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Editorial on the Research Topic
 Hydrothermal and submarine volcanic activity: impacts on ocean chemistry and plankton dynamics




Iron (Fe) is a key limiting factor for primary productivity across vast regions of the global ocean (Tagliabue et al., 2017; Browning and Moore, 2023). Traditionally, atmospheric dust deposition and continental margin fluxes have been considered the dominant sources of Fe to surface waters (Moore et al., 2004). However, deep-sea hydrothermal systems also release substantial amounts of dissolved Fe (dFe) into the overlying water column via hydrothermal plumes. These plumes can be transported over long distances across ocean basins, thereby influencing large-scale ocean chemistry (Nishioka et al., 2013; Saito et al., 2013; Fitzsimmons et al., 2014; Resing et al., 2015). Furthermore, global biogeochemical models estimate that hydrothermal fluxes from mid-ocean ridges contribute nearly 23% of the dFe inventory in the oceanic water column (Tagliabue et al., 2017).

Unlike deep hydrothermal systems associated with mid-ocean ridges (>2,000 m), hydrothermal activity can also occur at much shallower depths, such as in proximity to island arcs and hotspot volcanoes, thereby delivering substantial fluxes of trace metals to the upper ocean waters (ca. 500–1,000 m; Massoth et al., 2007; Hawkes et al., 2014) and in some cases directly to the euphotic zone (0–150 m; Chemine et al., 1991; Resing et al., 2009; Santana-Casiano et al., 2016; Guieu et al., 2018; Tilliette et al., 2022). However, unlike deep hydrothermal plumes, dFe concentrations in these shallow environments decrease rapidly with distance from the source due to the much stronger water mass dynamics that prevail at shallow depths (Tilliette et al., 2022). In deep hydrothermal systems, particulate dFe losses are mitigated through stabilization with organic Fe-binding ligands (Bennett et al., 2008; Toner et al., 2009). In contrast, in shallow hydrothermal systems, both the concentration and chemical nature of these ligands are poorly characterized, thereby constraining our ability to assess Fe stabilization, residence times, and bioavailability in these environments.

This Research Topic includes, among other contributions, several studies investigating the occurrence, composition, and functional role of ligands in stabilizing Fe near the shallow hydrothermal vents of the Tonga-Kermadec arc (Western subtropical South Pacific). Mahieu et al. identified elevated conditional concentrations of Fe-binding ligands peaking near hydrothermal sites, primarily composed of intermediate-strength L2 types. Despite this, their analysis revealed that ligand concentrations were largely in excess relative to DFe, suggesting limited effectiveness in stabilizing hydrothermal Fe inputs. Consistent with this finding, Portlock et al. reported unusually high concentrations of reduced sulfur substances (phytoplankton-derived biomolecules that associate with trace metals under elevated exposure levels), thereby mitigating toxicity. Complementing these studies, Dulaquais et al. investigated the contribution of soluble humic-like substances produced during phytoplankton degradation to Fe complexation at various sites impacted differently by hydrothermal fluids. The authors showed that the humic-ligands were unsaturated likely due to their inability to access colloidal DFe, Fe(II) and FeOx species. The humic ligands only complexed 1–5.5% of the total DFe pool close to the vent, thereby solubilizing only a small fraction of the hydrothermal Fe released. Beyond Fe, hydrothermal vents release a variety of trace elements and gases. Zhao et al. investigated the impact of hydrothermal activity on the barium cycle. They showed that Ba isotopes in vent waters and sediments are lighter than those in the water column, indicating the preferential removal of lighter isotopes during fluid–seawater mixing and highlighting their value as tracers of hydrothermal influence on sediments. In a shallow Southern Ocean bay, Belyaev et al. demonstrated how hydrothermal activity alters seawater biogeochemistry by linking vent inputs with elevated concentrations of vanadium, cobalt, nickel and Fe, along with methane and carbon dioxide. In addition to the continuous hydrothermal inputs, sporadic volcanic eruptions in many of these systems also deliver material and chemical elements. Chavagnac et al. showed that strontium (Sr) and lithium (Li) isotopic signatures can distinguish between volcanic and hydrothermal sources. Volcanic activity boosts the total Sr and Li through ash dissolution, while hydrothermal inputs drive concurrent increases of both elements in the water column.

These studies suggest that, although shallow hydrothermal systems provide substantial amounts of Fe and other trace elements, limited ligand stabilization may restrict their persistence in surface waters. This, in turn, raises important questions about the residence time, bioavailability, and ecological impact of hydrothermal Fe on plankton communities.

How do these shallow hydrothermal environments (< 500 m deep) impact phytoplankton dynamics? The proximity of Fe release to the euphotic layer greatly increases the likelihood of a direct and immediate biological response. Evidence from the Tonga–Kermadec arc indicates that Fe-rich fluids entering surface waters can stimulate intense diazotrophic activity, thereby fueling enhanced net community production, N2 fixation, and ultimately increased carbon export to the deep ocean (Bonnet et al., 2023). Strikingly, the carbon sequestration efficiency observed in these natural, shallow-vent systems is higher than that of artificial, mesoscale Fe-fertilization experiments, underscoring the ecological significance of shallow hydrothermal inputs as natural “fertilization hotspots” for surface ecosystems.

This Research Topic brings together several complementary studies that explore the complex biological responses elicited by the diverse suite of chemical elements supplied through hydrothermal inputs. Tilliette et al. demonstrated experimentally that increasing fluid inputs initially exerts toxic effects on planktonic communities, but subsequently stimulates net community production, N2 fixation, and enhanced export relative to controls. Consistent with the findings of Portlock et al., this fertilization effect is likely sustained by planktonic detoxification via thiol-based ligands that bind toxic trace metals (e.g., Cu, Cd, and Hg). Mériguet et al. provided in situ evidence that these shallow hydrothermal inputs structure the entire ecosystem's trophic dynamics. Using imaging and acoustic approaches, the authors demonstrated that the elevated diazotrophic biomass stimulated by hydrothermal fluids propagates through meso- and macrozooplankton communities, which in turn may enhance organic matter export via the production of fast-sinking fecal pellets. Consistent with this, Ababou et al. showed that zooplankton-derived material (fecal aggregates, carcasses, and cylindrical fecal pellets) represents more than 90% of the carbon flux exported below the euphotic zone in the vicinity of hydrothermal vents. In parallel, nitrogen isotope budgets analyzed by Forrer et al. revealed that this export is predominantly fueled by diazotrophy, which requires high Fe availability.

Together, these findings indicate that, in this system, newly fixed nitrogen is efficiently transferred up to zooplankton and repackaged into dense fecal pellets. This highlights an overlooked but highly effective pathway by which diazotroph activity indirectly sustains particulate organic carbon export, strengthening the coupling between nitrogen fixation and the efficiency of the biological carbon pump in shallow hydrothermal regions. In the much deeper environments of the Arctic Ocean, Wegener et al. reported a clear biological response within hydrothermal plumes, characterized by elevated carbon fixation rates compared to surrounding waters, suggesting enhanced chemoautotrophy fueled by hydrogen and sulfide as energy sources.

Taken together, the studies reported in this Research Topic reveal that the fate of hydrothermal Fe in shallow systems is governed by a delicate balance between its limited chemical stabilization by organic ligands and rapid biological utilization in the euphotic zone. While the weak role of binding ligands may constrain the long-term persistence of hydrothermal Fe, its immediate availability fuels primary productivity, diazotroph activity and production, trophic transfer, and greater carbon export. This coupling of trace metal chemistry and biological responses underscores the role of shallow hydrothermal systems as natural laboratories where geochemical processes and ecosystem functioning are tightly interconnected, with potentially significant implications for the oceanic carbon and nitrogen cycles.
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In the Western Tropical South Pacific (WTSP) Ocean, a hotspot of dinitrogen fixation has been identified. The survival of diazotrophs depends, among others, on the availability of dissolved iron (DFe) largely originating, as recently revealed, from shallow hydrothermal sources located along the Tonga-Kermadec arc that fertilize the Lau Basin with this element. On the opposite, these fluids, released directly close to the photic layer, can introduce numerous trace metals at concentrations that can be toxic to surface communities. Here, we performed an innovative 9-day experiment in 300 L reactors onboard the TONGA expedition, to examine the effects of hydrothermal fluids on natural plankton communities in the WTSP Ocean. Different volumes of fluids were mixed with non-hydrothermally influenced surface waters (mixing ratio from 0 to 14.5%) and the response of the communities was studied by monitoring numerous stocks and fluxes (phytoplankton biomass, community composition, net community production, N2 fixation, thiol production, organic carbon and metal concentrations in exported material). Despite an initial toxic effect of hydrothermal fluids on phytoplankton communities, these inputs led to higher net community production and N2 fixation rates, as well as elevated export of organic matter relative to control. This fertilizing effect was achieved through detoxification of the environment, rich in potentially toxic elements (e.g., Cu, Cd, Hg), likely by resistant Synechococcus ecotypes able to produce strong binding ligands, especially thiols (thioacetamide-like and glutathione-like compounds). The striking increase of thiols quickly after fluid addition likely detoxified the environment, rendering it more favorable for phytoplankton growth. Indeed, phytoplankton groups stressed by the addition of fluids were then able to recover important growth rates, probably favored by the supply of numerous fertilizing trace metals (notably Fe) from hydrothermal fluids and new nitrogen provided by N2 fixation. These experimental results are in good agreement with in-situ observations, proving the causal link between the supply of hydrothermal fluids emitted at shallow depth into the surface layer and the intense biological productivity largely supported by diazotrophs in the WTSP Ocean. This study highlights the importance of considering shallow hydrothermal systems for a better understanding of the biological carbon pump. 
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1 Introduction

The Western Tropical South Pacific (WTSP) Ocean (18-22°S, 160°E-160°W) has recently been recognized as a hotspot of dinitrogen (N2) fixation, harboring some of the highest rates reported to date in the global ocean (Bonnet et al., 2017). Diazotrophs (i.e., N2-fixing organisms) have high cellular iron (Fe) quotas relative to other plankton functional groups, as Fe is an essential component of the nitrogenase enzyme catalyzing N2 fixation (Rueter et al., 1992; Berman-Frank et al., 2001). Hence, their biogeographical distribution has been closely related to ambient Fe concentrations, especially in the subtropical Atlantic Ocean and the WTSP Ocean (Schlosser et al., 2014; Lory et al., 2022). In the WTSP Ocean, diazotroph blooms have also been attributed to elevated, non-limiting concentrations of Fe, along with optimal conditions of temperature and phosphorus availability (Moutin et al., 2005; Moutin et al., 2008). Prior to the OUTPACE (Moutin and Bonnet, 2015) and TONGA (Guieu and Bonnet, 2019) cruises performed in the WTSP Ocean, our knowledge of the origin and distribution of Fe in the region was poor, as the Pacific Ocean is severely undersampled, especially for trace metals (Schlitzer et al., 2018). Accurate quantification of dissolved Fe (DFe) distribution along a 6000-km transect during the TONGA cruise has demonstrated that shallow hydrothermal sources (200-300 m) located along the Tonga-Kermadec arc accounted for these elevated DFe concentrations measured in the Lau Basin and Melanesian waters (Tilliette et al., 2022) and trigger the high N2 fixation rates measured in the region (Bonnet et al., in rev.).

The Tonga-Kermadec subduction zone belongs to the Pacific Ring of Fire hosting nearly three-quarters of the world’s active volcanoes (Rinard Hinga, 2015). It is the most linear, convergent and seismically active of the Earth’s subduction boundaries (Timm et al., 2013) and consequently carries intense volcanic and hydrothermal activities (2.6 active vents/100 km; Pelletier et al., 1998; Massoth et al., 2007). Submarine hydrothermal activity occurs when water percolates through the fractured oceanic crust. As it penetrates downward, the water is heated (> 400°C) and undergoes chemical changes by reacting with nearby rocks. At this temperature, the fluid becomes buoyant and rises rapidly in the water column (German et al., 2016). Numerous chemical species can be introduced into the water column by hydrothermal plumes at concentrations much higher than those usually found in the water column (Dick et al., 2013; Lilley et al., 2013; González-Vega et al., 2020). These include gases (e.g., carbon dioxide: CO2, hydrogen sulfide: H2S, dihydrogen: H2, helium: He) and macronutrients (e.g., nitrate: [image: The chemical formula for the nitrate ion, consisting of one nitrogen atom and three oxygen atoms, represented as NO₃⁻.]  , silicate: Si(OH)4, phosphate: [image: Chemical formula for the phosphate ion, represented as PO₄ with a charge of 3 minus.] ). They also contain dissolved and particulate trace metals, some being essential although toxic at high concentrations (e.g., copper: Cu, zinc: Zn) and others non-essential and even harmful (e.g., cadmium: Cd, mercury: Hg, lead: Pb) for many organisms including phytoplankton (Thomas et al., 1980; DalCorso, 2012; Mehana, 2014; Azeh Engwa et al., 2019). Contrary to mid-ocean ridges where hydrothermal vents are located deep (3000-4000 m), in some regions such as the WTSP or the Aegean Sea, hydrothermal vents can be shallow (< 300 m) and inject such elements directly into the surface layer (Massoth et al., 2007; Zhang et al., 2020). Thus, besides fertilization by trace metals such as Fe (Ardyna et al., 2019; Schine et al., 2021), toxic effects may also occur for plankton communities due to the proximity of the vent, where fluids can be highly concentrated in these elements (Lilley et al., 2013). In addition, plumes from shallow hydrothermal sources supply fresher and more labile material (Hawkes et al., 2014) compared to inputs reaching surface waters from deep systems (Tagliabue et al., 2010) and thus may be more bioavailable to surface phytoplankton. These fluids could therefore affect (positively or adversely) the functioning of the planktonic ecosystem and the biological carbon pump.

Numerous studies have reported on the effects of trace metal additions, alone or in combination, in mono-specific cultures or on natural phytoplankton assemblages. They all revealed that plankton communities release binding ligands into the environment to face metal stress (e.g., Lage et al., 1996; Leal et al., 1999; Morel and Price, 2003; Dupont and Ahner, 2005; Horvatić and Peršić, 2007; Hoffmann et al., 2012; Wu and Wang, 2012; Permana and Akbarsyah, 2021). In particular, thiols, which are low molecular weight peptides comprising a sulfhydryl group (–SH; Buckberry and Teesdale-Spittle, 1996; Morrison et al., 2010), are an important component of the ligand pool and have been shown to be responsible for the near-complete complexation of several trace metals in surface waters, rendering them non-bioavailable (Satoh et al., 1999; Tang et al., 2000; Dupont et al., 2006). Such compounds may have a key role in detoxifying an environment rich in harmful elements (Grill et al., 1989; Ahner and Morel, 1995; Zenk, 1996). Yet to date, no study has explored the effect of natural metal-rich shallow hydrothermal inputs on plankton communities. In the present study, we conducted an innovative experiment to investigate the effects of hydrothermal fluids from shallow sources located along the Tonga-Kermadec arc on natural plankton communities of the WTSP Ocean. During the TONGA cruise, different volumes of hydrothermal fluids collected from an identified active vent along the Tonga arc were added to surface waters collected in a remote area unaffected by hydrothermal fluids. This nine-day experiment allowed for the examination of the community functioning as a whole and for the investigation of the effects of hydrothermal fluids on numerous biological and biogeochemical stocks and fluxes (e.g., biomass, community composition, thiols and fluorescent dissolved organic matter (FDOM) concentrations, biological productivity, N2 fixation, export of material) in a system mimicking the natural physico-chemical conditions prevailing in the region.




2 Materials and methods



2.1 Hydrothermal fluid enrichment experiment



2.1.1 Experimental design

The experiment was conducted as part of the TONGA cruise (GEOTRACES GPpr14, November 2019, R/V L’Atalante; Guieu and Bonnet, 2019) in 300 L high-density polyethylene (HDPE) and trace metal free experimental tanks (referred hereafter as minicosms; Figure 1A). Each minicosm was equipped with a lid supporting six rows of LEDs (Alpheus©) composed of blue, green, cyan and white units mimicking the natural light spectrum. A 250 mL HDPE bottle was screwed onto a polyvinyl chloride valve that remained open throughout the experiment to collect exported material at the conical base of each minicosm. Photosynthetically active radiation (PAR; 400-700 nm) and temperature were continuously monitored in each minicosm using a QSL-2100 irradiance sensor (Biospherical Instruments Inc©) and a HOBO TidbiT® v2 temperature data logger (Onset), respectively.

[image: Panel A illustrates a schematic of a bioreactor, showing internal components marked A to H. Panel B depicts a laboratory with people in protective clothing surrounding several illuminated tanks. Panel C is a composite ocean color image showing chlorophyll-a concentration in the South Pacific, dated November 2019, with highlighted areas such as Melanesian waters, Lau basin, and South Pacific gyre. Color scale indicates concentration levels.]
Figure 1 | Methods used for the hydrothermal fluid enrichment experiment. (A) Scheme illustrating the different components of a minicosm with A LED cover, B heating resistor, C temperature data logger, D photosynthetically active radiation (PAR) sensor, E sampling tube, F motorized propeller, G filtration cartridge (used only for some parameters) and H particle trap. (B) Picture taken during sampling, showing eight of the nine minicosms used during the experiment and installed in the “clean-room” container. (C) Cruise transect superimposed on surface chlorophyll-a concentrations (mg m-3). Chlorophyll-a concentrations were derived from satellite images acquired during the respective period of occupancy: 5 November 2019 for the western part of the transect, 15 November for the southeastern part, and 29 November for the northeastern part. The position of the end-members sampled for the minicosm experiment is represented by a red triangle for the fluid end-member and a blue square for the surface end-member. Note that an effort was made to sample waters relatively low in chlorophyll-a for the surface end-member (< 0.1 mg m-3). The hooks under the transect represent the different subregions studied during the cruise: Melanesian waters and the Lau Basin at the west and the South Pacific Gyre at the east.

The experimental system was composed of nine minicosms installed in a light-isolated, air-conditioned, clean-room container (99.9% filtration of particles larger than 0.2 µm by a high efficiency particulate air filter; Figure 1B). Prior to the experiment, minicosms were meticulously washed with a high-pressure cleaner (Kärcher®) and filled with a mixture of fresh water and surfactant (Decon™) for 24 h. They were then refilled with fresh water and acidified with hydrochloric acid (Suprapure HCl; Supelco®; final pH ~2). After 24 h, minicosms were emptied and rinsed with deionized water. The temperature of the container was adjusted 2°C below in-situ temperature level to facilitate maintaining temperature close to the targeted level (i.e., in-situ temperature) using a temperature-control system placed in each minicosm during the experiment (see thereafter).

The experimental protocol followed a gradient approach, with one control and seven minicosms enriched with increasing volumes of hydrothermal fluids: from 1.8 to 14.5% of the total volume added to surface waters (Table 1). These ratios were chosen based on previous DFe measurements during the OUTPACE cruise (Guieu et al., 2018), where DFe likely from hydrothermal origin reached concentrations up to 66 nM while in surface waters (< 100 m) impacted by these fluids, [DFe] reached 1-2 nM. Depending on their vertical and horizontal distance from the source, communities will be subjected to different fluid-water mixing. Closer to the source, communities will be subjected to higher enrichments (5-12 nM at 100-150 m during OUTPACE, corresponding to mixing rates of 8-18%) while those more distal from the source will be subjected to lower mixing, due to high fluid dilution, similar to those observed at the surface during OUTPACE (corresponding to mixing of 1.5-4.5%). The gradient chosen thus covers the different conditions to which communities may be subjected. The ninth minicosm, labeled M9, was used to sample both end-members (hydrothermal fluids and surface waters unaffected by hydrothermal fluids) for all parameters and processes considered prior to their mixing (see Section 2.1.2).

Table 1 | Gradient approach considered for the mixing experiment between surface water and hydrothermal fluids.


[image: A table showing the volumes of fluid and surface water at various treatment levels. Treatments range from control through 14.5 percent. Control has no fluid added, with 275 liters of surface water. At 14.5 percent, 40 liters of fluid are added, reducing surface water to 235 liters. The table notes treatment percentages as proportions of hydrothermal fluid added to surface waters.]



2.1.2 End-member sampling and mixing protocol

The nine minicosms were first filled with surface water sampled on November 10, 2019, at the western boundary of the South Pacific Gyre (21.69°S, 174.74°W), located outside the influence of volcanic activity and characterized by low chlorophyll concentrations (< 0.1 mg m-3; Figure 1C). Seawater was pumped at 5 m at 10 p.m. (local time) using a high flow peristaltic pump (TecamySer®). A volume of 275 L was evenly and synchronously distributed in the nine minicosms using nine HDPE pipes. M9 was sampled the next day at 6 a.m. for the measurement of all stocks and fluxes, which are necessary to characterize the properties of the surface end-member shortly before mixing. M9 was then emptied and rinsed with deionized water.

Hydrothermal fluids were sampled upon arrival at the station, on November 11, 2019, at 9:30 a.m. (local time). Sampling was performed at 21.15°S, 174.75°W above an active shallow hydrothermal source (Figure 1C). Seawater was pumped at 200 m (i.e., the depth at which the strongest acoustic and chemical anomalies were measured; Tilliette et al., 2022) to fill the minicosm M9 using the same pumping device as for the surface end-member. After having collected the samples for the parameters and processes needed to characterize the fluid end-member, M9 was used for the mixing. In each of the eight minicosms, different volumes of surface seawater were removed and replaced by the same volumes of fluid end-member, following the gradient approach described in Table 1. The entire process (pumping and mixing of the two end-members) required 13 h. Concurrently, a CTD cast (conductivity, temperature and depth; SeaBird SBE 911 Plus rosette-mounted) was performed above the hydrothermal source to compare parameters measured in the minicosms to the in-situ data (see below).




2.1.3 Final adjustments and launch of the experiment

Immediately after mixing, 260 mg of 13C-labeled sodium bicarbonate (13C-NaHCO3; Sigma-Aldrich®) was added to each minicosm to monitor the incorporation of dissolved inorganic carbon (DIC) into particulate organic carbon (POC). An initial 13C-DIC signature of ca. 500‰ was achieved. The rotating propellers fitted in each minicom (Figure 1A) were set at 9 rotations per minute, creating a slight turbulence allowing particles to remain in suspension. A 12:12 light cycle was simulated with a maximum irradiance of ~735 µmol photons m-2 s-1 reached between 9:30 a.m. and 5 p.m. (local time). The seawater temperature in each minicosm was regulated during the entire experiment to the surface in-situ value (25.7°C) using heating resistors (500 W; Aquamedic™) regulated by control units (Corema™).




2.1.4 Sampling

Sampling was performed on six occasions for most parameters during the nine-day experiment: 12 h (day 0.5), 24 h (day 1), 48 h (day 2), 96 h (day 4), 144 h (day 6) and 216 h (day 9) after mixing the two end-members. However, some parameters requiring low volume, such as for flow cytometry analyses, were sampled daily. The parameters studied included: photosynthetic pigment concentrations, phytoplankton abundances, net community production (NCP), N2 fixation rates, DFe, thiols, FDOM and nutrients concentrations. All samples were collected from the sampling tube installed on each minicosm (Figure 1A) under the cleanest possible conditions by gravity and without filtration, except for thiol and macronutrient samples filtered on sterile Sartobran® 300 cartridges (0.45 µm pre-filtration and 0.2 µm final filtration) connected to the sampling tubes of each tank. Macro-nutrients were analyzed (see Text S1) and are described in detail in Bonnet et al. (in rev.). The sampling protocol is illustrated in Table S1. The duration of the experiment was imposed by the tight schedule of the cruise and the need to sample less than 50% of the initial volume by the end of the experiment to minimize the associated bias.





2.2 Analytical methods



2.2.1 Dissolved iron and particulate trace metals

DFe samples were collected in 60 mL LDPE bottles after filtration through sterile Sartobran® 300 cartridges (pre-filtration on 0.45 µm and final filtration on 0.2 µm). Right after collection, seawater samples were acidified to pH ~1.7 with 2‰ (v/v) hydrochloric acid (HCl, Ultrapure® Merck) under a class 100 laminar flow hood, double-bagged, and stored at ambient temperature in the dark before shore-based analysis. DFe concentrations were determined by flow injection and chemiluminescence detection as described in Tilliette et al. (2022).

Trace-metal clean rosette casts were conducted to sample dissolved and particulate trace metals above the hydrothermal source. DFe samples were analyzed as described above (see Tilliette et al. (2022) for further details). The protocol for other dissolved and particulate trace metal measurements is presented in Text S2.




2.2.2 Biological stocks



2.2.2.1 Photosynthetic pigments

Samples of 2.7 L were filtered within 2 h of collection through 25 mm glass fiber filters (GF/F; Whatman™; 0.7 µm). After filtration, filters were transferred to cryovials, flash-frozen in liquid nitrogen and stored at -80°C pending analysis. Nine months after collection, samples were processed by the SAPIGH analytical platform at the Institut de la Mer de Villefranche (IMEV, France). Filters were extracted at -20°C in 3 mL of methanol (100%) containing vitamin E acetate (Sigma-Aldrich®). They were crushed by sonication before being clarified one hour later by vacuum filtration. The extracts were analyzed within 24 h using a complete Agilent Technologies® 1200 series high-performance liquid chromatography (HPLC) system. The contribution of the identified pigments and their taxonomic significance were determined according to Uitz et al. (2006). The biomass of haptophyceae, diatoms and dinoflagellates was thus estimated from 19’-hexanoyloxyfucoxanthin, fucoxanthin and peridinin, respectively.




2.2.2.2 Abundance of Synechococcus and Prochlorococcus cells

Samples of 7 mL were fixed with a mixture of 0.25% glutaraldehyde and 0.01% Pluronic F-68, flash-frozen in liquid nitrogen and stored at -80°C pending analysis. Samples were analyzed at the Station Biologique de Roscoff as described in Marie et al. (1999). Briefly, 1 mL of thawed sample was transferred into a cryotube and analyzed using a BD FACSCanto™ II flow cytometer equipped with 488 and 633 nm lasers. Signal was triggered on red fluorescence and samples were run for 3 minutes with a flow rate around 100 µL min-1. Synechococcus were discriminated from Prochlorococcus cells through the presence of the pigment phycoerythrin.

During the cruise, rosette casts were conducted to sample for photosynthetic pigments as well as Prochlorococcus and Synechococcus abundances above the hydrothermal source. The collected samples were analyzed as described above.





2.2.3 Biological fluxes



2.2.3.1 Net community production

Samples of 2.7 L were filtered through pre-combusted (450°C, 4 h) and pre-weighed GF/F filters. Filters were then stored in petri dishes and dried at 60°C for 24 h. Shortly before analysis, each sample was acidified by adding HCl (2 N) to remove the inorganic carbon fraction. POC concentrations and carbon isotopic signature were measured by an elemental analyzer coupled to an isotope ratio mass spectrometer (EA-IRMS; Vario Pyrocube-Isoprime 100, Elementar®). DIC concentrations were determined using the R package seacarb developed by Lavigne and Gattuso (2010) using the pre-requisite pH and total alkalinity data measured during the experiment (see Texts S3, S4). δ13C-DIC concentrations were measured as described in Maugendre et al. (2017). NCP was finally calculated using all these parameters according to the method of de Kluijver et al. (2010).




2.2.3.2 N2 fixation rates

Rates were measured using the 15N2 bubble technique (Montoya et al., 1996), intentionally chosen to avoid any potential trace metal or dissolved organic matter contaminations (Klawonn et al., 2015), as both have been found to control N2 fixation or nifH gene expression in this region (Moisander et al., 2014; Benavides et al., 2017). Samples collected in 2.25 L acid-washed polycarbonate bottles were amended with 2 mL of 98.9% 15N2 (Cambridge isotopes), incubated in on-deck incubators connected to surface circulating seawater and shaded at the specified irradiances using blue screening. Incubations were stopped by filtering the entire incubation bottle onto pre-combusted (450°C, 4 h) GF/F filters. Filters were subsequently dried at 60°C for 24 h before analysis of 15N:14N ratio and particulate N using an EA-IRMS (Integra 2, SerCon Ltd) as described in Bonnet et al. (2018). The15N:14N of the N2 pool available for N2 fixation (Montoya et al., 1996) was measured in all incubation bottles by membrane inlet mass spectrometry to ensure accurate rate calculations as fully described in Bonnet et al. (2018).





2.2.4 Dissolved organic compounds



2.2.4.1 Thiols

Thiol samples were collected in 125 mL trace metal-clean low-density polyethylene (LDPE) bottles (Nalgene®) after filtration through sterile Sartobran® 300 cartridges. Samples were then double-bagged and stored frozen at -20°C pending analysis. Samples were defrosted at room temperature in the dark, and thiol concentrations were measured electrochemically using a Metrohm µAutolab III. The working electrode was a hanging mercury drop electrode, the reference electrode was Ag/AgCl with a glass salt bridge filled with 3 M KCl, and the counter electrode a glassy carbon rod. The voltammetric method was taken from Pernet-Coudrier et al. (2013).

Briefly, a sample aliquot of 10 mL was transferred into an acid-cleaned voltammetric quartz cell under a laminar flow hood and acidified to pH 2 using trace-metal grade HCl. The solution was spiked with 30 µL of 10 ppm molybdenum(VI) and then purged with nitrogen (99.99%) for 5 minutes. A deposition potential of 0 V was applied for 150 s with stirring followed by a 5-s rest time. Using differential pulse mode, the potential scan ranged from 0 to -0.65 V. Compound concentrations were determined by standard addition of thioacetamide (TA, Fisher Scientific) and glutathione (GSH, reduced, Sigma-Aldrich) standards. Two additions were made for each sample, with four measurements per addition. The peak height was measured using ECDSOFT (Omanović and Branica, 1998).




2.2.4.2 Fluorescent dissolved organic matter

FDOM samples were collected in pre-calcined glass bottles and immediately filtered through pre-calcined GF/F filters using a low vacuum glass filtration system. The resulting filtrates were transferred to 100 mL pre-calcined amber glass bottles with Teflon®-lined caps. The ampoules were stored in the dark at -20°C until analysis.

Within three months of collection, FDOM measurements were performed with a F-7000 spectrofluorometer (Hitachi®). Excitation-emission matrices (EEMs) were conducted over the excitation (λEx) and emission (λEm) wavelength ranges of 200-500 nm and 280-550 nm, respectively. EEMs were blank-corrected, Raman-normalized and converted into quinine sulfate unit (QSU). EEMs were treated with parallel factor analysis (PARAFAC) executed using the DOMFluortoolbox v1.6 (Stedmon and Bro, 2008) running under MATLAB® 7.10.0 (R2010a) for the identification of the main fluorophores according to Ferretto et al. (2017) and Tedetti et al. (2016); Tedetti et al. (2020).





2.2.5 Exported material

At the end of the experiment, particle traps were removed, closed and stored at 4°C in the dark in a 4% formaldehyde solution pending analysis. Samples were processed according to the standard protocol followed by the “Cellule Pièges” (INSU-CNRS). After removal of the swimmers (zooplankton), samples were rinsed three times in MilliQ water and lyophilized. The total amount of material collected was weighed to estimate the total exported flux. Three aliquots were then weighed to estimate total carbon, POC as well as particulate trace metals exported during the experiment: Fe and Cu.

Total carbon was measured with a CHN elemental analyzer (2400 Series II CHNS/O Elemental Analyzer, Perkin Elmer®) on weighted subsamples. POC was measured similarly, after removing inorganic carbon by acidification with 2 N HCl.

Particulate Fe and Cu concentrations were measured by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry; Perkin-Elmer® Optima-8000) on acid-digested samples. Digestions were performed in Teflon® vials by adding Suprapur grade acids to weighed subsamples in two steps: (1) 1 mL of 65% nitric acid (HNO3) followed by a mixture of (2) 500 µL of 65% HNO3 and 500 µL of 40% hydrofluoric acid. After each step, samples were heated at 150°C for 5 h. Several aliquots of blanks and certified reference material (GBW, NRCC) were digested and analyzed under the same conditions. Blanks (reagent alone and reagent + blank filter) were below the detection limit (DL). The percentage recovery obtained with the certified reference material indicated accurate digestion and quantitative analysis for all elements (Fe: 94 ± 4%, Cu: 97 ± 3%).




2.2.6 Statistical analyses

To estimate whether the addition of different hydrothermal fluid volumes had an effect on the measured parameters as a function of time, multiple linear regressions with interaction were performed following James et al. (2013). These regressions were modeled to follow the formula y = ax1 + bx2 +c, with y, the parameter of interest; x1, the mixing ratio (in %); x2, the sampling time and c, the intercept. In order to compare the growth and decline phases of the control to the kinetics observed in the fluid-enriched treatments, regressions were performed independently at the start (12 h, 24 h, 48 h) and at the end (96 h, 144 h, 216 h) of the experiment via the lm function in R software. In case of significant interaction (p-value (p) < 0.05), a pairwise post-hoc comparison test was performed to determine the percentage(s) of enrichment having an effect on the considered parameter using the emmeans package (Lenth et al., 2019).






3 Results

Irradiance, temperature and pH on the total scale during the experiment are shown in Figure S1. Briefly, the different L:D cycles (Light : Dark) were stable for all minicosms. The targeted experimental temperature (25.7°C) was achieved in each minicosm, although a lower temperature (25.2°C) was recorded in the +9.1% fluid treatment. However, this value was within the range of in-situ surface temperatures and likely did not significantly impact the results presented. Since the pH of the fluid end-member was very low (~6.5), decreases in pH proportional to the addition of fluid were observed. These pH values gradually returned to the values observed in-situ in surface waters, due to CO2 outgassing during the experiment. Dilution curves performed on pH, nutrients and DFe data are shown in Figure S2 and attest the accuracy and quality of the mixing performed.



3.1 Dissolved iron

DFe concentration ([DFe]) in the fluid end-member was 15-fold higher than in the surface end-member. [DFe] followed quite similar dynamics in all fluid-enriched treatments (Figure 2). They increased until day 1, peaking at 3.2-19.5 nmol L-1, before gradually decreasing until the end of the experiment.

[image: Line graph showing the concentration of DFe (dissolved iron) in nmol L^-1 over time in days. Multiple colored lines represent different treatment conditions ranging from control to 14.5%. The y-axis indicates DFe concentration, and the x-axis shows time. Initial spikes occur around day zero, followed by a decline and stabilization. Symbols represent sampling methods: square for surface, gray square for fluid, and triangle for in situ.]
Figure 2 | Temporal dynamics of dissolved iron (DFe) concentrations for a gradient of fluid addition (in % of total minicosm volume). DFe concentrations measured in the surface and fluid end-members are represented by an empty and a solid gray square, respectively. The red triangle represents the concentration measured in-situ above the sampled hydrothermal source at 5 m during the CTD casts of TONGA cruise.

In the following section, the results will be discussed according to two selected periods of the experiment: period 1 (P1) from the start of the experiment to day 2 and period 2 (P2) from day 2 to the end of the experiment.




3.2 Stocks and fluxes during the experiment



3.2.1 Biological stocks



3.2.1.1 Cyanobacteria

Prochlorococcus abundance increased in all minicosms during P1, independent of fluid treatment (p > 0.05; Figure S3A), although the maximum abundances reached were 1.1 to 2-fold higher in the fluid-enriched treatments relative to control (Table 2), except for the +3.6 and +10.9% fluid treatments. Prochlorococcus populations then gradually decreased until the end of P2, independently of the treatment (p > 0.05; Figure S3A). In contrast, Synechococcus populations showed significant differences between the fluid-enriched treatments and the control (p < 0.05; Figure S3B). Control populations increased until day 1 only, before decreasing. Population in the +7.3% fluid treatment followed the same kinetics as in the control, although the maximum abundance was two-fold higher (Table 2). Comparatively, Synechococcus grew in all other fluid-enriched treatments until day 2, reaching up to 8-fold higher maximum abundance as compared to the control. Synechococcus populations decreased in most minicosms during P2, even reaching a near-zero abundance in some treatments (p > 0.05; Figure S3B). Modest increases in abundance were observed for three of the seven fluid-enriched treatments between days 6 and 8. Only the +1.8% fluid treatment reached its maximum abundance in P2 (x3.7 relative to the control; Table 2).

Table 2 | Ratio of maximum relative changes in biomass of cyanobacteria populations in hydrothermal fluid-enriched treatments relative to the control.


[image: Table showing the abundance of cyanobacteria Prochlorococcus and Synechococcus at various treatment levels, ranging from 1.8% to 14.5%. Prochlorococcus values were stable, mostly falling between 0.7 and 2.0 on day two, while Synechococcus showed higher variability, reaching 7.5 on day two and 3.7 on day eight. Measurements were taken by flow cytometry.]



3.2.1.2 Non-cyanobacterial phytoplankton

Haptophyceae biomass (Bhapto) in the control increased throughout P1 (Figure 3A) before decreasing during P2. In comparison (p < 0.01), no increase in biomass was observed in the fluid-enriched treatments during P1, as Bhapto decreased (reaching ~0.004 µg L-1) relative to the initial biomass (0.01 µg L-1). During P2, Bhapto continued to increase until day 4, peaking at 0.035 µg L-1, before gradually decreasing (Figure 3A). Stagnant in P1, Bhapto in fluid-enriched treatments increased throughout P2, reaching values twice the one in the control (up to 0.1 µg L-1, p < 0.01). Diatom biomass (Bdia) remained stable in the control (~0.0031 µg L-1) within the first 24 h relative to the initial biomass (0.0025 µg L-1). It then doubled at the end of P1 (Figure 3B) and remained stable throughout P2 (~0.0025 µg L-1). Bdia in the fluid-enriched treatments remained stable during P1 at much lower values than those reached in the control (p < 0.002). It then increased from the start of P2 until day 6. Bdia then stabilized in most fluid-enriched treatments, except for the +5.5, +7.3 and +10.9% fluid treatments in which a significant increase was observed at the end of P2 (up to 0.043 µg L-1; p < 0.006 relative to the control). Dinoflagellate biomass (Bdino) in the control increased throughout P1, peaking at 0.046 µg L-1 before decreasing until the end of P2 (Figure 3C). The opposite was observed in the fluid-enriched treatments, displaying a decreasing trend (p < 0.001) during P1 (~0.001 µg L-1), which continued until day 4. It stabilized between 4 and 6 days before increasing significantly in the fluid-enriched minicosms until the end of P2 (p < 0.05 relative to control).

[image: Graphs labeled A, B, and C show biomass levels of Haptophyceae, Diatoms, and Dinoflagellates over ten days with different conditions. Biomass increases across all groups, with data represented by colored lines and symbols such as triangles and squares for various treatments, including control and percentage additions. Each graph uses micrograms per liter as the biomass measure.]
Figure 3 | Temporal dynamics of non-cyanobacterial phytoplankton biomass (µg L-1) for a gradient of fluid addition (in % of total minicosm volume). (A) haptophyceae (i.e., 19’-hexanoyloxyfucoxanthin), (B) diatoms (i.e., fucoxanthin) and (C) dinoflagellates (i.e., peridinin). Values measured for each pigment in the surface and fluid end-members are represented by an empty and a solid gray square, respectively. The red triangle represents the value measured in-situ above the sampled hydrothermal source at 5 m during the CTD casts of TONGA cruise.





3.2.2 Biological fluxes

Cumulative NCP increased during P1 similarly in all treatments (p > 0.08, Figure 4A). At the start of P2, a slight shift occurred: while control NCP continued to increase, NCP in fluid-enriched treatments stabilized until day 6 (except for the +14.5% fluid treatment; Figure 4A). Control NCP stabilized after 4 days, peaking at 19.8 µmol C L-1, before decreasing. In comparison, cumulative NCP in fluid-enriched treatments finally increased significantly at the end of P2, to higher levels than in the control (~30.6 µmol C L-1, p < 0.04). A strong positive correlation was observed between the maximum cumulative NCP reached for each treatment and the percentage of fluid enrichment (R² = 0.72, p < 0.05; Figure 4B).

[image: Three graphs labeled A, B, and C analyze net community production and nitrogen fixation. Graph A shows net community production over 9 days, increasing across multiple treatments. Graph B plots net community production against fluid percentage, with a positive correlation and R-squared value of 0.72. Graph C illustrates cumulative nitrogen fixation over 8 days, showing different treatment trends, all increasing with time.]
Figure 4 | Processes studied during the experiment. (A) cumulative 13C-net community production and (B) highest values of cumulative 13C-net community production obtained for each minicosm (i.e., day 6 for the control and day 9 for the fluid-enriched treatments) correlated with the percentage of hydrothermal fluid added. Net community production is shown in µmol C L-1 and was determined according to the 13C-labeling method described by de Kluijver et al. (2010). (C) Cumulative dinitrogen fixation (nmol N L-1).

Cumulative N2 fixation (Figure 4C) also increased in all minicosms during P1. It stabilized in the control at the end of P1 while it continued to increase, although less sharply, in the fluid-enriched treatments. Cumulative N2 fixation in the control remained stable during P2, peaking at 15 nmol N L-1 (Figure 4C). In comparison, N2 fixation continued to increase throughout P2 in the fluid-enriched treatments, reaching values 2.5-fold higher than the control. No significant correlation was found between the maximum cumulative N2 fixation reached for each treatment and the percentage of fluid added (R² = 0.019, p = 0.96).




3.2.3 Dissolved organic compounds



3.2.3.1 Thiols

Two types of thiol compounds were identified during the experiment: TA and GSH compounds. TA concentrations ([TA]) remained stable in the control during both P1 and P2 (~92.8 nmol L-1; Figure S4A). In contrast, [TA] increased at the start of P1 in all fluid-enriched treatments, reaching a maximum concentration 2.5- to 9.2-fold higher than in the control (p < 0.04; Table 3). However, no correlation between the percentage of fluid enrichment and [TA] increase was observed (R² = 0.41, p = 0.31). [TA] then decreased rapidly until the end of P2, reaching near-control levels. GSH concentrations ([GSH]) were null in all minicosms at the start of P1 (Figure S4B). They started to increase at P2, except for the +1.8% and the +9.1% fluid treatments, reaching concentrations 1.1 to 1.9-fold higher than in the control (Table 3).

Table 3 | Ratio of maximum relative changes in the concentrations of thiol compounds and fluorescent dissolved organic matter (FDOM) fluorophores in hydrothermal fluid-enriched treatments relative to control.
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3.2.3.2 Fluorescent dissolved organic matter

Three FDOM fluorophores were identified by the PARAFAC model: two protein-like fluorophores, i.e., tryptophan-like (TP; peaks T) and tyrosine-like (TY; peaks B), and one humic-like fluorophore (HS; peaks 1+C). These are the most prevalent FDOM fluorophores in the aquatic environment (Coble, 2007; Aiken, 2014). Below, fluorophore concentrations refer to their fluorescence intensities in QSU.

TP concentrations ([TP]) increased in all fluid-enriched treatments during P1 (Figure S5A), whereas [TP] remained stable in the control (p < 0.01). Only the +3.6% fluid treatment reached its maximum concentration during P1 which was lower than in the control (Table 3). [TP] slightly increased throughout P2 (Figure S5A), mainly in the fluid-enriched treatments, reaching maximum concentrations 1.3 to 3.3-fold higher than in the control (Table 3). A drastic increase of TY concentrations ([TY]) was observed in all minicosms during P1. Only [TY] in the control decreased after 24 h (Figure S5B). HS concentrations ([HS]) increased during the first 24 h in all minicosms before stabilizing until the end of P1 (Figure S5C, p > 0.05). [TY] and [HS] followed the same dynamics as [TP] during P2 (p < 0.03), reaching maximum concentrations 1.1 to 1.4 higher in the most enriched minicosms as compared to the control.






3.3 Trace metal and POC concentrations in exported material collected in particle traps throughout the experiment

The exported material from the control, +3.6% and +10.9% fluid treatments showed similar Fe concentrations ([Fe]; ~3.67 mg g-1; Figure 5A). [Fe] from other fluid-enriched treatments doubled relative to the control. The highest [Fe] (x4 relative to the control) was observed in the most fluid-enriched treatment. Nevertheless, no significant correlation was found between the exported [Fe] and the percentage of fluid added (R² = 0.24, p = 0.57). High concentration of Cu ([Cu]) were exported in the most fluid-enriched treatments relative to the control (x2.4; Figure 5B). However, low [Cu] was exported in the +5.5% and +9.1% fluid treatments relative to the large volume of fluid added. Nevertheless, a positive relationship between the [Cu] exported and the percentage of fluid added was observed (R² = 0.6, p = 0.03). POC concentrations ([POC]) exported in the fluid-enriched treatments were higher than the control (x1.4), except for the +3.6% fluid treatment that exported lower [POC] (Figure 5C). The highest [POC] (x2 relative to the control) were exported in the least fluid-enriched treatment. No correlation between the [POC] and the percentage of fluid added was found (R² = 0.27, p = 0.52).
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Figure 5 | Concentration of metals and carbon per g of collected matter in traps at the end of the experiment for (A) iron (mg g-1), (B) copper (µg g-1) and (C) particulate organic carbon (mg g-1) as a function of treatment (+0 to +14.5% hydrothermal fluid added). The green dotted line represents the regression line and its coefficient (R²).





4 Discussion

Our primary concern was whether the dynamics observed for the major phytoplankton groups and thiols were a consequence of the biological response to the addition of hydrothermal fluids or a dilution effect following the mixing of the two end-members. Theoretical dilution lines were thus calculated for each treatment and compared to the measured values of the parameters at 12 h (Figure S6). For the cyanobacteria biomass, the measured values were always higher (~0.08 µg L-1) compared to theoretical values (~0.05 µg L-1), indicating that cyanobacteria developed rapidly after mixing. In comparison, measured values of Bhapto (~0.004 µg L-1) and Bdiato (~0.001 µg L-1) were lower than theoretical values (~0.01 µg L-1 and ~0.003 µg L-1, respectively) in the fluid-enriched treatments, showing a decline of both after mixing. The opposite was observed in the control (i.e., higher measured than theoretical values). Regarding thiols, while measured and theoretical [TA] of the control matched perfectly, [TA] measured in fluid-enriched treatments were up to 8 times higher than theoretical [TA]. This evidence shows that the dynamics observed during the first 12 h after mixing were rather a biological response to hydrothermal fluid enrichment than a simple dilution effect.



4.1 Primary effect of fluids

In the control minicosm, a small increase of biomass associated with picocyanobacteria, haptophyceae, diatoms and dinoflagellates was observed during P1. This increase lasted for only two days, probably due to nutrient limitation, especially in nitrate (< 0.1 µmol L-1, Figure S7; Bonnet et al., in rev.). The biomass associated with those groups then decreased rapidly until the end of the experiment. Nevertheless, this brief development at the start of the experiment resulted in fairly significant cumulative NCP and POC export into the traps. In contrast, N2 fixation rates remained stable during this period in the control, and throughout the experiment.

Large differences were observed between the control and fluid-enriched treatments regarding community composition, plankton abundance and biological fluxes. Indeed, at the start of P1, only picocyanobacteria (mainly Synechococcus) developed after the mixing and at much higher abundances than in the control. Yet, the fluids provided a small amount of macronutrients that could have supported the growth of phytoplankton (+0.04-0.28 and +0.003-0.023 µmol L-1 of [image: NO subscript 3, representing the chemical formula for nitrate.] and [image: Chemical formula showing phosphate ion, denoted as PO₄ with a charge of 3-.]  added by fluids, respectively, relative to the control; Bonnet et al., in rev.). Furthermore, active diazotrophs also likely provided new N sources to the system. Compared to the control, the large non-cyanobacterial species did not develop during P1 and dinoflagellate mortality (i.e., decreased abundance) was even observed. One possible hypothesis is that the observed patterns were the result of an initial toxicity of some elements supplied by the fluids. Such an effect would have decreased after 4 days of experiment, as species whose growth was stagnant finally started to grow. This implies that the studied waters had likely been detoxified, consistent with the dynamics of thiols at P1, as these compounds have been reported to selectively complex certain toxic trace metals (Grill et al., 1989; Ahner and Morel, 1995; Zenk, 1996). This mechanism will be explored in the following section.




4.2 Detoxification of the environment and candidate toxic elements

Environmental detoxification may occur through the excretion of metal-binding ligands by communities (e.g., Leal et al., 1999; Morel and Price, 2003; Dupont and Ahner, 2005; Hoffmann et al., 2012). Two types of organic ligands capable of detoxifying the environment were measured during the experiment: FDOM, protein- and humic-like fluorophores, and thiols, a pool of non-fluorescent matter (Chen et al., 2013). In this section, an in-depth exploration of thiol implication in environmental detoxification will be conducted. FDOM fluorophores will be discussed in accordance with their role as strong Cu ligands (Wong et al., 2019).

Thiol production by phytoplankton is triggered by the presence of various trace metals such as Cd, Cu, Hg, Pb and Zn (Grill et al., 1989; Ahner and Morel, 1995; Zenk, 1996). These metals, essential (Cu, Zn) or not (Cd, Hg, Pb), can cause numerous deleterious effects on communities at various concentrations (e.g., Sunda and Huntsman, 1998; Echeveste et al., 2012; Le Faucheur et al., 2014). During our experiment, communities immediately responded to fluid addition through striking thiol production (i.e., up to +823% [TA] relative to control produced during the 12 h after the mixing). Two types of thiol compounds were detected: TA and GSH. TA is actively exuded by phytoplankton (Leal et al., 1999) and precipitates trace metals, rendering them non-bioavailable to communities (Gharabaghi et al., 2012). GSH is the most common thiol ligand in surface waters (Le Gall and Van Den Berg, 1998; Leal et al., 1999; Tang et al., 2000) and is a precursor of phytochelatins (PC; Grill et al., 1989), a polypeptide that forms complexes with trace metals ultimately transported and degraded in the vacuole and/or chloroplasts (Cobbett, 2000; Worms et al., 2006). Thus, the decrease in [GSH] to near-zero levels reflects a high PC production (Romano et al., 2017). Previous studies reported that GSH levels in the presence of high metal concentrations could reach undetectable levels within a few hours (2-4 h; Scheller et al., 1987; Coppellotti, 1989; De Vos et al., 1992; Rijstenbil et al., 1994; Satoh et al., 1999), in agreement with the levels observed in minicosms 12 h after the mixing (< DL). After the probable environmental detoxification, [GSH] accumulated in minicosms. This result was expected as GSH also plays a homeostasis and environmental sensing role in phytoplankton (May et al., 1998; Noctor et al., 1998). Thus, these two thiol compounds had a key role in mitigating the deleterious effects of toxic trace metals added to the environment by fluids (Figure 6). The possible trace metals released by hydrothermal fluids will be explored in this section in accordance with their ability to trigger thiol production (i.e., Cd ≥ Cu > Pb > Hg; Grill et al., 1989; Ahner and Morel, 1995).
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Figure 6 | Summary diagram. (1) in blue, the ratio of thioacetamide-like compound concentrations measured 12 h after the mixing versus at the end of the experiment (D0.5:D9) and, (2) in black, the ratio of cumulative 13C-net community production rates measured at the end versus at the start of experiment (D9:D0.5). Treatments were grouped: no addition (0, control), low (+1.8-5.5%), medium (+7.3-9.1%) and high (+10.9-14.5%) fluid addition. Asterisks represent the significance of each group relative to control (unpaired Student test, p < 0.01).



4.2.1 Cadmium

Cd has been reported as the most effective trigger of thiol production in most phytoplankton species (Ahner and Morel, 1995; Dupont and Ahner, 2005; Romano et al., 2017; Permana and Akbarsyah, 2021). Consistently, elevated concentrations of particulate Cd were measured in the fluid end-member relative to the surface end-member (x11.5; Table S2) suggesting that fluid addition supplied high Cd levels. This raises the possibility that Cd played a role in the preliminary toxicity induced by shallow hydrothermal fluid addition.




4.2.2 Copper

Cu has been reported to trigger significant phytoplankton production of thiols, both TA and GSH, their presence allowing for rapid and efficient detoxification of the environment (De Vos et al., 1992; Leal et al., 1999; Brown and Gordon, 2001; Dupont and Ahner, 2005). Although total dissolved Cu (DCu) concentrations were similar in fluid and surface end-members (~250 pmol L-1), DCu toxicity depends solely on the concentration of the free Cu2+ form (not measured during TONGA), the only toxic form of DCu and also the most bioavailable (Brand et al., 1986; Ahner et al., 1994; Sunda, 1994; Ahner et al., 1998). Interestingly, shallow hydrothermal sources have been reported to release high concentrations of labile material, including Cu2+ (Valsami-Jones et al., 2005; Hawkes et al., 2014), suggesting that a significant portion of the DCu measured in the fluid end-member may be in the ionic form. Thus, the low concentration of DCu present in the fluid could still be extremely toxic to communities, as Cu2+ concentrations as low as 2.3 pmol L-1 have been reported to be toxic to some species (Leal et al., 1999; Mann et al., 2002). In contrast, an 82-fold enrichment of particulate Cu (pCu) in the fluid end-member relative to the surface end-member was measured (Table S2). A relationship between the percentage of fluid addition and the concentration of exported pCu (Figure 5) was also found. This pCu was probably a mixture between fluid-added hydrothermal particles and Cu-TA compounds (i.e., complexed thiols). However, based on pCu concentrations added by fluid and surface end-members (see Text S5 for further details), it can be stated that not all of the added pCu was recovered in the material exported in fluid-enriched treatments (~28-72% recovered depending on the fluid addition), in contrast to the control (101% pCu recovered). This could be explained by a possible redissolution of hydrothermal particles at the start of the experiment (favored by the low pH; Figure S1; Ain Zainuddin et al., 2019) or by the presence/formation of fine particles that may be slow to settle. This is likely as most hydrothermal particles have been reported to have a small diameter (< 2 µm; Walker and Baker, 1988) and Lou et al. (2020) demonstrated that particles smaller than 20 µm were involved in the long-distance transport of the plume (and thus have a lower sedimentation rate). Furthermore, a high FDOM production was observed in the fluid-enriched treatments with significant increases in the concentrations of protein- and humic-like fluorophores during the experiment (Table 3). Besides thiols compounds, protein- and humic-like fluorophores have been clearly identified as organic ligands that present binding affinities with trace metals, particularly Cu2+ (Mounier et al., 2011; Chen et al., 2013). A recent study also showed a strong correlation between FDOM production, Cu2+ concentrations and L1-class ligands in marine waters (Wong et al., 2019). All these observations suggest a release of protein-like FDOM by phytoplankton in response to Cu toxicity (Corbett, 2007; Wong et al., 2019). Thus, Cu may play an important role in the toxicity induced by fluid addition at the start of the experiment.




4.2.3 Lead

Pb is a known trigger for thiol production by phytoplankton, although less effective (Ahner and Morel, 1995). This element may have had a toxic effect on communities subjected to fluid enrichment at the start of the experiment, as particulate Pb was 91 times enriched in the fluid end-member relative to the surface end-member (Table S2).




4.2.4 Mercury

Hg has been reported as being one of the less effective triggers of thiol production by phytoplankton in response to toxic environments (Satoh et al., 2002; Wu and Wang, 2012). Despite such a fact, total Hg (THg) concentrations in the fluid end-member were 10 times higher than in the surface end-member (Table S2, Desgranges, pers. comm., 2022). THg was present primarily as elemental Hg (i.e., in gaseous form; Desgranges, pers. comm., 2022) that can (1) degas to the atmosphere and/or (2) be oxidized to Hg2+ reported to be extremely toxic to phytoplankton (Wu and Wang, 2011). Even if it is impossible to conclude which Hg form predominates in fluid-enriched treatments, high concentrations of Hg2+ could be toxic, or even lethal, to communities.

Other thiol-complexed trace metals, such as Zn or nickel, were not exported in significant amounts in traps relative to the control. It is therefore unlikely that these elements played a significant role in the biological dynamics observed during P1. Thus, the high production of thiols in response to the hydrothermal fluid addition is coherent and could be triggered by the presence of a cocktail of several toxic elements such as Cu, Hg, Pb and possibly Cd.





4.3 The most probable producers of thiol ligands

The question of which players produce thiols capable of detoxifying the environment is relevant. In the present experiment, picocyanobacteria could be the potential thiol producers (Moffett et al., 1990; Moffett and Brand, 1996; Croot et al., 2000). In fact, the first organisms to grow were picocyanobacteria such as Synechococcus and Prochlorococcus to a lesser extent, consistent with the striking increase of thiols that occurred 12 h after the mixing (Table 3). In line with these observations, Prochlorococcus has been reported to be more sensitive to trace metal addition than Synechococcus (Mann et al., 2002). However, Synechococcus has previously been reported as one of the most sensitive species to trace metal addition due to its large surface-to-volume ratio (Quigg et al., 2006). This was not observed in this experiment, as in several other studies, where Synechococcus was the most resistant species to trace metal addition while eukaryotic species were the most sensitive (Joux-Arab et al., 2000; Stauber and Davies, 2000; Le Jeune et al., 2006; Levy et al., 2007). Numerous studies have demonstrated the existence of Synechococcus ecotypes adapted to toxic trace metal concentrations, either genetically or physiologically (Huckle et al., 1993; Mann et al., 2002; Palenik et al., 2006; Stuart et al., 2009; Stuart et al., 2013). These ecotypes are primarily from environments where trace metal concentrations may be chronically high, such as coastal waters or near hydrothermal vents, and are adapted to a fast-changing environment (Mann et al., 2002; Stuart et al., 2009). They may also be related to their previous exposure to trace metals (Levy et al., 2007). Low abundance of cyanobacteria was measured in the fluid end-member (0.0035 µg L-1). It is therefore possible that the thiol-producing Synechococcus adapted ecotypes found in fluid-enriched treatments originated from the environment near the shallow hydrothermal source and allowed for environmental detoxification. Molecular analyses would be necessary to confirm such a hypothesis. For all these reasons, it is very likely that Synechococcus, known to produce strong binding ligands, including thiols (Moffett et al., 1990; Moffett and Brand, 1996; Croot et al., 2000), was the major producer of these ligands that were needed to inhibit toxicity of ionic trace metal, allowing other species to grow. Moreover, Brand et al. (1986) demonstrated that Synechococcus growth rates subjected to high concentrations of Cu or Cd were inhibited in the absence of strong chelators.

Based on our experimental data, the largest non-cyanobacterial species (haptophyceae, diatoms and dinoflagellates) were probably not the major thiol producers, especially since eukaryotes have been reported to have more affinity for thiols-Cu complexes, in contrast to prokaryotes (Walsh et al., 2015) and to produce weaker ligands (Croot et al., 2000). Indeed, diatoms and haptophyceae only developed 2 and 4 days after the mixing, respectively, not coinciding with the thiol peaks measured 12 h after mixing. However, it is interesting to note that diatoms – known to be more tolerant to the addition of certain trace metals, such as Cu (Croot et al., 2000) – were the first to develop after environmental detoxification. Dinoflagellate mortality (i.e., decrease in biomass) was observed from the start of the experiment, rendering these species poor candidates for strong ligand production. This result is not surprising as dinoflagellates are known to be very sensitive to Cu, even at low concentrations, and to other trace metals (Anderson and Morel, 1978; Brand et al., 1986; Taylor, 1987; Lage et al., 2001). Encystment strategies have been developed by dinoflagellates to protect themselves from a harmful environment (Anderson and Morel, 1978; Pinto et al., 2003), allowing the persistence of plasma membrane and chlorophyll integrity (Lage et al., 2001). Recovery from trace metal exposure has been observed for numerous dinoflagellates species within 24 to 96 h after exposure (Lage et al., 1994; Okamoto et al., 1999). This excystation process may explain the delayed growth of dinoflagellates (6 days after the mixing) relative to other species.

Abiotic factors such as pH and temperature and biotic factors such as uptake pathways and internal detoxification processes can influence trace metal tolerance. When mixing the two end-members, addition of one (or a cocktail of) trace metal(s) and H2S-rich, low-pH and oxygen-poor fluid (Tilliette et al., 2022) temporarily altered the surface water chemistry and may have exacerbated the toxic effect of fluid addition. Nevertheless, due to the significant production of thiols by picocyanobacteria, especially by resistant Synechococcus ecotypes, potential toxic elements supplied by hydrothermal fluids have been modified into less harmful forms. This environmental detoxification allowed the larger species to grow and a late positive effect proportional to the fluid addition could be observed at the end of the experiment (see the following section).




4.4 Fertilizing effect of fluid addition and comparison with in situ data

As discussed above, the addition of hydrothermal fluids to surface waters first inhibited biological activity until the fluid chemistry was modified by the production of thiols making the mixed water less harmful or even fertilizing (Figure 6). Indeed, growth of non-cyanobacterial species was observed 4 days after the mixing, resulting in enhanced cumulative NCP rates (up to x3.3 relative to the control) at the end of the experiment. Moreover, an increasing fertilizing effect depending on the addition of hydrothermal fluid was observed, as the maximum cumulative NCP values were proportional to the percentage of fluid added (Figure 4B). This positive effect was also observed for N2 fixation, which was up to 2.5-fold higher in fluid-enriched treatments relative to the control. Consequently, an increase of POC export was measured in the fluid-enriched treatments (x1.4 on average and up to x2.2 relative to the control). Such a positive effect on NCP and N2 fixation is likely due to the introduction of high concentrations of fertilizing elements, such as Fe, along with rather low concentrations of macronutrients, so the system was likely still nitrate-limited. During the TONGA cruise (Guieu and Bonnet, 2019), the same stocks and fluxes studied in the minicosms were measured in-situ along a 6100-km transect through the Tonga volcanic arc. Cruise results show that N2 fixation rates were the highest above hydrothermal sources and primarily supported by large (> 10 µm) species such as Trichodesmium (Bonnet et al., in rev.). In contrast, in-situ primary production was high a few kilometers from the source, but lower just above it (Bonnet, unpublished), likely reflecting the toxic effect of fluids evidenced during our experiment.

Fe is an essential element for phytoplankton growth and metabolism (Behrenfeld and Milligan, 2013). It is a known fertilizing element for all phytoplankton species, having a direct influence on photosynthesis (Sunda and Huntsman, 1995) and thus an important role in carbon export and sequestration in the ocean interior (Martin, 1990; Pollard et al., 2007). Fe is also often a limiting element for diazotrophs, as in addition to photosynthesis, the N2 fixation process also requires high Fe amounts (Raven, 1988). During the experiment, hydrothermal fluids supplied high Fe concentrations, both in particulate and dissolved forms (Figure 4). Indeed, a 772- and 16-fold enrichment of particulate (Table S2) and dissolved Fe, respectively, could be observed in the fluid end-member relative to the surface end-member. These high DFe concentrations introduced by the fluid end-member ([DFe] = 15.8 nmol L-1) were likely responsible for the high N2 fixation and NCP rates measured in the fluid-enriched treatments. This was confirmed (see Text S6) by the higher Fe uptake rates of picocyanobacteria (mainly Synechococcus and bacteria), that consumed up to 16% of the total minicosm DFe stock over the course of the experiment, relative to non-cyanobacterial species, that consumed up to 8% of the total stock, in agreement with the uptake rates measured by Lory et al. (2022) during the TONGA cruise (~4-11 pmol Fe L-1 d-1). Interestingly, consistent with these uptake rates, the DFe dynamics observed during the experiment were primarily driven by precipitation. This process can easily be explained by the presence of high H2S concentrations in the fluid (Tilliette et al., 2022) and the gradual increase in pH, which was significantly decreased at the start of the experiment through the low pH fluid addition (pH of 6.5; Figure S1). Estimated precipitation rates in fluid-enriched treatments (66 ± 7%) were similar to those estimated in-situ above the shallow hydrothermal source (62-86%; Tilliette et al., 2022). As for Cu, only a small proportion of the particulate Fe was recovered in traps (< 10%), probably due to the small particle size that did not allow them to be exported.

The growth of the large non-cyanobacterial species occurred at days 2-4, when phosphate and nitrate concentrations were nearly depleted (Bonnet et al., in rev.; Figure S4). Nitrogen was made available to non-diazotrophic phytoplankton through N2 fixation and the use of rather abundant DOP (~0.2 µmol L-1 after 4 days, data not shown) as an alternative P-source may have allowed their growth. Indeed, microbial utilization of DOP through alkaline phosphatase activity can be Fe-limited (Browning et al., 2017) and the alleviation of Fe stress leads to DOP loss (likely as a consequence of enhance uptake) under low phosphate availability at the global scale (Fernández-Juárez et al., 2019; Liang et al., 2022). Thus, the introduction of high concentrations of DFe by the fluid end-member mitigated the Fe limitation of surface end-member waters. This DFe fertilization by fluids is of great importance as diazotrophs can exploit these high concentrations to build biomass, as long as phosphate concentrations are sufficient or if these organisms also use DOP (Dyhrman et al., 2006; Dyhrman and Haley, 2006). The fluid addition also allowed an important enrichment in Al (x27.5 of particulate Al relative to control; Table S2). Interestingly, Al has been reported to promote Fe uptake (Shaked et al., 2005; Mujika et al., 2011; Ruipérez et al., 2012), DOP utilization and N2 fixation (Liu et al., 2018) and may explain, in addition to DFe availability, the fertilizing effects observed on phytoplankton communities over half of the experiment. Subsequent nitrogen provision by these organisms in this N-poor environment likely allowed the development of larger non-diazotroph species (i.e., haptophyceae, diatoms and dinoflagellates), which in turn likely also explains the observed significant impact on primary production (Berthelot et al., 2016). Hydrothermal fluid-induced DFe fertilization, which resulted in higher primary production rates and POC export, indicated that such fertilization has a positive impact on the biological carbon pump, in line with in-situ results obtained during the TONGA cruise (Bonnet et al., in rev.). It should be noted that the experiment had to be stopped for logistic reasons, during the exponential phase of non-cyanobacterial species. Thus, POC export was likely supported by diazotrophs, as observed in-situ (Bonnet et al., 2023), and cyanobacteria, as larger non-diazotroph phytoplankton developed belatedly and were still in exponential phase when the experiment was stopped. This suggests that the effect of fluids on POC export was likely underestimated in our experiment due to the limited incubation time considered.





