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Abstract Rivers discharge 28+ 13 Mmol yr~' of mercury (Hg) to ocean margins, an amount comparable to
atmospheric deposition to the global oceans. Most of the Hg discharged by rivers is sequestered by burial
of benthic sediment in estuaries or the coastal zone, but some is evaded to the atmosphere and some is
exported to the open ocean. We investigate the fate of riverine Hg by developing a new global 3-D
simulation for Hg in the Massachusetts Institute of Technology ocean general circulation model. The model
includes plankton dynamics and carbon respiration (DARWIN project model) coupled to inorganic Hg
chemistry. Results are consistent with observed spatial patterns and magnitudes of surface ocean Hg
concentrations. We use observational constraints on seawater Hg concentrations and evasion to infer that
most Hg from rivers is sorbed to refractory organic carbon and preferentially buried. Only 6% of Hg
discharged by rivers (1.8 Mmolyr—') is transported to the open ocean on a global basis. This fraction varies
from a low of 2.6% in East Asia due to the barrier imposed by the Korean Peninsula and Japanese
archipelago, up to 25% in eastern North America facilitated by the Gulf Stream. In the Arctic Ocean, low
tributary particle loads and efficient degradation of particulate organic carbon by deltaic microbial communities
favor a more labile riverine Hg pool. Evasion of Hg to the Arctic atmosphere is indirectly enhanced by heat
transport during spring freshet that accelerates sea ice melt and ice rafting. Discharges of 0.23 Mmol Hgyr™'
from Arctic rivers can explain the observed summer maximum in the Arctic atmosphere, and this magnitude of
releases is consistent with recent observations. Our work indicates that rivers are major contributors to Hg loads
in the Arctic Ocean.

1. Introduction

Consumption of coastal and oceanic fish is the main source of human exposure to the neurotoxin
methylmercury that is formed from inorganic divalent mercury (Hg") [Sunderland, 2007]. Globally, rivers
discharge 28+13Mmolyr~' of mercury (Hg) to the ocean margins [Amos et al, 2014], an amount
comparable to inputs from atmospheric deposition (10-29 Mmolyr~") to the global ocean [Sunderland and
Mason, 2007]. Most of this riverine Hg is buried in ocean margin sediment by particle settling on short time
scales [Chester, 2003], but some is exported to the open ocean. The magnitude of Hg exported by rivers
affects the substrate available for conversion to bioavailable methylmercury in coastal ecosystems and the
ocean and thus needs to be accurately quantified. Differences in the geochemical forms of Hg present in the
marine environment affect removal from the water column, redox processes, and bioavailability for
methylation [Hsu-Kim et al., 2013; Jonsson et al.,, 2014]. Here we use a global 3-D chemical transport model
for oceanic Hg to investigate how ocean transport and interactions between Hg and particulate organic
carbon (POC) affect the fate of river-derived Hg.

Most of the Hg in aquatic systems is present as Hg", which sorbs strongly to POC [Morel et al., 1998]. The affinity
of Hg" for suspended particles and other ligands, determined in large part by the composition of POC, has a
strong influence on the fate of river-derived Hg since particulate Hg more rapidly deposits to benthic
sediments. A large fraction (typically >80%) of the Hg in rivers is in the particulate phase [Emmerton et al.,
2013; Schuster et al., 2011]. Dissolved Hg is defined as the filter-passing fraction (<0.2-0.45 pm) and includes
Hg" complexes with dissolved organic carbon (DOC), hydroxides, and chlorides.

The stability of Hg" complexes influences the pool available for reduction and methylation. For example,
high-molecular-weight organic matter complexes appear to be more resistant to redox transformations
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and have limited bioavailability to methylating microbes, likely due to difficulties passing through the cell
membrane [Hsu-Kim et al, 2013; Ravichandran, 2004; Whalin et al, 2007]. Prior modeling studies have
represented Hg" sorption to particles in the open ocean as an equilibrium partitioning process dependent
on the concentration of suspended particulate matter [Soerensen et al, 2010; Zhang et al, 2014a].
However, recent field observations suggest major differences in reactivity and desorption kinetics between
recently formed Hg"-organic carbon complexes and those with more refractory organic carbon pools
[Hintelmann et al., 2002; Oswald et al,, 2014]. A more realistic parameterization of marine Hg" speciation is
therefore necessary.

