the form of Hg”aq). We simulate the air-sea
exchange of Hg°aq with atmosphere, and the redox reactions between Hg°aq and Hg"aq in the ocean water.
Hg”aq and ngaq are assumed to be in instantaneous partitioning equilibrium, and the fraction of ngaq
relative to Hg”aq is proportional to the local levels of particulate organic carbon (POC). We also include the
sink of ngaq along with sinking POC as part of the biological pump in the OFFTRAC model. The POC
sinking flux is derived from satellite-retrieved net primary production following Dunne et al. [2005].

2.2. GEOS-Chem Model

The GEOS-Chem model is driven by assimilated meteorological observations from the NASA Goddard Earth
Observing System (GEOS) (www.geos-chem.org). In this paper, we use version v9-01-02. The meteorological
fields have a horizontal resolution of 4° latitude by 5° longitude and 47 vertical levels. In our simulation,
we use GEOS-5 repeating meteorological fields for the year 2006. The GEOS-Chem atmospheric Hg
simulation was described in Selin et al. [2007], with more recent updates in Holmes et al. [2010], Amos et al.
[2012], and Zhang et al. [2012]. This model simulates two atmospheric Hg tracers: elemental mercury
(Hg®) and divalent mercury (Hg"). The Hg chemistry in this model includes the oxidation of Hg® by Br atom
and the in-cloud reduction of Hg". The model contains a surface soil module with prescribed soil Hg
concentration distribution. The soil Hg® reemission is dynamically simulated according to meteorological
conditions [Selin et al., 2007].

2.3. Model Coupling

Atmospheric transport within GEOS-Chem is calculated with a 60 min time step, while in OFFTRAC we use a
daily time step for the mixed layer and a monthly time step for the rest of the ocean. Coupling between
the OFFTRAC and GEOS-Chem simulations occurs once a month. GEOS-Chem provides to OFFTRAC

three variables: atmospheric Hg® concentrations, Hg" deposition fluxes, and riverine input, while OFFTRAC
provides to GEOS-Chem the net Hg® evasion flux. These variables are all archived on a monthly basis.
Riverine flux of Hg from land to ocean is also calculated from the soil Hg concentration distribution around
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Table 1. Detailed Information for the Source of Oceanic Observations Shown in Figure 4

Ocean Basin Symbol® Cruise Name Latitude/Longitude Range Time References
Subarctic Atlantic . 10C 1993 47°N-68°N, 60°W-0°W Aug 1993 Mason et al. [1998]
Midlatitude North Atlantic . BATS 31°N, 64°W Mar 2000 Mason et al. [2001]
A BATS 31°N, 64°W Jun 2008 Lamborg et al. [2012]
v GEOTRACES GAO03 20°N-23°N, 26°W-39°W Nov to Dec 2011 Bowman et al. [2014]
Equatorial Atlantic ° Knorr 0.6°S, 20°W Jun 1996 Mason and Sullivan [1999]
A GEOTRACES GA02 13°5-0°S, 28°W-33°W Mar 2011 Bowman et al. [2012]
South Atlantic ° Knorr 33°S, 40°W Jun 1996 Mason and Sullivan [1999]
A Knorr 17°S, 25°W Jun 1996 Mason and Sullivan [1999]
v GEOTRACES GA02 23°5-49°S, 33°W-49°W Mar 2011 Bowman et al. [2012]
Southern Ocean ° SR3 CASO-GEOTRACES 44°S-57°S, 140°E-147°E Mar to Apr 2008 Cossa et al. [2011]
A 57°5-66°S, 140°E-147°E
Equatorial Pacific RITS 20°S-10°N, 170°E-70°W Jan to Feb 1990 Mason and Fitzgerald [1993]
North Pacific CLIVAR-P16N 20°N-60°N, 152°W Mar 2006 Sunderland et al. [2009]
North Pacific (20°N-35°N) ] SAFe 30°N, 140°W May 2009 Hammerschmidt and Bowman [2012]
A 10C 2002 23°N, 158°E May to Jun 2002 Laurier et al. [2004]
North Pacific (35°N-60°N) . 10C 2002 44°N, 155°E May to Jun 2002 Laurier et al. [2004]
A VERTEX 48°N, 148°W Jul to Aug 1987 Laurier et al. [2004]

*The symbols correspond to individual profiles shown in Figures 4c—4i.

river mouths and the climatological monthly mean fresh water discharge from continents [Dai
and Trenberth, 2002]. We used the soil Hg concentration predicted by Streets et al. [2011] with a global average
of 16 ppb under natural conditions.