5 Conclusion

This nine-day experiment demonstrates that, although hydrothermal fluids triggered an initial toxic effect on phytoplankton communities, these hydrothermal inputs ultimately stimulated NCP, N2 fixation and POC export, in line with in-situ observations. This fertilizing effect occurred notably through rapid detoxification of the potentially toxic trace metal-rich environment (a cocktail of trace metals such as Cu, Cd, Hg and Pb) by Synechococcus ecotypes, which are capable of producing organic ligands, such as thiols (TA- and GSH-like compounds) and FDOM (protein-like fluorophores). These ligands have been reported to significantly reduce the bioavailability of harmful elements to the planktonic communities and have probably allowed the environment to become suitable for the development of more sensitive communities (i.e., eukaryotes). Thus, species stressed by high concentrations of trace metals (haptophyceae, diatoms and dinoflagellates) were able to increase their growth rates, which were further enhanced by the supply of essential and fertilizing elements, especially Fe, by hydrothermal fluids (Figure 7). The experimental results are consistent with the in-situ observations performed during the TONGA expedition in the region impacted by hydrothermal fluids. They confirm the causal link between the supply of hydrothermal fluids into the photic layer, the intense biological productivity and the high rates of diazotrophy. This study highlights the implication of shallow hydrothermal systems as a trigger for high biological productivity in oligotrophic ocean areas. Such sources may be widespread in the global ocean and may have a significant impact on the functioning and effectiveness of the biological carbon pump.
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Figure 7 | Conceptual diagram of the stepwise biological responses of natural phytoplankton communities to hydrothermal fluid addition during the nine-day experiment. Briefly, the following points can be observed: (1) the dominance of picocyanobacteria and diazotrophs at the start of the experiment due to the toxicity of the metals supplied by the hydrothermal fluid, (2) the production of organic ligands by Synechococcus, in particular thiols and FDOM, within 0.5 to 2 days after the fluid addition, (3) the development of eukaryotic phytoplankton following environmental detoxification, leading to high primary production and (4) the exponential growth of these eukaryotes until the end of the experiment. The schematic legend is represented in a grey frame. Cu, copper; Fe, iron; TA-like compounds, thioacetamide-like compounds; GSH-like compounds, glutathione-like compounds; FDOM, fluorescent dissolved organic matter; PP, primary production.

This study revealed some shortcomings that need to be addressed in future experiments. Additional analyses of trace metal ionic concentrations in fluids from hydrothermal sources of the Tonga-Kermadec arc would have helped confirm the level of toxicity of metals triggering the production of thiols. A precise measurement of the dynamics of ionic forms of trace metals and their ligands during the experiment could be of great interest to better understand environmental detoxification. It would also be possible to repeat this experiment but over a longer time period to accurately estimate the effect of fluids on material export. Molecular analyses could also validate the hypothesis of the presence of resistant thiol-producing ecotypes of Synechococcus in hydrothermal fluids.
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The high N2 fixation rate observed in the Lau Basin of the western tropical South Pacific Ocean (WTSP) is fueled by iron (Fe) released from shallow hydrothermal systems. Understanding Fe bioavailability is crucial but the controls on the stability and bioavailability of hydrothermal Fe inputs are still poorly understood. Here, we provide new data on the spatial and vertical distribution of the soluble ubiquitous humic-like ligands (LFeHS) and their associated dissolved Fe (DFe) in the WTSP, including in samples near hydrothermal vents. Our data show that LFeHS are heterogenous ligands with binding sites of both strong and intermediate strengths. These ligands are primarily produced in surface waters and partially mineralized in mesopelagic waters. A substantial fraction of DFe was complexed by LFeHS (mean ~30%). The DFe complexed by LFeHS is likely bioavailable to phytoplankton and LFeHS stabilized Fe released by the mineralization of sinking biomass. However, unsaturation of LFeHS by Fe suggest that part of DFe is not available for complexation with LFeHS. Possible reasons are competition between DFe and other metals, such as dissolved copper, or the inability of LFeHS to access colloidal DFe. The study of two volcanic sites indicates that LFeHS were not produced in these hydrothermal systems. At the active site (DFe ~50 nmol L-1), LFeHS can only partially solubilize the hydrothermal DFe released in this area (1~5.5% of the total DFe). We performed controlled laboratory experiments which show that the observed low solubilization yield result from the inability of LFeHS to solubilize aged Fe oxyhydroxides (FeOx - a kinetically mediated process) and to form stable complexes with Fe(II) species. Our study provides new understanding of the role of LFeHS on the bioavailability and stabilization of hydrothermal DFe.
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1 Introduction

Iron (Fe) bioavailability is crucial for marine life and across a large part of the ocean, primary producers are Fe limited or co-limited (Moore et al., 2013). In seawater, dissolved Fe (DFe) geochemistry is governed by complex redox chemistry limiting the solubility of inorganic DFe at subnanomolar levels (e.g., Sung and Morgan, 1980; Millero et al., 1987; Martin and Fitzwater, 1988; Martin and Gordon, 1988; Martin et al., 1989; Martin et al., 1991; Byrne et al., 2000; Rose and Waite, 2003a; Santana-Casiano et al., 2005; Croot and Heller, 2012). Large-scale measurements of oceanic DFe concentrations conducted in the context of the GEOTRACES program (Schlitzer et al., 2018) evidenced that DFe can be found at higher concentrations than the subnanomolar solubility limit predicted by Liu and Millero (2002). These observations indicate that other processes are involved in controlling Fe solubility in the dissolved phase: organic complexation and colloidal precipitation. Colloidal DFe (0.02 µm< cFe< 0.450 µM) represents a significant fraction (up to > 50%) of oceanic total DFe and has a pivotal role in DFe dynamics (Nishioka et al., 2001; Wu et al., 2001; Boye et al., 2010; Fitzsimmons and Boyle, 2014; Kunde et al., 2019). Chelation with organic ligands enhances Fe solubility and almost all DFe is thought to be complexed by natural ligands in seawater (Gledhill and van den Berg, 1994; Rue and Bruland, 1995; van den Berg, 1995; Wu and Luther, 1995) including in the colloidal phase (Boye et al., 2010; Fitzsimmons et al., 2015). The sources, distributions, chemical functions and reactivity of these ligands need to be assessed to improve our understanding of DFe biogeochemistry (Macrellis et al., 2001; Hunter and Boyd, 2007; Benner, 2011; Gledhill and Buck, 2012; Bundy et al., 2015; Hassler et al., 2017). Organic iron-binding ligands (LFe) are themselves part of the dissolved organic carbon (DOC) pool, the largest organic carbon pool in the ocean (Guo et al., 1995), but the wide variety of ligand types is a barrier for detailed characterization of these organic compounds. Discrimination of ligand classes using cathodic stripping voltammetry with competing ligand exchange (CLE-CSV) is the most commonly used method to quantify LFe (Gledhill and Buck, 2012). CLE-CSV methods permit an operational classification of ligands depending on their binding strength. According to the Gledhill and Buck (2012) classification, there are the strong (L1, log KFe’L1 > 12), the intermediate (L2, 11 ≤ log KFe’L2 ≤ 12) and the weak classes (L3, log KFe’L3< 11). Another weaker class (L4 log KFe’L3< 10) can even be introduced for LFe of very low strength. Nevertheless, CLE-CSV have methodological caveats (Gerringa et al., 2021) and the presence of non-labile DFe species for complexation with the competing ligand can lead to over- and underestimations of LFe. Futhermore, relying solely on Log KFe’L for the classification of LFe may yield inaccurate results due to the heterogeneity of ligand binding sites. It may be more relevant to consider reactivity coefficients (αFeL(Fe′)= log KFe’L *.LFe′), as suggested by Gledhill and Gerringa (2017). Reactivity coefficients express the probability that any added metal will be complexed by the ambient free ligands. Advances in mass spectrometry open perspectives for the study of siderophores, a class of strong ligands (Gledhill, 2001; McCormack et al., 2003; Mawji et al., 2008; Boiteau and Repeta, 2015). Environmental studies have shown that siderophore compounds are present at picomolar levels in seawater (Bundy et al., 2018; Hawco et al., 2021), far lower than nanomolar ambient LFe concentrations recorded in seawater (Buck et al., 2018). Thereby, efforts must be conducted to study other ligand types such as polyphenol compounds, extracellular polymeric substances (EPS) and humic substances (HS). In this work we will focus on the role of HS in the stabilization and bioavailability of DFe.

Maillard (1912) described the chemistry of HS for the first time, and this terminology encompasses several definitions, depending on the type of measurement applied to the particulate or dissolved fraction (Davies and Ghabbour, 2003; Riso et al., 2021). HS can be operationally separated into their soluble (fulvic acids) and insoluble (humic acids) parts under acidic conditions (MacCarthy et al., 1979; Thurman and Malcolm, 1981; De Paolis and Kukkonen, 1997). Marine HS are believed to originate from the decomposition of (macro)biomolecules (derived from phytoplankton) microbially-degraded in the ocean interior (Hedges et al., 1992; Tranvik, 1993; Hertkorn et al., 2006). The importance of HS in the stabilization of trace metals in the dissolved phase is known since the early 80’s (Boggs et al., 1985) but the difficulties to isolate HS from seawater prevented the study of these compounds and their interactions with Fe for decades.

Recent studies demonstrate the ubiquity of HS in the ocean accounting for more than half of the DOC oceanic concentrations (Zigah et al., 2017; Fourrier et al., 2022). Among the different compounds contributing to HS, some are “electroactive” (called eHS) and able to complex trace elements. The electroactivity is a property of HS measurable by electrochemical methods (Whitby and van den Berg, 2015; Dulaquais et al., 2018a; Sukekava et al., 2018). Electroactivity of HS is representative of the density of the functional groups involved in metal complexation. For Fe and other metals such as copper (Cu), the latter seem to be oxygen-containing functional groups such as carboxyl and phenol moieties (Blazevic et al., 2016). Electroactivity can be converted into concentration of iron-binding ligand of humic nature (LFeHS) providing a quantification of this ligand class. Field measurements show that electroactivity strongly decreases from fresh to marine waters (Riso et al., 2021) and from subsurface to deep waters in the ocean (Dulaquais et al., 2018a; Fourrier et al., 2022). In situ experiments conducted by Whitby et al. (2020a) showed that microbial degradation results in a release of eHS, but at high POC degradation rate, there was also concurrent eHS removal. As a result, the impacts of biogeochemical processes (e.g. mineralization, photobleaching) on this property (e.g. electroactivity) remain unclear. In regard to CLE-CSV data, LFeHS are mainly assigned to the intermediate class of ligand (e.g. L2; Laglera and van den Berg, 2009; Gledhill and Buck, 2012) but this complex mixture possibly includes components of other classes (Perdue and Lytle, 1983; Laglera et al., 2019; Gledhill et al., 2022). Field observations (Buck et al., 2018) and numerical simulations (Misumi et al., 2013) suggest that L2 type ligands regulate the DFe distribution as well as its residence time in the deep ocean (Hunter and Boyd, 2007). Interactions between Fe and LFeHS were previously investigated by measuring both parameters independently (Laglera and van den Berg, 2009; Batchelli et al., 2010; Bundy et al., 2014; Bundy et al., 2015; Krachler et al., 2015; Slagter et al., 2017; Dulaquais et al., 2018a) raising ever more questions on the links between the biogeochemistry of both parameters. Considering the occurrence of LFeHS throughout the water column (Dulaquais et al., 2018a; Laglera et al., 2019; Whitby et al., 2020b; Fourrier et al., 2022), the role of LFeHS in the Fe marine biogeochemistry needs to be further considered.

Thanks to the optimization of electrochemical methods, there is now the possibility to quantify the effective amount of Fe complexed by LFeHS (DFe-HS) in a natural sample (Sukekava et al., 2018). The first application of this methodology on samples from the Arctic Ocean evidenced that DFe-HS represents ~80% of total DFe in this basin impacted by riverine inputs (Laglera et al., 2019). This has large implications for our understanding of DFe export from the surface Arctic to the deep Atlantic and encourages the scientific community to extend these kinds of measurements to other oceanic basins submitted to different forcing. Indeed, to confirm the importance of LFeHS in Fe biogeochemistry, we need new data from contrasting environments such as deep environments where data are still scarce (Whitby et al., 2020b). In particular, studies of hydrothermal systems – that provide a large amount of DFe to the deep ocean (e.g. Tagliabue et al., 2010; Resing et al., 2015) – have so far not established a link between LFeHS and DFe. In these extreme environments with low pH and low O2, a significant large fraction of DFe can can exist in its reduced form as Fe(II) (González-Santana et al., 2021; González-Santana et al., 2023). It has been observed that humic type DOM catalyse the oxidation of Fe(II) (Santana-Casiano et al., 2022) and that some polyphenols reduce Fe(III) into Fe(II) (González et al., 2019; Pérez-Almeida et al., 2022). However, the capacity of LFeHS to form stable complexes with Fe(II) in marine waters remains poorly explored.

In this context, we explored the spatial distributions of LFeHS and DFe-HS in the oligotrophic waters of the Western Tropical South Pacific Ocean (WTSP). With the aim to shed light on the role of LFeHS in the stabilization of hydrothermal DFe, samples were collected along a 6100 km transect partly impacted by shallow hydrothermal vents (TONGA GEOTRACES GPr14 expedition; https://doi.org/10.17600/18000884). As Fe oxyhydroxides (FeOx) can be massively released by hydrothermal systems and can persist under colloidal form in the distal plume (Fitzsimmons et al., 2017; Lough et al., 2019), we conducted complementary kinetic experiments to shed light on the capacity of LFeHS to solubilize FeOx in seawater.




2 Materials and methods



2.1 Sampling strategy and collection of samples

Samples were collected during the TONGA GEOTRACES GPpr14 expedition onboard the R/V L’Atalante in November 2019 (20°S – 24°S; -166°W – 165°W). This 6100 km-long transect encountered three biogeochemical zones (Figure 1). As described in Tilliette et al. (2022), two types of stations were sampled during the expedition: eight short-duration stations (SD 2, 3, 4, 6, 7, 8, 11, and 12) and two long-duration stations (LD 5 and 10), the latter two dedicated to the study of the dispersion of hydrothermal fluids. These two LD stations included 5 (for LD 5) and 4 (for LD 10) subcasts, named from T5 to T1, with T5 being the closest to the hydrothermal source. Hydrothermal sources were detected from the acoustic anomalies (Bonnet et al., 2023) using a multibeam echosounder (hull-mounted EM-710 echosounder of R/V L’Atalante), operating at a frequency of 70–100 kHz for depths shallower than 1000 m. As described in Tilliette et al. (2022), the T5 substations were positioned where the highest acoustic anomalies were recorded at 200 and 300 m for LD 5 and 10, respectively. At both LD 5 and 10, the other substations (T1, T2, T3, T4 for LD 5 and T1, T2, T3 for LD 10) were positioned west of “T5” according to the main surface current direction in order to investigate the longitudinal impact of hydrothermal fluids released from T5 (see Supporting informations in Tilliette et al., 2022 for further details of positions). At LD 10, an additional substation called “Proxnov” (i.e., Metis Shoal; 19.18°S, 174.87°W) located further north of this site (15 km from LD 10-T5) was sampled to capture the eruption of the Late’iki submarine volcano that occurred one month prior to the expedition (Plank et al., 2020).

[image: Map and graph analyzing oceanographic data. Panel A displays a map of the South Pacific region, highlighting chlorophyll concentrations and ocean currents around Fiji and the Lau Basin. Panel B is a graph showing the relationship between temperature, salinity, and dissolved oxygen, with color gradients indicating oxygen levels. Key features include the Tonga Trench and various water masses like SAMW and AAIW.]
Figure 1 | (A) Location of the TONGA GPpr14 expedition superimposed on a time average map of chlorophyll a concentrations from satellite data (ng L-1; 8-daily 4-km over 2019-11-09 – 2019-12-09) in the Western Tropical South Pacific Ocean (WTSP). Figure generated using Giovanni (giovanni.gsfc.nasa.gov). Numbers represent sampled stations. Grey dot indicates the station sampled in the Melanesian waters (SD 2 and 3), light blue dots the stations sampled in the Lau Basin (stations SD 4, 11 and, 12) and dark blue dots for the stations of the South Pacific Gyre (SD6, 7 and 8). Orange triangles show the location of the two volcanic sites identified (LD 5 and 10). Main surface currents are indicated by black arrows which also mark the Tonga Trench. (B) Temperature-Salinity diagram of the study area with the color corresponding to associated dissolved oxygen concentrations (O2 expressed in µmol kg-1). Grey lines indicate the potential densities (referenced to a pressure of 0 dbar). Water masses defined on T-S diagrams are indicated (see text for abbreviations). Figure generated using ODV software (Schlitzer, 2022).

Sampling was operated using a trace metal clean polyurethane powder-coated aluminum frame rosette (TMR) equipped with twenty-four 12 L Teflon-lined GO-FLO bottles (General Oceanics) and attached to a Kevlar® wire. Potential temperature (θ), salinity (S) and dissolved oxygen (O2) were retrieved from the conductivity–temperature–depth (CTD) sensors (SBE9+) deployed on the TMR. The cleaning protocols of all the sampling equipment followed the guidelines of the GEOTRACES Cookbook (http://www.geotraces.org). After recovery, the TMR was directly transferred into a clean container equipped with a class 100 laminar flow hood. Samples were then taken from the filtrate of particulate samples (collected on acid-cleaned polyethersulfone filters, 0.45 μm supor). For LFeHS, LFe and DOC, the filtrate was collected into acid-cleaned and sample-rinsed high density polyethylene (HDPE) 125 mL bottles. Immediately after collection, samples were double-bagged and stored at -20°C until analysis in a shore-based laboratory. For DFe, the filtrate was collected into acid-cleaned and sample-rinsed 60 mL HDPE Nalgene bottles, acidified to pH ∼1.7 with Ultrapure HCl (0.2% v/v, Supelco®) within 24 h of collection and stored double-bagged pending analysis at Laboratoire d’Océanographie de Villefranche (full protocol and data in Tilliette et al., 2022).




2.2 Reagents

All aqueous solutions and cleaning procedures used ultrapure water (resistivity > 18.2 MΩ.cm-1, MilliQ Element, Millipore®). An acidic solution (hydrochloric acid, HCl, 0.01 M, Suprapur®, >99%) of 1.24 µmol L-1 Fe (III) was prepared daily from a stock solution (1 g L-1, VWR, Prolabo, France). The borate buffer (H3BO3, 1M, Suprapur®, Merck, Germany, 99.8%) was prepared in 0.4 M ammonium solution (NH4OH, Ultrapure normatom, VWR Chemical, USA, 20-22%). The potassium bromate solution (KBrO3, 0.3 M, VWR Chemical, USA, ≥ 99.8%) was prepared in ultrapure water. Suwannee River Fulvic Acids (SRFA, 1S101F) were purchased at the International Humic Substances Society (IHSS). The SRFA standard stock solution (22.86 mg SFRA L-1) was prepared in ultrapure water and saturated with iron according to its iron binding capacity in seawater determined by Sukekava et al. (2018). Saturated SRFA solution was equilibrated overnight before its use. Exact concentration of the SRFA stock solution was determined by size exclusion chromatography analysis (Dulaquais et al., 2018b). A 10-3 M Gallic Acid (GA) stock solution (Sigma-Aldrich) was prepared in HPLC grade methanol, as described in González et al. (2019). The second GA stock solution (10-6 M) was prepared in ultrapure water. The second stock solution of GA was divided into two portions, with one portion saturated with Fe (final concentration of 5 10-6 M Fe). Following an overnight equilibration, the Fe-saturated solution was filtered through a 0.02 µm filter to remove any excess iron that precipitated as FeOx.

FeOx dissolution experiments. Artificial seawater (Salinity = 35; pH = 8.2 ± 0.05) was prepared by dissolving sodium chloride (NaCl, 6.563 g, ChemaLab NV, Belgium, 99.8%), potassium chloride (KCl, 0.185 g, Merck, Germany, 99.999%), calcium chloride (CaCl2, 0.245 g, Prolabo, France, > 99.5%), magnesium chloride (MgCl2, 1.520 g, Merck, Germany, 99-101%), magnesium sulfate (MgSO4, 1.006 g, Sigma-Aldrich, USA, ≥99%) and sodium bicarbonate (NaHCO3, 0.057 g, ChemaLab NV, Belgium, >99.7%) in ultrapure water (250 mL). Artificial seawater was then UV irradiated for 2 hours in order to remove all traces of organic compounds.The UV system consisted of a 125-W mercury vapor lamp with 4 30-mL PTFE-capped quartz tubes (http://pcwww.liv.ac.uk/~sn35/Site/UV_digestion_apparatus.html).




2.3 Analysis of iron-binding ligands of humic type and of dissolved iron-humic concentrations

The determination of LFeHS was performed on 213 samples from the eight SD and on the two LD stations, including all LD substations, with half the depth resolution. LFeHS is based on the determination of electroactive humic substances (eHS). Analyses were operated by cathodic stripping voltammetry (CSV) using a polarographic Methrom 663VA stand connected to a potentiostat/galvanostat (µautolab 2, Methrom®) and to an interface (IME 663, Methrom®). Data acquisition was done using the NOVA software (version 10.1). The method used in this study was initially developed by Laglera et al. (2007) and adapted by Sukekava et al. (2018). The method is based on the adsorption at pH 8 of a Fe-humic complex at the surface of a mercury drop electrode under a potential fixed at -0.1 V (vs Ag/AgCl) and its reduction during linear stripping of potentials (0.1 to 0.8 V). In the presence of 30 mmol L-1 bromate, the reduction of the Fe-humic complex provides a quantitative peak at -0.5 V (vs Ag/AgCl) with an intensity proportional to the concentration. In this study, the samples were defrosted at 4°C and 100 mL were poured in a 250 mL Teflon® bottle. pH was then set to 8.00 ± 0.05 by addition of a borate buffer (final concentration = 10 mM) and adjusted by small additions of an ammonia solution. A first aliquot of the sample was poured into Teflon® vials (Savillex®) in order to detect the natural iron-humic complex (Sukekava et al., 2018). The sample (remaining in the 250 mL Teflon® bottle) was then spiked with 10 nmol L-1 of Fe to saturate all eHS (and others LFe) in the initial sample. After equilibration (1h), 3 others aliquots (15 mL) of the sample were placed into 3 Teflon® vials (Savillex®). Among them, two were spiked with a SRFA standard (1S101F; standard additions of 50 and 100 µg L-1, respectively) and left for overnight equilibration. After equilibration, the 4 aliquots of samples (1 without Fe, 1 with Fe and 2 with Fe and SRFA additions)were successively placed into a Teflon® voltammetric cell and analyzed by linear sweep voltammetry as described above after 180 s of nitrogen (N2) purge (Alphagaz®, Air liquide) and a 90 s deposition step at – 0.1V. The absence of quantitative signals in MilliQ water ensured no contamination along the entire analytical process. Peak heights were extracted to determine the electroactive humic concentrations (determined in µg eq-SRFA L-1). Errors of these measurements were determined using a least-squares fit function. We converted eHS concentrations into LFeHS, as described by Sukekava et al. (2018), using the binding capacity of the model humic-type ligand SRFA used (1S101F) for DFe in seawater (14.6 ± 0.7 nmol Fe mgSRFA-1; Sukekava et al., 2018). Similar conversions have been previously used in the recent literature (Dulaquais et al., 2018a; Laglera et al., 2019; Whitby et al., 2020b; Fourrier et al., 2022). The limit of detection (LOD) for 90 s of deposition time was calculated as three times the mean standard deviation of all samples analyzed (n = 213). LOD was estimated at 0.11 nmol eq-Fe L-1. After data treatment, 12 samples were below the calculated LOD. These samples were mostly within the 200-1000 m depth range where LFeHS displays their minimal concentrations (Figure 2). They were discarded from the dataset resulting in 201 datapoints for LFeHS.

[image: Four-panel graph showing iron concentrations and ratios at various ocean depths. Panel A shows L_FeHS concentrations in nmol eq Fe L⁻¹ against depth, with data up to 6000 meters, featuring distinct water masses like STUW and AAIW. Panel B depicts L_Fe concentrations, also in nmol eq Fe L⁻¹, decreasing with depth. Panel C presents the percentage of L_FeHS as L_Fe, with a similar depth profile. Panel D displays the ratio of L_FeHS to DFe, showing data clustering at shallower depths and decreasing in deeper waters.]
Figure 2 | Vertical distribution with depth of (A) humic type ligands (circles, LFeHS, n = 203), (B) Iron binding ligands (diamonds, LFe, n = 103) and (C) % LFe of humic nature (squares,n = 103) measured along the water column during the TONGA expedition. (D) LFeHS over DFe ratio (triangles, LFeHS/DFen = 203). Water masses identified by multiparametric optimal analysis and their associated depths are indicated in (A) see text for water masses acronyms.

Voltammetric peaks of the first (i0, pH adjusted sample) and second (i1, pH adjusted and Fe saturated) aliquots permits the determination of the initial amount of DFe bound to humic-type ligands in the sample. This was determined according to equation (1), first introduced by Sukekava et al., 2018.

[image: Equation shows the formula: DFe minus HS subscript sample equals i 0 divided by i 1 minus L subscript FeHS subscript sample. It is labeled as equation one.] 

As no DFe-HS blank signal can be determined (several samples with no i0 signal), the LOD was defined as three times the standard deviation of the lowest DFe-HS concentration ([DFe-HS]) measured (0.01 ± 0.01 nmol eqFe L-1) and was estimated to be 0.03 nmol eq-Fe L-1. After data treatment, 14 samples had a [DFe-HS] below the calculated LOD; they were removed from the dataset resulting in 187 datapoints for DFe-HS.

Further discussion about the the relevance of the methodology to determine LFeHS can be found in the Supplementary Information.




2.4 Dissolution of iron oxyhydroxide by LFeHS

Experimental dissolutions of FeOx by humic-type ligands were carried out as a function of time and age of FeOx. 250 mL of UV irradiated artificial seawater was spiked with 100 nmol L-1 Fe. In the absence of organic ligands, the limit of solubility of DFe is subnanomolar (Liu and Millero, 2002), thereby DFe would rapidly form Fe oxyhydroxides (Rose and Waite, 2003b). Fe-spiked artificial seawater was then placed on an agitation table (320 rpm, IKA®KS basic) all along the duration of the experiment. After intense shaking by hand (10 s), a single aliquot (1.5 mL) of Fe-spiked artificial seawater was sampled at 1 min, 1 h, 6 h and every day over the course of one week and then at two weeks after FeOx initial formation. Aliquots of the FeOx solution were directly transferred to 13.5 mL of a SRFA solution (buffered pH = 8.00 ± 0.05, final concentration 0.5 mg-SRFA L-1 in UV irradiated artificial seawater) in a Teflon voltammetric cell. After an initial N2 purge of 180 s, the dissolution kinetic of FeOx by SRFA was followed by CSV during 30 cycles using the same voltametric conditions as described in section 2.3 with N2 purge and deposition times set at 15 s and 90 s, respectively. The experiment was run in duplicate and was reproducible ensuring reproducibility of the experiment. Measurement of pH at the end of the experiment indicated no significant variation, confirming the stability of the pH within the voltammetric cell throughout the duration of the experiment (1 hour).




2.5 Competition between natural humic-type ligands with gallic acid for iron complexation

The Fe-binding strength of natural humic-type ligands was determined by ligand competition experiments between natural samples and gallic acid (GA). Experiments were conducted on (1) surface seawater collected at 25 m at station 6 (outside the Lau Basin). The experiment (see design of experiment in supplementary information) is based on the measurement of the FeHS voltammetric signal in the same sample that has undergone different additions of DFe and/or GA. The binding properties of GA for Fe (III) used are those described in González et al. (2019) (LFeGA = 2.75 nmol Fe nmol GA-1; LogKFeGa = 9.1).

The competition for Fe’ is based on the equilibrium between DFe and LFeHS (equation 2) and between DFe and GA (equation 3).

[image: Equation displaying the equilibrium constant \(K_{\text{FeHS}}\) for a reaction. It is defined as the concentration of \([\text{FeHS}^-]\) divided by the product of the concentrations of \([\text{FeHS}^0]\) and \([\text{Fe}^{2+}]\).] 

[image: Equation depicting an equilibrium constant expression: \( K_{\text{F-GA}} = \frac{[\text{DreGA}]}{[\text{GA}]^{\text{l}}[\text{Fe}]^{\text{t}}} \).] 

[image: The image displays the formula "DFe = DFeHS + DFeGA + Fe’", labeled as equation 4.] 

With KFeHS and KFeGA, the conditional stability constants of natural humic-type ligands and of gallic acid for DFe, respectively, [DFeHS]; the concentration of Fe bound to natural humic type ligands calculated using the binding capacity of SFRA, [LFeHS]′; the unsaturated humic-type ligand concentration; [Fe]′, the inorganic Fe species; [DFeGA], the concentration of Fe bound to gallic acid and [GA]′, the concentration of unsaturated Gallic acid ligands.

When the two ligands are in competition, the conditional stability constant of the natural humic-type ligands can be calculated according to equation 4.

[image: The image shows a chemical equilibrium equation: K_FEHS equals the concentration of DFeHS times the concentration of GA, divided by the concentration of DFeGA times the concentration of LFeHS, all multiplied by K_FeGA. It is labeled as equation five.] 

The FeHS voltametric signal increasing linearly with Fe, the Fe concentration complexed by humic-type ligands can be determined as the ratio between the FeHS signal for a given experimental condition and the FeHS signal of the samples when saturated with dFe (LFeHS) multiplied by the binding capacity of the sample (see equation 1). Assuming that eHS only complex with Fe, the free humic-type ligands can be then determined using equation 6.

[image: Equation labeled as equation six showing: L subscript refs superimposed by a single prime equals L subscript refs in square brackets with DFeHS minus L subscript refs sample.] 

Assuming that Fe" is negligible over DFe, the concentration of FeGA complex can be estimated using equation 7.

[image: It seems like there is a formatting issue with your request. Could you please provide more details or upload the image directly? This will help me generate accurate alt text for you.] 

Assuming that GA only complex Fe, when GA is added with a known concentration in a sample, [GA′] can be calculated from the total concentration of added GA (LFeGA sample) according to equation 8.

[image: Mathematical equation stating that \( G_{\Delta}^{\wedge} = L_{\text{FeGA sample}} - [D\text{FeGA}] \), labeled as equation eight.] 




2.6 Dissolved iron analysis

DFe concentrations were measured by flow injection and chemiluminescence detection (FIA-CL) in a clean room at the Laboratoire d’Océanographie de Villefranche. The method, data and analytical performance are fully presented in Tilliette et al. (2022). The DFe-rich samples were diluted in DFe-depleted seawater collected at SD 8. The final concentration of those diluted samples did not exceed 5 nmol L-1 and a 0-5 nmol L-1 calibration curve was used in that case. Each sample was analyzed in triplicate. The mean analytical blank was 21 ± 22 pM and the detection limit was 16 ± 7 pM. Method accuracy was evaluated daily by analyzing the GEOTRACES Surface (GS) seawater (DFe = 0.510 ± 0.046 nmol L-1; n = 24) which compares well with community consensus concentrations of 0.546 ± 0.046 nmol L-1.




2.7 Analysis of dissolved organic carbon concentrations

Dissolved organic carbon concentrations were determined by size exclusion chromatography with multi-detectors according to the methodology described in Fourrier et al. (2022). Accuracy of measurements were checked by analyzing deep sea reference samples (DSR, Hansell lab, Florida) each set of ten samples.




2.8 Analysis of iron-binding ligands

Iron-binding ligands (LFe) were determined for 103 samples by Mahieu et al. (this issue) using competitive ligand exchange with adsorptive cathodic stripping voltametry (CLE-ACSV). The theory of the CLE-ACSV is presented with great detail in the literature (e.g. Gledhill and van den Berg, 1994; Rue and Bruland, 1995; Abualhaija and van den Berg, 2014; Gerringa et al., 2014; Pižeta et al., 2015). For acquisition of LFe data, samples were buffered at pH of 8.2 (1 M boric acid, in 0.35 M ammonia) and separated in 16 aliquots. Then natural ligands were left to equilibrate with DFe levels of 0, 0, 0.75, 1.5, 2.25, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 10, 12 and 15 nmol.L-1 in the 16 aliquots. The artificial ligand added was salycilaldoxime (SA; 98%; Acros Organics™) at final concentration of 25 µmol.L-1 resulting to a detection window (D) of 79 (Buck et al., 2007). Analyses were operated on a 663 VA stand (Metrohm™) under a laminar flow hood (class-100), supplied with nitrogen and equipped with a mercury drop electrode (MDE, Metrohm™), a glassy carbon counter electrode and a silver/silver chloride reference electrode (3M KCl) in a Teflon voltametric cell. During the voltammetric measurement, the sample was kept oxygenated by a constant air-flow at the surface and the nitrogen gas flow from the 663 VA stand above the sample was stopped. Detailed procedure can be found in Mahieu et al. (this issue).




2.9 Statistics

A Shapiro-Wilk test was used to verify that the data follows a normal distribution, and the homogeneity of variances was assessed by conducting a Levene’s test. Significance in linear regression analysis was determined using the Pearson test. In cases of normally distributed datasets, the significance of differences between data was examined using t-tests. For non-normally distributed datasets, a non-parametric Wilcoxon-Mann Whitney test was utilized to evaluate the significance of differences. A probability value (p) less than 0.05 was considered statistically significant for all analyses.





3 Results



3.1 Hydrography and hydrothermal context

Three distinct basins were crossed and sampled during the TONGA expedition (Figure 1A). The Melanesian waters (grey dots, SD2 and 3), the Lau Basin (average depth shallower than 2000 m) (Figure 1A, clear blue dots and orange triangles, SD4, 11 and 12, LD5 and 10) and the South Pacific Gyre, east of the Tonga Kermadec Arc (dark blue dots, SD 6, 7 and 8). In the Lau Basin, two shallow volcanic systems hosting hydrothermal sites were studied (Figure 1, orange triangles), referred to LD 5 and LD 10. The hydrothermal system at LD 5 was active and marked by high DFe concentrations, up to 50 nmol L-1, close to the vent (Tilliette et al., 2022). In contrast, the activity at LD 10 had likely been considerably slowed down at time of sampling, possibly due to the eruption of the nearby Late’iki volcano (Plank et al., 2020). Nevertheless, LD 10 water composition was probably impacted, at least for DFe, by the volcanic activity of the shallow hydrothermal site in the upper 300 m and of Metis at depths deeper than 1000 m (Tilliette et al., 2022; Tilliette et al., sub.).

Low surface chlorophyll a concentrations (< 0.2 mg m-3 derived from satellite data, MODIS-Aqua MODISA simulations, Figure 1A) and extremely low nutrient concentrations (NO3- and PO43-< 50nmol L-1, https://www.seanoe.org/data/00770/88169/) reflect the ultra-oligotrophy of the North Fiji basin and South Pacific Gyre at the time of sampling. The Lau Basin was marked by higher surface chlorophyll a concentrations than the subtropical gyre (Figure 1) indicating that primary production was enhanced in this area. Bonnet et al. (accepted) have shown the causal link between this increased productivity due to diazotrophic organisms whose iron needs are very important and the shallow hydrothermal sources that bring the necessary iron to the surface.

The water masses along the transect area were extensively studied in Tilliette et al. (2022) using hydrographic properties collected during the TONGA expedition as well as a multiparametric optimal analysis (OMP). The main thermocline (200-700 m) includes the Surface Tropical Underwater (STUW) and the Western South Pacific Central Water (WSPCW). The STUW originates from the subduction of high salinity waters from the equatorial part of the subtropical gyre and is associated with a shallow salinity maximum. Created by subduction and diapycnal mixing, the WSPCW exhibits a linear relationship between temperature and salinity over a wide range up to the intermediate layer. The intermediate layer (700-1300 m) was composed solely of AAIW, a low salinity water mass originating from the sea surface at sub-Antarctic latitudes and characterized by a minimum salinity reached at 700 m. AAIW circulates around the subtropical gyre from the south-east Pacific, spreading north-westwards as tongues of low-salinity, high-oxygen water, and enters the tropics in the western Pacific. The deep layer (> 1300 m) contains the Pacific Deep Water (PDW) and the Lower Circumpolar Deep Water (LCDW). The PDW originates from the equatorial Pacific and flows southwards. It is formed in the interior of the Pacific from upwelling of Antarctic Bottom Water (AABW). PDW is characterized by low oxygen content and well-mixed temperature and salinity. LCDW originates from the Southern Ocean and overlaps the depth and density ranges of PDW. However, it differs from the PDW by a maximum of salinity and oxygen. The OMP results revealed a uniform distribution of water masses along the transect, except the two deep water masses, PDW and LCDW, for which differences could be observed in their distribution west and east of the Tonga Arc. STUW is mainly present at depths between 150 and 300 m, followed by WSPCW which is predominantly present between 300 and 500 m. AAIW dominated the entire transect over a wide depth range from 500 to 1300 m. A major contribution from PDW was found west of the Tonga Arc from 1300 m to the seafloor, while PDW only occupied depths between 1300 and 3000 m east of the arc. Below 3000 m LCDW dominated (Tilliette et al., 2022). It is worth noting that Upper Circumpolar Deep Water (UCDW) and AABW were detected according to their salinity and Temperature (Figure 1) however the OMP operated by Tilliette et al. (2022) revealed a zero contribution from these water masses along the transect.




3.2 Vertical distribution of iron-binding ligands of humic-type

Along the TONGA section, concentrations of LFeHS ranged from 0.15 ± 0.05 to 2.38 ± 0.05 nmol eq-Fe L-1 (n = 201; Figures 2A-4A). The lowest concentration was measured at station 6 at 920 m and the highest concentration was detected at station 8 at 25 m in the South Pacific Gyre. At each station, the vertical distribution was similar (Figure 2A) with high concentration (> 1 nmol eq-Fe L-1) in the upper 55 m (Figure 2A) decreasing with depth in the mesopelagic waters to a relative minimum (LFeHS< 0.2 nmol eq-Fe L-1) generally observed between 500 and 1500 m. In the abyssal waters, LFeHS increased, reaching concentrations close to 0.5 nM eq-Fe (Figure 2A). The interval of concentration and the vertical distribution we report in this work are in good agreement with previous studies reporting humic-type ligand concentrations, including those from the southwestern Pacific (Cabanes et al., 2020). LFeHS concentrations in the different water masses identified by the OMP are presented Table 1. AAIW was the most depleted (meanAAIW = 0.33 ± 0.16 nmol eq-Fe L-1 n = 41) and LCDW the most enriched (meanLCDW = 0.55 ± 0.31 nmol eq-Fe L-1 n = 9) in LFeHS. Titration of iron-binding ligands (LFe) over 103 samples provide the complexing capacity of dissolved organic matter for Fe (Figure 2B). LFe ranged from 2.8 ± 0.4 to 9.3 ± 1.0 nmol eq-Fe.L-1 with a mean concentration of 5.2 ± 1.2 nmol eq-Fe.L-1. The distribution of LFe was relatively homogenous along the water column (Figure 2B). The contribution of LFeHS to LFe was calculated as the ratio between both parameters. Among the 103 samples investigated, LFeHS contributed to between 2% and 51% of LFe (Figure 2C) with a mean of 11 ± 8%. The ratio of LFeHS over DFe (Figure 2D) exhibited a wide range of values, spanning from<0.1 to 15.4, with an average of 1.3 ± 1.8. Half of the samples had a ratio below 1, indicating that the organic complexation of DFe by LFeHS cannot explain alone the observed ambient DFe concentrations along the section. Lower values were observed in the LD5 samples and in the samples collected in the PDW, while higher values were observed in the surface samples and in the LCDW.

Table 1 | Mean concentration of iron binding ligands of humic nature (LFeHS) and associated variability (SD) measured in the water masses encountered during the TONGA expedition.


[image: Table showing data for various water masses. Columns: STUW, WSPCW, AAIW, PDW, LCDW. Rows: Depth range in meters, Mean LFeHS (nmol eq-Fe L^-1), SD (nmol eq-Fe L^-1), and n. Depth ranges are [100-300], [300-500], [500-1300], [1300-3000], and >3000 meters. Mean LFeHS values are 0.48, 0.37, 0.33, 0.42, 0.55. SD values are 0.24, 0.22, 0.16, 0.19, 0.31. Sample sizes n are 60, 18, 41, 34, 9. See text for water mass abbreviations.]



3.3 Iron associated with LFeHS and LFeHS saturation state

The concentration of Fe complexed by LFeHS was estimated by considering the saturation state of LFeHS and the binding capacity (BC) of the external standard used (SRFA 1S101F; BCSRFA = 14.6 nmol Fe. mg SRFA-1, Sukekava et al., 2018). Despite the uncertainty of this methodology (see section 2.3), it provides information regarding the amount of DFe associated to LFeHS. The average calculated DFe-HS was 0.15 ± 0.10 nmol Fe L-1 (n = 192) and ranged between 0.03 ± 0.02 nmol Fe L-1 to 0.56 ± 0.04 nmol Fe L-1. The mean contribution of DFe-HS to DFe was 30 ± 23%. The lowest concentrations were found between depths at depths between 60 and 120 m for four stations (Figures 3C, 4). The highest concentration was recorded at 175 m of substation T4 of LD5 in the vicinity of the hydrothermal plume of LD 5 (Figure 4A). In this latter sample, a DFe peak (~10 nM) associated with hydrothermal activity was recorded by Tilliette et al. (2022) and DFe-HS contributing for 5.5% of total DFe. DFe-HS concentrations were generally lower than 0.2 nmol L-1 in the upper 200 m, with the exception of LD 5 and LD 10 (Figure 4), and higher than 0.2 nmol L-1 in the intermediate and deep waters (deeper than 1000 m, Figure 3). The local minima of DFe-HS were generally observed at the depth of the local Chlorophyll maxima (see section 4.4). At these depths DFe-HS accounted for 21 ± 15% of total DFe. The saturation of LFeHS by Fe is presented in Figure 3D. With the exception of one datapoint at 3500 m at station 7, ambient LFeHS were not saturated by Fe. The mean saturation state was 37 ± 26% (n = 192), ranging from 3 ± 5% at 25 m at station 8 to up to 102 ± 4% at 3600 m at station 7. Lowest saturation states (< 10%) were found in the upper water, associated with low DFe concentrations (SD 3, 7, 8). This was expected considering the low DFe concentrations (Tilliette et al., 2022) and the high LFeHS concentrations (Figure 3A). In the Lau Basin, relatively low saturation states of LFeHS (< 30%, Figure 3D) were observed between 1000 and 1400 m depth. Deeper than 1000 m depth, the saturation of LFeHS was generally higher than 40% in the Melanesian waters and the south Pacific subtropical gyre. Our results indicate that a large fraction of LFeHS were not saturated by Fe. These free LFeHS should be able to support Fe complexation and its stabilization in the dissolved phase if Fe is added to the system by volcanic or hydrothermal activity.

[image: Map and graphs depicting oceanographic data across the Melanesian Waters, Lau Basin, and Subtropical Gyre. The top map shows geolocation points LD10 and LD5. Panels A-D display depth-wise variations of different parameters: L-FeHS levels, DFe-HS concentrations, Fe-saturation, and percentage of DFe as DFe-HS, using color gradients. The depth ranges from zero to six thousand meters, and the longitude spans from one hundred eighty degrees east to one hundred seventy degrees west.]
Figure 3 | Vertical distribution of (A) Iron binding ligands of humic nature (LFeHS); (B) dissolved iron (DFe) effectively complexed by LFeHS (DFe-HS); (C) LFeHS saturation state (%); (D) Percentage of DFe under DFe-HS (%) with longitude during the TONGA expeditione (GEOTRACES GPpr14). Map of the expedition and the three distinct biogeochemical domains crossed are indicated.

[image: Scatter plots display measurements of \( L_{\text{FeHS}} \), DFe-HS, and DOC at different ocean depths at site LD5. Depth ranges from the surface to 2200 meters. Data points are color-coded: T1 (black), T2 (green), T3 (yellow), T4 (orange), T5 (red). Error bars indicate variability. The plots display how these variables change with depth, highlighting specific trends and variations within the data.]
Figure 4 | Vertical distribution of humic-type ligand concentrations (LFeHS) above and in the vicinity of LD 5 hydrothermal site. Dashed lines indicate the approximate depth of the hydrothermal plume at LD 5-T5 (~190 m). Associated concentrations of dissolved iron complexed by LFeHS (DFe-HS) and of dissolved organic concentrations (DOC) are presented for the upper 300 m.




3.4 LFeHS and DFe-HS in a hydrothermal system of the Tonga arc

The impact of the hydrothermal activity along the Tonga arc on LFeHS concentrations and DFe associated with these ligands (DFe-HS) was studied at LD 5 and LD 10. Five and four subcasts were operated at LD 5 and LD 10, respectively, to capture the dispersion of the hydrothermal plume. We focus here on the active site LD5 (Figure 4) where high DFe concentrations (up to 50 nmol L-1) were measured close to the vent (Tilliette et al., 2022). At the subcasts close to the vent (T5 and T4), LFeHS and DOC concentrations did not show any significant enrichment at depths where the hydrothermal plume was located (~195 m; Figure 4). Similarly, there was no LFeHS or DOC enrichment at LD 10 (see Supplementary Information). These results indicate that these hydrothermal systems were not a source of LFeHS or DOC. In contrast, DFe-HS did show an enrichment at depths where the hydrothermal plume was located (Figure 4B). At T5, the concentration of DFe-HS increased while the saturation of LFeHS decreased with increasing proximity to the vent, from 0.06 nmol L-1 (8% saturated with Fe) at 70 m to 0.46 nmol L-1 (83% saturation) at 195 m depth, nearest the vent. Due to the much higher DFe concentration in the deeper sample (DFe ~50 nmol L-1 at 195m), only ~1% of DFe was complexed by LFeHS at this depth. The highest DFe-HS concentration was measured at 175 m depth of T4 (0.56 nmol L-1) where DFe was ~10 nmol L-1 with ~5.5% of DFe was present under DFe-HS. Unsaturation of LFeHS at 195 m of T5 despite the high DFe concentration (~ 50 nmol L-1) suggests that this hydrothermal DFe was present under a chemical form not fully accessible for complexation by LFeHS. The increase in DFe-HS concentration during plume dispersion between T5 and T4 (Figure 4B) indicates that complexation of DFe by LFeHS begins at the onset of hydrothermal mixing and proceeds further during plume dispersion. Our data thus indicate that the complexation of hydrothermal DFe by LFeHS is a kinetically controlled process.




3.5 Iron oxyhydroxide dissolution by humic-type ligands: from lability to inertness

Hydrothermal systems release large amounts of FeOx to the ocean, thereby we studied the ability of LFeHS to solubilize FeOx in seawater. For this purpose, a dissolution experiment of FeOx in the presence of a model LFeHS (SRFA) was carried out (Figure 5A). The experiment consisted of monitoring the formation of the DFe-HS as a function of time and as a function of age of FeOx. Results show that immediately after FeOx formation, amorphous Fe(III) is accessible to LFeHS generating a quantifiable signal. Within an hour, 40% of initially-formed FeOx were dissolved, demonstrating that LFeHS can solubilize FeOx with a kinetic rate constant (k) of at least 1.2 106 mol-1 L min-1.

[image: Graph A shows the dissociation of FeOx over time with different colored markers indicating FeOx age, highlighting stable dissolution over 70 minutes. Graph B depicts a linear relationship between reaction rate constant (k) and FeOx age, with a high correlation coefficient (R² = 0.9894), dividing the FeOx states into labile and refractory regions.]
Figure 5 | (A) [Fe] (nmol kg-1) bound by a humic-type ligand (SRFA 1S101F) as a function of time (min) and age of iron oxyhydroxide (FeOx) in artificial seawater. (B) Dissolution rate constant of FeOx (k in µM-1 min-1) as a function of FeOx ageing. See text for explanations.

Age of FeOx was however a strong controlling parameter on the dissolution rate. A dramatic linear decrease of k with time (k = 1.25 106 M-1 - 0.18 * t(d), R² = 0.99, n = 10) was observed (Figure 5B). After 2 days only 2.5 nmol L-1 over 10 nmol L-1 of FeOx can be dissolved by SRFA after 1 hour of experiment. After a week of ageing, there was no quantifiable signal after 1 hour experiment (Figure 5A). Additional experiments were carried out two weeks after FeOx formation and no measurable signal was observed (data not shown).





4 Discussion



4.1 LFeHS cycling in the WTSP

The high concentrations and surface maxima of LFeHS observed in this area not impacted by continental inputs indicate a marine origin of LFeHS in these subtropical waters. Direct excretion by phytoplankton is a possible source of LFeHS (Stedmon and Cory, 2014), however chlorophyll a (derived from CTD fluorescence sensor) and LFeHS discrete maxima were not observed at the same depth (see section 4.4). The absence of a significant correlation between chlorophyll a and LFeHS in the upper 200 m (R²< 0.1; p > 0.75, n = 91) suggest an indirect pathway for the production of these ligands. The release of DOM during the degradation of phytoplankton material (cell lysis, grazing) in the first hundred meters combined with its microbial and chemical processing (Obernosterer et al., 1999) are the most probable pathway of production for these ligands. This proposed production pathway is in agreement with in situ experiments from Whitby et al. (2020a) who showed a release of humic-type ligands during microbial respiration of biogenic particulate organic carbon originating from the oligotrophic Mediterranean waters and from the high nutrient low chlorophyll Southern Ocean waters.

The vertical decrease of LFeHS in the mesopelagic zone (Figures 2A, 3A) reveals the partial degradation of LFeHS during microbial mineralization of DOM. Direct consumption of humics by heterotrophic bacteria reported in several studies (Cottrell and Kirchman, 2000; Coates et al., 2002; Rosenstock et al., 2005) support our observations. The persistence of LFeHS in the deep PDW (meanPDW = 0.43 ± 0.19 nmol eq-Fe L-1 n = 34) indicate that part of LFeHS, however, escapes microbial degradation and is refractory. To monitor the effect of microbial mineralization process on LFeHS, we calculated the apparent oxygen utilization (AOU) based on dissolved oxygen concentrations, S, T (all derived from CTD sensors) using Benson and Krause (1984) formula. AOU is the integrated oxygen consumption by heterotrophic bacteria in the breakdown of organic matter. In the study area, mineralization of labile, semi-labile and semi-refractory DOM can be tracked by the linear decrease of DOC concentration (i.e. proxy of DOM) with increasing AOU down to ~100 µM (R² > 0.57; p< 0.05; n = 133; Figure 6B). At AOU > 100 µmol O2 kg-1, DOC concentrations were relatively homogenous (~ 37 µM) indicating that DOC was mostly refractory to microbial respiration. A plot of LFeHS against AOU also reveals a decrease of humic-type ligand concentration during the mineralization process (Figure 6B). Down to an AOU of 100 µmol O2 kg-1 the decrease of LFeHS was likely driven by a power law (R² > 0.42; p< 0.05; n =133) rather than by direct linear regression. At AOU > 100 µmol O2 kg-1, LFeHS seems to increase with increasing AOU (Figure 6A) but the correlation was not significant (R²< 0.05; p > 0.05; n = 75). A weak but significant correlation between LFeHS and DOC for AOU > 100 µmol O2 kg-1 (Figure 6C; R² > 0.25; p< 0.05; n = 133) was observed indicating that LFeHS cannot be modeled accurately through an empirical equation based on DOC. The weak correlation between LFeHS and DOC was expected due to the intrinsec difference between both parameters. On the one hand,DOC consists of a broad pool of molecules that undergo both respiration-driven losses and gradual conversion into refractory compounds (Figure 6B). On the other hand, LFeHS represents a more specific property (binding sites) of DOM that is primarily lost through microbial turnover (Fourrier et al., 2022).

[image: Three scatter plots illustrate relationships between LFeHS, DOC, and AOU. Plot A shows a negative correlation between LFeHS and AOU with green dots and an R-squared greater than 0.42. Plot B depicts a negative correlation between DOC and AOU with green and blue points, showing R-squared values of 0.57 and less than 0.08 respectively. Plot C indicates a positive correlation between LFeHS and DOC with green and blue points, and R-squared values of less than 0.25 and 0.04 respectively. Equations are provided on each plot for trend lines.]
Figure 6 | Scatter plot of (A) Humic type ligand (LFeHS) versus apparent oxygen utilization (AOU); (B) Dissolved organic carbon (DOC) versus AOU; (C) LFeHS versus DOC. The dataset was separated between low AOU (< 100 µmol O2 kg-1, green dots) and high AOU (> 100 µmol O2 kg-1, blue triangles). Associated correlations are indicated.

The contribution of LFeHS to LFe in our study (2% to 51%, Figure 2) is lower compared to the findings of Whitby et al. (2020b) (23-58%) in the North Atlantic Ocean. This disparity can be attributed to both geographical and methodological differences. Whitby et al. (2020b) studied samples from the North Atlantic Ocean, where the presence of terrestrial influence (and the associated humic substances) could potentially lead to high concentrations of LFeHS. In contrast, the study area of the WTSP lacks terrestrial influence, resulting in the absence of a terrigenous component and lower concentrations of LFeHS than in the Atlantic. Furthermore, our study used SA as the competing ligand for LFe titration, while Whitby et al. (2020b) used 2-(2-Thiazolylazo)-p-cresol (TAC). It is important to note that TAC may not fully capture the contribution of humic-type ligands (as highlighted by Laglera et al., 2011 and Slagter et al., 2019). Therefore, the values reported by Whitby et al. (2020b) might represent the minimum concentration of the ligand pool, underestimating the actual presence of humic substances. These factors account for the higher LFeHS contribution reported by Whitby et al. (2020b) in the North Atlantic compared to our study.




4.2 Classification of LFeHS and iron speciation within LFeHS in the western Pacific Ocean

The LFeHS concentrations measured during this study were lower than the total iron binding ligand (LFe) concentration measured by CLE-CSV (Figure 2). Over the 103 common samples analyzed by CLE-CSV and LFeHS, the mean log [image: Mathematical notation showing a subscripted expression: "K" with a superscript "cond" and a subscript "Fe, L, Fe".]  was 11.6 ± 0.4 ranging from 10.5 ± 0.2 to 12.7 ± 0.3. According to the classification defined by Gledhill and Buck (2012), 84% of samples fall in the L2 class, 13% in the L1 class, and 4% in the L3 class (Mahieu et al., this issue). This result clearly indicate that intermediate class ligands (L2) dominated the pool of LFe all along the water column in our study area. This is in agreement with the previous datasets reported by Buck et al. (2018) and Cabanes et al. (2020) in the oligotrophic South Pacific Ocean. Cabanes et al. (2020) also measured LFeHS, and showed that the weakest class of ligand (log [image: Equation showing "K sub cond superscript Fe sub L comma Fe."]  < 11) observed was associated with the lowest humic-type ligand concentration. All these observations indicate that the LFeHS measured here are ligands of intermediate strength (L2 type). However, classifying based on log [image: The image shows a mathematical expression: \( K_{\text{cond}}^{\text{Fe}L_{\text{Fe}}^{\prime}} \).]  does not capture the heterogeneity of binding sites for non-discrete ligands like LFeHS. To mitigate biases introduced by CLE-CSV, it is preferable to use αFeL(Fe’) (reactivity coefficients) for studying the nature of LFe (Gledhill and Gerringa, 2017).

To study the nature in term of strength of LFeHS, we conducted competitive ligand experiments for Fe complexation between ambient natural ligand including LFeHS and Gallic Acid (GA) to study the mobility of Fe and its speciation within the Fe-humic complex. According to the only available published data from González et al. (2019), GA in seawater is a weak Fe ligand (log KFeGA = 9.1) with a binding capacity of 2.75 nmol eq-Fe nmol GA-1. We choose this ligand for two reasons. Firstly, GA is a polyphenolic compound with a carboxylate moiety. Phenolic and carboxylates are thought to be the moieties involved in the formation of the Fe-humic complex (Garnier et al., 2004; Hassler et al., 2019). GA is thus a good candidate to compare the affinity of Fe for humic substances with these moieties. Secondly, GA reduces Fe(III) into Fe(II) with time (González et al., 2019; Pérez-Almeida et al., 2022). The affinity of marine humic type ligand for Fe(II) can then be studied after i) the saturation of GA with Fe, ii) equilibrium to allow the reduction of Fe(III) into Fe(II) by GA, and competition ligand experiment.

The sample used for this experiment has an initial DFe concentration of 0.45 ± 0.01 nmol L-1; LFe was 4.8 ± 0.5 nmol eq-Fe L-1 with an associated log [image: Mathematical expression showing "K subscript FeL, Fe superscript cond" with a period.]  of 11.8 ± 0.4 (Mahieu et al., this issue). LFeHS was estimated at 1.52 ± 0.02 nmol eq-Fe L-1, 32% of LFe. The initial DFe-HS was 0.18 nmol L-1. If we consider all DFe to be labile for organic complexation, the initial conditions of the experiment can be described as follows: (i) LFe′ and LFeHS′ were respectively 4.3 and 1.34 nmol eq-Fe L-1, (ii) 0.27 nmol L-1 DFe were complexed by non-humic LFe and (iii) the log αFeL(Fe′) (e.g. side reaction coefficient) was 3.4. A first experiment consisted of the addition of 1.6 nmol L-1 of Fe to the sample. After 20 h of equilibration, DFe-HS reached 1.50 ± 0.05 nmol L-1 thereby LFeHS were at saturation. Considering the ambient LFe concentration of the sample, determined by CLE-ASV, our results demonstrate that the Fe added went primarily into LFeHS. CLE-ACSV analysis only provides an average lo [image: The expression shows a mathematical term: K, with superscript "cond" and subscript "FeL₂Fe".]  g of the ligand pool (captured by the detection window of the method) but the LFe pool is composed of a wide variety of organic compounds with different log [image: The text shows a mathematical expression: \( K_{\text{cond}}^{\text{FeL,Fe}} \).]  (Town and Filella, 2000). The log [image: Condensation equilibrium constant denoted as K, with subscripts and superscripts indicating the presence of different elements Fe, L, and Fe.]  of 11.8 ± 0.4 measured for the sample studied is an average of the ligand pool that is composed of ligands and binding sites with both higher and lower strength than this average value.

Considering the initial conditions, it can be inferred that approximately 0.43 nmol eq-Fe L-1 of the LFe pool, including 0.18 nmol eq-Fe L-1 of LFeHS, have log αFeL(Fe’) values higher than 3.4, indicating the potential presence of L1 type binding sites (estimated mean log [image: Text with a mathematical notation showing "K subscript FeL, Fe superscript cond".]  ≥ 12.8). Since the addition of DFe initially fills the remaining free sites of LFeHS, our results suggest that the log αFeLFeHS(Fe’) values for the binding sites in LFeHS that were not initially filled with DFe are at least equal to 3.4 (estimated mean log [image: Condensation equilibrium constant represented as \( K_{\text{cond}}^{\text{FeL}_n\text{Fe}'} \).]  ≥ 12.3). Based on the initial conditions and the results of our experiment, a distribution of binding site density within the LFeHS pool can be inferred. LFeHS comprises a small portion (12%) of sites with high affinity (L1 type) that can outcompete strong discrete ligands, while the majority (88%) of sites fall into the L2 type category, likely at the higher end of the strength scale associated with L2 type sites. The remaining 3 nmol eq-Fe L-1 of the LFe pool may be considered as weaker ligands compared to LFeHS. Our findings are consistent with the results reported by Gledhill et al., 2022, who demonstrated that the heterogeneity of binding sites in humic-like DOM enables humic substances to outcompete siderophores at low iron concentrations.

In a second experiment, Fe-free GA was added but the response of DFe-HS was unchanged, showing that the Fe cannot be dissociated from the Fe-humic complex by 2 nmol L-1 of GA (LFeGA = 5.5 nmol eq-Fe.L-1) at a pH of 8.0 (Figure 7). This demonstrate that the affinity of LFeHS for Fe is higher than 109.1 and that polyphenolic and carboxylate moieties of GA cannot outcompete those involved in the complexation of Fe in LFeHS even at higher GA ligand concentration. This experiment confirms that surface LFeHS in the WTSP are, at least, ligands of intermediate strength.

[image: Bar graph titled "SD6 25m depth" compares DFe-HS concentrations at 2-hour and 20-hour equilibrium for different samples. Four categories—Natural sample, Natural sample + 1.6nM Fe, Natural sample + 1.6nM Fe + Fe free GA, and Natural sample + 2nM GA saturated with Fe—are shown. Bars indicate measurements, with 20-hour equilibrium generally higher. Horizontal lines represent LFe and LFeHS binding capacity. An asterisk marks a notable result.]
Figure 7 | Monitoring of dissolved iron complexed by humic type ligand concentration (DFe-HS) before (white bars) and after(dark bars) overnight equilibration between natural ambient iron-binding ligands (LFe), humic-type ligands (LFeHS) and Gallic Acid (GA) for a surface sample with oligotrophic conditions (SD 6, 25 m depth). Solid and dashed line indicate the iron binding capacity of the ambient LFe and LFeHS. * indicates a significant difference between initial and final DFe-HS concentrations. Absence of iron saturation of LFeHS in experiments c and c’ and no changes in DFe-HS in experiments d and d’ indicate the instability of Fe(II)-humic ligand complexes and that Fe(III)-humic complexes are of higher stability than Fe-GA complexes. See text for explanation.

In a third experiment, 2 nmol L-1 of GA saturated with Fe were put in contact with unsaturated LFeHS (Figure 7). After 20 h of equilibration, LFeHS were able to dissociate partly Fe from the Fe-GA complex. However LFeHS but did not reach saturation even with an addition of 5.5 nM of DFe bound to GA (e.g. 5.5 nmol eq Fe L-1 for 2 nmol L-1 GA; González et al., 2019). Using equations (2) to (8), this scenario allows to calculate the apparent stability constant of LFeHS in the condition of the experiment (20°C, pH = 8, 20h of competition). A value of logKLFeHS = 8.5 ± 0.2 was obtained, much lower than expected from the first two experiments. There are various possibilities to explain these apparent differences:

i) the third experiment was not at equilibrium and the reaction need to be longer than 20h; this hypothesis was disproved by running a similar experiment but with 36h equilibration time; same results were obtained. ii) The Fe-humic complex is metastable and cannot be dissociated even by a stronger ligand; this is unlikely from previous experiments conducted by Laglera et al. (2019) who demonstrated that desferrioxamine B (strong ligand) and EDTA (weak ligand) can both dissociate Fe from a natural Fe-humic complex when their concentrations are sufficiently high. iii) GA partially reduced Fe(III) to Fe(II), because the latter has higher affinity for GA and non-humic LFe than Fe(III) has for LFeHS, resulting in an apparent lower log [image: Equation placeholder for a mathematical expression showing "K cond" over the subscript "Fe L Fe".] . The pH dependence of the Fe-humic reduction peak potential (increasing peak potential Epeak with decreasing pH) observed by Laglera et al. (2007) provide further perspectives for interpretation iii). Their observations indicate that the stability of the Fe-humic complex decreases with decreasing pH. An increasing proportion of Fe(II) at lower pH can explain this shift of Epeak with pH, since Fe(II)-humic complexes have lower stabilities compared to Fe(III)-humic complexes (Rose and Waite, 2003a; Blazevic et al., 2016). Based on our experiments and the studies mentioned above, we suggest here that a Fe-humic complex is only stable in seawater with Fe(III). It can be further hypothesized that to form an Fe-GA complex stable in seawater, Fe should be under Fe(II) in the Fe-GA complex. These conclusions have broader implications for the fate of Fe in environments with low pH and changing redox conditions, such as low oxygenated margins and hydrothermal environments (as observed at LD5 T5, Figure S4), or where photoreduction of Fe is enhanced (e.g. clear subtropical waters).




4.3 The role of LFeHS in the stabilization of hydrothermal DFe

The kinetic monitoring of FeOx dissolution by LFeHS demonstrates that the age of FeOx is a main factor controlling their dissolution rate (Figure 5). The experiment we conducted shows that recently formed FeOx are very labile but become gradually refractory to dissolution by LFeHS with time; the studied model humic-type ligand was not able to solubilize FeOx aged one week or more (Figure 5). A similar effect of ageing on the solubilization of FeOx was observed for desferoxiamine B (Rose and Waite, 2003b) with a nearly 50 times decrease of the dissolution rate constant after a week of FeOx maturation. Our results are also in line with those of Krachler et al. (2015) who observed a rapid dissolution of newly formed FeOx by a set of LFeHS and experiments by Tani et al. (2003) that correlated the solubilization of newly formed FeOx with humic-like fluorescence in seawater. In contrast, Kuma et al. (1996) did not see such a strong effect of age on FeOx solubility probably due to inherent differences in methodologies. They added FeOx in natural seawater and followed their solubility over time, which is equivalent to studying the stability of organically complexed DFe originating from the dissolution of newly formed FeOx.

In hydrothermal environments, most DFe is released under the form of soluble Fe(II). The fraction of DFe that escapes precipitation of sulfide minerals (e.g. pyrite, chalcopyrite) is then gradually oxidized and forms insoluble Fe (III) oxyhydroxides species (FeOx) both under colloidal and particulate form (Lough et al., 2019; Cotte et al., 2020; Hoffman et al., 2020). Recent studies highlight the high proportion of colloidal DFe in hydrothermal plume at dozens to hundreds of kilometers from the vent (Tagliabue et al., 2022; Lough et al., 2023). However the persistence of DFe plumes at great distances from deep vents is often explained by its initial stabilization under an organic form (Sander and Koschinsky, 2011; Hawkes et al., 2013; Wang et al., 2021; Wang et al., 2022). In the first stage of hydrothermal mixing, DFe occurs essentially as Fe(II) species (Waeles et al., 2017). With Fe(II) having low affinity for LFeHS, (Figure 7; Rose and Waite, 2003a), the pathway of Fe-HS formation in hydrothermal plumes requires the oxidation of Fe(II) to Fe(III), through the formation of colloidal Fe oxides species that may be partly dissolved by LFeHS. Our experiments strongly suggest that dissolution of FeOx by humic-type ligands is only possible during the first hours or days after precipitation (Figure 5). Ligand concentration is not the only factor controlling the solubility of FeOx as shown by our lab experiments and field observations (unsaturated LFeHS in the presence of high DFe concentrations, Figure 4). Therefore, the kinetics of the plume dispersion must be taken into account when studying the organic complexation of hydrothermal Fe. The persistence within the DFe fraction of colloidal FeOx observed in the widespread hydrothermal plume of the Pacific Equatorial Ridge (Fitzsimmons et al., 2017) is in agreement with our observations and support our conclusions. It is worth noting that our dissolution experiments were achieved in UV digested artificial seawater, neglecting key parameters of the hydrothermal environment (e.g. pH, O2, pressure, temperature, DOC, sulfide, other trace metals) that may impact the nature, concentrations, kinetics of formation, stability and transport of these Fe colloidal species. For instance, the composition of the fluid, dissolved O2 concentrations, pH, temperature and local currents driving plume dilution are parameters to be considered for Fe oxidation and mineral formation (Byrne et al., 2000; Field and Sherrell, 2000; Shaw et al., 2021; Tilliette et al., 2022). Although not representative of the natural hydrothermal system, our dissolution kinetics experiments provide valuable insights into the processes involved.