Here we use the Massachusetts Institute of Technology (MIT) ocean general circulation model (MITgcm)
[Marshall et al, 1997] coupled with a biogeochemistry and ecosystem model (DARWIN project)
[Dutkiewicz et al, 2012] to track the geochemical forms and transport of Hg. We apply the model to
study the fate of Hg discharges from rivers including exchange between the particulate and dissolved
phases facilitated by organic carbon degradation. We evaluate model results using observed Hg
concentrations and fluxes as constraints and discuss implications for the importance of riverine Hg loads
on a global and regional basis.

We also include a focused analysis of the Arctic Ocean, using a high-resolution one-way nested Arctic
simulation of the MITgcm. The Arctic Ocean is of particular interest for Hg because of the dependence of
indigenous populations on the ocean as a food source [Stow et al., 2011]. It is a relatively small and shallow
ocean with large river inputs [Opsahl et al., 1999]. Fisher et al. [2012] suggested that a large Hg flux of
0.47 Mmolyr~" from Arctic rivers and coastal erosion could provide the dominant source of Hg to the
Arctic Ocean, as needed to explain a summertime rebound in atmospheric Hg driven by enhanced oceanic
evasion. Subsequent research [Amos et al, 2014; Dastoor and Durnford, 2014] indicated that the Hg
discharges from rivers postulated by Fisher et al. [2012] were too large. Here we use our enhanced oceanic
modeling capability to determine if a smaller riverine Hg source can be reconciled with the observed
summertime rebound in atmospheric Hg.

2. Model Description

We developed a simulation of Hg transport, redox chemistry, and exchange of Hg species between the
dissolved and particulate phases within the MIT general circulation model (MITgcm) [Marshall et al., 1997].
The model is configured with a horizontal resolution of 1°x1° and 23 vertical levels over the global
domain except for the Arctic Ocean [Marshall et al., 1997]. Advection and turbulent diffusion is driven by
ocean circulation data from the Estimating the Circulation and Climate of the Ocean-Global Ocean Data
Assimilation Experiment state estimates (ECCO-GODAE) [Wunsch and Heimbach, 20071.

For the Arctic Ocean, we use a separate simulation with a coupled sea ice model. The model employs a
cubed-sphere grid that has a horizontal resolution of 36 km and 50 vertical layers [Heimbach et al., 2010;
Losch et al.,, 2010]. The simulation uses prescribed boundary conditions for the Atlantic and Pacific Oceans
[Menemenlis et al, 2005] with surface forcing by the atmosphere from the National Center for
Environmental Prediction reanalysis [Kalnay et al., 1996] and river freshwater runoff from Dai and Trenberth
[2002]. The boundary conditions for biogeochemical tracers and Hg are from the global domain model as
described above.

We run the model for 30 years with repeated ocean circulation data for the year 2000. The thirtieth simulated
year is used for analysis. The initialization time period is sufficiently long for the surface ocean (0-50 m) to
achieve a steady state and for riverine sources to be carried to the open ocean by surface currents
[Manizza et al., 2009].

We use a coupled simulation of the biogeochemical cycle of organic carbon and associated marine plankton
ecosystem (the DARWIN project: http://darwinproject.mit.edu/) within the MITgcm [Dutkiewicz et al., 2012].
This simulation captures the cycling of carbon, nitrogen, silica, phosphorus, and iron through inorganic
forms, living plankton (phyto and zoo), and dead organic matter. It computes DOC and POC
concentrations, remineralization rates of DOC and POC, and POC sinking fluxes. We also consider the flux
of nutrients from rivers (including nitrogen, phosphorus, silica, and carbon) based on the Global Nutrient
Export from WaterSheds 2 (NEWS2) data set [Mayorga et al., 2010] and their impact on DOC, POC, and
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remineralization. The DARWIN simulation tracks remineralization of labile DOC pools (lifetime of a month).
We include more recalcitrant DOC pools (slower remineralization rates) in our Hg simulation by adding the
climatological reanalysis data set by Hansell et al. [2009] for DOC with lifetimes between 3 and 15,000 years.

