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Abstract Anthropogenic activities have increased the selenium (Se) concentration in the biosphere, but
the overall impact on the ocean has not been examined. While Se is an essential nutrient for
microorganisms, there is little information on the impact of biological processes on the concentration and
speciation of Se in the ocean. Additionally, other factors controlling the distribution and concentration of Se
species are poorly understood. Here we present data gathered in the subtropical Pacific Ocean during a
cruise in 2011, and we used these field data and the literature, as well as laboratory photochemical
experiments examining the stability and degradation of inorganic Se (both Se (IV) and Se (VI)) and dimethyl
selenide, to further constrain the cycling of Se in the upper ocean. We also developed a multibox model
for the biosphere to examine the impact of anthropogenic emissions on the concentration and distribution of
Se in the ocean. The model concurs with the field data indicating that the Se concentration has increased in
the upper ocean waters over the past 30 years. Our observational studies and model results suggest that
Se (V1) is taken up by phytoplankton in the surface ocean, in contrast to the results of laboratory culture
experiments. In conclusion, while anthropogenic inputs have markedly increased Se in the atmosphere (42%)
and net deposition to the ocean (38%) and terrestrial landscape (41%), the impact on Se in the ocean is small
(3% increase in the upper ocean). This minimal response reflects its long marine residence time.

Plain Language Summary We measured selenium in water and particles during a cruise in the
Pacific Ocean and use this data along with laboratory photochemcial experiments to examine the
formation and degradation of the various Se forms in the upper ocean. We also developed a box model to
examine how anthropogenic activities have changed the Se concentration throughout the ocean the
potential future impacts and to highlight areas of Se biogeochemistry that need further study.

1. Introduction

Human activities have released large quantities of selenium (Se) to the atmosphere through mining and fossil
fuel extraction and combustion, but their impacts on the bioavailable Se reservoir in the ocean are not well
understood (Chester & Jickells, 2012; Wen & Carignan, 2007). The ocean represents the largest global sink for
primary emissions of Se but also acts as a source to other biogeochemical reservoirs through air-sea
exchange following the conversion of Se to dissolved gaseous species in both coastal and open ocean waters
(Amouroux et al., 2001; Amouroux & Donard, 1996; Mason, 2013; Tessier et al., 2002; Wen & Carignan, 2007).

Atmospheric deposition of Se in both its oxidized forms (Se (IV) and Se (VI)) is the main source to the ocean
(Chester & Jickells, 2012; Cutter, 1993; Mosher et al., 1987; Stueken, 2017; Wen & Carignan, 2007). The
dominant forms in the ocean are inorganic selenite (Se (IV), predominantly as HSeOs ™) and selenate (Se
(V1), as Se0,>~; Cutter & Cutter, 1995, 2001; Measures & Burton, 1980; Sherrard et al., 2004). The concentration
of these forms is lowest (< 0.5 nM) in surface waters and higher at depth. In addition, dissolved organic Se can
be a substantial fraction of the total dissolved Se in surface waters, but not at depth (Cutter & Bruland, 1984;
Cutter & Cutter, 2001; Sherrard et al.,, 2004; see Supporting Information (Sl), Table S1).

Selenium is an essential element for a wide variety of coastal and oceanic marine phytoplankton, but it can be
toxic at high concentrations (Doblin et al., 1999; Harrison et al., 1988; Wake et al.,, 2012; Wheeler et al., 1982).
Selenium-containing proteins and biochemicals are involved in the detoxification of reactive oxygen species
and play an important role in the intracellular biochemistry of many trace elements in marine phytoplankton
(Khan & Wang, 2009; Zhang & Gladyshev, 2008). Marine phytoplankton preferentially assimilate Se (IV)
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relative to Se (V1) via active transport, and they can also assimilate dissolved organic Se (Araie & Shiraiwa,
2009; Baines et al., 2001; Hu et al., 1996). Phytoplankton uptake of Se (VI) is thought to be inhibited in sea-
water by high sulfate concentrations as Se (VI) uptake involves membrane sulfate transporters (Fournier
et al., 2010; Winkel et al., 2015). This pathway is therefore substantially lower than Se (IV) uptake into marine
algae (Price et al., 1987; Vriens et al., 2014). Thus, given the similar concentrations of Se (VI) and Se (IV) in
ocean surface waters, uptake of Se (VI) should not be significant. However, field data and the similarity of
the Se (V1) profiles in the ocean with that of the major nutrients suggest that Se (VI) may be taken up into
particles in the surface ocean (Cutter, 2005; Cutter & Bruland, 1984; Measures et al., 1983; Measures &
Burton, 1980). We therefore wanted to examine the potential for Se (VI) uptake in the surface ocean in this
study. Concentrations of Se (IV) in the surface ocean are low (<0.5 nM) suggesting that it could be a limiting
nutrient in some regions if Se (VI) uptake is limited (Harrison et al., 1988; Mitrovic et al., 2004; Price et al., 1987;
Wake et al., 2012). Once taken up in algae, inorganic Se is reduced to selenide (Se(-ll)) and subsequently
incorporated into selenoproteins and other organic Se compounds (Gobler et al,, 2013; Hatfield et al,,
1991; Hatfield & Gladyshev, 2002).

Volatile methylated forms of Se are found in marine surface waters and can evade to the atmosphere
(Amouroux & Donard, 1996, 1997; Amouroux et al., 1998, 2001; Tanzer & Heumann, 1991). Degradation of
Se-containing biochemicals and proteins leads to their accumulation in the upper ocean. The primary form
of methylated Se is dimethyl selenide ((CH3),Se). Two additional species (dimethyl diselenide; (CH3),Se,
and dimethyl selenyl sulfide; (CHs),SeS) have also been detected (Amouroux et al., 2001; Amouroux &
Donard, 1997; Wen & Carignan, 2007). While the formation pathway for methylated Se compounds has been
suggested to be analogous to that for dimethyl sulfide (CHs),S (Carpenter et al., 2012; Stefels et al., 2007),
recent results suggest that bacteria, either independently or in association with marine phytoplankton,
may be more important for the production of methylated Se compounds (Luxem et al.,, 2017). In addition,
methylated Se has been correlated with both (CHs),S concentrations and coccolithophorid abundance in
the North Atlantic, indicating that variability in formation also depends on the phytoplankton community
composition (Amouroux et al., 2001), as is found for (CHs),S.

The fate of reduced and methylated Se species in the upper ocean is determined by the balance between
surface ocean evasion, removal in association with sinking particles, and degradation into inorganic Se
species within the water column. Reduced Se, mainly present as volatile and dissolved organic Se(-Il)
compounds, is concentrated in surface waters and is undetectable at depth (Cutter & Bruland, 1984; Cutter
& Cutter, 2001; Table S1). Both Se (IV) and Se (V1) exhibit nutrient-like vertical profiles in the surface ocean
(Sherrard et al.,, 2004, and references therein). If Se (VI) is not readily assimilated by plankton (Araie &
Shiraiwa, 2009; Hu et al., 1996), its nutrient-like profile could reflect either export in association with
suspended particulate matter as found for nonnutrient elements such as Hg and Pb, or another mixed layer
sink. In this study one focus was therefore the sources and sinks for Se (VI) within the ocean.

