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The Labrador Sea links the Arctic and North Atlantic oceans and constitutes one of the main entrances of atmospheric inputs into the Ocean's interior. We report here the first high-resolution Hg distribution pattern along a transect from Greenland to Labrador coasts sampled after the 2014 winter convection. Total Hg concentrations in unfiltered (HgTUNF) samples ranged from 0.25 pmol L-1 to 0.67 pmol L-1 averaging 0.44 ± 0.10 pmol L-1 (n = 113, 1σ). Concentrations in filtered samples (HgTF, < 0.45 μm) represented from 62 to 92% of the HgTUNF and exhibited a similar distribution. High HgTUNF concentrations were found (i) in the waters of the Labrador Current, which receive desalted waters from the Canadian Arctic Archipelago, and (ii) in the waters over the Labrador shelf and rise. In the Labrador Sea Waters formed during the 2014 winter convection, HgTUNF concentrations were low (0.38 ± 0.05 pmol L-1, n = 23), and increased gradually with depth (up to > 0.5 pmol L-1) in the Northeast Atlantic Deep Waters. HgTF correlates with apparent oxygen utilization implying that atmospheric deposition, biological uptake, and microbial respiration control the Hg distribution in the Labrador Sea. Subtracting the amount of Hg released during organic matter remineralization allows us to identify a Hg and organic matter enriched fraction, which originates from fluvial sources in the Canadian Arctic Archipelago waters. This fraction is transferred southward, in surface waters with the Labrador Current, and at depth with the lower limb of the Atlantic Meridional Overturning Circulation. Climate warming, which will increase the mobilization of Hg from thawing permafrost, would consequently increase the Arctic export of Hg initially associated with organic matter.

Introduction

Mercury (Hg) is a volatile trace element of great environmental concern, which is delivered to the Oceans mostly as dissolved and particulate oxidized species (Hg II ) in rivers and precipitations, but also as elemental Hg (Hg 0 ) during ocean-atmosphere gas exchange (e.g., Fitzgerald et al., 2007;Pirrone and Mason, 2009;Obrist et al., 2017). After its advection/deposition onto sea surface, Hg can be reinjected into the atmosphere via photoreduction in surface waters, transported with currents, taken up by bio-pumping (i.e., sorbed into/onto plankton), and vertically transferred with settling material and potentially released at depth (e.g., Mason et al., 2012;Lamborg et al., 2014). Mercury is incorporated this way into the intermediate and deep waters of the oceans, following a "regenerative scavenging" recycling process, akin to the nutrient-like behavior described for many other trace elements (e.g., Lamborg et al., 2016).

The Labrador Sea (LS, Fig. 1) is the main site in the North Atlantic Ocean where intermediate and deep waters are produced during wintertime ocean convection (e.g., Talley and McCartney, 1982;[START_REF] Dickson | Arctic-subarctic ocean fluxes: Defining the role of the northern seas in climate[END_REF]. This convection mixes Arctic outflow and Atlantic cyclonically in the LS basin [START_REF] Azetsu-Scott | Time series study of CFC concentrations in the Labrador Sea during deep and shallow convection regimes (1991-2000)[END_REF]Yashayaev, 2007). NEADW is a cluster of higher salinity and colder waters than LSW; ISOW and DSOW protrude from the NEADW, with DSOW being fresher and more oxygenated than ISOW (Talley and Pickard., 2011), while ISOW evolves "en route" to become NEADW (Yashayaev and Dickson, 2008). These emissions (e.g., Sunderland and Mason, 2007;Lamborg et al., 2014), it is important to appraise the anthropogenic Hg impregnation of the water column of the North Atlantic Ocean. Here, we report the first high-resolution Hg distribution pattern along a transect, which closes off the Labrador Sea from Greenland to Labrador coasts held in June 2014 during the GEOTRACES-GEOVIDE cruise, i.e., after the 2014-winter convection (Fig. 1).