At LD5, we observed that LFeHS stabilized a very small fraction of the DFe released by the hydrothermal vent (Figure 4) keeping unsaturated LFeHS in the presence of high DFe (~50 nmol L-1). This inability of LFeHS to complex DFe released at LD5-T5 might be due to the low pH (< 6.5) and low O2 (< 160 µM) values at this site, resulting in a seawater relatively acidic and suboxic (Tilliette et al., 2022; Figure S4). Under these conditions, a significant fraction of Fe(II) may persist which has low affinity for LFeHS. In addition, the fraction of DFe stabilized by LFeHS increased from 1 to 5.5% between substations T5 and T4 while a majority (78%) of the DFe released precipitated in the first 600 m (Tilliette et al., 2022). During its dispersion in shallow waters, the plume is rapidly diluted with more alkaline, more oxygenated and warmer seawater that will favor the formation of FeOx species (Figure S4). This newly formed FeOx may be dissolved by LFeHS (Figure 5) at a rate that is at least dependent on the age of these FeOx as well as the concentration of Fe-free LFeHS (Figure 5) and certainly on many other parameters (concentration of particles, concentration of other dissolved metals, DOC, plume dispersion, etc). It is worth noting that pH and temperature play crucial roles in iron organic complexation and FeOx formation (Byrne et al., 2020; Ye et al., 2020; Zhu et al., 2021). Considering the significant variations in these parameters within hydrothermal environments (Figure S4), it is recommended to design further experiments to gain a better understanding of the impact of pH and temperature on the dissolution of FeOx by LFeHS.




4.4 Bioavailability of DFe-HS and stabilization of DFe by LFeHS in intermediate and deep waters of the WTSP

For data interpretation, samples with DFe concentrations exceeding 2 nnmol L-1 were identified as being influenced by the hydrothermal system and were subsequently excluded from the depth horizons discussed in the following sections. In the first 50 m of the water column, above the deep chlorophyll maximum (Above DCM, Chl a< 0.075µg L-1), LFeHS was high (meanAbove DCM LFeHS > 1.2 ± nmol eq-Fe L-1 n = 18; Figure 8A) and DFe-HS concentrations were relatively low (meanAbove DCM DFe-HS = 0.18 ± 0.12 nmol L-1 n = 18; Figure 8B) resulting in a low saturation of LFeHS (17 ± 10%, n = 18 Figure 8C). The non-accumulation of DFe in the presence of high LFeHS is in stark contrast with what was observed in the Mediterranean Sea (Dulaquais et al., 2018a) and in the Arctic waters (Laglera et al., 2019). This observation suggests that, in the surface water of the WTSP, DFe can be dissociated from the humic complex, becoming available for surface reaction (e.g. scavenging) or biological uptake. It is not clear from our data if DFe is directly removed from the humic complex or if photoreduction of Fe within the complex via ligand-to-metal charge transfer leads to the production of Fe(II) with low affinity for LFeHS (Figure 5; Barbeau, 2006; Blazevic et al., 2016). An additional process explaining the non-accumulation of DFe within LFeHS in surface could be the presence of DFe under a colloidal fraction that is not available for complexation with LFeHS. Colloidal DFe can represent a large fraction of DFe in surface waters of the Pacific ocean (Wu et al., 2001). It is considered poorly bioavailable (Rich and Morel, 1990; Chen and Wang, 2001; Wang and Dei, 2003) but prone to scavenging, limiting its accumulation in surface waters (Kunde et al., 2019). Below 50 m depth, a clear and significant (p< 0.05) depletion of DFe-HS in the deep chlorophyll maximum (DCM, Chl a > 0.1 µg L-1) over the entire section was observed (meanDCM DFe-HS = 0.11 ± 0.08 nmol L-1 n = 49; Figure 8). These very low DFe-HS concentrations clearly indicate that when complexed to LFeHS, DFe is bioavailable for phytoplankton. However, it is unclear if phytoplankton cells can directly uptake Fe from the humic complex, if phytoplankton species produce specific ligands to outcompete LFeHS (e.g. EPS, siderophores) or if Fe uptake by the cell is due to remineralisation of the humic-complex (Figure 8). Hassler et al. (2019) classify the model LFeHS SRFA as a source of bioavailable Fe for a set of phytoplankton species but this has not yet been shown, and laboratory culture experiments should be designed to address these questions of DFe-HS bioavailability that could also arise from the dissociation of DFe-HS, as inorganic DFe is continuously assimilated.

[image: Four box plots labeled A, B, C, and D show data related to oceanic conditions: L\(_{Fe-HS}\), DFe-HS, L\(_{Fe-HS}\) saturation, and DFe as DFe-HS percentages. Each plot compares values above, at, and below the deep chlorophyll maximum (DCM), and under hydrothermal influence, with red dots indicating mean values and asterisks marking significant differences. Dashed arrows illustrate trends.]
Figure 8 | Box and whisker plot of (A) associated iron binding ligands of humic nature (LFeHS in nmol eq-Fe L-1); (B) iron effectively associated with LFeHS (DFe-HS in nmol eq-Fe L-1); (C) LFeHS saturation state (%); (D) Percentage of DFe under DFe-HS (%) along the section for 4 specific depths clusters of sample: above the deep chlorophyll maximum (above DCM), the deep Chlorophyll maximum (DCM), below the deep chlorophyll maximum and for samples influenced by hydrothermalism. Black dots represent discrete data. Red dots indicate the mean value of data. * and arrows indicate significance and way of variation between two close depth horizons. Significance were tested using Wilcoxon-Mann Whtiney tests and set for 95% of confidence (p< 0.05) determined by Wilcoxon-Mann Whtiney test.

Below the DCM (Below DCM, Chl a< 0.075 µg L-1; depth > 100m), DFe-HS concentrations was stable (meanBelow DCM DFe-HS = 0.15 ± 0.12 nmol L-1 n = 38; Figure 8B) and significant (p< 0.05) increase of LFeHS saturation index (Figure 8C) indicate a stabilization of DFe by LFeHS after the remineralization of sinking biomass. The contribution of DFe-HS to DFe also increase at these depths (Figure 8D), with the exception of LD5-T5 and T4 due to high DFe, further showing an increased stabilisation of DFe by LFeHS. It suggests that Fe binding sites of LFeHS can outcompete Fe adsorption during the mineralization of particulate Fe (e.g. scavenging). This observation is in line with the work of Whitby et al. (2020b) that suggest LFeHS concentration as the upper limit on how much remineralized Fe can be stabilized in the dissolved fraction. As discussed previously in Section 5.3, samples impacted by hydrothermalism exhibit notably higher DFe-HS concentrations (meanhydrothermal influence = 0.25 ± 0.11 n = 16) and LFeHS saturation levels (meanhydrothermal influence = 52 ± 27% n = 16). However, due to the elevated DFe concentrations, the contribution of DFe-HS to total DFe decreases significantly (5 ± 3%, n = 16), and no significant difference in LFeHS was observed between samples below the DCM and those influenced by hydrothermalism (p > 0.05).

Deeper, DFe-HS increased gradually to reach 0.35 nmol L-1 in the PDW composite with DFe-HS accounting for 56% of the total DFe in the abyssal waters (deeper than 2000 m; Figure 3). These results show for the first time that a significant part of DFe is complexed by humic type ligands throughout the water column of the oligotrophic Pacific Ocean and lead to new interpretations for Fe-humic interactions.

Rather constant concentrations of DFe-HS in the deep waters (0.2-0.35 nmol L-1 deeper than 1500 m, n = 27) suggest that DFe complexed by LFeHS is stable. In the deep ocean, LFeHS protect DFe from scavenging and contribute to increasing DFe residence time, as previously suggested for L2 type ligands (Hunter and Boyd, 2007). The water-masses encountered at these depths (Figure 1) fill the entire Pacific Ocean. It can be further hypothesized that this deep, stable pool of DFe-HS can fertilize the euphotic layer with bioavailable DFe when it is upwelled to the surface by mesoscale structures in the equatorial area (Hawco et al., 2021) or by deep-ocean ventilation (Tagliabue et al., 2010) in high nutrient low chlorophyll zones.

The co-existence of unsaturated LFeHS and of a DFe pool not complexed to these ligands (Figure 3) indicates that part of DFe escapes LFeHS complexation. At least three hypotheses can be suggested: i) stronger binding sites than those of LFeHS exist within LFe pool (L1 type binding sites); ii) other metals fill the binding sites of humic-type ligands (e.g. copper) or/and iii) Fe is in a chemical form (speciation) unavailable for LFeHS complexation. CLE-CSV analyses of 103 samples (Figure 2B) reveal that L2 type ligands were detected in 84% of the samples (Mahieu et al., this issue). Moreover, experiments conducted in this work likely indicate that LFeHS are in the higher range of Fe-binding strengths for L2 ligands (see section 4.2) but initial DFe only partly filled LFeHS possibly indicating that strong binding sites co-exist with weak sites in the apparent L2 pool. Therefore, it is unlikely that high concentrations of L1 outcompete LFeHS for DFe complexation. However, the presence of L1-type binding sites at sub-nanomolar concentrations within the diverse pool of heterogeneous ligands can be considered. Humic-type ligands can bind many other metals including dissolved copper (DCu); humics can have similar binding strength for DFe and DCu in seawater leading to competition for humic complexation between these two elements (Abualhaija et al., 2015). Because DCu is accumulated in the deep Pacific Ocean (Ruacho et al., 2020) at higher concentrations than DFe (Buck et al., 2018), competition probably takes place,promoting the complexation of DCu over DFe by humic-type ligands in this basin.

The speciation of Fe could also partly explain the apparent undersaturation of humic ligands. A recent study conducted by González-Santana et al. (2023) brought attention to the potential underestimation of Fe(II) and its contribution to the dissolved iron (DFe) pool, suggesting that it may account for around 20% of the total DFe. The unsaturation of LFeHS could be attributed to the limited ability of these ligands to form stable complexes with Fe(II). In addition several studies have shown that a significant fraction (up to 50%) of oceanic DFe is present under colloidal form (cFe > 0.02 µm; Nishioka et al., 2001; Wu et al., 2001; Boye et al., 2010; Fitzsimmons and Boyle, 2014; Kunde et al., 2019). Existence of aged colloidal FeOx (Von der Heyden et al., 2012) refractory to LFeHS complexation (Figure 5) is likely to explain the inability of LFeHS to access to DFe. Nevertheless, the evidence for LFe exceeding cFe (Boye et al., 2010; Fitzsimmons et al., 2015) suggest that cFe is predominantly organic in open ocean waters. The size fractionation becomes a relevant question since marine humic type substances are of low molecular weight (< 10 kDa; Batchelli et al., 2010; Dulaquais et al., 2020; Fourrier et al., 2022) and can pass through the 0.02 µm membrane usually used to operationally separate DFe into the soluble and the colloidal fractions. Because marine soluble ligands have a similar or higher binding strength than colloidal ones (Boye et al., 2010; Fitzsimmons et al., 2015), the occurrence of unsaturated LFeHS we observed can be interpreted as a physical limitation of this ligand type to access colloidal DFe of high molecular weight (0.02-0.45 µm).





5 Conclusions

This study confirms that LFeHS are heterogenous ligands. The Fe binding strength of LFeHS was not directly measured but lab experiments suggest a distribution of binding sites comprising 10% of L1 type (log [image: Equation notation depicting \( K_{\text{FeL,Fe}}^{\text{cond}} \).]  > 12.8) and 90% of L2 type site that are in the higher range of the log [image: Mathematical expression showing K with superscript "cond" and subscript "Fe|L|Fe'".]  values recognised for L2 type site (up to 12). LFeHS are primarily produced in the euphotic layer and mineralized during water mass ageing, encompassing partial recalcitrance throughout the water column. These characteristics lead to a complexation of ~30% of total DFe over the transect studied (n = 186) with a higher percentage of complexation in the deepest waters of the Pacific Ocean (~56% of DFe complexed by humic ligands at depths deeper than 2000 m). In this study, we provided field data evidencing the bioavailability of Fe under Fe-HS form in the deep Chlorophyll maximum. Our data also demonstrate the stabilization of Fe in the dissolved phase by LFeHS after biomass remineralization in the mesopelagic waters. We however observed that part of DFe is not accessible to LFeHS, which remain unsaturated. This may result from the inability of LFeHS, predominantly found in the soluble fraction, to access colloidal DFe. In the vicinity of the active shallow hydrothermal sources studied, the low stabilization yield (1 to 5.5% of total DFe) and the presence of unsaturated LFeHS concomitant with high DFe concentrations (~50 nmol L-1) lead to the assumption of an inaccessibility of Fe(II) and FeOx species to LFeHS. To support this hypothesis, complexation with Fe(II) and dissolution experiments of FeOx were conducted. We conclude Fe(II) has low affinity for LFeHS and that only one week is necessary to make FeOx totally refractory to LFeHS dissolution. Our work suggests inorganic Fe speciation and the kinetics of shallow hydrothermal plume dispersion must be considered in future studies attempting to close the hydrothermal Fe budget.
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The Western Tropical South Pacific (WTSP) basin has been identified as a hotspot of atmospheric dinitrogen fixation due to the high dissolved iron ([DFe]) concentrations (up to 66 nM) in the photic layer linked with the release of shallow hydrothermal fluids along the Tonga-Kermadec arc. Yet, the effect of such hydrothermal fluids in structuring the plankton community remains poorly studied. During the TONGA cruise (November-December 2019), we collected micro- (20-200 μm) and meso-plankton (>200 μm) samples in the photic layer (0-200 m) along a west to east zonal transect crossing the Tonga volcanic arc, in particular two volcanoes associated with shallow hydrothermal vents (< 500 m) in the Lau Basin, and both sides of the arc represented by Melanesian waters and the South Pacific Gyre. Samples were analyzed by quantitative imaging (FlowCam and ZooScan) and then coupled with acoustic observations, allowing us to study the potential transfer of phytoplankton blooms to higher planktonic trophic levels. We show that micro- and meso-plankton exhibit high abundances and biomasses in the Lau Basin and, to some extent, in Melanesian waters, suggesting that shallow hydrothermal inputs sustain the planktonic food web, creating productive waters in this otherwise oligotrophic region. In terms of planktonic community structure, we identified major changes with high [DFe] inputs, promoting the development of a low diversity planktonic community dominated by diazotrophic cyanobacteria. Furthermore, in order to quantify the effect of the shallow hydrothermal vents on chlorophyll a concentrations, we used Lagrangian dispersal models. We show that chlorophyll a concentrations were significantly higher inside the Lagrangian plume, which came into contact with the two hydrothermal sites, confirming the profound impact of shallow hydrothermal vents on plankton production.
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1 Introduction

The Western Tropical South Pacific (WTSP) is one of the least studied ocean basins notably in terms of the planktonic food web. In surface, it is characterized by oligotrophic conditions, with high stratification accompanied by a virtual absence of destratification periods, limiting nutrient inputs from the deep ocean (Ustick et al., 2021). However, the WTSP has been recognized as a hotspot of dinitrogen (N2) fixation organisms (Bonnet et al., 2017; Bonnet et al., 2018), contributing ~21% of global fixed N inputs (Bonnet et al., 2017). These N2-fixation organisms are called diazotrophs and play an essential role in the ocean, as they are responsible for the supply of new nitrogen (N) bio-available at the ocean surface. Diazotrophs alleviate N limitation in 60% of our oceans, helping to maintain ocean primary productivity that in turn, support the food web, organic carbon export and sequestration to the deep ocean (Zehr and Capone, 2020; Bonnet et al., 2023). However, their growth is hampered by the high iron (Fe) demand of their nitrogenase enzyme while Fe bioavailability in the ocean is often limited.

In the WTPS, two biogeochemical subregions, separated by the Tonga-Kermadec arc have been described: (i) in the east, the South Pacific Gyre is characterized by ultra-oligotrophic waters with a deep chlorophyll maximum (DCM) located at ~150 m, and low N2 fixation rates (~85 µmol N m-2 d-1; Bonnet et al., 2018) despite sufficient phosphate concentrations (0.11 µmol L-1; Moutin et al., 2008; Moutin et al., 2018), and (ii) in the west, the Melanesian waters and the Lau Basin are characterized by less oligotrophic waters (DCM located at ~70 m), very high N2 fixation rates (~631 µmol N m-2 d-1; Bonnet et al., 2018), i.e. far above typical rates generally measured in the (sub)tropical ocean (10-100 µmol N m-2 d-1) and phosphate concentrations close to detection limit (Moutin et al., 2018). In this latter subregion, such high N2 fixation rates have been attributed to the release of high dissolved iron ([DFe]) concentrations by shallow hydrothermal vents along the Tonga volcanic arc (Bonnet et al., 2023) (~2,6 vents/100 km; Massoth et al., 2007; German et al., 2016), that can reach up to 66 nM in the euphotic layer (Guieu et al., 2018).

The vast majority of studies conducted in the WTSP have thus focused on the interactions between trace metals and the first levels of the planktonic food web. They mostly focused on the biogeographical distribution of picoplankton (Campbell et al., 2005; Buitenhuis et al., 2012; Bock et al., 2018), diatoms (Leblanc et al., 2018), and diazotrophs (Bonnet et al., 2015; Bonnet et al., 2017; Bonnet et al., 2018; Stenegren et al., 2018; Lory et al., 2022). They associated the DFe-fertilized region of the Melanesian and Lau Basin waters with an increase of Synechococcus abundances relative to Prochlorococcus in the pico-plankton population (Bock et al., 2018), a large dominance of pennates and diatom-diazotroph associations (DDAs) in the diatom community (Leblanc et al., 2018) and an important bloom of diazotroph Trichodesmium while ultra-oligotrophic waters of the South Pacific Gyre were associated with small unicellular diazotroph UCYN-B. Trichodesmium and the UCYN-B have been described to dominate the diazotroph community composition (>80%) in the WTSP (Stenegren et al., 2018). Yet, higher trophic levels have been poorly explored. It is still not clear how the bloom-forming diazotrophs influence overall phytoplankton community composition, food webs and trophic transfer in the open sea (Suikkanen et al., 2021). In particular, the role of diazotroph blooms in structuring the planktonic food web in this region is poorly understood (Le Borgne et al., 2011), although several authors have reported that diazotroph-derived nitrogen is efficiently transferred to meso-zooplankton communities (> 200 μm) (Caffin et al., 2018; Carlotti et al., 2018). Moreover, the precise role of DFe inputs on zooplankton communities remains unknown in this region, despite resulting in significant changes in the planktonic community composition in other regions (Caputi et al., 2019).

During the TONGA cruise (Guieu and Bonnet, 2019), we collected plankton samples in the photic layer (0-200 m) along a west to east zonal transect crossing the Tonga volcanic arc, in particular above two volcanoes associated with shallow hydrothermal vents (< 500 m) in the Lau Basin, and both sides of the arc represented oligotrophic Melanesian waters and the ultra-oligotrophic South Pacific Gyre. The objective of this study is to explore the effect of DFe-rich shallow hydrothermal fluids on a large range of planktonic communities (size > 20 μm) including micro-phytoplankton to macro-zooplankton in the photic layer (0-200 m). We highlight that all the size range of plankton communities harbor high abundances and biomasses in the Lau Basin located close to the Tonga volcanic arc. In this study, we uncovered a spatial structuring of the micro-planktonic community by diazotrophic organisms, which in turn, support meso- and macro-planktonic production.




2 Materials and methods



2.1 Sampling methods

This study was conducted as part of the TONGA expedition (GEOTRACES GPpr14; Guieu and Bonnet, 2019; https://doi.org/10.17600/18000884), which took place in the WTSP Ocean from 31/10/2019 to 05/12/2019 (35 days), onboard the R/V L’Atalante, along a transect extending from New Caledonia to the western end of the South Pacific Gyre (Figure 1). Two types of stations were sampled: (i) nine short-duration (SD) stations (SD 01, 02, 03, 04, 06, 07, 08, 11 and 12; Figure 1) were dedicated to biogeochemical sampling through water column vertical casts and (ii) two long-duration (LD) stations (LD 05 and 10; Figure 1B) were dedicated to study the impacts of hydrothermal fluids from two shallow sources along a ~17 km transect. Each of these transects included 5 substations, named from T1 to T5, with T5 being the closest to the hydrothermal source. The strategy used for the detection of hydrothermal sources is detailed in Bonnet et al. (2023) and Tilliette et al. (2022). A west to east transect allowed to characterize the different biogeochemical subregions crossed (Figure 1B).
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Figure 1 | (A) Map of the Pacific Ocean showing the position of the Tonga Kermadec arc area by the black square. (B) Sampling map of the TONGA campaign superposed on the average chlorophyll a concentration ([Chl a]; mg m-3) of November 2019 (data from MODIS-Aqua resolution of 4 km). Different oceanic regions were occupied during the cruise: Melanesian waters including short duration (SD) stations 01, 02 and 03, Lau Basin including SD 04, 11 and 12 as well as long duration (LD) stations 05 and 10, and the South Pacific Gyre including SD 06, 07 and 08. Zooms were performed on the substations with plankton sampling of the LD stations: LD 05-T1, -T2, and -T4 and LD 10-T1, -T3 and -T5.

Plankton was sampled during the day with WP2 nets of 200 μm and 35 μm mesh size, towed vertically from 0 to 200 m during simultaneous deployments. The 35 μm net was not deployed at SD 01 and both nets were not deployed at SD 09. Within the LD stations, plankton nets were deployed for substations LD 05-T1, -T2, and -T4, and LD 10-T1, -T3 and -T5. As the nets were not equipped with flowmeters, the filtered volumes were estimated by multiplying the net opening area (0.25 m2) by the length of cable unwound for each deployment (i.e. 200 m). This calculation potentially leads to an overestimation of the sampled volume since the possible backflow is not corrected (Heron, 1968). Samples from the 200 μm nets were directly concentrated onboard using a 100 μm sieve and preserved in a 4% formaldehyde solution. Samples from the 35 μm nets were separated into 5 subsamples for different analyses: the fraction intended for the present analysis was concentrated using a 20 μm sieve, preserved in acidic lugol solution and stored in opaque bottles. The 35 μm net sample from SD 02 was identified as potentially biased (abundance and size structure different by several orders of magnitude, symptomatic of an inconsistency in the sample subdivision strategy after collection) and was therefore excluded from our analysis.




2.2 Acquisition and treatment of plankton imaging data



2.2.1 FlowCam

The FlowCam analyzer imaging instrument (Fluid Imaging Technologies; Sieracki et al., 1998) equipped with a ×4 objective was used to study the micro-plankton samples (size range of 20-200 μm) from the 35 µm net at the Quantitative Imaging Platform (PIQv) of the Institut de la Mer de Villefranche. This instrument is an automated microscope taking digital images while microscopic particles are pumped through a capillary imaging chamber. Each sample was previously passed through a sieve of 200 μm to remove large objects which could clog the FlowCam imaging cell. Samples were then diluted or concentrated to achieve optimal object flow, and were run through a 300 μm deep glass cell. The auto-image mode was used to image the particles in the focal plane at a constant rate.




2.2.2 ZooScan

The ZooScan imaging instrument (Gorsky et al., 2010) was used to study the meso-plankton (> 200 μm). Samples from the 200 μm nets were gently filtered through 1000 μm and 100 μm mesh and transferred to filtered seawater. They were separated into two size classes: 200-1000 µm and > 1000 µm. Fractions were then split using a Motoda box (Motoda, 1959) to reach a concentration of approximately 1000 objects per subsample and scanned using the ZooScan. This sampling strategy allowed to consider correctly both the numerous small organisms and the large ones, which could be under-sampled if subsampled together by the Motoda box.




2.2.3 Image annotation

For both instruments, the full methodology used is displayed in their respective manual (https://sites.google.com/view/piqv/piqv-manuals/instruments-manuals). Briefly, images generated by the FlowCam and ZooScan were processed using the ZooProcess software (Gorsky et al., 2010) that extract segmented objects as vignettes, with a series of morphometric measurements that were imported into the EcoTaxa web platform (Picheral et al., 2017) for taxonomic classification. Using image recognition algorithms, predicted taxonomic categories were validated or corrected by a trained taxonomist. Overall, 51 406 vignettes were classified into 149 taxa for the ZooScan analyses, and 109 185 vignettes were classified into 124 taxa for the FlowCam analyses. For the majority, the taxonomic classification effort was possible up to the genus and only in rare cases up to the species. A number of organisms could not be reliably identified due to a lack of identification criteria and were therefore grouped into temporary categories (t00x) following similar morphological criteria.




2.2.4 Diazotrophs images

On the FlowCam vignettes, different morphologies of cyanobacteria were identified as diazotrophs, with sizes ranging between 20 and 200 μm. Among them were identified the cyanobacteria Katagnymene spiralis, free-living Richelia but also in symbiosis within Rhizosolenids diatoms (category Rhizosolenids inter-Richelia) and colonies of unicellular cyanobacteria (UCYN, allowing a sufficient size for detection by FlowCam imagery), likely corresponding to colonies of UCYN-B very abundant in this region (Bonnet et al., 2018; Stenegren et al., 2018). As the identification criteria are insufficient to reliably associate morphologies to genus, we grouped these cyanobacterial morphologies into morphotype categories named cyano a, cyano b and “t005_F”. On an identification basis of Tenório et al. (2018), the cyano a category could correspond to some Katagnymene species while cyano b could correspond to Trichodesmium but we chose to keep morpho groups as other authors, such as Lundgren et al. (2005), consider both morphotypes as Trichodesmium. We were also able to identify diazotrophic cyanobacteria on ZooScan vignettes (organisms > 200 μm): the cyanobacterium Katagnymene spiralis and a morphology group “cyanobacteria’’ probably corresponding to Trichodesmium species. Examples illustrating these diazotrophs vignettes and morphologies can be found in Figure 2 or directly in the open access project EcoTaxa: https://ecotaxa.obs-vlfr.fr/prj/2841 for the FlowCam and https://ecotaxa.obs-vlfr.fr/prj/2832 for the ZooScan.
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Figure 2 | Examples of vignettes (FlowCam and ZooScan vignettes) for each category of organisms identified as diazotrophs. All of these categories were grouped into the functional plankton group ‘cyanobacteria’ for the 3rd analysis (see part 2.3 and 3.4).





2.3 Numerical and statistical analysis

Using a custom-made processing tool (https://github.com/ecotaxa/ecotaxatoolbox), the data were structured in two distinct databases (ZooScan and FlowCam). Major and minor axes of the best ellipsoidal approximation were used to estimate the biovolume (mm3 m-3) of each object according to the recommendation of Vandromme et al. (2012). Size was expressed as equivalent spherical diameter (ESD, μm). The individual biovolumes of the organisms were arranged in Normalized Biomass Size Spectra (NBSS) as described by Platt (1978) along a harmonic range of biovolume so that the minimal and maximal biovolumes of each class be linked by: Bvmax= 20.25 Bvmin. The NBSS was obtained by dividing the total biovolume of each size class by its biovolume interval (Bvrange=Bvmax-Bvmin). The NBSS was representative of the number of organisms (abundance within one factor) per size class. This can provides insight into ecosystem structure and function through the “size spectra” approach, which generalizes Elton’s pyramid of numbers (Elton, 1927). For each database, considering the volumes of water filtered by the nets, plankton concentration in individu per m-3 (ind m-3) and biovolume were calculated for each taxonomic annotation and for several levels of grouping: living or non-living, and a functional group annotation. Fifteen planktonic functional groups were defined. The full list of functional group annotations linked with their EcoTaxa taxonomic label can be found in Supplementary Table 1. Diversity was calculated with the Shannon Index (H).

Hierarchical clustering analyses (HAC; descriptive complete link method, Hellinger distance; Legendre and Legendre, 2012) were performed on the relative abundance to group stations with similar planktonic compositions. Principal component analysis (PCA) was performed on the relative abundance (Hellinger transformation; Legendre and Legendre, 2012) of all taxonomic annotations. To link both analyses, the groupings obtained in the HAC analysis were reprojected into the PCA space. The addition of environmental data (temperature, salinity, oxygen, nitrite: NO2, nitrate: NO3-, ammonium: NH4, phosphate: PO43-, dissolved iron: DFe, particulate iron: Pfe, silicate: Si(OH)4, manganese: Mn, aluminum: Al and fluorescence; see part 2.4) as supplementary data was performed in the PCA, allowing to cross-link the environmental influence with the taxonomic composition of the station. Spearman correlation tests were performed between different variables (alpha risk set at 0.05%).




2.4 Plankton adjustment and assembling

In order to study the whole community (all planktonic organisms > 20 μm), we merged the two databases (FlowCam and ZooScan) into one single cross-calibrated database. In its lowest size range, each dataset from FlowCam and ZooScan displayed an undersampling which is symptomatic of either incorrect detection of objects due to optical limitation of device or undersampling of net by mesh extrusion of organisms (Figure 3A; Lombard et al., 2019). Therefore, all parts of the NBSS below the maximal abundance of each device were discarded (Figure 3B). For the highest size range of each dataset, very large organisms were associated with a presence-absence signal rather than a quantitative concentration due to insufficient sampling effort, and were disregarded (Figure 3B). We chose as an objective criterion to discard every NBSS size bin separated by more than five empty size bins. A clear difference of intercepts between NBSS spectra of the two instruments was detected (Figure 3B). Using the ZooScan as a reference, we used overlapping observations between the two instruments (for overlapping observations of size classes 1 to i) at a given station j to produce a cross-size classes average correction coefficient at the station scale such as: NBSS FlowCam adjusted j = NBSS FlowCam j × mean (NBSS FlowCam ij/NBSS ZooScan ij). Results of this correction are shown in Figure 3C.

[image: Three scatter plots labeled A, B, and C display NBSS equivalent abundance versus size in micrometers. Green dots represent FlowCam data, and blue dots represent ZooScan data, each showing a trend of decreasing abundance with increasing size.]
Figure 3 | Normalized Biovolume Size Spectra (NBSS) in mm-3 m-3 representative of the number of living organisms per size class (μm) imaged with the two different quantitative imaging devices: FlowCam and ZooScan. (A) NBSS representation of the raw data before the correction methods. (B) NBSS representation of the intermediate data with the correction of the undersampling in the lowest and largest class size. (C) NBSS representation of the adjusted data with the application of the cross-size class average correction coefficient (ZooScan was used as a reference).

Finally, to have a unique dataset in the overlapping size range, an average between the values of NBSS FlowCam adjusted i,j and NBSS ZooScan i,j was performed for each station at the functional and trophic group levels. From these unique NBSS spectra, concentrations and biovolumes were calculated. A non-negligible risk to duplicate counts of organisms exists at the original taxonomic identification level, which may differ in taxonomical resolutions between instruments. For example, while different morphotypes of cyanobacteria can be identified with the FlowCam, they are only identified at the level of the phylum cyanobacteria with the ZooScan. To avoid this, assembly at the initial taxonomic identification level was not used, and was only done at functional and trophic levels. We performed a HAC on the normalized biovolume (square root transformation) to group together stations with similar functional planktonic groups. PCA was performed on the normalized biovolume of functional planktonic groups. To link the two analyses, the groupings obtained in the HAC analysis were reprojected into the PCA space. The association with the environment was tested by adding environmental variables as supplementary variables in the analysis and evaluating their correlations to the PCA components. For all linear relationships, we used a robust linear fit which is less sensitive to potential outliers (Greco et al., 2019).




2.5 Environmental data

Temperature, conductivity (salinity), pressure (depth) and dissolved oxygen vertical profiles were obtained using a rosette-mounted CTD SBE 9 plus sensor (data available on SEANOE: https://doi.org/10.17882/88169). At each station, conventional CTD casts were conducted to sample inorganic nutrients using a rosette equipped with 24 Niskin bottles (12 L) and Trace-Metal clean Rosette (TMR) casts were performed for dissolved and particulate trace metal sampling. Seawater samples were collected according to the GEOTRACES guidelines using a Titanium rosette equipped with 24 Teflon-coated 12-L Go-Flos bottles (General Oceanics) and operated along a Kevlar cable. The cleaning protocols for sampling bottles and equipment also followed the GEOTRACES Cookbook (Cutter et al., 2017). CTD and TMC profiles showed a difference in calibration for the O2 sensors. A linear regression was performed using a robust method (Greco et al., 2019) to adjust the TMC profiles to the quality controlled CTD profiles.



2.5.1 Dfe data

[DFe] was measured from TMR casts by flow injection with online preconcentration and chemiluminescence detection. Each sample was analyzed in triplicate and following GEOTRACES recommendations for validation. Full protocol and dataset can be found in Tilliette et al. (2022).




2.5.2 Nutrients

Inorganic nutrients (NO2, NO3-, PO43- and Si(OH)4) were measured as detailed in Bonnet et al. (2018): 20 mL of filtered water samples were collected into High Density PolyEthylene (HDPE) flasks. Filtration by gravity was done through a Sartobrand cartridge from each CTD niskin. NO2, NO3- and PO43- samples were frozen at -20°C while Si(OH)4 samples were only refrigerated pending analysis. For ammonium (NH4), 20 mL samples were collected into PC 60 mL Nalgene Oak Ridge bottles. Analysis was performed on board using a Fluorimeter TD-700 Turner Designs using Holmes et al. (1999) method.




2.5.3 Particulate trace elements

Trace element measurements were carried out within 12 months of collection by a SF-HR-ICP-MS Element XR instrument (Thermo Fisher, Bremen, Germany), at Pôle Spectrométrie Océan (IFREMER, France). The method employed was similar to that of Planquette and Sherrell (2012). Particulate Mn (pMn), pFe and pAl were used as proxies to trace hydrothermal inputs.




2.5.4 Interpolation of environmental data

Data were interpolated on the vertical dimension to have a regular depth step (one value every meter from 0 to 200 m) and thus make the dataset homogeneous to reduce the sampling bias. Macronutrients (NH4, NO3-, PO43- and Si(OH)4), DFe and pTM data were polynomially interpolated with a fourth order polynomial function (1), while NO2 data were interpolated following the Gaussian Model (2):

[image: The mathematical expression shows a polynomial function of x: \( f(x) = x^4 p_1 + x^3 p_2 + x^2 p_3 + x p_4 + p_5 \).] 

[image: The formula shown is \( f(x) = a1 \times e^{-(x-b)^2/(c1)^2} \), where \( a1 \), \( b \), and \( c1 \) are parameters, and \( e \) represents the base of natural logarithms.] 

Because macronutrients, DFe and pTM were generally not collected above 10 m, the surface reference depth was set at 10 m. This also avoids much of the strong variability due to the diurnal cycle in the upper ocean. For all interpolation with a fourth order polynomial function, an upper bound was imposed by setting the deepest concentration value to 200 m. For each station, the Mixed Layer Depth (MLD) has been calculated as the depth where θ = θ10m ± 0,2°C (de Boyer Montégut, 2004). The MLD ranged from minimum 17 m (SD 07) to maximum 71 m (SD 03). Two values were finally calculated per environmental parameter by averaging the interpolated data from the surface to the MLD (data “up”) and then from the MLD to 200 m (data “down”). The DCM was estimated as the depth at which fluorescence (proxy for Chl a) is maximum, according to Sauzède et al. (2015).





2.6 Acoustic data: indicator of macro-zooplankton biomass and density

Continuous acoustic measurements were made with a calibrated (Foote, 1987) Simrad EK60 echosounder operating at two frequencies: 38 and 200 kHz. To focus on the acoustic scattering in the photic layer, we only used the 200 kHz frequency, with a maximum acquisition range of 120 m. Power and pulse length were 45 W and 1024 μs, respectively. Data used in this study were acquired with an average ping interval of 7 s when the vessel speed was higher than 2 knots. Acoustic data were scrutinized, corrected and analyzed using the “Movies3D” software developed at the Institut Français de Recherche pour l’Exploitation de la Mer (Ifremer; Trenkel et al., 2009) combined with the French open-source tool “Matecho” (Perrot et al., 2018) from the Institut de Recherche pour le Développement (IRD). Noise from the surface was removed (from 3 m below the transducer, i.e. 8 m depth from the surface), the bottom ghost echoes were excluded, and the bottom line was corrected. Single-ping interferences from electrical noise or other acoustic instruments, and periods with either noise or attenuated signal due to inclement weather were removed using the filters described by Ryan et al. (2015). Background noise was estimated and subtracted using methods described by de Robertis and Higginbottom (2007). The nautical area scattering coefficient (NASC in m2 nmi-2), an indicator of marine organism biomass, and the volume backscattering strength (Sv in dB re 1 m-1), an indicator of the marine organism density, were calculated. Acoustic symbols and units used here follow Maclennan (2002). Data were echo-integrated into 1 m high layers over a 0.1 nm giving one ESU (Elementary Sampling Unit) with a -100 dB threshold from 8 m down to 120 m depth. Diel vertical migration (DVM) is a common behavior for zooplankton and micro-nekton that can be observed at almost all spatial scales (Haury et al., 1978). Acoustic data were thus split into day, night and crepuscular periods (dawn and dusk). Day and night periods were defined based on the solar elevation angle: daytime when the solar elevation is higher than 18° and night when the solar elevation is lower than 18°, as described in Lehodey et al. (2015).




2.7 Lagrangian analysis



2.7.1 Velocity currents and trajectories calculation

Horizontal current velocities were provided by the Copernicus Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/). These are considered representative of the velocities in the first ~50 m of the water column, include a geostrophic and Ekman components, and have a daily resolution and 1/25° spatial resolution (product SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047). Trajectories were calculated with a 3 hours time step, using a Runge-Kutta scheme of order 4.




2.7.2 Chlorophyll a data

Chlorophyll [CHL a] data were obtained from the OCEANCOLOUR_GLO_BGC_L4_MY_009_104-TDS product which was provided by CMEMS platform (product version cmems_obs-oc_glo_bgc-plankton_my_l4-gapfree-multi-4km_P1D). This is satellite product of level 4 with 4 km spatial resolution and is provided daily. Daily fields of [CHL a] for the month of November 2019 were averaged together, providing the mean [CHL a] of our region of interest during the campaign period.




2.7.3 Detection of the lagrangian plume stemming from the 2 target volcanoes

In order to quantify the effect of the Tonga Arc on phytoplankton concentration, we analyzed whether water parcels displaying enhanced [Chl a] had been in contact with the two shallow hydrothermal vents. To achieve this, a regular grid of 0.1° cell-size (~11 km) covering the study region was created. Each point, considered representative of a water parcel, was advected backward in time from a day t0 until t0-150 days. Then, for each water parcel, we identified how many days before it eventually passed over one of the two volcanoes (considered as a disk of 0.5° (~55 km) radius). This metric, hereafter the Lagrangian plume, was calculated using the 1st of November 2019 as t0. This operation was repeated for each day between the 1st and the 30th of November 2019, and the 30 Lagrangian plume fields were averaged together. Points that did not come into contact with either volcano were excluded from the average. The two volcanoes were considered in correspondence with LD 10-T5 and LD 05-T4, which were the closest stations to the hydrothermal vents. This approach has already been validated to study the island mass effect, and has made it possible to reproduce the Kerguelen and Crozet blooms (Sanial et al., 2014; d’Ovidio et al., 2015; Sanial et al., 2015) or, more recently, the phytoplankton bloom stemming from seamounts in the Southern Ocean (Sergi et al., 2020).




2.7.4 Bootstrap test

A bootstrap test was performed to test whether water parcels which came into contact with the volcanoes, and the water parcels which did not, presented different [CHL a] values. For this purpose, firstly we calculated the [Chl a] value for each point of the regular grid (using the mean [Chl a] of November 2019). Secondly, we divided the grid points into two groups: those which have been in contact with volcanoes, less than τ days before, and those who did not. The statistical independence of the two groups was tested with a Mann-Whytney or U test. Finally, a bootstrap analysis was applied following the methodologies in Baudena et al. (2021). As τ, we tested different values, ranging from 5 to 150 days. We selected a tau of 115 days because it was the greatest value for which the difference between the two groups was significant.






3 Results



3.1 Environmental characteristics

The Melanesian waters and the South Pacific Gyre were characterized by oligotrophic waters ([Chl a]< 0.15 mg m-3; Figure 1; DCM: 100-180 m). In contrast, the Lau Basin was characterized by mesotrophic waters in the vicinity of the Tonga arc ([Chl a] > 0.15 mg m-3; Figure 1; DCM: 70-90 m). NO3- concentrations at the surface (0-50 m) were consistently close or below the detection limit (0.05 μmol L-1) throughout the transect, while PO43- concentrations were typically 0.1 μmol L-1 in oligotrophic zones and depleted down to detection limit (0.05 μmol L-1) in the mesotrophic zone (i.e. Lau Basin). Concerning the dFe values (Tilliette et al., 2022), stations furthest from the Tonga-Kermadec arc in the South Pacific Gyre (i.e., SD 7 and 8) were characterized by low [dFe] in the photic layer (< 0.2 nmol kg-1). The station SD 6, closest to the arc was slightly different from the other stations of the gyre. Although [dFe] remain low throughout the whole water column (< 0.3-0.4 nmol kg-1, [dFe] were higher than those at SD 7 and 8 in the surface layer. Melanesian waters were characterized by a dFe enrichment in the photic layer compared to the waters of the South Pacific gyre with [dFe] as high as 0.4-0.5 nmol kg-1. In the Lau Basin, we observed higher [dFe] than in the South Pacific gyre as well as in Melanesian waters for all stations. SD 11 had the highest [dFe] of the SD in the Lau Basin in the photic layer (0.4-0.6 nmol kg-1). SD 12 presented the least enriched photic layer, with [dFe] similar to those observed to the east (~0.2 nmol kg-1). Sea surface temperature (SST) ranged from 24.3°C (SD 01) to 27.3°C (LD 10-T3) above the MLD.




3.2 Description of the micro-plankton community (20-200 μm)



3.2.1 Quantification

The highest micro-plankton concentrations were found at stations west of the Tonga arc, reaching a maximum at SD 11 (8.60 104 ind m-3), LD 10-T5 and LD 10-T3, followed by LD 05-T1 and LD 05-T2 (Figure 4A). The minimum of micro-plankton abundance was found in SD 06 (8.75 103 ind m-3) located right to the east of the Tonga Arc. The average concentration of micro-plankton in the Lau Basin was 4.33 104 ind m-3. Micro-plankton concentrations in the South Pacific Gyre were 2.28 times lower on average (1.90 104 ind m-3).

[image: A composite image showing three parts: A) A stacked bar chart representing the concentration of various plankton types across different locations in Melanesian waters, Lau Basin, and South Pacific Gyre. Colors represent individual plankton types, with a color legend on the right. B) A PCA plot illustrating the variance of different plankton and environmental factors. Vectors indicate relationships between variables. C) A cluster map showing the distribution of sampling locations with colored dots denoting different sites. Coordinates are provided for specific locations.]
Figure 4 | (A) Micro-plankton concentration (ind m-3) and composition of the 10 most abundant taxa (representing about 88% of the dataset). The rest of the micro-planktonic organisms (114 taxa) were grouped within the category “others”. Values of the Shannon diversity Index are indicated in grey. (B) Principal Component Analysis (PCA) on relative abundances of micro-plankton (Hellinger-transformed data). Only environmental data (in blue) with a contribution greater than 0.25 and taxonomic data (in black) with a contribution greater than 0.18 are shown for ease of reading. The environmental variables are the averages of interpolated data from the surface to the MLD (up) and then from the MLD to 200 m (down). The colors correspond to the five characteristic clusters determined via an independent hierarchical analysis (HAC) with Euclidean distance. (C) Projection of the clusters determined by HAC on the transect map with the corresponding station numbers. Credit plankton illustration: Tohora Ereere.




3.2.2 Community composition

In terms of community composition, diazotrophic cyanobacteria clearly dominated, notably cyano a and b, UCYN colonies and t005_F, accounting for 69% on average of the total micro-planktonic concentration (total: 5.00 105 ind m-3), with a maximum at SD 11 (80% of the total community). This dominance was confirmed by the linear regression between cyanobacteria and total micro-plankton concentration (R2 = 0.92). Furthermore, a significant negative correlation was found between the micro-plankton concentration and the Shannon diversity Index (data not shown; y = 1.72 10-5 x + 3.17; R2 = -0.72, p = 0.007). The majority of the variance in the PCA (Figure 4B; PC1; 59% of variance) showed that the diazotroph dominance correlated with water rich in DFe, Chl a and pTM (pAl and pMn), and low salinity and PO43- concentrations. Changes in community correlated to [DFe] were observed. First, a community dominated by cyano b (probably genus Trichodesmium) correlated to high [DFe] was found. Secondly, cyano a and t005_F (probably genus Katagnymene for both) were associated to UCYN. Then, a cyanobacteria-poor community was correlated with low [DFe]. Diazotrophic cyanobacteria-poor stations had a more diverse micro-plankton community, such as at SD 08 in the South Pacific Gyre which differed strongly from other stations. Even if this difference represents a few percentages of variance (Figure 4B; PC2; 15%), different cyanobacteria distribution was found in the Lau Basin notably between the two LD stations. More cyano a and t005_F (Katagnymene) were found at LD 10 while more cyano b (Trichodesmium) were measured at LD 05. This can also be seen on the cluster map (Figure 4C), with stations close to the Tonga arc showing clusters characterized by cyanobacteria dominance, except for LD 10-T1 which is associated with SD 07 in the South Pacific Gyre.





3.3 Description of the meso-plankton community (>200 μm)



3.3.1 Quantification

The highest meso-plankton concentrations (Figure 5A) were found in the Lau Basin at LD 10-T5 (510.6 ind m-3), followed by LD 10-T3 station (446.0 ind m-3) then by LD 05 sub-stations and at SD 11 and 12. The average concentration in the Lau Basin was 328.9 ind m-3. In contrast, low concentrations were found in the oligotrophic zone of the South Pacific Gyre, with SD 07 (78.6 ind m-3) and SD 08 (112.7 ind m-3). The mean concentration in the South Pacific Gyre was 132.8 ind m-3, while Melanesian waters showed an intermediate mean meso-plankton concentration of 232.6 ind m-3. Contrary to the micro-plankton where the concentration was negatively correlated to the diversity (cyanobacteria dominance opposed to a diverse community), no significant correlation was found between meso-plankton concentration and the Shannon diversity Index (data not shown; y = - 8.20 x 10-4 + 3.12; R2 = 0.51; p = 0.06). The relative abundances underlined a shift from copepod dominance to co-dominance of cyanobacteria and copepods (or over-dominance of cyanobacteria in some cases) west of the Tonga arc as one approaches the arc.

[image: Panel A is a bar chart showing absolute abundance of various species across different regions in the South Pacific, with colors indicating different species. Panel B is a scatter plot illustrating principal component analysis (PCA) with vectors representing species and environmental variables. Panel C is a cluster map showing geographic distribution of sampling locations with different colored points representing distinct clusters and sampling points.]
Figure 5 | (A) Meso-plankton concentration and composition of the 10 most abundant groups (representing about 79% of the dataset). The rest of the planktonic organisms (139 taxa) are grouped within the category “others”. Values of the Shannon Index diversity are indicated in grey. (B) Principal Component Analysis (PCA) on relative abundances of meso-plankton (Hellinger-transformed data). Only environmental data (in blue) with a contribution greater than 0.25 and taxonomic data (in black) with a contribution greater than 0.17 are shown for ease of reading. The colors correspond to the four characteristic clusters determined via an independent hierarchical analysis (HAC) with Euclidean distance. The environmental variables are the averages of interpolated data from the surface to the MLD (up) and then from the MLD to 200 m (down). (C) Projection of the clusters determined by HAC on the transect map with the corresponding station numbers. Credit plankton illustration: Tohora Ereere.




3.3.2 Community composition

PCA coupled with cluster analysis (Figures 5B, C) showed a very strong signal on meso-planktonic community change. The maximum of the variance (PC1: 56% of variance; Figure 5B) showed a clear gradient, with (i) the more diverse communities dominated by different copepod genus within SD far from the Tonga Arc (SD 08, 01, 02); (ii) distinctive communities in SD 06, 07 and LD 10-T1, (iii) communities with a rather gelatinous composition (i.e. salpida, oikopleura, chaetognatha, generally filter-feeding and detritivorous organisms) at most SD of the Lau Basin, and (iv) cyanobacteria-dominated communities at LD sub-stations close to the Tonga Arc. Cyanobacteria-dominated sub-stations were correlated with waters rich in DFe, Chl a and pTM (pAl and pMn), but with low salinity and PO43-.





3.4 Description of the plankton community as a whole



3.4.1 Quantification

To consider both micro- and meso-plankton equally, we considered their biovolume (proxy for biomass) rather than their concentration. An increase in plankton biovolume (Figure 6A) was observed in the Lau Basin with the highest biovolumes observed at LD 10-T3 and LD 05-T1 (i.e. 100.15 and 94.98 mm3 m-3, respectively). The mean biovolume in the Lau Basin was 66.44 mm3 m-3 while the mean biovolume in the South Pacific Gyre was 35.64 mm3 m-3. The lowest planktonic biovolumes were found in these oligotrophic waters, especially at SD 07 and 08 where biovolumes reached values of 13.32 and 16.32 mm3 m-3, respectively.

[image: Map and scatter plot analysis of cluster locations. Panel A shows a cluster map with various sites labeled and color-coded by circle size to represent biovolume. Panel B depicts a scatter plot with principal coordinates analysis (PCA), illustrating variance across different factors such as oxygen, salinity, and nutrient levels, with arrows indicating directionality. Biovolume is shown in the legend, with marker size representing volume categories of ten, fifty, and one hundred cubic millimeters per cubic meter.]
Figure 6 | (A) Projection of the clusters determined by hierarchical analysis (HAC) on the transect map with the corresponding station numbers, points size corresponding to biovolume. (B) PCA on normalized biovolume (equivalent to biomass) of the plankton functional types (pft; in black). Only environmental data (in blue) with a contribution greater than 0.25 are shown for ease of reading. The environmental variables are the averages of interpolated data from the surface to the MLD (up) and then from the MLD to 200 m (down). The size corresponds to the plankton biovolume (mm3 mm-3) at each station. The colors correspond to the four characteristic clusters determined via the hierarchical analysis (HAC) with Euclidean distance.




3.4.2 Community composition

The planktonic community identified at SD 04, in the Lau Basin, was similar to those measured in the stations in the gyre, reaching a low biovolume (26.31 mm3 m-3; Figures 6A, B). The PCA (Figure 6B) described a plankton community dominated by cyanobacteria associated with gelatinous organisms (pft: filter feeders, carnivores and chaetognatha) and directly correlated with waters rich in DFe, Chl a and pTM (pAl and pMn) but with low salinity and PO43-. The cyanobacteria-dominated community, associated in previous analyses with LD stations, appears from this analysis to be more representative of LD 05. Indeed, two of the three LD 10 substations were associated with the more diverse planktonic communities in the Lau Basin by the clustering analysis. SD 03, located in the Melanesian waters, is distinguished from the other stations by its high crustacean and pteropod biovolume correlated with high surface NO3- concentrations. The oligotrophic zone of the South Pacific Gyre is composed of a community dominated by small autotrophs (pft: ciliates, diatoms, and dinoflagellates).





3.5 Impact on the higher food web (macro-zooplankton and fish) with acoustic detection

Acoustic detection analysis was carried out to gain an overview of the upper food web, mainly meso- and macro-zooplankton. To this end, we represented the results of acoustic detection during the cruise trajectory, with an indicator of the density of these organisms (Sv) in Figure 7A and an indicator of their biomass (NASC) in Figure 7B. The oligotrophic waters of the South Pacific Gyre were identified as poor in biomass and density of meso-plankton and fish (i.e minimum NASC of 5.60 m2 nmi-2 at 167°W in the South Pacific Gyre; Figure 7B). A clear progressive increase in biomass towards the Lau Basin was observed. A biomass peak (up to NASC of 7.40 m2 nmi-2 at 177°W; Figure 7B) was observed in the Lau Basin near the Tonga Arc where the maximum plankton biomass was also observed (see sections 3.2, 3.3 and 3.4). A slight decrease in biomass (NASC average of 6.52 ± 3.32 m2 nmi-2 from 180°W to 193°W; Figure 7B) was visible in the Melanesian waters compared to the Lau Basin, although it was still higher than the biomass observed in the South Pacific Gyre.

[image: Graph A shows mean volume backscatter strength at 200 kilohertz across various longitudes, with color indicating sound intensity from -90 to -40 decibels. Graph B illustrates integrated NASC, represented as log values, across the same longitudes, highlighting variations in Melanesian waters, Lau Basin, and South Pacific Gyre.]
Figure 7 | (A) Synthetic averaged acoustic density (Sv) echogram at 200 kHz from 8 to 120 m during the day. Color bar indicates Sv in dB re 1 m-1. The organisms observed by these acoustic methods are mainly macro-zooplankton and fish. (B) Integrated acoustic biomass (nautical area scattering coefficient NASC in log(sA(m2 nmi-2)) at 200 m. The Sv and NASC are averaged on a 0.05° longitude step grid. For (A) and (B), the approximate position (Ruellan and Lagabrielle, 2005) of the Tonga arc is represented by a black dotted line.




3.6 Lagrangian dispersion around the two target hydrothermal vents of the Tonga Arc

The Lagrangian plume, averaged over the month of November 2019, reveals a global dispersion towards the southeast (Figure 8A). The water parcels sampled at SD 06 (i.e. South Pacific Gyre), 11, 12 and 04 (i.e. Lau Basin) passed above the hydrothermal vents 35, 106, 114, and 103 days before the sampling, respectively. Conversely, water parcels sampled in the western oligotrophic Gyre (SD 08 and 09) and Melanesian waters (SD 01, 02 and 03) did not pass above the hydrothermal vents in the previous 115 days (see 2.7). To determine whether the hydrothermal vents affected the primary productivity of the region, the Lagrangian plume contour at 115 days was superposed on the mean [Chl a] of November 2019, finding a remarkable agreement (Figure 8B). For instance, a meander at around 22°S, 167°W characterized by an enhanced [Chl a] concentration, passed over the vents ~100 days before. To quantify whether the observed differences in Chl a content inside and outside the Lagrangian plume contour were significant, we performed a bootstrap test (Figure 8C) over the whole region. The test revealed that the [Chl a] was significantly higher inside the Lagragian plume (0.1044 mg m-3) than outside (0.0738 mg m-3; Figure 8C). Notably, we obtained a significant decrease in [Chl a] content as a function of the amount of time since the water parcel passed over the volcanoes (R2 = 0.49, p< 0.05, slope: -0.0027 mg m-3 d-1; see Supplementary Figure 1). In other words, as water parcels moved away from the hydrothermal vents, their [Chl a] content decreased. The area of the 115-day Lagrangian influence patch is equal to 412 770 km2 (white dashed surface air: Figures 8A, B). Complementing our results, previous and subsequent years (averaged over the month of November 2017, 2018, 2020 and 2021, see Supplementary Figure 2) also show an overall southeastward dispersion of Chl a, similar with our study year.

[image: Panel A shows a map with Lagrangian plume contours over the South Pacific, indicating time in days. Panel B presents chlorophyll-a concentrations in the same region, with a color scale ranging from purple to yellow. Panel C is a bar chart comparing chlorophyll-a levels inside and outside the Lagrangian plume, showing higher values inside.]
Figure 8 | (A) Average Lagrangian plume for November 2019 in the WTSP region. The color of each point indicates how many days before the corresponding water parcel came into contact with one of the two target hydrothermal vents (black triangles). White dashed lines show the contours of the Lagrangian plume at 115 days. (B) Average chlorophyll a concentration ([Chl a]; mg m-3) observed in November 2019 (monthly-mean composite image, data from MODIS-Aqua at 4 km resolution). White dashed lines show the contours of the Lagrangian plume at 115 days reported in panel (A). (C) Bootstrap results. The dark gray column shows the average [Chl a] inside the Lagrangian plume, i.e. at the locations showing a Lagrangian plume value less than 115 days, considered under the effect of the hydrothermal sources. Conversely, the light gray column shows the average [Chl a] outside the Lagrangian plume, i.e. at the locations showing a Lagrangian plume value greater than 115 days, considered as not affected by hydrothermalism. Error bars indicate the standard deviation. The three stars indicate the significance of the bootstrap test (p< 0.001) between the [Chl a] values inside and outside the Lagrangian plume.





4 Discussion

The main goal of the TONGA project was to evaluate the potential impact of shallow hydrothermal inputs in the vicinity of the Tonga volcanic arc on planktonic communities and organic carbon export to the deep ocean (Bonnet et al., 2023). This study highlights that plankton communities, from micro- to macro-plankton, harbor high abundances and biomasses in the Lau Basin located close to the Tonga volcanic arc and, to a lesser extent, in Melanesian waters located west of the arc (Figure 9). These high abundances and biomasses were correlated with the environmental signatures indicative of the hydrothermal vents, as indicated by Guieu et al. (2018) and Bonnet et al. (2023): waters rich in DFe, Chl a and particulate trace element (pAl and pMn) but low in salinity and PO43- (see PCA Figures 4–6). Therefore, they are associated with these hydrothermal vents in a good agreement with Bonnet et al. (2023) who demonstrated that Fe-rich fluids released close to the shallow volcano represent a significant Fe source for planktonic communities in surface waters.

[image: Diagram showing nutrient and community variations across Melanesian waters, Lau Basin, and the South Pacific Gyre. It highlights oligotrophic and gelatinous communities, diazotroph cyanobacteria, and differing phosphorus and iron levels. Nitrogen fixation rates are included.]
Figure 9 | Summary diagram of the study results. The green and pink clouds represent the order of magnitude of the abundances of micro-plankton and meso-plankton, respectively (see Figures 3 and 4). Zooms show an overview of the plankton communities found. N2 fixation rates (N2 fix rates) are from Bonnet et al. (2017) and dissolved iron concentrations ([DFe]) are from Tilliette et al. (2022). Credit illustration: Tohora Ereere.



4.1 Major impact of DFe-rich hydrothermal inputs on the diazotrophic micro-phytoplankton community



4.1.1 Clear dominance of diazotrophs

The highest concentrations of micro-plankton were observed west of the Tonga Arc in the Lau Basin, reaching maximums at stations near the Arc, while the minimums of micro-plankton concentration were observed east of the Tonga Arc in the South Pacific Gyre (Figure 4A). The high micro-plankton concentration was dominated by diazotrophs in the Lau Basin, accounting for up to 80% of the micro-plankton community near hydrothermal vents (Figure 4A). This strong dominance of the community by diazotrophs has also been demonstrated in Lory et al. (2022) and Bonnet et al. (2023) through quantitative PCR (qPCR) during the TONGA cruise, and in Leblanc et al. (2018) through Sedgewick-rafter chamber during OUTPACE cruise. Globally, this is in good agreement with the characterization of the WTSP as an N2 fixation hotspot, particularly for the Lau Basin and Melanesian waters, which exhibit very high N2 fixation rates of ~631 µmol N m-2 d-1 due to diazotrophs (Bonnet et al., 2018). Our results demonstrate a spatial correlation between high diazotroph concentrations and high DFe inputs from hydrothermal vents into the photic layer (DFeup in the PCA; Figure 4B). This is confirmed by Bonnet et al. (2018) and Bonnet et al. (2023), who demonstrate a significantly positive correlation between N2 fixation and [DFe] in this region. Planktonic diazotrophs play a crucial role in supplying new available nitrogen as they are capable of assimilating atmospheric N2, thus overcoming N deficiency. However, besides phosphorus requirements, diazotrophs also have high iron demands due to the iron-rich enzyme involved in the N2 fixation process (Zehr, 2011). Therefore, the high concentrations of diazotrophs observed in the Lau Basin can be attributed to nitrate limitation (surface [NO3-] close to or below the detection limit of 0.05 μmol L-1; see 3.1) and to the DFe input from hydrothermal vents into the photic layer ([DFe] of 66 nM: Guieu et al., 2018; [DFe] of 47 nM: Tilliette et al., 2022). Additionally, our analysis of the variance in PCA Figure 4B revealed that the dominant presence of diazotrophs correlated with low concentrations of [PO43-] (depleted to the detection limit of 0.05 μmol L-1; see 3.1), which aligns with the consumption of [PO43-] by diazotrophs. Conversely, in the Gyre, the low concentration of diazotrophs resulting from DFe limitation allows for the accumulation of PO43-, which explains the high [PO43-] measurements in the South Pacific Gyre (0.1 μmol L-1; see 3.1).




4.1.2 Diazotroph composition along the transect

In terms of diazotroph composition, we observed a community mostly composed of cyano a (probably Katagnymene), cyano b (probably Trichodesmium), UCYN-B colonies and t005_F (probably Katagnymene). Additionally, we identified the presence of Katagnymene spiralis, Richelia alone or in DDAs (Rhizosolenids inter-Richelia). Leblanc et al. (2018) also described this diazotrophic composition in plankton nets during the OUTPACE cruise, highlighting the dominance of Trichodesmium, Richelia intracellularis (alone or in DDAs), UCYN-B and other filamentous cyanobacteria such as Katagnymene. Our results demonstrate a distribution of the diazotrophic community along a [DFe] gradient. In the Lau Basin, west of the Tonga Arc, we observed a cyano b-dominated community (Trichodesmium) associated with the highest [DFe]. As we move towards lower [DFe], there is a transition to a community dominated by cyano a, t005_F (probably Katagnymene for both), and UCYN-B (Figure 4). The t005_F category appears to correspond to the mucilaginous sheath of Katagnymene and may indicate the transition to an ultra-oligotrophic zone in the South Pacific Gyre, where DFe is too scarce to support the growth of these diazotrophs.

However, it’s important to note that the quantitative imaging used in this study has a limitation in the size range observed, only capturing diazotrophs larger than 20 µm. In complement to this, qPCR analyses were performed during the OUTPACE and TONGA cruises, allowing the detection of the main diazotroph groups (Stenegren et al., 2018; Lory et al., 2022; Bonnet et al., 2023) in the micro (>10 µm), nano- (2-10 µm), and pico-planktonic (0.2-2 µm) fractions. The distribution of diazotrophs observed in our study (> 20 µm) aligns with the findings described by Stenegren et al. (2018) during the OUTPACE cruise, who reported a surface diazotrophic community dominated by Trichodesmium and UCYN-B, with Trichodesmium primarily associated with oligotrophic waters in the Melanesian and Lau Basin, and UCYN-B predominant in the ultra-oligotrophic waters of the South Pacific Gyre. However, contrasting results were obtained from the TONGA omics analysis (Lory et al., in prep; qPCR of nifH gene, a biomarker used to study the diversity and fixation of diazotrophs). They revealed that surface diazotrophic communities were mainly dominated by UCYN-A (on average, 63% of stations sampled in the photic layer. UCYN-A was not detectable using our imaging methods as it falls below the size threshold of 20 µm. Trichodesmium accounted for 27% (average over stations sampled in the photic layer), while UCYN-B represented approximately 9% (average over stations sampled in the photic layer). This contrast could be potentially explained on the one hand by the different target size range between the methods. It has also been shown that taxonomic assignments between the two omics/imaging data sources are not always comparable as they each present different methodological biases, although they are complementary and could derive mutual benefits (da Silva, 2022). However, in terms of distribution, these qPCR data from the TONGA cruise further confirmed that Trichodesmium dominates near the Tonga Arc, while UCYN-B concentrations are highest in the vicinity of hydrothermal vents and within the oligotrophic gyre. These findings also provided additional insights into UCYN-A, which was found to be most abundant away from hydrothermal vents, including in certain areas of the Lau Basin and Melanesian waters.





4.2 Propagation through the plankton food web



4.2.1 To the non-diazotrophic micro-plankton community

Diazotrophic micro-plankton clearly dominate in the Lau Basin and Melanesian waters stations. Indeed, the micro-plankton communities near hydrothermal vents exhibit significantly low Shannon diversity Index (Figure 4A). In comparison, the absolute abundance of non-diazotrophic micro-phytoplankton in the Lau Basin averages at 1.31 x 104 ind.m-3, representing approximately 30% of the total micro-phytoplankton abundance in the Lau Basin. In the Melanesian waters, the absolute abundance of non-diazotrophic micro-phytoplankton is 8.78 x 103 ind.m-3, accounting for approximately 48% of the total micro-phytoplankton abundance in Melanesian waters. In the oligotrophic Gyre, the average absolute abundance of non-diazotrophic micro-phytoplankton is comparable to the Lau Basin, at 1.27 x 104. Thus, these findings do not suggest a significant increase in the concentration of non-diazotrophic micro-plankton across the studied areas. However, in such nitrogen-limited waters, high N2 fixation may be a main source of new N to surface waters (Gruber, 2008) and may allow the development of non-diazotrophic phytoplankton. An increasing number of studies has demonstrated that dinitrogen fixed by diazotrophs is rapidly transferred to non-diazotrophic plankton, particularly in this region by Adam et al. (2016); Bonnet et al. (2016); Berthelot et al. (2016); Caffin et al. (2018). Several studies have proposed a link between Trichodesmium blooms and subsequent increases in non-diazotrophic phytoplankton (Mulholland et al., 2004; Lee Chen et al., 2011). It is possible that our sampling occurred during the Trichodesmium bloom, which could potentially explain the absence of a signal indicating an increase in non-diazotrophic micro-phytoplankton. Indeed, Tilliette et al. (2023) performed an 9-day experiment in 300 L reactors onboard the TONGA cruise, to examine the effects of hydrothermal fluids on the succession of natural plankton communities. They showed a growth of the non-diazotrophic species occurred at days 2-4 after the Trichodesmium bloom, when phosphate and nitrate concentrations were nearly depleted. Nitrogen was made available to non-diazotrophic phytoplankton through N2 fixation and the use of rather abundant DOP as an alternative P-source may have allowed their growth (Tilliette et al., 2022). Additionally, another potential hypothesis to consider, which complements the other, is the possibility of top-down control by grazing meso-zooplankton. We show that these organisms exhibit high abundance and biomass near the Tonga Arc (Figures 5 and 6) and thus, may consume directly non-diazotrophic plankton more readily and rapidly than Trichodesmium which, according to Capone et al. (1997), remains largely unconsumed. Therefore, the combination of these two hypotheses potentially helps to explain why we do not obtain a significant increase in non-diazotrophic micro-phytoplankton concentration.




4.2.2 To the meso-zooplankton community

The role of diazotroph blooms in structuring higher trophic levels of the planktonic food web have been poorly explored (Le Borgne et al., 2011). Cyanobacteria such as Trichodesmium are one of the groups with potential direct and indirect effects on herbivorous zooplankton, therefore affecting the trophic transfer efficiency (Suikannen et al., 2021). Molecular techniques are available to detect diazotrophs in the gut contents of zooplankton (i.e Hunt et al., 2016). Such analyses were not carried out as part of TONGA, and we limit our discussion to the correlations observed between the distribution and increase in abundance of zooplankton species and diazotroph bloom.

In this study, we uncovered a spatial structuring of the micro-planktonic community by diazotrophic organisms, which could, in turn, support meso-planktonic production. We observed important meso-planktonic concentrations (reaching up to 510.6 ind m-3 near the hydrothermal vents; Figure 5) and overall high plankton biovolume in the Lau Basin (averaging 67.8 mm3 m-3; Figure 6). Regarding composition, our findings demonstrate a clear spatial correlation between the meso-planktonic community and its proximity to the hydrothermal vents. Diverse communities dominated by various copepod genera were found further away from the Tonga Arc, contrasting with communities dominated by cyanobacteria and primarily associated with gelatinous organisms (e.g., filter feeders and carnivores) near the Tonga Arc (Figures 5, 6).