The main objectives of the current work were to (1) perform field, laboratory, and modeling studies to better
characterize the reservoirs and fluxes of Se in the ocean; (2) better characterize the potential for
photochemical redox cycling between Se (VI) and Se (IV) in the upper ocean, and the rate of photochemical
degradation of volatile methylated Se; and (3) assess the impact of anthropogenic emissions on marine
concentrations of Se. To accomplish these, we measured Se in seawater samples from the equatorial
Pacific and used field and laboratory photochemical incubation experiments to examine transformations
of inorganic and methylated Se compounds in marine waters. We combined these results with existing
information to develop a geochemical box model of the global Se cycle and used the model to improve
our understanding of factors influencing the speciation and distribution of Se in the upper ocean and the
major pathways for interconversion between the different forms of Se. We furthermore examined the impor-
tance of historic anthropogenic Se inputs to the ocean on marine Se concentrations and species distributions,
and assessed the extent to which anthropogenic sources have impacted the concentration of Se in the ocean.

2. Experimental Methods
2.1. Field Measurements and Analytical Methods

Water samples were collected using a trace metal clean rosette from eight stations occupied in the tropical
North and South Pacific during the Metzyme cruise from Hawaii to Samoa (1 to 24 October 2011; 20°N to 15°S;
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Figure 1. Cruise track showing the locations of the stations during the cruise. Underway surface samples were collected
during the entire cruise. Selenium was sampled at Stations 1, 3,4, 5, 6, 8,9, and 12.

Figure 1; Munson et al,, 2015). Surface water samples were obtained using water collected at 5-10-m depth
from the ship’s underway sampling system. Particulate samples were collected using McLane in situ pumps
from six stations occupied during the cruise at depths up to 900 m, with ~1,000 L filtered per deployment.
Water was filtered on board (0.2 um), acidified to 0.5% HCI (trace metal grade), and transported to the
University of Connecticut for analysis. All samples were stored refrigerated (4 °C) and under dark conditions
prior to analysis.

Dissolved Se speciation was determined within 6 months of collection following established methods (Cutter
& Bruland, 1984; Cutter & Cutter, 2001). The method relies on selective hydride generation of hydrogen
selenide using sodium borohydride. Se (IV) is first determined after acidification with 4 M HCI. Total inorganic
Se (Se)) is then determined by boiling samples in 4 M HCI for 15 min to reduce Se (VI) to Se (IV), followed by
the same hydride generation step as for Se (IV), and thus, Se (VI) is calculated as the difference between Se,
and Se (IV). We used a PS Analytical Millennium Excalibur instrument equipped with a specific high discharge
Se lamp that relies on atomic fluorescence for detection.

Concentrations were calculated based on a calibration curve (R typically >0.99). The detection limit, based
on 3 times the standard deviation of blank samples, was 0.43 nM for Se (IV) and 0.15 nM for Se,. The relative
standard deviation (RSD) of triplicate sample measurements averaged 11% for Se (IV) and 6% for Se, following
sample reduction. Standard spike recoveries averaged 106% (5% RSD) for Se (IV) and 100% (8% RSD) for Se
(VI) standards analyzed as Se;; Se| reduction duplicates averaged 7% relative difference.

In most cases in the literature Se speciation analysis has been completed at sea, although there are published
data for samples acidified at sea and analyzed up to 6 months later (e.g., Cutter & Cutter, 2001). We, however,
found that our results from the inorganic Se speciation analysis were different from those in the literature for
the region of study (Cutter & Bruland, 1984; Measures et al., 1983; Measures & Burton, 1980). Specifically,
Cutter and Bruland (1984) measured inorganic speciation and organic Se in surface waters close to our cruise
path (between Hawaii and Tahiti) in 1980. Organic Se was determined by Cutter and Bruland (1984) as the
difference between total dissolved Se (Set) and Se,, and Ser was quantified after determination of inorganic
species by the further boiling of the 4 M HCI solution for 1 hr after the addition of a potassium persulfate
solution (Cutter & Bruland, 1984).

Overall, the sum of our measured values (i.e., measured Se (IV) + Se (VI)) was not statistically different (t test,
a = 0.05) from the total filtered concentrations (Se) for the previous cruise in 1980: 0.65 + 0.29 nM in 1980
(n = 16) and 0.59 + 0.22 nM for our data (n = 32). Additionally, our Se (VI) data (0.35 + 0.23 nM) were not
statistically different (« = 0.05) from the earlier measurements (0.22 + 0.26 nM; Figure S1). Therefore, while
our Se (IV) values were much higher than the 1980 data (<0.01 nM [their detection limit]), they are
comparable to the previous measurements of Se (IV) + Seqrg (0.43 £ 0.14 in 1980 and 0.28 £ 0.13 nM in
2011). This suggests that the organic Se in our samples was oxidized to Se (IV) during storage resulting in
an overestimation of the Se (IV) concentration. While organic Se has previously been detected in samples
after a long holding time (Cutter & Cutter, 2001), we believe that this was not the case for our study. Based
on the comparison, we conclude that we quantified both inorganic Se (IV) and the organic Se originally
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present in the water samples as Se (IV) in our analysis. We therefore report observations only as Ser in the
figures. The data for Se (VI) are presented in the Sl in Figure S1 and Table S2.

Particulate Se was measured on subsections of filters collected with in situ pumps (Munson et al., 2015) after
microwave digestion (800-W microwave; 20 min at 10% power then 20 min at 20% power to slowly increase
temperature). Filters were placed in Teflon bombs with 5 mL of a 10:1 concentrated HNO3:H,SO4 mixture
(Zhao et al,, 2010). The volume filtered was determined from the total volume filtered by the in situ pump
and the fraction of the filter that was analyzed. The detection limit was estimated at 4 pM.

2.2. Photochemical Experiments

Experiments were performed to examine the photochemical transformations of inorganic and organic Se. For
the inorganic Se experiments, 5-nM solutions of Se (IV) or Se (VI) were prepared in artificial seawater (Kester
et al,, 1967) and incubated under light and dark conditions to evaluate the potential for photochemical
oxidation and reduction reactions, respectively. Samples in 500-mL quartz flasks were irradiated for up to
1 hr using a 1-kW Oriel solar simulator with an output spectrum similar to equatorial sunlight (see Figure
S2a). Samples were stirred using a Teflon-coated magnetic stir bar during the experiments. Temperature
(22 + 3 °C) was controlled using a water bath. Se (IV) and total inorganic Se (and thus by difference, Se (V1))
were analyzed to monitor changes in redox speciation. Results were compared to dark controls (aluminum
foil-covered flasks) to evaluate photochemical and dark reactions. All experiments were conducted
in duplicate.

Photodecomposition of (CH3),Se was studied in filtered natural seawater under natural and artificial sunlight
(Figure S3). It was expected that the other methylated Se compounds would degrade at a similar rate given
the likely degradation pathways (Wen & Carignan, 2007), but this was not tested in our studies. Samples were
collected from estuarine and shelf sites on the U.S. East Coast and in the Arctic Ocean (for locations see Figure
S3). The coastal sites included Berry’s Creek in New Jersey, the Penobscot River in Maine, the western Long
Island Sound (WLIS), the University of Connecticut’s Avery Point campus, Barn Island, and the Connecticut
waters of Fishers Island Sound (FIS). In addition, water was collected from offshore sites on the southern
New England shelf break (SB) and in the Chukchi Sea of the Arctic Ocean. Collected seawater was filtered
(0.2 pm) and stored cold until experiments were completed. Arctic Ocean water samples were collected
and stored frozen. Incubations with 3-5 nM of added (CHs),Se were completed under light and dark
conditions, as described above. As Se (IV) is the expected stable oxidation product formed from unstable
intermediates produced during the degradation reaction (Wen & Carignan, 2007), this product was measured
in experimental solutions at the end of an incubation. Before preserving samples for analysis, solutions were
flushed with argon to remove any remaining (CHs),Se. Samples were then acidified and analyzed for Se (IV)
using the method as described above. After longer exposures, the (CHs),Se was essentially completely
degraded and the recovered Se (IV) was that expected from the spike addition plus the background Se,
indicating that the Se (IV) method of determination recovered all the products of the degradation reaction.