Material and methods

Sampling

Water samples were collected in the Labrador Sea between 19 and 27 June 2014, during the GEOTRACES-GEOVIDE cruise onboard the R/V "Pourquoi Pas?". Seven stations (6-21 depths each) were occupied for collecting water samples for Hg determination (Fig. 1). Sampling and water treatment were performed using ultra-trace techniques following GEOTRACES recommendations (www.geotraces.org). During the GEOVIDE cruise, an epoxy-coated aluminium rosette, held by a Kevlar hydrowire, was deployed with acid-cleaned Teflon coated 12 L GO-FLO (General Oceanics) bottles initially cleaned following the GEOTRACES procedures [START_REF] Cutter | Rapid and noncontaminating sampling system for trace elements in global ocean surveys[END_REF]. No samples were collected in the first 10 m below the surface in order to avoid contamination from the ship. The rosette was also equipped with probes for pressure, conductivity, temperature, dissolved oxygen, fluorescence and transmission measurements 

Analyses

In order to access to all the chemical species of Hg present in the sample, the release of Hg from its ligands was achieved by BrCl (50 µL of a 0.2 N solution is added to a 40-mL sample) and then the Hg II was reduced to Hg 0 with SnCl 2 (100 µL of a 1 M solution is added to a 40-mL sample). The Hg 0 vapor generated by the reduction and extracted in an argon gas flow is amalgamated on a gold trap and then released by heating into an atomic fluorescence spectrometer (AFS, Model 2500 from Tekran ® ). This technique, initially described by [START_REF] Bloom | Determination of mercury in seawater at sub-nanogram per liter levels[END_REF] and subsequently improved by Gill and Fitzgerald (1985), is now listed as US-EPA Standard Method N° 1631. Use of a mirrored quartz cuvette (Hellma®) allowed for an "absolute DL", defined as two times the electronic noise magnitude, as low as 1.7 femtomol.

However, in practice for trace measurements, the DL is governed by the reproducibility of the blank values, and calculated as 3.3 times the standard deviation of blank values. The blank was determined on a purged Hg-free seawater sample spiked with reagents (i.e., BrCl and SnCl 2 ).

The mean (± standard deviation) of blanks measured during the present cruise was 3.2 ± 1.0 femtomoles. Thus, for a 40-mL seawater aliquot, the DL expressed in HgT concentration was 0.07 pmol L -1 . The reproducibility (coefficient of variation of six replicate measures) varied according to the concentration level between 5 and 15 %. The accuracy of HgT measurements
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was tested using ORMS-5 certified reference material (CRM) from the National Research Council of Canada (http://www.nrc-cnrc.gc.ca/), as spike addition to a purged Hg-free seawater sample. Measurements were always within the given confidence interval.

Results and discussion

Water masses identification

A full description of the oceanographic context of the GEOVIDE cruise is given by García-Ibáñez et al. ( 2017). The distributions of salinity and potential density (σ θ ) along the section (Fig. 2a,b)

allows the identification of water masses expected in the area, consistent with previous oceanographic investigations (e.g., Stramma et al., 2004;Yashayaev et al., 2015a, Yashayaev andLoder, 2016). From surface waters downward we observed: and >27.9 kg m -3 , respectively (Fig. 2b).
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Mercury distribution and partitioning

The summary statistics of the HgT UNF concentrations encountered in the various water masses are given in Table 1. Concentrations ranged from 0.25 pmol L -1 for sub-surface samples (St. 64, 50 m) to 0.67 pmol L -1 for the deepest sample (St. 71, 3694 m), averaging 0.44 ± 0.10 pmol L -1

(n = 113, 1σ). Generally, HgT UNF increased downward, and southward from Greenland to Labrador (Fig. 2d). High HgT UNF concentrations (> 0.55 pmol L -1 ) were found all along the water column of the Labrador coast, whereas lowest HgT UNF concentrations (<0.30 pmol L -1 )

were found in upper waters along the Greenland coast (Fig. 2d). Concentrations of dissolved Hg in filtered samples (HgT F ), measured in 64 % of the collected samples, represented from 62 to 92 % of the unfiltered fraction depending on the station and the depth, for an overall average HgT F /HgT UNF of 76 ± 7 % (n = 68). The HgT F distribution pattern is similar to HgT UNF (Fig. 2e).

The highest particulate Hg fraction (> 30% of the HgT UNF ) was found in the top 50 m of the central Labrador Sea (Sts. 68 and 69), where plankton was abundant at the end of May 2014, a few weeks before our cruise (Yashayaev et al., 2015b).