We parameterize oceanic Hg chemistry based on the offline global 3-D ocean tracer (OFFTRAC)-Hg model
developed by Zhang et al. [2014a, 2014b]. This model has been extensively evaluated with observations
for both surface and subsurface ocean waters and has been used to simulate the natural Hg cycle in the
ocean and its perturbation by human influence. Here we implement Hg chemistry in the MITgcm to take
advantage of the carbon and ecosystem parameters in the DARWIN simulation. Briefly, the model tracks
three forms of Hg: dissolved elemental Hg (Hg®), dissolved divalent Hg (Hg"), and particle-bound Hg (Hg").
Hg biogeochemistry includes photochemical and biological redox reactions between Hg® and Hg" as
described in Soerensen et al. [2010].

For Hg in seawater, an instantaneous equilibrium is assumed between Hg" and Hg” based on a specified
partition coefficient (K;) and the POC concentration [Zhang et al., 2014a]. Over the Arctic Ocean, we use
the K4 from Fisher et al. [2012]. Each form of Hg is transported laterally and vertically by oceanic circulation
and mixing. Hg" additionally settles vertically as POC in the oceanic water column. Air-sea exchange of
HgP is proportional to the concentration gradient of Hg® across the air-sea interface, the open water
fraction in sea ice covered areas, and a piston velocity following the parameterization described in
Nightingale et al. [2000]. Based on the results of Loose et al. [2014], we double the piston velocity over
regions that are partially covered by sea ice to account for enhanced shear stress and convection-driven
turbulence due to ice rafting. Hg inputs from rivers are added to surface ocean grid boxes at river mouths
with month-to-month variability proportional to freshwater discharge [Dai and Trenberth, 2002].

Dissolved phase Hg from rivers enters the ocean as Hg" complexes. Particulate Hg from rivers is simulated
using a separate refractory HgP tracer to reflect the strong binding to POC of terrestrial origin. This
refractory HgP is only released to the dissolved phase when the organic carbon is remineralized. Loibner
et al. [2006] showed that the release of Hg from terrestrial POC is slowed because of encapsulation in the
microporous structure. Leaching experiments find that less than 10% of total Hg in the soil organic carbon
is water soluble within the first 24 to 48 h [G Liu et al., 2006; Xu et al., 2014]. We prescribe a rate of 1yr™"
for the release of refractory Hg" to the dissolved phase, based on estimates of terrestrial POC
remineralization rates in the ocean [Hansell et al., 2009; Hedges et al, 1997]. Based on prior work, we
assume a settling velocity of 3md ™" for refractory Hg" [Harris et al,, 2005; Xu et al., 2011].

We estimate the burial of riverine Hg in estuarine sediments using the typology system developed by Walsh
and Nittrouer [2009]. This classification system describes sediment transport and dispersal on continental
margins for 23 river systems. Five river types are identified: (1) estuarine accumulation dominated (EAD)
where river flow is weak and particle loads are small; (2) proximal accumulation dominated (PAD) where
small fractions of sediment are exported to the open ocean; (3) canyon captured (CC) where the majority
of river sediment load is rapidly exported to the deep sea via a submarine canyon; (4) marine dispersal
dominated (MDD) where most of the sediment load is dispersed on the continental margin; and (5)
subaqueous delta clinoform (SDC) where tidal flows carry the sediment load great distances from the
shoreline. We use detailed studies of the sediment transport budget of each characteristic river type
(Table 1) to assign different fractions of sediment exported (10% to 60%) beyond the estuarine environment.