For both inorganic Se and (CH3),Se experiments, studies were repeated with the addition of chemicals
known to enhance photochemical reactions. Nitrate (NOs ™) was added (50-100 puM) to stimulate production
of hydroxyl radicals (Zepp et al., 1987) as an oxidant for Se (IV) and (CHs),Se. In inorganic Se experiments, Fe
(1 (10 nM), dissolved organic matter (DOM; Suwannee River humic acid, [DOC] = 88-166 uM C) and oxalate
(0.5 uM) were also added. Fe (lll) was added to stimulate the formation of reactive oxygen species (Zepp et al.,
1992), while oxalate and DOM were added to examine the potential for charge transfer reactions through the
formation of photochemically active complexes. For the inorganic Se studies, NO;~ and oxalate experiments
were repeated with longer incubation times (6 hr) to better evaluate the reaction rates. The wavelength
dependence of the (CHs),Se photodegradation reaction was also determined using a UV-blocking film
(Figure S2b).

To examine the water column-integrated degradation rate for methylated Se, we applied the results of the
HydroLight radiative transfer numerical model (Sequoia Scientific, Inc.) for three representative water bodies:
coastal wetlands, estuaries, and the open ocean. Light penetration down to a depth representing 1% of the
light intensity at the surface was considered in the model. Rate constants for these water types were
represented by values quantified in surface waters from Barn Island, Fishers Island Sound, and Arctic waters,
respectively. Surface water total methylated Se concentrations used in the model (Table S3a) are derived
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based on limited values in the literature (Amouroux & Donard, 1996, 1997; Amouroux et al., 1998, 2001;
Pécheyran et al,, 1998; Tessier et al., 2002). The model calculates solar penetration/light attenuation as a
function of depth based on water quality parameters, such a chlorophyll g, total suspended solids, and
chromophoric dissolved organic matter concentrations (Table S3), which influence the extent of light
scattering and adsorption in the water column. The modeled wetland waters have higher concentrations
of these parameters compared to the estuary, while for the open ocean chlorophyll a is the main parameter
in the model. The parameterization was initially derived to examine CH3zHg degradation (DiMento & Mason,
2017) and was transformed to be applicable to methylated Se based on experimental data (see section 3.4)
and the relative importance of the radiation spectrum—ultraviolet (UVA, UVB) or PAR (photosynthetically
active radiation)—in driving the photochemical degradation of (CHs),Se (Table S3b). Further details on the
photochemical experiments and light penetration modeling are given in the SI.

2.3. Model Overview

We developed a six-box geochemical model for the global cycling of Se using data collected as part of this
study and a literature synthesis of reservoirs and fluxes (Figure S4). The model framework was adapted from
Amos et al. (2013, 2015), who used it to examine the global cycling of Hg. It includes reservoirs representing
the atmosphere, terrestrial environments, the coastal ocean, the surface ocean mixed layer (~50 m), the
subsurface ocean (50-1,000 m), and the deep ocean (1,000 m to the bottom).

The model includes four main forms of Se: (1) dissolved selenate, Se (VI); (2) dissolved selenite, Se (IV); (3)
dissolved reduced Se, SeR, which consists of volatile methylated Se compounds, hydrogen selenide (H,Se),
elemental Se (Se(0)), and other organic Se compounds; and (4) particulate-associated Se, SeP. We estimated
external inputs, reservoirs, and exchanges/losses of different Se species for each model compartment based
on data from this study and a review of previously measured concentrations and fluxes (Table S4). We used
the mass budgets to derive first-order rate coefficients and create a set of coupled first-order differential
equations to simulate temporal changes in chemical species following Sunderland et al. (2010). Processes
in the model include (1) natural and anthropogenic emissions, (2) chemical transformations between
different forms of Se in all compartments, and (3) transport of Se between the reservoirs, including advective
transport between ocean reservoirs through seawater circulation and settling of suspended particulate
matter. The specifics are detailed below and in the SI text section 2.

2.3.1. Atmosphere

Atmospheric Se species represented in the model (Table S4) include Se (IV), Se (VI), and reduced Se species
(Figure S4). Both Se (IV) and Se (V1) are predominately associated with aerosols in the atmosphere but are
mostly dissolved in wet deposition (Arimoto et al.,, 1997; Scudlark & Church et al, 1997; Wen & Carignan,
2007). Deposition mainly consists of inorganic Se species (Cutter & Church, 1986) and is dominated by wet
deposition over the ocean (Cutter, 1993). We did not explicitly include particulate Se species in the
atmospheric compartment of the model for simplicity. Terrestrial and oceanic Se emissions to the
atmosphere occur as methylated Se species (SeR, e.g., (CHs),Se), which have a short atmospheric residence
time (hours) and degrade into inorganic Se species (Wen & Carignan, 2007; Winkel et al, 2015).
Anthropogenic and geogenic emissions are predominantly reduced inorganic Se species (Se(0) and H,Se),
which are rapidly oxidized (lifetime <1 day) to Se (IV; Wen & Carignan, 2007, and references therein).
2.3.2. Ocean

Modeled Se forms in the ocean include SeR, SeP, Se (IV), and Se (VI; Table S4 and Figure S4), based on the
literature (Table S1). The primary pathway for methylated Se species formation in the surface ocean is
through the uptake of inorganic Se by phytoplankton and conversion into organic compounds (Se-
containing amino acids and proteins), which are further degraded into the methylated compounds
(Amouroux et al., 2000). The particulate fraction (SeP) in the model includes both inorganic and organic Se
incorporated into phytoplankton, other organisms and detritus due to direct uptake or partitioning of
dissolved species to solids, while in the model SeR refers to the dissolved reduced fraction (methylated Se
and other reduced compounds released from organisms). There is limited information in the literature on
the relative fraction of organic Se in the ocean (Table S1), and the method of determination, which relies
on decomposition of this fraction to inorganic Se using strong oxidants (Cutter & Cutter, 1995; Sherrard
et al., 2004), does not provide information about the specific compounds that make up this fraction. It is
assumed to be primarily degraded biochemicals from Se-containing proteins and other biomolecules
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(Stueken, 2017). Clearly, while this fraction is modeled as one pool, the lack of detailed understanding about
the chemistry of this pool is a limitation of the study and more research is needed to gain a better
understanding of the pathways of degradation of organic Se compounds produced by microorganisms in
the ocean. Formation pathways for volatile methylated Se compounds are from the direct degradation of
Se-containing proteins and biomolecules (Luxem et al., 2017). The inclusion of a Se (VI) phytoplankton uptake
pathway in the surface ocean of the model is based on observational constraints of measured speciated Se
concentrations in seawater, even though many studies suggest that Se (VI) is not assimilated into marine
phytoplankton (e.g., Araie & Shiraiwa, 2009; Danbara & Shiraiwa, 1999; Hu et al., 1996; see section 3 and
Table S1), especially in the presence of sulfate (Fournier et al., 2010), which is consistent with field data
(Cutter, 1992, 2005; Measures et al., 1983). This is discussed further below (section 3.2).