Our distribution of the meso-zooplankton community aligns well with the findings of Carlotti et al. (2018) during the OUTPACE cruise in the same region. They observed a similar decreasing trend in meso-zooplankton abundance and biomass from east to west, with a distinct decline in the South Pacific Gyre, which corresponds to the increased contribution of copepods to the meso-zooplankton as we also observed (Figure 5). These results can suggest that gelatinous organisms, primarily filter-feeding organisms, likely feed on pico- or nano-cyanobacteria such as the abundant UCYN-A and -B species highlighted by Lory et al. (qPCR data from the cruise; see section 4.1, in prep.). Gelatinous organisms also contribute to marine snow, providing a food source for detritivorous organisms that can also consume the large Trichodesmium species (Koski and Lombard, 2022). These filter feeders and detritus feeders are, in turn, likely consumed by carnivorous meso-zooplankton, which exhibit relatively high abundances in our study (Figure 6: gelatinous carnivores, chaetognatha, copepoda, and other larger species).




4.2.3 Potential consumption of zooplankton on diazotrophs

Recent studies have provided evidence of zooplankton species feeding on various types of diazotrophs, particularly in this region (during the OUTPACE cruise: Caffin et al., 2018; Carlotti et al., 2018). This is consistent with several studies that have demonstrated the efficient transfer of diazotroph-derived nitrogen to meso-zooplankton communities (> 200 μm; Caffin et al., 2018; Carlotti et al., 2018). Carlotti et al. (2018), based on 15N isotopic data, have established a link between zooplankton abundances and Trichodesmium blooms. They found that about 50-95% of the zooplankton N content originates from N2 fixation in the western part of the Tonga Arc. Caffin et al. (2018) employed nanometre-scale secondary ion mass spectrometry (nanoSIMS) in combination with 15N2 isotopic labeling and flow cytometry cell sorting to quantify the transfer of diazotroph-derived nitrogen (DDN) to meso-zooplankton. They suggest that the transfer of DDN to meso-zooplankton is higher with UCYN-B than with Trichodesmium, as UCYN-B can be directly grazed due to its small size (2-3 µm), as mentioned by Hunt et al. (2016). This finding can align with one of hypothesis of a high abundance of filter-feeding gelatinous organisms likely feeding on pico- or nano-cyanobacteria. It supports the idea of a direct transfer of DDN from UCYN-B to meso-zooplankton by a direct consumption of meso-zooplankton to UCYN-B. An complementary hypothesis is also the direct consumption of Trichodesmium and Katagnymene species by meso-zooplankton. Trichodesmium has been considered as a food source for zooplankton species, particularly harpacticoid copepods (O’Neil and Roman, 1994; O’Neil, 1998; Koski and Lombard, 2022). In contrast to our results and with previous studies by Carlotti et al. (2018) and Caffin et al. (2018); Turner (2014) have shown that high cyanobacteria biomass does not necessarily lead to an increase in zooplankton biomass, as Trichodesmium can be toxic or inedible. It may even cause a decline in the zooplankton community due to Trichodesmium-derived compounds that weaken organisms and facilitate the spread of viral infections (Guo and Tester, 1994). The direct via zooplankton grazing, has been considered limited due to cyanobacteria possessing cyanotoxins (Guo and Tester, 1994), large cell size in the case of filamentous cyanobacteria such as Trichodesmium and poor nutritional quality (O’Neil and Roman, 1992). However, in the case of the WTSP, our studies have revealed a diazotrophic community supported by DFe inputs from hydrothermal vents, which in turn supports meso-planktonic production.




4.2.4 Complementarity of acoustic data: to the meso- and macro-zooplankton community

The complementary use of acoustic data has provided us with an overview of the transfer to trophic levels higher than meso-zooplankton. These tools allow for the simultaneous assessment of macro-plankton and fish organism density and biomass, but they cannot differentiate between organism types or accurately assess their biomass (Lombard et al., 2019). Our results demonstrate a signal indicative of a zone with low macro-zooplankton density and biomass in the oligotrophic Gyre as we show with imaging data (Figure 5). In a similar way to imaging results too, a signal representative of a rich zone was observed in the Lau Basin and Melanesian waters. Vertical integration of acoustic energy analysis at 200 kHz and the Sv -80 dB signal provide density (Figure 7A) and biomass (Figure 7B) estimates of macro-zooplankton, specifically gelatinous organisms such as siphonophorae and jellyfish, according to Benoit-Bird and Lawson (2016), which aligns directly with the gelatinous signal observed in our imaging methods (Figures 5 and 6). Therefore, these additional analyses confirm and support our conclusion that diazotrophic communities support the production of higher trophic levels (meso- and macro-zooplankton) in the planktonic food web.





4.3 Lagrangian plume effect

By calculating the Lagrangian plume stemming from the position of the two hydrothermal vents, it was possible to reconstruct remarkably well the chlorophyll bloom during November 2019 (Figure 8). Hydrothermally-influenced waters (i.e. those coming in contact with hydrothermal vents) showed [Chl a] significantly higher than waters which did not come in contact with the volcanoes. In addition, the [Chl a] content in the hydrothermally-influenced waters gradually decreased a few months after their passage through the zone of hydrothermal influence. These observations were associated with a 4.2-fold increase in micro-plankton abundance in the Lau basin (Figure 4). This process is consistent with other types of natural Fe fertilization such as island mass effect (Gove et al., 2016). From a spatial point of view, the influence of these potential iron inputs was calculated to be approximately 412 770 km2 (for 115-day Lagrangian influence zone; see 3.6). In a very consistent approach, Bonnet et al. (2023), calculated a fluid bloom area of 360,000 km2 (taking the satellite image of the expedition period, an isoline 0.9 µg/l and a reference to gyre station ST8; see details in Bonnet et al. (2023). Such a geographical range is much larger than those reported in previous studies on the Island Mass Effect (up to about 30 km from the shore in Gove et al., 2016, and about 45 000 km2 in Blain et al., 2008). This highlighted the major role of such shallow hydrothermal emissions on the primary productivity of the region which impact the entire planktonic food web. Although our study focused on the impact of two hydrothermal sources on the biology, it is important to note that this observed bloom is probably the result of the impact from a multitude of sources localized along the Tonga Arc (Massoth et al., 2007).




4.4 Conclusion on the biogeochemical impact

Our study has revealed a response of the entire ecosystem’s trophic structure to shallow hydrothermal DFe inputs, ranging from micro-phytoplankton to macro-zooplankton (covering a broad size spectrum from 20 μm to a few cm). These findings further strengthen the notion of diazotroph dominance in response to DFe inputs from the Tonga hydrothermal vents. The specific role of DFe inputs on zooplankton communities in this region has remained largely unknown, despite significant planktonic community composition changes observed in other regions (Caputi et al., 2019). Our study has demonstrated the support provided by the diazotrophic community to higher trophic levels, such as meso- and macro-zooplankton production in the Lau Basin zone, particularly highlighting the presence of abundant gelatinous organisms. Indeed, it is well-known that phytoplankton drives the trophic structures of ecosystems (Iverson, 1990; Frederiksen et al., 2006; Boersma et al., 2014; Block et al., 2011) and contributes to the increase in meso-zooplankton. In the Lau Basin, the increase was found to be 2.4 times more abundant on average compared to the oligotrophic Gyre. Meso-zooplankton, as secondary producers in the food web, play in turn a significant role in material flux to higher trophic levels and ultimately to the deep ocean. They contribute to carbon export through fecal production and their diel vertical migrations (Steinberg and Landry, 2017). Thus, this study reaffirms the importance of nutrient regulation in shaping plankton communities and demonstrates that disturbances caused by shallow hydrothermal sources along the Tonga Arc have a profound impact on the entire planktonic food web, affecting the ecosystem as a whole and the biogeochemical context of the region.
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Supplementary Figure 1 | Average [Chl a] (mg m-3; y-axis) as a function of the Lagrangian plume, i.e. the time of passage above the volcanoes (x-axis). The time of passage was averaged over 5-day bins, from 0 to 115 days (dark gray columns). Lagrangian plume values larger than 115 days were considered as a unique time bin (light gray column). Error bars indicate the standard deviation. Locations with a Lagrangian plume lower than 115 days are considered as affected by the hydrothermal sources, while those showing a Lagrangian plume value greater than 115 days are considered as not affected by hydrothermalism. The black dotted line represents the linear fit between the chlorophyll a concentration and the time of passage above the sources, which was statistically significant (R2 = 0.49, p< 0.05 and slope = -0.0027).

Supplementary Figure 2 | Map of the average chlorophyll a concentration ([Chl a]; mg m-3) of November 2017, 2018, 2020 and 2021 (data from MODIS-Aqua resolution of 4 km). The two target hydrothermal vents are represented by black triangles.


Supplementary Table 1 | Taxonomic content of the micro- and macro- planktonic taxo-functional groups annotation (pft) defined for the analyses of surface structure.
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The spatial distribution of marine di-nitrogen (N2) fixation informs our understanding of the sensitivities of this process as well as the potential for this new nitrogen (N) source to drive export production, influencing the global carbon (C) cycle and climate. Using geochemically-derived δ15N budgets, we quantified rates of N2 fixation and its importance for supporting export production at stations sampled near the southwest Pacific Tonga-Kermadec Arc. Recent observations indicate that shallow (<300 m) hydrothermal vents located along the arc provide significant dissolved iron to the euphotic zone, stimulating N2 fixation. Here we compare measurements of water column δ15NNO3+NO2 with sinking particulate δ15N collected by short-term sediment traps deployed at 170 m and 270 m at stations in close proximity to subsurface hydrothermal activity, and the δ15N of N2 fixation. Results from the δ15N budgets yield high geochemically-based N2 fixation rates (282 to 638 µmol N m-2 d-1) at stations impacted by hydrothermal activity, supporting 64 to 92% of export production in late spring. These results are consistent with contemporaneous 15N2 uptake rate estimates and molecular work describing high Trichodesmium spp. and other diazotroph abundances associated with elevated N2 fixation rates. Further, the δ15N of sinking particulate N collected at 1000 m over an annual cycle revealed sinking fluxes peaked in the summer and coincided with the lowest δ15N, while lower winter sinking fluxes had the highest δ15N, indicating isotopically distinct N sources supporting export seasonally, and aligning with observations from most other δ15N budgets in oligotrophic regions. Consequently, the significant regional N2 fixation input to the late spring/summer Western Tropical South Pacific results in the accumulation of low-δ15NNO3+NO2 in the upper thermocline that works to lower the elevated δ15NNO3+NO2 generated in the oxygen deficient zones in the Eastern Tropical South Pacific.
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1 Introduction

The biological fixation of dinitrogen (N2) gas, mediated primarily by marine prokaryotes (“diazotrophs”), is the largest source of newly fixed nitrogen (N) to the global ocean (Gruber, 2004; Landolfi et al., 2018), fertilizing primary productivity and supporting carbon (C) export (Dugdale and Goering, 1967; Karl et al., 1997; Capone, 2001; Capone et al., 2005). The global rate and distribution of marine N2 fixation remains uncertain, although geochemical and biological observations indicate significant N2 fixation rates occur in both the Tropical Atlantic (Gruber, 2004; Capone et al., 2005; Mahaffey, 2005; Marconi et al., 2017) as well as the Western Tropical South Pacific (WTSP) (Berthelot et al., 2017; Bonnet et al., 2017; Caffin et al., 2018; Knapp et al., 2018). These high rates of N2 fixation in the Tropical Atlantic are consistent with locations of elevated rates of atmospheric dust deposition (Jickells et al., 2005; Mahowald et al., 2005; Conway and John, 2014; Xu and Weber, 2021), while emerging evidence in the WTSP describes the significance of hydrothermally sourced iron (Fe) (Guieu et al., 2018; Bonnet et al., 2023b) meet the high Fe requirements of diazotrophs (Berman-Frank et al., 2001; Kustka et al., 2003) in the region. Indeed, Fe and phosphorus availability are thought to primarily influence the spatial distribution of marine N2 fixation (Moore et al., 2009; Monteiro et al., 2011; Dutkiewicz et al., 2012; Weber and Deutsch, 2014).

A long-standing goal of marine N2 fixation research is to better characterize the marine diazotroph community and their sensitivity to environmental fluctuations, while relating these to their regional distributions and consequential N2 fixation fluxes (Mahaffey, 2005; Moisander et al., 2010; Sohm et al., 2011). Diazotrophs are identified by the nitrogenase (nifH) gene that encodes for the Fe binding protein of the nifH operon (Zehr et al., 1998; Zehr and Turner, 2001; Turk-Kubo et al., 2012). Common marine proteobacterial (e.g., alpha-, beta- gamma-, delta-) and cyanobacterial diazotroph types include: 1) non-heterocystous filamentous (e.g., Trichodesmium spp.), 2) heterocystous filamentous (e.g., Richelia), and 3) unicellular (e.g., Crocosphaera spp.) (Capone et al., 1997; Luo et al., 2012; Moisander et al., 2014). Historically, high rates of N2 fixation by these and other diazotrophs have been associated with warm (>25 °C), nitrate (NO3-)- and ammonium (NH4+)-depleted, Fe-rich surface waters (Kustka et al., 2003; Staal et al., 2003; Bonnet et al., 2009). The impact Fe has on the intra-basin distribution of N2 fixation rates is particularly evident in the South Pacific, with low Fe supply associated with low rates of N2 fixation in the Eastern Tropical South Pacific (ETSP) (Dekaezemacker et al., 2013; Knapp et al., 2016a). While historically atmospheric deposition has been considered the primary source of Fe fueling marine diazotrophy, the WTSP surface waters appear relatively unique, with the primary Fe supply thought to originate from shallow (≤300 m) hydrothermal vents, particularly in the Lau Basin (Guieu et al., 2018; Tilliette et al., 2022; Bonnet et al., 2023b).

Biological tools have been used to calculate short-term N2 fixation rates (e.g., Montoya et al., 2004; Capone et al., 2005; Mulholland et al., 2019) and identify marine diazotrophic potential (Turk-Kubo et al., 2012; Stenegren et al., 2018; Meiler et al., 2022). However, the contribution of N2 fixation to export production is primarily estimated using a geochemically-derived “δ15N” budget over short timescales (Casciotti et al., 2008; Bourbonnais et al., 2009; White et al., 2013) as well as annual cycles (Böttjer et al., 2017). The “δ15N” budget uses a two end-member mixing model to compare the isotopic composition (δ15N) of exported particulate organic matter captured in a sediment trap (PNsink) to the δ15N of N2 fixation inputs (-1‰) (Hoering and Ford, 1960; Minagawa and Wada, 1986; Carpenter et al., 1997) and subsurface NO3- (measured at each location, where δ15N (‰ vs. air) = [((15N/14N)sample/(15N/14N)AIR)-1]x1000) (Altabet, 1988; Karl et al., 1997; Dore et al., 2002; Casciotti et al., 2008; Bourbonnais et al., 2009; White et al., 2013). Most prior δ15N budgets indicate that N2 fixation supports <20% of export production in oligotrophic regions. In the North Pacific and ETSP, ≤25% of export production is estimated to be supported by N2 fixation (Casciotti et al., 2008; Knapp et al., 2016a; Böttjer et al., 2017), although that 25% is likely not equally distributed over an annual cycle. Specifically, summertime stratification is believed to promote N2 fixation-supported export, while the deepening of the wintertime mixed layer promotes NO3–supported export production (Casciotti et al., 2008; Böttjer et al., 2017). In contrast to other δ15N budgets from oligotrophic regions, a recent study from the WTSP describes particularly large contributions of N2 fixation to export production (>50%) during the late summer and early autumn (Knapp et al., 2018). However, it remains unclear whether N2 fixation supports a meaningful fraction of N export in the WTSP annually. Here we apply a δ15N budget to samples collected in shallow (170 m and 270 m), short-term drifting sediment traps to evaluate the importance of N2 fixation-supported export production during the late spring. Additionally, we use sinking material collected over the course of a year in a deep (1000 m), moored sediment trap to evaluate seasonal trends in the δ15N of exported particulate organic matter relative to the δ15N for sources of new N to surface waters. We compare the geochemically-derived N2 fixation rates from the short-term δ15N budgets with 15N2 incubation-based rates and estimates of diazotroph abundance, and evaluate these results in the context of previous regional and global N2 fixation rate estimates, as well as seasonal trends extracted from the deep, moored trap.




2 Methods



2.1 Sample collection

Sample collection was conducted as part of the GEOTRACES TONGA (shallow hydroThermal sOurces of trace elemeNts: potential impacts on biological productivity and the bioloGicAl carbon pump) research cruises (doi.org/10.17600/18000884) aboard the R/V L’Atalante in November 2019 and R/V Alis in October 2020, with both cruises leaving from and returning to Nouméa, New Caledonia. The 2019 primary cruise collected samples at 13 stations along a roughly zonal transect at ~20° S, sampling Melanesian waters (MW), the Lau Basin (LB), and crossing the Tonga-Kermadec Arc into the deeper South Pacific Gyre (SPG). In 2020, samples were collected at four stations in MW and the LB (Figure 1). On both cruises, water column samples (n=200) for nitrate + nitrite ([NO3-+NO2-]) concentration and δ15N analysis were collected from Niskin or GoFlo bottles deployed on conductivity, temperature, and depth (CTD), TOW (small, classical CTD with 12 Niskin bottles), or trace metal clean (TMC) rosettes equipped with sensors. At discrete depths from each of the casts, 60 mL of 0.2 μm filtered seawater were collected in duplicate and stored in acid and deionized water-washed, sample-rinsed (three times) high-density polyethylene bottles. These samples were then immediately frozen at -20° C and subsequently sent to Florida State University for post cruise analysis.
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Figure 1 | Bathymetry of the southwest Pacific region with stations from the TONGA research cruises shown in larger filled circles with black outlines (2019), and smaller filled circles with white outlines (2020); gray represents areas above sea-level. Stations 2-2019, 3-2019 and 1-2020 were sampled in Melanesian waters (MW), stations 4-2019, 5-2019, 10-2019, 12-2019, 2-2020, 3-2020, and 4-2020 were sampled in the Lau Basin (LB), and stations 6-2019, 7-2019, and 8-2019 were sampled in the South Pacific Gyre (SPG). Stations 5 (a, b, c, d)-2019 and 10 (a, b)-2019 were proximal to the shallow hydrothermal vents ‘Panamax’ and ‘Simone’, respectively. The South Equatorial Current (SEC) and branches thereof are indicated by the white arrows.

Short-term Particle Interceptor Traps [PIT, collecting area of 0.0085 m2, aspect ratio of 6.7, and filled with 0.2 μm filtered seawater with added formaldehyde brine (5% formaldehyde, final concentration) buffered with sodium tetraborate (pH 8)] were deployed on a drifting mooring in close proximity to the hydrothermal vents at 170 m and 270 m at station 5a-2019 for five days and at 270 m at station 10a-2019 for four days during the 2019 cruise, collecting sinking particulate N (“PNsink”). Additionally, a long-term Technicap PPS5 trap (1 m2 collecting area, aspect ratio of 5.3) was deployed (containing the same buffered formaldehyde brine solution described above) at station 12-2019/4-2020 at 1000 m, collecting samples every 14 days (bimonthly) for 12 months from November 2019 to October 2020. Although sediment traps are a standard tool used to capture sinking particles, uncertainties remain in their collection efficiency within the water column and between trap designs (Buesseler et al., 2007; Baker et al., 2020; Tilliette et al., 2023).




2.2 NO3-+NO2- concentration and δ15N analysis

For the 2019 samples, [NO3-+NO2-] was determined using colorimetric analysis (Aminot and Kerouel, 2007) with a detection limit of 0.05 µM and a standard deviation (S.D.) of ± 0.1 μM. Furthermore, the [NO3-+NO2-] for the 2020 samples was measured by chemiluminescence (Braman and Hendrix, 1989) using a Thermo 42i NOx analyzer at Florida State University. Briefly, samples were injected into a heated, acidic vanadium (III) solution that reduces NO3-+NO2- quantitatively to nitric oxide gas (NO(g)). The NO(g) then reacts with ozone inside the analyzer to produce light, the intensity of which is quantitatively related to the amount of NO(g) in the sample and thus the original [NO3-+NO2-]. The range of detection of the instrument was adjusted according to the concentrations of the samples. Sample [NO3-+NO2-] was calibrated using a standard curve that bracketed the range of samples with a lower reporting limit of 0.1 µM and an average S.D. of ± 0.1 μM.

The nitrogen (N) isotopic composition of NO3-+NO2- (δ15NNO3+NO2) was determined using the “denitrifier” method (Sigman et al., 2001; Casciotti et al., 2002; McIlvin and Casciotti, 2011; Weigand et al., 2016). This analysis was performed when sample [NO3-+NO2-] ≥ 0.3 μM. The δ15NNO3+NO2 values were reported when the standard deviation of replicate analyses was <0.5‰. Samples were calibrated with IAEA N3 and USGS 34 as described in McIlvin and Casciotti (2011).




2.3 Sinking particulate N flux and δ15N measurements

The bulk PNsink mass flux, and its associated isotopic composition, “δ15NPNsink”, collected by the sediment traps, was measured using an Elementar Analyser - Isotope Ratio Mass Spectrometer (EA-IRMS) at the Mediterranean Institute of Oceanography (SERCON INTEGRA 2). The Quantification Limit was 7 µg N and the precision was between ± 0.3‰ for highest masses and ± 3.5‰ for masses close to Quantification Limit (k = 2).




2.4 δ15N budget calculations

A two end-member mixing model was used to evaluate the δ15N budgets. This model assumes two quantitatively important “new” N sources to surface waters, subsurface NO3-+NO2- and biological N2 fixation, as well as one loss term, PNsink. The isotopic composition of N2 fixation inputs, “δ15NN2 fix” was assumed to be -1‰ (Hoering and Ford, 1960; Minagawa and Wada, 1986; Carpenter et al., 1997), while the δ15N of subsurface NO3-+NO2- and PNsink were measured. The relative contribution of N2 fixation to export production, “fnfix”, is calculated by the following (Knapp et al., 2018):

[image: Equation showing the nitrogen isotope signature for plankton: δ15N_Plankt = f_mix(-1‰) + (1 - f_mix)(δ15N_NO3:NO2).] 

which can be rearranged to solve for fnfix:

[image: Fractional fixation equation: \( f_{\text{fix}} = \frac{\left( \delta^{15}N_{\text{NO3+NO2}} \right) - \left( \delta^{15}N_{\text{PNfink}} \right)}{1 + \left( \delta^{15}N_{\text{NO3+NO2}} \right)} \), labeled as equation (2).] 

The depth from which subsurface NO3-+NO2- is sourced likely varies and is difficult to constrain; therefore, the short-term δ15N budgets are evaluated over a range of subsurface δ15NNO3+NO2 source values. These values include the shallowest δ15NNO3+NO2 minima and the δ15NNO3+NO2 of the sample collected immediately below the minima (Knapp et al., 2021). The long-term δ15N budgets are evaluated using the shallowest average δ15NNO3+NO2 minima at station 12-2019/station 4-2020 as well as the average δ15NNO3+NO2 of South Pacific Sub-tropical Under Water (SPSTUW, 150m – 250 m depth) at station 4-2020. Note, sampling resolution at station 12-2019 did not include SPSTUW. These δ15NNO3+NO2 end-members for the moored trap δ15N bugdet were chosen to encompass the range of NO3-+NO2- likely entrained to surface waters over an annual cycle (Moutin et al., 2018). This seasonality is also observed at the station ALOHA, Hawaii (Casciotti et al., 2008; Böttjer et al., 2017). Once the fraction of export supported by N2 fixation is calculated, an N2 fixation rate, “Rnfix” can be calculated by multiplying fnfix by the PNsink mass flux, yielding a geochemically-derived N2 fixation rate.




2.5 Bathymetric data

Bathymetric data from the sampling region were considered to better understand the bathymetric-induced current steering as well as the proximity of the stations to the shallow hydrothermal vents. These bathymetric data were downloaded from NOAA’s National Centers for Environmental Information page (https://www.ngdc.noaa.gov/mgg/global/). The ETOPO1 Global Relief Model was used with the grid version ETOPO1 Bedrock.





3 Hydrography

Water masses along the TONGA transect were identified using temperature, salinity, and potential density (σθ) (Figure 2) and align with those reported in Tilliette et al. (2022). Plots of the water column profiles in temperature-salinity space indicate that all stations were largely influenced by the same water masses (Figure 2), reflecting the dominance of the westward flowing SEC, which impacts waters from 400 to 1000 m across this region (Figure 1) (Talley et al., 2011; Guieu et al., 2018; Tilliette et al., 2022). The SEC divides into branches, particularly in the LB, due to the bathymetric blocking by islands and deep-sea ridges (Webb, 2000; Tilliette et al., 2022). Many of these branches in the LB are observed to have an overall southwestern trajectory before returning to a western trajectory over the center of the LB and maintaining this westward trajectory in MW (Figure 1) (Tilliette et al., 2022). Additionally, the Tonga-Kermadec Arc acts as a physical barrier to deep water masses entering the LB from the SPG, influencing circulation downstream (Tilliette et al., 2022). Surface waters across this transect were turbulent down to ~150 m with a  σθ of 23.7 ± 0.2, temperature of 24.4 ± 0.6°C, and salinity of 35.4 ± 0.5, aligning with previous studies (Table 1) (Tilliette et al., 2022). Below that, in the thermocline and extending to ~700 m, two major water masses were present: SPSTUW and Western South Pacific Central Water (WSPCW) (Talley et al., 2011; Lehmann et al., 2018; Tilliette et al., 2022) (Figure 2) (Table 1). Across the transect, SPSTUW had an average (± 1 S.D.)  σθ of 25.0 ± 0.2, temperature of 22.5 ± 0.8°C and was further recognized by its characteristic salinity maximum of 35.7 ± 0.1 (Talley et al., 2011; Lehmann et al., 2018; Tilliette et al., 2022) between 150 and 250 m (Table 1). Between 250 and 500 m, WSPCW was identified by a linear temperature-salinity relationship, with an average (± 1 S.D.)  σθ of 26.4 ± 0.2, temperature of 12.6 ± 0.9°C and salinity of 34.9 ± 0.2, comparable to values reported by Lehmann et al. (2018) and Tilliette et al. (2022). Notably, between 380 and 400 m South Pacific Subtropical Mode Water (SPSTMW), a subsidiary of WSPCW, was identified by its characteristic  σθ of 26.0 (Talley et al., 2011), with an average (± 1 S.D.) temperature of 14.9 ± 0.5°C and salinity of 35.2 ± 0.1 (Table 1). Finally, deep water masses were observed in the SPG east of the Tonga-Kermadec Arc. In particular, Antarctic Intermediate Water (AAIW) was observed at station 8-2019 and station 2-2020 between 630 and 700 m where a  σθ of 26.9 ± 0.1 temperature of 6.5 ± 0.1°C and salinity of 34.4 ± 0.0, aligning with previous studies (Table 1) (Talley et al., 2011; Tilliette et al., 2022).

[image: Scatter plot showing salinity versus temperature with data points in various colors and shapes representing different stations. Key water masses are labeled: Surface Waters, SPSTUW, WSPCW, SPSTMW, and AAIW. The legend below identifies station markers by shape and color, specifying dates from 2019 and 2020.]
Figure 2 | Temperature-salinity plot of samples from the 2019 and 2020 TONGA cruises as well as the prevalent water masses across the transect. The dotted grey lines indicate potential density ( σθ) isopycnals. The water masses include surface waters, South Pacific Subtropical Under Water (SPSTUW), Western South Pacific Central Water (WSPCW), South Pacific Subtropical Mode Water (SPSTMW), a subsidiary of WSPCW and Antarctic Intermediate Water (AAIW).

Table 1 | Water masses identified from the 2019 and 2020 TONGA cruises and their average (± 1 S.D.) hydrographic and NO3-+NO2- properties and number (n) of samples from each water mass.


[image: Table showing water mass properties with columns for water mass type, depth in meters, temperature in degrees Celsius, salinity, sigma theta, nitrate plus nitrite concentration in micromolar, and delta nitrogen fifteen ratio. Listed water masses include Surface Waters, SPSTUW, WSPCW, SPSTMW, and AAIW. Depths range from 0 to more than 600 meters, temperatures from 6.5 to 24.4 degrees Celsius, salinities from 34.4 to 35.7, and nitrate plus nitrite concentrations from 0.2 to 26.7 micromolar. Superscript numbers indicate data sources and specific conditions.]



4 Results



4.1 NO3-+NO2- concentration and δ15N

The [NO3-+NO2-] in the upper 100 m of the WTSP was ≤0.1 μM except at stations influenced by the hydrothermal vents, i.e., stations 5-2019 and 10-2019, where the [NO3-+NO2-] was 0.2 ± 0.0 μM to 0.7 ± 0.0 μM (average ±1 S.D.) between 60 m and 100 m (Figures 3A, C). At 400 m, the [NO3-+NO2-] increased to between 10 and 15 μM, corresponding to δ15NNO3+NO2 ranging from 6 to 8‰ (Figures 3B, D). This is consistent with the presence of WSPCW (Tilliette et al., 2022) and more particularly, SPSTMW (Lehmann et al., 2018) and aligns with other studies in the region (Knapp et al., 2018). At station 8-2019, the [NO3-+NO2-] increased to 26.7 μM at 630 m with a corresponding δ15NNO3+NO2 of 6.9 ± 0.1‰ (Figures 3A, C), consistent with AAIW (Talley et al., 2011; Lehmann et al., 2018; Tilliette et al., 2022). The majority of stations within MW and the LB (i.e., stations 1-2019 to 5-2019, 10-2019, and 12-2019) had δ15NNO3+NO2 ranging from 4 to 6‰ at 200 m, decreasing shallower in the water column to 2 to 4‰ at 150 m associated with the transition between SPSTUW and surface waters (Figures 3B, D). The SPG stations (stations 6-2019, 7-2019 and 8-2019) had an average δ15NNO3+NO2 of 6.8 ± 0.0‰ at ~200 m characteristic of SPSTUW. This δ15NNO3+NO2 was significantly higher than the δ15NNO3+NO2 at 200 m in MW and LB samples, where the average δ15NNO3+NO2 at 200 m was 5.0 ± 0.6‰ and 5.1 ± 0.6‰, respectively (p<0.5 and p<0.01, respectively, evaluated with the Kruskal-Wallis test; Kruskal and Wallis, 1952). Furthermore, the elevated δ15NNO3+NO2 in SPG SPSTUW corresponded to significantly lower [NO3-+NO2-] at 200 m (2.4 ± 0.8 μM) compared to the LB, where the average [NO3-+NO2-] at 200 m was 3.3 ± 0.6 μM (p<0.01, Kruskal and Wallis, 1952) (Figures 3A, C). Within the surface waters (upper 150 m), the δ15NNO3+NO2 at hydrothermal station 5-2019 was significantly lower between the four casts (5a – d), 1.8 ± 0.9‰, compared to the average δ15NNO3+NO2 in the upper 150 m at hydrothermal station 10 (10 a, b), 4.4 ± 0.6‰ (p<0.01, Kruskal and Wallis, 1952) (Figures 3B, D). The lowest δ15NNO3+NO2, 0.7 ± 0.1‰, was observed at station 5c-2019 at 100 m, above which δ15NNO3+NO2 increased to 1.0 ± 0.0‰ at 95 m (Figures 3A, C). The δ15NNO3+NO2 reported here for the TONGA study are publicly available (Knapp and Forrer, 2023).

[image: Graphs A to D display data on nitrate plus nitrite concentrations and isotopic compositions relative to depth and potential density. A and C plot concentrations versus depth and density, respectively. B and D plot δ15N isotopic compositions versus nitrogen in air, with data from various stations indicated by different colored markers and lines.]
Figure 3 | Water column profiles of [NO3-+NO2-] and δ15NNO3+NO2 vs. depth of samples from the 2019 and 2020 TONGA cruises (A, B) and vs. potential density (C, D). Error bars represent ±1 S.D. and are often smaller than the symbol size.




4.2 PNsink flux and δ15N

The PNsink flux collected in the shallow short-term drifting traps was calculated to be 350 µmol N m-2 d-1 (170 m, station 5a-2019), 436 μmol N m-2 d-1 (270 m, station 5a-2019), and 693 μmol N m-2 d-1 (270 m, station 10a-2019) (Table 2). Further, the average (± 1 S.D.) δ15NPNsink was -0.5 ± 3.5‰ and -0.2 ± 1.9‰ at 170 m and 270 m at station 5a-2019, respectively, and -0.6 ± 2.3‰ at 270 m at station 10a-2019 (Table 2) (Figure 4). In comparison, the annual average PNsink flux collected in the long-term 1000 m PPS5 moored trap at station 12-2019/4-2020 was an order of magnitude lower, 16.5 ± 14.3 μmol N m-2 d-1, and had a higher annual mass-weighted average (± 1 S.D.) δ15NPNsink, 3.4 ± 1.9‰, compared to the shallower, short-term traps (Table 2) (Figure 4).

Table 2 | The mass and isotopic composition of the sinking particulate N (PNsink) flux captured in the short-term PIT and long-term PPS5 traps, and results of the δ15N budgets.


[image: A detailed table comparing seasonal data from studies conducted at various stations. It includes information on trap depth, average PN sink flux, \( \delta^{15}N \) values, and fixation rates for different seasons and stations. The table covers data from TONGA and OUTPACE studies, showing variations in parameters like \( \delta^{15}N \) end-member ranges and fixation rates across different seasons, and emphasizes the lack of data in certain entries. Footnotes provide methodological clarifications and context.]
[image: Scatter plot showing bimonthly δ15N_PN sink values from November 2019 to November 2020, categorized by seasons: spring (blue), summer (green), autumn (orange), and winter (black). Circle sizes represent PN export flux, with larger circles indicating higher values. Horizontal lines indicate δ15N end-member values, with dashed red for average surface waters and solid red for average SPSTUW.]
Figure 4 | Bimonthly measurements of PNsink flux and δ15NPNsink from the 1000 m trap deployed at station 12-2019/station 4-2020 between November 2019 to October 2020. Circle color corresponds to the season when the majority of the PNsink was collected over bimonthly sampling intervals and circle size corresponds to PNsink flux magnitude (μmol N m-2 d-1). Each measurement is plotted at the end date of the two-week sampling interval. The δ15NNfix end-member (-1‰) is represented by the dotted black line and the low δ15NNO3+NO2 end-member at station 12-2019 and 4-2020 (2.4‰) and average SPSTUW δ15NNO3+NO2 end-member at station 4-2020 (4.6‰) are represented by the dashed and solid lines, respectively. Data available in Supplementary Table S1.

The seasonal average (± 1 S.D.) PNsink fluxes collected in the deep, moored trap were higher in the austral summer and autumn, at 30.9 ± 11.0 μmol N m-2 d-1 and 17.0 ± 15.4 μmol N m-2 d-1, respectively, compared to the average austral winter and spring PNsink fluxes of 8.0 ± 9.0 μmol N m-2 d-1 and 8.5 ± 8.5 μmol N m-2 d-1, respectively (Table 2) (Figure 4). The average, mass-weighted (± 1 S.D.) summer δ15NPNsink from the 1000 m PPS5 moored trap, 1.5 ± 0.7‰, was lower than the wintertime average of 5.9 ± 1.1‰, while the average (± 1 S.D.) spring and autumn mass-weighted δ15NPNsink, 2.9 ± 0.5‰ and 3.3 ± 1.7‰, respectively, were intermediate between summer and winter values.




4.3 Results of the δ15N budget

The δ15N budget described above compares the δ15N of the primary form of N exported from the euphotic zone, δ15NPNsink, with the δ15N of the two input terms, subsurface NO3-+NO2- and N2 fixation. This provides a geochemically-derived estimate of the fractional contribution of N2 fixation to export production (fnfix) as well as rate of N2 fixation (Rnfix). Given that the subsurface δ15NNO3+NO2 source is difficult to constrain, we evaluate the shallow δ15N budgets using the shallowest subsurface δ15NNO3+NO2 minima as well as the sample immediately below the minima (Knapp et al., 2021), while the δ15N budget using the deep trap PNsink flux uses the average subsurface δ15NNO3+NO2 minima at station 12-2019/4-2020 and the average SPSTUW δ15NNO3+NO2 at station 4-2020. At the shallow trap stations in close proximity to the hydrothermal vents, the subsurface δ15NNO3+NO2 ranged from 1.2 to 2.2‰ and  3.6 to 4.7‰ at stations 5-2019 and 10-2019, respectively, while at the deep mooring (station 12-2019/4-2020) the average subsurface δ15NNO3+NO2 minima and SPSTUW δ15NNO3+NO2 were 2.4‰ and 4.6‰, respectively (Table 2). Additional uncertainty in the δ15N budgets includes the standard deviation of the δ15NPNsink analysis (Table 2). The δ15N value for N2 fixation, (δ15NNfix) of -1‰ is based on literature reports of diazotrophic biomass δ15N (Hoering and Ford, 1960; Minagawa and Wada, 1986; Carpenter et al., 1997) (Table 2). Comparing these values with the δ15NPNsink, we calculate that at station 5-2019, the fnfix ranged from 77 to 84 ± 159% for the 170 m trap, while the fnfix ranged from 64 to 76 ± 86% at the 270 m trap (Table 2). At station 10-2019, the fnfix at the 270 m trap ranged from 90 to 92 ± 50% (Table 2). We further calculate a geochemically derived Rnfix of 282 ± 550 µmol N m-2 d-1 and 331 ± 375 µmol N m-2 d-1 for the 170 m and 270 m traps deployed at station 5-2019, respectively, and 638 ± 347 µmol N m-2 d-1 for the 270 m trap deployed at station 10-2019 (Table 2). The δ15N budget calculated for the moored trap at station 12-2019/4-2020 (note that the trap is deeper, i.e. 1000 m instead of 170 – 270 m for the drifting ones) yielded a mass-weighted fnfix of 12 to 64 ± 29% (average = 42 ± 13%) for the summer, while the spring and autumn had similar but lower mass-weighted fnfix of 0 to 37 ± 21% (average = 0 ± 29%) and 0 to 43 ± 69% (average = 12 ± 36%), respectively, and winter had a mass-weighted fnfix of 0 ± 18%. These fnfix values indicate that the highest contribution of N2 fixation to export production collected at 1000 m was during the summer, followed by autumn and spring. Due to significant PNsink flux attenuation with depth (Martin et al., 1987), we do not calculate a Rnfix for the moored trap data.





5 Discussion



5.1 TONGA δ15N budgets reflect high rates of N2 fixation in the WTSP

The results of the short-term δ15N budgets suggest that N2 fixation rates were high (282 to 638 μmol N m-2 d-1) near the hydrothermal vents at the time of the 2019 cruise. While there are notable differences in the magnitude of these geochemically-derived N2 fixation rates and the bottle-based 15N2 uptake rates reported by Lory et al., 2023, we consider these results to be broadly consistent with one another, as well as consistent with estimates of diazotroph abundance measured contemporaneously (Bonnet et al., 2023b). Specifically, bottle-based 15N2 uptake rates were 3 to 7 times higher than the Rnfix estimated from the δ15N budget (Table 2); however, both rate estimates are at the upper-end typically reported by each technique (Gruber, 2004; Capone et al., 2005; Casciotti et al., 2008; Luo et al., 2012; Knapp et al., 2016a) and align with previous work from the region (Montoya et al., 2004; Berthelot et al., 2017; Bonnet et al., 2017; Knapp et al., 2018; Shao et al., 2023). Prior work investigating N2 fixation’s contribution to export production has attributed discrepancies between these two metrics to potential sediment trap under collection of exported material (Knapp et al., 2016a; Böttjer et al., 2017, Knapp et al., 2018), alternate sources of fixed N to the euphotic zone including horizontal advection (Böttjer et al., 2017), phytoplankton bloom stage as well as temporal delay between organic matter formation and capture by the sediment trap (de Verneil et al., 2017; Caffin et al., 2018; Knapp et al., 2018), and bottle-based 15N2 incubations with their associated methodological considerations (i.e., bottle effects) (White et al., 2020). Additionally, our δ15N budgets should be considered a lower bound for estimated N2 fixation rates because of the mixing-model’s inherent assumption that the only fate of newly fixed N is to be balanced by the sinking flux, and that no newly fixed N is released to the dissolved pool, which is likley unrealistic (Capone et al., 1994; Glibert & Bronk, 1994; Mulholland and Capone, 2004; Bonnet et al., 2016; Knapp et al., 2016b). Further, the trap depth used here, 170 m, is below the base of the mixed layer, and thus underestimates new/export production. While euphotic zone nitrification is a source of low-δ15NNO3 that could lead to an overestimation of N2 fixation supported export production, rates of euphotic zone nitrification from this and other similar oligotrophic regions are low (<10 nmol L-1 d-1) (Smith et al., 2014; Raes et al., 2020) compared to the very high rates of N2 fixation using multiple metrics in this study. This therefore suggests that N2 fixation is the dominant mechanism generating the low-δ15NPNSink signal observed.

Regardless of the mechanism(s) driving these discrepancies, both the δ15N budget and 15N2 uptake rate estimates are also consistent with the elevated diazotroph abundances (Bonnet et al., 2023a; Lory et al., 2023) observed on the 2019 TONGA cruise (Figure 5). Here we compare averages of biological and geochemical metrics associated with N2 fixation for the three hydrographic regions, MW, the LB, and the SPG (defined in Section 2.1). While results from the qPCR analysis targeting nifH genes indicate that Trichodesmium spp. and UCYN-A dominated the diazotroph assemblage in the upper 50 m across the TONGA transect, Trichodesmium spp. were most abundant in the LB near the hydrothermal vents (average 1.0x107 gene copies L-1), followed by UCYN-A (average 3.0x106 gene copies L-1) (Figures 5A, B). These exceptionally high abundances of Trichodesmium spp. and UCYN-A were on the order of one to four times higher than previous studies (e.g., Zehr & Turner, 2001; Moisander et al., 2010; Turk-Kubo et al., 2012; Moisander et al., 2014; Benavides et al., 2018; Benavides et al., 2020; Confesor et al., 2022). Notably, the highest regionally-averaged, trapezoidally-integrated upper 50 m 15N2 uptake rates were found in the LB (1038 ± 600 µmol N m-2 d-1), where Trichodesmium spp. were most abundant and where the lowest regionally-averaged δ15NNO3+NO2 subsurface minima of 2.8 ± 1.5‰ (Figure 5F) was observed between 100 and 200 m. This underscores the potential significance of Trichodesmium spp. supporting N2 fixation near the hydrothermal vents. UCYN-A was the dominant diazotroph in the upper 50 m in MW and the SPG, with regional averages of 2.5x108 gene copies L-1 and 3.1x108 gene copies L-1, respectively, followed by Trichodesmium spp., with regional averages of 3.0x105 and 3.7x105 gene copies L-1, respectively. Average abundances of UCYN-B (2.6x104 to 3.2x105 gene copies L-1), UCYN-C (4.3x101 to 1.7x102 gene copies L-1) and Gamma proteobacteria (5.4x103 to 9.9x103 gene copies L-1) remained comparatively low across the transect (Figures 5C–E), but were similar in magnitude to previous studies in the region (Moisander et al., 2014; Benavides et al., 2018; Benavides et al., 2020). Although UCYN-A have extremely high gene abundances and dominate the upper 50 m in MW and the SPG, the trapezoidally-integrated upper 50 m 15N2 uptake rates were lower than in the LB, 713 ± 691 and 537 ± 629 µmol N m-2 d-1, respectively, and were associated with a higher regional average δ15NNO3+NO2 subsurface minima of 4.4 ± 1.2‰ and 5.5 ± 1.9‰, respectively, observed between 100 to 200 m (Figure 5F). While care should be taken when relating nifH gene copies to diazotroph biomass, these gene copy abundances broadly correspond to elevated diazotroph abundances (Meiler et al., 2022) and confirm the significance of diazotrophy in the region.

[image: Box plots display gene copy counts and nitrogen uptake rates across three sites: MW, LB, and SPG. Panels A to E show counts for Tricho, UCYN-A, UCYN-B, UCYN-C, and Gamma, respectively. Panel F presents \(^{15}N_2\) uptake rates and isotopic \( \delta^{15}N \) values. Data varies significantly, with noticeable outliers and range differences across sites.]
Figure 5 | Box plots of the upper 50 m nifH gene abundances (gene copies L-1) from Bonnet et al., 2023a and Lory et al., 2023 for the hydrographic regions of MW, the LB and the SPG for (A) Trichodesmium spp., (B) UCYN-A, (C) UCYN-B, (D) UCYN-C, and (E) Gamma proteobacteria, as well as (F) box plots of the regional average, trapezoidally-integrated upper 50 m 15N2 fixation rates from Lory et al., 2023, with the corresponding regional average 90 to 195 m δ15NNO3+NO2 (blue triangles). The open circles associated with the box plots indicate outliers.




5.2 N2 fixation is an important source of N supporting export production in the WTSP

The agreement between the geochemically-derived N2 fixation rates, 15N2 uptake rates and diazotroph abundances together indicate that export production in the WTSP at the time of this study was driven by N2 fixation (Bonnet et al., 2023b). This is in contrast to prior work in other oligotrophic regions where the majority of export was supported by subsurface NO3-, even when N2 fixation inputs were high (Casciotti et al., 2008; Bourbonnais et al., 2009; White et al., 2013; Böttjer et al., 2017). The shallow sediment traps deployed for the TONGA project indicate that N2 fixation supports a majority of export production (fnfix = 64 to 92%) near the hydrothermal vents, at least in the late spring (Table 2; Figures 6A, B). These fnfix values are similar to those calculated from the previous OUTPACE campaign during the late summer/early autumn in MW (station A, 80 to 83 ± 13%), and near the Tonga-Kermadec Arc (station B, 50 to 56 ± 12%) (Table 2; Figure 6C) (Knapp et al., 2018). The high fnfix values reported here from the short-term traps deployed at TONGA Stations 5 and 10 replicate a geochemical signature that has not been observed outside of the WTSP, underscoring the significance of N2 fixation regionally (Bonnet et al., 2023b). We also emphasize the potential for the fnfix from our δ15N budgets to underestimate the importance of N2 fixation to export due to the mixing-model’s inherent assumption that the only fate of newly fixed N is the PNsink flux captured by the sediment traps, as opposed to being released and persisting as dissolved organic nitrogen (Capone et al., 1994; Glibert and Bronk, 1994).

[image: Graph displaying three panels (A, B, C) of nitrogen isotope data analysis, showing δ15N values against depth in meters. Each panel features colored markers and error bars indicating data from different years and stations. Legend includes symbols for different years and nitrogen end-member definitions, such as N2 fixation and subsurface end-members. Shaded areas represent percentage ranges from 100-75%, 75-50%, 50-25%, and 25-0%. Distinct shapes and colors differentiate data sources and traps used in the study.]
Figure 6 | The fraction of N2 fixation-supported export production in the austral spring at (A) TONGA station 5-2019, and, (B) TONGA station 10-2019, compared with (C) results from the austral late summer/early autumn at OUTPACE stations( A-C) Each panel includes water column profiles of δ15NNO3+NO2 for samples from the 2019 and 2020 TONGA cruises in color and the OUTPACE cruise in grey and the associated δ15N budget terms, including the sediment trap δ15NPNsink (inverted triangles and open circle and square), the δ15NNfix (vertical dashed line) and ranges in subsurface δ15NNO3+NO2, which are represented by the orange shaded region in (A), blue shaded region in (B), and steel-grey shaded region in (C) (Table 2). The fractional contribution of N2 fixation to export production is indicated by the grey shading and the corresponding fraction is indicated along the bottom of each panel.

While the results of the short-term δ15N budgets from both the TONGA and OUTPACE campaigns found that N2 fixation supports the majority of export production in the late spring, late summer, and early autumn in the LB and MW, we also consider the δ15NPNsink collected in the deep, moored trap at station 12-2019/4-2020 in the LB to evaluate this trend over an annual cycle (Figure 4). Unsurprisingly, the mass flux collected in the shallower, short-term PIT traps was higher and the δ15NPNsink was lower than that collected in the deeper, moored trap. However, we note that the moored trap was deployed ~200 km west of the shallow traps and hydrothermal vents (Table 2) (Figures 1, 4), and the conical shape of the PPS5 has been observed to undersample (Baker et al., 2020; Tilliette et al., 2023). The δ15NPNsink in the shallow PIT traps collected in the late spring at stations 5-2019 and 10-2019 ranged from -0.2 to -0.6‰ compared to a seasonal average δ15NPNsink of 2.9 ± 0.5‰ and 1.5 ± 0.7‰ observed in the moored PPS5 trap during the spring and summer, respectively. We expect that the higher δ15NPNsink found in the deeper moored trap likely resulted from the collection of PNsink from a larger surface area than the shallow short-term traps, where export production may have been supported by a mixture of N sources with higher δ15N (Siegel and Deuser, 1997; Siegel et al., 2008). Additionally, horizontal advection of particles generated at locations not impacted by the shallow hydrothermal vents potentially decouples the euphotic zone diazotrophic abundance and/or importance from the PN collected in the moored trap (Waniek et al., 2000). Indeed, the exported material in the deep trap was observed to be compositionally different from that captured in the shallow, short-term traps, where the hydrothermal signature of the particles was less evident due to organic matter remineralization while being transported to depth (Tilliette et al., 2023). The associated distance and time components of sinking PN to the deep trap potentially underestimates the importance of N2 fixation to export production. Similar flux and isotopic composition offsets have been observed between shallow and deep sediment traps in the ETSP (Berelson et al., 2015; Knapp et al., 2016a; Tilliette et al., 2023).

Since aerosol inputs to this region are minimal (Guieu et al., 2018), we expect that the seasonal variability of δ15NPNsink in the deep, moored trap reflects shifts in the importance of N2 fixation and subsurface NO3- for supporting export production over seasonal timescales. In the deep trap, annual PNsink fluxes peaked in the summer (30.9 ± 11.0 μmol N m-2 d-1), coinciding with the lowest average mass-weighted δ15NPNsink, 1.5 ± 0.7‰, while the lowest PNsink fluxes were observed in the winter (8.0 ± 9.0 μmol N m-2 d-1) and coincided with the highest average mass-weighted δ15NPNsink, 5.9 ± 1.1‰, indicating that isotopically distinct N sources support export seasonally. Since there are steep gradients in both  [NO3-+NO2-] and δ15NNO3+NO2 with depth (Figures 3, 6), a higher winter δ15NPNsink may reflect entrainment of a deeper NO3-+NO2- source (likely SPSTUW) with a higher δ15NNO3+NO2 due to winter mixing (Moutin et al., 2018). The net effect of a higher subsurface δ15NNO3+NO2 end-member would be to raise the estimated fnfix (Table 2) (Böttjer et al., 2017). As a result, the mass-weighted seasonal fnfix values for the deep trap range from 12 to 64 ± 29% in the summer and 0 ± 18% in the winter, describing a largely N2 fixation supported export system in the summer. Further, since the majority of annual export is focused in the summer, and was supported by low-δ15N N sources, we attribute an important fraction of annual export production and deep (>1000 m) long-term C sequestration to N2 fixation at station 12-2019/4-2020 (Figure 4; Table 2).

Considering the elevated chlorophyll a concentrations observed over a large area in this region ranging up to 360,000 km2 (Bonnet et al., 2023b), and given the high Rnfix and fnfix values estimated at station 5a-2019 and 10a-2019, along with the large fraction of N2 fixation supported export production at station 12-2019/4-2020 over an annual timescale, the otherwise oligotrophic WTSP appears to be biogeochemically unique where N2 fixation supports a large fraction of annual export production as a result of the influence of shallow hydrothermal vents. The significance of these regional N2 fixation inputs in the WTSP are further pronounced in the gradients of water column δ15NNO3+NO2 both zonally as well as with depth (Figures 3, 6). In particular, δ15NNO3+NO2 between 150 and 400 m decreases from east to west (SPG to MW) across the zonal transect, and also decreases from ~400 m to shallower depths. These isotopic gradients reflect the accumulation of low-δ15N N inputs in the upper thermocline to the west along this transect that are presumably associated with the remineralization of diazotrophic inputs (Casciotti et al., 2008; Knapp et al., 2008). This accumulation of low-δ15NNO3+NO2 in the upper 400 m of the WTSP erodes the elevated δ15NNO3+NO2 originating from dissimilatory NO3- reduction occurring in the oxygen deficient zones of the ETSP (Bourbonnais et al., 2015; Peters et al., 2018; Casciotti et al., 2013), a geochemical signature that reflects basin-scale compensation of N losses in the east with N inputs in the west that is consistent with peloceanographic records (Brandes and Devol, 2002; Deutsch et al., 2004; Weber and Deutsch, 2014; Knapp et al., 2018).





6 Conclusions

Here we report results of δ15N budgets that compare subsurface δ15NNO3+NO2 with the δ15NPNsink captured in short-term, shallow (170 and 270 m) PIT deployed near the hydrothermal vents of the Tonga-Kermadec Arc and long-term, deep (1000 m) moored PPS5 sediment traps deployed ~200 km west of the Arc. These results are evaluated in the context of 15N2 uptake rates (Lory et al., 2023) and nifH gene abundances (Bonnet et al., 2023b) collected contemporaneously, as well as with prior work from the region (Knapp et al., 2018). Results from the short-term, shallow δ15N budgets indicate that N2 fixation supports the majority, 64 to 92%, of export in late spring in the Lau Basin, while the mass-weighted, seasonally-averaged δ15N budgets from deeper traps suggest that N2 fixation supports 12 to 64% of export production and thus long-term C sequestration in the summer when the highest PNsink fluxes are observed. As the seasons progress into winter, export production becomes increasingly supported by subsurface NO3-. The observations from this cruise as well as from the OUTPACE study (Knapp et al., 2018) are in contrast to other regions explored so far, where even significant N2 fixation inputs do not support the majority of export (Casciotti et al., 2008; Bourbonnais et al., 2009; Böttjer et al., 2017), underscoring the significance of diazotrophy in the WTSP. While diazotroph abundance was high across the transect, Trichodesmium spp. nifH gene copies were highest in the vicinity of the hydrothermal vents, which appear shallow enough to meet the considerable Fe demands of primary productivity in general (Tilliette et al., 2022), and N2 fixation in particular, in the region (Bonnet et al., 2023b), highlighting the sensitivity of N2 fixation to Fe availability. These results suggest that the significant N2 fixation inputs to the WTSP in the late spring, summer, and early autumn work to lower the elevated upper thermocline δ15NNO3+NO2 originating from dissimilatory NO3- reduction in the oxygen deficient zones of the Eastern Tropical South Pacific.
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Diazotrophs regulate marine productivity in the oligotrophic ocean by alleviating nitrogen limitation, contributing to particulate organic carbon (POC) export to the deep ocean. Yet, the characterization of particles composing the sinking POC flux has never been explored in such ecosystems. Moreover, the contribution of the direct gravitational export of diazotrophs to the overall flux is seldom assessed. Here we explore the composition of the sinking POC flux in a hot spot of N2 fixation (the western sub-tropical South Pacific) using polyacrylamide gel-filled traps deployed at two stations (S05M and S10M) and three depths (170 m, 270 m, 1000 m) during the TONGA expedition (November-December 2019). Image analyses of particles collected in the gels was used to classify them into 5 categories (fecal aggregates, phytodetrital aggregates, mixed aggregates, cylindrical fecal pellets, and zooplankton carcasses). Fecal aggregates were the most abundant at both stations and all depths and dominated the flux (average of 56 ± 28% of the POC flux), followed by zooplankton carcasses (24 ± 19%), cylindrical fecal pellets (15 ± 14%) and mixed aggregates (5 ± 4%), whereas phytodetrital aggregates contributed less (<1%). Since N isotope budgets show that export is mainly supported by diazotrophy at these stations, these results suggest that the diazotroph-derived N has been efficiently transferred to the foodweb up to zooplankton and fecal pellets before being exported, pleading for an indirect export of diazotrophy. However, random confocal microscopy examination performed on sinking particles revealed that diazotrophs were present in several categories of exported particles, suggesting that diazotrophs are also directly exported, with a potential contribution to overall POC fluxes increasing with depth. Our results provide the first characterization of particle categories composing the sinking flux and their contribution to the overall flux in a hot spot of N2 fixation.
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Introduction

The oceans play a critical role in regulating atmospheric CO2 concentrations by sequestering a fraction of the photosynthetically fixed carbon [called primary production (PP)] to the deep ocean over geological time scales (Eppley and Peterson, 1979). Long-term sequestration of this PP requires the organic matter to be exported to the deep ocean through a myriad of processes collectively referred to as the biological carbon pump (BCP) (Eppley and Peterson, 1979). The global range of organic carbon export is very large and estimated at 5–21 Gt C yr−1 (Laws et al., 2000; Henson et al., 2011; Siegel et al., 2014; Wang et al., 2023). The pathways for carbon export from the surface to the deep ocean by the BCP are multiple (Boyd et al., 2019; Le Moigne, 2019). They mainly include the biological gravitational pump (BGP), that exports aggregated organic matter out of the euphotic zone (~0-100 m) via sinking marine snow (Burd and Jackson, 2009; Boyd et al., 2019; Le Moigne, 2019; Iversen, 2023), and the particle injection pumps (Omand et al., 2015; Dall’Olmo et al., 2016; Boyd et al., 2019) recently defined by Boyd et al. (2019). The latters can be separated into three physical subduction pumps (Levy et al., 2013; Omand et al., 2015; Dall’Olmo et al., 2016; Stukel et al., 2017) including: (1) the mixed-layer pump (shallow export ~10 m and short-term sequestration), (2) the eddy-subduction pump (~100 km export and hundreds of years scales) and (3) the large-scale subduction pump (1,000 km and 1,000 years scales). Besides, two pumps associated with zooplankton migration (Bianchi et al., 2013; Steinberg and Landry, 2017) are at work, with organisms feeding at night in surface waters and defecating deeper into the mesopelagic zone during the day, termed the migration pump (Stukel et al., 2017; Aumont et al., 2018), and zooplankton hibernation at depth during winter at high latitudes, termed the seasonal lipid pump (Steinberg et al., 2008; Jónasdóttir et al., 2015; Steinberg and Landry, 2017; Iversen, 2023). Finally, the fraction of particulate organic carbon (POC) flux exported out of the euphotic zone relative to PP, referred to as the export efficiency (Buesseler et al., 1992), and the fraction of the exported POC flux relative to the deep (>1000 m) POC flux, referred to as the transfer efficiency (Francois et al., 2002), are both widely used to determine the strength of the BGP. The export efficiency depends on the sinking velocity of particles and their remineralization rate (De La Rocha and Passow, 2007; Bach et al., 2019), as well as on the lateral advection and the time lag between PP and organic matter export (Stange et al., 2017; Laws and Maiti, 2019). The export efficiency is generally high in polar waters (0.1-1.3) (Le Moigne et al., 2015) compared to temperate (0.05-0.65) (Buesseler et al., 1998; Haskell II et al., 2017) and (sub)-tropical oligotrophic waters (0.01-0.2) (Quay et al., 2010; Henson et al., 2012; Maiti et al., 2016; Buesseler et al., 2020; Karl et al., 2021). In fact, in Low Nutrient Low Chlorophyll (LNLC) ecosystems, the export efficiency is deemed to be weak because of low nutrient inputs and high recycling processes in the surface pelagic food web (Buesseler et al., 2008; Buesseler and Boyd, 2009). Therefore, these ecosystems have received less attention than mid/high latitudes ones with respect to the BGP, although they account for ~60% of the global ocean surface.

In these vast LNLC ecosystems, atmospheric dinitrogen (N2) fixing organisms, called diazotrophs, provide new bioavailable N to non-diazotrophic organisms, support >50% of new PP (Berthelot et al., 2015; Bonnet et al., 2015; Bonnet et al., 2016b; Caffin et al., 2018b), and the export of organic matter through the N2-primed prokaryotic carbon pump (Karl et al., 2003). Geochemical ∂15N budgets reported that N2 fixation contributes to ~25-50% of export production in the subtropical North Pacific (ALOHA, Hawaii) (Karl et al., 1998; Böttjer et al., 2017), ~10% in the subtropical North Atlantic (BATS) (Knapp et al., 2005), and 50-80% in the subtropical South Pacific (Knapp et al., 2018; Bonnet et al., 2023b). N2 fixation is now recognized to indirectly support the BGP through the use of the diazotrophic-derived N (DDN) by non-diazotrophic plankton that get finally exported (Berthelot et al., 2016; Bonnet et al., 2016b; Caffin et al., 2018b). Alternatively, diazotrophs can also be directly exported down to >1000 m (Agusti et al., 2015; Pabortsava et al., 2017; Caffin et al., 2018a; Poff et al., 2021; Benavides et al., 2022) and account for a significant part of the export flux (Bonnet et al., 2023a). The mechanisms involved in the gravitational export of diazotrophs has recently been experimentally investigated by Ababou et al. (2023) who showed that both filamentous and unicellular diazotrophs sink at velocities of ~100 to 400 meters per day through the formation of large (7,000–32,014 µm) aggregates. However, these studies are still at their infancy, and the role of diazotrophs in the BGP, in particular the relative contribution of the direct export of diazotrophs versus the indirect export pathways after transfer of the DDN to the food web, remains to be elucidated. Therefore, determining the composition of the sinking flux and the contribution of different particle types (including diazotrophs) to the overall flux is crucial to understand the underlying mechanisms that control the magnitude and efficiency of the BCP in these LNLC ecosystems.

Sinking particles are heterogenous. Capturing their diversity and determining who constitute and drive the flux in a given region is therefore challenging. Sediment traps allow to collect particles and to assess the relationship between PP, particle export and attenuation in the mesopelagic zone (Buesseler and Boyd, 2009; Baker et al., 2020; Baumas and Bizic, 2023). Polyacrylamide gels mounted on sediment traps enable the composition of the sinking flux to be estimated by collecting and preserving and preservation of their morphological characteristics during deposition in the gel (Jannasch et al., 1980; Lundsgaard, 1995; Waite et al., 2000). Studies in different regions have found either fecal pellets (Wassmann et al., 2000; Turner, 2002; Ebersbach and Trull, 2008; Laurenceau-Cornec et al., 2015; Durkin et al., 2021) or large organic aggregates (Alldredge and Gotschalk, 1988; De La Rocha and Passow, 2007; Burd and Jackson, 2009) to be the main drivers of the particle flux. However, this kind of gel traps have repeatedly been deployed in temperate and polar regions, but have never been used to assess the sinking flux in LNLC ecosystems in which primary, secondary and export productions are primarily supported by N2 fixation.

Here we deployed gel traps in the western subtropical South Pacific (WTSP), a LNLC ecosystem recognized as a hot spot of N2 fixation activity, with an estimated contribution of ~21% to 40% to the global fixed N input and average fluxes >600 μmol N m-2 d-1 (Bonnet et al., 2017; Shao et al., 2023). This hot spot has been attributed, among other factors, to the Fe fertilization by shallow hydrothermal sources along the Tonga-Kermadec arc (Bonnet et al., 2023b), resulting in dissolved Fe concentrations up to ~10 nmol L-1 in the euphotic layer (Tilliette et al., 2022). Here we used a gel traps approach to characterize the composition of the sinking flux and estimate the contribution of each particle category to the overall POC fluxes inside of this hot spot of N2 fixation. We also explored the interior of sinking particles using confocal microscopy to detect the possible presence of diazotrophs and evaluate their potential contribution to the overall POC flux.





Material and methods




Sinking particle collection

Samples were collected during TONGA expedition (GEOTRACES GPpr14, https://doi.org/10.17600/18000884) onboard the R/V L’Atalante from November 1st to December 5th of 2019 (beginning of austral summer) in the WTSP (Figure 1). A surface-tethered mooring line (~1000 m) equipped with sediment traps was deployed at 2 stations: S05M (21.157°S; 175.153°W) and S10M (19.423°S; 175.133°W) (Figure 1) for 5 and 3.8 days respectively and at 3 depths: 170 m (below the base of the euphotic layer), 270 m and 1000 m. Each trap was made up of four particle interceptor tubes (PITs) of a collecting area of 0.0085 m2 (aspect ratio of 6.7) that were attached to a cross frame (KC Denmark®). At each depth, tubes were dedicated to either optical (gel traps), biogeochemical, microbiological or molecular analyses (Benavides et al., 2022; Bonnet et al., 2023a). In this study, the optical tubes containing polyacrylamide gels were used to collect intact sinking particles: gels provide a slow deceleration of particles, isolate them in their original forms and therefore provide a direct ‘picture’ of the sinking flux (Ebersbach and Trull, 2008). The biogeochemical tubes were used to measure bulk carbon fluxes, and the microbiological tubes were used to visualize phycoerythrin-containing organisms by confocal microscopy (see details below).

[image: Map depicting chlorophyll levels in the South Pacific Ocean around Fiji, New Caledonia, and Tonga. Color gradient indicates chlorophyll concentration, ranging from 0.0 to 0.5 milligrams per cubic meter. Black dotted lines connect labeled points S10M and S05M near Tonga. An inset map shows the broader location.]
Figure 1 | |Transect of the TONGA GPpr14 cruise. Satellite-derived surface chlorophyll a concentrations during the cruise (1 November-5 December 2019) (MODIS Aqua, 4 km, 8-days composite, level 3 product). Black triangles correspond to stations where surface-tethered sediment traps were deployed (170 m, 270 m, 1000 m).

Polyacrylamide gels were prepared as described in Ebersbach and Trull (2008) and Laurenceau-Cornec et al. (2015) and poured into a transparent cups. Prior to deployments of the mooring line, polyacrylamide gel cups were fixed to the bottom of the tube. Brine (salinity of ~50 g L-1) with formalin (2%) was carefully added to the surface of the gel to decelerate the sinking velocity of particles and prevent them from breaking on contact with the gel. The tube was then entirely filled with 0.2 μm filtered seawater. Immediately after recovery of the mooring line, the seawater covering the gels was removed using a peristaltic pump and the gel cups were recovered, carefully covered with parafilm and stored at 4°C until laboratory optical analysis back in the laboratory.

For the biogeochemical tube, the density gradient was visually inspected immediately after removal of the mooring line. The tubes were stabilized for two hours before the supernatant seawater was gently removed using a peristaltic pump. The sinking material in the remaining water was transferred to a hydrochloric acid-washed container, while being sieved with a 500 μm mesh to remove zooplankton that actively entered the traps (swimmers). After homogenization with a magnetic stir bar, a triplicate set of aliquots were filtered onto 25-mm diameter combusted (4h, 450°C) glass microfiber filters (Whatman GF/F), dried for 24 h at 60°C, pelleted and analyzed for POC and PON by EA-IRMS (Elemental Analyzer-Isotope Ratio Mass Spectrometry) using an Integra 2 (Sercon) mass spectrometer (Bonnet et al., 2018).





