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Abstract We implement mercury (Hg) biogeochemistry in the offline global 3-D ocean tracer model
(OFFTRAC) to investigate the natural Hg cycle, prior to any anthropogenic input. The simulation includes
three Hg tracers: dissolved elemental (Hg0aq), dissolved divalent (HgIIaq), and particle-bound mercury (HgPaq).
Our Hg parameterization takes into account redox chemistry in ocean waters, air-sea exchange of Hg0,
scavenging of HgIIaq onto sinking particles, and resupply of HgIIaq at depth by remineralization of sinking
particles. Atmospheric boundary conditions are provided by a global simulation of the natural atmospheric
Hg cycle in the GEOS-Chem model. In the surface ocean, the OFFTRAC model predicts global mean
concentrations of 0.16 pM for total Hg, partitioned as 80% HgIIaq, 14% Hg0aq, and 6% HgPaq. Total Hg
concentrations increase to 0.38 pM in the thermocline/intermediate waters (between the mixed layer and
1000m depth) and 0.82 pM in deep waters (below 1000m), reflecting removal of Hg from the surface to the
subsurface ocean by particle sinking followed by remineralization at depth. Our model predicts that Hg
concentrations in the deep North Pacific Ocean (>2000m) are a factor of 2–3 higher than in the deep North
Atlantic Ocean. This is the result of cumulative input of Hg from particle remineralization as deep waters transit
from the North Atlantic to the North Pacific on their ~2000 year journey. The model is able to reproduce the
relatively uniform concentrations of total Hg observed in the old deep waters of the North Pacific Ocean
(observations: 1.2± 0.4 pM; model: 1.1 ± 0.04 pM) and Southern Ocean (observations: 1.1 ± 0.2 pM; model:
0.8 ± 0.02 pM). However, the modeled concentrations are factors of 5–6 too low compared to observed
concentrations in the surface ocean and in the youngwater masses of the deep North Atlantic Ocean. This large
underestimate for these regions implies a factor of 5–6 anthropogenic enhancement in Hg concentrations.

1. Introduction

The ocean plays a central role in the biogeochemical cycling of mercury (Hg). Sea-air exchange is a major
source of Hg, accounting for ~1/3 of total emissions to the atmosphere [Lamborg et al., 2002; Mason et al.,
2003; Strode et al., 2007; Sunderland and Mason, 2007]. As a reservoir of Hg, the ocean is 50 times larger than
the atmosphere [Mason et al., 1994]. In the water, Hg undergoes methylation either in near-shore sediments
or within the open ocean water column [Hammerschmidt and Fitzgerald, 2004; Sunderland et al., 2009]. The
resulting monomethylmercury (MMHg) is a neurotoxin, which can bioaccumulate in the food web [Morel
et al., 1998]. Consumption of marine fish represents one of the main pathways for human exposure to MMHg
[Mergler et al., 2007] and has been associated with adverse health effects such as deficits in neurocognitive
function in adults and neurodevelopment delays in children [Yokoo et al., 2003; Cohen et al., 2005].

Anthropogenic influence on the Hg cycle is significant, with coal burning and metal mining having increased
global atmospheric Hg deposition by factors of ~3–5 since 1850 as inferred from lake sediment and ice cores
[Fitzgerald et al., 2005; Schuster et al., 2002; Lamborg et al., 2002; Fain et al., 2009]. There is also evidence for
significant anthropogenic releases due to the use of Hg in precious metal mining prior to 1850 [Cooke et al.,
2009; Elbaz-Poulichet et al., 2011]. Based on the all-time anthropogenic Hg inventory of Streets et al. [2011], Amos
et al. [2013] estimate a factor of 7.5 increase in present-day Hg deposition compared to natural levels 3000 years
ago, with most of the increase having occurred since 1450.

Within the ocean, Hg cycles among elemental (Hg0aq), divalent inorganic (Hg
II
aq), MMHg, dimethylmercury

(DMHg), and particle-bound (HgPaq) forms [Mason and Fitzgerald, 1993]. The dominant source of Hg to the
ocean is atmospheric HgII deposition, with smaller contributions from rivers, benthic sediments, and
hydrothermal vents [Mason et al., 2012, and references therein]. Atmospheric wet and dry depositions supply
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HgII to the surface ocean. In the mixed layer, HgIIaq can be reduced to Hg0aq, which is then reemitted to the
atmosphere. HgIIaq can also be absorbed onto suspended organic-rich particulate matter to produce HgPaq
[Mason et al., 1995; Amyot et al., 1997; Rolfhus and Fitzgerald, 2001; Fitzgerald et al., 2007]. As part of the
biological pump, HgPaq sinks to the subsurface ocean. Remineralization of sinking particulate matter converts
HgPaq to HgIIaq, thus resupplying Hg in the dissolved pool at depth [Strode et al., 2010]. The hypoxic (low-
oxygen) zone in the subsurface ocean is hypothesized to be an area of strong net biological methylation of
HgIIaq to MMHg and/or DMHg [Sunderland et al., 2009; Lehnherr et al., 2011]. MMHg and DMHg are lost via
biological and chemical demethylation to HgIIaq and Hg0aq [Mason and Fitzgerald, 1993; Mason et al., 1998;
Schaefer et al., 2004]. Burial of HgPaq in marine sediments is the terminal sink for Hg [Lamborg et al., 2002].

The shape of observed total Hg (HgT) profiles contains the signatures of these different processes. In the
mixed layer, HgTconcentrations can exhibit a maximum orminimum relative to subsurface waters depending
on the relative roles of sources (atmospheric deposition and upwelling of Hg-rich waters) and sinks (evasion
and scavenging onto particles). The thermocline/intermediate waters (between the bottom of the mixed
layer down to 1000m depth) often display a local maximum in HgT. This maximum has been interpreted as a
Hg source from remineralization of sinking particulate matter, or as an anthropogenic signal from isopycnal
transport of enriched surface waters from high-deposition regions, or as the signature of anthropogenic
Hg penetration on sinking particulate matter [Mason et al., 1998; Mason and Sullivan, 1999; Fitzgerald et al.,
2007; Strode et al., 2010]. In the deep ocean (>1000m), HgT concentrations are relatively constant and
sometimes slightly increase with depth [e.g., Laurier et al., 2004; Lamborg et al., 2012].

Measurements of Hg concentrations in the surface ocean with ultraclean trace metal techniques and improved
analytical procedures started 30years ago. While the global coverage of thesemeasurements remains very sparse,
it has been increasing in recent years, especially as a result of the ongoing GEOTRACES program (An International
Study of Marine Biogeochemical Cycles of Trace Elements and Their Isotopes, http://www.geotraces.org).
Open ocean surface concentrations of HgT are typically between 0.3 and 3 pM (picomolar, 1 pM=10�12 mol L�1),
with most values in the 1–2 pM range [Fitzgerald et al., 2007; Mason et al., 2012, and references therein].