Air-sea exchange is an important component of the cycling of Se in the surface ocean. This flux was estimated
based on measured concentrations of methylated Se species (a fraction of the SeR reservoir) in the surface
ocean, the results of the photochemcial degradation studies and gas exchange calculations using the
Wilke-Chang approximation for the diffusion coefficient and the gas exchange parameterization of
Nightingale (Amouroux et al., 2001; Amouroux & Donard, 1996; Nightingale & Liss, 2004; Soerensen et al.,
2010), along with previous estimates (Wen & Carignan, 2007). Estimates of deposition of Se (IV) and Se (VI)
to the ocean are detailed in Table S4. We do not include SeR in model compartments representing the deep
ocean and coastal zone since these species are not above detection limits in these environments (Cutter &
Bruland, 1984; Cutter & Cutter, 1995; Conde & Alaejos, 1997; Table S1). Advective and diffusive fluxes between
compartments are based on water mass circulation and concentration gradients, respectively, which were
derived based on Amos et al. (2015) and detailed in the Sl. Vertical SeP fluxes in association with settling
solids are derived from measured Se/C ratios (e.g., Cutter & Bruland, 1984) and our measurements. Riverine
inputs to the coastal zone and the fraction exported to the surface ocean were based on estimates from prior
work (Table S1; Chester & Jickells, 2012; Gaillardet et al., 2003).

2.3.3. Terrestrial Ecosystems

Terrestrial Se species in the model include Se (IV), Se (VI), and SeR (Table S4 and Figure S4). The SeR fraction
supports the primary atmospheric flux from terrestrial systems (Winkel et al., 2015, and references therein),
and deposition to terrestrial systems occurs as Se (IV) and Se (VI) (Table S4). To simplify the modeling, SeR
here accounts for both the particulate Se fraction and other organic Se compounds and there is no separate
SeP pool.

2.3.4. Natural and Anthropogenic Emissions

Natural and anthropogenic Se emissions are used to force the box model to simulate preindustrial to
present-day changes in the global Se budget. Natural emissions are assumed to be constant over time and
are based on estimates from Floor and Roman-Ross (2012) that used the Se/S ratio in geogenic emissions
to constrain releases.

Anthropogenic emissions are based on a present-day (2008) ratio for anthropogenic:natural Se emissions of
0.45 detailed in Wen and Carignan (2007). From 1850 to 1980 we scale total emissions by the trajectory of
global coal combustion as shown in Figure S5. Between 1980 and the present we account for declining
releases due to the implementation of control technologies on coal-fired utilities by decreasing the emissions
by 0.01 Gmol/decade from the maximum of 0.22 Gmol/a. This trend mimics the global decrease in SO,
emissions from coal combustion, as the dominant form of Se in anthropogenic emissions is gaseous Se
(Wen & Carignan, 2007). In the atmosphere, geaseous Se is rapidly oxidized and becomes bound to aerosols
soon after emission (Wen & Carignan, 2007). Its depostion is therefore controlled by dry deposition of
particles and scavenging by precipitation, as discussed above.

3. Results and Discussion

3.1. Pacific Ocean Field Observations

Figure 2 shows total dissolved Se (Sey) in surface water (Figure 2a) along the Pacific cruise track (Figure 1) and
with depth for the stations sampled (Figure 2b), as well as particulate Se profiles (Figure 2c). In Table S2,
surface water Ser and Se (VI) concentrations are broken down into regional averages, as partitioned by
Soerensen et al. (2014) based on the salinity, temperature, density, and fluorescence profiles (Figure S6).
They are compared to the values obtained by Cutter and Bruland (1984) in Table S2. Surface Ser
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Figure 2. (a) Total dissolved selenium (Se) concentrations in surface waters from the underway sampling system. The varia-
bility around 15°S is caused by the cruise track being east to west in the latter part of the cruise (Figure 1). (b) Vertical
profiles for total dissolved selenium at all the stations occupied during the 2011 Metzyme cruise (average and standard
deviation for replicate analysis). (c) Particulate selenium concentrations measured in the upper ocean during the Metzyme
cruise.

concentrations ranged from 0.48 to 0.77 nM (Figure 2a). We suggest that elevated concentrations at the
equator are a result of equatorial upwelling, as deeper water is enriched in Se, as suggested by Cutter and
Bruland (1984). Atmospheric inputs of Se are an important source to the ocean, and Se (IV) is the
dominant species in wet deposition (Cutter, 1993; Cutter & Church, 1986; Wen & Carignan, 2007). The
highest precipitation along the cruise track was found in the Intertropical Convergence Zone (ITCZ; low-
density and salinity region; Figure S6), and Soerensen et al. (2014) found that mercury was elevated in this
region due to wet deposition inputs. However, we do not observe an increase in Ser in this region. We
propose that high productivity at the ITCZ, as indicated by fluorescence measurements (Figure S6), leads
to a faster removal of Se (IV) there than in the surrounding regions. This sink, together with the high input
from subsurface water in the equatorial region, could mask a clear signal from elevated atmospheric
deposition to the ITCZ.

Figure 2b shows that Set has a characteristic nutrient-like profile with depletion at the surface and increasing
concentrations with depth, as found in many previous studies (Sherrard et al., 2004; Cutter & Cutter, 1995,
2001; Measures et al., 1983; Table S1). Surface water concentrations averaged 0.59 + 0.22 nM (n = 33) and
deep ocean concentrations (>3,000 m) 2.1 + 0.20 nM (n = 11). The Set showed little variability across the
profiles especially in the upper 1,000 m (RSD 30% for samples between 100 and 1,000 m; n = 60).
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Particulate Se concentrations were low (mostly <10 pM; <1% of total Se), with a few high levels near the
surface and at 400-500 m (Figure 2c). The profiles do not show a strong change in concentration with depth
or latitude, which contrasts with that of carbon (Broecker & Peng, 1982). Using estimates of particulate carbon
for the cruise (Gosnell & Mason, 2015; Soerensen et al., 2014), the molar ratio of Se/C for the mixed layer was
estimated at 1.3 = 1.0 x 10°, comparable with that of other studies and data on phytoplankton Se/C ratios
(Cutter & Bruland, 1984; Sherrard et al., 2004, and references therein). Given the order of magnitude decrease
in carbon flux between 60 and 500 m, based on sediment trap data from the cruise (Munson et al., 2015), and
lower particulate matter at depth, the particulate Se/C ratio must increase with depth. Based on data for
particulate concentrations in the deep Pacific Ocean (e.g., Lam et al.,, 2018), the Se/C ratio is as high as
2 x 1077 for the deep waters covered during the cruise (>500 m). Such values are higher than, but consistent
with, the data from Cutter and Bruland (1984) for the eastern equatorial Pacific (Vertex Il; Se/C 0.9 x 107° at
50 m) who found that the Se/C ratio was 3-6 times higher for deep waters compared to 50 m. We conclude
that even though Se has a nutrient-like profile, it is preferentially retained in particulate matter in deeper
waters relative to carbon and other major nutrients.

3.2. Upper Ocean Selenium Cycling

Even though atmospheric input is the dominant external source to the ocean, we find that the mixed layer is
depleted in Se. This suggests that it is being rapidly removed from the mixed layer. While both inorganic
forms of Se can passively adsorb to particles, they have low partition coefficients (log Kp < 10%) and are
not highly particle reactive (Gaillardet et al., 2003; Plant et al., 2003). While Se (IV) is actively taken up by
phytoplankton (Harrison et al.,, 1988; Wake et al.,, 2012) and is therefore removed from the mixed layer with
algal biomass/fecal pellets in a similar manner to other nutrients, the removal mechanisms for Se (VI) are less
well understood. Laboratory experiments conclude that Se (VI) is ineffectively taken up by marine
phytoplankton so that depletion of Se (VI) in the mixed layer may not be associated with particulate settling.
However, as noted above, the strong relationship between Se (VI) ocean profiles and those of the major
nutrients suggest that it is (Cutter, 1992, 2005; Measures et al., 1983).