2.4. Simulation for 1450-2008

We first run our coupled model system for preanthropogenic conditions [Zhang et al., 2014]. Once the
ocean has reached steady state (after ~10,000 years), we conduct a time-dependent simulation with
increasing anthropogenic emissions using the historical anthropogenic Hg emission inventory developed
by Streets et al. [2011] starting from year 1450 until 2008. This inventory provides global total anthropogenic
Hg emissions during 1450-1850, and detailed decadal Hg emissions for 1850-2008 by region (North
America, South America, Europe, Former USSR, Africa and Mideast, Asia, and Oceania), source type (silver
mining, artisanal gold mining, large-scale gold mining, waste incineration, coal combustion, other metal
production, etc.), and speciation (Hg® and Hg"). On a subregional basis, we allocate gold/silver/mercury
mining based on historical mining locations [Lacerda, 1997] and other anthropogenic emissions are
distributed following the present-day geographical distribution within each region [Pacyna et al., 2010]. In
a sensitivity simulation, we decrease the Hg emissions from mining in the Streets inventory by a factor
of 3 prior to 1920 [Guerrero, 2012]. This leads to a simulation of deposition to land that is more consistent
with historical archives from lake core sediments (see section 3.1).

2.5. Observational Data Sets

We compiled 120 lake sediment profiles and 88 oceanic total Hg concentration profiles reported in the
literature (see Table 1 and Table S1 in the supporting information for a full list of references). For the lake
sediments, we normalized the Hg accumulation flux rates to the levels in the earliest part of the record
(observations in 1800 for most of the sites). Multiple profiles sampled at nearby locations are combined, and
the mean value and standard deviation are shown.

3. Results and Discussion
3.1. Time Evolution of Hg Emissions, Deposition, and Ocean Concentrations

Starting from a preanthropogenic ocean and atmosphere [Zhang et al., 2014], we performed a time-dependent
coupled ocean-atmosphere-land Hg simulation with anthropogenic emissions from year 1450 to 2008
[Streets et al., 2011]. Since 1950, the increase in Hg emissions has been dominated by unintentional release
of the toxic metal during coal combustion (Figure 1a). Anthropogenic emissions of Hg in 1450-1850 are
due to silver mining in South and Central America, followed by extensive Hg mining and its use in gold and
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Figure 1. Historical trends in anthropogenic Hg emissions and Hg accumulation flux to lake sediments. (a) Global anthro-
pogenic Hg emissions between 1450 and 2008. The emission inventory from Streets et al. (3) is shown in red, while the
emission inventory with mining emissions reduced by a factor of 3 is shown in green. Mean historical Hg flux inferred from
sediment cores in (b) 68 remote lakes, (c) 41 lakes in the eastern U.S., and (d) 11 lakes in East Asia. All the fluxes are nor-
malized to 1800-1850 levels. Observations (black filled circles with vertical line showing 10) are compared against model
results (red and green lines correspond to the original and reduced mining inventories, respectively).

silver extraction in North America between 1850 and 1920. We have compiled historical Hg deposition
records in 120 lake sediment cores (see section 2) and found that the Streets et al. [2011] emission inventory
resulted in significant overestimates of Hg deposition from 1850 to 1920 (Figures 1b-1d). Although the
amount of Hg used in precious metal extraction is reasonably well known [Streets et al., 2011; Nriagu, 1993],
there is a debate as to what fraction volatilized to the atmosphere [Strode et al., 2009; Engstrom et al., 2014].
Streets et al. [2011] assumed that 52% of the Hg used in historical Au/Ag mining was volatized to the
atmosphere, consistent with previous studies [Nriagu, 1993; Lacerda, 1997]. The work of Guerrero [2012]
suggests that 66-93% of the Hg used in Au/Ag mining formed solid calomel (Hg,Cl,), which was trapped in
Au/Ag mining waste and washed downstream or buried in landfills. Thus, only 34-7% of the Hg used might
have volatilized to the atmosphere. We find that a simulation with mining releases to the atmosphere
decreased by a factor of 3 prior to 1920 is more consistent with these environmental archives (Figures 1b-1d).
Our simulation thus assumes that 17% of the Hg used in mining was released to the atmosphere, within the
range found by Guerrero [2012]. The resulting total cumulative anthropogenic Hg emissions are reduced from
1750 Mmol to 950 Mmol. In the rest of the analysis presented here we use the results from this simulation with
reduced mining emissions.