Polyacrylamide gel imaging

Polyacrylamide gels were visualized under a binocular magnifier and imaged using a Leica 165C camera (Figure 2). Particles were lit by placing a cold light illuminated plate below the gel cups, then images were captured at a 6.5 magnification to visualize particles. The whole gel cup surface area was imaged following horizontal transects. Approximately 24 to 26 images in a single focal plan were obtained for each gel at each depth. Images of incomplete grid cells were removed from the analysis to avoid bias. The average surface analyzed per gel was 0.0035 ± 0.0004 m2, corresponding to 41 ± 5% of the gel collection area (0.0085 m2). Images were analyzed using the FIJI software (the US National Institutes of Health’s free software ImageJ) (Schindelin et al., 2015) that allows the measurement of particles shape descriptors (area, angle, circularity, perimeter, fit ellipse and aspect ratio among others). In each processed image, the particles were delineated and numbered, and then individually identified according to their typical shapes and colors, thus indicating the category where they will be classified. Particles were classified into five categories: fecal aggregates (hereafter FA), phytodetrital aggregates (hereafter PA), mixed aggregates (hereafter Mix, which are aggregates containing both PA and FA or FA and zooplankton carcasses), cylindrical fecal pellets (hereafter CFP) and zooplankton carcasses (hereafter zoo carcasses). Routine one-to-one particle identification was applied on 125 images in total.

[image: Six microscopic images labeled A to F show small particles and fibers scattered across a light background. Each image contains varying concentrations and distributions of these materials, appearing as brown and yellowish spots or strands.]
Figure 2 | Images of sinking particles embedded in polyacrylamide gels, collected at station S05M at 170 m (A), 270 m (B) and 1000 m (C), and station S10M (D–F) at the same depths respectively. Image analysis of particles collected at 170 m at S10M was not possible due to the damaged aspect of the gel, this depth was thus excluded from this study.

With the sinking particle projected areas obtained with FIJI, we first identified their size spectra and then their number and volume flux spectra. Finally, we estimated the number, volume and carbon fluxes associated with each particle category (described below).





Particles shape descriptors

The projected areas of sinking particles provided by FIJI (Figure 3) enabled to calculate their Equivalent Spherical Diameter (ESD) by assuming spheres (Equation 1).

[image: ESD equals two times the square root of the projected area divided by pi, labeled as equation one.] 

[image: Bar chart showing projected area flux of various particles at different station depths. The legend includes FA, PA, Mix A, Zoo Carc., CFP, and All particles, with varying heights for each category, indicating differences in flux across stations S05M and S10M at depths 170 m, 270 m, and 1000 m. All particles consistently show the highest flux across stations.]
Figure 3 | Projected area flux of sinking particles reconstructed from image analysis at each station and depth (mm2 m−2 d−1). FA, fecal aggregates; PA, phytodetrital aggregates; Mix A, mixed aggregates; CFP, cylindrical fecal pellets; Zoo Carc., zooplankton carcasses.

Where the projected area is the surface area occupied by a particle in mm2.

The ESD allowed to determine the size spectra of the sinking particles by binning them into 9 logarithmically spaced size classes (Table 1) (Laurenceau-Cornec et al., 2015) that cover the whole size range of particles detected in our gels (0.1-1.7 mm). All particle shape descriptors and fluxes considered in this study and their units are reported in Table 1. A cut-off of particles with projected areas<0.009 mm2 (equivalent to 0.1 mm ESD) was applied to exclude small and spurious particles arising from gel imperfections, and to avoid misidentification as their size did not allow to identify them correctly. This cut-off removed hundreds of particles at both stations but represents an average loss of 25 ± 5% of the total projected area of particles at S05M and 25 ± 0.2% at S10M.

Table 1 | Units and definitions of particle shape descriptors and calculated fluxes (upper table), and size classes (ESD, mm) (lower table) of particle categories: phytodetrital aggregates, fecal aggregates, mixed aggregates, cylindrical fecal pellets and zooplankton carcasses.


[image: Table displaying shape descriptors and fluxes with corresponding units and descriptions. It includes data on projected area, volume, equivalent spherical diameter, and various fluxes. Also, fractional contributions for size classes one to nine are presented, with lower, upper limits, and center values.]
Particle number (m-2 d-1 mm-1) (Equation 2) (Figure 4, left) and volume flux spectra (mm3 m-2 d-1 mm-1) (Equation 3) (Figure 4, right) allowed to determine the abundance of particles and their corresponding volumes in each size class. The particle number flux spectra was calculated as follows:

[image: Equation for particle number flux spectra, defined as the sum of particle number divided by surface area, trap deployment duration, and size of the size class.] 

Where ∑particle number is the sum of particles within a size class, the surface area is the total imaged surface area of the gel in m2, the trap deployment duration in days (5 for S05M and 3.8 for S10M) and the size of the size class is the difference between upper and lower limits ESD in mm.

The volume flux spectra (mm3 m-2 d-1 mm-1) was calculated as for the number flux spectra as follows:

[image: Particle volume flux spectra equation showing the sum of particle volume divided by the product of surface area, trap deployment duration, and size of the size class.] 

Where ∑particle volume is the sum of volumes within a size class in mm3, the surface area is the total imaged surface area of the gel in m2, the trap deployment duration in days (5 for S05M and 3.8 for S10M) and the size of the size class is the difference between upper and lower limits ESD in mm.





Estimation of particle carbon fluxes in the polyacrylamide gel traps

The particles projected areas were first converted into volumes according to geometric assumptions as in Ebersbach and Trull (2008) and Laurenceau-Cornec et al. (2015). Fecal and phytodetrital aggregates were considered spherical, mixed aggregates, zooplankton carcasses as ellipsoids and cylindrical fecal pellets as cylinders. Volumes were then converted to carbon content by using relationships provided in the literature for each particle type (Equation 4): carbon content of fecal aggregates was obtained using fecal marine snow power relationship (Alldredge, 1998):

[image: Equation showing POC in micrograms equals one point zero five times volume in cubic millimeters raised to the power of zero point five one, labeled as equation four.] 

Where POC is the carbon content of fecal aggregates in µg and V is their corresponding volumes in mm3.

POC content of phytodetrital aggregates was obtained using diatom marine snow relationship (Equation 5) (Alldredge, 1998):

[image: POC (micrograms) equals 0.97 times V (millimeters cubed) to the power of 0.86, equation five.] 

Where POC is the carbon content of phytodetrital aggregates in µg and V is their corresponding volumes in mm3.

Carbon content of cylindrical fecal pellets was obtained from their volumes using a value of 0.057 mg C mm-3 (Gonzalez and Smetacek, 1994). For zooplankton carcasses, we first estimated their dry weight using the correlation (r2 = 0.967) of subtropical copepods with a size range of body area of 0.1-8.3 mm2 (Lehette and Hernández-León, 2009) (Equation 6), as follows:

[image: Equation illustrating the relationship: dry weight in micrograms equals 45.25 times the projected area raised to the power of 1.59, labeled as equation six.] 

Where projected area is the surface area occupied by the zooplankton carcasses in mm2.

Then, carbon content of zooplankton carcasses was thus calculated as 45% of the estimated dry weight (Billones et al., 1999). Only identifiable particles and zooplankton carcasses were considered in estimates of POC flux. Unidentified particles and healthy-looking swimmers accidentally caught in the gel (not carcasses) were excluded from the data set. All relationships used in volume and POC conversions are listed in Table 2.

Table 2 | Relationships used to estimate volumes and carbon contents of sinking particles according to their shapes. Lengths and widths used corresponds to major and minor lengths provided by FIJI.


[image: A table lists categories with shapes, volume equations, POC equations, and references. Categories include FA, PA, Mixed A, CFP, and Zoo carcasses with shapes like spherical, ellipsoid, and cylindrical. Volume and POC equations vary by shape. References are given, such as Laurenceau-Cornec et al., Ebersbach and Trull, and Billones et al.]
Number, (Figure 4, left), volume (Figure 4, right)  and carbon fluxes (Figure 5) of particles were estimated at each station and depth by dividing their respective total counted particles number, volume (mm3) or carbon (mg) by the analyzed surface area of the gel (m2) and the trap collection duration (days). Contributions of each particle category in number, volume and carbon fluxes were calculated as a percentage of a total and are presented in Table 3.

Table 3 | Number, volume and POC fluxes reconstructed from polyacrylamide gel traps with fractional contributions of each category of particle.


[image: A table shows data on fluxes at different sites and depths. Columns include site, depth, number flux, fractional contributions (FA, PA, MIX, CFP, Z), volume flux, and POC flux. Maximum fluxes are bolded, indicating significant values at specific depths. FA, PA, MIX, CFP, and Z represent fecal aggregates, phytodetrital aggregates, mixed aggregates, cylindrical fecal pellets, and zooplankton carcasses, respectively.]




Evaluation of the presence of diazotrophs within aggregates

The presence of diazotrophs within the sinking aggregates was evaluated at only one station (S05M) as both stations were quite similar in composition and because such method is time consuming. For that, the interior of the aggregates collected in tubes dedicated to microbiological analyses was visualized using confocal microscopy. 250 mL of the traps material were filtered onboard onto 0.8 µm polycarbonate filters and fixed with 4% paraformaldehyde. Filters obtained were then carefully inverted onto clean transparent glass slides and freezed using a cooling spray to instantly transfer all the traps material from the filter to the glass slide. The filter was then carefully removed and inspected to ensure that no particles remained after transfer. Without covering the slides to avoid flattening the aggregates, they were directly placed under the microscope and visualized at a x10 magnification using the microscope lasers. The visualized aggregates here were from several categories, i.e. either fecal, mixed or phytodetrical aggregates and we were not able to clearly discriminate them with this method. Organic matter was visualized with ultraviolet (UV, wavelength= 405 nm) and phycoerythrin was used as a relative indictor of cyanobacterial diazotrophs as Trichodesmium spp., unicellular diazotrophic cyanobacteria from Group B (UCYN-B) and C (UCYN-C) and endosymbiotic nitrogen fixers possess this accessory pigment (Grabowski et al., 2008; White et al., 2018; Bonnet et al., 2023a) (phycoerythrin, wavelength= 455 nm), while UCYN-A do not (Zehr et al., 2008). Twelve focal plans with evenly distributed aggregates were randomly selected from each depth. Before starting the imaging, parameters (slices thickness, pinhole diameter, gain and contrasts) of the images were set using the microscope software. The two lasers used enabled the excitation of the aggregates organic matter in blue color and the phycoerythrin pigments in red/pink color. An average of 15 images (slices) with a thickness of 5.9 µm per focal plan (Figure 6) was needed to explore the aggregate’s interior (total of 180 images per depth at S05M). The high resolution of images allowed the reconstruction of the aggregates (Figure 6) and the quantification of the phycoerythrin proportion area in these aggregates (Table 4). With many marine diazotrophs being cyanobacteria (although not all cyanobacteria are diazotrophs), phycoerythrin was used as a relative indicator of the cyanobacterial diazotrophs in the sinking material. Two potential pitfalls of this method are that 1/other (non-diazotrophic) cyanobacteria, notably Synechococcus spp., also contain phycoerythrin. However, the morphology of Synechococcus and cyanobacterial diazotrophs is very different: Synechococcus spp. are picoplantonic in size (~1 µm), while Trichodesmium spp. are long filaments or colonies (>100 µm), and unicellular diazotrophs (UCYN) are spherical/ovoid (5-8 µm). According to our observations in the exported material, Synechococcus spp. were in the minority compared with diazotrophs. Moreover, because of their small size, their carbon content is 10-100 times lower than that of diazotrophs. We therefore considered the phycoerythrin zones reported below to be a relative indicator of diazotrophs, but the results reported below may be slightly overestimated. 2/UCYN-A do not contain pigments and cannot be visualized with this method, which may on the opposite underestimate the contribution of cyanobacterial diazotrophs to export. This method was compared in the discussion to another method based on quantitative PCR.

Table 4 | Diazotroph projected area and specific reconstructed POC fluxes at S05M.


[image: Table displaying depths at 170, 270, and 1000 meters with corresponding data on total projected area flux, diazotroph projected area flux, and diazotroph proportion in total area flux. It also includes total measured POC flux, diazotroph POC flux, and diazotroph contribution to POC flux. Annotations clarify measurement methods and units.]




Estimation of the contribution of diazotrophs to the sinking flux

The confocal images were analyzed using FIJI (Figure 6). First, each group of focal images (slices) was combined to be analyzed as a stack. Then, the contrast of the images stack was adjusted for a better visualization of the aggregates before selecting and measuring each fluorescent area separately (blue for organic matter and red/pink for phycoerythrin-containing organisms) using the color threshold function of FIJI.

Total projected areas of each fluorescence were obtained. This allowed to measure the proportion of phycoerythrin-containing organisms in the sinking material over the total fluorescent projected area (blue+pink) as follows (Table 4) (Equation 7):

[image: Phyco. area proportion is the total phyco. area divided by the total fluorescent area, multiplied by one hundred. Equation labeled as seven.]

where phycoerythrin area proportion is the area mostly occupied by cyanobacteria (essentially attributed to cyanobacterial diazotrophs, see above) over the total fluorescent area in percentage (%).The diazotroph projected area fluxes were obtained by summing the projected areas of diazotrophs in all slices of the twelve images analyzed and by converting them into fluxes in mm2 m-2 d-1.

The contribution of diazotrophs to the POC flux was roughly estimated by calculating the volumes (µm3) from their projected areas (mm2) assuming spheres by using the ESD (Eq. 1) cited above. Further, we estimated the POC content (pg) of diazotrophs by plotting the volumes and carbon contents provided in Goebel et al. (2008) and Luo et al. (2012) and those measured in Dron et al. (2012) (Supplementary Table, Supplementary Figure 1).





Surface chlorophyll and primary production

Surface Chlorophyll a concentrations were assessed by satellite (MODIS Aqua, 4 442 km, 8-days composite, level 3 product) (http://oceancolor.gsfc.nasa.gov). Primary production was measured in triplicates at the locations of the traps deployments (S05M and S10M) as described in Lory et al. (In prep.).






Results




Sinking particle characteristics and statistics

Figure 2 shows the different categories of sinking particles identified in this study. Fecal aggregates are compact and dark brown, whereas phytodetrital aggregates are diffuse and green. Mixed aggregates are relatively large in size with irregular colors i.e. brownish with some green inclusions when they are made of fecal and phytodetrital materials; and shapes i.e. spherical to elongated when zooplankton carcasses are attached to the fecal aggregates. Cylindrical fecal pellets are brown and long with a relatively high aspect ratio (i.e. length over width ratio >2) with rounded or conical edges.

At S05M, the total number flux spectra, corresponding to the sum of all particle categories within all the size classes (ESD), was 8.16 105 m-2 d-1 mm-1 at 170 m, 9.53 105 m-2 d-1 mm-1 at 270 m and 1.38 106 ± 2 104 mm3 m-2 d-1 mm-1 at 1000 m (Figure 4). At S10M, no data are available at 170 m because the gel was not exploitable (see Figure 2). The number flux spectra at 270 m was higher (1.75 106 m-2 d-1 mm-1) compared to S05M, and almost similar to S05M at 1000 m (Figure 4).

[image: Graphs showing the number and volume of particles within different size classes. Panels A-E depict the number of particles against size for various types: FA, PA, Mix A, CFP, Zoo carcass, and all particles, with a declining trend. Panels F-J show the volume of particles within size classes for the same categories, displaying varied patterns. The colors represent different particle types as indicated in the legends. Both axes use logarithmic scales.]
Figure 4 | Total number (m-2 d-1 mm-1) and volume fluxes (mm3 m-2 d-1 mm-1) of particles binned in 9 size classes (Table 1). Number flux spectra are shown at (A) S05M-170 m, (B) S05M-270 m, (C) S05M-1000 m, (D) S10M-270 m, (E) S10M-1000 m, and volume flux spectra at (F) S05M-170 m, (G) S05M-270 m, (H) S05M-1000 m, (I) S10M-270 m, (J) S10M-1000 m, for each category of particles FA, fecal aggregates; PA, phytodetrital aggregates; Mix A, mixed aggregates; CFP, cylindrical fecal pellets; Zoo Carc., zooplankton carcasses.

Most of the number flux spectra at all depths and both stations was dominated by fecal aggregates, in particular of small and medium size (0.1-1 mm ESD), which contribution was close to the total number flux spectra, especially at 1000 m at both stations (Figure 4). Cylindrical fecal pellets were the second most numerous particles at all depths at both stations averaged, with a maximum flux of 6.64 104 m-2 d-1 mm-1 of particles (0.1-0.4 mm ESD) observed at S10M at 1000 m. Zooplankton carcasses were the third most numerous particles at all depths at both stations averaged, except at S05M at 270 m, where phytodetrital and mixed aggregates were the more numerous. No phytodetrital aggregates were observed at 1000 m at any station (Figure 4). Aggregates were rather mixed at this depth, with values ranging from 1.3 to 3.7 103 m-2 d-1 mm-1 at S05M and S10M respectively. Overall, particles with a size range 0.1-0.5 mm ESD were the most numerous at both stations and their number increased progressively with depth (Figure 4), likely due to fragmentation, leading to smaller but more numerous aggregates.

At S05M, the total volume flux spectra, corresponding to the sum of volumes of all particle categories within all the size classes (ESD), was 4880 mm3 m-2 d-1 mm-1 at 170 m and 4752 mm3 m-2 d-1 mm-1 at 270 m (Figure 4). At S10M, no data are available at 170 m (see Figure 2). However, as for the total number flux spectra, the total volume flux spectra at this station was higher (6949 mm3 m-2 d-1 mm-1) at 270 m and almost similar (4532 ± 20 mm3 m-2 d-1 mm-1) at 1000 m at both stations. Overall, the total volume flux spectra decreased with depth at both stations. However, the decrease was more pronounced between 270 and 1000 m at S10M than at S05M (Figure 4).

As for the number flux spectra, most of the volume flux spectra at all depths and both stations was carried out by fecal aggregates, especially those between 0.1 and 0.7 mm ESD (Figure 4). Fecal aggregates of size range 0.1-1 mm ESD were the most voluminous particles, with volumes almost equivalent to the total volume flux spectra at all depths of both stations. This is due to their higher abundance compared to larger fecal aggregates (>1 mm) and to other particle categories.





Particle number, projected area and volume fluxes

Particle number and projected area fluxes of all depths averaged were higher at S10M (90320 m-2 d-1 and 3342 mm2 m-2 d-1, respectively) than at S05M (59294 m-2 d-1 and 2682 mm2 m-2 d-1, respectively) (Table 3; Figure 3). Volumes fluxes were almost similar at both stations in an average stations and depths of 861 ± 15 mm3 m-2 d-1 (Table 3).

Fecal aggregates were the most numerous and voluminous particle category at the three depths at both stations. They represented 88 ± 10% of the total number flux, 72 ± 18% of the total projected area flux and 63 ± 19% of the total volume flux (stations and depths averaged) (Table 3; Figures 4, 3). Mixed aggregates were the second contributors to the projected area (14 ± 11% of the total, stations and depths averaged) and volume fluxes (25 ± 18% of the total) despite their low abundance. The remaining fraction is distributed among the other particle categories, the lowest contribution to the fluxes being for phytodetrital aggregates that contributed for 1.1 ± 1.3% to the total number flux, 1.2 ± 1.4% of the total projected area and 1.2 ± 1.3% of the total volume flux (Table 3; Figures 4, 3).





Reconstruction of POC flux from images analysis

Fecal aggregates dominated the total reconstructed POC flux at 270 and 1000 m at both stations, with 67 ± 17% of the total POC flux (Table 3; Figure 5). At S05M, zooplankton carcasses and cylindrical fecal pellets drove the reconstructed POC flux at 170 m with a similar contribution of 40% each, whereas no data are available for S10M at this depth (see Figure 2). Phytodetrital and mixed aggregates contribution to the total POC flux was low at both stations and all depths with an average of 0.5 ± 0.5% and 5 ± 1%, respectively (Table 3; Figure 5).

[image: Line graph depicting POC flux against ocean depth in two panels, A and B. Depth is measured from 170 to 1000 meters. Color-coded lines represent different components: FA, PA, CFP, Zoo Carc., Mix A, Total (Reconstructed), and Total (Measured). POC flux is measured from 10^-2 to 10^2 mgC m^-2 d^-1.]
Figure 5 | Reconstructed POC fluxes of FA= fecal aggregates, PA= phytodetrital aggregates, Mix A= mixed aggregates, CFP= cylindrical fecal pellets, and Zoo Carc.= zooplankton carcasses, total reconstructed and measured POC fluxes at 170 m, 270 m and 1000 m. POC fluxes are presented in mg C m-2 d-1 at S05M (A) and S10M (B).

The total reconstructed POC flux was higher at S10M than at S05M (Figure 5). At S05M, reconstructed POC fluxes decreased by 65.8% between 170 and 270 m and remained constant between 270 and 1000 m (Table 3; Figure 5). This is mainly due to the decrease of cylindrical fecal pellets and zooplankton carcasses fluxes by 94 and 84% respectively between these two depths, while other particle category fluxes remained constant. However, at 1000 m, phytodetrital and mixed aggregates fluxes were almost zero and fecal aggregate fluxes increased by 32%, while other particle category fluxes remained constant. This led to a constant total reconstructed POC fluxes between 270 and 1000 m (Table 3; Figure 5). At S10M, all particle category fluxes decreased between 270 and 1000 m, by 84% for mixed aggregates fluxes and by 36% for cylindrical fecal pellets and fecal aggregate fluxes, whereas fluxes attributed to zooplankton carcasses almost doubled between these two depths (Table 3; Figure 5).

The total POC flux measured in the biogeochemical tubes was generally higher at S10M compared to S05M at all depths (Figure 5). The total measured POC flux was almost twice as much at S10M (69.6 mg C m-2 d-1) than at S05M (38.4 mg C m-2 d-1) at 170 m. However, it decreases more intensely at S10M (67.78%) than at S05M (47.22%) between 170 and 1000 m. Overall, our reconstructed POC fluxes were 3 to 9-fold lower than the measured POC flux at both stations (Figure 5).





Particle export and transfer efficiencies

Particle export efficiencies (Eeff), estimated using gel image analysis, were 0.03 at 170 m at S05M and were similar (0.01) at 270 and 1000 m at both stations (Table 5). However, the Eeff measured using the biogeochemical tubes, were systematically higher than estimated ones and were comparable between both stations and depths (Table 5).

Table 5 | Comparison of total estimated and measured export (Eeff) and particle transfer efficiencies (Teff) at the two stations (S05M and S10M).


[image: Table displaying data on POC fluxes at varying depths (170 m, 270 m, and 1000 m) for categories Eeff and Teff, under conditions S05M and S10M. Columns show estimated and measured values. Footnotes explain measurement methods and assumptions for estimating total POC fluxes and integrating depths.]
Particle transfer efficiencies (Teff), estimated using gel image analysis, were similar between 270 and 1000 m at both stations (average of 0.95 ± 0.07) (Table 5). Teff measured using the biogeochemical tubes, were higher at S05M compared to S10M between 170 and 1000 m and between 170 and 270 m, whereas they were similar at both stations between 270 and 1000 m (0.4). Overall, Eeff were comparable at both stations but a more efficient transfer of C to depth occurred at S05M compared to S10M (Table 5).





Phycoerythrin projected area and estimation of POC fluxes potentially associated with diazotroph

Phycoerythrin occupied 13%, 52% and 45% at 170, 270 and 1000 m respectively of the total projected area flux at S05M (Table 4). Despite approximations (see Method section), we considered phycoerythrin as a relative indicator of diazotrophs in this study. The POC fluxes attributable to diazotrophs were relatively low (2.6 mg C m-2 d-1) at the shallowest depth (170 m), increased by 6-fold at 270 m (15.7 mg C m-2 d-1), then decreased at 1000 m (10.39 mg C m-2 d-1) (Table 4). However, due to the attenuation of total POC fluxes with depth, the evaluated contribution of diazotrophs to this flux increased with depth, potentially accounting for 7% at 170 m, 34% at 270 m and 51% to the overall POC flux at 1000 m (Table 4).






Discussion

LNLC ecosystems are deemed to be poorly efficient at exporting C due to intense recycling of PP in surface waters (Buesseler et al., 2008; Buesseler and Boyd, 2009). Past studies using delta 15N budgets revealed that N2 fixation supports 50-80% of export production in the WTSP (Knapp et al., 2018), which has been recently confirmed during the TONGA cruise at our two studied stations on the same traps (64-76 ± 86% and 90-92 ± 50% at stations S05M and S10M, respectively, Bonnet et al., 2023b). Yet, the precise pathways by which diazotrophs are exported in this hot spot are poorly understood. Diazotrophs may be exported to the deep ocean through two major pathways: the direct gravitational sinking of diazotrophic organisms (Benavides et al., 2022; Bonnet et al., 2023a) and/or the transfer of their DDN to non-diazotrophic phytoplankton, zooplankton, and bacteria (Berthelot et al., 2016; Bonnet et al., 2016a; Caffin et al., 2018a), which are subsequently exported to the deep ocean as aggregates or fecal pellets (Siegel et al., 2016; Le Moigne, 2019). Consequently, the nature of organic matter derived from diazotrophy may be diazotrophs themselves, phytoplankton and/or zooplankton that have consumed DDN, detritus, fecal pellets, or a mixture of these.




Composition of the sinking fluxes in the WTSP

Here we show that the POC fluxes were primarily driven by zooplankton derived particles (fecal pellets and aggregates, and zooplankton carcasses), with fecal aggregates dominating at 1000 m, while cylindrical fecal pellets and zooplankton carcasses dominated at 170 m (Table 3; Figure 5). The dominance of zooplankton derived particles is in line with the plankton community composition present in surface waters during the same expedition (Mériguet et al., 2023). This latter study reports that grazers, dominated by gelatinous carnivores, chaetognatha, copepoda, and other larger species, account for 34% (average abundance of 329 ind. m-3) of the total mesozooplankton community (>200 µm) between 0 and 200 m depth. The high POC fluxes derived from zooplankton particles suggest that the Fe-rich hydrothermal inputs from the Tonga arc have stimulated N2 fixation (Bonnet et al., 2023b), that in turn stimulated primary and secondary productions in this LNLC ecosystem. Mériguet et al. (2023) showed that diazotrophs dominated the microplankton (20-200 µm) community in the area of trap deployment (69% of the total community abundance of 5.105 ind.m-3) and that >80% of diazotrophs were Trichodesmium spp. In this ecosystem, diazotrophy supports >80% of export production (Bonnet et al., 2023b). The high POC flux derived from zooplankton particles suggest that the DDN has been efficiently transferred to the food web up to zooplankton and fecal pellets before being exported, pleading for an indirect export of diazotrophs. Previous studies based on 15N isotopic measurements on zooplankton reported that the DDN contribution to zooplankton biomass was estimated at ~25% in the Southern Baltic Sea (Wannicke et al., 2013), 30-40% in the tropical Atlantic (Montoya et al., 2002; Loick-Wilde et al., 2016), and 67-75% in the WTSP (Carlotti et al., 2018). Other studies based on direct observations, grazing experiments, or nifH detection in full-gut copepods, report that several copepod species graze on diverse diazotrophs such as Trichodesmium (O’Neil et al., 1996; O’Neil, 1999; Koski and Lombard, 2022), UCYN from groups A, B and C (Scavotto et al., 2015; Hunt et al., 2016; Conroy et al., 2017), Richelia (Hunt et al., 2016; Conroy et al., 2017), and Aphanizomenon (Wannicke et al., 2013; Koski and Lombard, 2022). Finally, 15N-labelling experiments revealed that diazotrophs can be a direct source of N supporting the metabolism of zooplankton (Loick-Wilde et al., 2012; Wannicke et al., 2013; Adam et al., 2016; Hunt et al., 2016; Caffin et al., 2018a). Altogether, these studies suggest that the pool of DDN can be efficiently transferred to zooplankton, which seems to be the case in the WTSP.

POC fluxes reconstructed in this study through the image analyses and conversion factors were 3 to 9-fold lower than those actually measured in the replicate biogeochemical tubes (Figure 6). We propose two main hypotheses to explain such differences. First, the volume-to-carbon conversion factors used here were originally determined for diatoms or fecal marine snow collected in temperate regions (Alldredge, 1998). However, because the composition of sinking particles varies across coastal, open ocean, temperate and subtropical environments (Durkin et al., 2021), carbon contents of particles -relative to their volumes- originating from different environments may also vary. Moreover, similar volume-to-carbon ratios are generally used to determine the carbon content of cylindrical fecal pellets. This likely did not accurately represent the diversity of cylindrical fecal pellets identified in our study, especially that it is highly dependent on the feeding behavior of zooplankton species and on ecosystem structure (Cavan et al., 2017). Durkin et al. (2021) showed that carbon contents obtained using the classical Alldredge’s conversion factors (Alldredge, 1998) and those they optimized were comparable for aggregates of sizes up to 709 µm ESD. This may suggest that our POC fluxes are coherent, as most of particles analyzed in our study have sizes between 120 and 700 µm ESD (Figure 4). Second, the cut-off we applied in one-to-one particle identification removed hundreds of small particles (<0.009 mm2). This cutoff has probably underestimated the small particle flux and, by extension, the total reconstructed flux. However, single particle identification is less biased than other approaches, such as automated identification, although it is time consuming and labor intensive. It allows to accurately identify sinking particles by visualizing them one by one.

[image: Three panels show microscopic fluorescence images. Panel A displays a dark field with scattered blue and red spots. Panel B focuses on a dense cluster of bright red spots against a dark background. Panel C features blue fields with bright pink, curved lines traversing the image.]
Figure 6 | Confocal microscopy images of random aggregates (blue, wavelength= 405 nm) (S05M) with diazotrophs and phycoeryhtrin-containing organisms (pink/red, wavelength= 555 nm) visualized at x10 magnification, at 170 m (A), 270 m (B) showing UCYN-like aggregates and 1000 m (C) showing Trichodesmium filaments.

Equations 4 to 6 are used for converting a given particle volume (mm3) into POC content (g). In our study, we used three different equations to take into account the variability of carbon content relative to size in three different categories of particles, namely, fecal aggregates, phytodetrital aggregates and cylindrical fecal pellets. These equations were taken from previous literature looking at particles carbon content, mainly from the two following references (Alldredge, 1998; Lehette and Hernández-León, 2009). The few previous papers looking at particles imaging and attempting to reconstruct POC flux from imaging (Ebersbach and Trull, 2008; Ebersbach et al., 2011; Laurenceau-Cornec et al., 2015) have used a similar set of equations. Likewise, Durkin et al., 2015 have used simpler approach by using a single equation directly relating carbon content to particle volume without no further distinction between particle types.

Such equations do not provide uncertainties unfortunately bacause they are empirically defined. They are based on field measurements that do not allow sufficient reproducibility to provide robust uncertainties. Collecting intact particles at sea is a challenge because large particles (which can be clearly identified as certain category and are the main contributor to the overall POC flux) are scarce and very fragile. For instance, defining uncertainties on such equations would require to have a several contiguous cohorts of particles of similar size (for example: 10 fecal pellets of exactly 300 µm, 10 fecal pellets of exactly 500 µm, 10 fecal pellets of exactly 1000 µm and so on) and measure their individual carbon content. In the field, particles size spectra are more complex than that, and the sampling strategy described in the sentence above is simply not possible to find. Currently, the sampling capacity of intact particles (enabling sizing and POC content measurement) is very limited to a few particles at the time suing the Marine Snow Catcher for instance (Riley et al., 2012). Therefore, uncertainties cannot be assessed at present.





Evolution of the POC flux with depth at the two stations

The total reconstructed and measured POC fluxes decreased with depth by 66 and 47% at S05M and by 67% of the measured POC fluxes at S10M (Table 3; Figure 5). This is consistent with the decrease of POC by 46 and 55% between 150 and 500 m at station ALOHA assessed using neutrally buoyant sediment traps (Lamborg et al., 2008). In our study, the decrease of the total reconstructed POC flux was mainly due to the decrease of cylindrical fecal pellets and zooplankton carcasses fluxes by 94 and 84%, respectively between 170 and 270 m, while the particle flux of the categories of particles remained constant or even increased for fecal aggregates at S05M (Table 3; Figure 5). This suggests that a fragmentation of fecal material occurred at shallow depths, likely by bacterial activity or zooplankton coprorhexy (Lampitt et al., 1990; Suzuki et al., 2003; Iversen and Poulsen, 2007), followed by a reaggregation at depth by physical processes. For physical aggregation to occur, high particle concentrations are required (Jackson, 1990). Thus, the high fecal pellet flux at 170 m and its decrease at depth suggest that sufficient fragmented particles were released to allow a reaggregation into fecal aggregates at depth.

In addition, both estimated and measured export efficiencies (Eeff)(Table 5) were within the range of those reported in LNLC ecosystems (0.02-0.2) (Henson et al., 2019) but lower than those reported in the WTSP (0.2-0.4) using a mesocosm experiments (Berthelot et al., 2015), likely due to shallow depth of the mesocosms (15 m). Estimated Eeff and transfer efficiencies (Teff) were similar at both stations at 1000 m, whereas measured ones showed a more efficient export and transfer of POC at shallower depths at S05M and similar at 1000 m (Table 5). The similarities between the two stations may be explained by their geographical proximity and their belonging to the same biogeochemical province i.e. both are Fe fertilized by the shallow hydrothermal sources along the Tonga-Kermadec arc (Figure 1) (Bonnet et al., 2023b).





Evaluation of the potential direct export of diazotrophs

In addition to export pathways mediated by zooplankton partly sustained by DDN, our results also emphasize that diazotrophs gravitationally sink to the deep ocean as they are retrieved in sediment traps. With our method based on confocal microscopy, we were not able to accurately determine in which type of aggregates they were embedded, but the aggregates containing recognizable diazotrophs often looked fecal or mixed aggregates, with the exception of Trichodesmium colonies, which were often present as single filaments or entire colonies and were thus likely phytodetrital aggregates. We attempted to estimate the potential contribution of diazotrophs to the total POC export flux, and estimated that they could contribute from 7 to 51%, with  a potential contribution increasing with depth. Although our method includes biases associated with the use of phycoerythrin as a relative indicator of the presence of diazotrophs (see details in method section) and the use of conversion factors, the trend obtained here is comparable with that obtained in a parallel study carried out in the same traps during the same campaign using quantitative PCR (Bonnet et al., 2023a). In the latter study, the authors estimated that the direct export of diazotrophs would contribute ~1% (at 170 m) to 85% (at 1000 m) of total PON export, and thus also report this trend of increasing contribution with depth, mostly due to the presence at 1000 m of large amounts of intact Trichodesmium spp. filaments and colonies having high carbon and nitrogen contents due to their large size (this study, Bonnet et al., 2023a). Finally, we also used nitrogen isotope budget to infer the contribution of N2 fixation to export production in the same traps (Bonnet et al., 2023b; Forrer et al., 2023). This approach reports that N2 fixation supports 77 to 84 ± 159% and 64 to 76 ± 86% of exported production at 170 and 270 m, respectively at the same station (S05M) (no data were available at 1000 m). These estimates are therefore comparable to those based on confocal microscopy (this study) and quantitative PCR (Bonnet et al., 2023a study), but are higher at the two shallowest depths. This seems logical as the approach based on nitrogen isotopes do not discriminate the direct export of diazotrophs, to the export of non-diazotrophic organisms which growth was supported by N2 fixation in surface waters (indirect export), and give the sum of both. In all, these three independant approaches indicate that diazotrophs leave the euphotic layer and are exported up to 1000 m depth, thus contributing to carbon export fluxes to the deep ocean.

The increasing contribution of diazotroph to the POC fluxes with depth may be explained by a temporal decoupling between surface production and export. MODIS satellite estimates of surface chlorophyll concentrations during the TONGA expedition (Supplementary Figure 2) indicate that the peak of chlorophyll occurred approximately two weeks before the traps deployment at this station (S05M). Thus, considering sinking velocities of filamentous and UCYN diazotroph aggregates (100 and 400 m d-1 respectively) measured in the laboratory by Ababou et al. (2023), they would reach the depth of 270 m within 0.67 to 3 days, and the depth of 1000 m within 2 to 10 days, which supports our hypothesis. Another hypothesis that could explain the higher contribution of diazotrophs to POC fluxes at 1000 m compared to that at is the high abundance of zooplankton carcasses (Table 3) at 170 m (thus increasing total POC, and decreasing the contribution of POC associated with diazotrophs) and gelatinous organisms (329 ind m-3) in shallow (0-200 m) waters (Mériguet et al., 2023). This suggests that these organisms may have ingested diazotrophs between 0 and 200 m, consequently decreasing their export flux at 170 m. Trichodesmium spp. has traditionally been considered as a food source for only few zooplankton species, mainly harpacticoid copepods (O’Neil and Roman, 1994) due to its toxicity (O’Neil, 1998), but recent studies suggest that they are grazed by other zooplankton species (Hunt et al., 2016; Koski and Lombard, 2022), although Trichodesmium spp. produces sulfuric compounds repulsive to grazers in Fe deficiency conditions (Bucciarelli et al., 2013). Because Fe was highly available in this area (Tilliette et al., 2022; Bonnet et al., 2023b) and Trichodesmium spp. has an efficient Fe uptake system (Lory et al., 2022), the hypothesis that Trichodesmium spp. would escape grazing by releasing zooplankton repulsive compounds is unlikely.






Conclusion

This study explored for the first time the composition of the sinking flux in the oligotrophic ocean. It was conducted in a hot spot of N2 fixation, in which diazotrophy supports the majority of export based on nitrogen isotopic budgets (Knapp et al., 2018; Bonnet et al., 2023b). Here we explored pathways though which diazotrophs support the export of organic matter. We reveal that fecal aggregates dominated the particles flux between 170 and 1000 m, suggesting that the DDN in the euphotic layer has been efficiently transferred to the food web up to zooplankton and fecal pellets before being exported, pleading for an indirect export of diazotrophs. Additionally, our study report that diazotrophic cells, filaments and colonies are present embedded in different categories of particles, mostly fecal and mixed aggregates, and account for a direct i.e. gravitational export pathways of diazotrophs. This indicates that diazotroph biomass can escape short-term sub-surface and mesopelagic remineralization and reach the deep ocean, where a fraction will be sequestered for long time scales. Additional investigation is needed in other oligotrophic regions to determine the contribution of diazotrophs to export fluxes at larger scales, and eventually integrate direct and indirect export pathways in biogeochemical models.
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Iron (Fe) is an essential micronutrient for phytoplankton growth, but its scarcity in seawater limits primary productivity across much of the ocean. Most dissolved Fe (DFe) in seawater is complexed with Fe-binding organic ligands, a poorly constrained fraction of dissolved organic matter (DOM), which increase Fe residence time and impact Fe bioavailability. Here, we present the conditional concentration (LFe) and binding-strength (log [image: Equation with a term \(K_{\text{Fe}^\prime \text{L}}^{\text{cond}}\), indicating a conditional stability constant related to iron-ligand complexation.] ) of Fe-binding ligands in the Western Tropical South Pacific (WTSP) Ocean during the GEOTRACES TONGA cruise (GPpr14). The transect crossed the Lau basin, a region subject to shallow hydrothermal Fe inputs that fuel intense diazotrophic activity, the oligotrophic South Pacific gyre, and the Melanesian basin. Organic speciation was analyzed by competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-AdCSV) using salicylaldoxime at 25 µM. We found a high mean LFe of 5.2 ± 1.2 nMeqFe (n = 103) across the entire transect, predominantly consisting of intermediate strength L2 ligands (84%; mean log [image: Mathematical expression showing "K" with subscript "Fe'L" and superscript "cond".]  of 11.6 ± 0.4), consistent with humic-like substances. DFe correlated with the humic-like component of the fluorescent DOM (HS-like FDOM), yet the electroactive Fe-binding humic-like substances (LFeHS) accounted for only 20 ± 13% of LFe in the mixed layer and 8 ± 6% in deep waters. Ligands were in large excess compared to DFe (mean excess ligand eLFe = 4.6 ± 1.1 nMeqFe), suggesting poor stabilization of DFe inputs. High LFe (up to 9 nMeqFe) in samples close to hydrothermal sites could be due to detoxification strategies from plankton communities toward hydrothermally-fueled toxic trace metals other than Fe, with an apparent dilution of the DOM from the Lau basin into neighboring regions. We also observed a different peak potential of the Fe salicylaldoxime complex detected by CLE-AdCSV between the Lau and Melanesian basins, and between surface and deep waters. To our knowledge, this change in potential has not previously been reported; whether this represents a novel detection of specificities in DOM composition merits further investigation. Competition between Fe and competing metals for ligand binding sites could favor DFe oxidation and precipitation near hydrothermal vents and explain the absence of strong Fe stabilization in the WTSP.




Keywords: iron-binding ligands, hydrothermal, diazotroph, remineralization, humic substances, voltammetry, fluorescence





Introduction

Iron (Fe) is an essential micronutrient for phytoplankton growth because of its role in multiple metabolic processes (Twining and Baines, 2013). Biological Fe demand is such that its availability co-limits primary production across around 40% of the ocean (Moore et al., 2013; Browning and Moore, 2023). Fe scarcity is also explained by its very low solubility in seawater (Liu and Millero, 2002). Fe is quickly hydrolyzed and exported as oxyhydroxide aggregates in oxygenated conditions (Liu and Millero, 2002), and as Fe-sulfide (e.g., pyrite) in more anoxic environments such as hydrothermal vents (Rickard and Luther, 2007). However, despite its low solubility and inorganic scavenging, the Fe concentration found in the dissolved fraction (DFe; defined by the filter of 0.2 µm or 0.45 µm pore size) is higher than what is expected from its inorganic speciation (Liu and Millero, 2002). This is partly explained by extensive complexation of DFe by a fraction of the dissolved organic matter (DOM) pool, known as Fe-binding ligands, that enhance Fe solubility and increase its residence time in surface waters, thereby impacting its bioavailability to phytoplankton. It is generally accepted that most DFe (> 99%) is complexed to organic ligands (Gledhill and Buck, 2012). Knowledge of the nature and cycling of these ligands is required to understand and predict Fe distribution and bioavailability in seawater, but obtaining this information is challenging. Characterization of the Fe complexing fraction is difficult because of the sheer chemical diversity of DOM (Mentges et al., 2017; Dittmar et al., 2021) and the relatively low abundance of Fe-binding compounds, only exceeding DFe by around 1 nmol equivalent of Fe per liter (nMeqFe) in the global ocean (Gledhill and Buck, 2012; Boyd and Tagliabue, 2015). Various methods enable measurements of the major individual Fe-binding ligand groups, namely siderophores (Bundy et al., 2018; Boiteau and Repeta, 2022), humic-like substances (HS-like; Laglera and van den Berg, 2009; Pernet-Coudrier et al., 2013; Whitby and van den Berg, 2015; Sukekava et al., 2018), and exopolymeric substances (EPS; Hassler et al., 2011; Hassler et al., 2015; Norman et al., 2015). Those methods, however, have a limited resolution because of the diversity encountered within each group.

The challenge of identifying individual ligands within the range of metal-binding compounds composing DOM is overcome by Competitive Ligand Exchange (CLE). This approach is based on the competition between the natural Fe-binding ligands and an added competitive ligand at increasing DFe concentrations. The titration of the natural Fe-binding ligands is monitored by adsorptive cathodic stripping voltammetry (AdCSV), quantifying the electrons needed to reduce the DFe that formed an electroactive complex with the added ligand. This approach allows the determination of the maximum amount of DFe that can be complexed by the natural DOM present within a sample, defined as the Fe-binding ligand concentration (LFe), and the averaged conditional stability constant (log [image: Formula showing \( K_{\text{Fe'L}}^{\text{cond}} \), indicating a conditional equilibrium constant related to iron-ligand complexation in chemistry.] ) of the Fe-binding complexes within the detection window ([image: "a" raised to the power of "Fe" prime divided by "AL".] ) applied. The detection window is defined as the product of the added ligand concentration ([AL]) forming the electroactive complex FeALn and of its binding affinity with DFe ([image: Mathematical notation showing two variables: \(\beta_{\text{Fe}^{\prime}\text{AL}}^{\text{cond}}\) and \(\alpha_{\text{Fe}^{\prime}\text{AL}}\), separated by a semicolon.]  = [AL]n * [image: Stylized text showing a mathematical notation: lowercase Greek letter beta with the subscript "cond," followed by "Fe" and "Al" in subscript.] ). The log [image: The image shows the mathematical notation "K subscript Fe superscript cond L".]  values obtained by CLE-AdCSV are commonly divided into classes, with L1 corresponding to strong Fe-binding ligands (log [image: The image shows a mathematical or scientific notation with "K" followed by "cond" in superscript and "Fe' L" in subscript.]  > 12), L2 to intermediate ligands (10< log [image: Mathematical expression showing K subscript cond superscript Fe three plus L.]  < 12) and L3 to weak ligands (log [image: The image shows the equation K superscript "cond" over F subscript "eq" L.]  < 10; Gledhill and Buck, 2012). These classes roughly correspond to the three major types of ligands identified in the environment, with siderophores falling into the L1 class, HS into L2, and EPS into L3 (Hassler et al., 2017), although classes can overlap and remain a simplistic view of the Fe organic speciation. For example, accumulating evidence suggests HS encompass multiple binding sites across the L1 and L2 ligand classes and are able to compete with siderophores (Fourrier et al., 2022; Gledhill et al., 2022; Sukekava et al., 2024). The log [image: K superscript "cond" subscript "FeII" L.]  of specific functional groups has also been determined and their contribution to the pool of Fe-binding ligands highlighted (e.g., Santana-Casiano et al., 2000; González et al., 2019). However, in natural samples, the binding ability of the DOM is a continuum of log [image: "K" with superscripts "cond" and "'Fe'" above it and subscript "L".]  values rather than a specific value as determined by CLE-AdCSV (Town and Filella, 2000). Indeed, the log [image: Mathematical expression showing \( K_{\text{Fe}'}^{\text{cond}} \).]  determined by CLE-AdCSV is an average value of all the titrated ligands, and it is not well understood how the log [image: K superscript cond subscript Fe three plus L.]  of each compound or functional group is weighted during the titration of a continuum of ligands. In all, while being mindful of limitations, this classification remains a helpful way to interpret and compare Fe-binding ligand data.

Fe-binding ligand distribution is often characterized by high LFe and [image: K superscript cond with a subscript Fe apostrophe L.]  surface waters with maximum values coinciding with the chlorophyll-a maximum, and progressive decrease from the surface until the oxycline due to adsorption onto particles (Kondo et al., 2007: Ibisanmi et al., 2011; Gledhill and Buck, 2012; Gerringa et al., 2015; Bundy et al., 2016). Phytoplankton production of LFe has been widely attested by concomitant LFe and chlorophyll-a fluorescence (Gledhill and Buck, 2012; Gerringa et al., 2015; Bundy et al., 2016; Hassler et al., 2017). LFe depletion can sometimes be observed in surface waters due to photochemical breakdown of ligands, but this process is highly variable (Barbeau et al., 2001; Powell and Wilson-Finelli, 2003; Croot et al., 2004), while atmospheric deposition such as dust and rain supply Fe-binding ligands to surface waters (Gerringa et al., 2006; Rijkenberg et al., 2008; Cheize et al., 2012; González et al., 2022). Below the oxycline, LFe increases through the breakdown of biogenic material by heterotrophic bacteria (Boyd et al., 2010) which produce Fe-binding ligands that are mostly attributed to HS due to their intermediate log [image: Scientific notation showing "K subscript Fe prime L superscript cond."]  and relatively homogenous distribution in deep waters (van den Berg, 1995; Witter and Luther, 1998; van den Berg, 2006; Dulaquais et al., 2018; Whitby et al., 2020b). Heterotrophic bacteria produce siderophore compounds, associated with the breakdown of sinking particles (Cordero et al., 2012; Bundy et al., 2016; Velasquez et al., 2016; Hassler et al., 2017) while the resuspension of sediments and hydrothermal activity are important sources of Fe-binding ligands to bottom waters (Jones et al., 2011; Gerringa et al., 2015; Tagliabue and Resing, 2016. Buck et al., 2018; Sukekava et al., 2023).

The classification of binding strength presented by Gledhill and Buck (2012) has been used to compare basin scale datasets of Fe-binding ligand characteristics from samples collected in the West and North Atlantic Oceans (Buck et al., 2015; Gerringa et al., 2015), and in the Tropical Pacific Ocean (Buck et al., 2018). In addition to a general trend of decreasing log [image: Mathematical expression showing \( K^{\text{cond}}_{\text{Fe}'L} \), with "cond" as superscript and "Fe'L" as subscript.]  and increasing LFe with depth and water mass aging, L1 has been shown to correlate with increasing DFe concentrations around hydrothermal vents in the Atlantic and Pacific Oceans (Buck et al., 2015; Buck et al., 2018) and with vent communities supplying siderophores specifically (Hoffman et al., 2023). L1 ligands were also observed in hydrothermal fluid samples collected at the New Hebrides Island arc in the Western Tropical South Pacific (WTSP) Ocean with concentrations reaching the micromolar range for LFe and DFe (Kleint et al., 2016). These authors also detected weaker L3 ligands in several WTSP Ocean hydrothermal samples, while intermediate L2 ligands have been observed in hydrothermal plumes in the Mariana Back Arc of the Western Pacific (Wang et al., 2021) and in the Southern Ocean (Hawkes et al., 2013).

In hydrothermal fluids, concentrations of DFe and Fe-binding ligands can vary from the nM to µM range depending on the initial fluid chemistry (e.g., Hawkes et al., 2013; Resing et al., 2015; Kleint et al., 2016; Tilliette et al., 2022). The chemistry of hydrothermal fluids is geographically diverse and variable over time, and sampling in such dynamic environments is challenging, making hydrothermal Fe-binding ligand chemistry complicated to constrain (Kleint et al., 2019). In terms of DFe, it is well known that the free ionic Fe2+ initially found in hot and acidic hydrothermal fluid is quickly oxidized and precipitated during mixing with seawater by the formation of Fe-sulfides and Fe-oxyhydroxide minerals (Millero et al., 1987; Kleint et al., 2017), but it can also be adsorbed on organic matrices or stabilized by Fe-binding ligands (Toner et al., 2009; Sander and Koschinsky, 2011; Kleint et al., 2017; Santana-Casiano et al., 2022). The inorganic transport of DFe as Fe-sulfide nanoparticles and colloidal Fe-oxyhydroxides has also been observed and the accessibility of these fractions to Fe-binding ligands is controversial (Yücel et al., 2011; Yücel et al., 2021). Recent work showed that electroactive humic component of Fe-binding ligands (LFeHS) can solubilize a large fraction of freshly formed Fe-oxyhydroxides, but this decreases rapidly with aging of the inorganic particles. This experiment was performed at constant temperature and pH (Dulaquais et al., 2023) but is yet to be addressed under variable physicochemical conditions such as during the dilution of hydrothermal plumes. The variable interplay between the inorganic and organic processes impacting the amount of DFe stabilized and transported away from hydrothermal sources is an essential aspect to constrain, as vents could account for an estimated 12-22% of the deep-ocean DFe budget (Bennett et al., 2008).

In the WTSP Ocean, the subduction of the Pacific Plate beneath the Australian Plate has formed the Tonga volcanic arc, one of the most seismically active subduction zones which consequently hosts a high density of submarine volcanoes and associated hydrothermal vents (German et al., 2006; Timm et al., 2013). The submarine hydrothermal activity fuels the area with DFe (Guieu et al., 2018; Tilliette et al., 2022), supporting the growth of nitrogen fixers (diazotroph). Some of the highest rates of dinitrogen (N2) fixation ever observed in open ocean have been measured in the area (Bonnet et al., 2017; Bonnet et al., 2018), specifically in the Lau basin, but the mechanistic link between shallow hydrothermal Fe inputs and intense N2 fixation has only been recently demonstrated (Bonnet et al., 2023b). The possibility to investigate the connection between hydrothermal sourcing of trace metals and the fueling of diazotroph activity motivated the GEOTRACES process cruise GPpr14 (TONGA cruise; Guieu and Bonnet, 2019, https://doi.org/10.17600/18000884), which crossed the Melanesian basin, the Lau basin, and the western part of the South Pacific gyre between October 31st and December 5th, 2019.

The TONGA transect presented the opportunity to quantify, for the first time in this region, LFe and log [image: K subscript Fe three prime, L superscript cond.] , and to explore the relation between Fe-binding ligands and DFe distribution in the area. Several complementary analyses targeting specific fractions of the DOM pool were also conducted, notably regarding HS-like material. HS are of specific interest as they have been estimated to represent around 50% of the DOM (Zigah et al., 2017; Fourrier et al., 2022) with a smaller fraction, around 5% of DOC, able to bind with Fe (Laglera and van den Berg, 2009; Fourrier et al., 2022). The diversity of the HS-like material is responsible for various properties, notably in terms of electroactivity and photo-reactivity, the latter in terms of absorbance and fluorescence (CDOM and FDOM, respectively). It has been shown that electroactive Fe-HS complexes (LFeHS) are able to control Fe solubility in a variety of systems (Dulaquais et al., 2018; Sukekava et al., 2018; Laglera et al., 2019; Whitby et al., 2020b; Fourrier et al., 2022). Similarly, the HS-like fluorescent component of the DOM (HS-like FDOM) often correlates with DFe distributions (Tani et al., 2003; Ohno et al., 2008; Hioki et al., 2014; Jia et al., 2021). The complementarity and/or overlapping of these two different operationally defined fractions of HS is, however, not well constrained. While covariation of LFeHS and HS-like FDOM is observed in estuarine waters (Lee et al., 2023), opposite trends are observed in open ocean surface waters, suggesting that the microbial aerobic respiration of the DOM increases the fluorescent yields and lowers the electroactivity of the HS fraction of the DOM with depth (Fourrier et al., 2022).

We present here the results obtained for Fe-binding ligand characteristics during the TONGA cruise using the same competitive ligand method that was used in both the Equatorial Pacific (Buck et al., 2018) and the North Atlantic Oceans (Buck et al., 2015). We relate the distribution observed in LFe and log [image: Equation representing a conditional equilibrium constant, denoted as \( K^{\text{cond}}_{\text{Fe}^\prime L} \), indicating the interaction between a ligand (L) and unbound iron (Fe').]  to other parameters such as DFe, apparent oxygen utilization (AOU), dissolved organic carbon (DOC), LFeHS and HS-like FDOM to identify the processes impacting Fe-binding ligands and HS-like compounds, and to constrain their impact on DFe distribution in the WTSP Ocean.





Material and methods




Sampling strategy during the TONGA cruise

Samples were collected during the TONGA GEOTRACES process study in the WTSP Ocean (GPpr14). The section presented here is composed of 8 main stations between the Melanesian basin and the South Pacific gyre (Figure 1), with additional casts performed around two known hydrothermal sites, LD 5 and LD 10, identified by acoustic detection (Bonnet et al., 2023b). Here, we present data for one of the hydrothermal stations, LD10, for which stations LD 10-T1, T2 and T3 were sampled at 15, 8, and 2 km from the hydrothermal source, respectively. The western part of the Lau basin was sampled at stations 4, 11 and 12. Stations 2 and 3 were located in the Melanesian basin, on the western side of the transect. Stations 6, 7 and 8 were located in the South Pacific gyre for comparison with oligotrophic conditions. Station 6 was located East of the Tonga arc, but on the western side of the Tonga trench, where the topography is expected to limit water exchange between the Lau basin and the South Pacific gyre (Talley et al., 2011).

[image: Map of the South Pacific Ocean featuring the Melanesian Basin, Lau Basin, and South Pacific Gyre. Key areas include New Caledonia, Fiji, Tonga Trench, and Late'iki. Various labeled points and arrows indicate locations and directions.]
Figure 1 | Map of the studied area, cruise transect and sampling stations for Fe-binding ligand characteristics during the TONGA cruise (GPpr14; Guieu and Bonnet, 2019, https://doi.org/10.17600/18000884). The small-dashed black line corresponds to the transect drawn to present the data. Colors, symbols and shapes correspond to the splitting of the dataset for presentation and interpretation. Geographic features (in black) include the main islands, the Tonga trench and the location of the Late’iki site.





Sample collection and storage

The seawater samples for DFe and Fe-binding ligand analyses were collected using GO-FLO bottles mounted on a Trace Metal Clean Rosette (TMR; General Oceanics Inc., Model 1,018 Intelligent Rosette) transferred into a trace metal clean van (class-100) and pressurized with 0.2 μm-filtered nitrogen (Air Liquide) for sub-sampling. GO-FLO bottles and all the sampling material were cleaned before the cruise following the GEOTRACES cookbook (Cutter et al., 2017). Dissolved fractions for the analysis of DFe and Fe-binding ligands were sampled through 0.45 µm acid-cleaned polyethersulfone filters (Supor). For DFe, the cleaning procedure of the bottles used for seawater collection, sample storage, handling and analyses are detailed in Tilliette et al. (2022).

For Fe-binding ligands, 250 mL low-density polyethylene (LDPE; Nalgene) bottles were left to soak for one week in a 2% surfactant bath (Decon), one week in a 1 M HCl bath (laboratory reagent grade 32%, FisherScientific) and one week in a 0.1 M HCl bath, before being left to dry in a laminar flow hood (Class-100) and double-bagged. Between each step, the bottles were rinsed 5-times with Milli-Q water (resistivity > 18.2 MΩ.cm). The samples were collected after rinsing the bottles 3 times with around 20 mL of filtered sample and frozen to -20°C immediately after sampling. Samples were thawed at room temperature in the dark and swirled before analysis.

The seawater samples for dissolved oxygen (O2), DOC and FDOM analyses were collected in glass bottles from a classical rosette equipped with twenty-four 12 L Niskin bottles. The samples were immediately filtered under low vacuum (< 50 mm Hg) through pre-combusted 25-mm fiberglass filters (GF/F, size pore: ~0.7 μm, Whatman) using glass filtration apparatus. For DOC analyses, filtered samples were transferred into 10 mL glass ampoules and acidified with 20 μL of sulfuric acid (H2SO4, 95-98%, Sigma-Aldrich). Ampoules were then flame-sealed and stored in the dark at 4°C pending analysis. For FDOM measurements, filtered samples were transferred into 100 mL amber glass bottles with clean Teflon-lined caps and stored at -20°C in the dark before analysis. Before use, all glassware was left to soak for 24 h in a 1 M HCl bath, rinsed thoroughly with Milli-Q water, then combusted at 450°C for 6 h, and finally rinsed three times with the respective sample before filling.





Analyses

Detailed description of the analysis and interpretation for LFeHS, CDOM/FDOM and DFe can be found in connected papers (Tilliette et al., 2022; Dulaquais et al., 2023; Tedetti et al., in prep.1). For LFeHS, CDOM/FDOM, DFe, dissolved organic carbon and Fe-binding ligands, the seawater was filtered in-line using an acid-cleaned 0.45 μm polyethersulfone filter (Supor).




Dissolved oxygen

O2 concentration was measured following the Winkler method (Winkler, 1888) modified by Carpenter (1965) and Carritt and Carpenter (1966), with potentiometric endpoint detection using a Titrino 716 DMS (Metrohm; Oudot et al., 1988). The recommendations from Langdon (2010) were followed for sampling, reagent preparation and analysis. The thiosulfate solution was calibrated by titrating it against a potassium iodate certified standard solution of 0.0100 N (CSK standard solution; WAKO). The reproducibility, expressed as the standard deviation of replicate samples, was 0.8 µM (n = 15, mean = 195.4 µmol kg-1. Apparent Oxygen Utilization (AOU, in μM) was calculated from the difference between O2 solubility concentration (at P = 0 dbar) estimated with the Benson and Krause coefficients (Garcia and Gordon, 1992) and in-situ O2.





Dissolved organic carbon

DOC concentration was measured in two ampoule replicates on a Shimadzu TOC-V analyzer according to Sohrin and Sempéré (2005) and Fourrier et al. (2022). Before injection, the GF/F-filtered and acidified samples were bubbled for 2 min with CO2-free air to purge inorganic carbon. The accuracy and system blank of the instrument were determined by the analysis of certified water references (batch 19, lot #03–19, Hansell Laboratory, Miami, USA). The nominal precision of the analysis procedure was within 2%.





Iron-binding ligands

The theory of the CLE-AdCSV approach has been thoroughly detailed in previous work (e.g., Gledhill and van den Berg, 1994; Rue and Bruland, 1995; Abualhaija and van den Berg, 2014; Gerringa et al., 2014; Pižeta et al., 2015; Mahieu, 2023). We used the added ligand salicylaldoxime (SA; 98% Acros Organics) at 25 µM following the procedure described in Mahieu (2023). For data interpretation the side reaction coefficient ([image: The image shows the chemical formula beta-FeS\(_2\) in italicized text, with the Greek letter beta followed by the chemical elements iron (Fe) and sulfur (S) with the subscript 2.] ) of 11.1 leading to [image: The expression shows a mathematical notation with the variables alpha raised to the power of Fe prime, followed by subscript AL.]  of 79 was used, as in previous basin scale work (Buck et al., 2007; Buck et al., 2015; Buck et al., 2018). A borate buffer (boric acid, analytical reagent grade, Fisher Scientific) at 1 M in 0.35 M of ammonia (NH4OH; 29% Laporte) was used at 10 mM for a final pH of 8.2 in the sample (Rue and Bruland, 1995; Buck et al., 2007; Abualhaija and van den Berg, 2014; Buck et al., 2015; Buck et al., 2018; Mahieu, 2023). The following equilibration procedure was applied: natural ligands were left to equilibrate with increasing additions of DFe in buffered samples for a minimum of 2 h, with SA added at least 15 min before the start of the analysis. The titrations were performed with 16 aliquots, with DFe additions of 0, 0, 0.75, 1.5, 2.25, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 10, 12 and 15 nM. The DFe additions were adjusted from Buck et al. (2018) after preliminary tests showing emergence of the FeSA2 reduction current around 3 nM of DFe added (nMeqFe). The sensitivity was estimated using the three last linear additions of the titration of the seawater sample. The apparatus and procedures for the conditioning of cells and tubes (Trace Metal Free, Labcon) are described in Mahieu (2023) and Mahieu et al. (2024), along with a detailed description of the set up and data treatment.





Statistical treatments

The variables considered in this study did not follow a normal distribution, and were inter-dependent and non-linear, calling for the application of non-parametric statistical methods. The significance of the difference between water masses and regions was tested using the Wilcoxon-Mann-Whitney test, using the Python function ‘scipy.stats.mannwhitneyu’. The difference between two samples is defined by p values< 0.05. Full p value matrices can be found in Supplementary Information 2, 3. The Spearman rank correlation (ρ; Spearman, 1904) analysis was chosen to compare the Fe-binding characteristics and the other parameters described hereafter as it has been previously used for the investigation of Fe-binding ligands and FDOM (e.g., Heller et al., 2013; Genovese et al., 2018). The calculation was performed using the Python function ‘scipy.stats.spearmanr’ (version 3.9). For the Spearman test, ρ from 0.00 to 0.19 were attributed to very weak correlation, ρ from 0.20 to 0.39 to weak correlation, ρ from 0.40 to 0.59 to moderate correlation, ρ from 0.60 to 0.79 to strong correlation, and ρ from 0.80 to 0.99 to very strong correlation (ρ = 1.00 being a perfectly monotonic correlation). We considered the correlation to be significant for p< 0.0001, at least one order of magnitude lower than in other studies discussing Spearman correlation matrices including Fe-binding ligands data to ensure a strong level of confidence in the interpretation of the dataset (e.g., Heller et al., 2013; Genovese et al., 2018; bold values in Table 1).

Table 1 | Mean values for DFe, LFe, LFeHS, DOC and HS-like FDOM for the mixed layer and deep waters.


[image: Table comparing chemical concentrations in mixed layer and deep waters. Columns include dissolved iron (DFe), two types of iron-binding equivalent concentrations (L\(_\text{Fe}\), L\(_\text{FeHS}\)), dissolved organic carbon (DOC), and humic-like fluorescent dissolved organic matter (HS-like FDOM). Values include means, standard deviations, and sample sizes.]






Results




Hydrography

The water mass composition and circulation have been thoroughly described by Tilliette et al. (2022). We present here a simplistic description of the water column based on O2 fluctuations (Figures 2, 3A). During the TONGA transect, surface waters were characterized by high O2 due to primary production and atmospheric exchange enhanced by physical mixing in the mixed layer, which ranged from 70 to 140 m deep during the cruise. The water mass below the mixed layer corresponds to the Subtropical Underwater (STUW) in the South Pacific gyre and Lau basin, and to the Western South Pacific Central Water (WSPCW) in the Melanesian and Lau basins. Both STUW and WSPCW are characterized by a maximum of salinity (S) and minimum of O2 around 200 m, the latter being due to microbial respiration (e.g., remineralization). Below these two water masses is the Antarctic Intermediate Water (AAIW), with a S minimum and an O2 maximum (Figure 2) also corresponding to the thermocline at around 650 m depth (Kawabe and Fujio, 2010; Talley et al., 2011). Below the AAIW, S increases and temperature decreases. O2 concentrations below 150 µmol kg-1 is characteristic of the Pacific Deep Water (PDW), originating from the upwelling of Antarctic Bottom Water (AABW) in the middle of the Pacific Ocean, mixing with the O2 depleted waters from the Pacific oxygen minimum zone and with the deep waters from the oxygen minimum zone off Chile in the Eastern South Pacific Ocean (Silva et al., 2009). AAIW and PDW supposedly reach the Lau and Melanesian basins from a branch of the South Pacific gyre flowing from the North of the Lau basin following south-westward currents (Summers and Watling, 2021; Tilliette et al., 2022). However, the circulation in and between the Lau and Melanesian basins is variable, and northeast currents have been observed in the Melanesian basin (Komaki and Kawabe, 2007). In the South Pacific gyre, deeper than 3500 m, O2 increases to around 190 µmol kg-1 due to the intrusion of Lower Circumpolar Deep Water (LCDW) from the southeast (Kawabe and Fujio, 2010). Over the whole transect, O2 concentrations range from 121 µmol kg-1 in the PDW of the Lau basin, to 211 µmol kg-1 in the AAIW of the South Pacific gyre (Figure 3A).