One potential removal mechanism is reduction to Se (IV), either biotically or abiotically. Biotic Se (VI)
reduction is theoretically more thermodynamically favorable than sulfate reduction (Mason, 2013) and would
occur at a higher pE, even though its concentration is low relative to S (VI) in the ocean. However, biotic
reduction would only occur in suboxic environments (e.g., via microbial processes inside large aggregations
of particles and marine snow). Studies have shown that Se (V1) reduction may occur via microbial pathways
involved in nitrate reduction (Oremland et al., 1999), which has been shown to occur within sinking
aggregates (Kamp et al., 2016). On the other hand, the potential for photochemical (abiotic) Se (V1) reduction
has so far not been studied. In section 3.4, we therefore examined this potential removal mechanism and its
possible impact on surface ocean inorganic Se speciation.

The uptake of Se into phytoplankton and its subsequent conversion into reduced organic Se compounds is
likely the primary pathway leading to the formation of volatile compounds, such as (CHs),Se, which have
been shown to be present in ocean surface waters (e.g., Amouroux et al., 2000, 2001). Volatile Se compounds
could subsequently be lost through air-sea gas exchange. To examine the relative importance of gas evasion
versus in situ degradation for volatile methylated Se compounds, we performed photochemical degradation
studies with (CHz),Se (presented in section 3.4).

3.3. Decadal Trends Derived From Field Observations

We compare our Set values from the Pacific Ocean with previous measurements in the North Pacific Ocean
(Measures et al.,, 1980) and find that anthropogenic inputs have elevated Se concentrations in the intervening
years. Phosphate profiles from our most northern station (St. 1; 17°N, 154.4°W) match closely with the data
collected at the Geosecs station (28.5°N, 121.6°W) in 1977 (Measures et al., 1980; Figure S7) suggesting that
these two stations represent the same waters below the surface mixed layer even though sampling was
separated by 34 years. We do not compare concentrations in the surface mixed layer as the dynamic nature
of this layer makes comparisons of the concentration over time difficult given annual variability. We find no
substantial temporal difference for Ser for the North Pacific deep ocean across the last 40 years (for >3,000 m,
2.28 £ 0.07 nM (n = 5) in 1977 versus 2.25 + 0.14 nM (n = 5) in 2011; Figure S7). However, for the subsurface
intermediate waters (500-3,000 m) we find a significant increase (10-20%; p < 0.001) in Ser concentration
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from 1977 t0 2011 (2.10 £ 0.31 (n =22) and 2.28 + 0.19 (n = 7), respectively; Figure S7). Similar temporal trends
have been seen in intermediate waters for time series studies of anthropogenically released metals (Hg and
Pb) in both the North Pacific and North Atlantic Oceans (Boyle et al., 2014; Laurier et al., 2004; Mason et al.,
2012; Sunderland et al., 2009). Middepth waters correspond to water masses that circulate on timescales
relevant to that of recent anthropogenic inputs (i.e., decades; Sonnerup et al., 2008, 2013, 2015) suggesting
that higher middepth concentrations reflect an anthropogenic signal.

While we find no significant latitudinal difference between subsurface water concentrations during our cruise
(Figure 2b), individual profiles do indicate higher concentrations in the middepth waters (500-2,000 m) of the
Northern Hemisphere (Stations 1 and 3; 1.85 = 0.35, n = 8) compared to the Southern Hemisphere (Stations
6-12; 1.55 + 0.18, n = 10). The highest middepth concentrations were found at Northern Hemisphere Station
1, which is most impacted by anthropogenic inputs due to the higher proportion of land, the earlier industrial
development in North America and Europe, and the recent heightened industrialization in Asia. In support of
the importance of Asian anthropogenic inputs, elevated concentrations of Se (>1 nM) were found in surface
waters of the western North Pacific during a cruise in 2002, and these values coincided with elevated
concentrations of Ag, Hg, and Pb, and with isotopic differences for Pb indicative of anthropogenic inputs
(Laurier et al.,, 2004; Ranville et al., 2010; Zurbick et al., 2017). Lower concentrations of Se, Hg, Pb, and Ag were
found in more remote surface waters during the 2002 cruise compared to those measured in the western
North Pacific Ocean. As noted above, the previously measured surface water Se concentrations found on a
cruise from Hawaii to Tahiti in 1980 were comparable to our surface water measurements in 2011 for this
region. Overall, our results indicate that anthropogenic inputs have resulted in elevated Se concentrations
in the North Pacific subsurface ocean over the last 40 years.

3.4. Photochemical Transformations of Inorganic and Methylated Selenium

We found no statistically significant changes in Se (V1) or Se (IV) concentrations during the photochemical
transformation experiments with inorganic Se compounds in artificial seawater (Se (IV) oxidation or Se (VI)
reduction). Since no transformations were observed in the light or dark, we did not complete further
experiments with natural waters for the inorganic Se compounds. We calculated a maximum net rate
constant of <2 x 107° s~ for Se (IV) oxidation and Se (VI) reduction based on the analytical precision of
the Se (IV) and Se; measurements and a 6-hr incubation time. Our results are comparable to earlier
predictions of a slow Se (IV) photooxidation rate, assessed using mass balance considerations and measured
ocean concentrations (Cutter & Bruland, 1984; Measures et al., 1980). Given these results, we did not include
Se (IV) oxidation or Se (VI) reduction as pathways in our box model. The lack of photochemical reduction of Se
(VI) suggests that either biological reduction is occurring in the mixed layer by bacteria in aggregates or at the
cell surface of phytoplankton or Se (VI) is being taken up by marine phytoplankton, even though laboratory
culture studies do not explicitly support this pathway.

We found that degradation of (CHs),Se was rapid in seawater when exposed to the solar simulator (Table 1a)
and natural sunlight (Table 1b). An example of the data obtained is shown in Figure S8, depicting the increase
in products, assayed as Se (IV), from the degradation of (CHs),Se as a function of cumulative UV exposure. The
degradation pathways in aqueous solution have been little studied, but in the atmosphere the reactions of
(CHs),Se with ozone, the nitrate radical, or the hydroxyl radical are thought to initially generate an
oxygenated intermediate (CH3SeCH,0) that is then decomposed to SeO; (i.e., Se (IV)) after further reaction
with oxygen (Wen & Carignan, 2007).

We find that reaction rate constants determined under simulated sunlight were significantly higher in waters
from the western Long Island Sound (WLIS) than the shelf break (SB; 44.3 + 3.3 day_1 versus 36.6 + 4.6 day;
p =0.018; Table 1a). The addition of NO3 ™ significantly increased the reaction rate constants in both waters
(WLIS, p = 0.044; SB, p = 0.006). However, the rate constants for samples with NO3~ added were not
significantly different from each other (WLIS: 48.7 + 2.3 day™'; SB: 52.3 + 7.6 day™'; p > 0.05). The higher
initial concentration of NOs™ in the lower salinity coastal WLIS water might have resulted in the higher rate
constant, causing the NOs;™~ addition to have less impact. Higher DOC and SUVA values at WLIS on the other
hand did not seem to have an effect on rate constants as could have been expected.

Photodegradation rate constants of (CHs),Se determined in natural waters and sunlight ranged from 18.1 to
47.0 day™" (Table 1b and Figure $8). Dark samples showed no generation of Se (IV). The highest degradation

MASON ET AL.