The behavior and reactivity of Hg associated with POC in freshwater and marine systems plays a major role in
determining the fate of river-derived Hg and is not well constrained by observations. We performed two
sensitivity simulations to investigate plausible scenarios for Hg chemistry that vary partitioning of Hg"
between the dissolved and solid phases. We consider extreme cases to bracket the influence of Hg inputs
from rivers on ocean concentrations. “Reversible equilibrium” allows Hg" in rivers and seawater to partition
instantaneously with particles in solution based on a specified partition coefficient constrained by
observations [Soerensen et al., 2010] rather than assuming that the Hg associated with riverine particulate
matter is refractory in nature and does not readily desorb (“refractory particles”).

The model is forced with external inputs from rivers and atmospheric deposition for the recent decade
(2000-2010). Present-day Hg inputs from rivers to different ocean basins are based on Amos et al. [2014]
with a global total of 27 Mmolyrf1 HgP and 0.87 Mmol yri1 in the dissolved phase. Initial Hg
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Table 1. Export of Riverine Hg From Estuaries for Different River Types

River Type fexpona Typical Rivers

Estuarine accumulation dominated (EAD) 0.10 Coloradob and Susquehannac

Proximal accumulation dominated (PAD) 0.20 Mississippid, Rhone®, Obf, Yeniseyf, Y_eIIowg, and Yukonh
Canyon captured (CC) 0.60 Sepik' and Congd’

Marine dispersal dominated (MDD) 0.60 Eelk, Columbia', and Pearl9

Subaqueous delta clinoform (SDC) 0.50 Fly™, Amazon", and Yangtze®

Fraction of particulate Hg from rivers transported beyond the estuarine region (the 55 m isodepth).

Carriquiry and Sdnchez [1999].

ZLangIand and Cronin [2000].

K. Xu et al. [2011].

Zuo et al. [1991].

Stein et al. [2004].
9J. Liu et al. [2009].
~Nelson [1980].

'Walsh and Nittrouer [2003].
Droz et al. [1996].

Harris et al. [2005] and Sommerfield et al. [1999].
Nittrouer et al. [1979] and Spahn et al. [2009].
"Walsh et al. [2004].

"Kuehl et al. [1986].

concentrations in the ocean for the base case simulation are from the OFFTRAC model [Zhang et al., 2014b].
Atmospheric Hg deposition at 4°x 5° horizontal resolution and monthly temporal resolution are taken from
the GEOS-Chem Hg simulation as described in Zhang et al. [2012]. Anthropogenic Hg emissions are from the
Global Emission Inventory Activity 2005 inventory (http://www.geiacenter.org). We use monthly evasion
fluxes from the MITgcm as a bottom boundary condition for the GEOS-Chem atmospheric Hg simulation to
evaluate the contribution of Hg sources from circumpolar rivers to the Arctic atmospheric Hg concentrations.

3. Results and Discussion
3.1. Model Evaluation
Figure 1 compares modeled and observed (2002-2011) total Hg concentrations in surface seawater

(0-10m depth) for both the global and Arctic Ocean simulations. Globally, modeled (mean and standard
deviation: 0.63 +0.15 pM) and observed (0.86 + 0.52 pM) seawater concentrations do not differ significantly

——— T
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Total Hg concentrations in the surface ocean (pM)

Figure 1. Total Hg concentrations (pM) in the surface ocean (0-10 m depth), (a) globally, and (b) for the Arctic. Model results include inputs from atmospheric deposition
and riverine discharge (solid contours) compared to observations from 2002 to 2011 ship cruises (circles). The global model assumes that riverine HgP is refractory,
while the HgP from Arctic rivers is allowed to freely desorb. The model values are the annual mean of total Hg concentrations. Observations are from the North Pacific
Ocean [Laurier et al., 2004; Sunderland et al., 2009], the North Atlantic Ocean [Bowman et al., 2014], the South Atlantic Ocean [Bowman et al., 2012], the Southern Ocean
[Cossa et al., 2011], and the Arctic Ocean [Kirk et al., 2008; Lehnherr et al.,, 2011; Heimbdirger et al., 2015].
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Figure 2. Results of sensitivity simulations contrasting the global fate of Hg discharged by rivers. (a) Results of simulations
when particles are specified as refractory in nature (HgII does not readily desorb). (b) Results of the “reversible equilibrium”
scenario where particulate phase Hg is allowed to readily sorb and desorb. Estuaries, shelves, and open ocean are defined
as ocean regions with depth < 55m, 55-185 m, and >185 m, respectively. Coastal ocean refers to estuaries and the shelf.