Measurements of Hg concentrations in deep ocean waters are even more limited and show values ranging
from 0.7 pM to 2 pM [e.g., Laurier et al., 2004; Mason et al., 2001]. Some studies have suggested that higher
concentrations in the high-latitude North Atlantic relative to the Southern Ocean and North Pacific reflect
deep water scavenging of Hg as deep waters travel from the North Atlantic to the North Pacific [Laurier et al.,
2004; Fitzgerald et al., 2007; Cossa et al., 2011]. In contrast, Lamborg et al. [2012] reported higher concentrations
in the deep waters of the North Pacific compared to a station near Bermuda in the North Atlantic. They
interpreted this as slow enrichment of deep waters when they receive input from remineralization of sinking
particles. Further complicating the interpretation of these observed gradients are issues related to
undersampling, natural variability, and especially analytical uncertainty, which can be on the order of 40%
[Fitzgerald et al., 2007; Lamborg et al., 2012].

The marine Hg cycle has been investigated in several studies using box models representing the ocean with 3 to
14 boxes [Mason et al., 1994; Lamborg et al., 2002;Mason and Sheu, 2002; Sunderland andMason, 2007; Streets et al.,
2011; Amos et al., 2013]. While these simple models are a useful means to synthesize our current understanding
of the Hg cycle, they cannot take into account the large regional variability in factors controlling marine Hg
concentrations [Fitzgerald et al., 2007; Mason et al., 2012, and references therein]. Horizontal variability in
atmospheric HgII deposition, mixed layer redox chemistry, air-sea exchange, vertical transport, and particle
settling were taken into account by Strode et al. [2007] and Soerensen et al. [2010], who developed a two-dimensional
slab ocean model interfaced with the GEOS-Chem atmospheric chemical transport model (http://geos-chem.org).
However, this model did not include horizontal advection in the ocean and assumed fixed subsurface ocean
concentrations of Hg. The important role of vertical advection/diffusion coupled with particle scavenging of Hg
was further illustrated by Strode et al. [2010], who used a 1-D column box model with 50 vertical layers.

Here we present a new state-of-the-science three-dimensional offline ocean tracer model for Hg. This model
builds on previous modeling efforts and is the first to couple marine Hg biogeochemistry with 3-D advection-
diffusion in the global ocean. This new framework allows us to test mechanistic hypotheses about the Hg marine
cycling via direct comparisons to observed profiles. In this paper, we conduct a 3-D simulation of the oceanic
distribution of Hg under natural conditions, i.e., without concurrent or legacy anthropogenic Hg emissions
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(pre-1450). The influence of anthropogenic Hg emissions is examined in a separate paper (Y. Zhang et al., Six
centuries of changing oceanic mercury in a global 3-dimensional model, manuscript in preparation, 2014).

We first describe the physical tracer advection-diffusion model and our Hg biogeochemical scheme (section 2).
In section 3, we discuss the modeled oceanic distribution of Hg and its speciation and relate this distribution
to controlling processes. We then evaluate our model results against observations of Hg profiles in the deep
ocean (section 4). Conclusions are summarized in section 5. The main questions we aim to address in this
study are as follows: What was the global distribution of Hg in the oceans prior to any anthropogenic
influence? What is the role of Hg scavenging by sinking particulates in controlling the vertical distribution of
Hg? What factors control the speciation of Hg in the oceans? Can we explain observed differences in deep
water Hg concentrations between the North Atlantic and North Pacific Oceans?

2. Model Description

We use the University of Washington three-dimensional offline ocean tracer model (OFFTRAC), which is
driven bymonthly physical ocean circulation archived from a general circulationmodel (section 2.1). Spatially
distributed atmospheric Hg0 concentrations and HgII deposition fluxes are obtained from a simulation of the
natural Hg cycle in the GEOS-Chem chemical transport model (section 2.2). Our implementation of Hg
biogeochemistry in OFFTRAC is described in section 2.3.

We initialize the OFFTRAC simulation with zero Hg concentrations in the oceans and impose climatological
monthly physical transport fields, atmospheric Hg0 concentrations, HgII deposition fluxes, and riverine inputs.
OFFTRAC is then integrated for 10,000 years, until steady state is reached (i.e., repeating annual cycle in Hg
concentrations at the surface and Hg concentrations in the deep ocean changing by less than 5% over
1000 years). The resulting budget is described in section 2.4.

2.1. Physical Ocean Tracer Model Description

The OFFTRAC model calculates advection and diffusion of tracers using monthly averaged along-isopycnal
and cross-isopycnal mass fluxes from the Hallberg Isopycnal Model (HIM) [Hallberg, 1995; Hallberg and Rhines,
1996]. HIM uses a tripolar grid (with poles over Russia, Canada, and the South Pole) with 210 grid cells in
the meridional coordinate (1/3° latitude resolution near the equator) and 360 cells in the zonal (1° longitude
resolution). There are 49 vertical isopycnal layers referenced to 2000 db ranging from σ2 = 21.85 to
37.90 kgm�3. The model has two levels of Kraus-Turner-type mixed layer [Kraus and Turner, 1967] and two
buffer layers allowing smooth entrainment/detrainment from/to underlying isopycnal surfaces.

As described in Shao et al. [2013], we run HIM for 650 years from an initially quiescent ocean with climatological
mean isopycnal depths, temperature, and salinity. The model is forced at the surface by the normal year
climatological Common Ocean Reference Experiment version 2 [Large and Yeager, 2009]. We use the monthly
physical fields (monthly averages ofmass transports, temperature, salinity, andmonthly instantaneous snapshots
of isopycnal thickness) averaged over the last 20 years of the 650 year HIM run to drive the OFFTRAC model.

Advection in the OFFTRAC model is calculated implicitly with 30 iterations with a 1 month time step. Transport
due to unresolved eddies is parameterized by along-isopycnal diffusion [Gent and Mcwilliams, 1990] and cross-
isopycnal diffusion as described in Shao et al. [2013]. Rapid air-sea exchange in the surface mixed layer is
calculated using an Euler forwardmethodwith a 1 day time step. Calculated tracers include dissolved inorganic
carbon, phosphorous, nitrate, CFC-11, CFC-12, oxygen, and SF6. The OFFTRAC model has a diagnostic to
calculate the age of a water mass, defined as the elapsed time since last contact with the atmosphere.

Previous applications of the OFFTRAC model include simulations of oxygen variability in the North Pacific
Ocean [Deutsch et al., 2005, 2006] and global Ocean [Deutsch et al., 2011], transit time distributions and
CFC-11 to infer ventilation rates in the North Atlantic and Southern Oceans [Trossman et al., 2012], and mixed
layer saturations of CFC-11, CFC-12, and SF6 [Shao et al., 2013].

2.2. Atmospheric HgII Deposition, Hg0 Concentrations, and Riverine Fluxes From the GEOS-Chem
Atmosphere-Ocean-Land Hg Simulation

The atmospheric boundary conditions for the OFFTRAC-Hg simulation are obtained from the GEOS-Chem Hg
atmosphere-ocean-land simulation at 4° latitude by 5° longitude horizontal resolution. GEOS-Chem is a global
three-dimensional atmospheric chemistry transport model driven by the GEOS-5 assimilated meteorological
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fields from the NASA Goddard Earth Observing System (GEOS). The GEOS-Chem Hg simulation (v9-01-02) is
described in Selin et al. [2007] with updates from Holmes et al. [2010] and Amos et al. [2012]. This model includes
three Hg tracers: elemental (Hg0), divalent (HgII), and particulate-boundmercury (HgP). Themodel assumes that
bromine atoms are the only oxidant for Hg0 and that the reduction of HgII in cloud water is proportional to the
photolysis rate of NO2 [Holmes et al., 2010]. The model also contains surface soil [Selin et al., 2008] and slab
ocean modules [Strode et al., 2007; Soerensen et al., 2010].

