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Abstract

Methylmercury is a bioaccumulative neurotoxin that poses severe risks to marine ecosystems
and human health worldwide. Hydrothermal systems and submarine volcanoes are natural
sources of mercury, yet the magnitude of emissions, their transport, and theirimpact on marine
ecosystems remain poorly understood. Quantifying natural mercury fluxes is essential to
understanding anthropogenic perturbations and guiding effective reduction strategies. We
investigate hydrothermal mercury inputs at the Tonga volcanic arc and their impact on the
local ecosystem. Our results show that hydrothermal and volcanic activity in the Tonga Arc
increases mercury concentrations in seawater. Comprehensive surveys identified mercury-
rich plumes (up to 22.7 pmol I') associated with high mercury fluxes (4,763 pmol m= day")
reaching productive surface waters, resulting in an estimated total flux of 4.23 t y' for the
entire Tonga Arc. Despite these significant inputs, mercury concentrations in phytoplankton
remain unexpectedly low. We demonstrate that phytoplankton blooms, stimulated by natural
iron fertilization from hydrothermal sources, dilute mercury at the cellular level, reducing the
impact of hydrothermal mercury. Additionally, we provide a revised global estimate of
hydrothermal mercury inputs with a maximum of 120 t y-', which is considerably lower than

atmospheric and riverine inputs to the ocean.
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19  Synopsis

oNOYTULT D WN =

50 Our study reveals that arc volcanoes release significant amounts of mercury. The simultaneous release
? 51 of iron drives abundant phytoplankton blooms, which, in turn, dilute mercury concentrations at the

N 52  cellular level.
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Introduction

Mercury (Hg) is a global contaminant threatening the environment and human health primarily
through its accumulation in seafood 2. The Minamata Convention on Mercury aims to protect
human and ecosystem health from Hg pollution. Quantifying natural Hg fluxes is crucial to
understand how anthropogenic Hg emissions have altered the global Hg cycle and effectively
guide reduction measures. While global anthropogenic Hg inputs are well-quantified to 2,600—
3,600 t y' 34 significant uncertainties persist regarding natural inputs. The ocean receives
natural and anthropogenic Hg from atmospheric deposition, riverine inputs, and submarine
groundwater discharge 57. Submarine hydrothermal vents feed the ocean exclusively with
natural Hg 8. Measurements of Hg at the Trans-Atlantic Geotraverse hydrothermal vent site
have been used to constrain the global hydrothermal Hg flux from mid-ocean ridges to 1.5 -
64.7 t y' °. However, this proposed hydrothermal Hg flux estimate is incomplete because it
lacks inputs from other submarine geological settings such as arc systems, hot spots, and

back-arc spreading centers.

Arc systems, often located at depths of less than 1,600 m '°, can directly deliver Hg-rich
hydrothermal fluids to the surface waters, where Hg can enter and propagate through the
marine food web. Some microorganisms process inorganic Hg into the bioaccumulative
neurotoxin monomethylmercury (MMHg) ''. MMHg bioconcentrates more than 100,000 times
from seawater to phytoplankton to be further biomagnified and bioaccumulated in biota 213,
Studies on the impact of hydrothermal Hg on marine ecosystems consistently portray
hydrothermal systems as significant sources of Hg to the marine food web, with phytoplankton
inhabiting hydrothermal sites reportedly exhibiting elevated Hg concentrations '4-6, Similarly,
biota inhabiting deep hydrothermal vents exhibit elevated Hg levels -9, with isotopic
signatures confirming hydrothermally-sourced Hg 2°. However, many of these studies focus
primarily on specific ecosystem components, such as phytoplankton or fish, without

considering Hg concentrations in hydrothermal fluids, plumes, surrounding seawater,
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1
2
i 82  sediments, or the interplay between Hg and other trace elements released by the vents. This
Z 83 limited focus provides an incomplete assessment of the broader biogeochemical dynamics in
; 84  hydrothermal systems. Here, we present Hg speciation data from a west-to-east cruise
9

10 85 transect across the Lau Basin and Tonga Arc in the southwest Pacific Ocean. Using Hg
12 86  speciation and isotope measurements from hydrothermal plume waters, seawater,
14 87  phytoplankton, sinking particles, and sediments, alongside a review of Pacific Ocean Hg data,
16 88 we assess the fate of the hydrothermal Hg inputs regionally and revise the overall global

18 89  hydrothermal Hg flux.

2 o Materials and Methods

26 91 We collected seawater, phytoplankton, sinking particles, and sediments during the
28 92 GEOTRACES GPpr14 TONGA expedition onboard the RV L’Atalante in 2019. The cruise
30 93 started in Nouméa in New Caledonia and extended until the South Pacific Gyre waters along
94  the parallel 20°S, crossing the Lau Basin and the Tonga Arc (Figure 1). The cruise transect
95 crossed four areas: Melanesian waters, Lau Basin, Tonga Arc, and South Pacific Gyre waters
37 96 (Figure 1. a). The Melanesian waters, situated at the westernmost part of the transect, are
39 97 characterized by numerous islands of the Melanesian archipelago, which serve as potential
41 98  sources of trace metals and nutrients to the surrounding waters 2'. The central portion of the
43 99 transect includes the hydrothermally influenced regions of the Lau Basin and the Tonga Arc.
45 100 Hydrothermal plumes in the Lau Basin typically originate from deep sources greater than 1,000
47 101 mdepth 2224, In contrast, the hydrothermal sources in the Tonga Arc are generally shallower
49 102 24 To the east of the transect lies the South Pacific Gyre, a region characterized by open