The 7 month atmospheric lifetime of Hg [Holmes et al., 2010; Zhang et al., 2014] allows the modeled Hg in the
atmosphere to closely track changing anthropogenic Hg emissions (Figure 2a). Our simulation predicts
that atmospheric Hg concentrations have increased by a factor of 5.5 over the last 600 years, reaching a
global mean value of 1.2 ng/m>. This modeled present-day Hg concentration is consistent with observed
values of 1.0-1.5 ng/m? [Ebinghaus et al., 2009; Sprovieri et al., 2010] (see Figures S1 and S2 in the supporting
information). Increasing atmospheric Hg levels have resulted in a factor of 4.8 increase in deposition to
the ocean and 7.5 increase in deposition to land. Overall the model reproduces the evolution of the
observed enhancement in deposition as recorded in lake sediment cores (Figures 1b-1d). Remote
lakes have an average enrichment factor (defined as the ratio of Hg accumulation flux for the present-
day relative to 1800) of 3, consistent with previous studies [e.g., Fitzgerald et al., 2005]. Both
observations and model display larger increases in Hg deposition fluxes in the eastern U.S. (factor of 4)
and East Asia (factor of 6), reflecting the stronger influence of regional Hg emissions in these
industrialized areas.

About 90% of the Hg input to the surface ocean is via atmospheric deposition [Strode et al., 2007; Mason
et al,, 2012], while the majority of its loss is via air-sea exchange, leading to a 7 month lifetime for Hg in the
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in environmental reservoirs. Hg is in the deep ocean, 52% is in the
thermocline/intermediate ocean, and 2.8% in
the mixed layer (Figure 2c). About 67% of the increase of oceanic Hg mass (220 Mmol) occurred before
1920 owing to mining activities. The coal surge since 1920 contributes to the remaining anthropogenic Hg in
the ocean. Our results for the ocean mixed layer are comparable to two box model studies of Streets et al. [2011]
and Amos et al. [2013], which reported factors of 3.6-5.9 increase (compared to 4.4 in our study). However, these
studies report larger increases in the thermocline/intermediate ocean (factors of 2.7-5.3, 560-570 Mmol,
compared to a factor of 1.5 and 170 Mmol in our study) and in the deep ocean (factors of 1.5-2.1, 500-520 Mmol,
compared to a factor of 1.2 and 140 Mmol in our study). These differences are due to an overestimate of the
vertical mixing of anthropogenic Hg in the box model studies combined with higher assumed mining emissions.
Our results are similar to the 290 + 80 Mmol anthropogenic Hg burden in the oceans reported by Lamborg et al.
[2014a] using a method combining Hg observations with anthropogenic CO, as a proxy. Lamborg et al. [2014a]
calculates that 6% of anthropogenic Hg resides in the surface ocean, 59% in the thermocline/intermediate, and
35% in the deep ocean. Our vertical distribution of anthropogenic Hg within the ocean is comparable (3% surface,
52% thermocline/intermediate, and 45% deep ocean), but we find significantly more anthropogenic Hg in the
deep ocean than Lamborg et al. [2014a].

Our model predicts that the Hg mass in the
global ocean has increased from 960 Mmol to

Overall, the emission inventory adopted in this study leads to a cumulative anthropogenic Hg release of
950 Mmol over the last 600 years, with 650 Mmol from metal mining, 200 Mmol from coal combustion,
and the remaining 100 Mmol from other industrial sources. Our model predicts that today, 2% (18 Mmol) of
the cumulative anthropogenic Hg is in the atmosphere, 48% (460 Mmol) is in soils, 35% (330 Mmol) is in the
ocean, and 15% (140 Mmol) is in ocean sediments (Figure 2c).