(t test, p>0.05) (Figure 1a). The model reproduces observed spatial patterns such as enhanced
concentrations off the coast of East Asia and eastern North America. It also reproduces lower observed Hg
concentrations in regions with reduced atmospheric inputs such as the eastern North Atlantic Ocean, the
central North Pacific Ocean, and the northern portion of the Southern Ocean. Both the model and
observations indicate enhanced Hg concentrations in the south Southern Ocean, reflecting the upwelling
of deeper waters that are higher in Hg due to particle scavenging [Cossa et al., 2011; Zhang et al., 2014b].

Figure 1b shows that modeled (1.2 + 0.3 pM) and observed (1.6 £ 0.5 pM) surface seawater concentrations in
the Arctic Ocean do not differ significantly (p > 0.05). Our simulation is consistent with available observations
showing that the Arctic Ocean is enriched in total Hg relative to the lower latitudes due to inputs from rivers
and springtime mercury depletion events (MDEs) and reduced evasion losses due to sea ice cover [Andersson
et al., 2008]. The western Arctic Ocean displays higher concentrations than the eastern Arctic due to more
frequent MDEs [Kirk et al., 2012] and greater summertime ice cover (Figure 1B).

3.2. Relative Reactivity of Riverine and Atmospheric Hg Pools

The amount of riverine Hg that settles in estuaries and on the shelf is highly sensitive to the fraction of the
Hg" pool specified as refractory. Figure 2 contrasts two different scenarios for the fate of Hg discharges
from rivers. The first considers all the Hg" to be refractory (Hg attached to particles does not desorb), while
the second allows continuous reequilibration between the dissolved and solid phases based on the
concentration of suspended particulate matter in solution (reversible equilibrium). When the Hg from
rivers is specified as refractory, 72% is buried in estuarine sediments (ocean depth < 55m) based on the
classification scheme described in Table 1. For the remaining fraction, 20% is sequestered in shelf
sediments (55m < ocean depth <185m), 1.6% is evaded to the atmosphere in the estuarine and shelf
regions, and 6.4% is transported to the open ocean (ocean depth > 185m). In the reversible equilibrium
simulation, most of the riverine Hg is evaded to the atmosphere in the estuarine and shelf regions (47%)
and open ocean (40%) rather than being buried in shelf sediments (13%).

The actual fate of Hg" discharges from rivers lies between these two extremes depending on the size of the
refractory POC pool [Blair and Aller, 2012]. Many rivers in the middle and low latitudes exhibit enhanced
mechanical weathering and high refractory POC loads, especially on the Pacific Rim [Milliman and
Syvitski, 1992]. In the reversible equilibrium simulation, the total global evasion flux (36 Mmolyr™")
exceeds the confidence limits reported by Sunderland and Mason [2007] (9.7-21Mmolyr~" as 90%
confidence interval) from a synthesis of observations. Simulated Hg concentrations in seawater are also
much higher than observations (Figure S1 in the supporting information). We therefore infer that most
of the Hg" in middle- and low-latitude rivers is refractory. Recent measurements show similar or lower
evasion rates from coastal than open ocean [Ci et al., 2014; Soerensen et al, 2013; Tseng et al., 2013].
These results imply that atmospherically deposited Hg to the open ocean in the middle and lower
latitudes is more accessible for methylation and biological uptake than inputs from rivers, as suggested
by recent work [Jonsson et al., 2014].
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Figure 3. Contributions of riverine discharges to modeled annual total Hg concentrations (pM) at 0-10 m depth. (a) Global
ocean simulation, (b) Arctic Ocean simulation, and (c) zoom for the western Pacific Rim.