>l 103 ocean waters depleted in iron (Fe) 25 and unaffected by hydrothermal plumes. Unfiltered

gi 104  seawater samples were collected along the cruise transect. We measured total Hg (tHg),
55
s¢ 105 defined as the sum of all Hg species, total dissolved gaseous Hg (DGM), which includes
57

sg 106  elemental gaseous Hg (Hg®) and dimethylmercury (DMHg), and total methylated Hg (MeHg),

60 107  defined as the sum of MMHg and DMHg. Divalent inorganic Hg (Hg?*), DMHg, and Hg°® were
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calculated by mass balance in samples where all the other species were measured %6 (Text

s1).

Eleven main stations were carried out during the cruise, referred to as 1-2-3 in the Melanesian
Waters, 4,11,12 in the Lau Basin, 5,10 at the Tonga Arc, and 6,7,8 in the South Pacific Gyre
waters. Seawater was collected at all stations using GOFLO bottles mounted on a trace metal-
clean rosette (General Oceanics Inc., Model 1,018 Intelligent Rosette). The trace metal-clean
rosette was attached to a 6 mm Kevlar line. The samples were collected under the ultra-clean
conditions established by the GEOTRACES cookbook 27. Phytoplankton was collected in the
11 main stations using phytoplankton nets (0-200 m, 200 pm). Samples from the
phytoplankton nets were pre-concentrated onboard with a 100 um sieve and preserved with
4% formaldehyde solution until Hg analysis in the laboratory. Sinking particles were collected
onto two sediment traps deployed over a year at station 12 at 200 and 1000 m depth. Sediment
cores were collected using an MC-8/100 multi-corer (Oktopus GmbH, Kiel, Germany) at
stations 5, 10, and 12. Two hydrothermal shallow sources referred to as Panamax and Simone
volcanoes, were identified from acoustic anomalies using a hull-mounted multibeam
echosounder (EM - 710) operating at a 70 - 100 kHz frequency. The exploration of the
hydrothermal and volcanic plumes was carried out with two turbidimeters (Seapoint Turbidity
Meters), a pH sensor, and an Eh sensor (AMT GmBH) interfaced to an SBE911+ (Seabird
Electronics) 8. Seawater was collected in nine substations at the two volcanoes to study the
hydrothermal impact in the water column. Samples for CH, were measured onboard
immediately after collection using the headspace extraction technique followed by GC-FID.
Seawater for dMn and dFe was filtered online through 0.45 pm with Supor® filters and acidified
within 24 h collection. Concentrations of dFe were determined by flow injection analysis with
chemiluminescence, while dMn was measured using a SeaFAST (ESI) system coupled to a
high-resolution magnetic sector field inductively coupled mass spectrometer (SF-ICP-MS,

Element XR) 28,
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135 Preparation of the sampling material

136 We used perfluoroalkoxy alkane (PFA), Fluorinated ethylene propylene (FEP), and

oNOYTULT D WN =

9 137  polyethylene terephthalate (PET) bottles for seawater collection. The PFA and FEP bottles
11 138 underwent a two-step HCI cleaning process. In the first step, the bottle was rinsed with
13 139  ultrapure water (18 MQ cm, MQ), and bidistilled concentrated HCI was added to 10% of the
15 140 bottle volume. The bottle was heated for 24 hours at 120 °C, cooled, rinsed three times with
7141 MQ water, and then subjected to a second cleaning step with reduced HCI concentration (10%
142 v/v). After completing the two steps, bottles were stored with 0.4% v/v HCI at 10% of the

5o 143 volume until sampling. The PET bottles were used brand-new without cleaning.

144  Onboard mercury measurements

29 145  We measured tHg and DGM onboard (Text S1). The tHg samples were collected onto 70 ml
31 146  FEP bottles and analyzed within two hours. Oxidizing bromine monochloride (BrCl, 0.2 M) and
33 147 reducing stannous chloride (SnCl,) solutions were prepared for the analysis. For the BrCl, the
35 148 potassium bromide (KBr) and potassium bromate KBrO; powders (Sigma Aldrich) were
37 149  heated for four hours at 250 °C to ensure cleanliness. The BrCl was prepared with bidistilled
3 150 HCland Hg-free powders. The SnCl, was purged with argon overnight to ensure the release
T 151 of Hg traces. The BrCl solution was added to the samples in excess, equivalent to 0.1% of the
152  volume of the sample, or until a transition of the sample to yellow was observed. The samples
46 193 were left to react for at least 20 minutes. After this time, 35 ml of the sample was added to an
48 154  impinger, together with SnCl,, and the tHg concentration was measured by cold vapor atomic
50 155  fluorescence (CV-AFS) 2°. The DGM samples were collected into 155 ml PET bottles and
52 156 analyzed by CV-AFS without the addition of any reagent. After DGM analysis, the sample was
54 157 acidified to 0.4% v/v HCI and stored until the MMHg analyses were done in the laboratory.
56 158 The tHg and DGM measurements were calibrated with a 7-point calibration curve (R? >