3.2. Distribution of Present-Day Oceanic Hg

Examination of both horizontal and vertical distributions of Hg in the ocean reveals the control of
atmospheric deposition processes, oceanic advective pathways, and the oceanic biological pump. The
mixed layer Hg concentrations (Figure 3a) are enhanced in regions with high atmospheric wet deposition,
in particular along the midlatitude storm tracks, high riverine input along coasts, and regions of strong
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Figure 3. Spatial distribution of Hg concentrations in the present-day ocean. Annual mean concentrations of total Hg
(in pM) for (a) the mixed layer, (c) 1000 m depth, and (e) 3000 m depth. (b, d, and f) Contributions of anthropogenic
Hg to the present-day concentrations, expressed in percentage.

upwelling such as the Weddell Sea. The modeled total Hg concentrations increase with depth, from 0.72 pM
in the mixed layer to 1 pM at 3000 m (Figure 3e). This reflects removal of Hg from the surface to the
subsurface ocean by particle sinking followed by remineralization at depth [Zhang et al., 2014; Lamborg

et al., 2014b].

At 3000 m depth, modeled Hg concentrations predict progressive enrichment with length of time since the
water was in contact with the surface: the lowest Hg concentrations (~0.5 pM) are in the young waters
of the North Atlantic Ocean, increasing to 1 pM in the South Pacific and Indian Oceans and reaching up to
1.4 pM in the North Pacific Ocean (Figure 3e). The continuous input of Hg from particle remineralization as
the water transits from the North Atlantic to the North Pacific leads to a factor of 3 increase in Hg
concentrations. At 1000 m depth, Hg concentrations show similar interbasin differences as at 3000 m
(Figure 3c¢). Concentrations reaching up to 1.8-2 pM are predicted in the eastern equatorial Atlantic and
Pacific Oceans, due to high input from sinking organic particles. These two regions are also characterized
by low oxygen concentrations. In general, the distribution of Hg and oxygen tend to be anticorrelated:
as organic material degrades in deep water, oxygen is consumed and Hg is released [Zhang et al., 2014].
Modeled vertical profiles predict that high Hg concentrations in the North Pacific Ocean extend to 500-1500 m
depth poleward of 40°N (Figure 4b). High concentrations are also modeled throughout the tropics in both
the Atlantic and Pacific basins at depths of 500-1000 m. Upwelling and downwellling processes associated with
upper layer divergence and convergence also modify Hg distributions in the upper 1000 m.

Over the subarctic North Atlantic Ocean, observations of Hg concentration profiles suggest fairly uniform
concentrations with depth (Figure 4c), reflecting deep water formation and rapid vertical mixing [Schmittner
et al., 2007]. In other regions, most of the observed Hg concentration profiles have subsurface peaks at
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Figure 4. Vertical distribution of oceanic Hg. Zonal mean cross sections of total Hg concentrations (filled contours, in pM)
for the (a) Atlantic Ocean and (b) Pacific Ocean. The black contours indicate the percent contribution from anthropo-
genic Hg. The bottom panels display observed total Hg concentration profiles (black symbols, see Table 1) for the

(c) subarctic Atlantic, (d) midlatitude North Atlantic, (e) equatorial Atlantic, (f) South Atlantic, (g) Southern Ocean, (h) North
Pacific (20°N-35°N), and (i) North Pacific (35°N-60°N). The number of observed profiles used in the comparison is
indicated in parenthesis for each panel. The solid lines indicate modeled profiles for the preanthropogenic (blue) and
present-day (orange) simulation.

500-800 m depth (Figures 4d, 4e, 4f, 4h, and 4i). On average, the model reproduces the observed total Hg
concentrations at 0—-100 m (model: 0.69 + 0.27 pM; obs: 0.78 +0.58 pM), 100-1000 m (model: 0.94 +0.27 pM,
obs: 1.0£0.97 pM), and >1000 m (model: 0.88 £0.21 pM; obs: 0.83 = 0.60 pM). Despite the large
variability within each profile and among profiles in the same region (Figures 4e, 4f, and 4i), the model
generally reproduces the vertical structure. Overall, the model is within 50% of the observed Hg profiles,
with the exception of measurements in the high and midlatitude North Atlantic Ocean (Figures 4c and 4d).

