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            Abstract
Human exposure to toxic mercury (Hg) is dominated by the consumption of seafood1,2. Earth system models suggest that Hg in marine ecosystems is supplied by atmospheric wet and dry Hg(ii) deposition, with a three times smaller contribution from gaseous Hg(0) uptake3,4. Observations of marine Hg(ii) deposition and Hg(0) gas exchange are sparse, however5, leaving the suggested importance of Hg(ii) deposition6 ill-constrained. Here we present the first Hg stable isotope measurements of total Hg (tHg) in surface and deep Atlantic and Mediterranean seawater and use them to quantify atmospheric Hg deposition pathways. We observe overall similar tHg isotope compositions, with median Δ200Hg signatures of 0.02‰, lying in between atmospheric Hg(0) and Hg(ii) deposition end-members. We use a Δ200Hg isotope mass balance to estimate that seawater tHg can be explained by the mixing of 42% (median; interquartile range, 24–50%) atmospheric Hg(ii) gross deposition and 58% (50–76%) Hg(0) gross uptake. We measure and compile additional, global marine Hg isotope data including particulate Hg, sediments and biota and observe a latitudinal Δ200Hg gradient that indicates larger ocean Hg(0) uptake at high latitudes. Our findings suggest that global atmospheric Hg(0) uptake by the oceans is equal to Hg(ii) deposition, which has implications for our understanding of atmospheric Hg dispersal and marine ecosystem recovery.
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                    Fig. 1: Depth profiles of seawater Hg species concentrations and total and particulate Hg stable isotope composition at station K2 in the Mediterranean Sea and the North Atlantic.[image: ]


Fig. 2: Hg stable isotope composition of atmospheric Hg deposition sources (gaseous Hg(0) and Hg(ii) in rainfall), and seawater (total (tHg) and particulate (pHg)).[image: ]


Fig. 3: Hg stable isotope composition in different ocean basins for total Hg (tHg) and particulate Hg (pHg) in seawater, marine sediments and marine fish.[image: ]


Fig. 4: Latitudinal variation in atmospheric Hg sources and deposition fluxes to the global ocean.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Summary of marine Hg(ii) deposition and Hg(0) air-sea exchange fluxes.
Gross fluxes (solid arrows, Mg y−1) are based on published model estimates3. Hg(0) exchange is bidirectional, meaning that despite surface ocean Hg(0) supersaturation and large Hg(0) evasion, Hg(0) invasion is substantial. Marine Δ200Hg signatures of 0.04‰ indicate a relatively more important contribution of the atmospheric Hg(0) end-member to marine Hg than current 3D models suggest. This indicates that either 3D model Hg(ii) deposition is overestimated or that Hg(0) invasion is underestimated (black dotted arrows, indicating 2–3 times lower or 2–3 times higher fluxes, required to fit Δ200Hg data).


Extended Data Fig. 2 Maps of sampling locations for total and particulate Hg isotopes.
Top: sampling locations K2 in the Mediterranean Sea (purple), Atlantic Ocean (yellow) and Fram Strait (green). Bottom: magnification of the four Mediterranean locations, with main station K2 (large purple circle), and pHg station K1 and Julio (small purple circles), and Endoume pier in Marseille Bay (grey square). Maps were made with Ocean Data View (Schlitzer, Reiner, Ocean Data View, odv.awi.de, 2021).


Extended Data Fig. 3 Latitudinal distribution of Hg(ii) wet deposition.
Annual mean Hg(ii) wet deposition (µg m−2 y−1) at oceanic locations in the northern and southern hemispheres (NH, SH), binned in 5° latitude. Mean values (± standard deviation, SD) were calculated when sufficient data was available per 5° latitude band, and interpolated using polynomial fitting when no data were available (in which case a mean observed SD of 30% was applied). MDN, mercury deposition network; GMOS, global mercury observation system; USA, CAN, PR, United States of America, Canada, Puerto Rico.
Source data


Extended Data Fig. 4 Latitudinal distribution of dissolved gaseous Hg (DGM) concentrations.
Mean (± standard deviation) DGM are binned in 5° latitude bands, and equal weight was given to each study. Polar studies, affected by sea ice show unusually high concentrations (mean 219 fM in the Arctic, mean 138 fM around Antarctica) for high latitude waters and were excluded in 5° latitude binning (replaced in calculations by ‘open water only’ DGM data at 55–60°S and 75–80°N).
Source data


Extended Data Fig. 5 Atmospheric deposition pathways of the zonal reference model.
a, Marine Hg(ii) gross deposition, Hg(0) gross invasion, Hg(0) gross evasion, and net Hg flux [Hg(ii) deposition + Hg(0) invasion – Hg(0) evasion]; all in µg m−2 y−1 with evasion shown as negative numbers. Hg(0) invasion is driven by observed atmospheric Hg(0) and wind speed. Hg(ii) deposition is dominated by Hg(ii) wet deposition. Hg(0) evasion is driven by DGM concentrations and wind speed. The net Hg evasion trends shows important net deposition in the northern hemisphere, and net evasion in the southern hemisphere. b, Reference model Hg gross deposition fluxes (µg m−2 y−1) as a function of latitude used in estimating marine Δ200Hg in Fig. 4a (main text). Hg(ii) wet deposition observations as in Extended Data Fig. 3; Hg(ii) dry deposition was fixed at 5 µg m−2 y−1, and constrained as 40% of total Hg(ii) deposition38, since no dry deposition observations over oceans exist. Hg(0) invasion (ocean uptake, same as in top panel) is calculated from the observed inter-hemispheric atmospheric gaseous Hg(0) gradient3, wind and sea surface temperature (Copernicus), and the latest Hg(0) air–sea gas exchange model (see Supplementary Information).
Source data


Extended Data Fig. 6 Estimated latitudinal variation in Δ200Hg of atmospheric Hg(ii) deposition.
The small variation is caused by the variable contributions (Extended Data Figure 5) of Hg(ii) wet deposition with Δ200Hg of 0.16‰, and Hg(ii) dry deposition with Δ200Hg of 0.10‰ (Extended Data Table 1). The dashed line represents the median and the shaded area the interquartile range (IQR).
Source data


Extended Data Fig. 7 Variation of Δ204Hg in marine samples.
a, Δ204Hg versus Δ200Hg. The dashed line represents the York regression using IsoplotR54 for all marine samples (Δ200Hg = −0.32(±0.06) Δ204Hg +  (0.03±0.004), (± se), MSWD = 0.213). b, Δ204Hg boxplot for 5° latitudinal intervals. Marine samples are shown in boxes, where the bold horizontal line represents the median, the boxes the interquartile range, the whiskers 1.5 times the IQR and outliers are represented by dots. The solid line represents the predicted Δ204Hg based on the observational relationship between Δ204Hg and Δ200Hg in terrestrial samples by Blum and Johnson, 201755. The dashed line represents the predicted Δ204Hg derived from the York regression shown in panel a. Δ204Hg data are available for 339 out of 791 marine samples. Note that for pHg and tHg samples presented here, Δ204Hg was not measured because of the low abundance of the 204Hg isotope, and unavailability of a second 1013 Ω amplifier.
Source data


Extended Data Table 1 Summary of Hg stable isotope dataFull size table


Extended Data Table 2 Modelled contribution of Hg(ii) from wet and dry depositionFull size table
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