58 159  0.9998) constructed with the reference material NIST-3133. Possible machine drift was
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monitored by standard bracketing with NIST-3133 every six tHg and twelve DGM samples.
Quality control was done with the certified reference materials ORMS-5 (National Research
Council Canada) and ERM-CA400 (European reference materials). The measured tHg
concentrations were 133 + 4.2 pmol ' (n = 44) for ORMS-5 and 84.6 + 3.7 pmol I' (n = 46)
for ERM-CA400, well within the certified ranges (131 + 6.5 pmol I'' for ORMS-5 and 83.8 £ 5.5
pmol I'* for ERM-CA400). The cleanliness of the BrCl solution was tested by a standard
addition protocol every two days by adding known volumes of BrCl to a pre-purged Hg-free

sample.

Laboratory mercury measurements

The MeHg samples were collected in 380 ml PFA bottles, acidified to 0.4% v/v HCI, and stored
until analysis. Samples for MeHg and MMHg were analyzed on land within six months of
sampling (Text S1). Both organic species were measured via a gas chromatography sector
field inductively coupled plasma mass spectrometer (GC-SF-ICP-MS) and quantified by
isotopic dilution 262930, Briefly, 140 ml narrow-mouth glass vials (VWR) were muffled at 450
°C for 4 hours to remove Hg traces. Approximately 110 ml sample was transferred to the 140
ml glass vial. Isotopically enriched spikes were added at an excess ratio of 5.1 for i"®Hg and
4.2 for MM2°'Hg (ICS, Spain). The samples were left to equilibrate overnight. Afterward, a
sodium acetate buffer solution (ULTREX Il Ultrapure Reagent, J.T. Baker) was added, and
the pH was adjusted to 3.9 with NH; (ULTREX Il Ultrapure Reagent, J.T. Baker). The pH
adjustment was followed by adding a 5% v/v tetrapropylborate solution (Merseburger
Spezialchemikalien) and 150 pl isooctane (Sigma Aldrich). Subsequently, the bottles were
sealed with a Teflon-lined crimp cap (Fisherbrand) and shaken for 15 minutes on an orbital
shaker (Edmund Buhler KS15). The organic phase containing the derivatized Hg was
recovered into vials for injection on a GC (THERMO GC 1300 with GC220 transfer module)

coupled to a SF-ICP-MS (Thermo Element XR) system. The detection limit was 0.001 pmol I
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1

2

431 185 ' as a 3:1 signal-to-noise ratio. The theoretical concentration of 96.6+ 7.9% of the spike was
Z 186  tested by reverse isotopic dilution in MeHgCI standard (Brooks Rand) traceable to NIST1641E.
7

8 187

9

10 188  The tHg concentration in the phytoplankton, sediment traps, and sediments was determined
12 189 by cold vapor atomic absorption spectrometry (CV-AAS) according to the U.S. EPA method
14 190  7473. Between 70 and 140 mg of homogenized phytoplankton, 8 to 15 mg of material from
16 191  the sediment trap, and 30 to 80 mg of sediment were placed separately in a pre-cleaned nickel
18 192  vessel. The vessel with the sample was introduced into a Direct Mercury Analyzer (DMA-80
20 193 evo) and thermally decomposed. The products, including Hg, were transported by a Hg-free
22 194  oxygen flow. The tHg was then selectively trapped by gold amalgamation, heated, desorbed,
24 195  and detected by CV-AAS. The instrument was calibrated with NIST-3133 certified standard
196  solution and verified daily against the fish protein certified reference material DORM-4
197  (certified concentration of 412 + 36 ng g, National Research Council of Canada) for
31 198 phytoplankton, and the marine sediment certified reference material MESS-4 (certified
33 199  concentration of 90 + 40 ng g, National Research Council of Canada) for sediment and
35 200 sediment trap measurement. Instrument drift was controlled by standard bracketing every five
37 201  samples using DORM-4 or MESS-4. Chlorophyll a was measured using the High-Performance
39 202 Liquid Chromatography (HPLC) method. A volume of 2.8 L of seawater was collected and
41 203 filtered through combusted 25 mm GF/F. The filters were then stored in liquid nitrogen for
43 204 laboratory analysis. The samples were extracted and analyzed between 22 June and 2 July

4 205  2020. The extracts were analyzed using a complete Agilent Technologies system, and all

j; 206 peaks were identified based on retention time and spectral matches with pigment spectra
49
5o 207  obtained from liquid standards (DHI, Denmark) 3'. Chlorophyll-a has been used to proxy
51

52 208  phytoplankton biomass by integrating it over the surface and intermediate layers (0 to 400 m
54 209 depth) at each station.