The model captures the shallower portion (<1500 m) of the observed profiles over the subarctic and
midlatitude North Atlantic Ocean (Figures 4c and 4d) but is too low by a factor of 2 below those depths.
Long-term observations near Bermuda indicate that the North Atlantic Hg concentrations in the top
1000 m were 5 to 10 times higher in the 1980s and 1990s compared to today [Soerensen et al., 2012, and
references therein]. This trend could partially be caused by widespread commercial use of Hg in the U.S.
and Europe, and its unregulated release until the late 1980s [Horowitz et al.,, 2014]. The resulting high Hg
riverine runoff and wastewater discharge to the Atlantic Ocean could contribute to the elevated Hg
concentrations observed in the North Atlantic [Amos et al., 2014]. These releases of commercial Hg are not
included in our simulation. Assuming that the difference between observations and modeled profiles below
1500 m in the North Atlantic is due to this missing commercial Hg source, the model discrepancy suggests that
the missing source could account for an additional 40 Mmol of anthropogenic Hg in the ocean.

3.3. Penetration of Anthropogenic Hg in the Oceans

We calculate the anthropogenic contribution to present-day Hg concentrations by differencing the present-
day simulation (year 2008) and our preanthropogenic simulation. In surface waters, we find that 77% of
the Hg is anthropogenic in origin (Figure 3b). The distribution of the anthropogenic contribution is relatively
uniform in the surface ocean, with slightly lower contributions in polar regions, which are shielded from
atmospheric deposition by sea ice. At 1000 m depth, the anthropogenic contribution is not as evenly
distributed, with the largest contributions (>70%) occurring over the North Atlantic Ocean where North
Atlantic Deep Water is formed. This is then advected into the interior (Figure 3d). A secondary maximum at
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voir (in units of Mmol), while the arrows indicate fluxes in Mmol a . The preanthropogenic conditions are in black arrows
and numbers, while the human perturbation is shown in red.

1000 m occurs in the Southern Ocean between 30 and 50°S, where Antarctic Intermediate Water are found.
The anthropogenic contribution decreases to 10-20% at 3000 m depth and <10% below 4,000 m
(Figures 3f, 4a, and 4b).

A comparison of Hg concentration profiles in the present-day ocean simulation to the model preanthropogenic
profiles allows us to investigate the distribution of anthropogenic Hg concentrations in the ocean
(Figures 4c-4j). Over the subarctic North Atlantic (Figure 4c) and Southern Ocean (Figure 4q) efficient
vertical transport leads to uniform anthropogenic Hg concentrations down to 3000 m. Elsewhere, the
modeled anthropogenic Hg concentrations reach peak concentrations of 0.5-0.8 pM at 400-500 m, where
sinking particles remineralize. We thus predict that the observed subsurface maxima in Hg concentrations
in these ocean basins are associated with the accumulation of anthropogenic Hg (Figures 4d, 4e, 4f,

and 4h). Below 2000 m depth, the anthropogenic Hg concentrations are low (0.1-0.2 pM) because this
water has been sequestered from the surface for hundreds of years.

The model simulation allows quantification of the anthropogenic perturbation to the present-day mercury
marine cycle (Figure 5). Our ocean Hg model suggests that anthropogenic Hg enters the ocean via
atmospheric deposition at a rate of 16 Mmol a~', with another 0.9 Mmol a~' from rivers. These fluxes are
the result of both direct Hg anthropogenic emissions and recycling of legacy emissions. Air-sea exchange
leads to the net evasion of 14 Mmol a~"
back to the atmosphere. Anthropogenic
Hg penetrates into the ocean interior via
two mechanisms: physical transport away
from deep and intermediate/mode water
formation regions (the physical pump)
and remineralization of sinking organic
particles (often referred to as the
biological pump). Our model suggests
==l I . , that the physical pump accounts for the
< 0003 06 09 12 15 1.8 21 24  10°molm®  transport of 0.4 Mmol a~' and that the

Figure 6. Column inventory of anthropogenic Hg in the ocean. biological pump.ls the domlnalt]t pathway
Anthropogenic Hg concentrations are vertically integrated and dis- for anthropogenic Hg penetration, with a
played in units of 10 % molm 2. flux of 3.7 Mmol a'. About 15% of the
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sinking particles undergo sedimentation in coastal areas and the rest reach intermediate and deep ocean
regions. Once in deeper ocean waters, 71% of the anthropogenic Hg attached to sinking organic particles
is remineralized back to dissolved Hg, with the remaining 29% undergoing sedimentation to the deep
ocean floor.