Within the surface layers (10-350 m), Labrador Current waters exhibited statistically higher mean HgT UNF concentrations than the Greenland Current: 0.56 ± 0.05 pmol L -1 vs 0.31 ± 0.03 pmol L -1 (t-test, p<0.01, Table 1). This Hg-enrichment in the Labrador Current waters, which is also noticeable in the filtered fraction and extended to the shelf edge (Fig. 2e), is 2008). Furthermore, based on a mass balance approach, using salinity, temperature, nutrients and δ 18 O data (available from the present GEOVIDE cruise, and HUD2014007 and JR302 cruises also held in May-June 2014), freshwater sources in the southern Labrador shelf and slope have been sorted out into sea ice melt (sim), meteoric water (mw) and Pacific water (pw) [START_REF] Benetti | Composition of freshwater in the spring of 2014 on the southern Labrador shelf and slope[END_REF]. Main observations were: (i) the surface freshening was maximum in the top 25 m waters, (ii) the pw fraction decreased from the coast to the outer part of the shelf, (iii) highest mw fractions were observed in the freshest surface water of the inner shelf, and (iv) brine rejection (negative sim) were found in the subsurface layer of the inner shelf. Thus, the negative sim and the high pw values suggest that the coast current carries waters originating to a large extent from the Canadian Arctic through Davis Strait [START_REF] Benetti | Composition of freshwater in the spring of 2014 on the southern Labrador shelf and slope[END_REF]. In that context, the Hgenrichment could be due to a high Hg content of mw, associated with the fluvial runoff producing the low salinity cold waters outflowing from the Canadian Arctic Archipelago, Baffin and Hudson Bays (Fig. 2a). This hypothesis is strongly supported by the modelling by Fisher et al. et al. (2015), and (ii) brine in the Labrador Current may also be Hg-enriched, as already observed at the time of the ice-pack formation in the Southern Ocean [START_REF] Cossa | Mercury in the Southern Ocean[END_REF]. Anyhow, more results are needed to solve the issue of the precise origin(s) of the Hg-enrichment in the Labrador Current.
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Mercury enrichment in both dissolved and particulate phases is also noticeable in the deep waters along the southward Labrador slope current (Fig. 2d ande). Two sources can be proposed to explain this deep-water HgT -enrichment in both filtered and unfiltered samples. Labrador

Current borne organic rich particles can accumulate along the Labrador shelf and rise, a part of them releasing their associated Hg to the < 0.45 µm dissolved fraction during organic matter remineralisation. Labrador Current waters in the LS waters have high particulate organic carbon to particulate organic nitrogen ratios suggesting the influence of detritus from freshwater inputs (Fragoso et al., 2017). In addition, in Davis Strait deep waters, i.e., at the entrance of LS, the presence of organic matter linked to microbial biomass, bacterial respiration, and degradation of the organic matter has been observed (Gonçalves-Araujo et al., 2016). Alternatively, the enriched HgT UNF may originate from the NEADW/ISOW, which circulate cyclonically at depth in the Labrador Sea; however, the lateral asymmetry of the HgT UNF -enrichment in the deep LS does not support the latter hypothesis (Fig. 2d ande). (n = 21) and 0.55 ± 0.07 pmol L -1 (n = 6) in the NEADW and DSOW, respectively (Table 1). It is worthwhile to note that HgT UNF concentrations reported here for the LSWs, contrast with the higher concentration range observed during the International Oceanographic Commission (IOC)

Baseline Trace Metal cruise in August 1993 in the North Atlantic. At that time, the Hg concentrations in the LSWs layers (300-2000 m) ranged from 0.55 to 1.64 pmol L -1 , averaging 1.14 ± 0.36 pmol L -1 (n = 7) (recalculated from Sts. 2 and 3 in figure 3, Mason et al., 1998). A
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A N U S C R I P T decrease in HgT concentration over the last three decades supports the estimated decline in Hg concentrations of subsurface waters of the North Atlantic by models (e.g., Soerensen et al., 2012). Thus, the HgT UNF or HgT F concentrations increase with depth (and water age) may indicate a decrease in Hg incorporation rate in the LSW with time, but it may also be the result of changes in the intensity of Hg regeneration in the water column. Indeed, the dissolved oxygen distribution, which shows a minimum at depth, is typical of the occurrence of an active degradation of organic matter in the LS (Fig. 2c), which may promote the release/mobilization of Hg from the particles at depth.