[image: Graph depicting water column properties showing depth in meters on the y-axis and variables like oxygen concentration, potential density, temperature, and salinity on the x-axis. The red line represents oxygen, the black line represents potential density, the orange dashed line represents temperature, and the blue dotted line represents salinity. The graph is divided into layers labeled ML, STUW/WSPCW, AAIW, PDW, and LCDW. ]
Figure 2 | Profile of σ0 (black full line), O2 (red full line, diamond), T (temperature, orange dash line), and S (salinity, blue dot line) at station 7 with the water mass separations applied in this study, namely the mixed layer (ML), the Subtropical Underwater (STUW), the Western South Pacific Central Water (WSPCW), the Antarctic Intermediate Water (AAIW), the Pacific Deep Water (PDW) and the Lower Circumpolar Deep Water (LCDW). The WSPCW, not present at ST7, is also mentioned to not omit any water mass investigated in this work.

[image: Two panels show ocean section profiles with color gradients indicating concentration levels. Panel A depicts oxygen concentrations (micromoles per kilogram) with depth, showing gradients from red (high) to blue (low). Various water masses such as WSCPW, STUW, and LCDW are labeled. Panel B shows dissolved organic carbon (DO C) concentrations (micromolar) with similar depth and section distance, ranging from red to blue. Both panels include depth measurements and section distances with notable changes in concentration at different water layers.]
Figure 3 | Top 600 m and full depth distribution of (A) O2 and (B) DOC concentrations for the TONGA cruise (GEOTRACES GPpr14). The approximative water mass boundaries are defined by O2 (see Figure 2). The section is separated in four segments with, from left to right, the Melanesian basin (stations 2 and 3), the Western Lau basin (stations 12, 4 and 11), the Eastern Lau basin (stations LD10-T1, LD10-T2 and LD10-T3) and the South Pacific gyre (stations 6, 7, and 8). See Figure 1 for more details on the sampling locations.





DOC

The distribution and range of DOC concentrations measured in this study are typical to what has been previously reported in the Tropical South Pacific Ocean (e.g., Buck et al., 2018; Fourrier et al., 2022). DOC concentrations ranged from 35 to 80 µM (Figure 3B), with the highest values observed in the mixed layer typical of primary production, ranging from 60 to 80 µM. DOC concentrations decreased with depth due to microbial remineralization to reach typical deep-water values, ranging from 35 to 45 µM in the PDW (and LCDW at stations 7 and 8). Typical deep values are reached within the STUW/WSPCW in line with microbial aerobic respiration at most stations (Figures 2, 3), except at stations 3, 4 and 7, where the concentrations gradient reaches depths of up to 1000 m.





DFe

DFe distribution has been thoroughly described in Tilliette et al. (2022). For the dataset considered in this work, DFe concentrations ranged from 0.13 nM in the mixed layer of the Western Lau basin to 3.13 nM in the mixed layer of the Eastern Lau basin (Figure 4A). Higher DFe concentrations, up to 50 nM, were observed at another location (station 5; Tilliette et al., 2022), however, no data is available for Fe-binding ligand characteristics at this station. The Melanesian basin and the South Pacific gyre show DFe depletion in surface waters attributed to predominant removal processes and limited supply (Tilliette et al., 2022), and an increase at depth with mineralization in the range of previously reported open-ocean values (e.g., Tagliabue et al., 2012; Resing et al., 2015; Tonnard et al., 2020). The Western Lau basin shows similar DFe depletion in subsurface waters except for an enhancement at station 11 in the WSPCW. Another strong DFe enhancement is observed in the mixed layer of the Eastern Lau basin. The highest values observed in this study are considered to be solely hydrothermal, while deep waters of the Eastern and Western Lau basin show anomalies of DFe enrichment related to either remineralization, island effect, benthic fluxes and/or hydrothermal activity (up to 1.5 nM; Tilliette et al., 2022). Similar concentrations were previously reported for bottom enrichment related to hydrothermal and shelf inputs (e.g. Klunder et al., 2011; Klunder et al., 2012; Resing et al., 2015; Tonnard et al., 2020).

[image: Three panels (A, B, C) show ocean profiles for different chemical measurements. Panel A depicts DFe in nM with varying concentrations indicated by a color gradient from blue to red. Panel B shows HS-like in QSU, also using a color gradient. Panel C presents LFeHS in nMeqFe. Each panel features vertical sections along section distances and depths, with contour lines and color scales representing concentration levels. Black areas represent the seafloor.]
Figure 4 | Top 600 m and full depth distribution of (A) DFe, (B) HS-like FDOM and (C) LFeHS for the TONGA cruise (GEOTRACES GPpr14). The approximative water mass boundaries are defined by O2 (see Figures 2, 3A). The section is separated following the description of the studied area (Figure 1).





HS-like FDOM

The HS-like FDOM component identified here through EEM/PARAFAC (λEx1, λEx2/λEm: 235, 315/436 nm), which are referred to as peaks A + M/C (Coble, 1996; Hudson et al., 2007; Coble et al., 2014) or component 3 (Ishii and Boyer, 2012) in different DOM fluorophore classifications, has been reported in various coastal and marine environments (Ferretto et al., 2017; Tedetti et al., 2020). HS-like FDOM content ranged from 1 QSU in the mixed layer of the Western Lau basin to 4 QSU in the PDW of the Melanesian basin (Figure 4B). HS-like FDOM systematically increased with depth, reflecting its loss by photobleaching or extinction of its fluorescence in the photic layer, and its production in deep waters through the remineralization of organic matter (Nelson et al., 2010; Heller et al., 2013; Yamashita et al., 2017). The depth profiles of HS-like FDOM along the transect (i.e., lower values in surface waters, higher at depth) were thus opposite to those of DOC, a phenomenon already reported for the Atlantic and North Pacific Oceans, as well as at our station 8 in the South Pacific gyre (Omori et al., 2010; Stedmon and Álvarez-Salgado, 2011; Yamashita et al., 2017; Cao et al., 2020; Fourrier et al., 2022). High HS-like FDOM signals were observed in the deep waters at stations 2, 3, 4, LD10-T1, LD10-T2, the highest signal being observed at station 8.





LFeHS

Details on the distribution and determination of electroactive HS (eHS) in the area during the same cruise are fully described elsewhere (Dulaquais et al., 2023). We show here the eHS determined by complexation with Fe (Dulaquais et al., 2023), referred to as LFeHS, for comparison with HS-like FDOM and Fe-binding ligands (Figure 4C). LFeHS are expressed in nMeqFe following the estimated Fe binding capacity of the fulvic acid standard used (16.4 nmolFe mgFA-1; Sukekava et al., 2018). For the dataset considered in this work, LFeHS concentrations ranged from 0.2 to 2.4 nMeqFe with a mean value of 0.6 ± 0.5 nMeqFe (n = 106). The highest values were observed in the mixed layer at all stations and concentrations decreased with depth down to relative minima (between 0.2 and 0.4 nMeqFe) in intermediate waters. Below, in the abyssal waters, concentrations increased again to values higher than 0.6 nMeqFe. Comparatively, high LFeHS concentrations were detected through the entire water column in the oligotrophic waters of the South Pacific gyre collected at station 8 (Fourrier et al., 2022).





Fe-binding ligands

A single class of Fe-binding ligand was detected in all samples, with a mean LFe of 5.2 ± 1.2 nMeqFe and mean log [image: Mathematical notation displaying "K" with a superscript "cond" and a subscript "Fe^II L".]  of 11.6 ± 0.4 (n = 103; Figures 5A, C, respectively). Log [image: The image shows the formula "K superscript cond subscript Fe prime L" in italic font.]  ranged from 10.5 ± 0.2 in the AAIW of the Melanesian basin (station 2) to 12.7 ± 0.3 in the PDW of the Western Lau basin (station 11), encompassing the three ligand classes defined by Gledhill and Buck (2012). As such, 84% of our samples fall in the L2 class, 13% in the L1 class, and 4% in the L3 class. LFe ranged from 2.8 ± 0.4 nMeqFe in the mixed layer of the Melanesian basin (station 2) to 9.3 ± 1.0 nMeqFe in the PDW of the Melanesian basin (also station 2). The co-occurrence of the maximal and minimal values at the same station illustrates the variability of the processes impacting the DOM in the area, discussed hereafter. High values of LFe reaching up to 9.0 nMeqFe were observed at two other locations, in the AAIW above the Tonga ridge in the South Pacific gyre (station 6), and in the mixed layer in the Lau basin (station LD 10-T3). At stations 2 and 6, higher LFe coincided with increased HS-like FDOM (Figure 4B). In all samples, LFe was present in unusually large excess compared to DFe, with excess ligand (eLFe = LFe - DFe) ranging from 2.6 to 8.6 nMeqFe (Figure 5B) and a mean eLFe of 4.6 ± 1.1 nMeqFe (n = 103).

[image: Three sets of oceanographic contour plots labeled A, B, and C show variations in iron concentrations and log scale values across different depths and section distances. Each plot depicts gradients from blue to red, indicating low to high values. Panels are arranged horizontally, showing different section points with depth on the vertical axis. The color scales range from two to ten for LFe and eLFe, and from eleven to thirteen for log Kcond, with black outlines highlighting depth profiles.]
Figure 5 | Top 600 m and full depth distribution of (A) LFe, (B) eLFe and (C) log [image: K with a subscript of "Fe'L" and a superscript of "cond".]  for the TONGA cruise (GEOTRACES GPpr14). The approximative water mass boundaries are defined by O2 (see Figures 2, 3A). The section is separated following the description of the studied area (Figure 1).

Fe-binding ligands show relatively constant LFe and log [image: Condensation constant represented as "K" with a subscript "Fe'" and a superscript "cond".]  values along water masses and regions over the whole transect (Figure 6), but a few significant differences were observed (Mann-Whitney test, p< 0.05; Supplementary Material 2, 3). The significant differences for LFe were observed between the low values of the mixed layer of the Melanesian basin and the other regions, and between the high values of the PDW and both the mixed layer and the STUW/WSPCW in the Melanesian basin. Log [image: Chemical notation displaying "K" with a subscript "Fe'" and superscript "cond".]  was significantly lower in the LCDW in the South Pacific gyre and all other water masses, suggesting specific Fe-binding characteristics of the DOM in this deep water mass.

[image: Box plots comparing L\(_{\text{Fe}}\) and log K\(_{\text{FeL}}^{\text{cond}}\) across four regions: Melanesian Basin, Lau Basin, LD10, and South Pacific Gyre. Each region shows data for five water masses: ML, STUW/WSPCW, AAIW, PDW, and LCDW, represented by different colors. The plots include median, interquartile range, and outliers indicated by whiskers.]
Figure 6 | Box and Whiskers plots of LFe and log [image: Mathematical expression with a capital "K" subscripted by "Fe(II) L" and superscripted by "cond".]  split by the regions and water masses. The mean values of the entire dataset are represented by black dot lines. The hatched boxes correspond to water mass being significantly different compared to the same water mass in other regions (Wilcoxon-Mann-Whitney test, p < 0.05). Water mass acronyms can be found in Figures 2, 3A.






Discussion




LFe and log [image: K with a subscript of "cond" and a superscript of "Fe 2+ L".]  distribution in the WTSP

Our eLFe values (mean = 4.6 ± 1.1 nMeqFe) are c.a. 2.5 times higher than the average reported in the Eastern and Central Tropical South Pacific Oceans (Buck et al., 2018) using exactly the same experimental procedure. The large fraction of eLFe belonging to the L2 class throughout the water column suggests a rather homogenous Fe-binding ability of the DOM, while the decreasing DOC concentration along the water column infers a refractory nature of the binding sites and an increase in binding site density with depth. We find that the ligand pool is dominated by L2 ligands even though we use a high detection window, which can favor detection of the strongest ligands and miss contributions from weaker ligands. In comparison, it was found in the Eastern and Central Tropical South Pacific Oceans that L1 ligands were generally in excess compared to DFe in the first 1000 m, while excess L2 and L3 increased in deeper waters (Buck et al., 2018). The ligand distribution observed in these environments reflects the biological production of strong L1 in upper waters, and the loss and saturation of these L1 ligands as DOM is remineralized, resulting in increasing DFe and weaker L2 and L3 ligand concentrations in deep waters. In our study, a decrease in log [image: Equation showing the expression \( K_{\text{Fe}L}^{\text{cond}} \).]  with depth was observed in the South Pacific gyre, but without change of ligand class, and no change in log [image: Mathematical notation showing "K" with superscript "cond" and subscript "Fe' L".]  in the Melanesian and Lau basins (Figures 5, 6).

The progressive decrease in log [image: Equation displaying the term "K" with superscript "cond" and subscript "Fe'L", indicating a constant or variable associated with a specific condition or compound involving iron and ligand.]  with increasing depth and increasing distance from the Lau basin gives the impression of a dilution gradient from stronger to weaker ligands into the South Pacific gyre and within the mixed layer of the Melanesian basin (Figures 5, 6, Supplementary Information 3), even though the South Pacific gyre is largely isolated from the Lau basin waters by the Tonga ridge, as seen in DFe and diazotroph abundance (Lory et al., 2022; Tilliette et al., 2022; Figure 4A). Assuming that the DOM produced in the Lau basin has specific Fe-binding ligand properties and it disperses into the Melanesian basin and the South Pacific gyre, it would have to be decoupled from diazotrophic activity and DFe dispersion. This would be in line with previous studies suggesting faster turnover of DFe than Fe-binding ligands, the latter having a much longer residence time (Gerringa et al., 2015; Tagliabue et al., 2023). However, higher resolution is needed to better constrain the spreading of the DOM thought to originate from the recycling of the diazotroph that are thriving in the Lau basin (Bonnet et al., 2023a).





LFe production for trace metal detoxification

A strong production of LFe was observed in the surface waters at LD10-T3, related to a hydrothermal input of DFe (Tilliette et al., 2022; Figures 4A, 5B; Table 2). Interestingly, the LFe enhancement was only detected at the maximum DFe value and did not follow the linear dilution pattern showed by DFe with distance from the hydrothermal vent, suggesting that the amount of hydrothermally-sourced trace metals reached a concentration threshold triggering the production of Fe-binding ligands. The DFe enhancement did not reach toxic levels, therefore, the Fe-binding ligands detected could have been produced by the local plankton communities, including abundant diazotrophs, to neutralize toxic elements and not be Fe-specific/specifically produced to bind Fe. While HS can bind a range of metals, LFeHS and HS-like FDOM did not increase at LD10-T3 (Table 2), and siderophores alone cannot be responsible for the increase in LFe and DFe since they are usually found at pM concentrations and have higher log [image: Mathematical expression representing the conditional equilibrium constant for the complexation of an iron two plus ion (Fe²⁺) with a ligand (L), denoted as \(K_{\text{cond}}^{\text{Fe}^\prime L}\).]  (Mawji et al., 2008; Bundy et al., 2018; Boiteau et al., 2019). On the other hand, bacterial production of EPS by species collected near hydrothermal vents has been reported as a mechanism for slowing the diffusion of toxic elements into the organism and participating in the scavenging of toxic trace metals (Rougeaux et al., 1996; Nichols et al., 2005; Moppert et al., 2009; Deschatre et al., 2013). Production of EPS showing Fe binding properties was also observed for the nitrogen fixer Crocosphaera watsonii collected during the TONGA cruise (C. Lory, unpublished). Our results call for further consideration of the potential implication of EPS for regulating the distribution of the hydrothermally-sourced Fe and other toxic elements in the surface waters of the WTSP Ocean. One must also keep in mind the possible implication of small inorganic forms of Fe to explain the short-distance transport of the DFe enhancement, as highlighted by Dulaquais et al. (2023) and Tagliabue et al. (2023), as well as enhanced scavenging and precipitation in hydrothermally-influenced waters, which may result in ligand unsaturation (Gerringa et al., 2015; Thuroczy et al., 2011).

Table 2 | Values in surface samples (depth < 20 m) with distance from the hydrothermal site.


[image: Table showing data for three locations: LD10-T1 at 15 kilometers, LD10-T2 at 8 kilometers, and LD10-T3 at 2 kilometers. Values listed include DFe in nanomolar, LFe in nanomolar equivalents, log K cond FeL, LFeHS in nanomolar equivalents, and HS-like FDOM in QSU. Each parameter varies across the locations with specific values noted.]
Both the Melanesian basin and the South Pacific gyre show strong LFe production in several deep-water samples (Figures 5A, B). On the eastern side of the Tonga ridge, LFe production coincides with relatively high log [image: Equation displaying "K superscript 'cond' subscript 'Fe prime L'".]  (Figure 5), high HS-like FDOM (Figure 4) and high tryptophan-like FDOM (Tedetti et al., in prep), while no change in LFeHS nor DFe is apparent (Figure 4). In the Melanesian basin (particularly at station 2), increased LFe coincides with relatively low log [image: Mathematical expression showing "K" subscript "Fe superscript prime L" superscript "cond".]  (Figure 5), high HS-like FDOM (Figure 4) and high thiol-like compounds (Portlock et al., this issue2) and increased LFeHS and DFe (Figure 4). The increased LFe, thiol-like compounds and tryptophan-like FDOM could be related to the toxicity of hydrothermally sourced metals. Indeed, the production of thiol-like compounds was recently associated with the detoxification of hydrothermal fluid in a ship-board incubation experiment performed with WTSP waters (Tilliette et al., 2023). Regarding the tryptophan-like signal, abiotic processes can lead to the production of tryptophan in hydrothermal systems (Ménez et al., 2018), and benthic interaction could also be involved. More information is required to disentangle the sources of Fe-binding ligands and tryptophan-like FDOM at this location, and efforts should focus on identifying the metals preferentially bound by the DOM associated with hydrothermal activity.





Humic contribution to DFe stabilization and to the Fe-binding ligand pool

Previous studies have also found L2 ligands to dominate the water column in the South Tropical Pacific (e.g., Buck et al., 2018; Cabanes et al., 2020). The L2 ligand class is often considered to be humic-like (Gledhill and Buck, 2012; Hassler et al., 2017), and our averaged log [image: Equation showing the term "K cond Fe L," with "cond" and "Fe" as superscripts.]  of 11.6 ± 0.4 corresponds to log [image: Mathematical expression showing "K" with a superscript "cond" and subscript "Fe'L".]  values reported for Suwannee River humic-acid standards (SRHA; 11.1-11.6; Laglera and van den Berg, 2009; Abualhaija and van den Berg, 2014; Abualhaija et al., 2015). While there was no correlation of Fe-binding ligands with any parameters considered in this study, DFe showed the strongest correlation with HS-like FDOM (Table 3). Both DFe and HS-like FDOM increased in deep waters, with DFe being possibly complexed by HS-like FDOM as Fe(II) and/or Fe(III). Indeed, HS-like FDOM have been reported in hydrothermal fluids and are potentially capable of stabilizing Fe(II) (Yang et al., 2012; Sarma et al., 2018). However, it is not possible to estimate the proportion of LFe represented by the HS-like FDOM; for this, fluorescence quenching experiments, consisting of titrating the fluorophore with DFe, could be considered in future studies (Chen et al., 1994; Ohno et al., 2008).

Table 3 | Table of the Spearman rank correlation (ρ) of investigated parameters in this study.


[image: Correlation matrix displaying relationships between various chemical parameters: AOU, DOC, DFe, eLFe, log Kcond Fe'L, LFeHS, and HS-like FDOM. Blue indicates negative correlation, red indicates positive correlation, and white indicates no correlation. Correlation strength is shown by color intensity, with bold values indicating significance at p < 0.0001.]
The fluorescent and electroactive components of HS are thought to overlap, but the electroactive fraction of humic material, LFeHS which comprises around 5% of the DOC in deep waters (Laglera and van den Berg, 2009; Dulaquais et al., 2018; Fourrier et al., 2022; Dulaquais et al., 2023), is thought to represent the metal-binding fraction specifically and can be compared to ligand concentrations directly. LFeHS have been shown to compose a large fraction of the Fe-binding ligands supplied during remineralisation (Whitby et al. 2020a). DFe has been shown to correlate with LFeHS in some oceanic regions (Dulaquais et al., 2018; Laglera et al., 2019; Whitby et al., 2020b), and with AOU and HS-like FDOM in the Arctic and North Pacific Oceans (Tani et al., 2003; Hioki et al., 2014; Yamashita et al., 2017; Cao et al., 2020). On the other hand, DFe, LFe, LFeHS and HS-like FDOM tend not to correlate in the Atlantic Ocean (Heller et al., 2013; Whitby et al., 2020b). The electroactive and fluorescent properties of HS have been thoroughly investigated at station 8 of the TONGA cruise (Fourrier et al., 2022), but in hydrothermal systems, the contribution of LFeHS and HS-like FDOM to the Fe-binding ligand pool and DFe transport is currently unknown.

Here, LFeHS represented 20 ± 13% of LFe in the mixed layer, and 8 ± 6% in deep waters (Table 1; error calculated with LFeHS standard deviation); therefore, while the average log [image: K subscript Fe apostrophe L superscript cond.]  across the samples is consistent with humic complexation, and DFe correlates well with humic-like FDOM, electroactive LFeHS specifically do not dominate the Fe-binding ligand pool. While this may seem unexpected, this % contribution to LFe is similar to previous studies in the Pacific (2-51%; Cabanes et al., 2020; Whitby et al., 2020b), which tends to have a lower contribution of LFeHS to the total ligand pool than in other ocean basins [e.g. LFeHS comprise ~20-60% of the ligand pool in the Atlantic and Mediterranean (Dulaquais et al., 2018; Whitby et al., 2020b) and almost all of the ligand pool in parts of the Arctic Ocean (Slagter et al., 2017)]. While a large fraction of the ligand pool is not associated with electroactive HS, the LFeHS that are present play an important role in Fe complexation, actively complexing around 30% of the DFe in these samples (Dulaquais et al., 2023).

Comparing the carbon content of the FA standard to DOC concentrations, LFeHS represented 4.6 ± 2.6% of the DOC in the mixed layer (n = 17), and 2.2 ± 1.7% in deep waters (n = 60), similar to previously reported ranges (2 to 5%; Laglera and van den Berg, 2009; Dulaquais et al., 2018). While other, non-humic ligand groups may be contributing to the high LFe, the low correlation of LFeHS with DFe, DOC, and AOU could be an indication of intense in-situ production of non-electroactive HS, corroborated by the low negative correlation between LFeHS and HS-like FDOM (Table 3), characteristic of microbial respiration (Fourrier et al., 2022). Other metals can compete with Fe for LFeHS complexation (e.g., Yang and van den Berg, 2009; Abualhaija and van den Berg, 2014; Whitby and van den Berg, 2015) and can also impact the HS-like FDOM (Zhao and Nelson, 2005). Non-specific ligands which contribute to LFe but can complex other metals could explain the unsaturation of the Fe-binding ligands produced in the Lau basin. The effect of competitive metals on Fe-binding ability of ligands, LFeHS and HS-like FDOM would need to be investigated to better understand their potential impact on Fe speciation and cycling in hydrothermal environments.





Suggestions for future CLE-AdCSV studies




Toward tracing DOM characteristics with the reduction potential of the FeSA2 complex

During AdCSV analyses, a variation in the peak potential of the reduction of the Fe-added ligand complex (FeSA2) was observed along the water column. The FeSA2 peak potential ranged from -413 mV to -445 mV within the first 200 m (well-oxygenated mixed layer and most of the STUW/WSPCW), then decreased with depth to 1200 m where it reached a stable mean value of -473 mV down to the most abyssal waters (Figure 7). Also, in the mixed layer, the peak potential was significantly different between the Melanesian basin, the Lau basin, and the South Pacific gyre (Mann-Whitney test, p< 0.05; Supplementary Information 3). We hypothesize that the shift in reduction potential was due to an electroactive fraction of the DOM produced in the surface waters in the area. Indeed, the reduction of the metal complexed by the added ligand during AdCSV analysis happens at a specific potential following the Nernst equation (Nernst, 1889). The value of this potential is driven by i) the conditions of temperature, pH, and salinity, ii) the activity of the redox species, iii) the experimental conditions such as stripping scan rate, pulse time and pulse amplitude and iv) the adsorbed layer of organics accumulated on the electrode surface during the deposition step. Here, the temperature in the laboratory was controlled, the pH fixed by the addition of a buffer, and no correlation was found between the reduction potential and the salinity. The experimental measuring conditions were kept the same. The CLE-AdCSV method using SA takes advantage of a catalytic loop involving the reduction of the dissolved O2 to hydrogen peroxide which immediately re-oxidize Fe(II) back into Fe(III), allowing for multiple reductions of the same ion and enhancing the signal (Laglera et al., 2016; Mahieu, 2023). The samples were equilibrated with air in the voltametric cell, ensuring a constant oxygen concentration (Mahieu, 2023) and a similar catalytic effect, regardless of the sample being analyzed. AdCSV analysis includes an accumulation step at a positive potential where the electroactive complex FeSA2 adsorbs at the electrode surface prior to its stripping. During this stripping, other compounds, organic and inorganic, may adsorb at the electrode surface and may impact the stripping peak potential. The influence of the DOM composition on the peak potential of FeSA2 is yet to be addressed, but the ubiquity of the peak shift suggests similar electroactive DOM in the surface waters of all basins of the WTSP. It will be interesting to assess whether it is possible to identify specific components of DOM by the shift in the peak potential. Overall, this observation could highlight a novel way to identify changes in DOM composition, but it requires further investigation.

[image: Scatter plot showing reduction potential (millivolts) versus depth (meters) for four regions: Melanesian basin, Lau basin, LD10, and South Pacific gyre. The left graph shows deeper measurements, while the right graph focuses on shallower depths. Points are differentiated by shape and color: green diamonds, orange triangles, red crosses, and blue circles. Reduction potential ranges from -500 to -400 mV.]
Figure 7 | Reduction potential of the FeSA peak with depth for the entire water column (left) and the top 200 m (right), with the standard deviation centered on the averaged value for the first 200 m represented by colored bar.






Analytical constraints for Fe-binding ligand detection by CLE-AdCSV

There are different CLE-AdCSV methodologies currently in use to evaluate the role of DOM complexation in DFe stabilization and transport. Although all are valuable, they are difficult to compare because of the specificities (e.g. detection window) of each method. Several basin scale investigations have presented Fe organic speciation in the WTSP, but they were obtained using different experimental procedure which might explain some of the observed differences. Using TAC as added ligand, Kondo et al. (2012) reported in most samples a low eLFe (< 1 nMeqFe) in the L1 ligand class. In contrast, other studies in the Pacific Ocean using the added ligand SA showed ubiquitous, large eLFe (> 1 nMeqFe) falling in the L2 class (Buck et al., 2018; Cabanes et al., 2020; this study). The difference can be explained by the analytical conditions with a higher detection window ([image: The equation fragment shows the variable \( \alpha \) followed by subscript \( \text{Fe}^{\prime} \text{Al} \).] ) for TAC than for SA, meaning that titrations with TAC focus on fewer Fe-binding ligands of higher log [image: Equation displaying "K" with subscript "Fe", superscript "cond", and prime next to "L".]  than the titrations with SA. The difference in detection window could lead to the underestimation of the HS-like contribution to the ligand pool because of the absence of competition with TAC (Laglera et al., 2011).

The analyses presented in this study were all performed in the dissolved fraction, without discrimination of the soluble and colloidal size fraction. Metal-binding compounds in the soluble Fe fraction (< 0.02 µm) are assumed to be mostly organic, while the colloidal fraction (0.02 to 0.2 µm, or 0.45 µm here) may be composed of a wider mix of organic and inorganic compounds. It was suggested that this colloidal fraction of Fe was essential for DFe transport in the Subarctic Pacific (Kondo et al., 2021). Similarly, knowledge of the size fractionation of DFe, Fe-binding ligands, and HS partitioning in the Lau basin would greatly help better understand DFe speciation in this very dynamic region.

Accurate DFe concentrations are required in the calculation of LFe and log [image: The mathematical expression depicts "K superscript cond subscript Fe prime L", indicating a specific constant or variable with subscripts and superscripts.] . Compared to mid-ocean ridges, volcanic arcs are characterized by higher carbon dioxide (CO2), sulfur dioxide (SO2) and hydrogen sulfide (H2S) enrichments, responsible for increased DFe removal by the formation of Fe-sulfide and Fe-oxyhydroxides along the dilution of hydrothermal plumes (e.g., Field and Sherrell, 2000). Such gas enrichment and DFe removal have been observed at several locations along the Tonga-Kermadec volcanic arc (Massoth et al., 2003; de Ronde et al., 2007; Resing et al., 2011; Neuholz et al., 2020; Kleint et al., 2022). The presence of such inorganic colloidal material can be problematic because DFe may be released under the acidic conditions used for DFe determination while being possibly inert species for CLE-AdCSV, which is performed at natural pH. The net effect is therefore an overestimation of the effective DFe concentration, leading to biased LFe and log [image: Mathematical expression showing "K" followed by "Fe" with a superscript "cond" and a subscript "L".] . It is known for instance that the crystalline structure of some Fe-oxyhydroxides can sterically isolate Fe from metal-binding ligands (Kraemer et al., 2005; Dulaquais et al., 2023) while dissolving in acidic conditions (Liu and Millero, 2002). This effect has been observed in hydrothermal plumes by Kleint et al. (2016). They showed that up to 90% of DFe determined in acidified samples was non-labile to their added ligand in the buoyant plume, but this value was down to 15% in the non-buoyant plume. It is worth noting that the hydrothermal fluids investigated by Kleint et al. (2016) had DFe concentrations in the µM range, so the overestimation of DFe had a considerable impact on LFe and log [image: The expression "K^(cond)_(Fe')L" represents a mathematical or chemical notation, with "K" as the main variable, "cond" as a superscript, and "Fe'L" as a subscript.]  calculations. In the transect presented here, the most hydrothermally-influenced station was still 2km away from the vent and 90% of DFe concentrations were< 1 nM, which represents no more than 20% of the average LFe measured for our dataset. Thus, the error related to the potential overestimation of DFe is negligible for most of our samples. Nevertheless, the impact on CLE-AdCSV titrations of sulfides, oxyhydroxides and other aggregate materials filtered and classified as dissolved by the traditional operational definition is not known, and the competition between binding with the added ligand and adsorption/binding with inorganic and colloidal material is unknown.

The increasing number of Fe-binding ligand investigations in hydrothermal systems have encompassed a variety of techniques, each with advantages and disadvantages. Kleint et al. (2016) highlighted the issue related to the accurate definition of DFe concentration with SA within the hydrothermal plume in the Lau basin, and Wang et al. (2022) presented the correlation of the Fe isotopic ratios with the log [image: The image shows the chemical notation for the conditional stability constant, represented as \( K_{\text{Fe}'}^{\text{cond}} \), with subscript and superscript formatting.]  defined by reversed CLE-AdCSV using 1-nitroso-2-napthol (NN). Here, we present the distribution of the Fe-binding ligands in the Lau Basin and adjacent waters using SA. The next step forward in the characterization of hydrothermally derived Fe-binding ligands could be to directly compare the different available electroanalytical methods on the same water samples.






Conclusion

The TONGA transect (GPpr14) revealed intense production and accumulation of Fe-binding ligands predominantly of intermediate log [image: Equation showing "K" with a subscript "Fe'L" and a superscript "cond".]  at all stations. The high LFe and eLFe observed in the area contrast with similar regions and may originate from the unusually high diazotroph activity known to occur in the Lau basin. Limited stabilization of the hydrothermally-sourced DFe is most likely explained by competition from other metals and non-specificity of the ligands being produced, further supported by companion studies that report high levels of reduced sulfur substances and humic-like FDOM that coincide with our high LFe (in prep.). These non-specific ligands could be a detoxification response to hydrothermal waters, a hypothesis supported by ship-board incubation experiments (Tilliette et al., 2023).

Around 30% of DFe in these samples is within humic complexes (Dulaquais et al., 2023) and good agreement between FDOM and DFe suggest possible stabilization of a fraction of DFe as Fe(II) by HS-like FDOM. However, while the average log [image: Mathematical expression showing "K" with superscript "cond" and subscript "Fe^{\prime}L".]  was consistent with humic complexation across the ligand pool, ligands were in great excess of DFe and electroactive LFeHS accounted for only 20 ± 13% of LFe in the mixed layer and 8 ± 6% in deep waters. Different trends in LFeHS and HS-like FDOM distributions confirm that HS-like FDOM and LFeHS account for overlapping yet distinct fractions of the humic pool, and that the electroactive fraction of humics may underestimate the role of humic material in metal complexation. We recommend the use of quenching experiments in samples collected in the WTSP to evaluate the role of the HS-like FDOM in DFe transport and in Fe-binding ligand composition in future studies. Other ligands such as EPS and siderophores likely also contributed to Fe complexation, although the average log [image: Chemical notation showing "K" with superscript "cond" and subscript "Fe' L".]  values suggest strong ligands such as siderophores were also not a dominant component of the ligand pool. Our results may also be explained by competition between metals for non-specific ligands, and a multi-metal approach to examine the affinity of the binding sites of humic nature toward hydrothermally sourced trace metals would provide further insight. Ultimately, the partitioning of DFe, Fe-binding ligands, LFeHS and HS-like FDOM should be investigated in both the soluble and colloidal fractions, and include the characterization of EPS, siderophores and other potential ligands.

The Tonga ridge effectively isolates the South Pacific gyre from the Lau basin, and yet there was an apparent dilution gradient from stronger to weaker ligands from the Lau basin into the South Pacific gyre and within the mixed layer of the Melanesian basin. This gradient was also seen in the electrochemical potential of the FeSA2 peak in the mixed layer, which was highest in the Lau basin and decreased in adjacent surface waters of the Melanesian basin and South Pacific gyre. To our knowledge, this is the first time that a change in peak potential associated with changes in sample composition has been reported. We hypothesize that the peak shift could present a novel way to identify specific components of DOM, but this requires further investigation. In view of the existing studies harnessing a combination of forward and reverse titrations and different added ligands to determine Fe speciation in the WTSP, this region could present an ideal location for further intercomparison efforts to evaluate the ability of CLE-AdCSV in characterizing Fe-binding ligands of hydrothermal origin.
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2Portlock, G., Tilliette, C., Bonnet, S., Guieu, C., Whitby, H., and Salaun, P. Distribution and behaviour of reduced sulphur substances in the oligotrophic and hydrothermal waters of the Western South Tropical Pacific.
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Deception Island (DI) is an active volcanic caldera in the South Shetland Islands, Antarctica, with an inner bay, Port Foster, formed by an ancient eruption. The bay’s seafloor hydrofracture system contains hydrothermal seeps and submarine vents, which are a source of trace metals (TMs) like Fe, Ni, Co, V, and greenhouse gases (GHGs) such as CO2 and CH4. This study presents measurements of TMs and GHGs in Port Foster’s surface waters during January-February 2021 to characterize their spatial distribution. TMs concentrations in the northeastern region of the bay, particularly V (74 nM), Fe (361 nM), Co (3.9 nM) and Ni (17.2 nM), were generally higher than in the Southern Ocean, likely due to hydrothermal activity. As some TMs such as Fe are scarce in the SO and limit primary productivity, inputs of these nutrients from DI into surrounding waters may also regionally promote increased primary productivity. Higher surface temperature (ST), elevated partial pressure of CO2 (pCO2), and lower salinity were found near submarine fumaroles, with ST positively correlated with pCO2 and negatively with salinity. Although hydrothermal sites showed localized CO2 outgassing, the bay overall acted as a CO2 sink, with a median flux of -2.78 mol m-2 yr-1 with an interquartile range (IQR) of 3.84 mol m-2 yr-1. CH4 highest concentration levels were found in the southeastern sector. The median concentration was 8.9 nM with an IQR of 1.9 nM, making Port Foster a regional net CH4 source with a median flux of 9.7 μmol m-2 d-1 and an IQR of 3.4 μmol m-2 d-1. Ultimately, the analysis of spatial patterns of the measured variables suggested that fumaroles of DI may be playing a significant role in the alteration of regional seawater biogeochemistry.
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1 Introduction

The cycling of chemical compounds in the Southern Ocean (SO) is a fundamental component of the functioning of Earth. By taking up atmospheric CO2 via biological and solubility pump processes and by releasing CO2 from the deep ocean (Gruber et al., 2019), the SO modulates Earth’s climate over seasonal-to-millennial timescales. Observational analyses and numerical models both indicate that the SO currently accounts for 40-50% of anthropogenic carbon uptake by the ocean (Terhaar et al., 2021). The biogeochemical cycling of carbon (C) and, in turn, of macronutrients (i.e., nitrate, nitrite, phosphate and silicate) and trace metals (TMs; e.g., iron (Fe), niquel (Ni), cobalt (Co) or vanadium (V), among others) in the SO has strong implications, not only for regional ecosystem functioning but also for primary production and carbon export throughout the world’s oceans.

The Southern Ocean exhibits substantial spatial and temporal variability in its biogeochemical processes, particularly between the Antarctic shelves and open ocean regions. This variability spans seasonal to decadal timescales, driven by diverse factors including climate change. The Western Antarctic Peninsula (WAP), for instance, has been significantly affected by climate changes over the last 50 years (Morley et al., 2020), with the continental shelf and surrounding areas such as Deception Island (62°57’S, 60°8’W, Figure 1A) showcasing unique environmental phenomena. In this dynamic context, TMs in the Southern Ocean play a relevant role, where they are primarily found in the dissolved phase, complexed with biological or terrestrial ligands that influence their solubility, reactivity, toxicity, and bioavailability. These metals transition from the water column into particulate forms through adsorption onto organic and inorganic suspended particles, processes that are crucial for functions such as carbon fixation, nutrient uptake, and synthesis of vital biomolecules. However, their concentrations must be carefully evaluated in the marine environment because while some metals, like mercury and lead, are inherently toxic at any concentration, others may become toxic in excess (Da Silva and Williams, 2001; Morel and Price, 2003) or in their ionic form, like Cu2+ which in seawater can impede phytoplankton growth (García-Veira et al., 2024). Understanding the roles of TMs in ocean biogeochemistry, particularly in polar regions, remains challenging due to uncertainties about their sources, sinks, and internal cycling. Despite traditionally low estimates of external TM sources to Antarctic waters, recent research indicates that these metals can also reach the ocean through advection of water masses from continental margins, atmospheric deposition, and hydrothermal vent inputs (Xu and Gao, 2014; Janssen et al., 2020). This highlights a more complex and dynamic biogeochemical cycle than previously understood (SCOR Working Group, 2007; Chever et al., 2010; Klunder et al., 2011, 2011). Additionally, locations like Deception Island, part of the South Shetland Islands archipelago, supports large colonies of penguins which are pivotal in local nutrient cycling. These penguins contribute significantly to the biogeochemical cycling of TMs by transferring nutrients from their krill diet into the ecosystem through their excretions. This action enriches the soil and releases substantial amounts of Cu, Fe, Mn, and Zn into the surrounding waters—estimated annually at 28, 521, 4, and 29 tons, respectively (Sparaventi et al., 2021; Belyaev et al., 2023). The role of these TMs in the local biogeochemistry is critical, impacting everything from plant growth to animal health within the ecosystem (Liu et al., 2013; Chu et al., 2019; Castro et al., 2021; Sparaventi et al., 2021; Belyaev et al., 2023).

[image: Map and 3D depth visualization of Deception Island, Antarctica. Panel a shows the geographical location with surrounding islands. Panel b depicts a depth map of the island's caldera using color gradients, from blue to red, indicating increasing depth from 160 meters to zero meters. Labels mark various parts of the island: TB, PC, PF, etc. Snow-covered areas and elevation changes are visible around the caldera.]
Figure 1 | South Shetland Islands archipelago and Deception Island close-up view. (A) South Shetland Islands (highlighted in white) are located north of the West Antarctic Peninsula, with the Drake Passage in the north and the Bransfield Strait in the south. Deception Island (DI) is highlighted in yellow. (B) Sentinel-2 satellite merge with a digital elevation model of DI, displaying Port Foster (PF) bathymetry. VC, Vapor Col; BH, Baily Head; NB, Neptune’s Bellows; PC, Pendulum Cove; TB, Telefon Bay; FB, Fumarole Bay; WB, Whalers Bay.

An intense global effort to quantify marine sources and sinks of greenhouse gases (GHGs) is currently ongoing (Friedlingstein et al., 2020). Nevertheless, there are still certain areas where monitoring is minimal, such as vast regions of the Antarctic basin (Montzka et al., 2011) – leading to a significant lack of accurate measurements in the SO, mainly due to the logistical restrictions of performing oceanographic operations in such areas. In the latest climatology of oceanic CH4 emissions (Weber et al., 2019) no data were available between 0° and 90°W and south of 70°S, as only a few studies have reported surface distribution of CH4 in the SO and with contrasting patterns (Lamontagne et al., 1974; Tilbrook and Karl, 1994; Bates et al., 1996; Heeschen et al., 2004; Yoshida et al., 2011; Bui et al., 2018). The paucity of CO2 and CH4 observations in the SO and particularly over Antarctic sub-shelves, calls for a better documentation of their distribution. In this sense, DI stands out as a volcanic environment populated by numerous hydrothermal vents, which while being a source of TMs also releases a significant amount of gases. The gas mixture released is predominantly CO2 (75-90%), hydrogen sulfide (H2S, 0.3 – 0.9%; Somoza et al., 2004) and methane (CH4) to surrounding waters, therefore raising special interest as a potentially relevant contributor of these gases to this region of the SO.

We hypothesize that the inundated caldera of DI acted as a source of TMs and GHGs to seawater due to its active volcanic and hydrothermal activity. Therefore, the aim of this work was to characterize the spatial distribution of various trace elements (Fe, V, Co and Ni among others) and CO2 and CH4, in surface waters of Port Foster and provide new insights on the role of these geological processes on the occurrence of biogeochemical fertilizers in ocean waters of the SO.




2 Materials and methods



2.1 Study area

Deception Island is one of the most active Antarctic volcanoes, with several sites exhibiting a high geothermal activity, such as Pendulum Cove, Fumarola Bay, Telefon Bay and Whalers Bay (PC, FB, TB and WB respectively in Figure 1B). The island is crossed by three large fault systems (Rey et al., 1995), and many other smaller faults (Maestro et al., 2007). Seismic time series indicate noticeable long events associated to variations in the shallow hydrothermal system, along with earthquakes of a volcano-tectonic origin (Carmona et al., 2012). Port Foster, as the submerged part of the volcano (Figure 1B), experienced eruptive episodes in 1967, 1969 and 1970. During summer, water circulation in Port Foster can be approximated as a two-layers system, which is primarily forced by temperature and cause the upper layer (occupying the first 40-60 m of the water column) to move anticlockwise around the bay. Internal tides originated at the sill of Neptune’s Bellows radiate towards the western side of the bay, favoring mixing and leaving the eastern side in a shadow zone. Sea ice melting associated to hydrothermal activity modify local circulation at small scales (~1 km) (Flexas et al., 2017). During winter, surface cooling mixes the water column until fully homogeneous, with temperatures near freezing.




2.2 Sampling design

In-situ measurements of conductivity (further converted to salinity, S) and surface temperature (ST) combined with collection of water samples in the surface layer (50 cm – 1 m in depth) for further chemical analysis, were conducted using a small boat along a transect consisting of 20 sites for Transect 1 (Leg 1) (January, 29 – Figure 2A) and 15 sites for Transect 2 (Leg 2) (February, 19 – Figure 2B), extending from Neptune’s Bellows to the northernmost section of Port Foster. Due to meteorological and logistic limitations, data for CO2 and CH4 were taken on different sampling days, and with sampling tracks also differing. In selecting our sample sites, we considered that the main CH4 source at DI is related to fumarolic emissions, which are primarily concentrated near the coastline of the island, and that Port Foster is rich in dissolved oxygen which impedes CH4 production by methanogenesis within the bay.

[image: Two maps comparing depths of a submarine area labeled Transect 1 and Transect 2. Depth is indicated by a color gradient from purple to red. Numbers and dashed lines mark specific points. Triangles denote hydrothermal vents. A scale bar shows distances up to six kilometers, and a directional arrow is centered below the maps.]
Figure 2 | Transect 1 (A), with 20 stations, was carried out on January 29, 2021 and Transect 2 (B), with 15 stations was performed on February 19, 2021. Data on common variables was averaged for both samplings.

Geographic positions of all samples were recorded using a hand-held geographic positioning system (Magellan-Meridian-Platinum GPS, Magellan, USA, ± 5 m). The system was set to track positions at high resolution throughout the sampling campaigns and was later linked to measurement timestamps (care was taken to ensure times were synchronized) using linear interpolation, yielding individual positions for every sample. A single position for each set of vertical water parameter profiles was then derived as the center point of the cloud of positions, allowing factors such as boat drift to be accounted for. Communication with the GPS was facilitated by GPSBabel (https://www.gpsbabel.org).




2.3 Thermohaline properties

At each site conductivity and ST were quickly measured using a hand-held water quality multiprobe [YSI-6920V2, YSI Incorporated, USA (conductivity acc. - ± 0.5% of reading + 0.001 mS/cm; ST acc.: ± 0.15°C)] that was deployed by hand from the boat with the help of a winch.




2.4 Biogeochemical variables

Seawater samples were collected from a pneumatic boat at 50 cm - 1 m below the surface using a peristaltic pumping system equipped with acid-washed C-Flex tubing in the pump head and filtered in-situ through an acid-cleaned polypropylene cartridge filter (0.22 µm; MSI, Calyx). Once collected, a sub-sample was immediately transferred to a container where pH was measured (NBS scale), pH had an accuracy of ± 0.002 units and it was converted to pH at total scale (25°C) with the CO2SYS program (Version v3.2.0 for MATLAB) (Van Heuven et al., 2011; Sharp and Byrne, 2020). Conductivity was also converted to S PSU using an instrument specific conversion equation. The rest of the seawater sample was immediately processed for analysis of total alkalinity (TA), ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), orthophosphate (PO43-), and silicate (SiO2) in the laboratory. In particular, samples for TA analysis were collected in 500-ml borosilicate bottles, and poisoned with 100 μl of HgCl2-saturated aqueous solution and stored until measurement onshore within 3 months upon collection. TA was measured by potential titration with a Titroprocessor (model Metrohm 794), with precision and accuracy of measurements being determined from certified reference material (CRMa batch #97 provided by Prof. Andrew Dickson, Scripps Institution of Oceanography, La Jolla, CA, USA) and equivalent to ±0.8 and ±4 μmol kg−1 respectively. For inorganic nutrient analysis, samples (5 mL, two replicates) were taken, filtered immediately (Whatman GF/F, 0.7 μm) and stored frozen. Nutrient concentrations were measured with a continuous flow auto-analyzer (Skalar San++ System) using standard colorimetric techniques (Hansen and Koroleff, 1999). The accuracy of the analysis was established using Reference Material for Nutrients in Seawater - KANSO CRM (Lot. CP). The recoveries for n=3 were 108 ± 3%, 124 ± 1%, 102 ± 2% and 99 ± 2% for NO2-, NO3-, PO43- and SiO2 respectively.

Concentrations of Co, Cu, Mo, Ni, Pb, Cd, Fe, V and Zn were analyzed by ICP-MS (iCAP, Thermo) after extraction and preconcentration using the APDC/DDDC organic extraction method (Bruland et al., 1979; Tovar-Sanchez, 2012). The accuracy of the analysis was established using Coastal Seawater References Material for trace metals ERM-CA403 (European Reference Material). The recoveries for n=1 ranged from ~81% for Pb to ~109% for Cd (see Supplementary Table S1 for recoveries). Blanks (acidified ultra-pure water) were preconcentrated following the same method as the samples.

Partial pressure of dissolved CO2 (pCO2, µatm) was subsequently calculated for each sampling station with the CO2SYS program using TA, pHT25, phosphate and silicate concentrations, S, ST, and P as input parameters. Proper dissociation constants for carbon (Mehrbach et al., 1973; Dickson and Millero, 1987), sulfate (KSO4) (Dickson et al., 1990) and fluorine (KF) (Perez and Fraga, 1987) were considered, and a borate-salinity ratio (Lee et al., 2010) was also used.

For CH4 measurements, samples (two replicates) were collected using 120 mL serum vials, sealed with grey-butyl rubber septa and aluminum crimps and preserved with 250 µL of saturated HgCl2 to inhibit microbial activity. Trace gas samples were stored upside down in the dark, until analysis in the laboratory. Dissolved CH4 was analyzed by static headspace equilibration gas chromatography (GC) according to De La Paz et al. (2015). In summary, the method uses a high-precision automated burette to introduce ultrapure N2 gas into a sample vial; once equilibrium is achieved overnight, the headspace is injected automatically into the gas chromatograph (Agilent GC 7890-A) which is subsequently separated using a Porapak Q-packed column and detected using a flame ionization detector. Overall, the accuracy of the method (the average coefficient of variation from the analysis of replicates), is assessed to be 5% for CH4, and the limit of detection is 1.5 parts per billion (ppb).

Chlorophyll-a surface concentrations were obtained from Copernicus Sentinel-2 satellites, where the images of Deception Island taken by Sentinel-2 on December 27, 2020, were acquired (https://scihub.copernicus.eu/ on August 15, 2023) and subsequently processed. This processing used the methodology outlined by Caballero et al. (2022). Originally, the images were in the Top of Atmosphere (TOA) Level 1C format, having undergone radiometric and geometric adjustments. These were then transformed into Bottom-of-Atmosphere (BOA) visuals using ACOLITE, a widely-used software for atmospheric correction. Corrections for sunglint effects were also applied to these images. Further, an OC3 product, essential for biogeochemical analysis, was derived from these images. The OC3 approach is a band ratio algorithm facilitating the assessment of chlorophyll-a levels in seawater, utilizing three spectral bands in the vicinity of blue, green, and red wavelengths (O'Reilley et al., 2000).




2.5 CH4 and CO2 saturation ratios and air-sea fluxes



2.5.1 Methane

Air-sea CH4 exchange in Port Foster, were calculated across the sampled stations according to the following equation:

[image: Equation representing a linear relationship where F equals k times the difference between C sub W and C sub A, labeled as equation 1.] 

where F is the atmosphere-ocean CH4 flux (in µmol m-2 d-1), k is the gas transfer velocity (in cm h-1), Cw is the CH4 concentration in water and CA is the equilibrium concentration of CH4 in the layer of air above the water. In Equation 1, k was estimated according to (Wanninkhof, 2014):

[image: Equation showing the calculation of \( k = a \times (U10)^2 \times \left(\frac{SC_{\text{CH4}}}{660}\right)^{-0.5} \). This is labeled as equation (2).] 

where a is a cost function used for gas transfer coefficient optimization (0.251), U10 is the in situ average winds (AEMET, 2021), averaged for 31 days (15 before and 15 after the sample was taken) and corrected for 10m height (m s-1) (Wanninkhof, 2014) and ScCH4 is the Schmidt number adjusted for temperature. The atmospheric equilibrium solubility of CH4 was derived following Equation 3 (Wiesenburg and Guinasso, 1979):

[image: Equation showing the natural logarithm of C subscript a as a sum of constants and temperature variables: ln Cₐ = ln f subscript G plus A₁ plus A₂ times (100 over T) plus A₃ times ln(T over 100) plus A₄ times (T over 100) plus S per mil times [B₁ plus B₂ times (T over 100) plus B₃ times (T over 100) squared]. Equation numbered (3).] 

where fG is the molar fraction in dry air for methane (1.82×10-6 as of January, 2021 at Palmer Station), T is the temperature in Kelvin and S is the salinity in ppt. Ai and Bi are the constants for calculation of solubilities in nmol L-1: A1 = -415.2807; A2 = 596.8104; A3 = 379.2599; A4 = -62.0757; B1 = -0.059160; B2 = 0.032174; B3 = -0.0048198 (Wiesenburg and Guinasso, 1979). The fourth temperature dependent parameter [A4(T/100)] especially accounts for the vapor pressure of water. Additionally, methane saturation ratios expressed as percentage were calculated as CW/CA × 100.




2.5.2 Carbon dioxide

Air-sea CO2 exchange was calculated using the bulk flux equation of (Wanninkhof, 2014):

[image: Equation depicting the formula: \( F = kK(pCO_{2W} - pCO_{2A}) \) followed by the equation number (4) in parentheses.] 

where F is the flux (in mol m-2 yr-1), k is the gas transfer velocity (in cm h-1), K’ is the CO2 atmospheric equilibrium solubility from moist air (in mol L-1 atm-1) and pCO2W and pCO2A denote the partial pressures of CO2 (in µatm) in equilibrium with surface water and the overlying air respectively. In the Equation 4, k was calculated as it was for CH4, using the Equation 2. K’ was obtained as:

[image: Equation showing ln K prime equals A sub 1 plus A sub 2 times 100 over T plus A sub 3 times the natural log of T over 100 plus A sub 4 times T over 100 squared plus delta S per mil in brackets B sub 1 plus B sub 2 times T over 100 plus B sub 3 times T over 100 squared.] 

T is the temperature in Kelvin and S is the salinity expressed in ppm. Ai and Bi are the constants (moist air) for calculation of solubilities in mol L-1 atm-1: A1 = -160.7333; A2 = 215.4152; A3 = 89.8920; A4 = -1.47759; B1 = 0.029941; B2 = -0.027455; B3 = 0.0053407 (Weiss and Price, 1980). To account for the CO2 partial pressure in air, molar fraction surface monthly average data for January 2021 was used in Equation 5, equivalent to 410.5 ppm (NOAA/GML). Finally, CO2 saturation ratios were calculated as pCO2W/pCO2A × 100.






3 Results



3.1 Hydrothermal venting shapes the biochemical composition of Port Foster

Chemical and physical variables measured in surface waters of Port Foster during both sampling legs (January 29 and February 19, 2021) showed an evident zonal distribution, possibly reflecting the presence of volcanic structures inside the bay (Figure 3). Hydrothermal vents whose inputs are expected to affect surface biogeochemistry in the caldera are mainly restricted to shallow areas of the Port Foster perimeter. Accordingly, special physicochemical features clearly different from those at the center of the bay were indeed found in surface waters located above the hydrothermally active areas of FB, TB, PC and WB (Figure 2). Hydrothermal activity tracers, such as elevated ST (Figure 3A) high pCO2 were observed in these shallow and coastal spots of Port Foster. Computed correlations (Supplementary Figure S1) indicated a direct and statistically significant relationship between ST and pCO2 levels (r=0.85, 95% CI, P<.001, n=20). Temperature was also inversely correlated with salinity (r=-0.73, 95% CI, P<.001, n=35), suggesting the presence of freshwater input from the underneath venting activity or coastal melting runoff. Additionally, the spatial distribution of CH4 sea surface concentrations was consistent with the location of the venting sites (Figure 4A), although significant correlations were not observed with the rest of hydrothermal tracers. Trace metals distribution within Port Foster Bay also revealed zonality associated to the volcanic structures inside the bay. V, Fe, Co and Ni exhibited the highest concentrations in surface waters of PC and TB, as well as slightly increased values near WB, peaking at 74 nM (Leg 1, St. 15), 361 nM (Leg 1, St. 1, white star), 3.9 nM (Leg 1, St. 1, white star) and 17.2 nM (Leg 1, St. 1, white star) respectively (Figures 3C–F).

[image: Nine panels show maps of a region with various oceanographic data. Each panel displays different variables: (a) Temperature in degrees Celsius, (b) Salinity in PSU, (c) Vanadium in nM, (d) Iron in nM, (e) Cobalt in nM, (f) Nickel in nM, (g) Nitrate in µM, (h) Ammonium in µM, and (i) Chlorophyll-a in mg/m³. Color gradients indicate concentration or value levels, with hydrothermal vents marked by triangles and a scale bar for distance provided.]
Figure 3 | Spatial distribution of thermohaline properties (A, B), most relevant TMs (C, D, E, F), nutrients (G, H) and chlorophyll-a (I) in Port Foster Bay as obtained during the sampling campaigns. White star in Fe (D), Co (E) and Ni (F) indicates a sampling station (Leg 1, St. 1) where high concentrations of those trace metals were obtained (Fe = 361.13 Nm; Co = 3.89 nM; Ni = 17.19 nM). Concentrations observed at the white star were omitted from the interpolation for better visualization.

[image: Three maps showing methane data around a hydrothermal area. Map a depicts methane concentration in nanomoles per liter, ranging from 6 to 16. Map b shows methane flux in micromoles per square meter per day, ranging from 5 to 22.5. Map c illustrates methane saturation percentage, ranging from 200 to 450. Triangles indicate locations of hydrothermal activity, and circles represent sampling stations. Color gradients range from blue to red, indicating low to high values. Each map includes a scale bar for distance reference.]
Figure 4 | Characterization of CH4 presence and distribution within Port Foster Bay. Station number is indicated within Port Foster as 2.x (Transect 2 – station x). (A) Surface CH4 concentrations in nmol L-1 as collected during the second leg, on February 19, 2021. (B) Calculated CH4 sea-air flux expressed in µmol m-2 d-1 according to local wind speed, salinity and water ST (Weiss, 1970; Wiesenburg and Guinasso, 1979; Wanninkhof, 2014). (C) Methane sea-air saturation ratios calculated as CW/CA × 100, expressed in %.



3.1.1 Concentrations influenced by hydrothermal venting

Correlations with fumarolic inherent features (Supplementary Figure S1), such as ST, salinity or pCO2 showed that V was directly correlated with ST (r=0.47, 95% CI, P=.005, n=35) and pCO2 (r=0.71, 95% CI, P=.001, n=20), and inversely correlated with salinity (r= -0.84, 95% CI, P<.001, n=35), being also present in FB and towards the mouth of the bay. Cobalt and Ni showed very similar behavior, with r= 0.57, 95% CI, P<.001, n=35; and r=0.48, 95% CI, P=.004, n=35 respectively for ST, r= -0.44, 95% CI, P=.011, n=35; and r= -0.37, 95% CI, P=.028, n=35 respectively for salinity and r=0.67 and 0.65 respectively for pCO2. Averaged chlorophyll surface concentration was characterized by higher levels predominantly on the western side of PF and exhibited direct and statistically significant relationships with ST (r=0.5, 95% CI, P=.002, n=35) and V (r=0.53, 95% CI, P=.001, n=35), and an inverse correlation with salinity and surface pCO2 (r=-0.45, 95% CI, P=.006, n=35; r=0.29, 95% CI, P=.219, n=20, respectively).




3.1.2 Concentrations not restricted to hydrothermal venting sources

Fe exhibited weaker but still statistically significant relationships with ST (r=0.37, 95% CI, P=.027, n=35), but poorer correlation with salinity (r=-0.17, 95% CI, P=.341, n=35) and pCO2 (r=0.36, 95% CI, P=.122, n=20). In the other hand, TMs like Cd, Zn and Pb correlated inversely to hydrothermal indicators such as ST (r=-0.41, 95% CI, P=.034, n=35; r=-0.19, 95% CI, P=.048, n=35; r=-0.42, 95% CI, P=.317, n=13, respectively) or pCO2 (r=-0.14, 95% CI, P=.559, n=20; r=-0.17, 95% CI, P=.460, n=20; r=-0.3, 95% CI, P=.246, n=20, respectively). Molybdenum exhibited no correlation with ST and pCO2 (r=0.002, 95% CI, P=.99, n=35; r=0.12, 95% CI, P=.624, n=20, respectively). In the same way, Cu showed almost no correlation with ST and pCO2 (r=0.14, 95% CI, P=.405, n=35; r=0.1, 95% CI, P=.687, n=20, respectively). Regarding nutrient occurrence and distribution, an evident zonal pattern was not observed within the bay. The highest concentrations of NO3- and PO43- were primarily located in the south-western region of PF, peaking 23.0 ± 0.1 (Leg 2, St. 2) and 1.45 ± 0.00 µM (Leg 2, St. 2) respectively (Figure 3G, PO43- not shown). High levels of NH4+ were found in surface waters located in the northern central section of Port Foster, peaking 37.5 µM in Leg 1, St. 3. This nutrient was not significantly correlated with the hydrothermal tracers, and, as expected, inversely correlated with NO3- and PO43- (r=-0.41, 95% CI, P=.0244, n=35; r=-0.45, 95% CI, P=.013, n=35, respectively).





3.2 Distribution and fluxes of GHGs in Port Foster

The distribution of concentrations of CH4 found in the surface waters of Port Foster matches the localization of known sources of hydrothermal activity i.e., FB, TB, PC and WB (Figure 4A). The concentrations of CH4 found in Port Foster range from 6.69 to 15.93 nM (Supplementary Table S2). The highest levels of CH4 were observed in the vicinity of WB, for Leg 2, St. 13 and 14, with 15.93 and 13.47 nM respectively with the median concentration of CH4 in the bay resulting in 8.88 nM with an IQR of 1.90 nM. Surface waters of Port Foster were supersaturated with respect to atmospheric CH4, ranging from ~202% to ~465% (Figure 4C). Air-sea CH4 exchange in Port Foster presented a median flux of 9.68 μmol m-2 d-1 and an IQR of 3.43 μmol m-2 d-1, with the maximum effluxes of 22.38 and 17.93 µmol m-2 d-1 being obtained Leg 2, St. 12 and 13 respectively and a minimum flux of 6.36 µmol m-2 d-1 estimated in Leg 2, St. 11 (Figure 4B) (positive flux values indicating CH4 flux from water to atmosphere) (See median, Q1-Q3 and histograms in Supplementary Table S3). Hence, the inundated caldera behaved as a net source of CH4 to the atmosphere during the monitored period, with a regional water to atmosphere methane transport median (Q1-Q3) inequivalent to 0.002 (0.0016 – 0.0023) Gg yr-1 (considering a surface for the inner bay of approximately 36 km2). Despite the limitation of mid-bay data availability, it was considered that the major sources of CH4 were located in the fumarolic areas distributed in the shoreline of the bay.

An evident spatial pattern of both, the dissolved CO2 levels (Figure 5A) and the air-sea gradient of CO2 (ΔpCO2) was observed in Port Foster. Areas with the largest positive ΔpCO2 (∼ 400 µatm) were located on the north-eastern part of the bay, where a marked fumarolic activity in the vicinity of PC has been described. Overall, the CO2 surface-atmospheric equilibrium seems to be mostly displaced around PC and TB areas, possibly indicating a volcanic source-like nature in this coastal fringe. In contrast, the area with the largest negative ΔpCO2 was located in the center of the bay, which is characterized by an average depth of ~120m (peaking more than 160m) and lack of near-surface hydrothermal vents. Hence, this central zone acted as a local CO2 sink. Accordingly, air-water CO2 fluxes result in outgassing occurring mostly in the PC area, reaching 18.96 mol m-2 yr-1 in Leg 1, St. 15. Similarly, CO2 emissions towards the atmosphere were also measured at Leg 1, St. 1, 2, 14 and 16, all of them near the PC area (Figure 5B) where CO2 oversaturated waters were measured (Figure 5C). In particular, sampling stations of Leg 1, 1, 2, 14, 15 and 16 registered oversaturation values with respect to the atmospheric CO2 level equivalent to ~135%, ~120%, ~103%, ~221% and ~112% respectively. The median (Q1-Q3) flux across the entire Port Foster extension was calculated to be -2.78 (-3.58 – 0.26) mol m-2 yr-1, which correspond to an annual median (Q1-Q3) withdrawal from the atmosphere of 4.41 (5.69 – 0.42) Gg of CO2 (See Supplementary Table S4 for CO2 data) (See median, Q1-Q3 and histograms in Supplementary Table S3).

[image: Map showing three panels of a marine area with varied carbon dioxide measurements. Panel a displays pCO2 in microatmospheres, panel b illustrates CO2 flux in moles per square meter per year, and panel c shows CO2 saturation ratio in percentages. Color gradients range from purple to red, indicating low to high values. Triangles mark hydrothermal activity, and circles represent sampling stations. A scale bar and compass provide orientation and distance.]
Figure 5 | Characterization of CO2 distribution within Port Foster Bay. (A) Surface carbon dioxide partial pressures in µatm as collected during the first leg, on January 29, 2021. Black dashed line indicates where pCO2W/pCO2A = 1. (B) Calculated carbon dioxide sea-air flux expressed in mol m-2 yr-1 according to local wind speed, salinity and water ST (Wiesenburg and Guinasso, 1979; Weiss and Price, 1980; Wanninkhof, 2014). Black dashed line indicates where flux = 0. (C) Carbon dioxide sea-air saturation ratios calculated as pCO2W/pCO2A × 100, expressed in %. Black dashed line indicates where water saturation = 100%.





4 Discussion

Results presented in this work indicate that the spatial distribution of TMs, CO2 and CH4 in Port Foster seems to be related to the distinct geologic characteristics of the fumaroles present in DI. For CH4, although our studied transect has limited CH4 measurements at the bay’s center, nearby samples reveal a peripheral CH4 distribution near the shore, coinciding spatially with fumarole presence rather than in Port Foster’s center. While the presence of CH4 in Port Foster’s surface waters can also be attributed to biological production and organic matter (OM) degradation, oxygen levels throughout the basin are considerably high within the entire water column (Sturz et al., 2003), which does not favor OM methanogenesis and instead enhances available CH4 oxidation. While aerobic CH4 production can occur, it is less prevalent due to the preferential use of oxygen in bacterial respiration. It is still possible however that some CH4 near the fumaroles could have a mixed origin – hydrothermal and biotic – from small, localized anoxic zones near the coast (due to organic matter accumulation and microbial activity), influencing the biotic/abiotic ratios of methane production. Given the mentioned characteristics of Port Foster, we consider that the majority of CH4 detected in our study has hydrothermal origin. According to Caselli et al. (2004), PC and WB are considered as water vapor emanating fumaroles, with overall lower temperatures (20-70°C) as compared to the more sulfidic and hotter (90-100°C) FB fumaroles. CH4 emissions are known to be higher in low-temperature fluid vents (Von Damm and Lilley, 2004), which would explain the spatial distribution of the surface levels of CH4 observed in Port Foster in our study. In this regard, although mainly large and intense bubbling was observed in the fumarolic area, it is important to note that in shallow vent environments, the intensity of gas bubbling and the size of the gas bubbles may also influence CH4 concentrations due to variations in microbial oxidation rates. The CH4 concentrations reported here are consistent with previous early research performed under the RACER program in 1987, which investigated CH4 enrichments in Port Foster and providing an average concentration of 9.37 nM of CH4 within the bay, which is particularly high with respect to the levels of this gas found in the surrounding water masses in the Bransfield Strait, whose surface levels averaged 2-3 nM (Tilbrook and Karl, 1993). These low CH4 concentrations have been more recently confirmed as a mean value of 2.7 nM for the surface Southern Ocean layer (Polonik et al., 2021). Surface concentrations of CH4 obtained in the inner bay of DI are also considerably higher than the typical CH4 ranges reported across the Southern Ocean (Ye et al., 2023), which are characterized by a generally CH4 undersaturated waters. It is worthy to indicate that higher concentrations of CH4 (up to 10.95 nM) have also been detected in the Bransfield Strait, particularly in the south of the South Shetland Islands archipelago. Even though a more comprehensive assessment is required to fully discriminate the sources and sinks of CH4 in the SO, our data could be associated to the presence of such high levels of CH4 in the area close to the Bransfield Strait possibly due to the eastward transport of the gas from Port Foster through the Neptune Bellows (Kholmogorov et al., 2022), largely mediated by the hydrographic regime of the area. These authors report a transect next to DI with the highest levels of dissolved CH4, reaching 10 nM further east in the Bransfield Strait. Calculated effluxes obtained in our study indicate that Port Foster behaved almost entirely as a CH4 source for the SO, whose origin could lie on the hydrothermal activity present in the caldera. Although no significant correlation was obtained with other hydrothermal tracers like ST and pCO2, probably due to the oxidation processes affecting the gas in the water column from the source, our assessment suggests that Deception Island still plays a role as a contributor to CH4 SO budgets.