We conduct a natural GEOS-Chem Hg simulation in which we turn off all anthropogenic Hg sources. We assume
that the only direct source of Hg is from a geogenic (i.e., volcanic) source of 0.45 Mmol a�1, consistent with
published estimates [Mason and Sheu, 2002; Pirrone et al., 2010; Bagnato et al., 2011]. This source is distributed
according to the locations of Hgmines as an indicator of Hg deposits [Selin et al., 2008, and references therein]. We
use the results of the box model simulation of Amos et al. [2013] to impose global mean soil Hg concentrations
(17 ngg�1) and thermocline water Hg concentrations (0.28 pM) in GEOS-Chem. We spatially distribute soil Hg
concentrations based on the balance between atmospheric deposition and soil reemission fluxes, while Hg
concentrations in the subsurface water are assumed to be constant and uniformly distributed in GEOS-Chem.

We archive monthly GEOS-Chem atmospheric Hg0 concentrations and HgII deposition fluxes to use as inputs to
our OFFTRAC-Hg simulation.We calculatemean atmospheric boundary layer concentrations of Hg0 of 0.20ng/m3

and a global HgII deposition flux to the ocean Fdep =3.9 Mmol a�1. While our estimate for Fdep is a factor of 2
lower relative to previous studies focusing on preindustrial time (circa 1850, e.g., 8.5 Mmol a�1 in Selin et al.
[2008] and 6.8 Mmol a�1 in Mason and Sheu [2002]), it is consistent with more recent studies considering the
legacy of precious metal mining activity prior to the industrial revolution [Streets et al., 2011; Amos et al., 2013].

The spatial distribution of Fdep largely follows both precipitation, which affects wet deposition, and wind
speed, which controls removal of Hg by sea-salt particles (Figure 1a). Higher deposition fluxes in the
Southern Hemisphere are due to faster atmospheric oxidation of Hg0 caused by high Br atom concentrations
(due to a larger oceanic source of bromocarbons) combined with faster deposition of Hg onto sea-salt
particles [Holmes et al., 2010].

Figure 1. Annual mean fluxes (10�9molm�2 s�1) for the natural OFFTRAC-Hg simulation: (a) atmospheric HgII deposition
flux to the ocean, Fdep; (b) riverine Hg

II
aq input flux, Friverine; (c) vertically integrated HgIIaq net reduction rate in the mixed

layer; (d) Hg0 net evasion flux from the ocean to the atmosphere, Fevasion; (e) Hg
P
aq sinking flux at the bottom of mixed layer;

and (f) HgIIaq net reduction rate vertically integrated below the mixed layer.
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We calculate the transport of Hg from land to ocean via rivers (Friverine, ×10
3mol grid�1 s�1) based on river runoff

(R, ×106m3 s�1) and regional soil Hg concentrations (Csoil, ng g
�1), scaled by a constant (kriverine, molm�3 grid�1):

Friverine ¼ kriverine � R �Csoil (1)

We use the climatological monthly mean freshwater discharge from continents developed by Dai and
Trenberth [2002] with a spatial resolution of 1° × 1°. The values of Csoil are obtained by averaging the GEOS-
Chem land model soil Hg concentrations in a 300 km radius surrounding individual river mouths. We tune the
scaling constant (kriverine = 6.7 × 10

�1molm�3 grid�1) to obtain a natural global riverine flux of 0.37 Mmol a�1,
following Sunderland and Mason [2007].

The predicted riverine HgII input flux is confined to coastal regions near river mouths (Figure 1b). The mouths of
the largest rivers, including the Mississippi and Columbia Rivers in North America, Amazon and Orinoco Rivers
in South America, Yangtze, Amur, Ob, and Yenisei Rivers in Asia, Congo, and Zambezi Rivers in Africa are
identifiable in Figure 1b. The contribution of riverine input to HgT concentrations is shown in Figure S1 in the
supporting information.

2.3. Hg Biogeochemistry in OFFTRAC

Our Hg simulation in OFFTRAC calculates the distribution of three Hg tracers: dissolved elemental Hg (Hg0aq),
dissolved divalent Hg (HgIIaq), and particle-bound Hg (HgPaq). For simplicity, we have chosen the HgIIaq tracer
to represent all dissolved forms of inorganic and organic Hg complexes including MMHg and DMHg. As
summarized in Figure 2 and Table 1, we consider the photochemical and biological redox conversion between
Hg0aq and HgIIaq in the surface ocean, air-sea exchange of Hg0, organic particle scavenging/remineralization
processes in the water column, and subsurface reduction leading to Hg0aq production. Each of these processes
is described below.
2.3.1. Surface Ocean Redox Reactions
In the ocean mixed layer, we model the photochemically and biologically mediated redox chemistry of HgIIaq
and Hg0aq following the parameterization of Strode et al. [2007], with updates from Soerensen et al. [2010].
Briefly, the photochemical oxidation and photochemical reduction first-order rate constants (k1 and k2 in
Figure 2 and Table 1) are proportional to short-wave radiation at the sea surface (RAD, from the GEOS-5
assimilated data) attenuated by dissolved organic carbon (DOC) [from Hansell et al., 2009] and pigments in
the surface ocean (Cpig, http://oceancolor.gsfc.nasa.gov). We implement biological oxidation and reduction
processes as first-order rate constants (k3 and k4), which are proportional to the microbial remineralization of

Figure 2. Schematic representation of Hg biogeochemistry in OFFTRAC-Hg. Coupling to the atmosphere includes deposition
of HgII to the ocean (Fdep) and net evasion of Hg0 (Fevasion). The orange arrows in the euphotic zone indicate photooxidation
of Hg0aq to HgIIaq (k1) and photoreduction of HgIIaq to Hg0aq (k2), which are proportional to the short-wave radiation flux.
Dark oxidation of Hg0aq (kdark) is assumed to be constant. Biological oxidation and reduction rate constants (k3 and k4) are
proportional to the local organic carbon remineralization rate (OCRR). Blue arrows represent the partitioning between HgIIaq
and HgPaq via sorption/desorption processes (kd). Sinking particles transport HgPaq downward with a flux proportional to the
particulate organic carbon flux (FPOC).
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particulate organic carbon as described in section 2.3.5. We also include a first-order reaction for the dark
oxidation of Hg0aq in the mixed layer, kdark. We assume that 40% of the HgIIaq is reducible to Hg0aq, following
Soerensen et al. [2010].

In our modeling framework, these redox processes lead to a HgIIaq to Hg0aq global net reduction flux of
3.6 Mmol a�1 in the mixed layer (Figure 2). The spatial distribution of this reduction flux follows the
distribution of HgII inputs from atmospheric deposition and rivers (Figure 1c). In particular, equatorial
regions along the South American East Coast display very high reduction fluxes because of the large input
from the Amazon River in Brazil and the Orinoco River in Venezuela (Figure 1b). Overall, the net reduction
flux is larger near the equator because of its dependence on radiation.
2.3.2. Air-Sea Exchange
The bidirectional air-sea exchange of Hg0 is calculated based on the concentration gradient across the
air-sea interface normalized by Henry’s law coefficient for Hg0 [Andersson et al., 2008] and the piston
velocity using the parameterization of Nightingale et al. [2000], which is a function of wind speed and
temperature (from the GEOS-5 meteorological fields). We include a temperature and salinity-corrected
Hg0aq diffusivity [Wilke and Chang, 1955] and a temperature-corrected Schmidt number for CO2 [Poissant
et al., 2000]. The result is calculated as the net exchange flux of Hg0 of two competing gross fluxes in
opposite directions.