Mercury biogeochemical behavior

As already described, the Hg deposited to oceanic surface water may be re-emitted to the atmosphere or incorporated with primary production and transferred downward with settling organic particles. During the organic matter regeneration at depth, particles release a part of their associated Hg (e.g., Mason et al., 2012). The LS is not an exception, and atmospheric deposition, biological uptake, and regenerative processes control the Hg distribution. Indeed, the U-shape of the HgT F vs apparent oxygen utilization (AOU) illustrates this behavior (Fig. 3). Note that AOU presents negative values when waters are saturated with oxygen, whereas positive values indicate the intensity of oxygen consumption during the organic matter mineralization by microbial respiration. In the oxygen saturated zone, HgT F concentrations are stable when AOU increases, indicating the common atmospheric source of both oxygen and Hg; inversely, with positive AOU values, i.e. in the regeneration zones, HgT F concentrations increase when AOU increases from 0

to 60 µmol L -1 (Fig. 3). This latter relationship illustrates a nutrient-like behavior of Hg in the LS, as already noticed in the eastern part of the North Atlantic Ocean [START_REF] Cossa | Total mercury in the water column near the shelf edge of the European continental margin[END_REF]. The same type of relationship with AOU is also significant with HgT UNF , meaning that HgT F 

  waters with underlying layers and produces a particular intermediate water mass called the Labrador Sea Water (LSW). Irminger and Nordic seas are the other basins of the North Atlantic Ocean where convection leads to the formation of intermediate and deep waters, namely the Denmark Strait Overflow Water (DSOW) and the Iceland-Scotland Overflow Water (ISOW). Underlying LSW, the cold and fresh West Greenland Current flows northwestwardly along the Greenland coasts, whereas the Labrador Current flows southeastwardly along the Labrador shelf (Fig. 1). Below LSW, Northeast Atlantic Deep water (NEADW), ISOW and DSOW circulate A C C E P T E D M A N U S C R I P T

  intermediate and deep waters supply the lower limb of the Atlantic Meridional Overturning Circulation, which redistributes heat and substances between polar and equatorial regions in the North Atlantic (e.g.,Talley and McCartney, 1982; Lherminier et al., 2010). During the formation of LSW, gases and atmospheric deposition are sequestered and incorporated into the deepening water. From chlorofluorocarbons concentrations, Azetsu-Scott et al. (2005) described the structure and ventilation age (time since a water mass last had contact with the atmosphere) of the LS water column. Deep convection in the LS varies from 200 to 2000 m from one year to the next, depending on atmospheric conditions and stratification of the water column (Azetsu-Scott[START_REF] Azetsu-Scott | Time series study of CFC concentrations in the Labrador Sea during deep and shallow convection regimes (1991-2000)[END_REF] Yashayaev et al., 2007). In the upper part, the newly ventilated LSW overlays LSW produced in the previous winters. Below, NEADW and DSOW have ventilation ages estimated to be 11-13, and 5-8 years[START_REF] Azetsu-Scott | Distribution and ventilation of water masses in the Labrador Sea inferred from CFCs and carbon tetrachloride[END_REF]. More generally, according toYashayaev et al. (2015a), DSOW and NEADW show quasi-pentadal and multi-decadal oscillations, respectively, while LSW changes at higher frequencies. Therefore, the LS is the best location where full water column observations allow the discrimination and identification of LSW "vintages" (LSW Year vs LSW Deep ), which overlay the older NEADW/ISOW and DSOW. Year after year, every winter convection results in a variable renewal of LSW entraining substances, such as mercury (Hg), from the atmosphere into the deep layers, and the transfer of the atmospheric signal to the intermediate depths of the North Atlantic Ocean. In addition, since it is now well established that the oceanic Hg cycle is heavily impacted by human atmospheric

(

  titanium SBE model 911-plus, Sea-Bird Electronics®), in order to examine Hg data in relation to hydrographical profiles. Specifically, for Hg determination, the material in contact with the seawater samples was Teflon made or Teflon coated and acid-cleaned and rinsed with ultrapure water (Milli-Q, Millipore®) prior to utilization. Original vent fixture and sampling valves of the GO-FLO bottles were replaced with Teflon (PTFE) ones. GO-FLO bottles were sub-sampled under a laminar flow bench inside a clean container specially designed for trace metal analyses. The A C C E P T E D M A N U S C R I P T efficiency of the High-Efficiency Particulate Air filter (HEPA, 0.3 µm) in the container was checked with a Coulter Counter during the cruise. All subsequent sample treatment (including filtration through acid washed 0.45 µm Nuclepore membranes) and Hg analyses were performed in container labs equipped with class 100 clean air supplies. Sub-samples were stored in Teflon bottles (FEP or PFA) until the on board HgT analyses, which occurred within 6 hours after sampling.