This was not the case for CO2, as our measurements showed a net uptake of this gas from the bay. Previous research conducted in the Bransfield Strait reveals varying patterns in dissolved CO2 concentrations across different locations and seasons. For instance, during Macro’95, a survey performed in the Bransfield Strait and Bellingshausen Sea, the western basin of the Bransfield Strait acted as a minor source of CO2 to the atmosphere, releasing an average of 0.44 mol C m-2 yr-1, while the Bellingshausen domain has been characterized by presenting a marked influx of CO2 equivalent to 7.3 mol C m-2 yr-1 (Álvarez et al., 2002). In other adjacent regions to DI such as the Gerlache Strait, the annual net sea-air CO2 flux from 2002 to 2017 averaged 0.45 ± 1.58 mol m-2 yr-1 (Monteiro et al., 2020). Similarly, Ito et al. (2018) observed between 2008 and 2010 that surface waters in the Bransfield Strait generally acted as a sink of atmospheric CO2 during the summers, except in 2009 when it became a weak CO2 source. Rodrigues et al. (2023) also reported that in the spring of 2018, the Bransfield Strait consistently functioned as a CO2 sink, with an average influx of 0.99 mol m-2 yr-1. Although Bransfield Strait presents similar heterogeneous CO2 flux dynamics than those found here in Port Foster, the drivers behind both systems can be different. In the Strait, CO2 air-sea exchange is mainly influenced by hydrodynamic factors such as the interaction of various cold and warm water masses from the Weddell Sea shelf and the Bellinghausen sea respectively, while the CO2 fluxes (mainly strong efflux) observed in Port Foster were primarily associated to active hydrothermal systems present in the perimeter of the bay. Deception Island, being situated in a back-arc system, exhibits a higher concentration of CO2 in the hydrothermal fluids when compared with other volcanically active geological systems with respect to the surrounding water masses (German and Seyfried, 2014). This is consistent with our measurements displaying higher levels of this gas in the northeastern section of the bay close to the proximities of the fumaroles (Leg 1, St 15 and 16), which clearly diminished towards the deeper center of the caldera where CO2 undersaturated waters were found. This spatial distribution is in line with earlier studies that revealed a regional variation in CO2 dynamics caused by localized fumarolic and hydrothermal activity (Shitashima, 1998).

To assess the origin of such gasses in Port Foster, while specific isotopic data about CO2 and CH4 was not analyzed in the present study, information is available on isotopic gas composition in DI, that allows to infer the origin of such gases within the bay. For instance, Kusakabe et al. (2009), while not specifically mentioning δ13C-CH4​ values, provide δ13C values for CO2, which range from -5 to -6‰. These values indicate degassing from a mid-ocean ridge basalt (MORB)-type mantle source, suggesting a similar mantle origin for other carbon-containing gases, including CH4​. Regarding helium isotopes, Kusakabe et al. shows the existence of high 3He/4He ratios and other noble gas data highlight the significant contribution of mantle-derived helium.

The volcanic nature of DI influenced the distribution of some TMs (V, Fe, Co, and Ni) near the active hydrothermal vents in the north-eastern side of Port Foster. However, this was not the case for Cu, Mo, Zn and Cd. It is not clear why the active flux of warmer and less saline water to Port Foster surface waters was enriched in some metals and not in others although coprecipitation to excess iron and biological uptake on the highly productive East half of Port Foster could have played a role. Our results for Fe, Co, V and Ni are in agreement with previous studies evidencing that hydrothermal activity represents a strong driver behind the availability of TMs in the ocean (German and Seyfried, 2014; Resing et al., 2015; Mei et al., 2022). Moreover, sediments in Port Foster have been found to be enriched in many of these TMs (Somoza et al., 2004) suggesting that the hydrothermal venting could contribute to its accumulation in the sea bottom after being released. Given the high concentrations of TMs found in Port Foster in this study relative to regional open ocean concentrations, DI emerges as a potentially important source of TMs to the Bransfield Strait and nearby oceanic regions. In this sense, Measures et al. (2013) showed evidence of transport of TMs from coastal waters of the Antarctic Peninsula into the Antarctic Circumpolar Current. This suggests that TMs from coastal regions, including volcanic islands like DI, are transported into the open ocean, influencing the biogeochemistry of larger oceanic areas. Additionally, reported Fe concentrations in the Weddell Sea show elevated levels particularly near the Antarctic Peninsula (Sañudo-Wilhelmy et al., 2002). The Fe levels (ranging from 4.5 to 31 nM) are attributed to natural processes such as resuspension of benthic sediments, upwelling and, by extension to the present study, hydrothermal activity from volcanic islands like DI. Similarly, a recent study by Sierpinski et al. (2023) also reported 18.9 ± 6.1 nM Fe concentrations in Admiralty Bay, King George Island, concentrations which while being high when compared to surrounding waters of the Bransfield Strait, Bellingshausen (De Jong et al., 2015) Sea or the Atlantic sector of the SO (Klunder et al., 2011), are considerably below the dissolved Fe concentrations found within Port Foster in this research. Other TMs like Co or Al reported by Sañudo-Wilhelmy et al. (2002) in the Bransfield Strait, reflect lower concentrations when compared to those found in DI highlighting the role of hydrothermal emissions in the pool of these elements in the SO. The Bransfield Current, particularly the Transitional Water with Bellingshausen Sea influence (TBW), is characterized by an eastward flow of water in the section where DI is located, possibly influencing the distribution of trace TMs (Measures et al., 2013). Data supports the observation that Chl-a concentrations are greater under the influence of TBW (Gonçalves-Araujo et al., 2015).

Unlike TMs, nutrients measured across Port Foster showed to be rather homogeneous, with slightly higher levels of both NO3- and PO43- being observed in the mid-southern bay, not restricted to specific areas such as those above the fumaroles, inversely correlated for example to hydrothermal tracers such as pCO2 or ST (Supplementary Figure S1). This pattern may indicate inputs of open ocean waters from the Bransfield Strait through the Neptune Bellows, according to other studies that provide NO3- concentrations ranging from 22.5 to 38 µM in the Bransfield Strait (Polukhin et al., 2021). Similarly, these authors measured silicate concentrations in the upper layer of the Strait, between 74 to 81 µM, a range that is consistent with our data in Port Foster. As expected, a correlation is found between the nutrients and all indicators of chl-a growth, highlighting their significant role in phytoplankton development, which is also supported by a study conducted by Sturz et al. (2003) further corroborating these values. However, the lack of significance between chl-a and the concentrations of NH4+, NO3-, and PO43- could suggest that the phytoplankton growth is being limited by another nutrient or TM in Port Foster, potentially leaving excess of NH4+, NO3-, and PO43- within the bay. This ultimately gives evidence of the need for contrasting studies in various locations of Port Foster that could provide further insights into the dynamics of phytoplankton growth. It is interesting to note that specifically, in Port Foster, a notably high concentration of NH4+ in surface waters was observed, exhibiting a slight negative correlation with chl-a, which suggested a possible consumption by phytoplankton. Ammonium production in the euphotic zone is often the result of heterotrophic metabolism, which is later subjected to removal processes including phytoplankton uptake and nitrification. Also, NH4+ can be produced via dinitrogen reduction by hydrogen sulfide at moderate temperatures in hydrothermal venting systems (Schoonen and Xu, 2001), however, more data is needed about the distribution of concentrations of hydrogen sulfide within Port Foster to draw any possible correlations. Nevertheless, Sturz et al. (2003) showed that snow and runoff around Port Foster Bay was characterized by NH4+ concentrations as high as 90 µM, suggesting that glacier meltwater may be flowing into the bay and in combination with waste from the marine biota (Laglera et al., 2020), would become not limiting for phytoplankton growth. In the Bransfield Strait NH4+ levels varying between 1 and 3.8 µM were measured (Polukhin et al., 2021) and Sturz et al. (2003) reported NH4+ concentrations in Port Foster’s mid bay and peripheral coves, which ranged from 0 to 4 µM. Our statistical analysis does not seem to support the runoff NH4+ source, as inverse correlation of NH4+ with salinity is not well correlated. Further analysis is thus required to elucidate the origin of the high levels of NH4+ found in Port Foster.




5 Conclusion

This study explores the connection between hydrothermal venting, the distribution of metals and inorganic nutrients, and the dynamics of CO2 and CH4 exchange in Port Foster. Increases in GHGs in the surface waters above the coastal fumarolic areas were identified, indicating that fumarolic activity plays a relevant role in influencing local GHGs sea-air budgets. This is in contrast to the broader patterns observed in Bransfield Strait, where hydrodynamic factors are more dominant in chemical distributions. These findings suggest that DI acts as both a net source of CH4 to the atmosphere and a sink of CO2. The distribution and concentration of certain TMs like V, Ni, Co, and to a lesser extent Fe, chlorophyll, and nutrients (NH4+, NO3-, PO43- and SiO2) also suggests that hydrothermal inputs enhance biogeochemical processes and primary productivity, which is essential for the marine food web, supporting higher trophic levels, including fish, birds, and mammals. Enhanced primary productivity can also lead to increased biological carbon sequestration, where CO2 is captured by phytoplankton and transported to the deep ocean through the biological pump, contributing to long-term carbon storage. Overall, this research highlights DI’s role as a volcanically active environment influencing local TMs cycling and GHGs emissions, and likely regional biogeochemical conditions in the Bransfield Strait, which has been shown to deliver TMs enriched waters to the typically TM-poor Drake passage.
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Hydrothermal vents emit hot fluids enriched in energy sources for microbial life. Here, we compare the ecological and biogeochemical effects of hydrothermal venting of two recently discovered volcanic seamounts, Polaris and Aurora of the Gakkel Ridge, in the ice-covered Central Arctic Ocean. At both sites, persistent hydrothermal plumes increased up to 800 m into the deep Arctic Ocean. In the two non-buoyant plumes, rates of microbial carbon fixation were strongly elevated compared to background values of 0.5–1 μmol m−3 day−1 in the Arctic deep water, which suggests increased chemoautotrophy on vent-derived energy sources. In the Polaris plume, free sulfide and up to 360 nM hydrogen enabled microorganisms to fix up to 46 μmol inorganic carbon (IC) m−3 day−1. This energy pulse resulted in a strong increase in the relative abundance of SUP05 by 25% and Candidatus Sulfurimonas pluma by 7% of all bacteria. At Aurora, microorganisms fixed up to 35 μmol IC m−3 day−1. Here, metal sulfides limited the bioavailability of reduced sulfur species, and the putative hydrogen oxidizer Ca. S. pluma constituted 35% and SUP05 10% of all bacteria. In accordance with this data, transcriptomic analysis showed a high enrichment of hydrogenase-coding transcripts in Aurora and an enrichment of transcripts coding for sulfur oxidation in Polaris. There was neither evidence for methane consumption nor a substantial increase in the abundance of putative methanotrophs or their transcripts in either plume. Together, our results demonstrate the dominance of hydrogen and sulfide as energy sources in Arctic hydrothermal vent plumes.
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1 Introduction

The chemistry of hydrothermal fluids differs strongly between and among mid-ocean ridges, back-arc spreading centers, and submarine volcanoes (Beaulieu and Szafranski, 2020; Diehl and Bach, 2020; Früh-Green et al., 2022). Hydrothermal fluids carry highly variable amounts of reduced components such as Fe2+, Mn2+, H2S, CH4, and H2 as well as complex organic molecules into the water column (Baker and German, 2004; Beaulieu et al., 2013). Upon cooling of hydrothermal fluids, the solubilities of different minerals change, resulting in the formation of metal sulfide and metal oxide deposits. At the seafloor, the chemical energy transported by vent fluids feeds diverse benthic microorganisms and their symbioses with invertebrates (Jannasch, 1985; Petersen et al., 2011). Accordingly, distinct assemblages of microbial taxa are associated with hydrothermal vents, including rock-associated, mat-forming, and invertebrate-hosted chemosynthetic microorganisms at the seafloor (Früh-Green et al., 2022). Some vent fields even host the largest biomasses known in marine environments (Dubilier et al., 2008; Jannasch, 1983; Van Dover et al., 2002). Because of the vigorous emission of hot fluids from some vents, the majority of reduced compounds escape the seafloor communities and form persistent plumes. These plumes may rise hundreds of meters above the seafloor and then spread laterally hundreds of kilometers away from their source (German and Seyfried, 2014; Schultz and Elderfield, 1997). While heat and fluid transports in hydrothermal plumes are relatively well understood, the influence of their variable chemical energy fluxes on the distribution of deep-sea life remains understudied, especially in polar regions (Bennett S. A. et al., 2013; Cathalot et al., 2021; Dick, 2019; Edmonds et al., 2003; McCollom, 2000). The total geothermal heat arising from Gakkel Ridge significantly warms the deep basin waters (Björk and Winsor, 2006), but little is known about the chemistry and microbiology of its hydrothermal vent fields (Edmonds et al., 2003). Thus, this study focuses on the influence of hydrothermal venting on microbial biodiversity associated with persistent plumes in the ice-covered Arctic Ocean.

Gakkel Ridge extends across the Arctic Ocean for a length of 1,800 km from Greenland to the Russian Shelf and has an ultraslow spreading rate of 8–13 mm per year (Cochran et al., 2003). An initial exploratory mission in 2001 discovered approximately 30 hydrothermal plumes along this ridge (Baker et al., 2004; Edmonds et al., 2003; Jokat and Schmidt-Aursch, 2007). This confirmed that hydrothermal venting along ultraslow spreading ridges is more abundant than previously anticipated (Bach et al., 2002; German et al., 1998; German et al., 1996). A combination of seafloor topography and rock sampling, coupled with plume detection, suggested that the majority of hydrothermal sources are associated with volcanic centers (Edmonds et al., 2003; Michael et al., 2003). Their occurrence under year-round ice cover has recently intrigued several international expeditions, including those conducted in conjunction with astrobiology and space science researchers, due to the potential analogy with hydrothermalism under ice on Earth to that possibly occurring on other celestial bodies, such as Saturn’s moon Enceladus (Hsu et al., 2015; Ramirez-Llodra et al., 2023; Seewald, 2017; Waite et al., 2017).

In their recent global analysis, Zhou et al., 2023 proposed that sulfur is the major energy substrate shaping the diversity of microorganisms in plumes (Zhou et al., 2023). In an earlier study of the first hydrothermal plume sampling at Gakkel Ridge, we discovered a novel Sulfurimonas type (USulfurimonas pluma) distinct from previously known microaerophilic types, whose abundance and global distribution in hydrothermal plumes seems to depend on the hydrogen availability (Molari et al., 2023). In contrast, a biogeochemical model suggests that the highly diluted chemical energy in hydrothermal plumes can support only minor chemolithoautotrophic activity (Cathalot et al., 2021). Here, we studied hydrothermal fields at the western and central Gakkel Ridge, and the relationship of energy sources, biogeochemical reactions, and microbial community compositions in their deep-water plumes. We analyzed the role of hydrogen, sulfur, and methane as energy sources available for the composition of the plume-hosted deep-water life, using a combination of in situ measurements, shipboard incubations, and sequencing of plume samples (16S rRNA genes and transcriptomes). Specifically, we tested to what extent hydrogen supports microbial life in the studied hydrothermal plumes.



2 Materials and methods


2.1 Bathymetry and maps

The Gakkel Ridge areas investigated here were partially previously mapped during the AMORE cruise in 2001, which used the former Hydrosweep DS-2 system of RV Polarstern (59 beams) and a Seabeam system of Healy (121 beams) (Thiede, 2002). During PS86 and PS101, we added survey tracks to fill up gaps in the AMORE bathymetry grid. RV Polarstern’s shipboard deep-sea multibeam echo sounder was an Atlas Hydrosweep DS-3. Its transducer frequency ranged from 13.6 to 16.4 kHz. The individual beam width was approximately 2.3°, which allowed a beam footprint of approximately 160 m at an area depth of 4,000 m. The swath width was set to 150% of the water depth throughout the entire mission. Peripheral sensors connected to the multibeam were a GPS Trimble receiver for positioning, an internal navigation system, and heave sensor system HYDRINS (Inertial Navigation System) for retrieving the ship’s roll, pitch, heading angles, and sound velocity keel probe. The acquired data were processed on board using Caris HIPS/SIPS Editor. The data were manually edited, filtered by applying matrix-based median filters, and exported to grids and xyz soundings. The resulting grids were produced at 100 m resolution. These grids were regularly updated as background layers for the real-time mapping tool GlobalMapper, which was used for the navigation and tracking of underwater instruments. All data are available in PANGAEA (links in the cruise reports), as well as further details on the methods reported below (Boetius, 2015; Boetius and Purser, 2017). The event labels are registered in the Earth System database www.pangaea.de and all further station information and data can be retrieved in open access from there.



2.2 OFOS photography transects

The Ocean Floor Observation System OFOS is an underwater camera system towed a few meters above the seafloor and equipped with both a high-resolution photo camera (iSiTEC, CANON EOS 5D Mark III) and a high-definition video camera (iSiTEC, Sony FCB-H11). The cameras are mounted on a steel frame (1,400 mm in length, 920 mm in width, and 1,350 mm in height), together with two strobe lights (iSiTEC UW-Blitz 250, TTL driven) four LED lights, and a USBL positioning system (Posidonia; iXblue) to track the position of the OFOS during deployments. Three laser pointers at a distance of 50 cm from each other were used to estimate the size of seafloor structures (Boetius, 2015). For PS101, the OFOS was upgraded with bathymetry technology to additionally mount side-scan and forward-looking sonar systems, referred to thereafter as the OFOBS system (Boetius and Purser, 2017; Purser et al., 2019).



2.3 Configuration and operation of the CTD and connected in situ pumps

The CTD rosette was operated with sensors recording conductivity as a measure of salinity, temperature, and density. The CTD was equipped with sensors for oxygen, sulfide, turbidity, and highly sensitive redox sensors (courtesy of Koichi Nakamura, National Institute of Advanced Industrial Science and Technology, Japan) and NOAA PMEL. Signals were processed and digitally transmitted to the ship. Additionally, Miniature Autonomous Plume Recorders (MAPR, supplied by the PMEL Earth-Ocean observation program of the National Oceanic and Atmospheric Administration; NOAA) were deployed along the ship’s wire and in particular at depths of the in situ pumps to enhance the resolution of measurements. Within the target areas, the CTDs were operated as towed yo-yo casts to detect and size plumes. In specific depths of interest (bottom water, below, in, and above the plume as identified by combined changes of temperature, turbidity, and E), the water column was sampled by closing one of the Niskin water samplers.



2.4 In situ filtration of seawater for molecular and geochemical analysis

To retrieve larger quantities of biomass and particles from plumes, background and reference water for molecular and trace metal analyses, we used large volume in situ pumps (WTS-LV04; McLane) equipped with polycarbonate filters (142 mm diameter; 0.2 μm pore size for molecular analyses) or hydrophilic polyethersulfone filters (HPWP1425; Millipore Express PLUS membrane filters, pore size 0.2 μm). In total, we analyzed the gene expression from 19 samples (Polaris) and 6 samples (Aurora). The filters were washed with trace metal-free solvents according to GEOTRACES protocols (Cutter et al., 2010). The pumps were programmed to operate at a maximum pump rate for 90 min. Pumps were installed on the CTD 10 to 60 meters above the CTD or at specific reference horizons. The pumps were placed in the plume for pumping time by placing the ship and lowering the CTD. Because filters have very small pore sizes, on average only 200 liters of water were filtered. For molecular analysis, pump heads were opened directly after retrieval, the filter was collected and sectioned into four equal pieces, which were shock-frozen in liquid nitrogen and stored at −80°C until analysis in the home laboratory. For trace metal analysis, pump heads were opened and complete filters were percolated with Milli-Q grade water (>18.2 MΩ) by using the in situ pumps in the manual operation mode. Filters were dried and stored at −20°C until analysis.



2.5 Determination of noble gas concentrations and isotopic ratios in water column samples

For the analysis of helium and neon isotopic composition, samples were collected in two ways from the Niskin bottles. All samples from the Polaris site and parts of the Aurora samples were collected by flushing a copper tube and closing the ends gas-tight with clamps. In addition, the Aurora site was sampled with an ampoule-based water sampler, where previously evacuated glass ampoules were filled half with the sample, and the headspace was directly available for analysis (Roether et al., 2013b). To compare the two approaches, 13 Niskin bottles were sampled with both methods. Because the background signals for 3He in this area are unknown, samples for CFC/Freon and Tritium analysis were taken around the plume signal to determine tritiugenic 3He as suggested by Roether et al. (2013a). These and the noble gas samples were analyzed and quality controlled in the Bremen Trace Gas Laboratory. After extraction, helium and neon were separated from other gases in cryo-traps at 25 and 14 K. Helium isotopes were analyzed with a high-resolution static mass spectrometer (MAP 215–50). The system is capable of resolving 3He from the mass-3 hydrogen species (HD and H3) leaking from metal walls. The high stability of the system provides an uncertainty of 0.5% for the 3He/4He ratio (Sültenfuß et al., 2009).



2.6 Determination of methane and hydrogen concentrations of water column samples

To determine methane and hydrogen concentrations of the CTD Niskin bottles, replicates of 40 mL of seawater were headspace-free sampled using a 60 mL syringe. Samples were heated to room temperature, and a 10 mL N2 headspace was applied. The syringes were vigorously shaken for 1 min to transfer the dissolved gases to the headspace. Methane was detected using gas chromatography coupled with flame ionization detection (Hewlett–Packard HP 5890 Series II Gas Chromatograph). Standard calibration was performed daily using NIST-traceable 100.0 ppm CH4 in N2. For hydrogen measurements, a Peak Performer gas chromatograph with a reduced compound photometer (Peak Performer 1, Peak Laboratories) with a 250 μL sampling loop was used and measured against 100 ppm H2 in air standards. At Polaris, we measured hydrogen and methane concentrations from 56 horizons. At Aurora, methane concentrations were determined from 30 samples.



2.7 Rates of dark CO2 fixation

Measurements of dark CO2 fixation (DCF) rates were carried out by applying a modification of the methodology previously described by Herndl et al. (2005) for deep-sea water. Water samples were collected from Niskin bottles using a sterilized silicon tube connected to sterilized 50-mL plastic syringes. Before the collection of the sample, the syringe and tube were washed with HCl (0.1 M), Milli-Q water, and three times with the Niskin seawater. Samples were stored in the dark at in situ temperature (−1 to −0.8°C) until the radiotracer injection, which occurred within 30 min after sampling. DCF rates were measured in 40-mL seawater in triplicate, with two formaldehyde-killed blanks supplemented with 40 μL of [14C]bicarbonate (1,380 kBq) and incubated in the dark at in situ temperature for 3 to 12 h for plume water and 48 h for background water. For assessing the concentration of added radiotracer, 5 μL of samples were added to 6 mL of scintillation cocktail (Filter Count, Perkin Elmer) and measured with a scintillation counter (TRI-CARB, Perkin Elmer). The incubations were terminated by the addition of formaldehyde (2% final concentration) to the samples. The samples were filtered onto 0.22-μm cellulose nitrate filters (Millipore) and rinsed three times with 10 mL of sterile-filtered seawater. Subsequently, the filters were exposed to fuming HCl (37%) for 2 h. After that, filters were transferred to a scintillation vial containing 6 mL of Filter Count, and the disintegration per minute (DPM) was measured using a scintillation counter. The DCF rates (μmol C m−3 d−1) are determined according to Reinthaler et al. (2010) (Equation 1):

[image: DCF equals the product of DPM net, 1.05, and C sub DIC, divided by the product of SA, Tr, V, and T, with equation number one on the right.]

with DPMnet = DPMsample – DPMblank (counts of the sample – counts of killed sample), CDIC is the dissolved IC in seawater (i.e., 2,100 μmol L−1), SA is the specific activity of [14C]bicarbonate (59 mCi mmol−1; Hartmann Analytic, Germany), Tr is the concentration of injected tracer measured at the start of incubation, volume V (cubic meter) and the time T (days). The factor 1.05 accounts for the discrimination of the 14C isotope in carbon fixation. A total of 86 samples (Polaris) and 75 samples (Aurora) were analyzed in these assays.



2.8 Time course experiments to determine methane and hydrogen consumption rates

Directly after recovery, we sampled water from dedicated Niskin bottles into multiple serum bottles (256 mL), which were sealed headspace-free with gas-tight rubber stoppers. In each experiment, 9 to 21 replicates were produced and immediately transferred back to in situ temperature (−1°C). Because oxygen concentrations were three orders of magnitude higher than that of potential electron donors, we based activity measurements on the consumption of the electron donors, not the oxygen. To measure potential methane and hydrogen consumption in reference and non-buoyant plume water samples, 250 μL of H2 and CH4 saturated seawater were added through the stopper to reach approx. 200 nM of both substrates. For other experiments, only hydrogen was added (see Supplementary Figure S3). At each sampling point, three of the replicate bottles were supplied with a headspace of 24.1 mL (1 mmol) synthetic air, in exchange for the same medium volume, which was removed with another syringe. After that, samples were warmed up to room temperature, and bottles were vigorously shaken for 30 s using a vortexer. To measure hydrogen from the headspace, 3 mL of sterile-filtered hydrogen/methane-free medium was injected into the bottle, and in exchange, 3 mL of headspace gas was pressed through connected tubing into the 250-μl sampling loop of the Peak Performer gas chromatograph (see above). For methane concentration measurements, 10 mL of gas phase was collected with a syringe, replacing 10 mL headspace with 10 mL of sterile medium. Methane concentrations were measured using a Hewlett–Packard GC and FID detection as described above. The resulting concentrations in ppmv were converted into nmol per liter seawater (nM). The hydrogen results are based on a total of 148 bottles of incubation (hydrogen), and all measurements were performed in technical replicates.



2.9 Determination of methane oxidation using 14CH4 tracer

Methane oxidation rate were determined in incubation experiments. Therefore we filled 156-ml cultivation vials completely with plume water and capped it with headspace-free with butyl rubber stoppers. We injected 20 µL of 14C-methane containing water through the rubber stopper (approx. 1 kBq per sample) and incubated the water at 0°C for 3 days. To stop potential microbial methane turnover, a headspace of 5 mL was supplied to all samples and 1 mL of 50% NaOH was added to the sample. In the home laboratory, concentrations of methane, methane tracer content, and produced 14C IC were determined following the protocol of Treude et al. (2005) Only a few of the incubated water samples showed 14C-IC values that were significantly elevated (>2 × standard deviation) compared to an average of ≥3 killed controls. A total of 46 samples (Polaris) and 107 samples (Aurora) were analyzed in these assays.



2.10 Determination of cell numbers

At sea, 500 mL of seawater was fixed with formaldehyde (2% final concentration) for 8 h at 4\u00B0C and filtered onto a 0.22-μm polycarbonate filter (47 mm diameter, Millipore). The filters were washed with sterile-filtered seawater and with 70% ethanol in MQ-water, and then after drying, they were stored at −20°C until further processing. In the home, laboratory cells were stained with DAPI (4′,6′-diamidino-2-phenylindole; Sigma-Aldrich). For a subset of samples, catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) was performed using a specific probe for USulfurimonas pluma (Molari et al., 2023) and the SUP05 cluster (Meier et al., 2016). After that, cells were counter-stained with DAPI. All filters were enumerated under the epifluorescence microscope. For this, at least 1,000–2,000 DAPI-stained cells were counted and numbers were extrapolated for the filter size and seawater volume. A total of 12 samples (Polaris) and 34 samples (Aurora) were analyzed for total cell numbers. In total, 5 samples (Polaris) and 10 samples (Aurora) were analyzed with specific probes specific for S. pluma and SUP05, respectively.



2.11 Amplification and sequencing of 16S rRNA genes

Seawater samples for DNA analysis were filtered immediately after the retrieval of Niskin bottles, and the filtration was carried out in a temperature-controlled room (2°C) in the dark and did not exceed 1–1.5 h. At Aurora, 3 L of seawater was filtered onto 0.22-μm polycarbonate filters (47 mm diameter, Millipore) with a vacuum pump (N 022 AN.18; KNF, Freiburg, Germany). At Polaris, 8–10 L of seawater was filtered onto 0.22-μm Sterivex filters (Millipore) with a peristaltic pump (Masterflex; Cole Parmer, Vernon Hills, IL). After the filtration, the filters were stored at −80°C. DNA was extracted from the filter with DNeasy PowerWater Kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) following the protocol. Extracted DNA was stored at −20°C. Amplicon sequencing was performed at the Center for Biotechnology (CeBiTec laboratory, Bielefeld University). For the 16S rRNA gene amplicon library preparation, we used the bacterial primers 341F (5 ́-CCTACGGGNGGCWGCAG-3 ́) and 785R (5 ́-GACTACHVGGGTATCTAATCC-3 ́) (Herlemann et al., 2011), which amplify the 16S rDNA hypervariable region V3–V4 in Bacteria (400–425 bp fragment length). Sequences were obtained on the Illumina MiSeq platform (Illumina, San Diego, CA, United States) in a 2 × 300 bp paired-end run aiming for >50 000 reads per sample at CeBiTec Bielefeld, Germany, following the standard instructions of the 16S Metagenomic Sequencing Library Preparation protocol (Illumina, San Diego, CA, United States). The quality cleaning of the sequences was performed with the following software tools. The primer clipping was performed with the tool cutadapt (v1.9.1; Martin, 2011). Then the TRIMMOMATIC software v0.35 (Bolger et al., 2014) was used to remove low-quality sequences (SLIDINGWINDOW:4:20 MINLEN:300). The merging of forward and reverse reads was performed with the PEAR software (v0.9.6); setting a minimum overlap of 10 bp (Zhang et al., 2014). SWARM algorithm (v2.2.2; Mahé et al., 2014) was applied for clustering the sequences into operational taxonomic units (OTUs; local clustering threshold for operational taxonomic units set d = 1). The taxonomic classification of OTUs was based on the SILVA database, release 132 (Quast et al., 2013). The total number of sequences and OTUs generated in this study are reported in Supplementary Table S7. Sequences were deposited at the European Nucleotide Archive (ENA) under BioProject PRJEB48226 (accession numbers are reported in Supplementary Table S7). The sequences were archived using the brokerage service of the German Federation for Biological Data [GFBio; (Diepenbroek et al., 2014)]. A total of 21 (Polaris) and 16 (Aurora) samples were analyzed for these assays.



2.12 Metatranscriptomic analysis

After the recovery of in situ pumps, filters were immediately cut into six pieces, transferred to screw-cap tubes, frozen in liquid nitrogen for 5 min, and then transferred to −80°C. The RNA was extracted from three replicate filter sections using an RNase-free tube and the mirVana mRNA Isolation kit (Ambion GmbH, Germany). For DNA depletion, the extracted nucleic acids were treated with a TURBO DNA-free Kit (Ambion GmbH, Germany), and the RNA was purified and concentrated using RNeasy MinElute Kit (Qiagen GmbH, Germany). The RNA quantification, library preparation, and sequencing were carried out at CeBiTec laboratory (Bielefeld University) as described (Molari et al., 2023). The library was sequenced on a HiSeq1500 platform (Illumina, San Diego, CA), in 1 × 150 bases single-end runs, with a total number of reads per sample > 20 million. The adaptor sequence was removed and a read quality trimming with Q20 was performed using bbduk v34 from the BBMAP package and TRIMMOMATIC software v0.35 (Bolger et al., 2014). The trimmed reads were sorted in ribosomal RNA (rRNA) and non-ribosomal RNA (non-rRNA) using SortMeRNA software v2.0 (Kopylova et al., 2012) with the SILVA rRNA database. Statistics and ENA accession numbers are reported in Supplementary Table S8. The taxonomic classification of rRNA reads (1 million per sample) was assigned with phyloFlash software v3.0 beta 1 (Gruber-Vodicka et al., 2020) based on the SILVA database (release 132).

The non-rRNA reads of the transcriptome were de novo assembled using rnaSPAdes (Nurk et al., 2017) The genes were predicted on reconstructed transcripts using Prodigal [v.2.6.3 (Hyatt et al., 2010)], and the genes clustered using MMseq2 [v13.45111; (Steinegger and Söding, 2017) --min-seq-id 1 -c 0.80 --cov-mode 1 --cluster-mode 2]. Genes with length < 150 nucleotides were removed (ca. 12% of total genes). Taxonomic affiliation of the contigs was performed with Kaiju [v.1.9.2 (Menzel et al., 2016)] using a non-redundant protein sequences database (“nr”) and protein sequences from representative assemblies from NCBI BLAST (“refsed”). The functional annotation of genes was conducted using Pfam [v.35.0; (Mistry et al., 2021)] with hmmsearch HMMER [v.3.3.2; (Wheeler and Eddy, 2013)], NCycDB, a curated database for nitrogen cycling genes (Tu et al., 2019) with diamond v.2.0.15; (Buchfink et al., 2015), iron cycling genes FeGenie’s database (Garber et al., 2020) with diamond v.2.0.15, and Greening lab metabolic marker gene databases [Version 3; (Greening, 2021); with diamond v.2.0.15]. The metatranscriptomic reads were mapped to the gene sequences using bwa-mem2 v.2.2.1 (Vasimuddin et al., 2019) and converted in counts per gene with htseq-count script from HTSeq [v.2.0.2;(Putri et al., 2022)]. On average, 71 and 65% of reads from Polaris and Aurora metatranscriptomes, respectively, were retrieved by the catalog of genes (Supplementary Table S9). Gene read counts were divided by the length of each gene in kilobases (RPK) and reported as transcripts per million (TPM). We defined the genes highly transcribed in the plume, as those genes that have a level of transcription with centered log ratio value higher than 2 at PS101/188 (2,645 mbsl) and at PS86/055 (2,958 mbsl). A total of 19 samples (Polaris) and 6 samples (Aurora) were analyzed for these assays.



2.13 Data analysis

Non-parametric multidimensional scaling (NMDS) based on the Bray–Curtis dissimilarity index was used to depict differences in microbial communities based on counts of 16S rRNA genes, rRNA reads, and gene transcripts. All datasets were Hellinger transformed. The significance of differences between sites and seawater types was tested using the analysis of similarity (ANOSIM) (Clarke, 1993). The total effective number of species, exponential Shannon entropy, and inverse Simpson index were used to describe alpha-diversity (Chao et al., 2014) in each seawater type for Aurora and Polaris mounds. Beta-diversity between Aurora and Polaris plumes was quantified by calculating Jaccard dissimilarity based on rarefied (15,427 sequences) counts of 16S rRNA genes presence-absence (PA) transformed.

For the construction of the 16S rRNA phylogenetic tree, the sequences were aligned with MAFFT using the L-INS-i method with default settings (Katoh and Standley, 2014), and the alignment was cleaned with BMGE with default settings (Criscuolo and Gribaldo, 2010). Both programs were used on the Galaxy platform (Afgan et al., 2018). A maximum-likelihood-based tree was constructed using W-IQ-TREE (Trifinopoulos et al., 2016), first searching for the best substitution model (Kalyaanamoorthy et al., 2017), before evaluating branch support using 1,000 ultrafast bootstraps (UFBoot) and SH-aLRT branch test replicates. Phylogenetic trees for NiFe hydrogenase were constructed following the workflow described for the backbone 16S rRNA gene tree, with amino acids as coding sequence and MAFFT alignment method set to ‘auto’.

Significant differences in alpha-diversity, total cell counts, and CARD-FISH counts between seawater types and sites were tested by analysis of variance (one-way ANOVA) or by the non-parametric Kruskal–Wallis (KW) test when the ANOVA’s assumptions were not satisfied. Differentially abundant OTUs and 16S–18S rRNA reads (cDNA), and differential expressions of reconstructed transcripts were detected using the R package edgeR (Robinson and Smyth, 2007) at a significance threshold of 0.01 for Benjamini–Hochberg adjusted [BH; (Benjamini and Hochberg, 1995)] p-values (see Supplementary Tables S9, S10).

All statistical analyses and plots were conducted in R using the core distribution with the additional packages vegan (Oksanen et al., 2013), ggplot2 (Villanueva and Chen, 2019), and pheatmap (RRID:SCR_016418) (Kolde and Kolde, 2015).




3 Results


3.1 Identification of active vent fields at Gakkel Ridge

After the original detection of hydrothermalism across the ice-covered ultraslow spreading Gakkel Ridge in 2001 with temperature and turbidity sensors (Edmonds et al., 2003), this study had the objective to revisit plumes, assessing for the first time their sources at the seafloor and identifying potential chemoautotrophic life associated with the venting. The “Polaris” vent field was first visited in 2016 in the central part of the Eastern Volcanic Zone (Boetius and Purser, 2017) and “Aurora” in 2014 at the westernmost end of the Western Volcanic Zone (Baker et al., 2004; Boetius, 2015; Edmonds et al., 2003; German et al., 2022). In both areas, year-round full sea-ice coverage had prevented thorough studies of the source of the plumes prior to the RV Polarstern expeditions PS86 and PS101. Our main survey instruments to find the hydrothermal vents were ocean floor observing systems (PS86:OFOS; PS101:OFOBS) for seafloor morphology and geobiology (Purser et al., 2019) and a CTD (conductivity, temperature, depth) rosette that was equipped with highly sensitive redox and turbidity sensors, 24 Niskin bottle samplers, and in situ pumps. To survey the vent fields and sample their plumes, the icebreaker Polarstern had to drift with the ice floes across specific locations according to predicted trajectories (Boetius, 2015; Boetius and Purser, 2017).

During PS101, we visited the Eastern Volcanic Zone to investigate the source of a large hydrothermal plume hovering above the NW flank of a previously unnamed seamount discovered 15 years earlier (Baker et al., 2004; Edmonds et al., 2003). We named this structure “Polaris” (86°87.5’N, 55°42.4’E; 3,170 m water depth) (Figure 1A). In OFOBS surveys, we found indications for hydrothermal activity on the NW flank of the mount in the form of small vents with shimmering water. Some of the small vents contain orange precipitates or microbial mats. In the venting area, we detected a higher number of ophiuroids and polychaetes (Supplementary Figures S1A–E; for additional images, see Supplementary Table S1). The temperature sensor mounted on the OFOBS instrument recorded a temperature anomaly up to 1°C close to the seafloor, and high turbidity was visually detected above the seafloor by OFOBS, yet we did not find large chimneys or black smokers in the studied area. At Polaris, 13 CTD casts were performed in tow-yo mode to assess the size and extent of the plumes. The plumes and the surrounding water column were repeatedly sampled with Niskin bottles and high-volume in situ pumps.

[image: Six-panel figure comparing oceanographic data at two locations, Polaris and Aurora. Panels A and D show bathymetric maps with depth contours. Panels B and E display turbidity profiles with color gradients from green to red indicating increasing turbidity. Panels C and F present potential Eh (redox potential) differences, with color gradients highlighting variations. Each graph includes depth and distance axes, showing different data distributions at these underwater sites.]

FIGURE 1
 Locations and water column profiles of the studied vents. (A,D) Bathymetric maps and location of the Polaris and the Aurora vent. The star on the map indicates the position of vents observed by OFOBS. (B,E) Water column profiles for turbidity. (C,F) Water column profiles for plume-driven anomalies in redox potential (ΔEh).


During PS86, we discovered the Aurora field of black smoker vents at the southwestern flank of the mound (82°53.83’N; 6°15.32’W, in 3900 m water depth) (Figures 1D–F) during the PS86 expedition (Boetius, 2015). Subsequent expeditions (German et al., 2022; Ramirez-Llodra et al., 2023; Schlindwein, 2023) further studied the vent field with its giant, highly active chimneys. The chimneys were black to bright yellow-orange and released substantial amounts of particulate metal sulfides, visible as black smoke. The surroundings of the Aurora vent field showed basalt rocks, populated by glass sponges, amphipods, limpets, and snails of higher density than in the surroundings or at other mounds of this part of Gakkel Ridge (Supplementary Figures S1F–J, for additional images, see Supplementary Table S1; Boetius, 2015). Near the vent field, a number of cracks and fissures with diffuse vents and dead chimneys were discovered, the latter fully overgrown with sponges. The Aurora hydrothermal plume had a relatively strong turbidity signal that we could follow over a distance of approximately 2 km and for more than 800 m vertically (Figures 1D–F). Using OFOS, we were able to link the origin of this plume to the above-described field of black smokers (Supplementary Figure S1F; German et al., 2022). At Aurora, 14 CTD casts were performed, yet due to unpredictable ice flow movements, only approximately half of the casts reached the target area and allowed the sampling of the plume with Niskin bottles and in situ pumps.



3.2 Chemical energy in persistent non-buoyant plumes above vent fields

This study analyses the chemistry of large hydrothermal plumes associated with active venting from two volcanic seamounts. The plumes are rising several hundred meters above the rift valley of the Gakkel Ridge and were originally identified in 2001 (Edmonds et al., 2003). The non-buoyant component of the “Polaris” hydrothermal plume assessed by tow-yo CTD showed sharp anomalies in turbidity, redox values, and temperature extending from a depth of >2,800 meters below sea level (mbsl) to ca. 2,400 mbsl, i.e., ca 400–800 m above seafloor, with a horizontal stretch of over 1,200 m according to the turbidity signal (Figures 1B,C; Figure 2A). The CTD cast PS101-226 (86° 57.41’ N, 55 44.42′ E) intercepted the buoyant part of the plume closer to the seafloor (~2,900 m) with temperature anomalies up to 160 mK above ambient seawater (−0.8°C), suggesting further, more vigorous venting at the NW flank of the mound. Based on the plume rise height and the measured stratification of the water column, we calculate a vent power of 130 MW. At an endmember fluid temperature of maximal 270° C, which is typical for a low H2:CH4 ratio observed here (Table 1), this could translate into a water flux of at least 11,600 m3 per day (for calculation, see Supplementary material). The observed maximal redox anomaly was relatively low with −25 mV, and this redox signal disappeared faster than the turbidity signal (Figures 1B, 2A). The low redox anomaly likely results from the low concentrations of reduced iron and manganese in the plume below the detection limit (Table 1). The Polaris plume was rich in 3He, with δ3He values of up to 75% compared to atmospheric helium standards, indicating a substantial concentration of mantle-derived gas in the rising fluids (Figure 2B). The seawater samples from the buoyant part of the plume closer to the seafloor contained up to 300 nM CH4 and 360 nM H2 (Figures 2C,D). During the closure of Niskin bottles, temperature anomalies of up to 30 mK were measured. Hence, in all plume samples, the fluids were diluted by at least a factor of 1:9000 in the seawater (see Table 1). This suggests that the original vent fluids contained approximately 2.7 mM CH4 and 3.3 mM H2. Based on the calculated fluid flux rates, the Polaris vents would feed approximately 51,200 mol hydrogen and 43,200 mol methane per day into the plume. We detected neither dissolved nor precipitated iron (detection limit between 10 and 50 μM), and sulfide was analytically undetectable in the plume according to the Cline assay (detection limit ~10 μM). However, several plume samples had a noticeable sulfidic smell, which suggests sulfide concentrations greater than 100 nM. Therewith, sulfide total sulfide emissions from the Polaris vents could theoretically be in a similar range as hydrogen and methane emissions (Radford-Knoery et al., 2001).

[image: Graphs showing geochemical and microbial data at different depths in meters for two sites, Polaris and Aurora. Panels A to E display data for Polaris, with variables including Eh, helium-3, methane, hydrogen, and cell count. Panels F to I present similar data for Aurora. Various shapes and colors denote different references and sample locations, indicated in the legend. Each panel shows how these variables change with depth, providing insights into the sites' subsurface environments.]

FIGURE 2
 Biogeochemical signatures of the water column of (A–D) the Aurora and (F–I) the Polaris hydrothermal plume. (A,F) Redox potential measured as an offset of Eh value from background values; (B,G) helium isotopic composition measured as δ3H (%) against atmospheric helium as standard; (C,H) concentrations of methane in the water column; (D) hydrogen water column concentrations; and (E,I) cell numbers. Samples of different casts through the plume and reference sites are color-coded.




TABLE 1 Physical–chemical parameters of hydrothermal venting at Polaris and Aurora.
[image: Comparison table of vent characteristics between hydrothermal systems Polaris and Aurora. It includes maximum values in the hydrothermal plume, vent fluid endmember data, and total vent fluxes. Polaris shows higher values in maximum CH₄, H₂ concentrations, and power, with a notable dilution factor of 9,000. Aurora has higher maximum temperatures and iron concentration with a greater dilution factor of 46,250. Footnotes detail calculation methods and additional context for temperature, sulfide measurements, and gas ratios.]

Based on the observed plume characteristics, we estimate that the vents have a power of at least 24 MW (for calculation see Supplementary material). Endmember fluids of volcanically hosted black smokers at ultraslow spreading ridges typically have temperatures of 370°C (Beaulieu and Szafranski, 2020; Diehl and Bach, 2020; Kumagai et al., 2008; Noowong et al., 2021), which would result in fluid fluxes of 1,400 m3 per day to feed the observed plume. In all retrieved samples, the temperature anomalies were low (< 8 mK), translating to dilution factors of ≥45 × 103 for all samples. This high dilution of the Aurora plume is consistent with measured small 3He anomalies (δ3He values ≤10%) (Figure 2G). By contrast, the redox anomaly of the Aurora plume was much greater than that measured in the Polaris plume. The pronounced redox anomaly is consistent with high concentrations of dissolved iron and manganese in the plume, derived from the large black smoker field at Aurora (Figure 2F; German et al., 2022). In situ filtration of the water yielded a yellowish residue, suggesting partial precipitation of metal oxides and metal sulfides. The calculated concentrations of metals in the vent fluid endmember (6.8 mM Fe, 0.7 mM Mn) represent a conservative estimate, missing the fraction precipitated from the plume. Dissolved sulfide was not detectable, and the plume waters did not smell sulfidic. The plume contained up to 30 nM methane (German et al., 2022; Figure 2H), which translates to 1.4 mM methane in the fluid endmember. On board of PS86, we were not able to measure hydrogen concentrations. Typically, high-temperature vent fluids have a molar H2:CH4 ratio of approximately 10 or higher (Aquino et al., 2022; Charlou et al., 2002; Kumagai et al., 2008). Future studies should measure the endmember compositions. Based on the calculated fluid volume flux rates (see earlier), we estimate corresponding geochemical fluxes from the Aurora vents (Table 1) of approximately 17,000 mol H2, approximately 1,700 mol CH4 per day; >8,000 mol Fe per day (168 tons per year), and ≥ 850 mol of Mn per day (17 tons per year).



3.3 Hydrogen consumption in the plumes

To quantify the influence of the energy sources on the carbon fixation by the non-buoyant plume microbiota, we collected water samples from the plume and local background waters (above and below each plume) and deep-sea reference water (>five nautical miles from the vents) from both, Polaris (n = 29) and the Aurora (n = 25) area. We incubated replicate samples of these waters with 14C-bicarbonate at in situ temperatures (−1°C) and measured the transfer of the radioisotope into the particulate carbon fraction (Reinthaler et al., 2010). Both reference waters distant from the vent, and local background water samples from above and below the plume, showed carbon fixation rates between 0.5 and 1 μmol C m−3 d−1 (Polaris n = 22 Aurora n = 15; Figure 3). These are typical values for dark carbon fixation in the oligotrophic deep ocean, as fueled by anaplerotic activity during heterotrophy and ammonium oxidation (Braun et al., 2021; Reinthaler et al., 2010). In contrast, plume water samples from both sites with notable in situ redox anomalies exhibited much higher carbon fixation rates between 5 and 45 μmol m−3 d−1 (Polaris n = 6; Aurora n = 10; Figure 3). At a mean carbon fixation of 13 μmol m−3 at Polaris, or 14 μmol m−3 at Aurora, and a carbon content of 10 fmol per cell (Fukuda et al., 1998), this would allow the growth of approx. 1.35 × 109 autotrophic microorganisms per cubic meter of plume water each day. This translates into a maximal increase of cell mass of 60% per day compared to the background community. This value matches well with the moderately increased cell numbers (Kruskal–Wallis chi-squared = 0.18182, df = 1, p-value = 0.6698). Only one of the plume samples at Polaris (PS101/139) had three times elevated cell numbers compared to the average in the background (Figures 2E,I).

[image: Two graphs show carbon fixation in micromoles of carbon per cubic meter per day versus depth in meters. Graph A, labeled "Polaris," uses green, red, and blue triangles for AP, R, and BP data points, respectively. Graph B, labeled "Aurora," uses circles in the same colors for AP, R, and BP. Both graphs indicate depths from 1500 to 4500 meters and carbon fixation from 0 to 50 micromoles per cubic meter per day.]

FIGURE 3
 Stimulation of carbon fixation in (A) the Aurora and (B) Polaris plumes. Dark CO2 fixation (DCF) rates in deep-sea water collected above the plume (AP), in the plume (P), below the plume (BP), and at reference locations (R). Each data point represents a single rate measurement.


To evaluate the microbial metabolism associated with the non-buoyant plume waters, we compared hydrogen and methane concentrations in the water column and incubated replicate water samples from the hydrothermal plume and reference waters, (hydrogen data only available for Polaris). Within the different plume water samples, the concentrations of methane correlated with the helium isotope ratios, which suggests pure dilution and no consumption of methane during plume dispersion (Bennett B. et al., 2013). In contrast, the hydrogen concentrations dropped faster than the helium isotope ratios (Supplementary Figures S2A,B), indicating the microbial consumption of hydrogen. Consequently, the ratios of H2/CH4 dropped from values of 1.35 in the most concentrated plume samples close to the vent (characterized by higher δ3He values, CH4 concentrations, and/or temperature anomalies) to ratios near zero in more dilute samples (Supplementary Figures S2C–E). At Aurora, the methane: helium ratio is relatively constant, confirming that methane is not consumed (Supplementary Figure S2F).

To further compare the microbial consumption of methane and hydrogen, we incubated replicate bottles of background water (two different sites, 2,542 m; n = 24), buoyant plume water, (from one site; 3,010 m water depth; n = 19), and non-buoyant plume waters (7 sites, 2,722 m water depth; n = 90). We incubated water samples from the Polaris plume with low amounts of hydrogen and methane (for most samples, approx. 200 nM) at in situ temperatures of −0.8°C and in situ oxygen concentrations of 200 μM (Figure 4; Supplementary Figure S3), to mimic natural availabilities. In the background water (station PS101-175-5), concentrations of added hydrogen (165 nM ± 8) and added methane (31 nM; ±3) remained stable throughout incubation times of up to 5 days, i.e., neither of the energy substrates were consumed by microorganisms. (Figure 4A). Similarly, in the buoyant plume waters, the natural concentrations of hydrogen (323 nM) and methane (272 nM) remained stable (Figure 4B). In contrast, in samples of the non-buoyant plume, concentrations of added hydrogen decreased from 150 nM to 22 nM within only 2 days, whereas concentrations of added methane remained stable for the entire observation period of 5 days (Figure 4C). Four of six additional incubation experiments with non-buoyant plume water show clear hydrogen consumption (Supplementary Figure S3). Aerobic hydrogen oxidizers have growth efficiencies of up to 25% of the reducing equivalents released during hydrogen oxidation (Yu and Lu, 2019). An estimated average hydrogen oxidation rate of 30 μmol m−3 day−1 from all experiments would translate into the fixation of 7.5 μmol C m−3 day−1. This is approximately 50% of the carbon fixed in the plume. This amount might enable the growth of 0.75 × 109 cells m−3 day−1.

[image: Three line graphs labeled A, B, and C show concentration changes of hydrogen (H₂, blue diamonds) and methane (CH₄, red squares) over six days. Graph A (PS101/175, reference) shows stable H₂ and CH₄ levels. Graph B (PS101/226, buoyant plume) depicts a slight decrease in H₂ and stable CH₄. Graph C (PS101/181, non-buoyant plume) shows decreasing H₂ and stable CH₄ with more variability. Error bars are present on all graphs.]

FIGURE 4
 Development of hydrogen and methane concentrations in different water types. (A) In reference to waters incubated with hydrogen or methane (B) in buoyant plume water (C) in the outer, non-buoyant plume. In the reference and non-buoyant plume waters, hydrogen, and methane were added as sterile-filtered seawater equilibrated with methane/hydrogen-saturated water. Each symbol is a mean of n = 3 biological replicates, and error bars mark standard deviations.




3.4 Linking plume chemistry with microbial community activity

We investigated methane oxidation rates in the plume samples using highly sensitive 14C-methane radiotracer assays. Methane oxidation was not detectable, neither in the Aurora nor the Polaris plume nor in reference waters (lifetime of environmental methane ≥5 years; see Supplementary Table S2). To our knowledge, similar experimental quantifications of the fate of hydrogen and methane do not exist for any other non-buoyant vent plume to date. However, we were not able to test the influence of nanomolar amounts of reduced metals and sulfide on plume microbiota because of the lack of respective clean lab trace metal equipment and methods to measure low quantities of environmental sulfide at sea. In the Polaris plume, low metal concentrations result in the presence of free sulfide, allowing high microbial sulfur oxidation rates. In the Aurora plume, the excess of metals caused the formation of metal sulfides (black smoke), which will be less bioavailable.

To investigate the influence of the reduced compounds in the plumes on the abundance and activity of microorganisms, we analyzed the 16S rRNA genes and gene transcripts (here referred to as “active members”) extracted from plume, local background and reference waters (Polaris n = 19; Aurora n = 6; Figures 5, 6; Supplementary Figure S3; Supplementary Tables S7, S8). In the Polaris non-buoyant plume characterized by the highest carbon fixing activity, the most abundant taxon was SUP05 with 9% (PS101/139) to 47% (PS101/159) of total 16S rRNA gene sequences (average of 25% across all plume samples). In the background water and at reference stations, this taxon had a much lower relative abundance of 1–9% and 3–4%, respectively. At Polaris, Sulfurimonas contributed 4–19% in the non-buoyant plume compared to <1% in reference samples (Figure 5). Most of the other active fraction of microbial communities was similar in both plumes and in the background waters (Supplementary Figure S3). A difference between the non-buoyant plumes was the fraction of Sulfurimonas, which dominated the microbial communities at Aurora with 16 to 66% (PS86/055; Figure 5) of bacterial 16S rRNA gene sequences and 69 to 79% of all SSU rRNA reads (PS86/055; Figure 5; Supplementary Figure S4). SUP05 reached on average 10 and 8% in the Aurora plume, of total and active community members, respectively (Figure 5; Supplementary Figure S3).

[image: Heat map comparing microbial communities at different sites, Polaris and Aurora, across reference, plume, and water levels. Rows list microbial taxa with color intensity reflecting abundance percentages. Bright red indicates high abundance, green indicates moderate, and blue indicates low abundance. Each section labels the percentage of representation.]

FIGURE 5
 Relative abundance of microorganisms of different water masses at Polaris and Aurora based on 16S rRNA amplicon sequences. Relative abundance is calculated from amplified bacteria 16S rRNA genes. Only the 10 most abundant/significantly different abundant genera are shown (in brackets: numbers of samples and the sum of listed 10 taxa).


[image: Heatmap displaying gene expression data for specific microbial clusters under different environmental conditions, with reference colors indicating processes like hydrogen, sulfur, and methane oxidation, carbon fixation, and metal metabolism. It includes data for Polaris and Aurora locations, with columns for numerical values and graphical representations of fold change, showing transcripts enriched in each location.]

FIGURE 6
 Expression of functional genes in different at Polaris and Aurora. Left: Heatmap depicts normalized transcription values at logarithmic scale for key functional genes of the hydrogen, sulfur, and methane metabolism assigned to Sulfurimonas, SUP05, and Methylococcaceae and their key genes for carbon fixation. In addition, the transcription values for metal transporters in Sulfurimonas in different water bodies are shown. In brackets: number of replications. Right: Enrichment of specific gene transcripts in plume samples of Aurora or Polaris, respectively. Each circle represents the fold change in for an individual gene encoding enzymes of a group specified with Pfam v.35.0 (Mistry et al., 2021). These genes do not necessarily belong to the same organism (see Supplementary Table S9 for details). The bars represent the geometric mean of the fold change in transcription for the genes encoding the same enzyme and were assigned to the same taxon. Negative values translate into enrichment in Aurora and positive values enrichment in Polaris. Genes: [NiFe]hyd1b/−l/1d: a large subunit of the different group 1 membrane-bound Ni,Fe hydrogenases; fccB, sulfide dehydrogenase flavoprotein chain; sqr, sulfide quinone reductase; dsrA, dissimilatory sulfite reductase alpha subunit; aprA, adenylylsulfate reductase alpha subunit; SoxA, sulfur oxidation protein subunit A; pmoA, particulate methane monooxygenase alpha subunit; aclA,B; ATP citrate lyase; alpha and beta cbbL: Rubisco large subunit. Cft, arsC: genes coding for metal metabolism.


The substantial enrichments of SUP05 and Sulfurimonas (i.e., US. pluma) cells in Arctic hydrothermal plume waters were confirmed by microscopy applying specific oligonucleotide probes, reaching values of 6–12% and SUP05 2–20% Sulfurimonas cells, respectively, in the plume samples (Supplementary Table S3; Kruskal–Wallis chi-squared = 6.6, df = 1, p-value = 0.01). In background waters, Sulfurimonas still accounted for up to 2–10% of all SSU rRNA reads (PS86/074 at 2500 m), and SUP05 was 2%. These numbers—especially for Sulfurimonas—appear very high and suggest that Arctic deep-sea waters may be thoroughly mixed with hydrothermal waters from Gakkel Ridge (Edmonds et al., 2003), and that their mortality is very low. Furthermore, it remains to be investigated, if both taxa can maintain their energy needs by other electron donors.

To assess the impact of venting on the overall microbial community structure, we statistically analyzed the amplified 16S rRNA gene patterns. In both plumes, the increase of specific taxa resulted in a significant decrease of evenness as described by exponential Shannon entropy and inverse Simpson index, while the overall species richness of the water types was not affected (Supplementary Figures S5, S6; Supplementary Table S4). Aurora and Polaris plumes shared on average 36 ± 6% of bacterial 16S rRNA gene sequences with reference seawater, with lowest values at stations PS101/177 (25 ± 2%) and PS86/055 (29 ± 1%; Supplementary Table S5). The two plumes shared on average 32 ± 4% of the 16S rRNA genes, which is slightly lower than the value of 16S rRNA genes shared among the different non-plume waters (40 ± 1%; Supplementary Table S5). As previously reported by Molari et al. (2023), phylogenetic comparison of the Sulfurimonas SSU rRNA gene sequences from both hydrothermal plumes revealed two main distinct but closely related populations that share >99% SSU rRNA nucleotide sequence identity. Similarly, the analysis of the V3 − V4 region of the 16S rRNA gene of SUP05 revealed two related ribotypes (similarity >98%). One ribotype dominates at Polaris, and the other is more dominant at Aurora (Supplementary Table S6). These results were confirmed by the 98–100% identity between dominant OTUs of the 16S rRNA gene amplicons and 16S rRNA gene sequences from three metagenomic assembled genomes obtained from Aurora and Polaris water samples (Scilipoti and Molari, 2024). Based on phylogenetic analysis of their 16S rRNA, one of the two SUP05 strains clusters with SUP05 sequences from Pacific Ocean hydrothermal plumes, and the other species was more similar to SUP05 sequences from the Atlantic and the Pacific oxygen minimum zone (Supplementary Figure S7). In addition, some less abundant taxa show differential abundance. For instance, the Polaris plume was enriched in Oleispira, which include alkane oxidizers from the Arctic Ocean (Yakimov et al., 2003) and methane oxidizers of the Methylococcales cluster Milano-WD1B-03 (Supplementary Figure S4).

To analyze the metabolism of key community members, we analyzed the transcription activity for different functional genes. Transcripts for carbon fixation of Sulfurimonas via the reverse tricarboxylic acid cycle (i.e., aclA and aclB) are highly enriched at Aurora, whereas SUP05 transcripts for carbon fixation via the ribulose monophosphate pathway (rbcL) are more enriched at Polaris. This is in line with the dominance of either Sulfurimonas or SUP05 at Aurora and Polaris, respectively.

Genes for hydrogen and sulfur metabolism were highly expressed in the Polaris and the Aurora plumes, but the transcription levels differed between the two plumes and the abundant taxa (Figure 6). In both plumes, the hydrogenase [Ni,Fe]hyd1b assigned to Sulfurimonas was the highest expressed hydrogenase. This is the prototypical oxygen-sensitive hydrogenase of hydrogen oxidizers isolated from hydrothermal vents and other redoxcline environments (Adam and Perner, 2018, Lappan et al., 2023, Molari et al., 2023; Supplementary Figure S7), which supports the hypothesis of a dominant role of hydrogen oxidation at these Arctic vents. The dataset also contains transcripts of the groups 1d and 1 L [NiFe]-hydrogenase that belong to SUP05. Group 1d was highly enriched in the Polaris plume, but comparatively depleted in the Aurora plume. In contrast, the [NiFe]-hydrogenases group 1 L was similarly highly expressed in both plumes (Figure 6). These two hydrogenases most likely belong to two different SUP05 strains (Supplementary Figures S7, S8). Group 1d is the canonical enzyme for aerobic hydrogen oxidation, and it catalyzes hydrogen oxidation in the SUP05 symbionts of Bathymodiolus mussels from hydrothermal vents (Petersen et al., 2011). Hence, it is likely that the SUP05 of the Arctic plumes is also capable of growing on hydrogen. Recently, Lappan et al. (2023) reported that 1 L [NiFe]-hydrogenases are widespread in marine microorganisms; however, their function in many of these organisms remains unclear. SUP05 has been shown to grow on reduced sulfur compounds (Shah et al., 2017), and it was suggested that it also utilizes hydrogen (Anantharaman et al., 2013). Yet, not all SUP05 MAGs from hydrothermal plumes code for [NiFe]-hydrogenases (Dede et al., 2022; Zhou et al., 2023). Thus, it remains to be shown how widespread and important hydrogen metabolism is in pelagic SUP05 bacteria (Morris and Spietz, 2022).

At both sites, the transcripts of sulfur metabolism of SUP05 and Sulfurimonas are highly expressed. The highest enrichment of transcripts of the sulfur metabolism is found at Polaris. Here, the transcripts of SUP05 encoding the sulfur oxidation pathway, including sulfur oxidation to sulfate (dsrA, aprA) and thiosulfate oxidation to sulfate (soxA, soxB), belonged to the most enriched functional gees (Figure 6). In addition, transcripts of sulfur metabolism assigned to Sulfurimonas are substantially expressed, which points toward the potential of S. pluma to metabolize and grow on sulfur compounds. However, the dominance of Sulfurimonas in the hydrogen-rich Aurora plume and the dominance of SUP05 in the sulfur-rich Polaris plume combined with the transcriptomic data suggest different substrate affinities of both organisms and therefore potential niche separation as reported for other marine environments (Meier et al., 2017; Rogge et al., 2017).

Puzzled by the lack of evidence for microbial oxidation of methane, we also looked for the transcription of methane monooxygenases (pmo). Surprisingly, the pmo expression was relatively high in all water samples, and only in the Polaris plume some subunits were enriched compared to measurements in other water bodies (Figure 6). The relative abundance and activity of potential methanotrophs were low (≤ 2%; Figure 5; Supplementary Figure S4). These findings suggest that methanotrophs do not profit from the elevated methane concentration in the non-buoyant plumes, which has been predicted previously (Reed et al., 2015). This fits to the apparent lack of methane consumption in the plume as determined by the gas ratios and the incubations with 14C methane radiotracer. Moreover, we did not identify enrichment of transcripts related to iron oxidation within the pool of highly transcribed genes at Polaris and Aurora, suggesting minor importance of microbial metal oxidation (Dick, 2019; Zhou et al., 2023). Only some metal-related metabolic genes assigned to Sulfurimonas (cft, arsC) were highly transcribed in the plumes, matching the physiology of Sulfurimonas in their need for particulate metals (Molari et al., 2023).




4 Discussion

Our geobiological surveys of seamounts of the Western and Eastern Volcanic Zones resulted in the identification of persistent hydrothermal activity linked to large non-buoyant plumes in the deep Arctic Ocean. At both sites, i.e., Aurora and Polaris, we detected the plumes at the same sites as described in 2001 (Edmonds et al., 2003), showing significant turbidity and temperature anomalies compared to the background. At the Aurora mound, we tracked down the plume to a typical high-temperature black smoker field, where metals co-precipitate with sulfide. We calculated emissions of 168 tons of iron per year and similar amounts of sulfide from the Aurora field and observed the formation of large chimneys and iron–sulfur precipitates at the seafloor (Supplementary Figures S1F,H). At Polaris, we located the source of the plume at the previously described location at the NW axial volcanic ridge and detected a mound with substantial hydrothermal features. Yet the many small clear-water vent chimneys observed (20–30 cm in height) and the fissures between the rocks are unlikely the source for the large plume rising up to 800 m into the water column (Figure 1). The lack of iron in the overlying plume suggests a low-temperature type venting. According to preliminary seafloor observations, the hydrothermal areas hosted a higher number of different invertebrates than the surrounding area (e.g., accumulations of filter feeders, polychaetes, mat-type precipitates, and crustaceans; Supplementary Figure S2), yet it remains to be assessed if any of the different macrofauna species benefit directly or indirectly from microbial chemosynthesis.

Due to the low stratification of the Arctic Ocean’s deep waters, the formed hydrothermal plumes increased up to 900 meters in the water column. In the deep buoyant part of the plume, the numbers of potentially autotrophic microorganisms were low, and at Polaris, the water did not show immediate hydrogen oxidation activity. We explain the absence of microbial activity in the buoyant plume with the short rising period of approximately 1 h (Reed et al., 2015). Within this period, the ambient microbial communities are unlikely yet to respond to the presence of hydrogen or other reduced compounds. Moreover, most microorganisms transported from the vent chimney are likely thermo- or mesophilic and not adapted to the plume temperatures of −0.8°C. Thus, the high carbon fixation rates of up to 45 μmol m− 3 in the non-buoyant hydrothermal plumes are best explained by a specific functional microbial assemblage able to adapt to this extreme niche in the central Arctic Ocean. All samples showing an increased carbon fixation also showed a specific microbial community composition, selecting for chemosynthetic bacteria. The very sluggish tidal current regime of the deep Arctic Ocean can retain the same water mass for relatively long times above the vents.