1728



Global Biogeochemical Cycles

10.1029/2018GB006029

Table 1

Photochemical Degradation Rate Constants (+ Standard Deviations) for Dimethylselenide for (a) Western Long Island Sound (WLIS) and New England Shelf Break (SB)
Sites, With and Without Added Nitrate Completed Using the Solar Simulator, and (b) Incubations of Natural Waters From Various Coastal East Coast U.S. Locations,
and for Water Collected in the Surface Arctic Ocean

Rate constant

Trial Date Sal. (ppt) DOC (uM) NO3 (uM) SUVA (L- mg - m) (dayq)
(a) Simulated Sunlight
WLIS = 9/17/2014 27.2 161 1.5 1.8 443 + 3.3
+NO3~ 487 +23
SB = 9/12/2014 356 85 <0.5 0.9 36.6 + 4.6
+NO3 ™~ 523+76
Sal. SUVA Rate Constant Rate Constant
Location Date (ppt) DOC (uM) NO3; ™ (uM) (L-mg-m) m2-E™") (day™ ™)
(b) Natural Sunlight
Berry's Creek 5/21/2016 6.8 397 37.8 3.8 0.407 £ 0.016 283 £ 1.1
Barn Island 6/22/2016 31.0 220 <05 4.8 0.397 + 0.071 27649
Penobscot River 5/29/2016 225 231 3.75 43 0.276 + 0.045 19.2 £ 3.1
Arctic Ocean 6/18/2016 24.1 162 0.99 1.5 0.260 + 0.053 18.1 +£3.7
Avery Point 7/6/2016 30.1 107.7 <05 1.5 0.629 + 0.167 437 +11.6
Fishers Island Sound 6/30/2016 30.3 245 1.56 1.0 0.676 £0.118 47.0 £ 8.2

Note. Ancillary data for salinity, dissolved organic carbon (DOC), nitrate (NO3 ), and specific ultraviolet absorbance (SUVA) are also shown.

rate constants were measured in waters from Fishers Island Sound and Avery Point, while the lowest were in
Arctic and Penobscot River waters. Salinity was lowest at Berry’s Creek, where DOC concentrations were
highest. NO3~ was highest in the polluted waters of Berry’s Creek and the Penobscot River. Due to low
freshwater inputs, Barn Island’s high-salinity water closely resembled water from Long Island and Block
Island Sound, but with added DOC from the salt marsh. SUVA values were lowest in the Arctic, indicating a
different source of DOC in coastal versus oceanic waters.

Photodegradation rate constants were significantly lower for the Arctic and Penobscot River waters (p < 0.05)
than for the other sites, while Avery Point and Fishers Island Sound were significantly higher (p < 0.07) than
the rest. There were no apparent correlations between rate constants and salinity, DOC, SUVA, or NOs™
naturally present at the specific sites. Upon the addition of NO3~ (50 uM) to water collected from Avery
Point, a small (8.8%) but insignificant (p = 0.45) increase in the rate constant was observed (Table 1b). This
change was consistent with the percent increase observed under simulated sunlight in WLIS water (9.9%),
but smaller than the increase observed on the shelf break (42.9%). Overall, results presented in Table 1
suggest that reaction with the hydroxyl radical, which is produced during the photochemical degradation
of NO37, is a potential pathway for the degradation of (CHs),Se. Such a degradation pathway is consistent
with the results of studies with (CH;3),S, as discussed further in the Sl (section S2.5). It is also likely that the
other methylated Se compounds, (CHs),Se, and (CH3),SeS, would react at a similar rate given the fact that
the initial reaction involves loss of a methyl group. In future studies, the relative stability of the various
methylated compounds should also be examined and an experimental setup should allow for changing
one variable at the time in order to further decipher the effect of salinity, DOC, SUVA, and NO3™ on the
photodegradation rates of methylated Se compounds.

In experiments using water from Fishers Island Sound, with and without UV exposure (Figure S2b), we found
that about 10% of the total photodegradation was due to PAR with the remaining 90% due to UV radiation
(Table S3b). We used this result to calculate the depth-integrated degradation rates for our three types of
water (coastal wetland and coastal and offshore waters) by modeling water column light penetration using
the HydroLight program (Table S3; DiMento & Mason, 2017; see Sl for further details). Relative degradation
rate constants for the different wavelengths of light were based on our data (Table 1) and that of Taalba et al.
(2013) for (CHs),S, which also agreed with wavelength dependence found by others (Bouillon et al., 2006;
Kieber et al., 1996; Toole et al., 2003, 2004, 2006). Taalba et al. (2013) determined that for surface waters
UVA played the largest role in the degradation of (CHs),S, accounting for 75% of the rate, while UVB and
PAR accounted for the remaining 15% and 10%, respectively.
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Figure 3. Modeled decrease in dimethyl selenide ((CH3),Se) photodegradation rate constants with depth for ultraviolet
(UVB and UVA) and visible (photosynthetically active radiation, PAR) wavelengths in coastal (a) wetlands, (b) estuaries,
and (c) the open ocean. Rates were calculated based on the modeled attenuation of light, the surface rate constant from
corresponding sites in this study (Arctic Ocean, Fishers Island Sound, Barn Island), and the relative importance of each
wavelength region from this study and Taalba et al. (2013).

We found that UVA radiation dominates degradation in the surface of all water types (Figure 3), while PAR,
less affected by total suspended solid and DOC, plays a more significant role in coastal wetlands and
estuarine waters when integrating across the entire photic zone (defined as the depth to 1% of the incident
PAR; Table 2). In wetlands, UV radiation accounts for 58% of the (CH3),Se loss, increasing to 91% in the open
ocean. The importance of PAR decreases from 42% to 9% over the same transition. Results are consistent with
other studies of photochemical degradation in natural systems showing greater importance of PAR in turbid
shallow waters than its corresponding degradation rate constant would suggest due to the rapid attenuation
of UV radiation (Black et al., 2012; Fernandez-Gémez et al., 2013; Poste et al., 2015).

By integrating the degradation rate of (CH3),Se through the photic layer (Table 2 and Figure 3), we estimated
a total (CHs),Se loss of 12, 69, and 398 nmol - m? - d for wetland, estuarine, and ocean waters, respectively.

Table 2
Light Penetration (to 1% of the Incident Solar Irradiance) and Integrated (CHs),Se Degradation Flux as a Function of
Wavelength in Model Coastal Wetland, Estuarine, and Open Ocean Locations

Surface degradation Light (CH5),Se loss
Site rate (d71) Wavelength penetration (m) (nmol m 2 dayq) % loss
Wetland UVB 0.13 0.731 6.16
27.6 UVA 0.27 6.13 51.7
PAR 1.92 5.00 42.1
Total - 11.86 100
Estuary UVB 1.63 5.36 7.76
47.0 UVA 3.14 46.6 67.5
PAR 8.72 171 24.7
Total - 69.1 100
Ocean UVB 333 20.8 5.23
18.1 UVA 107 342 86.0
PAR 110 35.0 8.79
Total - 398 100

Note. Data for the surface degradation rates are taken from Table 3 for Barn Island (wetland), Fisher Island sound (estu-
ary), and the Arctic Ocean (ocean).
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Figure 4. The left figure presents the global 2008 total selenium budget. Natural (geogenic) and 2008 anthropogenic
inputs, both from the deep mineral reservoir, reflect the external inputs to the biosphere. The right figure is a blowup of
the left figure and shows the speciated budget for the coastal and upper ocean (top 1,000 m). Four selenium species are
represented: selenate (Se (VI)), selenite (Se (IV)), reduced organic selenium (SeR), and particulate selenium (SeP). Fluxes are
in Mmol/a and reservoirs in Gmol.