56 210

58 211  According to the tHg concentrations detected in the samples, approximately 0.5 to 2 g of each

60 212 sediment and sediment trap was pre-concentrated for Hg isotope ratio measurement using
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the dual combustion-trapping method 32. Released volatilized Hg® was trapped with 4 ml of
40% v/v double-distilled acid (2 HNOs/1 HCI). Procedural blanks and certified reference
materials (MESS-4) were processed with the samples following the same protocol. The
trapped solutions were diluted with ultrapure water (18 MQ cm, MQ) to Hg concentrations of
0.5 -1 ng g, continuously mixed with SnCl, solution, and then were measured for Hg isotope
ratios by coupling a customized cold vapor generation system to multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS, Neptune Plus at Tianjin University, China).
Instrumental mass bias was corrected by both an internal NIST 997 Tl standard solution
(supplied via Aridus Il desolvation nebulizer system) using the exponential fractionation law
and NIST 3133 Hg standard-sample bracketing method 33. Hg isotope ratio is expressed as

O**Hg (%o, xxx = 199, 200, 201, 202) by normalizing to a common NIST 3133 Hg standard:

SOXH g (Yo) = |CHI/ P HD)sampie . _ 1] % 1000
g( 00) [(xxng/198Hg)N15T3133 ]

Equation 1

MIF value is denoted as A**Hg (%o, xxx = 199, 200, 201), representing the difference between
the measured &*Hg value and that predicted from &2°°Hg using the kinetic MDF law 34:
N Hg (%o) = 8*FHg — %3 x §202fg
Equation 2

Where the mass-dependent scaling factor **f is 0.2520 for '9°Hg, 0.5024 for 2°°Hg, and

0.7520 for 201Hg34.

Isotope compositions of the secondary standard NIST-8610 solution and procedural certified
reference materials (MESS-4) analyzed during different analytic sessions agreed with those
reported in previous studies 2934 The samples' typical 2 SD analytic uncertainties were
estimated as the larger 2 SD uncertainties of Hg isotope values in NIST-8610 or MESS-4. The

2 SD uncertainties of Hg isotope values in samples with replicate analyses were applied as
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240 the analytic uncertainties only when they were larger than the typical 2 SD analytic

241 uncertainties.

oNOYTULT D WN =

° 242 \Vertical eddy diffusivity measurements and tHg vertical flux

243 estimate

16 244  Microstructure measurements were done above the Panamax volcano using the vertical
18 245  microstructure profiler VMP250 (Rockland Scientific). Detailed descriptions of the methods
20 246  have been reported previously 28. The profiler was equipped with microstructure sensors, two
22 247  shear sensors, two temperature sensors, and Sea-Bird temperature and conductivity sensors.
24 248 The dissipation rate of turbulent kinetic energy (epsilon) was estimated by shear
26 249 measurements at a centimeter scale in four profiles 3. Epsilon was then used to calculate

28 250 vertical eddy diffusivity as:

29

2(1) 251 K, = Gamma x epsilon N2

32 952 Equation 3
33

34 253  Where gamma is a mixing efficiency calculated as the ratio between the buoyancy flux and
36 254  the dissipation rate, and N is the buoyancy frequency. The tHg vertical supply above the

255 Panamax volcano was calculated for each depth based on turbulent diffusive flux as

d
41 _ tHg
p 256 F = _sz_dz

44 257 Equation 4

46 258  The vertical eddy diffusivity (K;) in the reference station (station 8) was estimated from CTD
48 259 measurements (see Bonnet et al., 2023) with a validation of the same protocol compared to
50 260 actual measurement of Kz at Station 5.

52 261
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Sedimentation and mass accumulation rates

Sedimentation accumulation rates of the cores collected during the expedition have been
previously reported 6. Briefly, in the laboratory, 2'°Pb and 2?°Ra were performed on 4 to 10 g
dried sediment using a semi-planar germanium detector for gamma spectroscopy (EGSP

2200-25-R, EURYSIS Mesures, 3. Calibration of the gamma detector was achieved using

certified reference material (IAEA: RGU, IAEA-314), activities are expressed in mBq.g™", and

errors are based on 1 SD counting statistics. 2'°Pb (?'°Pb,s) data was calculated by subtracting
the activity supported by the parent isotope ?2Ra. The sedimentation rates were calculated

from 2'9Pb, profiles using the constant flux-constant sedimentation (CFCS) model 38:

A
[Zlopbxs]z = [Zlopbxs]oexp( - Zﬁ

Equation 5

where [2'°Pb,]o and [?'°Pb,], are the activities of excess 2'°Pb at the water-sediment interface

or the base of the mixed layer, and at depth z, A is the decay constant of 2'°Pb (0.0311 yr™7),

and SAR is the sedimentation accumulation rate. The cumulative mass depth obtained from
the core depth and the dry bulk density were used to express the mass accumulation rate. Dry
bulk density was measured by determining the weight after drying (60 °C) of a known volume
of wet sediment. Hg, burial fluxes were calculated from sediment Hg, concentration and mass

accumulation rates.