The modeled column inventory of anthropogenic Hg in the ocean shows the role of the biological pump in
controlling the distribution of anthropogenic Hg in the oceans (Figure 6). The model predicts elevated
anthropogenic Hg in three regions with active productivity and particle sinking: the eastern tropical
Atlantic Ocean and Pacific Oceans and the Arabian Sea. Together, these three regions account for 17% of
the total anthropogenic burden, but only 10% of the ocean surface. Smaller enhancements are predicted in
the high-latitude North Pacific Oceans. Advection by the physical pump generates a smaller increase in
anthropogenic Hg column concentrations in the Atlantic Ocean. The lowest values are for the Arctic Ocean
and coastal and near-shelf regions, because of the shallow depth.

It is interesting to draw parallels between anthropogenic CO, and anthropogenic Hg in the ocean as both have
similar emissions history, wide dispersal in the atmosphere, and vigorous air-sea exchange [Lamborg et al.,
2014a]. The ocean sink accounts for 30% of the 555 PgC anthropogenic CO, emitted to the atmosphere since
1750 [Ciais et al., 2013]. For Hg, we find that the ocean has stored 35% of anthropogenic emissions since 1450,
with an additional 15% in ocean sediments. Thus, in both cases the ocean plays a central role in controlling the
fate of anthropogenic emissions. However, the penetration pathways, and resulting oceanic distribution of
anthropogenic Hg and carbon, are very different. Anthropogenic CO, invades the ocean via gas exchange and
is transported into the ocean interior by advection/diffusion (i.e., solubility pump). Indeed, as inorganic carbon is
generally not a limiting factor for oceanic primary production [Raven and Johnston, 1991], the transport of
carbon to the deep ocean via the biological pump remains nearly unchanged over the anthropocene [Denman
et al., 2007]. Observational and model-based estimates show that the highest inventories of anthropogenic CO,
in the oceans are associated with deep water formation in the North Atlantic and intermediate/mode water
formation in the Southern Ocean [Sabine et al., 2004; Waugh et al., 2006]. In contrast, anthropogenic Hg enters
the ocean via atmospheric deposition and is carried downward predominantly through the biological pump
(Figure 6). This leads to most of the anthropogenic Hg residing in subsurface waters of biological productive
regions (Figure 5) and penetrating to deeper depths compared to anthropogenic CO,. Indeed, Sabine et al.
[2004] found that about 30% of the anthropogenic CO, is located at depths shallower than 200 m, and nearly
half at depths above 400 m. For anthropogenic Hg our model predicts that 80% of the anthropogenic
marine Hg resides at depths deeper than 400 m. Therefore, using anthropogenic CO, as a proxy, Lamborg et al.
[2014a] may have underestimated the fraction of anthropogenic Hg in the deep ocean. Indeed, they find that
100 Mmol is in the deep ocean, while we calculate nearly 50% more (148 Mmol).

Unlike inorganic carbon measurements in the ocean, Hg measurements are very sparse, and thus, our calculation
of the anthropogenic Hg inventory in the oceans is poorly constrained by observations. Our estimate of
330 Mmol anthropogenic Hg in the oceans has large uncertainties associated with historical emissions of
Hg as well as with our assumptions for key parameters in oceanic Hg biochemistry and potential model
biases. We estimate that these factors lead to a range of 190-530 Mmol anthropogenic Hg in the oceans
(see supporting information). More systematic global measurements of speciated Hg concentrations in the
world’s oceans, as part of the ongoing GEOTRACES (www.geotraces.org) and Climate Variability and Predictability
(CLIVAR) (http://www.clivar.org) programs, will provide better observational constraints on the storage of
anthropogenic Hg in the oceans. In particular, targeting regions where we predict elevated concentrations of
anthropogenic Hg (eastern equatorial Atlantic, eastern equatorial Pacific, Indian, and high-latitude North Pacific)
will help elucidate the connection between the biological pump and anthropogenic Hg.
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