This result indicates that photodegradation is a larger sink of (CHs),Se in the open ocean than at coastal sites
due to significantly greater light penetration, despite higher (CHz),Se concentrations being modeled for the
estuarine and wetland waters. Using the average degradation rate in the photic layer, half-lives with respect
to photodegradation were calculated for each of the three model water types. The fastest turnover of
(CH3),Se was in the open surface ocean, where the half-life (t,,) was 0.19 day. In estuarine waters, t,, was
0.24 day, and in wetlands it was 0.56 day. The short lifetimes in surface waters suggest that (CHs),Se must
be rapidly produced, either biologically or possibly via a separate photochemical pathway (Amouroux
et al.,, 2000, 2001; Guo et al., 20033, 2003b; Tessier et al., 2002).

The magnitude of (CH3),Se loss due to photodegradation was determined globally by considering the
latitudinal variation in solar radiation intensity (Frouin et al., 2012) and ocean surface area (Allen & Gillooly,
2006). Polar seas were corrected for their average ice coverage (DiMento & Mason, 2017). We estimated a
global degradation rate of 28.0 Gmol/a, which is used to derive the flux in our box model. More data are
needed to further refine this estimate, but the higher degradation to evasion ratio of the methylated Se
compounds, relative to that of (CHs),S is consistent with their known reactivity. Variability in (CHs),Se
concentrations in the surface ocean along with changes in light penetration due to differences in water
quality parameters would impact the predicted (CHs),Se photochemical loss. Changes in (CH3),Se
concentrations and degradation rate constants would proportionally change its flux. Changes in chlorophyll
concentrations, the primary HydroLight parameter influencing light penetration in the open ocean, would
also impact light attenuation and thus (CHs),Se fluxes. For example, a twofold increase or decrease in the
chlorophyll concentration results in a 15% decrease or increase in the (CHs),Se flux, respectively.
Therefore, our global demethylation rate only serves as an approximation until more data are gathered on
the spatial distribution of (CHs),Se in the global oceans. Our degradation flux estimate for the open ocean
(~400 nmol - m? - d) is large compared to estimates of (CHs),Se evasion from the open ocean (3.2 nmol - m?-d
for the North Atlantic; Amouroux et al, 2001). Based on these results, we therefore postulate that
photodegradation represents the most important sink of volatile methylated Se in the surface ocean.

3.5. Mass Balance Budget Considerations: Selenate Removal From the Mixed Layer

Figure 4 shows the global Se budget for 2008, which was derived using the six-box geochemical model. We
arrived at this budget by first simulating natural steady state conditions using preindustrial (geogenic)
emissions (100 Mmol/a) and a 5 x 106-year run (Figure S9). From this initial condition we forced the model
with historic natural and anthropogenic emissions for the period 1850 to 2008 to arrive at a current day
budget (Figure 4 and Table S4). When generating the mass flux budget used to create the box model, we
found that in order to balance the surface ocean fluxes and prevent elevated concentrations of Se (VI), it
was necessary to include another loss term for Se (VI): a small uptake flux of Se (VI) into phytoplankton
(79 Mmol/a; Figure S4). Given the results of the photochemical experiments, we did not include
redox chemistry between Se (IV) and Se (VI) within the surface ocean compartment. While there have
been reports that phytoplankton do not take up Se (VI) at ambient ocean concentrations (Araie &
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Table 3
Average Concentrations for the Ocean Reservoirs Predicted by the 2008 Global Selenium Model

Ocean layer Se (IV) (nM) Se (VI) (nM) Organic Se (nM) Total diss. Se (nM)

Surface ocean 0.10 0.10 0.05 0.25
Subsurface 0.20 0.13 0.01 0.33
Deep ocean 0.57 0.86 - 143

Shiraiwa, 2009; Hu et al., 1996; Fournier et al., 2010; Winkel et al., 2015), the model suggests that there should
be a small amount of Se (V) uptake (~5% of the total uptake as Se (VI) uptake of 1,484 Mmol/a in the model),
which is consistent with the relationship between Se (V) and the major nutrients in most ocean basins
(Cutter, 2005; Measures et al., 1983). Such a small uptake of Se (VI) relative to Se (IV) might not be
discernable in laboratory culture experiments, but our model results suggest that this is occuring. This
conclusion is consistent with that of others based on field measurements (Cutter, 2005; Cutter & Bruland,
1984; Measures et al., 1983).

The alternative explanation for the required sink for Se (VI) would be biotic Se (VI) reduction in the mixed
layer, which would have to occur in reduced microzones within aggregates, for example. But Se (VI) reduction
has not been observed in the ocean, and our photochemical experiments presented in section 3.4 indicate
that it is not likely to be a photochemically driven process. However, Se (VI) reduction has been found in other
environments associated with a variety of bacteria (Stolz, 2016; Stolz et al., 2006; Velinsky & Cutter, 1991), but
with elemental Se (SeR in the model) being the most likely product (Cutter, 1982, 1992; Oremland et al., 1999).
While Se (VI)-reducing bacteria will also reduce nitrate, sulfate reducing bacteria will only reduce Se (VI) if
sulfate levels are low, as sulfate uptake and reduction inhibit Se (V1) reduction (Stolz, 2016). Given the higher
redox potential for Se (VI) and nitrate reduction, these processes are more favorable within the ocean water
column than sulfate reduction. Both nitrate- and iron-reducing bacteria have been found in marine
aggregates (Balzano et al., 2009), suggesting that these locations may be important for Se (VI) reduction.
Therefore, while we do not include this in the model, we suggest that there may be reduction of Se (VI) inside
marine aggregates or other reduced microenvironments or, possibly, reduction at the cell surface, and future
studies should investigate these potential pathways.

3.6. Present-Day Selenium Budget

The model results for 2008 are presented in Figure 4. The model was evaluated by comparing the 2008
reservoirs and flows with the best estimates used to build the model (Table S4). We find that the model
reproduces the reservoir inventories for each form of Se modeled within a factor of 2 when compared to
available information. Table 3 presents the predicted ocean concentrations. The total dissolved Se
predictions for the surface ocean (0.25 nM) and the intermediate waters (0.33 nM) are at the low end of what
we found in the Pacific Ocean and what is reported in the literature (0.4-0.7 nM for the surface ocean and
0.4-1.2 nM for intermediate waters; Table S1). However, the deep ocean concentration (1.43 nM) reasonably
represents the average of values reported in the literature, which range from concentrations of <1-nM total
dissolved Se for deep waters of the North Atlantic to >2 nM for the deep North Pacific Ocean (Table S1). The
average ratio of Se (VI)/Se (IV) for the modeled deep ocean (0.65) is also consistent with literature (Sherrard
et al.,, 2004, and references therein; Table S1).

The model predicts a present-day river flux of 113 Mmol/a with particulate Se constituting ~30% of the total
flux (Figure 4). The modeled dissolved concentration is ~0.6 nM, and the particulate concentration is
2.5 nmol/g (average log Kp of 3.1), which is consistent with values in the literature (Conde & Alaejos, 1997;
Plant et al., 2003; Table S1). The estimated flux is 3.5 times higher than estimated by Gaillardet et al. (2003;
33 Mmol/a) and more comparable with the estimate of Stueken (2017; (80 Mmol/a). However, all the
estimates are based on limited information and more studies are needed to further constrain this flux. The
model furthermore predicts that 75% (88 Mmol/a) of the Se delivered to the coastal zone via rivers is
subsequently transported to the open ocean. This is comparable to the behavior of nutrients and other
elements that are mostly in the dissolved phase in river water (Gaillardet et al., 2003; Gordeev & Lisitzin,
2014). The low affinity for the particulate phase means that only 26% (25 Mmol/a) of Se removed to the deep
mineral reservoir is removed in the coastal zone (Figure 4), while 74% is removed in the deep ocean
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(72 Mmol/a). The major form of Se removed from the coastal zone is particulate Se, primarily associated with
organic matter, while in the deep ocean it is from the removal of inorganic Se.