Vent fluid dilution calculation

The dilution factor from the end-member vent fluid to the GoFLO collected plume waters was
calculated using Equation 6 3°4°, This method accounts for the conservative mixing of Mn
between the vent fluid end-member and seawater, allowing us to estimate the extent of

dilution. Since Hg was measured in the same samples, we assume it follows the same dilution
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285  process. This correction is essential for determining the true Hg concentration in the vent fluid

286 end-member.

oNOYTULT D WN =

- [Mn]e — [Mn],
287 Dilution Factor= —————
9 [Mn]s — [Mn],

11 288 Equation 6

289  Where the subscripts e, 0, and s indicate end-member (6.77 £ 0.4 mmol ' 4'), background
15 290  Pacific Ocean seawater concentration (0.256 nmol I'' %), and plume sample (Panamax highest

17 291 Mn concentration 110 nmol ') respectively.
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Results and discussion

Seawater Hg concentrations along the cruise transect

Including all sampled main stations and depths, the median Hg concentrations are 1.00 pmol
I for tHg (n = 368), 0.278 pmol I-' for DGM (n = 163), 0.260 pmol I-' for MeHg (n = 218), 0.178
pmol I* for MMHg (n = 128), 0.111 pmol I'' for DMHg (n = 122), and 0.208 pmol I for Hg® (n
= 89) (Figure 1, Figure S1, Figure S2, Figure S3). The Melanesian waters (stations 1, 2, and
3) display the highest median tHg concentrations (1.21 pmol I-', n = 54) (Figure 1. b, Figure
S$1). The South Pacific Gyre waters (stations 6, 7, and 8) have the lowest median tHg
concentrations (0.869 pmol I'', n = 54) (Figure 1. b, Figure S1). The median tHg
concentrations in the Lau Basin (stations 4, 11, and 12, 0.993 pmol I', n = 66) and the Tonga
Arc (stations 5 and 10, 0.970 pmol I, n = 190) are between the elevated tHg concentrations
of the Melanesian waters and the low tHg concentrations of the South Pacific Gyre (Figure 1.
b, Figure S2). We constructed a database of reported tHg and MeHg in the Pacific Ocean
(Figure S4, Table S2). The median tHg concentration in the Pacific Ocean is 0.820 pmol I,
in agreement with the median tHg concentrations measured in the South Pacific Gyre waters
but lower than the median tHg concentrations measured in the Melanesian waters, the Lau
Basin, and the Tonga Arc. Higher tHg concentrations than the reported Pacific Ocean values
are observed at discrete depths in the Tonga Arc (up to 2.91 pmol I in station 10) and station
4 (up to 2.47 pmol '), located in the Lau Basin in the proximity of the Tonga Arc (Figure S4).
The MeHg concentrations are lower in the surface waters along the transect (median 0.112
pmol I'', n = 112, depth < 500 m) than in deep waters (median 0.439 pmol I'', n = 106, depth
> 500 m) in agreement with the distribution of the water masses (Text S2). We also find an
enrichment of MeHg and DMHg concentrations between 500 and 1,000 m depth in the Lau
Basin, the Tonga Arc, and station 3 near the Lau Basin in the Melanesian waters (Figure 1.

c). At these depths, MeHg concentrations exceed 0.7 pmol I-' (Figure 1. c¢), and MeHg is the
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1

2

i 317  dominant Hg species (MeHg: 60 and 90%, Figure 1.d). Concentrations of DMHg reach 0.432
Z 318  pmol I'' at station 10 and 0.644 pmol I'" in station 3 close to the Lau Basin (Figure 1. e). The
; 319  high tHg, MeHg, and DMHg concentrations observed in the Lau Basin and the Tonga arc may
?O 320  result from contributions of hydrothermally derived Hg. The high tHg concentrations observed

12 321 in the Melanesian waters may be influenced by inputs from the surrounding islands, coupled
14 322  with far-reaching hydrothermal contributions from the Lau Basin and Tonga Arc, as previously

16 323  observed for Fe 42,

Lau Tonga
Melanesian Waters Basin Arc South Pacific Gyre
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51 325 Figure 1. Overview of sampled main stations and Hg concentrations for selected species. a, Sampled main
326 stations from the Melanesian waters to the South Pacific Gyre in pink circles. The axis of the back-arc spreading
>4 327 center is shown in a continuous red line with arrows. The subduction zone is shown in a continuous black line with
56 328 triangles 24. To the right, the global map shows literature data of Pacific Ocean tHg and MeHg in black circles
58 329 (Extended data Fig 4, Extended data Tab 1). The pink continuous line shows the cruise transit. Underlying

39 330 bathymetry from GEBCO. Maps created with QGIS. b, Measured tHg concentrations. ¢, Measured MeHg
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concentrations. d, Percentage of MeHg in tHg. e, Calculated DMHg concentrations. Oceanographic sections

constructed with ODV.