We calculate a net Hg0 evasion flux from the ocean to the atmosphere with a value Fevasion = 3.9 Mmol a�1.
The spatial distribution of this flux is controlled by the supersaturation of Hg0 concentrations and wind
speeds (Figure 1d). The net evasion flux is generally higher in the Southern Hemisphere, reflecting the higher
atmospheric HgII deposition flux and the higher wind speeds. The larger evasion fluxes over the Southern
Ocean are caused by strong upwelling of Hg-rich waters. The evasion is also large along the Gulf Stream due
to the entrainment of subsurface Hg-rich waters.

Table 1. Description of the Main Processes and Input Fields Used in the OFFTRAC-Hg Simulation

Parameter Description Reference or Source

Fdep Atmospheric wet and dry deposition flux of HgII to the ocean, mol m�2 s�1 GEOS-Chem natural Hg simulation (section 2.2)
Fevasion Net evasion flux of Hg0 across the air-sea interface, mol m�2 s�1 Section 2.3.2
Friverine Riverine input of Hg, ×103mol grid�1 s�1 Sunderland and Mason [2007]
kriverine Scaling constant for Friverine, kriverine = 6.7 × 10�1molm�3 grid�1 Equation (1)
R River runoff, ×106m3 s�1 Dai and Trenberth [2002]
Csoil Soil Hg concentrations, ng g�1 GEOS-Chem natural Hg simulation (section 2.2)
k1 Photooxidation of Hg0aq to HgIIaq, s

�1, k1 = kphoto-ox × RAD,
with kphoto-ox = 6.6 × 10�6m2W�1 s�1

Soerensen et al. [2010]

k2 Photoreduction of HgIIaq to Hg0aq, s
�1, k2 = kphoto-red × RAD,

with kphoto-red = 1.6 × 10�6m2W�1 s�1
Soerensen et al. [2010]

k3 Biological oxidation of Hg0aq to HgIIaq, s
�1, k3 = kbio-ox ×OCRR,

with kbio-ox = 140m3mol�1
Equation (11)

k4 Biological reduction of HgIIaq to Hg0aq, s
�1, k4 = kbio-red ×OCRR,

with kbio-red = 86m3mol�1
Equation (9)

kdark Dark oxidation of Hg0aq to HgIIaq, 1.0 × 10�7 s�1 Soerensen et al. [2010]
kd Partition coefficient of Hg on to suspended particulate matter, kd = 2.1 × 105 L kg�1 Section 2.3.3
foc Fraction of suspended particulate matter as organic carbon, foc = 0.1 Strode et al. [2010]
FPOC(z0) Sinking flux of POC out of the euphotic zone, mol m�2 s�1 Equation (6)
pe-ratio Ratio of POC export to NPP out of the euphotic zone Dunne et al. [2005]
z0 Depth of euphotic zone, z0 = 75m Najjar and Orr [1998]
b Exponent for the decay of POC and FPOC with depth, b=0.9 Najjar and Orr [1998]
POC Particulate organic carbon concentration, kg L�1 SeaWiFS in the mixed layer;

equation (3) for subsurface
DOC Dissolved organic carbon concentration, mg m�3 Hansell et al. [2009]
Cpig Pigment concentrations in the surface ocean, mg m�3 http://oceancolor.gsfc.nasa.gov
OCRR Organic carbon remineralization rate, mol m�3 s�1 Equation (10)
T Surface atmospheric temperature, °C GEOS-5 assimilated data
Chl Surface chlorophyll concentrations, mg m�3 http://oceancolor.gsfc.nasa.gov
NPP Net primary production, mol C m�2 s�1 MODIS satellite data, http://oceancolor.gsfc.nasa.gov
RAD Short-wave radiation flux, W m�2 GEOS-5 assimilated data
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2.3.3. Sorption of HgIIaq Onto Particles
HgIIaq species have a high affinity to suspended particles and are associatedwith organic ligands [Fitzgerald et al.,
2007]. FollowingMorel et al. [1998], we assume that there is reversible exchange between HgIIaq and HgPaq and
that the ratio of HgPaq to HgIIaq is proportional to the local levels of particulate organic carbon (POC, kg L�1):

HgPaq
HgIIaq

¼ kd
f oc

POC (2)

where kd is the partition coefficient in units of L/(kg of suspended particulate matter) and foc is the fraction of
organic carbon in suspended particulate matter. We use foc = 10%, following Strode et al. [2010]. At the ocean
surface, we use the climatological monthlymean POC concentration derived from Sea-viewingWide Field-of-view
Sensor (SeaWiFS) ocean color (http://oceancolor.gsfc.nasa.gov). In subsurface waters, POC concentrations are
calculated as a function of depth, z, based on a power law [Lam et al., 2011; Siddall et al., 2005]:

POC zð Þ ¼ POC0 � z
z0

� ��b

(3)

where POC0 is the POC concentration at surface ocean from SeaWiFS. We assume z0 = 75m and b=0.9 following
the Ocean Carbon Model Intercomparison Project protocol [Najjar and Orr, 1998].

Measurements indicate that kd ranges from 105 to 106 L kg�1 in estuarine and coastal waters [Fitzgerald et al.,
2007]. In sensitivity simulations, we varied kd within this range and found that it influences deep ocean
Hg concentrations via sinking and remineralization of particles (section 2.3.4). In our model, we choose
kd = 2.1 × 105 L kg�1 in order to reproduce observed deep ocean Hg concentrations in the North Pacific
Ocean and the natural Hg sedimentation flux, which should match the geogenic flux (0.45 Mmol a�1) at
steady state. We found that ±50% variations in kd lead to ±10–20% variations in the amount of HgPaq sinking
into the deeper ocean calculated with our model.
2.3.4. Particle Sinking and Sedimentation
The sinking flux of HgPaq as a function of depth is assumed to be proportional to the sinking flux of POC
(FPOC, mol m�2 s�1) and the HgPaq to carbon ratio:

∂
∂t

HgPaq zð Þ ¼ � ∂
∂z

FPOC zð Þ � Hg
P
aq zð Þ

POC zð Þ

 !
(4)

with

FPOC zð Þ ¼ FPOC z0ð Þ � z
z0

� ��b

(5)

We use the same z0 and b values as in equation (3). The POC flux at the bottom of the euphotic layer, FPOC(z0),
is based on the net primary production in the surface ocean (NPP, mol C m�2 s�1 derived from MODIS
(Moderate Resolution Imaging Spectroradiometer) satellite data: http://oceancolor.gsfc.nasa.gov) and the
ratio of POC export to NPP (the pe-ratio [Dunne et al., 2005]):

FPOC z0ð Þ ¼ NPP � pe� ratio (6)

with

pe-ratio ¼ �0:0081T þ 0:0806 ln Chlð Þ þ 0:426

0:04 < pe-ratio < 0:72
(7)

where T is surface atmospheric temperature (°C) and Chl is the surface chlorophyll concentrations (mg Chl m�3,
http://oceancolor.gsfc.nasa.gov). By using equations (2), (3), (5), and (6), we obtain

∂
∂t
HgPaq zð Þ ¼ � ∂

∂z
NPP � pe-ratio � z

z0

� ��b

� kd
f oc

� HgIIaq zð Þ
 !