By contrast, results of the reversible equilibrium simulation for the Arctic Ocean are consistent with available
total Hg concentrations measured in surface seawater (Figure 1B). This can be explained in part by suspended
particulate loads in Arctic rivers that are approximately an order of magnitude lower than the global mean
due to thin weathering crusts and low precipitation and temperature in their watersheds [Gordeev, 2006].

3.3. Spatial Heterogeneity in River Influences Across Ocean Regions

Figure 3 shows that the spatial influence of many rivers is limited to ocean margins. Globally, Hg discharges
from rivers account for only 4% (0.022 pM) of the measured total concentrations in surface seawater. The
world’s largest three rivers (Yellow, Yangtze, and Amazon) account for 40% of freshwater Hg discharges to
the coastal ocean but do not substantially impact Hg concentrations in surface seawater beyond the shelf.
The Yellow and Yangtze Rivers deliver only 2.6% of their total Hg load (9.4 Mmolyr~') to the open ocean
because the Korean Peninsula and Japanese archipelago provide physical barriers to particulate Hg transport
and retain Hg near ocean margins. Similarly, physical barriers imposed by surrounding landmasses limit
offshore transport of Hg from the Red, Amur, Choshui, and Magdalena Rivers (Figure 3). The Amazon River is
the largest exporter of freshwater and particulate matter to marine waters globally (Table 2), but Hg
discharges are transported northwestward along the Brazilian continental shelf, with no significant offshore
transport until they intersect the Equatorial Counter Current around 7°N (Figure 3). This is consistent with the
apparent absence of a riverine Hg plume and low total Hg concentrations (0.8-1.7 pM) observed in the open
Equatorial Atlantic Ocean near the Amazon River mouth [Mason and Sullivan, 1999].
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Table 2. Ten Largest Rivers Globally Ranked by Hg Discharges to Ocean Margins®

River Discharge

River Water (km3 yr_l) TSSb (Tg yr_1) Hg Discharge (Mmol yr_1) Fraction in Dissolved Phase(%) Type as Defined in Table 1
Yellow 47 +14 1100 + 840 6.5+83 0.078 PAD
Yangtze 910+ 130 480+ 180 29+2.7 34 SDC
Amazon 5300430 1200 + 380 20+£1.6 7.7 SDC
Red 36+12 130+ 62 0.77+0.79 0.52 SDC
Indus 100+ 25 250+ 120 0.68 £0.69 0.72 PAD
Godavari 97 £32 170+ 120 0.46 £0.56 1.0 cC
Pearl 340 £ 47 69+ 26 0.44+0.39 74 MDD
Choshui 52+1.1 63+13 0.37+0.32 0.15 MDD
Magdalena 230+35 220+ 82 0.33+£0.31 1.9 CC
Amur 310+ 60 52+6.6 0.34+0.26 11 PAD
Global 37,000 16,000 28+ 13 3.1

@Adapted from Amos et al. [2014]. Values represent present-day annual means and standard errors. Fresh water discharge is from Dai and Trenberth [2002] and

references therein.

SS = total suspended solids, data from Ludwig et al. [2011] and references therein.

Physical retention of particulate Hg loads in nearshore regions has a major impact on contamination of
coastal and shelf regions. Our modeling results suggest that rivers contribute more than 90% of the Hg to
inland seas (Bohai Bay and the adjacent Yellow Sea) that have a simulated mean concentration in
seawater of 10+ 7.6 pM. High modeled Hg concentrations agree with elevated Hg (8.4 + 1.7 pM) and low
salinity (<33 practical salinity units) observed in seawater from this region [Ci et al., 2011].