Hydrothermal and volcanic Hg emissions at the Tonga Arc

Detailed surveys were performed at nine substations along stations 5 and 10 in the Tonga
Arc, located 200 km apart (Figure 1. a), to test if the measured high concentrations of tHg,
MeHg, and DMHg correspond to hydrothermal inputs. Bathymetry surveys revealed volcanic
edifices at both stations, hereafter referred to as Panamax (station 5: 21°09’S; 175°45’'W, ~200
m depth) 22 and Simone (station 10: 19°24’S; 175°03'W, ~300 m depth). Samples for Hg
measurements were collected as full water column profiles and tow-yo casts focused on the
maximum turbidity at both volcanoes. Fluid venting was detected at Panamax during the ship-
borne acoustic survey, rising from the seafloor to 20 m below the sea surface 2. A turbidity
maximum was identified at 170 m in Panamax. Samples collected at Panamax display tHg
concentrations varying from 0.401 to 10.5 pmol I' (n = 98). The highest tHg concentrations
occur in the Panamax plume with values between 2.87 and 10.5 pmol I'' (n = 5). The tHg
concentrations remain high within the first 50 m above the volcano, decreasing rapidly above
(Figure 2. a). The tHg anomalies at Panamax coincide with low pH (6.97 - 7.03) and a local
dissolved oxygen (O,) minimum (165 - 166 umol I') (Figure S5. a). Significant redox potential
(Eh as low as -691.5 mV) and turbidity anomalies, together with high concentrations of
dissolved CH, (up to 104 nmol I'), dissolved manganese (dMn up to 110 nmol I'), and
dissolved iron (dFe up to 48.5 nmol I'), corroborate the hydrothermal origin of the tHg
anomalies (Figure S5. a) 242, The Panamax plume displays elevated DGM concentrations
(up to 0.525 pmol I'), reaching values twice the median concentrations generally observed in

the Pacific Ocean (Figure 2. c).

A turbidity maximum was also identified at the Simone volcano, between 260 and 310 m depth.

The tHg concentrations around Simone volcano vary from 0.604 to 22.7 pmol I-' (n = 92). The
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highest tHg concentrations occur in the surrounding waters of Simone (Figure 2. b). The high
tHg concentrations are associated with variable pH (7.90 - 8.46) and high concentrations of
dissolved CH, (up to 35.8 nmol I") (Figure S5. b). Like Panamax, the DGM concentrations at
the Simone plume exceed the median concentrations measured along the transect (up to
0.354 pmol I'") (Figure 2. d). However, the ship-borne acoustic surveys at Simone did not
indicate active hydrothermal venting. The observed tHg and DGM anomalies may instead
result from the Metis Shoal volcano, which erupted one month before the cruise, forming a
21,000 m? island. The volcanic influence at Simone is further supported by the CTD data of a
station located between Simone and the Metis Shoal volcano (ProvNox: 19°16'S; 174°54'W,
19 km from Simone, and 10 km from Metis Shoal), where tHg concentrations reach up to 6.80

pmol I-' at 369 m depth (Figure S2. f).
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Figure 2. Measured Hg concentrations at substations along Panamax (station 5) and Simone volcanoes
(station 10). a, tHg concentrations in Panamax. b, tHg concentrations in Simone. ¢, DGM concentrations in

Panamax. d, DGM concentrations in Simone. Concentrations in color and size scheme.
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Our observations indicate that the waters surrounding the Tonga Arc volcanoes are enriched
in tHg up to 20 times above typical Pacific Ocean concentrations (Figure S4). The measured
tHg concentrations above Panamax (up to 10.5 pmol I-') are in the same order of magnitude
as the values reported in two individual plume samples at volcano TA25 (between 5 and 10
pmol I'), located 400 km south of Panamax in the Tonga Arc 1. We used Mn to determine the
degree of dilution of our plume samples relative to the vent fluid end-member. Due to its slow
oxidation rate, Mn can serve as a conservative tracer to monitor vent fluid dilution in
hydrothermal plumes 404344 The average Mn vent fluid end-member concentration in the
Tonga Arc volcanoes is 6.77 + 0.4 mmol I'4'. The highest Mn concentration measured in the
plume samples is 110 nmol I' (Figure S5. a). In contrast, the average Mn concentration in
non-hydrothermal South Pacific Gyre waters (station 8) is 0.256 nmol I-' 28, Using a simple
dilution model with these values, we estimate that our plume samples are diluted 55,831 times,
and the pure vent fluid end-member would have tHg concentrations as high as 584,554 pmol
I'. This estimate is higher than typically reported vent fluid tHg concentrations of up to 26,000
pmol -1 217:45-50 byt in the same order as the highest reported vent fluid tHg concentration in
the arc system of Panarea (248,766 pmol I') 5. Elemental Hg droplets have been observed
further south of the same arc system at a shallow depth (200 m) 52, indicating that high
enrichment of the vent fluids in the arc is likely. Hydrothermal deposits beneath the seafloor

in the nearby Lau Basin show high Hg levels, suggesting that a part of Hg is retained locally

41

The fate of hydrothermal Hg

To assess the impact of the Hg-enriched hydrothermal plume of Panamax in the water column,
we estimated the tHg vertical supply to the surface waters (Figure 3). We compared the
vertical supply from Panamax to that observed at station 8 in the South Pacific Gyre waters,
which served as a reference for a non-hydrothermal oceanic station (Figure S6). At the depth

of the primary acoustic anomaly of Panamax (170 m), the calculated tHg diffusive flux is 4,763
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pmol m2 d' (Figure 3, Figure S6). As tHg diffuses upwards, the flux decreases. The
calculated diffuse flux remains high (up to 17.4 pmol m2d-') at 60 m depth in the photic layer
where phytoplankton thrive, as observed with the chlorophyll-a data (Figure 3, Figure S6). In
contrast, the calculated tHg diffusive flux is lower than 2 pmol m-2 d-' at all depths in the South

Pacific Gyre waters (Figure S6).
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Figure 3. Hydrothermal inputs at Panamax volcano. Hg and Fe concentrations and fluxes from the volcanic

release point to the surface waters where most of the biomass, indicated by chlorophyll-a, resides.