(8)

Globally, the HgPaq sinking flux from the mixed layer is 0.72 Mmol a�1. Its spatial distribution (Figure 1e)
follows the distribution of FPOC(z0), which is elevated in Northern Hemisphere high-latitude oceans (due to
enhanced nutrients input from terrestrial erosion) and over regions with strong upwelling (for example, at the
equator, in the Southern Ocean, and along the west coasts of continents).
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2.3.5. Subsurface Redox Reactions
Biologically mediated Hg redox reactions occur not only in the marine surface waters [Rolfhus and Fitzgerald,
2004; Whalin et al., 2007] but also in deep waters without sunlight [Mason et al., 1995; Amyot et al., 1997;
Whalin et al., 2007]. These reactions are attributed to the activities of heterotrophic and chemotrophic
microorganisms [Mason et al., 1995; Monperrus et al., 2007].

Based on observations of elevated concentrations of Hg0aq in the low-oxygen subthermocline region of
the Equatorial Pacific Ocean, Mason and Fitzgerald [1993] hypothesized that ionic HgIIaq is converted into
DMHg, which then decomposes via MMHg to Hg0aq. This mechanism was confirmed by observations in the
Equatorial and South Atlantic Ocean [Mason and Sullivan, 1999] and in the Arctic Ocean [Lehnherr et al., 2011].
Sunderland et al. [2009] found a positive linear relationship between MeHg concentrations and organic
carbon remineralization rates (OCRR) in eastern North Pacific subsurface waters, providing evidence linking
POC decomposition rates to bacterial methylation processes. Therefore, we scale the biologically mediated
reduction of HgIIaq to Hg0aq (k4, s

�1) to OCRR, which is a measure of the microorganism activity:

k4 ¼ kbio-red �OCRR zð Þ (9)

where kbio-red is a constant and OCRR (molm�3 s�1) is calculated as the remaining fraction of NPP after export
in the euphotic layer and as the vertical gradient of FPOC in subsurface waters:

OCRR zð Þ ¼
NPP
z0

� 1� pe-ratioð Þ z < z0

� ∂
∂z

FPOC zð Þ z > z0

8>><
>>: (10)

Similar to the surface waters, we assume that 40% of the HgIIaq is reducible to Hg0aq in the subsurface waters.

We also consider biologically mediated oxidation of Hg0aq [Poulain et al., 2007], which we parameterize as a
first-order rate constant proportional to OCRR:

k3 ¼ kbio-ox �OCRR zð Þ (11)

Note that we ignore the dark oxidation of Hg0aq to HgIIaq in subsurface waters, as it requires prior exposure to
sunlight [Amyot et al., 1997]. We chose the values for kbio-ox (140m

3mol�1) and kbio-red (86m
3mol�1) so as to

best reproduce observed profiles of Hg0aq concentration and the Hg0aq net evasion flux.

The vertically integrated net reduction rate (Figure 1f) is elevated over high POC export regions in the
productive regions of the high-latitude oceans and equatorial upwelling regions. Overall, we obtain a global
net reduction rate of 0.21 Mmol a�1 in thermocline/intermediate waters (Figure 3), with a gross reduction rate

Figure 3. Global natural mercury budget in OFFTRAC-Hg: (a) global ocean-atmosphere-land system and (b) detailed ocean
budget. The total Hg mass in each reservoir is indicated in brackets [units of Mmol], while concentrations are shown in
italics (in pM, except for the atmosphere, where we use ng m�3). Next to each arrow, the flux is indicated in Mmol a�1.
The geogenic source is shown as a red arrow, while the Hg particle sinking and sedimentation fluxes are shown as green
and yellow arrows, respectively. The burdens of Hg in the deep mineral reservoir and soils are from Andren and Nriagu [1979]
and Amos et al. [2013], respectively.
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of 3.34 Mmol a�1 and gross oxidation of 3.13 Mmol a�1. In deep waters, the net reduction rate is 0.08 Mmol a�1

(0.88 Mmol a�1 gross reduction and 0.80 Mmol a�1 gross oxidation). The corresponding mean net reduction
rate constants are 6.4 × 10�6 d�1 in thermocline/intermediate waters and 3.2× 10�7 d�1 in deep waters. For
comparison, Lehnherr et al. [2011] measured values ranging from below detection to 2.6× 10�5 d�1 in the
subsurface oxycline waters of the Arctic Ocean.

In a sensitivity simulation, we turned off Hg redox reactions in subsurface waters (i.e., by setting k3 and k4
to zero). This leads to very low Hg0aq concentrations (< 0.01 pM) in the subsurface ocean, indicating that a
subsurface source for Hg0aq is necessary to maintain Hg0aq concentrations at levels that are consistent with
observations [Mason et al., 1998; Mason and Sullivan, 1999; Cossa et al., 2011].

2.4. Global Hg Budget

The global Hg budget under natural conditions as simulated in OFFTRAC-Hg assumes that the atmosphere
receives emissions from a direct geogenic source (0.45Mmol a�1) as well as reemissions from land (1.6Mmol a�1)
and the ocean (3.86 Mmol a�1) (Figure 3a). These inputs are balanced by the loss of Hg to land and ocean
surfaces. The surface ocean (the depth varies spatially and seasonally, with a global average depth of ~50m)
receives 3.93 Mmol a�1 from atmospheric HgII deposition, 0.37 Mmol a�1 from rivers, and 0.27 Mmol a�1

from advection from the thermocline. We find that 82% of the mixed layer Hg is lost by net evasion to the
atmosphere as Hg0, with the remaining 18% by sinking to the thermocline on particles or by sedimentation in
coastal and near-shelf sediments.

In the thermocline/intermediate waters, the main source of Hg is via particle sinking from the surface ocean
(0.60 Mmol a�1), with a smaller contribution from upward advection of deep ocean Hg (0.27 Mmol a�1). This is
consistent with previous models [Strode et al., 2010; Mason et al., 2012; Amos et al., 2013]. We find that 70% of
the Hg in the thermocline/intermediate waters is lost via downward particle sinking and 30% via upward
transport to the mixed layer (Figure 3). In our model, the source of Hg to the deep ocean is via particle sinking
(0.49 Mmol a�1), which is subsequently deposited to sediments (0.22 Mmol a�1) or transported back to the
thermocline/intermediate water (0.27 Mmol a�1).

The predicted residence times of Hg in the deep ocean (1700 years) and thermocline/intermediate water
(120 years) are much longer than in the surface ocean (7months) and atmosphere (8months). We find an
overall lifetime of Hg in the ocean against sedimentation of 2000 years, similar to the ocean’s overturning
time scale [Schmittner et al., 2007]. Our overall Hg lifetime is close to the ~3000 years found by Mason and
Sheu [2002]. This agreement is the result of similar assumptions for geogenic emission flux and total oceanic
Hgmass. Our estimate is longer than the 600 years found by Selin et al. [2008], who assumed higher geogenic
emissions (2.5 Mmol a�1) and thus a higher oceanic sedimentation flux. We also find a longer residence time
compared to the 1400 years estimated by Amos et al. [2013], even though we assume the same geogenic
source. This discrepancy is likely caused by their representation of the ocean as three boxes, which assumes
full mixing in the thermocline and deep water. This assumption leads to an overestimate of the vertical
transport [Siegenthaler and Oeschger, 1978], thus lowering the oceanic Hg burden and overall residence time.