Oceanic impacts of Hg discharged by several smaller rivers are enhanced by major currents such as the Gulf
Stream in the North Atlantic and the Kuroshio in the North Pacific (Figure 3). Our results show that the largest
proportion of Hg from rivers transported to the open ocean (25% of total load) is from several smaller rivers
along the eastern coastline of North America. Freshwater discharges are transported offshore and eventually
are entrained into the Gulf Stream. Current velocities within the Gulf Stream reach 1-2ms™" and can thus
transport Hg from rivers across the North Atlantic Ocean in several weeks. Surface ocean Hg
concentrations near the Gulf Stream are elevated by 0.05-0.1pM, and the riverine signal is still
distinguishable in the eastern North Atlantic near Europe (Figure 3a). Figure 3 similarly shows a plume of
Hg across the Western North Pacific carried by Kuroshio extension that originates from the relatively
smaller Japanese and Russian rivers rather than the most polluted Chinese rivers.

3.4. Fate of Hg From Arctic Rivers

Biogeochemical processes affecting the fate of Hg discharged by rivers in the Arctic Ocean differ from the
middle and low latitudes. As discussed above, the refractory component of the Hg load from Arctic rivers
is substantially smaller than other regions due to lower particulate loads [Bouchez et al., 2010; Gordeev,
2006]. Microbial communities in Arctic river deltas have adapted to strong seasonal variability in
temperature, ice cover, nutrient availability, light, and salinity. Prior work suggests that these adaptations
allow more efficient metabolism of POC by Arctic microbial communities compared to middle and low
latitudes [Bianchi, 2011; Macdonald et al., 2005; Rontani et al., 2014].

Our modeling results (Figure 3b) suggest that riverine Hg preferentially enhances surface ocean
concentrations in the nearshore regions of the Arctic, which is consistent with observations of elevated
concentrations near river mouths in the Arctic [Andersson et al.,, 2008; Wang et al., 2012]. Sea ice melt in
estuaries is accelerated by heat transferred from freshwater discharge during seasonal snowmelt in May
and June [Nghiem et al., 2014]. This increases the transfer velocity of Hg®, and therefore Hg® evasion, by
enhancing turbulence of surface waters due to mechanical shear associated with drifting ice and
buoyant convection during ice melting [Loose et al., 2014]. Model results show that melting sea ice also
enhances Hg® evasion near river mouths by increasing the surface area of seawater in direct contact
with the atmosphere. These results corroborate the findings of Sommar et al. [2010] showing enhanced
Hg® evasion and elevated atmospheric concentrations near the Mackenzie River. Conversely, Fisher et al.
[2012] assume that the Hg from rivers is uniformly distributed in the entire Arctic Ocean, including the
high Arctic, where the transfer velocity of Hg® is low because of the presence of perennial sea ice.
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Figure 4. Atmospheric and riverine mercury in the Arctic. (a) Mean seasonal variation of modeled and observed atmospheric
mercury concentrations. (b) Seasonal Hg discharges from Arctic rivers used to force model simulation. Figure 4a averages

observations and model values for Alert, Canada (83°N, 62°W) [Steffen et al,, 2005], Zeppelin Mountain, Norway (79°N, 12°E) [Berg
et al,, 2008], and Amderma, Russia (70°N, 62°E) [Steffen et al., 2005]. Model values from this work (purple) are compared to the
previous model study from Fisher et al. [2012]. Grey shading indicates the standard deviation of the observations among sites.
Figure 4b contrasts inferred riverine Hg discharges required to explain the observed summer rebound in Arctic atmospheric
Hg concentrations in this work (purple line) with prior estimates (green line) using the GEOS-Chem model [Fisher et al., 2012].

Overall, we find that a greater portion of riverine Hg in the Arctic is subject to evasion (80%) than in the
study of Fisher et al. [2012] (54%).