The integrated total chlorophyll-a shows that the highest phytoplankton biomass is found at
stations 5 and 10 in the Tonga Arc, where Panamax and Simone volcanoes are located
(Figure 4). The elevated biomass may be driven by the released Fe-rich hydrothermal fluids
(Figure 3, Figure S5). The Fe input alleviates nutrient deficiency in the area, sustaining

phytoplankton blooms that prevail six months of the year 2. Concentrations of tHg in
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phytoplankton were analyzed along the transect to assess the potential influence of the
hydrothermal and volcanic input. The phytoplankton tHg concentrations vary from 1.25to0 11.6
ng g’ dry weight (dw) (Figure 4). The found tHg concentrations in phytoplankton fall at the
lower end of previously reported values of similar size fractions 125354 Phytoplankton at the
Tonga Arc volcanic stations display low tHg concentrations (3.91 ng g' dw in station 5 and
2.44 ngg"' dw in station 10, Figure 4) despite the hydrothermal and volcanic inputs. This
pattern may be explained by biodilution, a process where Hg is diluted across a larger pool of
cells, reducing individual cellular burdens 5-57, The high tHg concentrations in the surrounding
waters of stations 5 and 10 (Figure 4. a) may be diluted by the high biomass in these volcanic
areas (Figure 4. ¢) and promote the low measured tHg concentrations in phytoplankton
(Figure 4. d). The tHg concentrations in phytoplankton are lowest in the South Pacific Gyre
waters (1.26 ngg' dw in station 7 and 1.50 ngg' dw in station 8), which is expected given the
absence of Hg sources in this open ocean area (Figure 4. d). The highest tHg concentrations
in phytoplankton are found in stations 4 (11.6 ng g dw) and 11 (9.34 ng g dw) in the Lau
Basin (Figure 4. d). Elevated tHg concentrations in phytoplankton in the Lau Basin may result
from the oxidation of Hg® to the more bioavailable Hg?* during transport from the Tonga Arc.
However, Hg® concentrations are not significantly different between the Tonga Arc and the
Lau Basin (Figure S7). Instead, the elevated Hg in phytoplankton may be linked to reduced
hydrothermal-derived Fe in the area 42, reducing the phytoplankton biomass (Figure 4. b), and

decreasing the potential for biodilution of hydrothermal Hg from the distant Tonga Arc.
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79.1 ng g in the 200 m sediment trap and 102.6 ng g-' in the 1,000 m sediment trap. The
average particle Hg (Hg,) flux is 6.72 pmol m=2d-! for the 200 m sediment trap and 9.98 pmol
m=2d-! for the 1000 m sediment trap (Figure S8). The average Hg, fluxes of our traps are
higher than the modeled Hg, flux for non-hydrothermally affected areas in the Subtropical
Pacific Ocean (4.5 pmol m2d-) 58 The 200 m trap generally displays homogeneous Hg, flux
over the one-year mooring (Figure S8). The 1000 m trap has variable Hg, flux, with the highest
fluxes reaching 47.3 pmol m2 d-'. The highest fluxes of the 1000 m trap coincide with
hydrothermal and volcanic signatures 5%, such as elevated concentrations of lithogenic silica,
copper, cobalt, nickel, and higher Fe/Al ratios (Figure S8). The differences in Hg, fluxes
between the 200 and 1000 m sediment traps may be explained by the fact that most volcanoes
in the area are situated at depths greater than 200 m 22-24, The isotopic signatures of particles
sampled by sediment traps (200 m, A'°Hg = 0.21 £+ 0.04 %o; 1000m, A'°Hg = 0.28 + 0.04 %o;
2 SD) fall between the A'®°Hg signature of non-hydrothermally derived deep ocean sediments
(A'°Hg = 0.35 %o) % and hydrothermal material (A'9°Hg = 0.02 %) “® further reflecting the
hydrothermal and volcanic contributions to the traps and to the Lau Basin stations (Figure

S8).

Sinking particles are remineralized, with only a small fraction reaching the deep ocean
sediments ©'; during this process, part of the Hg is released, but some remain bound to
particles. Sediment cores were collected at stations 5 and 10 in the Tonga Arc and 12 in the
Lau Basin to quantify the burial of hydrothermal Hg. The Hg, concentrations of the upper
centimeter of the cores are 35 ng g at station 5, 19.9 ng g at station 10, and 48.3 ng g’ at
station 12. The cores show Hg, concentrations in the typical range of deep ocean sediments
(38 £21 ngg™) 82. The Hg, burial fluxes were calculated using 2'°Pb dating . Burial fluxes are
181 pmol m2d-' at station 5, 81.5 pmol m2d-" at station 10, and 259 pmol m2d-! at station 12.
The Hg, burial fluxes exceed previously reported values for the West Pacific Ocean (21 pmol
m=2 d-1) 62, likely reflecting the hydrothermal and volcanic inputs. However, given the tHg

diffusive flux above Panamax (4,763 pmol m-2 d-') and the burial flux range (81.5 to 259 pmol
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m-2 d'), only 1.71 - 5.43% of hydrothermal Hg is retained in the sediments of the Lau Basin
and Tonga Arc. Hydrothermal and volcanic contributions are further supported by the A'%°Hg
signatures of the sediments (A'9°Hg = 0.26 + 0.07 %o, 2 SD at station 10 and A'®Hg = 0.21 +

0.06 %o, 2 SD at station 12), similar to the material in sediment traps (Figure S8. e).