3. Modeled Oceanic Distribution of Hg

The modeled distribution of Hg in our natural ocean simulation is presented in maps of HgT concentrations at
the surface, 1000m and 3000m (Figure 4) and in meridional cross sections through the Pacific and Atlantic
Oceans (Figure 5). We discuss these figures below.

3.1. Surface Concentrations

At the surface, we calculate a global mean HgT concentration of 0.16 pM in the natural ocean (Figure 4a).
Open ocean HgT concentrations are fairly uniform, and their pattern reflects the balance between local
inputs (atmospheric deposition and upwelling) and removal (particulate sinking and evasion). For
example, in the western Equatorial Pacific Ocean, HgT reaches 0.25 pM, because of strong atmospheric
deposition combined with weak scavenging from particulate sinking (Figures 1a and 1e). Along the
circumpolar Antarctic current, upwelling of Hg-rich waters results in high modeled surface concentrations,
exceeding 0.5 pM. The suppressed evasion because of Antarctic sea ice also helps to build up high
concentrations (Figure 1d). Some of the highest HgT concentrations are modeled along coastal areas as a
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result of riverine Hg input (Figures 1b
and S4). In particular, closed and
shallow water bodies such as Hudson
Bay and the Black Sea display elevated
Hg concentrations (> 1 pM).

In the present-day ocean, surface
observations of HgT are highly variable,
with mean values of 1.0 ± 1.5 pM as
summarized in Strode et al. [2007] and
Soerensen et al. [2010]. Our calculated
natural ocean concentrations are thus
a factor of 6 lower than these
observations, with the difference
reflecting anthropogenic influence.

Our model predicts that 80% of Hg in the
surface ocean is in the formof HgIIaq (mean
global concentrations of 0.13 pM), with
much smaller contributions from Hg0aq
andHgPaq (14% and 6%, respectively). The
modeled surface concentrations of Hg0aq
range from 10 to 50 fM (femtomolar,
1 fM= 10�15 mol L�1), accounting for 10
to 20% of HgT. This is consistent with
observations reporting that Hg0 accounts
for 2–15% of HgT in the Equatorial Pacific
Ocean [Mason and Fitzgerald, 1993] and
10–22% of HgT in the west Atlantic Ocean
[Soerensen et al., 2013]. However, other
studies suggest a much larger Hg0aq

fraction (20–40%) in surface waters of the Atlantic Ocean [Mason and Sullivan, 1999; Mason et al., 1998]. In
these studies, the authors suggest that these high values might reflect a net accumulation of Hg0aq over the
summer from reduction of HgIIaq, and thus might not representative of annual average concentrations.

The model predicts that ~80% of HgIIaq is reduced to Hg0aq in the mixed layer, with the rest being partitioned
onto particles (Figure 3b). In addition to production of Hg0aq by net reduction of HgIIaq, upward transport
from intermediate waters (0.29 Mmol a�1) is another source of Hg0aq. The supersaturation of Hg0aq results in
rapid evasion to the atmosphere, leading to a 1month mean residence time of Hg0aq in the surface ocean.

Figure 5. Cross sections of annual mean HgT concentrations: (a) Atlantic Ocean at 25°W and (b) Pacific Ocean at 180°E.

Figure 4. Annual mean concentrations of HgT (pM): (a) mixed layer,
(b) 1000m depth, and (c) 3000m depth. Note the different color scale
in Figure 4a.

Global Biogeochemical Cycles 10.1002/2014GB004814

ZHANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 10



3.2. Subsurface Water Concentrations

HgT concentrations increase with depth, with mean concentrations of 0.38 pM in the thermocline/intermediate
water and 0.82 pM in the deep ocean (Figures 3a, 4b, and 4c). At the surface, adsorption of Hg onto sinking
particles represents a net removal of Hg. However, in subsurface waters particles become a source of Hg, as
both the net desorption of Hg from particles and the decomposition of the sinking particles release HgIIaq
(0.33 Mmol a�1) (Figure 3b). Thus, Hg is transported as HgPaq via particle sinking from the mixed layer to the
deeper ocean, where it is remineralized to HgIIaq and then reduced to Hg0aq. Hg

0
aq then cycles back to surface

waters via ocean advection and diffusion (Figure 3b). This cycling mediated by particles leads to the net
increase of HgT with depth in our simulation.

At 1000m and 3000m depths, the model predicts large interbasin differences for HgT concentrations. At
3000m depth (Figure 4c), the lowest concentrations are calculated in the North Atlantic Ocean (0.4–0.5 pM)
and South Atlantic Ocean (0.6–0.8 pM). The Southern Ocean and Indian Ocean display higher concentrations
(0.7–0.9 pM). The model predicts the highest HgT concentrations in the North Pacific Ocean (1.0–1.3 pM).
Thus, our model predicts a progressive increase of HgT concentrations with water age (see map of water
age in the supporting information, Figures S2 and S3). The younger water masses of the North Atlantic
Ocean (water mass age of 1200 years) keep the signature of low surface HgT concentrations, while the
older waters in the deep Indian Ocean (1900 years) and North Pacific Ocean (>2000 years) have received
continuous input of Hg from degradation of organic material during their transport along the thermohaline
circulation. This leads to a factor of 2–3 increase in HgT concentrations between the deep North Atlantic
and deep North Pacific.

Modeled HgTconcentrations at 1000m depth (Figure 4b) display much of the same pattern as at 3000m, with
a factor of 2–3 increase in HgT between the North Atlantic Ocean (0.2–0.4 pM) and the North Pacific Ocean
(0.7–0.9 pM). The highest HgT concentrations at 1000m depth are predicted in the eastern Equatorial Pacific
Ocean (0.9–1.2 pM, Figure 4b), rather than the North Pacific Ocean as at 3000m depth (Figure 4c). This
maximum in the eastern Equatorial Pacific is caused by the strong input from particle sinking (Figure 1e)
combined with input from upwelling of Hg-rich deep waters. In the circumpolar Antarctic current, upwelling
also leads to higher total Hg concentrations relative to the Southern Ocean (Figure 4b).

A cross section in the Atlantic Ocean at 25°W (Figure 5a) illustrates the influence of deep water formation in the
high-latitude North Atlantic, where low HgT concentrations (0.2–0.4 pM) extend from the surface ocean to
3000m depth. Concentrations in the deep ocean increase from north to south in the Atlantic Ocean and from
south to north in the Pacific Ocean (180°E, Figure 5b) following the increasing water age along the abyssal
thermohaline circulation. In intermediate waters near 1000m, the contours of HgT generally follow density
contours, reflecting the importance of stratification and isopycnal transport [Brown et al., 2002]. Hg-rich water in
the deep ocean upwells to the base of the thermocline and forms bulges of high Hg concentrations over
equatorial regions and in the Southern Ocean, where the thermocline rises toward the surface. Conversely,
downwelling over the centers of the gyres at 30°–40° latitude causes lower total Hg concentrations in
thermocline/intermediate waters at the same depth.