Observed atmospheric mercury concentrations reach minimum levels in the Arctic springtime but rebound
to peak levels between June and August (Figure 4a). Fisher et al. [2012] showed that enhanced oceanic
evasion during those months could explain this summer rebound in atmospheric Hg concentrations and
hypothesized that Hg inputs (0.47 Mmolyr™") from rivers and coastal erosion were the most likely sources.
In our Arctic Ocean simulation, substantially lower Hg inputs (0.31 Mmol Hg yr”) are needed to sustain
observed atmospheric Hg concentrations. The spatial pattern of evasion in our model is concentrated near
river mouths, but this could still enhance atmospheric concentrations at distant observational sites
because Hg® is quickly transported throughout the Arctic atmosphere (Figure 4a).

Smaller Hg loading to the marginal Arctic Ocean is needed to force the summer rebound in atmospheric Hg
concentrations in our simulation than what is suggested by Fisher et al. [2012]. The source from coastal
erosion is estimated to be 0.08 Mmol yr~" [Rachold et al., 2004], which implies a contribution from rivers of
0.23Mmolyr~'. This is within the range of riverine inputs from Dastoor and Durnford [2014]
(0.25Mmolyr™") based on Hg:DOC ratios and close to the upper estimate based on direct Hg
measurements (0.22 Mmolyr~") by Amos et al. [2014]. It is approximately half of the magnitude proposed
by Fisher et al. [2012] (0.40 Mmol yr~") (Figure 4b). Even with this lower discharge, we find that Hg inputs
to the Arctic Ocean from rivers provide a plausible explanation for the observed summer peak in the Arctic
atmosphere and are similar in magnitude to atmospheric inputs [Kirk et al., 2012].

4, Summary and Conclusions

We have developed a new capability for global 3-D modeling of oceanic Hg coupled to plankton dynamics and
carbon respiration and applied it to better understand the global influence of riverine Hg on different marine
regions. This involved a classification scheme for particle transport from different river types to estimate the
fraction of the suspended solid load transported beyond the estuarine region, which varies from 10% to 60%.

Our results show that the amount of Hg discharged from rivers that settles in estuaries and on the shelf is
highly sensitive to the fraction of the particulate Hg pool that is refractory in nature. Observational
constraints on seawater Hg concentrations and air-sea exchange suggest that most Hg from rivers in the
global ocean is refractory. A notable exception appears to be the Arctic region, where the low particle load
and the efficient degradation of particulate organic carbon favor a more labile riverine Hg pool. On a
global basis, 20 Mmol yr~" (72%) of the Hg inputs from rivers are buried in estuarine sediments, 5.5 Mmol
(20%) is scavenged by suspended sediments and buried in shelf sediments, 0.45 Mmol (1.6%) is evaded to
the atmosphere from coastal regions, and 1.8 Mmol (6.4%) is transported to the open ocean.
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Our modeling results show strong regional variability in the transport of Hg discharged by rivers to the open
ocean. Only a small fraction of large Hg discharges (2.6%) from the Yellow and Yangtze Rivers is transported
beyond the shelf due to physical barriers imposed by the Korean Peninsula and Japanese archipelago.
Riverine Hg discharges from the Amazon are diverted northwestward along the Brazilian continental shelf
and attenuated before converging with a major ocean current, thus minimally affecting oceanic Hg
concentrations. Conversely, rivers from the east coast of North America deliver up to 25% of their total
load to the North Atlantic facilitated by the Gulf Stream.

Our results suggest that riverine Hg dynamics in the Arctic differ substantially from the middle and low
latitudes. We find that enhanced turbulence associated with sea ice dynamics facilitates increased evasion
of Hg discharged by Arctic rivers in estuaries. Model results suggest that rivers contribute substantially to
Arctic atmospheric Hg contributions. Based on improved ocean circulation, biogeochemistry, and sea ice
dynamics, we infer that a total Hg load of 0.31Mmolyr~' (0.08 Mmolyr~' coastal erosion and
0.23 Mmol yr’1 rivers) is required to reproduce the observed summer maximum in atmospheric
concentrations. This is within the range of recent estimates of total Hg discharges from Arctic rivers. Our
results imply that rivers are a plausible explanation for the observed summer peak in the Arctic
atmosphere and are similar in magnitude to atmospheric inputs.
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