  (i) a well stratified surface layer of 150 m depth in the central Labrador Sea, extending down to 350 m on both sides of the transect, (ii) a homogenous layer, which extends down to 1400 m in the central Labrador Sea and corresponds to the strong 2014 winter convection (named LSW 2014-15 according Yashayaev andLoder, 2016), (iii) a deeper LSW layer, which ranges from 1400 to 2400 m (named here LSW Deep , (iv) NEADW (2400-3500 m), with ISOW (~3000 m), and (v) DSOW (>3500 m). The well-ventilated LSW 2014-15 , which is noticeable by high dissolved oxygen (> 280 µmol L -1 , Fig.2c), low salinity (34.8 to 34.9 Sp, Fig.2a), and by a σ θ ranging between 27.60 and 27.75 kg m -3 (Fig.2b), characterizes the 2014 winter convection layer. LSW 2014-15 has already been described in details byKieke and Yashayaev (2015) andYashayaev and Loder (2016). The LSW Deep includes LSW 1987-94(Yashayaev and Loder, 2016), and also recent winter convections exceeding1000 m, i.e., 2008[START_REF] Cossa | Mercury in the Southern Ocean[END_REF][START_REF] Cutter | Rapid and noncontaminating sampling system for trace elements in global ocean surveys[END_REF] winters (Yashayaev et al., 2015b)); potential density of LSW Deep ranged from 27.75 to 27.85 kg m -3 . NEADW and DSOW occupy σ θ ranges 27.85-27.9

  consistent with the measurements performed byKirk et al. (2008), according to which HgT UNF concentrations ranged from 0.8 to 1.1 pmol L -1 in surface waters of the Hudson Strait and from 0.7 to 1.0 pmol L -1 in surface waters of the Northern Baffin Bay reaching the Labrador Sea through Davis Strait. Indeed, it has been suggested that freshwater in the Labrador inshore current originates from Hudson Bay, Baffin Bay and the Canadian Arctic (Straneo and Saucier,

(

  2012), who suggested that rivers are the dominant source of Hg to the Arctic Ocean, and recent finding byObrist et al. (2017) on the high tundra soil Hg concentrations, which might explain the large amounts of Hg transported by the Arctic rivers[START_REF] Coquery | The Distribution of Dissolved and Particulate Mercury in Three Siberian Estuaries and Adjacent Arctic Coastal Waters[END_REF] Schuster et al., 2011).Alternatively, but not exclusively, (i) pw may content relatively Hg-rich waters, since HgT concentrations above the thermocline in the North Pacific (which enter the Arctic Ocean through the Bering Strait) range from 0.5-1.9 pmol L -1 according toSunderland et al. (2009) and Munson

  In the convection zone(Sts. 68, 69, 71 and 77), the average HgT UNF concentration in the LSW 2014-15 is low (0.38 ± 0.05 pmol L -1 , n = 23), and among the lowest ever measured in oceanic waters for such intermediate depths. Below the LSW 2014-15 layer, HgT UNF concentrations increase gradually in the LSW Deep (0.40 ± 0.07 pmol L -, n = 26) up to mean concentrations of 0.52 ± 0.06
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TableTable 1 .

 1 Summary statistics of the HgT UNF concentrations (pmol L -1 ) in various water masses of the Labrador Sea.

	Water mass (σ θ , kg m -3 )	Mean	Standard	N	Range
			deviation		
	Surface Central Labrador Sea	0.38	0.060	21	0.29 -0.50
	(<27.60)				
	Greenland Current (<27.65)	0.31	0.034	7	0.25 -0.35
	Labrador Current (<27.68)	0.56	0.046	9	0.49 -0.61
	LSW 2014-15 (27.69-27.75)	0.38	0.050	23	0.31-0.47
	LSW Deep (27.75-27.80)	0.40	0.069	26	0.39 -0.52
	NEADW (27.80-27.90)	0.52	0.062	21	0.39 -0.62
	DSOW (>27.90)	0.55	0.071	6	0.49 -0.66
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Summary and Conclusions

In summary, the HgT distribution in the LS water column is characterized by a nutrient-like behavior superimposed by Hg-enrichment originating from the Canadian Arctic Archipelago waters carried by the Labrador Current. This excess Hg is transferred southward, in surface waters with the Labrador Current, and at depth with the lower limb of the Atlantic Meridional Overturning Circulation via the Deep Western Boundary Current. This process should increase with the expected permafrost thawing over the next decades, which generates organic/Hg-rich freshwaters to the Canadian Arctic Archipelago waters. On the other hand, the Hg increase between the shallow LSW layer (LSW 2014-15 ) and the deep LSW layer (LSW 1987-94 ) are well explained by Hg regeneration in the water column. The magnitude of the Hg regeneration probably outweighs the expected decrease in Hg incorporation into the LSWs at the time scale of the age of the waters present in the LS (i.e., ~ 20 years).
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