Our prediction of a progressive increase in HgT concentrations as deep water travels from the North Atlantic
to the North Pacific is similar to the behavior of biologically active tracers (nitrate, phosphate, silicate, and
CO2) and some trace metals (cadmium, nickel, zinc, and silver), which display higher concentrations in deep
Pacific Ocean waters relative to the deep North Atlantic Ocean waters [Bruland and Lohan, 2004; Emerson and
Hedges, 2008]. Indeed, observed profiles of cadmium and zinc show a factor of 4–6 enrichment at 1000m
depth in the North Pacific Ocean compared to the North Atlantic [Aparicio-González et al., 2012], similar to the
enrichment we find for Hg. In contrast, aluminum and iron, with large aeolian input in the North Atlantic, have
the opposite trend indicating scavenging during transit [Boyd and Ellwood, 2010].

As deep water accumulates metabolic residue from degradation of organic material, dissolved oxygen
is being consumed. Our simulation thus predicts that the spatial distribution of Hg at intermediate
depths is anticorrelated with the distribution of dissolved oxygen (see maps of oxygen concentrations in
the supporting information, Figure S4). For example, the eastern tropical Pacific Ocean and northern
Indian Ocean display the lowest levels of dissolved O2 because of the strong particle sinking flux and
respiration [Deutsch et al., 2011].
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4. Profiles of Hg in Different Ocean Basins

In order to evaluate our simulation, we examine vertical profiles of Hg concentrations from 10 individual
studies (Table 2 and Figure 6). Hg concentrations in surface, thermocline, and intermediate waters are
believed to have been perturbed by anthropogenic activities [Mason et al., 1994; Strode et al., 2010]; we thus
focus our comparison on profiles extending below 2000mwhere the concentrations are more likely to reflect
preanthropogenic conditions. For this comparison, we sample the model at the location of the observed
profiles. Because the topography is smoothed in the model, the depth in the modeled profile may be
different from the depth in the real ocean.

Table 2. Summary of Cruises With Deep Ocean Total Hg Concentration Measurements

Cruise/Stationa Region Date

HgT Concentrations, pM (> 2000m)b

ReferenceObs. Model

North Pacific Ocean
IOC 2002 (a–c) NW Pacific (20°–50°N 120°E–160°W) May–Jun 2002 1.2 ± 0.3 1.1 ± 0.03 Laurier et al. [2004]
VERTEX (d) NE Pacific (25°N–60°N, 130°–150°W) Jul–Aug 1987 1.0 ± 0.2 1.2 ± 0.04 Laurier et al. [2004]
SAFe (e) NE Pacific (30°N, 140°W) May 2009 1.4 ± 0.2 1.1 ± 0.04 Hammerschmidt

and Bowman [2012]

Southern Ocean
SR3 CASO-GEOTRACES (f–i) Antarctica/Tasmania (44°–66°S, 140°–147°E) Mar–Apr 2008 1.1 ± 0.2 0.8 ± 0.02 Cossa et al. [2011]

South and Equatorial Atlantic Ocean
Dutch South Atlantic
Expedition (j–l)

(50°S–0°S, 28°W–53°W) Mar 2011 0.6 ± 0.2 0.7 ± 0.05 Bowman et al. [2012]

North Atlantic Ocean
BATS (m) 31°N, 64°W Mar 2000 0.7 ± 0.3 0.5 ± 0.06 Mason et al. [2001]
BATS (m) 31°N, 64°W Jun 2008 1.1 ± 0.05 0.5 ± 0.06 Lamborg et al. [2012]
OMEX (n and o) Edge of Celtic Sea Jan 1994 2.2 ± 0.5 0.4 ± 0.08 Cossa et al. [2004]

(47°N–50°N, 6°W–14°W) Jun 1995
IOC 1993 (p and q) Subarctic North Atlantic (47°N–68°N, 60°W–0°W) Aug 1993 1.7 ± 0.4 0.3 ± 0.04 Mason et al. [1998]
US North Atlantic Expedition
2011 Leg (r–v)

North Atlantic (15°N–40°N, 10°W–70°W) Nov–Dec 2011 1.1 ± 0.2 0.5 ± 0.07 (K. L. Bowman et al.,
in review, 2014)

aEach profile is given a letter code between a and w, with its location indicated in Figure 6.
bTotal Hg concentrations at depths below 2000m (in pM). Themean and standard deviation of observed andmodeled values are indicated in separate columns.

Figure 6. Location of observed profiles used for evaluating theOFFTRAC natural Hg simulation. Circle, 2002 IOC (profiles a–c); triangle, VERTEX (profile d); inverted triangle,
SAFe (profile e); cross, SR3 CASO-GEOTRACES (profiles f–i); diamond, Dutch South Atlantic Expedition (profiles j–l); square, BATS (profile m); plus, OMEX 1994–1995
(profiles n and o); filled square, 1993 IOC (profiles p andq); and filled right-pointing triangle US North Atlantic Expedition 2011 Leg (profiles r–v). SeeTable 2 formore details.
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4.1. Comparisons to Observed Profiles

Observed deep water concentrations of HgT in the North Pacific Ocean are relatively homogeneous [Laurier
et al., 2004; Hammerschmidt and Bowman, 2012], with mean values of 1.0–1.4 pM (Table 2 and Figures 7a–7e).
Our modeled deep water concentrations of 1.1–1.2 pM in the North Pacific Ocean agree well with observed
profiles and display fairly constant HgT concentrations below 2000m, similar to observations (Figures 7a–7e).

Profiles collected in the Southern Ocean along a transect between Antarctica and Tasmania [Cossa et al., 2011]
display HgT concentrations of 1.1–1.4 pM (Table 2 and Figures 7f–7i). In the deep ocean between 45°S and 52°S,
model (~0.8 pM) and observations (~1.0 pM) have similar HgT concentrations (Figure 7f). Poleward of 52°S
(Figures 7g–7i), elevated concentrations are observed in the surface and in deep waters, which Cossa et al.
[2011] attributed to net atmospheric HgII deposition input near the ice edge and subsequent downward
transfer during deep water formation in winter months. These high observed concentrations contain a
signature from the anthropogenic emissions, which are not included in our model simulation of the natural
Hg cycle. For these regions, the model is a factor of 2 lower than observations.

In deep waters of the Equatorial and South Atlantic Ocean, Bowman et al. [2012] report HgT concentrations of
0.5–0.7 pM (Figure 7j–7l). The model predicts 0.7 pM in this region. Higher HgT concentrations up to 1 pM are
measured near the ocean floor (Figure 7j), reflecting Hg input from a local hydrothermal vent. Mason and
Sullivan [1999] measured high Hg concentrations up to 10 pM near the ocean floor in this region in 1996.
However, the influence of hydrothermal vents, which we do not include in our model simulation, is expected
to be limited to regions near the vents [Lamborg et al., 2006].