Implications at regional and global scales

Previous studies link hydrothermal activity to elevated Hg levels in phytoplankton '4-16 and
biota 7-20, Our findings demonstrate that hydrothermal and volcanic inputs from the Tonga
Arc contribute to elevated seawater Hg concentrations. The Hg inputs are accompanied by Fe
release, which is delivered directly to the photic layer, resulting in both Hg contamination and
Fe fertilization of the local communities. The Fe fertilization stimulates phytoplankton blooms,
distributing Hg across a larger number and volume of cells, and hence biodiluting tHg
concentrations in phytoplankton. This process results in some of the lowest tHg levels ever
recorded in phytoplankton. As Hg and Fe are transported westward toward the Lau Basin, Fe,
which is both scavenged by particles and actively uptaken as a micronutrient 2642 becomes
depleted leading to smaller phytoplankton blooms. In contrast, once released from
hydrothermal vents, Hg mostly dilutes, remaining in the water column for longer distances °.
The distant Lau Basin has insufficient Fe to support biomass blooms and biodilute the

hydrothermal Hg leading to higher tHg in the local phytoplankton (Figure 5).

The persistence and transport of Hg in this system provide an opportunity to estimate the
global hydrothermal Hg flux from arc volcanoes. Using the highest tHg flux at Panamax (4,763
pmol m2d-") and the caldera area (7 x 4,5 km, about 4% of the total area), we estimate a local
Hg flux of 0.035 t y-'. However, acoustic anomalies were observed at various sites across the
Panamax volcano area. If venting would occur throughout the entire area of the stratovolcano,
the resulting flux would be 0.86 t y-'. The geology of the Tonga Arc has been revised by

combining remote predictive mapping techniques with satellite databases, magnetics, ship-
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based multibeam bathymetry, gravity measurements, seafloor imaging, and sampling (Text
S3) %4, The total area of potentially active volcanic structures in the Tonga Arc is 12,143 km?
24, Assuming 100% hydrothermal activity across this area, the total Hg input from the Tonga
Arcis 4.23 ty'. The calculated hydrothermal Hg flux includes the 1,700 km length of the Tonga
Arc %, Globally, submarine arc systems extend for approximately 22,000 km 83. Assuming all
arc volcanoes behave like Panamax and 100% hydrothermal activity, the maximum global Hg
flux from arc volcanoes is estimated at 54.8 t y-'. When combined with the mid-ocean ridges
flux (1.7 - 64.7 t y') °, the maximum hydrothermal contribution to the oceanic Hg inventory is
120 t y'. Recent estimates suggest that the oceans receive between 4,300 and 7,800 t y-! of
Hg from atmospheric deposition %4, and between 893 and 1,224 t y-' of Hg from riverine inputs
6. Our proposed hydrothermal flux estimate, even at its maximum, represents only a minor
contribution to the total oceanic Hg inputs. In addition, our results show that hydrothermal
systems can naturally regulate Hg concentrations through interactions with other elements.
These suggest hydrothermal systems are unlikely to pose a significant threat to humans, at
least in open ocean areas like those studied here. Future studies should focus on
hydrothermal systems in coastal and enclosed basins where natural dynamics are likely
disrupted by anthropogenic inputs, and hydrothermal Hg impacts on harvested food webs may

be more important.
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Figure 5. Schematic model of the impacts of the hydrothermal inputs to the surrounding areas. Hg and Fe
are released from the Tonga Arc volcanoes. The excess of Fe stimulates biological activity, causing phytoplankton
blooms. Hydrothermal Hg is then diluted into the large pool of cells, resulting in phytoplankton with low Hg
concentrations. Hg is transported in the hydrothermal plumes reaching the Lau Basin. Fe is transported for shorter
distances than Hg. With a smaller biomass pool than the Tonga Arc, the excess of Hg in the Lau Basin cannot be
diluted, leading to phytoplankton with elevated Hg concentrations. The transport of Hg from the Tonga Arc to the

Lau Basin is supported by high Hg fluxes into the sediment traps and elevated burial fluxes.
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Hg speciation definitions and calculations (Text S1, Table S1). Hg profiles along the cruise
transect (Figures S1 and S2). Oceanographic sections of selected Hg species (Figure S3).
Pacific Ocean database (Figure S4). Profiles of hydrothermal and volcanic parameters (Figure
S5). tHg vertical diffuse flux (Figure S6). Phytoplankton and Chlorophyll-a data (Figure S7).
HgO0 concentration data (Figure S8). Sediment traps data (Figure S9). Water masses analysis

and Hg anomalies (Text S2). Geology of the study area (Text S3).
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