Figure 4 (with the details contained in Table S4) details the relative fluxes for the various fractions of Se in the
mixed layer. There is no need to invoke significant Se (VI) reduction or Se (IV) oxidation to balance
concentrations if there is uptake of Se (VI) into phytoplankton. Inputs from the atmosphere (127 Mmol/a)
are 44% higher than from the coastal zone (88 Mmol/a) and are dominated by inputs of Se (IV; 83%), which
is consistent with limited measurements (Cutter & Church, 1986; Wen & Carignan, 2007). The evasion from the
ocean surface (97 Mmol/a) is at the lower end of previous estimates (60-400 Mmol/a; Amouroux et al., 2001;
Wen & Carignan, 2007), but previous evasion estimates were based on limited data, and we suggest that the
global mass balance approach used in the model likely derives a better constrained global estimate.

The major internal fluxes within the ocean mixed layer (Figure 4) are the uptake of Se (IV; 1,484 Mmol/a) and
Se (VI; 79 Mmol/a) into plankton, the decomposition of the particulate fraction releasing reactive (organic) Se
compounds (778 Mmol/a), and the loss processes for this reactive fraction (evasion and decomposition to Se
(IV); 97 and 482 Mmol/a, respectively). The reactive fraction consists of both small molecular weight volatile
compounds and larger compounds derived from biochemicals, which will likely degrade less rapidly. Overall,
the model predicts that the turnover rate of the reactive pool in the mixed layer is 3 times longer than that of
the volatile methylated species. With our new understanding of the importance of the photochemical
degradation pathway for the methylated compounds, estimated in section 3.4, and the constraints of the
modeled fluxes for the various Se fractions, we calculate that the majority of organic Se is degraded within
the photic zone (83%). Not considering photochemical degradation of methylated Se compounds would
have caused a large over prediction of the evasion flux of reactive (organic) Se to the atmosphere. We show
that photodegradation retains Se in the surface ocean, thereby increasing the overall oceanic lifetime of Se.

Selenium is transported out of the mixed layer via particulate settling (net export of 794 Mmol/a) and
surface-subsurface mixing of organic Se (199 Mmol/a). There is a net transport of dissolved inorganic species
into the mixed layer due to surface-subsurface mixing and other exchange processes (net flux of
875 Mmol/a). We thus find a net transport of 118 Mmol/a of Se from the mixed layer to the subsurface,
illustrating that the subsurface ocean is not in equilibrium with the anthropogenic releases. While anthropo-
genic releases are quickly distributed to the atmosphere and surface mixed layer (we calculate the lifetime of
Se in the atmosphere to be 0.15 a), this is not the case for middepths and the deep ocean (we calculate the
lifetime of Se in the ocean to be 1.1 x 10% a). The magnitude of both the exchange and net fluxes between the
subsurface and the deep ocean are smaller than those between the mixed layer and subsurface by an order
of magnitude and 17%, respectively. We find that the concentrations in the subsurface waters are currently
increasing more rapidly than the deep water with regard to their total Se concentrations.

It was not possible to balance concentrations and ratios for the inorganic Se forms in the deep ocean without
an additional sink for Se (VI) besides currently established pathways: removal to the sediment (deep mineral
reservoir) and mixing into the subsurface waters. We therefore introduced a net reduction of 230 Mmol/a Se
(VI) in the deep ocean (Table S4; both Se (IV) oxidation and Se (V1) reduction were included in the model; Figure
S4). This corresponds to a reduction rate constant of 2.5 x 10~% a~". The most likely pathway is Se (VI) reduc-
tion in reduced environments with subsequent burial in association with Se(-ll) in inorganic or organic sulfides
(Stueken, 2017; Stueken et al,, 2015) or Se (V) reduction in hydrothermal systems with the release of Se (IV) to
the overlying water. Also, Se (IV) associates more strongly with oxide mineral phases, and adsorption of Se (IV)
to oxide mineral phases in the water column close to sediments, or during early diagenesis, could potentially
be an important deep ocean sink for Se (Stueken, 2017). Stueken (2017) estimated burial in the deep ocean to
be 90 Mmol/a, somewhat higher but comparable to the model result (72 Mmol/a). Further studies are needed
to examine the potential pathways in both the surface and deep ocean in more detail.

3.7. Modeled Historic Changes in Ocean Selenium Concentrations

Figure 5 shows the simulated relative change between preindustrial fluxes and the 2008 budget, with the
preindustrial budget shown in Figure S9. We estimate that the fluxes to the atmosphere from primary (both
geogenic and anthropogenic) and recycled inputs (ocean and terrestrial inputs) increase the total flux to the
atmosphere by 41% (319 Mmol/a compared to 225 Mmol/a in the preindustrial scenario). The atmospheric
reservoir inventory is increased by a similar amount (42%), as are the deposition fluxes to both terrestrial
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Figure 5. Relative change in concentration and fluxes due to anthropogenic
emissions since 1850 as determined by the model. The values in the brackets
represent the changes in reservoir amount, while the values with the arrows
represent the net change in the fluxes for all species across the boundaries
between reservoirs. See Table S4 for details of the fluxes of individual species.
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With the model, we calculate a global average increase in total Se in the upper ocean (surface plus
intermediate waters) of 3.2% due to anthropogenic emissions, which is smaller than estimated from the
ocean profiles collected in 1977 and 2011 (10%-20%) for the subthermocline waters of the North Pacific
Ocean (see section 3.3). Such differences likely reflect the differences in the global distribution of
anthropogenic sources. As discussed in section 3.3, the Northern Hemisphere has been more influenced
by anthropogenic Se releases than the Southern Hemisphere.

While the magnitude of the anthropogenic Se inputs has not yet had a dramatic impact on deep ocean Se
concentrations, we can use the model to provide insights into the impact of various transport mechanisms.
While the inorganic Se reservoirs in the deep ocean have increased by <0.1%, the particulate Se has
increased by about 3%, a value similar to that of the upper ocean (Table S4). This difference reflects the
short-circuiting of the particulate flux, which is essentially unidirectional, while the exchange between the
ocean reservoirs for the other Se forms is bidirectional. Additionally, the burial of particulate Se into the ocean
sediment has similarly increased more than the other transformation and deposition fluxes. This result
illustrates the importance of particulate transport in changing Se concentrations in the deep ocean.

In conclusion, the model reflects the interpretation of existing data on the current impact of anthropogenic
inputs of Se to the biosphere on the ocean Se inventory. Upper ocean Se concentrations have increased to
some degree due to anthropogenic activities. The actual extent of change is likely a function of location
and reflects recent industrialization in Asia and more emissions controls in North America and Europe. The
increased concentrations of Se in the surface ocean have likely not enhanced productivity yet, but the
possibility that this will happen in the future should be further investigated. Additionally, photochemical
transformations appear to be important in the fate of methylated Se compounds such as (CHs),Se, but they
play little role in the speciation and transformations of inorganic Se. Our results suggest that Se (VI) uptake
into phytoplankton is occurring in the ocean and this process should be further investigated. Additionally,
given the relatively high concentrations of reduced Se in plankton, further studies should focus on the impact
of reduced Se compounds on the cycling of metals that bind strongly with reduced S and Se.
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