Midlatitude North Atlantic waters near the Bermuda Atlantic Time-series Study (BATS) station show deep
ocean concentrations ranging from 0.7 pM to 1.2 pM (Figure 7m) [Mason et al., 2001; Lamborg et al., 2012]. Our
modeled concentrations (0.5 pM) are slightly lower than the 0.7 ± 0.3 pM concentrations measured byMason
et al. [2001], but a factor of 2 lower than the values reported by Lamborg et al. [2012] at the same site (Figure 7m).
Similarly, the model is a factor of 2 lower than the North Atlantic profiles obtained by K. L. Bowman, et al.
(Mercury in the North Atlantic Ocean: The U.S. GEOTRACES zonal and meridional transects, in review, Deep
Sea Research II, 2014) (Figures 7r–7v). At higher latitudes over the Atlantic Ocean, Cossa et al. [2004]
(Figures 7n–7o) and Mason et al. [1998] (Figures 7p and 7q) measured high HgT concentrations of 1.7–2.2 pM
below 2000m (Table 2). The modeled concentrations are 0.3–0.4 pM, a factor of 5–6 lower than observations.
As discussed by Mason et al. [1998], deep water formation is occurring in the subarctic North Atlantic Ocean
(e.g., Figure 7q). The difference between model and observations over this region could thus be the result of
deep ocean penetration of anthropogenic Hg influence from both atmospheric input and riverine effluent. It is
also possible that the model lacks important processes that control North Atlantic intermediate deep water
formation. As for the observations at the shelf edge of the Celtic Sea, on the western European continental
margin by Cossa et al. [2004] (Figures 7n and 7o), the observed high HgT concentrations may also carry strong
anthropogenic signals from riverine input and/or direct industrial/waste water discharge.

In summary, our modeled HgTconcentrations in the natural ocean are within 50% of observations in old and deep
watermasses of theNorth Pacific Ocean, the SouthernOcean, South Atlantic Ocean, andmidlatitudeNorth Atlantic
Ocean. Considering the interlaboratory comparability of Hgmeasurements (on the order of 40% [Lamborg et al.,
2012]) this level of agreement is within analytical uncertainty. We find that themodel significantly underpredicts
observed HgT concentrations for younger water masses in deep water formation regions of the Southern
Ocean and North Atlantic, which contain a strong signature from the human perturbation. The difference
between our natural Hg cycle concentrations and observations in these regions can be used to generate a
first-order estimate of the anthropogenic influence: factors of 5–6 enhancement in deep water formation
regions of the North Atlantic (which is consistent with our factor of 6 underestimate of present-day surface
observations) and factor of 2 for the Northern midlatitude Atlantic Ocean and high-latitude Southern Ocean.

4.2. Interocean Fractionation

In past studies, interocean comparisons of observed deep water Hg concentrations have yielded contradictory
interpretations. Studies based on contrasting higher concentrations in the Atlantic (found at high northern
latitudes, equatorial, and tropical waters) to the lower concentrations in the North Pacific, were interpreted as
resulting from deep water scavenging of Hg as deep waters travel from the North Atlantic to the North Pacific
[Laurier et al., 2004; Fitzgerald et al., 2007]. Similarly, Cossa et al. [2011] suggested that the lower concentrations
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Figure 7. Comparison between observed (black circles and lines) and modeled (blue lines) oceanic HgT concentration pro-
files. (a–v) The location for each profile is indicated in Figure 6.
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measured in the Southern Ocean compared to the North Atlantic Deep Waters reflected particle removal
during transit. In contrast, Lamborg et al. [2012] found higher concentrations in the deepwaters of the NE Pacific
than at the BATS station in the North Atlantic, which they interpreted as resulting from slow Hg enrichment of
deep waters receiving input from remineralization of sinking particles.

Our modeling study supports the interpretation proposed by Lamborg et al. [2012]. We find a factor of 2–3
enrichment in Hg between deep waters of the North Atlantic and of the North Pacific in the natural ocean.
As noted in section 3.2, this enrichment is similar to that observed for zinc and cadmium, which are not perturbed
by human activities. For Hg, it appears that penetration of anthropogenic emissions in regions influenced by
deep water formation in the North Atlantic has increased Hg concentrations, thus dampening the interbasin
gradient. The continuous input from remineralization from sinking particles as the water ages in transit from
source regions in the North Atlantic to the North Pacific is thus overprinted with a large anthropogenic signal.

5. Conclusions

Wehave implemented Hg biogeochemistry in a state-of-the-science 3-D offline ocean tracermodel, OFFTRAC-Hg.
While our oceanic model represents Hg biochemistry in a simplified way, it allows us to examine current
knowledge of marine Hg cycling and it creates a useful framework to test mechanistic hypotheses about this
complex system via comparisons to observed oceanic profiles.

We conducted a simulation of the natural cycle of Hg in the ocean-atmosphere-land system by coupling
OFFTRAC to the GEOS-Chem atmosphere-land-ocean model. In our simulation, the only direct source of Hg is a
geogenic source of 0.45 Mmol a�1. Of the resulting 3.93 Mmol a�1 atmospheric deposition and 0.37 Mmol a�1

riverine input in the form of HgIIaq in the mixed layer, 82% is reduced to Hg0aq and evaded back to the
atmosphere, while the remaining 18% sinks to the intermediate ocean via particle scavenging. Below the
mixed layer, remineralization of sinking particles releases 0.33 Mmol a�1 as HgIIaq while 0.45 Mmol a�1 HgPaq
undergoes sedimentation to the ocean floor. In subsurface water, the remineralized HgIIaq is reduced to Hg0aq
and transported back to the mixed layer.

Our natural Hg simulation results in 2.7 Mmol HgT in the mixed layer (0.16 pM global mean concentration),
110 Mmol in the intermediate ocean (0.38 pM), and 840 Mmol in the deep ocean (0.82 pM). We find an overall
lifetime of Hg in the ocean against sedimentation of 2000years, similar to the ocean’s overturning time scale.
Hg0aq accounts for 14% of HgT in the surface ocean due to its rapid evasion to the atmosphere. This fraction
increases to ~20% in the intermediate and deep oceans, because of the production of Hg0aq in subsurface
waters from HgIIaq.

We found that the spatial pattern of modeled HgT concentrations in the ocean mixed layer reflects the balance
between sources from the atmosphere, rivers, and upwelling of Hg-rich waters, and removal from particle
sinking and evasion to the atmosphere. In the thermocline/intermediate and deep waters, we calculate strong
interbasin gradients, with Hg concentrations increasing by factors of 2–3 between the North Atlantic and North
Pacific Oceans. This increase with the age of water mass is the result of the continuous input of Hg from
remineralization of sinking particles.

We compared the model results against observed Hg concentration profiles from 10 individual studies
conducted in the Atlantic, Pacific, and Southern Oceans. The modeled HgT concentrations in the natural
ocean simulation are within 50% of observations in old and deep water masses of the North Pacific Ocean,
Southern Ocean, and Atlantic Ocean. The model significantly underpredicts observed HgT concentrations for
younger water masses in deep water formation regions of the Southern Ocean and North Atlantic, which
likely contain a strong signature from the human perturbation.

The two key uncertainties in our representation of the marine Hg cycle are (1) the value of the kd partitioning
coefficient between dissolved and particulate phases and (2) the rate of subsurface Hg0aq production via HgIIaq
reduction. In addition, our simulation is sensitive to the concentration and flux of sinking particles. Better
constraints on these parameters via process studies in oceanic waters and more extensive observations of
speciated Hg concentration profiles in the global oceans are clearly needed. The ongoing GEOTRACES program
[Anderson et al., 2014], with recently completed and planned cruises in the North Atlantic, South Atlantic,
western Equatorial Pacific, Indian, and Arctic Oceans will be crucial in providing these constraints. Regions of
particular interest for future cruises will be the South Pacific and eastern Equatorial Pacific Oceans.
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