At Polaris, the most abundant and active taxon is SUP05. SUP05 is widely distributed across different pelagic environments (Canfield et al., 2010; Glaubitz et al., 2013). Recent analyses based on amplified 16S rRNA genes and metagenomic analyses revealed that non-buoyant plumes are generally enriched in globally distributed SUP05 clades, which are recruited from background waters (Anantharaman et al., 2013; Dede et al., 2022; Dick, 2019; Dick et al., 2013; Lesniewski et al., 2012). Based on their dominance in most studied plumes to date, it was concluded that their specific deep-water niches are low-temperature, high-oxygen waters with low concentrations of reduced sulfur species (Dede et al., 2022; Meier et al., 2017). Hence, the microorganisms were exposed to physiologically relevant concentrations of vent-derived energy sources. Polaris and Aurora represent the coldest habitats of SUP05 so far found in the ocean. Still, their 16S rRNA genes cluster with sequences from strains in the Pacific and South Atlantic deep waters. At Aurora, Ca. S. pluma was more dominant. Here, hydrogen was the by far most abundant energy source, suggesting that the availability of hydrogen is a factor selecting for this group. Due to the precipitation of iron sulfide, reduced sulfur phases were only available in minor quantities; hence, the abundance of SUP05 increased only moderately. The use of hydrogen as the main energy source was supported by the highest expression of the hydrogenase in Ca. S. pluma, and the presence of Ca. S. pluma in other hydrogen- or metal-rich hydrothermal plumes (Molari et al., 2023). All previous cultures of Sulfurimonas showed a preference for suboxic conditions (Han and Perner, 2015). So far, it is not fully resolved how Ca. S. pluma thrives in oxygen-saturated Arctic seawater, but modifications in the reductive tricarboxylic acid pathway seem to have a role in this adaption (Molari et al., 2023).

The biogeochemistry of the hydrothermal vent plumes is also largely reflected in the gene expression patterns extracted from the plume waters. In the hydrogen-rich and sulfur-depleted Aurora plume, the hydrogenase of Sulfurimonas is the most expressed gene, suggesting the dominance of hydrogen oxidation by S. pluma. However, based on substantially expressed pathways for elemental sulfur oxidation (Sox pathway) and potentially sulfide oxidation (non-canonical flavocytochrome c), Ca. S. pluma may also be capable of growing on sulfur compounds. To test this hypothesis, further experiments and cultures are required.

In contrast, at Polaris, the genes of the oxidative sulfur metabolism dsr, apr, and the sox complex were enriched and linked to the higher bioavailability of sulfur. Interestingly, the sulfide quinone reductase (sqr) that encodes the enzyme for the activation of hydrogen sulfide was not strongly enriched. This may indicate that much of the hydrogen sulfide is oxidized chemically, and the Arctic plume microbiota rather thrives on the products, i.e., elemental sulfur and thiosulfate. The highly expressed dsr, apr, and sox genes belong primarily to SUP05, supporting the hypothesis that SUP05 relies on sulfur species as its main substrate (Anderson et al., 2013; Rogge et al., 2017). Because SUP05 also expresses hydrogenases, it might also utilize hydrogen in competition with Ca. S. pluma.

Altogether, hydrogen emissions appear responsible for a dominant fraction of microbial biomass production at the Polaris and the Aurora vents, respectively. Sulfur oxidation provides another important energy source in both vent plumes, similar to what is known from temperate vent environments (Zhou et al., 2023). Yet, our results showed that in the Arctic hydrothermal vent plumes, the sulfur-oxidizing community is less diverse than in other hydrothermal plumes (Zhou et al., 2023). Most interestingly, the bacteria selected by the persistent plume environment are represented in the background deep waters, even far away from the vent sites. It remains to be studied how they can survive in the absence of their main electron donors. Our study further confirms that sulfur speciation has a great influence on the bioavailability of sulfur. A co-occurrence with high metal loads in the endmember limits the bioavailability of this energy source.

Methane has been often suggested to play a role as an energy source to plume microorganisms, based on the widespread presence of aerobic methanotrophs, e.g., in 16S rRNA gene surveys as well as based on functional genes (Anantharaman et al., 2016; Lesniewski et al., 2012). However, in the plume waters studied here, the relative numbers of methane oxidizers such as Methylomonaceae were not significantly increased compared to surrounding waters (Figure 5). Despite notable transcription of the pmo genes both in the plume and in the background waters, we could not detect methane oxidation (Figure 4; Supplementary Figures S2, S3; Supplementary Table S2). Cultured methanotrophs show relatively high half-saturation constants for methane in the range of 2 to 12 μM (Bender and Conrad, 1992; Knief and Dunfield, 2005). In the plumes, methane rapidly diluted to low nanomolar concentrations, and together with temperatures below 0°C, this may be the reason, why methane-consuming microorganisms do not grow, even though methane oxidation is thermodynamically favorable. We conclude that methanotrophs may not be able to grow fast enough in these icy oceans to exploit the methane enrichments observed. Other vent plumes in warmer waters, such as those of the Juan de Fuca Ridge, show comparatively higher methane consumption (Cowen et al., 2002; de Angelis et al., 1993).

The location and exploration of vents and retrieving endmember fluids of vents in Arctic oceans remains technologically challenging. However, this study shows that relatively few chemical analyses, experiments, and simple community descriptions can already provide insights into the nature of the venting present. Conversely, it is also possible to predict plume community compositions from the fluid endmember chemistry. The vigorous venting found at Aurora and Polaris releases large amounts of geothermal energy, provides a source of rare elements into the deep ocean, and fuels a specific community, apparently hydrogen and sulfur-based microbial growth. Further studies are needed to resolve the extent of venting and its influence on the deep-sea microbiome and fauna across the Gakkel Ridge.
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During the TONGA cruise (2019), seawater samples were collected to assess the effect of volcanic eruption versus submarine hydrothermal system on the water column. For this purpose, two locations were investigated, the first one located directly under the influence of the New Late’iki island (eruption in October 2019), and the second one showing ongoing submarine hydrothermal activity. At both locations, the total strontium (TSr) and lithium (TLi) concentrations vary between 94.4 and 152.3 µmol/L and 13.2 and 203.5 µmol/L, respectively. When combined, TSr and TLi concentrations of all samples in the water column are higher than those of the oligotrophic water. Both volcanic eruption and submarine hydrothermal activity (e.g. volcanic ashes, particles, gas condensate) can deliver substantial amount of TSr and TLi to the water column. The distribution of TSr versus TLi evidences linear trends either with a negative or positive slope. The negative correlation is observed in the water column at both sites, directly under the influence of the eruption and in the vicinity of the volcano with hydrothermal activity. The positive TSr versus TLi correlation is observed at site under submarine hydrothermal influence and is in line with black smokers related hydrothermal plumes. The 87Sr/86Sr ratios vary between 0.709147 and 0.709210 and δ7Li values vary between +10.1 and +37.6 ‰. While 92% of the measured 87Sr/86Sr ratios are in line with the mean value of oligotrophic waters, once combined with the δ7Li values, only 20% of them remains within this field. The wide range of δ7Li values decreases from sea-surface down to ~140 mbsl, before increasing at greater depth, while defining different linear trend according to the dissolved inorganic carbon concentrations. The variability of δ7Li values reflect hydrothermal contribution, mineral–seawater interaction and potentially biology–environment interaction. In the particular geological setting of the study, where both hydrothermal and volcanic activities were at play, disentangling both contributions on water column implies a combined use of elemental and isotopic signatures of Sr and Li tracers.
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1 Introduction

Along the 2,500 km long Tofua-Kermadec Arc in the Western Tropical South Pacific (WTSP), numerous submarine volcanoes have been identified using bathymetric map of the seafloor whereby only a few of them have their summit crossing sea level. This region is magmatically very active with about 77 volcanic eruptions which have been reported since the 18th century along the Tongan section alone (Global Volcanism Program, 2019). A significant number of powerful volcanic eruptions have taken place leading to hazardous phenomena via pyroclastic and explosive eruptions, air pollution of asphyxiant gases, and lava flows, stimulating the scientific communities to better explore and characterize submerged volcanoes and their associated hydrothermal system as well as their potential effect on environmental conditions for human health, ocean ecosystem and climate change (Stewart et al., 2022 among others). Trace elements such as iron, zinc, copper among others, derived from hydrothermal activity, are clearly identified as a main source of micronutrient to the water column with potential impact on the development and thriving of marine ecosystems on a global scale and at different water depth (German et al., 2016 for a review). For example, Bonnet et al. (2017), Guieu et al. (2018) and Tilliette et al. (2022) showed that a shallow submarine hydrothermal source was needed to provide the necessary dissolved iron level to maintain a high N2-fixation rate, leading to increased primary production and carbon export (Bonnet et al., 2023).

In this area and on 14th October 2019, a powerful surtseyan volcanic eruption started nearby the Vava’u island and lasted until 30th of October. This event led to the formation of 21 000 m2 New Late’iki island which was eroded by wave action within a few weeks and submerged by 14th December 2019 (Plank et al., 2020). During submarine volcanic event, different sources of material such as volcanic ash particles, hydrothermal fluids, gas condensates and salt precipitates, can be delivered to the hydrosphere modifying at different water depth seawater chemical composition, and therefore the living environment of marine ecosystems. The TONGA cruise which took place aboard the R.V. L’Atalante between 31st October and 5th December 2019, provided ideal temporal conditions to better constrain the dispersion of submarine shallow hydrothermal/volcanic supply to the water column. One of the objectives of the cruise was to constrain the impact of shallow hydrothermal supply on biogeochemical cycles, trace element content and dispersion in the water column and planktonic communities. For this purpose, two sites were investigated. The first one is directly under the influence of the New Late’iki island, and the second one (Volcano 1) showed in the early 2000s a significant hydrothermal activity (Stoffers et al., 2003; Massoth et al., 2007) that is still ongoing (Bonnet et al., 2023).

Here, we address the fate of volcanic-related emissions which can impact the water column nearby
while we assess the detection and influence of hydrothermal-derived element supply from Volcano 1 on the surrounding seawater environment. The present study is entirely based on the chemical and isotopic signatures of water column samples collected at both sites. We selected two elements of interest, namely Strontium (Sr) and Lithium (Li). We report here total dissolved Sr (TSr) and Li (TLi). Their isotopic signatures are distinct in hydrothermal and marine environments, and they have both been applied in carbonate sedimentary archives to better reconstruct past carbon cycle variations (Misra and Froelich, 2012; Albarède et al., 1981; Palmer and Edmond, 1989; Vance et al., 2009; Millot et al., 2010a, b; Tomascak et al., 2016). Indeed, marine calcifiers form their carbonate shell from seawater-derived element pool which may contain the contribution of external sources, such as volcanic and/or hydrothermal ones. The comparison between the two selected sites may contribute in disentangling and fingerprinting geochemical features associated to each geological process, thus providing ideal isotopic tool to detect both processes in sedimentary archive over the Earth geological time-scale.




2 Materials and methods



2.1 Study area and sample collection

The studied area is located in the WTSP, nearby the Tonga-Kermadec subduction zone, along the Tofua-Kermadec arc (Figure 1A). Sample collection was carried out during the TONGA cruise which took place aboard the R.V. L’Atalante between 31st October and 5th December 2019. A 6,100 km long transect has been realized starting from New Caledonia within the Melanesian Waters, crossing the Tonga-Kermadec arc and entering the South Pacific gyre (GEOTRACE GPpr14; Guieu and Bonnet, 2019). The two locations of our study are Simone (19°24’S and 175°03’W), just 10 nautical miles south from the New Late’iki island and Volcano 1 (21°09’S and 175°45’W) as shown on Figure 1A.

[image: Panel A shows a map highlighting the raft dispersal trajectory from a volcanic eruption near Vava'u, with dates in August 2019. Panel B indicates volcanic steam dispersion direction from New Late'iki, showing altitude and absence of ash. Panel C presents locations around Volcano 1 near Tongatapu, with labels for specific volcanic events. Panel D displays a cross-sectional graph of depth measurements, labeled V1 to TOW10, showing varying depths at specific distances.]
Figure 1 | (A) Bathymetric map of the studied area in the WTSP (GMRT; Ryan et al., 2009). We report the location of Simone and Volcano 1 sites which are investigated here. The map also reports the locations of submarine volcanoes with their names. Two additional submarine volcanoes erupted recently, namely Volcano F which took place on August 2019 (Brandl et al., 2020) and led to a two-time Manhattan size pumice-raft which drifted away from its source over time, and the Hunga Tonga-Hunga Ha’apai volcano which erupted extremely violently on 15th January 2022 (Bernath et al., 2023). (B) Bathymetric map at the Simone location on which we report the location of S – TOW25 cast. We also report the direction of volcanic steam dispersion (Plank et al., 2020). (C) Bathymetric map at the Volcano 1 on which we report the location of each cast performed there. (D) Multibeam echo-sounder image performed at Volcano 1 just above the hydrothermal emissions at the caldera seafloor (modified from Bonnet et al., 2023).

Simone is a submerged volcano, which is barely known about its morphology and lithology, thus far (Figure 1B). Volcano 1 is a stratovolcano located on the southern branch of the Tonga back-arc in the Lau Basin (Figures 1A, C). It has been extensively studied through CTD cast operations and direct observations via remotely operated vehicle dives (Stoffers et al., 2003; 2006; Massoth et al., 2007; Lupton et al., 2008). Volcano 1 displays an oval caldera (7 km long and 4.5 km wide) with a seafloor at 450 mbsl and two well-preserved scoria cones (Stoffers et al., 2003; 2006). At Volcano 1, the water column is strongly affected by submarine hydrothermal emissions as supported by multi-beam echo-sounder image evidencing fluid and gas hydrothermal emission rising up from caldera seafloor up to sub-surface (Figure 1D; Bonnet et al., 2023).

Vertical oceanographic profiles and seawater samples were collected at every station of the TONGA cruise. However, samples of interest for this study were only collected at a few casts located in the vicinity of the two sites (listed in Table 1). For all of these casts, a conventional 12 Niskin bottles rosette frame was deployed together with a Sea-bird SBE 9+ underwater unit equipped with a suite of in-situ physico-chemical sensors, namely two turbidimeters (Seapoint Turbidity Meters), one pH sensor (AMT GmBH) and one Eh sensor (AMT GmBH). Raw sensor data were processed into quality-controlled profiles at the vertical resolution of 1 mbsl as detailed in Taillandier et al. (2018). Seawater samples were not filtered aboard the research vessel prior to onshore chemical and isotopic analyses and were kept at 4°C until aliquoting. CTD data were converted and processed using the SBE Data Processing software following Seabird recommendation for data corrections. Data from pH, Eh and turbidity sensors were averaged every 5 sec and outliers were removed using the median absolute deviation. All sensor data were processed using a R-based routine. All CTD casts were performed from onboard operation, without the involvement of submarine vehicle.

Table 1 | Measured TLi and TSr elemental and isotopic signatures of water samples collected during the TONGA cruise.


[image: A data table displaying environmental parameters measured in situ at various stations on different dates, including depth, temperature, salinity, Eh, and pH. Additional columns show T\(_{Sr}\), \(^8^7Sr/^8^6Sr\), \(\pm2\)SE, T\(_{Li}\), \(\delta^7Li\), CH\(_4\), and DIC concentrations. The table contains multiple entries with measurements taken at specified latitudes and longitudes. Methane and dissolved inorganic carbon concentrations are reported, with 'n.d.' indicating not determined and 'n.m.' not measured.]
At the Simone site, the in-situ physico-chemical sensor package detected a turbidity layer below 190 mbsl i.e., seawater column investigation on the western flank of the volcano to the seafloor (~1200 mbsl) (Supplementary Figure S1). However, this feature was not associated to any hydrothermal-related physico-chemical anomalies (pH, Eh, temperature, salinity; Guieu and Bonnet, 2019) although acoustic anomalies likely attributed to hydrothermal activity were recorded. One CTD cast named “TOW25 Volcano2 St10 T2” was carried out enabling the collection of 4 samples (Table 1). During the cruise, the full sample name ensures its reference tracking within any database for analyses results that have been obtained on each sample. For clarity in the following sections, we will label this cast S–TOW25.

At Volcano 1 site, the full package of sensors enabled the detection of hydrothermal contribution to the water column at ~170 mbsl as evidenced by anomalies in temperature, salinity, turbidity, pH and Eh values (Bonnet et al., 2023; Figure 1D; Supplementary Figures S2, S3). This is in line with previous operations at this site by Massoth et al. (2007). For our study, Niskin bottles were fired during upward casts at different water depth in the water column where chemical and physical anomalies were detected. Three CTD casts were performed in the Volcano 1 caldera, namely “Station 5 TOW10 Panamax”, “V1 CTD01 TOW01”, and “TOW05 Volcano 1” between sea-surface and 200 mbsl collecting 26 seawater samples (Figure 1C). Additionally, three CTD casts (16 samples in total) were carried out along a westward transect covering a 17 km distance i.e., “Station 5 CTD15 V1 - T2”, “CTD18 St5 V1 T3” and “St5 V1 TOW14 T4” (Figure 1C). For clarity in the following sections, we will label each cast at Volcano 1 as V1–TOW10, V1–TOW 01, and V1–TOW05 and each cast along a westward transect V1-T2, V1-T3 and V1-T4, respectively. Notwithstanding V1–T2 cast is located the furthest away from Volcano 1 and V1–T4 cast the closest.




2.2 Elemental and isotopic analysis

Water samples for dissolved methane (CH4) analysis were taken from the Niskin bottles into precleaned and flushed 20 ml headspace glass vials and processed straight after the CTD-rosette was brought back on deck. The method of analysis was based on headspace extraction followed by gas chromatography analysis using a Shimadzu GC-BID coupled to a Shimadzu HS-20 headspace sampler. The detection threshold of this method is 0.2 nmol for dissolved CH4, and variation between duplicates was 5% (Bonnet et al., 2023).

The TSr and TLi concentrations were measured by an inductively coupled plasma atomic emission spectrometer (ICP-AES) Horiba Ultima instrument at the Geosciences Environnement Toulouse laboratory. The instrument was calibrated with IAPSO seawater standard (OSIL Ltd., United Kingdom) doped with a prepared Li and Sr mono-elemental solution following the protocol described in Artigue et al. (2022). The IAPSO calibration curve was composed of one blank solution (Milli-Q water) and 6 solutions corresponding to a concentration range of 0 to 896.1 µmol/L for Li and 0 to 239.3 µmol/L for Sr. For TLi and TSr concentrations, raw seawater samples were doped with the same prepared dissolved Li and Sr mono-elemental solutions of known concentrations and with the same quantity. All samples were void of any particles by visual inspection. For each seawater sample, the TSr and TLi concentrations were quantified by the method of standard addition. The analytical precision was better than 2%. The limit of detection (3*SD) is determined by 10 consecutive analysis of Milli-Q water at 0.3 µmol/L for TLi and 0.01 µmol/L for TSr.

For the isotopic measurements, all seawater samples were treated in clean laboratory at the Geosciences Environnement Toulouse laboratory, to isolate via conventional liquid chromatography the two elements of interest from the heavily charged matrix. TSr was isolated using Sr-Spec resin (Eichrom, United States) using the protocol described in Pin et al. (2014) while TLi was isolated using two back-to-back ion exchange columns made of AGW-X12 200–400 mesh cation resin bed and eluted with 1N HCl based and adapted on the James and Palmer (2000) protocol.

The 87Sr/86Sr and 7Li/6Li isotopic ratios were measured with a Thermo Fisher Triton +, namely Thermal Ionisation Mass Spectrometer located at the Observatoire Midi-Pyrénées following the protocol described in Artigue et al. (2022). They were determined as the average values of 200 measurements of ion intensities following a static multi-collection mode. After purification in the clean laboratory, the TSr fraction was put back in solution with 1.5 µL mixture of 1/6 HPO4 0.02N and 5/6 HCl 1N, loaded and dried down on a tungsten filament at 1 A. The 87Sr/86Sr ratios were corrected for mass fractionation based on the normalization value of 86Sr/88Sr ratio at 0.1194. The repeated measurements of the NBS 987 standard gave a mean value of 0.710260 ± 0.000015 (2SD; n = 8; 2SE = 0.000005). For each sample, the mean measured 87Sr/86Sr ratio was adjusted to the recommended value of the NBS 987 at 0.710250 i.e., a correction of -0.000010. Regarding the 7Li/6Li isotopic ratios, each purified TLi fraction were taken up in 3 µL of freshly made 0.15 N H3PO4, of which 1.5 µL was loaded on a degassed refined rhenium filament together with additional 1 µL of 0.15 N H3PO4. The sample was slowly dried down at 0.8 A filament current, then heated up to 2.4 A until phosphoric acid fumes were driven off, and then flashed at 2.8 A. During isotopic measurement, the current of the ionization filament was raised to ~2 A to reach a pyrometer temperature of ~1210–1220°C whereas the evaporation filament was increased to ~0.7–0.9 A until a stable 7Li beam of ~5 V was reached. The repeated measurements of the IRMM-16 standard (Li2CO3) gave a mean value of 12.086 ± 0.016 (2SD; n = 42) in line with the reported value of 12.087 ± 0.015 (2SD; n = 33) in Artigue et al. (2022). The 7Li/6Li isotopic ratios of all samples are reported as δ7Li ‰ notation relative to the IRMM-16 standard. The internal and external precision are 0.23 ‰ (2SE; n = 42) and 1.35 ‰ (2SD; n = 42), respectively. Seawater  δ7Li value is obtained using IAPSO seawater standard which is at +30.8 ± 0.1 ‰ (2SE, with external precision ≤ 1 ‰, Rosner et al., 2007).





3 Results

TLi and TSr elemental and isotopic signatures together with environmental parameters measured in-situ and dissolved CH4 concentrations are reported in Table 1 for both sites. TSr and TLi elemental and isotopic signatures are represented as depth profiles in Figure 2 for Volcano 1. No TLi and TSr isotopic signatures are available for V1–T4.
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Figure 2 | Depth profiles of TLi (A) and δ7Li ‰ (B), TSr (C) and 87Sr/86Sr in (D), for Volcano 1 and transects samples. Blue boxes stand for seawater values (Leleu, 2017; Rosner et al., 2007; El Meknassi et al., 2018).



3.1 Environmental parameters at Simone and volcano 1 sites

Depth profile of environmental parameters collected during CTD casts are reported in the Supplementary Materials for both sites (water depth reported as hydrostatic pressure). Complementary data such as trace metal concentrations (dissolved iron i.e., DFe), active acoustic data and turbulence among others are available in Tilliette et al. (2022), Bonnet et al. (2023) and Guieu et al. (2023).

Based on the distribution of the water properties recorded during the TONGA cruise, Tilliette et al. (2022) identified the different water masses present in the vicinity of the two volcanoes, expanding also regionally along the whole transect with roughly same vertical display. At these sites, the surface layer was well mixed in the first 30-50 mbsl and marked by high temperatures progressively decreasing with depth. Just below, a shallow salinity maximum identified the Subtropical Underwater (STUW); it was encountered between 150 and 350 mbsl at the two sites. Underneath, waters that make up the thermocline, so-called the Western South Pacific Central Water (WSPCW), extended down to 600 mbsl. Two water masses were identified at greater depth, the low salinity and high dissolved oxygen Antarctic Intermediate water (AAIW) down to 1300 mbsl, and below, the low dissolved oxygen and high nitrate Pacific Deep Water (PDW). This distribution shapes the water column with marked thermohaline gradients at their interfaces; in particular, the shallow hydrothermal activity encountered at the two sites was located inside STUW and their plume could extend to the surface layer crossing the sharp haline interface at the top of STUW. Internal waves preferentially propagate along this interface, and eventually break as it has been observed in the lee of the Tonga arc during the cruise.

At the Simone volcano site, the in-situ physico-chemical sensor package detected a turbidity layer below 190 mbsl (Supplementary Figure S1, not sampled). The sampled station was located downstream on the western flank of the volcano with a seafloor at 1200 mbsl depth (cast labeled S–TOW25 hereinafter). This cast enabled the collection of 4 samples in two turbidity layers (Table 1). A shallow turbidity layer was encountered inside the STUW core between 260 and 310 mbsl. Most likely, this layer corresponds to the extension of the plume observed at the volcano site. A second turbidity layer was encountered deeper, between 830 and 950 mbsl, just below the AIW core. These two features were not associated with any hydrothermal-related physico-chemical anomalies (pH, Eh, T°C, salinity, oxygen, Supplementary Figure S1).

At Volcano 1, the full package of sensors enabled the detection of hydrothermal contribution to the water column at ~170 mbsl as evidenced by anomalies in temperature, salinity, turbidity, pH and Eh values (Bonnet et al., 2023; Figure 1D; Supplementary Figures S2–S6). This is in line with previous observations at this site by Massoth et al. (2007). The high-resolution transect above the caldera and the western flank of the Volcano 1 revealed a plume strongly maintained vertically below 140 mbsl by the salinity gradient of STUW, and horizontally by the orography of the caldera (reaching 100 mbsl). The extension of the plume on the flanks is limited at the km scale, with a thin turbidity layer centered at 200 mbsl depth (Figure S3). We also provide additional data of dissolved methane concentrations for Volcano 1 and transect casts. The concentrations vary between 0.5 and 104.1 nmol/L i.e., enriched dissolved CH4 waters throughout the water column (Table 1; Supplementary Material S4-S6).




3.2 TLi elemental and isotopic signatures

TLi concentrations vary between 13.2 and 203.5 µmol/L and 90% of them are above oligotrophic 0.2 µm filtered water values at 24.6 µmol/L (Leleu, 2017) (Figure 2A). Overall, TLi concentrations in and around Volcano 1 cover the full variability range while those at Simone are at the lowest end of Volcano 1 values, reaching a maximum concentration of 53.0 µmol/L at 800 mbsl (Table 1). The three casts within the Volcano 1 caldera are located very close to one another but display strong TLi variability at the same water depth. Even if TLi concentrations at V1–TOW01 are the most enriched of all of them, away from the Volcano 1 caldera and along the transect the water mass between 150 and 200 mbsl is characterized by similar TLi concentrations, ranging between 44.0 and 78.2 µmol/L, but two to three times higher than oligotrophic water values. Nevertheless, we can still observe decreasing TLi concentrations with depth for V1–T4, the nearest cast to Volcano 1 caldera.

The  δ7Li values of all samples at both locations also display a large variability range at values lower, equal or higher than oligotrophic water of ~ +30.0 ‰ (IAPSO value at +30.8 ± 0.1‰, reproducibility <1 ‰; Rosner et al., 2007) i.e., between +10.1 and +37.6 ‰ (Figure 2B; Supplementary Figure S7). For the three casts performed within the submarine Volcano 1 caldera (V1–TOW01; V1–TOW05 and V1–TOW10), the  δ7Li values are progressively decreasing to first order from sea-surface (apart one exception) down to ~140 mbsl, before increasing abruptly at greater depth. At 140 mbsl, a strong shear zone within the water masses have been evidenced (Bonnet et al., 2023). Nevertheless, sea-surface waters can display the lowest δ7Li value as well as one of the highest i.e., +10.1 ‰ vs. +35.0 ‰ (Table 1). There is no isotopic data for V1–T4. The water mass between 150 and 200 mbsl along the transect exhibits scattered δ7Li values. At Simone, the  δ7Li values increase with depth from +25.4 up to +32.1 ‰ and fall within the same range as for those of Volcano 1.




3.3 TSr elemental and isotopic signatures

TSr concentrations vary between 94.4 and 152.3 µmol/L (Figure 2C), all above the oligotrophic 0.2 µm filtered water range of 80-90 µmol/L (El Meknassi et al., 2018). At Simone, TSr concentrations are at the higher end of the Volcano 1 ones, and vary between 112.7 and 140.1 µmol/L (Table 1). There, the highest TSr concentration is measured at 950 mbsl. For Volcano 1 caldera, no obvious trend is observed but the maximum concentration of 152.3 µmol/L is measured at ~64 mbsl. Along the westward transect, TSr concentrations vary within the same range as those of Volcano 1 caldera. Nevertheless, we observe increasing TSr concentrations of the water mass when moving westward from V1–T4 to V1–T2 (Figure 2C).

Figure 2D presents the variation of the 87Sr/86Sr ratios as depth profiles. The
87Sr/86Sr ratios vary between 0.709147 and 0.709210 with a mean value of 0.709181 ± 0.000014 (1SD; 2SE = 0.000006, n = 36) (Supplementary Figure S8). 92% of the measured 87Sr/86Sr ratios are within the 95% confidence interval of the average value of oligotrophic waters of 0.709172 ± 0.000023 (2SD; n = 84; El Meknassi et al., 2018). A recent value of seawater Sr isotopic signature highlights an identical average 87Sr/86Sr ratio at 0.709172 ± 0.000003 (North Deep Pacific seawater; 2SD, n = 6; Wakaki et al., 2017) but with a much smaller standard deviation. Considering respective numbers of Sr isotopic data in each study, their standard error on the average value are identical at 0.000003 (2SE).





4 Discussion

TSr and TLi are ideal tracers to track down sources contribution and to fingerprint water-rock interaction and processes at play (Huh et al., 1998; Brunskill et al., 2003; Davis et al., 2003; Barker et al., 2008; Vance et al., 2009; Millot et al., 2010b; Araoka et al., 2016; Chavagnac et al., 2018; Artigue et al., 2022). In the present study, the two selected sites are under the influence of different sources, meaning eruptive volcanism for Simone and submarine hydrothermalism for Volcano 1. Before considering both geological contexts, we observe clearly different behaviors between these two tracers based on the variability of their concentrations. Combining both TSr and TLi concentrations in Figure 3 points out that all samples are located outside the range of oligotrophic waters. Moreover, their variability defines a linear trend which has either a negative slope, especially at Simone, or a positive one. It remains to elucidate whether the observed trace element distributions reflect the two different and distinctive geological contexts, involving different processes and elemental sources. However, all transect casts nearby Volcano 1 influence display TSr and TLi concentrations mimicking those at Simone, questioning the dispersion of hydrothermal input in Volcano 1 vicinity.
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Figure 3 | TSr vs TLi concentration plot of collected samples in comparison to oligotrophic waters (Leleu, 2017; El Meknassi et al., 2018) and black smoker hydrothermal plume (Artigue et al., 2022). Linear trends with R2 values are reported for S–TOW25, V1–T4, V1–TOW01 and V1–TOW10.

Indeed at Volcano 1, the water column is strongly affected by submarine hydrothermal emissions as supported by multi-beam echo-sounder image evidencing fluid and gas hydrothermal emission rising up from caldera seafloor up to sub-surface (Figure 1D; Bonnet et al., 2023). At this location, water column environment is suboxic (low dissolved oxygen), slightly acidic (pH down to 6.5; Bonnet et al., 2023), enriched in dissolved methane concentrations (Table 1) and high CO2 content (high DIC concentrations, Table 1), with extreme and abrupt concentration variation throughout the water column (Supplementary Material S4–S6). Moreover, Tilliette et al. (2022) measured DFe concentrations of water column samples and found high DFe hydrothermal input from caldera seafloor to sub-surface water (3-5 times higher than typical oligotrophic DFe concentrations). Their datasets argued for a weak hydrothermal plume dispersion, whereby only a few % of initial hydrothermal DFe supply is maintained as dissolved form within the photic zone when moving westward from Volcano 1 caldera. To explain this DFe distribution pattern, three main processes were invoked such as mineral precipitation, trace element scavenging and to a lesser extend biological uptake; all of them potentially affecting the TSr and TLi elemental and isotopic composition distribution studied here.



4.1 Simone site

Simone site is under the direct influence of a volcanic eruption of surtseyan style which is characterized by emission of volcanic plumes rich in water vapor, condensed water and fine volcanic ash and associated water-rock interaction processes. Volcanic material can be transported hundreds of kilometres away from the source either in the marine realm (Newland et al., 2022; Clare et al., 2023) or in the atmosphere as a 4.6 to 5.2 km altitude steam plume has been reported during this volcanic eruption leading to New Late’iki island formation (Global Volcanism Program, 2019). Both processes can deliver volcanic materials supplying additional Li and Sr to the environment, and leading to higher concentrations in water column.

During volcanic eruption, the volcanic plume is strongly enriched in Li because the partition coefficient for alkali element such as Li is well above 1000 during magmatic vapor–magma interaction (Lowenstern et al., 2012). Moreover, the volcanic plume is also enriched in gases mainly composed of CO2, H2O, SO2 among others (Symonds et al., 1994; Aiuppa et al., 2009) and is the place of many processes leading to little acidic droplets formation composed of HCl, HF, H2SO4 (Symonds et al., 1988; Zhu et al., 2020) and to salt precipitation on ash surfaces (Rose, 1977; Oppenheimer, 2003; Delmelle et al., 2007, 2018). The occurrence of acidic droplets enables local dissolution of particle ashes in line with a few dissolution holes observed on microscopic images of lithogenic particles collected in the water column at S–TOW25 location (Tilliette et al., 2023a). Indeed, lithogenic particles display essentially angular, clean and smooth surfaces pointing out limited influence of particle dissolution within the water column as well as particle freshness i.e., lack of remobilization and resuspension of old seafloor particle in the water column (Tilliette et al., 2023a). Particles from sea-surface sank progressively vertically and are advected horizontally (Tilliette et al., 2023a). Colombier et al. (2019) characterized that extensive salt precipitation as NaCl and CaSO4 on surface particle occurs during surtseyan volcanic eruption, taking the Hunga Tonga - Hunga Ha’apai tuff cone as a site study (this volcano is part of the Tofua volcanic arc (Figure 1A), just north of Volcano 1). The dissolution of these salts (Stewart et al., 2020) leads to Li and Sr supplies in the water column as Li is known to be highly concentrated in brine (Garcia et al., 2020) and Sr is enriched in CaSO4 e.g., anhydrite such those found at black smoker hydrothermal field (1164 to 2218 ppm; Humphris and Bach, 2005). Thus, this process may explain why the TSr and TLi concentrations measured at Simone are higher than those of oligotrophic waters i.e., by a factor of two (Figure 3). Considering the Na/Li molar ratio of brines at 61 (Garcia et al., 2020), an increase of 25-30 µmol/L of Li in seawater would induce a global salinity (reported here as halite) increase of ~0.1 g/L. In addition, we observe a negative TSr vs. TLi linear trend (Figure 3). Chemical analyses of brine samples collected at the Ethiopian rift under the direct influence of tectonism and volcanism, also evidence negative Sr vs. Li correlation (Bekele and Schmerold, 2020). Even if the dissolution of these salts leads to higher TSr and TLi concentrations, a different dissolution rate of Sr- and Li-bearing minerals i.e., anhydrite vs. halite, should induce distinctive TSr and TLi supply to the water column. Halite is highly soluble (Alkattan et al., 1997) and its dissolution would deliver Li which will be instantaneously diluted within the water column. Even if the TLi concentrations are similar to that of oligotrophic waters at Simone site, the δ7Li values are significantly different near the surface from oligotrophic waters i.e., +25.4‰, increase with water depth and reach a value similar to oligotrophic water near the seafloor (Table 1). This δ7Li shift towards lower value compared to oligotrophic water can potentially reflect the combined effect of brines dissolution and biological uptake. A potential contribution of brine is supported by their low δ7Li values at +5.9 to +10.3 ‰ (Garcia et al., 2020), meaning that any contribution would lower the δ7Li value of the solution. The second hypothesis is based on recent scientific outcomes from the studied area evidencing high primary productivity rate estimated up to 145 mmol C m-2 yr-1 at this location (Tilliette et al., 2023a), together with the increase of organic matter and calcium carbonate within the particle pool collected by sediment trap at 200 mbsl (Tilliette et al., 2023a). Marine carbonate organisms are very diverse. Preliminary studies have showed that mussel/oyster/clam, all having a calcium carbonate shell, are preferentially enriched in 7Li i.e., higher δ7Li values compared to that of their aqueous environment which shows consequently low δ7Li values (Thibon et al., 2021). Thibon et al. (2021) showed that these marine carbonate calcifiers tend to accumulate Li proportionally to the Li concentration of their surrounding aqueous environment. Indeed, at the studied area, Vigier et al. (2022) showed that plankton is characterized by very high Li concentrations (10 to 120 µg/g dry weight) compared to any other marine carbonate calcifiers (≤1 µg/g dry weight; Thibon et al., 2021), suggesting therefore that Li concentration of seawater at this location should be very high, as we argue here. In case of mineral–water interaction, 6Li is preferentially adsorbed onto particles (lithogenic particle), leading to isotopic fractionation evidenced by high δ7Li values for the solution and low δ7Li values for particle, such as smectite among others (Chan and Hein, 2007; Vigier et al., 2008; Araoka et al., 2016). Here, the δ7Li values of collected samples are equal and lower to that of seawater within error, reflecting the absence of particle–seawater interaction.

Unlike Li, TSr concentrations are all above the range of oligotrophic waters along depth profile (Table 1). Considering anhydrite with a Sr concentration of 1164 to 2218 ppm (Humphris and Bach, 2005) as the potential source of Sr, a maximum 50 µmol/L increase of TSr in our sample compared to oligotrophic waters (80–90 µmol/L) is thermodynamically possible and would imply the dissolution of 1.9 to 3.7 g/L of anhydrite which is below the solubility of anhydrite in seawater characterized by 4.95 g/L and 25°C (values calculated from PHREEQC). This suggests that anhydrite dissolution is a feasible process in the geological context of Simone. Further investigation on volcanically derived anhydrite is needed to better constrain the dissolved amount of this mineral as the available Sr dataset on anhydrite is solely provided by hydrothermal environment. Nevertheless, the 87Sr/86Sr ratios fall within the range of oligotrophic ones, except at 800 mbsl. The least radiogenic 87Sr/86Sr ratio of 0.709158, is measured at 180 mbsl, and can signify a contribution from the dissolution of basaltic material i.e., 87Sr/86Sr = 0.703–0.704 (Escrig et al., 2012), especially as a dense nephelometric layer was detected between 260 and 310 mbsl (Guieu and Bonnet, 2019). This nephelometric layer can be related to volcanic material delivered to the water column by erosion processes of the New Late’iki island (Plank et al., 2020). Indeed, by 24th November 2019 i.e., date of sample collection at Simone, erosion processes were still in progress delivering a substantial amount of volcanic particles to the water column (Tilliette et al., 2023a). At greater water depth, 87Sr/86Sr ratios are linearly correlated to 1/TSr (R2 = 0.99) as shown in Supplementary Figure S8, with a trend controlled by the most radiogenic 87Sr/86Sr ratio of 0.709210. The analyzed samples have been sampled within the nephelometric layer as shown in Supplementary Figure S1, indicating the occurrence of particles. Similar radiogenic ratios are also measured at Volcano 1 and along the transect away from Volcano 1. With the present dataset, we cannot propose a potential source for such Sr isotopic signatures (Table 1, Figure 2D).




4.2 Volcano 1 site

The TSr vs. TLi distribution defines two linear tendencies with either negative or positive slope (Figure 3). Away from the Volcano 1 and along the transect, the TSr vs. TLi concentrations show
negative linear trends, as that observed at Simone. However, the slope value decreases gradually when getting closer to Volcano 1. Within Volcano 1 caldera, this negative slope is observed for V1–TOW05 but V1–TOW01 and V1–TOW10 casts show a positive linear trend. These observations clearly evidence a heterogeneous and complex environment within a submarine volcano caldera. Indeed, at Volcano 1, active hydrothermal activity has been identified at the caldera seafloor through direct observation of fluid emission in the early 2000s (Stoffers et al., 2006; Massoth et al., 2007). In 2019 during the TONGA cruise, this hydrothermal activity was still ongoing as evidenced by physico-chemical anomalies detected in the water column at similar seafloor location (Bonnet et al., 2023; Supplementary Material S4, Supplementary Material S5-S6). Strong hydrothermal input is also supported by the high dissolved methane concentrations measured at this location, as oligotrophic waters commonly exhibit low methane concentrations of ~0.5 nmol/L (Table 1). A positive linear correlation of TSr vs. TLi was previously evidenced at black smokers of
the Lucky Strike hydrothermal field (LSHF, on the Mid-Atlantic ridge) based on the analyses of 0.2 µm filtered seawater samples collected up to 300 m above the seafloor covering the 1 km2 hydrothermal field (Artigue et al., 2022). Artigue et al. (2022) interpreted this co-variation (similar positive slope as our study), as reflecting a hydrothermal contribution of up to 10% to the water column. At Volcano 1, the hydrothermal contribution would be much more important as the TSr and TLi concentrations are increased by 5–41% and 7–88%, respectively compared to oligotrophic water concentrations. High hydrothermal contribution is also highlighted by very high dissolved methane concentration up to 104.1 µmol/L measured within the Volcano 1 caldera, and to a lesser extend along the transect. The variation of TSr and TLi concentrations according to their respective isotopic signatures i.e., 87Sr/86Sr ratios and  δ7Li values, respectively, do not define any clear linear relationship which would have reflected binary mixing, apart from V1-TOW01. For this cast and without surface seawater samples i.e., <35 mbsl, the Sr elemental and isotopic signatures of samples define a linear trend (R2 = 0.74) suggesting mixing between oligotrophic water and an unradiogenic Sr isotopic source depleted in Sr compared to seawater (Supplementary Figure S8). Unfortunately, at Volcano 1, the seafloor hydrothermal fluids have not been characterized for their TSr and TLi elemental and isotopic signatures thus far, hindering further calculation to better constrain hydrothermal contribution to the water column. Nevertheless, information can be obtained from worldwide sites exhibiting similar geological setting. At submarine Niuatahi Volcano (174°W and 15.35°S, Tonga rear arc), Falkenberg et al. (2022) report the occurrence of different venting styles displaying acid-sulfate (clear) to black smoker (particle-bearing) hydrothermal fluids and encompassing fluid boiling to magmatic volatile influxes. This study points out the complexity and diversity of hydrothermal venting, unfortunately without Sr and Li dataset on fluids. Wilckens et al. (2019) characterized chemically and isotopically both styles of venting at similar geological setting further north at North Su and DESMOS volcanic back-arc. Unfiltered acid-sulfate hydrothermal fluids display Sr and Li concentrations at 59–87 µmol/L and 21-41 µmol/L for corresponding isotopic signatures at 0.7087 to 0.70902 and +17.2 to +30.1 ‰, respectively (Wilckens et al., 2019). Unlike acid-sulfate fluids, unfiltered black smoker ones from the same location exhibit contrasted and distinctive Sr and Li elemental and isotopic signatures. Indeed, all black smoker fluids are enriched in Sr (151–410 µmol/L) and Li (348–806 µmol/L) for isotopic signatures being closer to substratum values at 0.70444 to 0.70582 and +5.7 to +6.8 ‰, respectively (Wilckens et al., 2019). Furthermore, the 0.2 µm filtered LSHF black smoker fluids are characterized by Sr and Li concentrations at 76–139 µmol/L and 287–398 µmol/L, respectively, and 87Sr/86Sr ratios and  δ7Li values at 0.70383 to 0.70436 and +4.8 to +5.9 ‰, respectively (Leleu, 2017; Artigue et al., 2022). Thus, this shows that volcanic-arc hydrothermal systems (Li = 0.23 to 1.3 mmol/kg and  δ7Li = +4.3 to +7.2 ‰; Araoka et al., 2016) have similar chemical features as basalt-hosted black smokers on mid-ocean ridges (Artigue et al., 2022; Wilckens et al., 2019; among others). Taking these elemental and isotopic signatures into account, the 87Sr/86Sr vs. (1/TSr) trend observed for V01–TOW01 can potentially reflect the contribution of an acid-sulfate hydrothermal fluid but alone this source cannot explain the large variability observed here for all casts performed at and away from Volcano 1.

In Figure 4, we report the 87Sr/86Sr ratios vs.  δ7Li values for collected samples together with the domains of that ratio in the literature for oligotrophic waters, acid-sulfate fluids and black smokers. While 92% of the measured 87Sr/86Sr ratios are in line with the mean value of oligotrophic waters of 0.709172 ± 0.000023 (2SD; n = 84; El Meknassi et al., 2018), the  δ7Li values display a large variability at values lower, equal or higher than oligotrophic water at +30.8 ± 0.1 ‰ (Rosner et al., 2007) i.e., between +10.1 and +37.6 ‰. Once combined, only 20% of measured samples fit within the field of oligotrophic water signatures (Figure 4). Sr and Li isotope systematics are key tracers of source, and Li isotopes provide additional information on processes related to mineral–seawater interaction (Chan and Hein, 2007; Artigue et al., 2022) and biology–aqueous environment interaction (Vigier et al., 2015; Thibon et al., 2021; Vigier et al., 2022; Poet et al., 2023; Chen et al., 2023). In Figure 4, we observe the combined effects of sources and processes. Four samples exhibit 87Sr/86Sr ratios more radiogenic than oligotrophic waters. Previous studies such as Nonell et al. (2005) report 87Sr/86Sr ratios ranging between 0.7049 and 0.71008 on volcanic gas condensates at Vulcano Island (Italy). Thus, it is possible that a substantial amount of gas condensate with radiogenic Sr isotopic signatures is produced in Volcano 1 caldera, increasing 87Sr/86Sr ratios towards more radiogenic signatures than oligotrophic waters. The main feature of the remaining samples relies on the  δ7Li values and their variability. Lower ones (32% of all samples) compared to oligotrophic waters are in line with hydrothermal contribution while higher ones (52% of all samples) can fingerprint either mineral–seawater interaction or biology-seawater interaction as DFe distribution in the water column suggests mineral precipitation, trace element scavenging and biological uptake (Tilliette et al., 2022).
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Figure 4 | Binary diagram of δ7Li values and 87Sr/86Sr ratios for collected samples in comparison to oligotrophic waters (Rosner et al., 2007), acid-sulfate hydrothermal fluids (Wilckens et al., 2019) and black smoker hydrothermal plume signatures (Artigue et al., 2022).

In Figure 5, we report the measured  δ7Li values according to the DIC concentrations acquired on the same water samples. For comparison we also report the measured values on foraminifera shells collected after culture experiments in solution at different DIC concentrations (Vigier et al., 2015). DIC concentration in seawater is ~2400 µmol/L. Three putative trends can be proposed. Trend 1 delineates decreasing DIC concentrations for higher δ7Li values compared to seawater features i.e., samples collected along transect casts and sub-surface Volcano 1 samples (0-50 mbsl). This feature can signify either the effect of mineral–seawater interaction, as 6Li is preferentially adsorbed on mineral surfaces (Chan and Hein, 2007; Vigier et al., 2008), leading to 7Li enrichment in the water column (Artigue et al., 2022) or the phytoplankton–seawater interactions, as Vigier et al. (2022) showed that plankton at this location exhibit lower δ7Li values than seawater, leading to high δ7Li values in solution. Trend 2 is defined by decreasing DIC concentrations concomitantly to lower δ7Li values compared to seawater. This is evidenced by samples of Volcano 1 collected between 50 and 150 mbsl. Seawater sampled at depths greater than 50 mbsl is enriched in dissolved iron concentrations by several orders of magnitude compared to oligotrophic waters [Figure 3 in Tilliette et al. (2022)] as well as in dissolved methane concentrations (Table 1), in line with submarine hydrothermal contribution. The latter is further supported by lower δ7Li values compared to oligotrophic water, as any hydrothermal contribution whether of acid-sulfate or black smoker type would lower δ7Li values of seawater, based on the reported δ7Li values of Wilckens et al. (2019). Trend 3 displays lower DIC concentrations and δ7Li values compared to oligotrophic waters, mimicking trend 2 but with a much steeper slope i.e., narrower range of DIC variability. While submarine hydrothermal source can provide substantial amount of macronutrient up to the euphotic zone to stimulate phytoplankton development, hence carbon export, modification of seawater chemical composition can at first stress phytoplankton community, inhibiting biological activity until aqueous environments return to more favorable conditions. Using experimental minicosms operated during the TONGA cruise, Tilliette et al. (2023b) showed that production of thiol ligand by Synechococcus ecotypes enables binding of trace metals such as Cu, Cd, and Hg, leading to detoxification of the environment. As a consequence, phytoplankton growth i.e., enabling carbon export, can be delayed by several days, depending on the detoxification of the environment. Due to limited DIC and δ7Li values, further scientific research is needed to assess the effect of biological activity onto Li elemental and isotope behavior in a context of high hydrothermal contribution. Overall, it is unfortunate that drifting conical sediment trap deployed at 200 mbsl within the caldera of Volcano 1 did not operate (Tilliette et al., 2023a), which would have helped us in characterizing particle chemistry and mineralogy as well as composition of the biogenic fraction. Meanwhile, the surtseyan volcanic eruption as well as hydrothermal systems can generate strong currents in the water column as a consequence of important heat supply in a cold environment (Dutay et al., 2004). Bonnet et al. (2023) identified a high-salinity water mass below surface waters, at the top of the permanent thermocline, which may have impacted the distribution of  δ7Li values according to depth (Figure 2B).
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Figure 5 | Binary diagram of Replacement TextLi values and DIC concentrations for collected samples. Measured δ7Li values of foraminifera cultured in solution of various DIC concentrations are reported for comparison (Vigier et al., 2015). See the text for explanation of the three trends.




4.3 Effects of volcanic vs. hydrothermal contribution on water column

The effect of volcanism and hydrothermalism is evidenced by higher TSr and TLi concentrations of the water column compared to oligotrophic water ones. The volcanic contribution is expressed by high TSr and TLi concentrations due to the dissolution of different salts coating ash particles i.e., halite enriched in Li and anhydrite enriched in Sr. These supplies are directly linked to the eruptive style of volcanism. We observe this process at Simone site, directly under the influence of the New Late’iki eruption, and along the transect casts located ˜150 km southwest of Simone. There, TSr concentrations decrease as TLi increases concomitantly. Unlike volcanic eruption, hydrothermalism provokes mutual increases of TSr and TLi in the water column. We observe this process in the Volcano 1 caldera at two out of three casts. When applying TSr and TLi isotopic systematics, the 87Sr/86Sr ratios vs.  δ7Li values point to different inputs as well as processes involving seawater interaction with particles and biological activity. In particular, this is evidenced by high  δ7Li values compared to oligotrophic waters at Volcano 1. Nonetheless, particles can be of different origin i.e., volcanic eruption ejects ashes while hydrothermalism leads to mineral formation within the mixing gradient between hydrothermal fluid and surrounding seawater. While processes can be similar, the minerals involved are distinctive in composition. They are either lithogenic in volcanic context, or polymetallic sulfides and oxyhydroxides in the case of hydrothermalism, leading to different isotopic fractionation when interacting with seawater. Alternatively, marine organisms rely on macro-nutrient supply to thrive. Submarine hydrothermal source provides a substantial amount of trace elements to seawater, among which some of them can stimulate primary productivity i.e., dissolved iron, while others, such as Hg or Cu can provoke the opposite, by inhibiting their development once their dissolved concentrations are too elevated. As a consequence, marine carbon export can be affected. Vigier et al. (2022) showed that plankton collected at hydrothermal setting is characterized by very high Li concentrations together with low δ7Li values compared to seawater. In this particular setting where both volcanic and hydrothermal activities were at play, disentangling both contributions on water column required the combined use of elemental and isotopic signatures of several tracers, here Sr and Li.





5 Conclusion

The present study based on the TSr and TLi elemental and isotopic signatures of water column samples collected at Simone and Volcano 1 sites, reveals the contributions of volcanic and hydrothermal products to the surrounding environment. This is clearly evidenced by TSr and TLi concentrations higher than oligotrophic waters. Both volcanic eruption and submarine hydrothermal activity e.g., volcanic ashes, particles, gas condensate, etc., can deliver substantial amount of TSr and TLi to the water column.

On one side, volcanic eruption of surtseyan style is characterized by emission of volcanic plumes rich in water vapor, condensed water and fine volcanic ash and associated water-rock interaction processes. We observe a negative correlation between TSr and TLi in the water column at Simone and close to Volcano 1 that we propose to reflect differential dissolution rates of salt-coated ejected ashes since Sr and Li are associated to different minerals, anhydrite and halite respectively. Further analyses of ashes and Ca, sulphate and chloride concentrations in the water column need to be conducted to support this hypothesis. On the other side, hydrothermal supply at Volcano 1 leads to a positive TSr vs. TLi correlation, in line with black smoker related hydrothermal plume (Artigue et al., 2022).

When applying TSr and TLi isotopic systematics, the 87Sr/86Sr ratios vs.  δ7Li values point to different sources as well as processes involving seawater interaction with particles and/or biology. While 92% of the measured 87Sr/86Sr ratios are in line with the mean value of oligotrophic waters, only 20% of them remain within the field once combined with  δ7Li values. The  δ7Li values display a large variability i.e., between +10.1 and +37.6 ‰, decreasing linearly to first order from sea-surface down to 140 mbsl i.e., depth of water mass shear zone. The different linear trends defined between δ7Li values and DIC concentrations highlight particle–seawater interaction, hydrothermal contribution and biology–seawater interaction.

When considering geological sedimentary archive, disentangling volcanic vs. hydrothermal contribution relies on combining different tracers among which one tracks down sources and another fingerprints water-rock interaction processes.
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Reduced sulfur species (RSS) are involved in essential biological and chemical processes, including metal complexation, yet little is known about their occurrence and behaviour in marine systems. Here, we present a quantitative and qualitative data set of species-specific RSS in open ocean samples collected during the GEOTRACES Tonga GPpr14 cruise. The cruise traversed differing biogeochemical provinces, from the mesotrophic Melanesian waters and the North Fiji Basin, through the hydrothermally active Lau Basin, eastward to the oligotrophic South Pacific Gyre. Using cathodic stripping voltammetry in acidified samples (pH 2), we measured the concentration of two RSS, with peak potentials of -0.18 and -0.09 V in equivalents of thioacetamide (TA) and glutathione (GSH) respectively.  GSH-like compounds were only present in the upper 200 m at concentrations up to 6.2 nM eq. GSH, consistent with other cathodic stripping voltammetry as well as chromatography-based studies. In contrast, [image: RSS squared subscript negative 0.09 superscript v.]  compounds were detected at all depths at concentrations ranging from 48 nM to 980 nM eq. TA. Both [image: Text depicting "RSS" followed by a superscript two and a subscript negative zero point one eight.]  and GSH-like compounds were present at higher levels in the hydrothermally-impacted region of the Lau Basin relative to other stations. The highest levels, along with high sulfide concentrations, were detected in a hydrothermal plume sample, indicating that hydrothermal vents are a direct or indirect source of these compounds. Elevated levels of [image: The image shows the expression "RSS" raised to the power of negative zero point one eight.]  compounds were detected throughout almost the entire water column at a station located in the North Fiji Basin. We also employed the qualitative technique of cathodic pseudopolarography on unbuffered samples (pH ~ 8.5). Pseudopolarograms of marine RSS were compared to sulfide, GSH and TA standards. Pseudopolarography supports the presence of GSH in marine samples. However, while a compound that is electrochemically similar to TA is often detected in marine samples, TA itself is not thought to be naturally present. This is supported by our pseudopolarograms of [image: Mathematical expression showing "R S S" with a superscript of 8.5 and a subscript of negative 0.52.]  which often lacked the characteristic TA reduction wave but suggested the presence of other unidentified RSS compounds.
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1 Introduction

The Western Tropical South Pacific (WTSP) is a vast oceanic region that extends from Australia to the western boundary of the South Pacific Gyre. Within the WTSP is the Tonga-Kermadec Arc where the Pacific plate subducts under the Australian plate, causing a region of extensive hydrothermal activity (Baker et al., 2019; German et al., 2006). Hydrothermal vents release both metal and non-metal chemicals, including sulfur, iron, carbon dioxide and methane (Feely et al., 1996; Klinhammer et al., 1977; Klinkhammer et al., 1983; Resing et al., 2015) which play an important role in ocean chemistry. These inputs can influence the biogeochemical cycles of surrounding waters, affecting primary production and nutrient availability (Ardyna et al., 2019; Schine et al., 2021). Recently, attention has been focused on the importance of shallow (<200 m) hydrothermal vents (Guieu et al., 2018; Tilliette et al., 2022) as the buoyant hydrothermal plumes are able to reach surface waters (Zhang et al., 2020) providing the surface communities with an abundance of elements that can either be beneficial (Bonnet et al., 2023a) or detrimental to their physiology (Tilliette et al., 2023). The shallow hydrothermal vents in the WTSP release high concentrations of metals, including iron (Guieu et al., 2018; Tilliette et al., 2022; Wang et al., 2022); a lack of this critical micronutrient often limits marine productivity, particularly to nitrogen fixers in nitrogen-depleted waters, as they have a high iron requirement (Moore et al., 2013, 2001; Morel and Price, 2003). Iron inputs from shallow hydrothermal origin coupled with the >25°C sea surface temperature and phosphorus-rich waters of the WTSP (Bonnet et al., 2018; Caffin et al., 2018), had been hypothesized to lead to extensive blooms of diazotrophs, causing the area to be a global hotspot for nitrogen fixation (Bonnet et al., 2018, 2017; Shao et al., 2023). Recently, the link between shallow hydrothermal inputs, diazotroph blooms and enhanced carbon sequestration has been established in this region (Bonnet et al., 2023b).

It is important to understand the controls on bioactive metals in seawater, as they can profoundly affect biogeochemical cycles. Reduced sulfur substances (RSS) play an important role in trace metal complexation and thus on their availability, but little is known regarding their distribution in marine systems. RSS encompass a wide range of sulfur-containing molecules, including thiols, thioureas, thioamides and hydrogen sulfide. They can complex with metals, which can either inhibit metal toxicity or help with uptake (Dupont and Ahner, 2005; Huang et al., 2018; Mironov and Tsvelodub, 1996; Navarrete et al., 2019; Rea et al., 2004; Steffens, 1990; Walsh et al., 2015). Phytoplankton, plants and fungi have been shown to produce various RSS as a result of elevated metal exposure (Ahner et al., 2002; Bjørklund et al., 2019; Kumar et al., 2021; Pál et al., 2018). Leal and van den Berg (1998) showed that RSS can stabilise Cu as Cu+, limiting concentrations of the more toxic Cu2+ (Leal and van den Berg, 1998). In environments with low trace metal concentrations, microbes have also been found to produce RSS to help with metal uptake (Huang et al., 2018; Walsh et al., 2015). RSS also act as antioxidants against reactive oxygen species (ROS) (Apel and Hirt, 2004; Madkour, 2020a, 2020b; Morris et al., 2022; Schieber and Chandel, 2014; Ulrich and Jakob, 2019). They are able to remove ROS by accepting their unpaired electron (McLeay et al., 2017; Morelli and Scarano, 2004), preventing tissue damage and injury (Baba and Bhatnagar, 2018; Dupont et al., 2004; Rijstenbil, 2002).

RSS can enter the marine environment through biological processes (Al-Farawati and van den Berg, 2001; Carfagna et al., 2016; Ciglenečki and Ćosović, 1996; Moran and Durham, 2019; Swarr et al., 2016), decomposition (Treude et al., 2009), sediments (Kiene, 1991; Kiene et al., 1990), cell leakage (Bluhm et al., 2010) and hydrothermal activity (McCollom and Seewald, 2007). They can be found throughout the marine environment, from estuaries to open ocean waters, and from the surface to the deep ocean. RSS can be removed from the marine environment through various sink processes. These include biological uptake by microorganisms (Moran and Durham, 2019) and photochemical processes (Chu et al., 2017; Laglera and van den Berg, 2006). In oxic seawater, RSS are typically present at nanomolar concentrations (Dupont et al., 2006; Gao and Guéguen, 2018; Swarr et al., 2016; Tang et al., 2000) while in anoxic environments, their concentrations can be much higher (Gomez-Saez et al., 2021; Mopper and Kieber, 1991); however, there are few studies focusing on their distributions and biogeochemical cycling.

Analytical detection and identification of RSS compounds in seawater, typically using chromatography or electrochemical techniques, is challenging due to the wide diversity of compounds and their relatively low concentrations (nM and below). Using high performance liquid chromatography (HPLC), only a few biogenic RSS compounds have been identified in seawater including glutathione, cysteine, γ-glutamate-cysteine and dipeptides such as arginine-cysteine or glutamine-cysteine (Dupont et al., 2006; Kawakami et al., 2006; Swarr et al., 2016). However, chromatograms also revealed the presence of a significant amount of other unidentified compounds, which are probably RSS (Swarr et al., 2016). Although powerful, the experimental methodology requires prior derivatization of the RSS before analysis and sometimes preconcentration, which may interfere with the integrity of the sample (Swarr et al., 2016).

Cathodic stripping voltammetry (CSV) at a mercury electrode is a simpler and faster technique, for detection of RSS. The method relies on the strong affinity between mercury and sulfur compounds, which causes an adsorbed complex to accumulate during the deposition step, followed by its reduction during the cathodic stripping scan. Although the reduction peak potential can be used to differentiate various sulfur compounds (Umiker et al., 2002), the peaks often coalesce when measured by CSV, resulting in a single, consolidated peak (Laglera et al., 2012). The detection of RSS has been carried out in both acidic and natural pH conditions. In acidic conditions (pH 2), two distinct peaks are attributed to RSS: one at -0.18 V and another at -0.09 V, corresponding to peak potentials for thioacetamide (TA) and glutathione (GSH), respectively (Pernet-Coudrier et al., 2013). Using this methodology in a recent study, we found that hydrothermal fluids can trigger the production of these RSS compounds by natural plankton communities (Tilliette et al., 2023). At natural pH, a single RSS peak is observed at ~ -0.52 V. Multiple RSS compounds such as glutathione, thiourea and thioacetamide produce peaks at similar potential (Whitby et al., 2018). Sulfide also produces a peak at this potential but it is unstable and tends to decrease rapidly (Al-Farawati and van den Berg, 1997). Table 1 presents a list of RSS compounds that have been detected in marine waters along with their peak potential at the mercury electrode.

Table 1 | Reduced sulfur species (RSS) detected in marine waters as well as common standards used for their quantification by voltammetry.


[image: Table showing reactive sulfur species (RSS), their locations, identification methods, and approximate voltametric peak positions. RSS include glutathione, cysteine, and others, identified in environments like the Subarctic Pacific Ocean and hydrothermal vents using methods like HPLC and CSV. Peak positions vary by pH conditions.]
An alternative approach is cathodic pseudopolarography (CP). CP is a qualitative voltammetric technique (Laglera et al., 2014; Laglera and Tovar-Sánchez, 2012) that distinguishes between similar RSS compounds based on their potential-dependent adsorbing behaviour at the mercury surface. This technique consists of successive CSV measurements at varying deposition potentials (Edep). By plotting the peak intensity vs Edep, these pseudopolarograms may present waves that are characteristic of specific RSS compounds; the position and shape of these waves can be compared to those obtained from standards to help characterise the RSS present in the sample.

In this work, we use both CSV in acidic conditions and CP at natural pH to characterise the presence of RSS compounds throughout the water column and to identify their sources and sinks in the WTSP. This study was part of the French GEOTRACES TONGA project (shallow hydroThermal sOurces of trace elemeNts: potential impacts on biological productivity and the bioloGicAl carbon pump, GPpr14). We sampled from the mesotrophic Melanesian waters and North Fiji basin, through the hydrothermally active Lau Basin to the oligotrophic western south Pacific Gyre. We discuss the potential sources and sinks of RSS and we also compare pseudopolarograms of water column RSS to those of model standards (sulfide, GSH and TA) to further characterise these species.




2 Experimental



2.1 Sampling strategy

Samples were collected during the GEOTRACES TONGA (GPpr14) (Guieu and Bonnet, 2019) research cruise, which took place onboard the R/V L’Atalante from 31st October to 5th December 2019, a transect extending from New Caledonia to the western end of the South Pacific Gyre (Figure 1A).

[image: Map and graphs illustrate oceanographic data in the South Pacific. Panel A shows regional bathymetry with locations like Fiji, Lau Basin, and specific study sites marked. Panels B and C present depth vs. section distance data; B shows RSS values with a color scale, and C shows glutathione-like levels. Insets provide additional geographic context.]
Figure 1 | (A) Map of stations sampled during the TONGA 2019 cruise across the Western Tropical South Pacific Ocean (WTSP). In the WTSP there are three distinct regions: Melanesian waters, Lau Basin and South Pacific Gyre. The dashed lines represent plate boundaries. The numbers are the stations. The stars show the two shallow hydrothermal vents, PANAMAX and SIMONE. S15 was 15 km away from the SIMONE hydrothermal source but S15 still had high acoustic anomalies (Tilliette et al., 2022). (B) The distribution of [image: RSS raised to the power of negative zero point one eight V.]  compounds in nM eq. TA and (C) GSH-like compounds in nM eq. GSH. Figures were generated using ODV software (Schlitzer, 2021).

Stations 2 and 3 were both in Melanesian waters in the western part of the transect. Station 2 was in the North Fiji Basin, north-west of the Hunter fracture zone while station 3 was situated in the South Fiji basin. Stations 4, 11 and 12 were in the Lau Basin in the central part of the transect while stations 6, 7 and 8 were in the South Pacific Gyre in the eastern part of the transect (Figure 1A). The transect also crossed two hydrothermal stations, PANAMAX and SIMONE, that were identified by acoustic anomalies (Bonnet et al., 2023a). At PANAMAX, strong and continuous anomalies of Eh, pH, redox potential and turbidity were detected, suggesting the presence of a hydrothermal plume. The sampling procedure followed at PANAMAX has been described elsewhere (Bonnet et al., 2023a). The SIMONE site also displayed multiple acoustic anomalies suggesting the presence of multiple weak hydrothermal sources (Tilliette et al., 2022). Four substations were sampled in the vicinity of SIMONE (T1, T2, T3 and T5) but only the furthest away (T1, 15 km away from hydrothermal vent) was analysed in this study. This station is referred as “S15”.




2.2 Sample collection and storage

Samples were collected using a trace metal clean polyurethane powder-coated aluminium frame rosette (TMR, General Oceanics Inc. Model 1018 Intelligent Rosette), which was attached to a 6 mm diameter Kevlar line. The Go-Flo bottles were then transferred into a trace metal clean container (class 100) and pressurized with 0.2 µm-filtered nitrogen for sampling. Seawater was filtered through a 0.45 µm acid-cleaned polyethersulfone filter (Supor®) and collected in 125 mL Nalgene LDPE bottles, that had been acid-cleaned according to the GEOTRACES protocol (Cutter et al., 2017). Samples were collected after rinsing the bottle three times with around 20 mL of filtered sample, then double bagged and stored at −20°C until analysis.




2.3 Reagents

Water used for rinsing and dilution of reagents was ultrapure deionized water (>18 MΩ) from a Milli-Q (MQ) system (Millipore, UK). Thioacetamide (TA) (Fisher Scientific, UK) and glutathione (GSH) (reduced, Sigma-Aldrich, UK) were used as model RSS standards. Standards were acidified with HCl (laboratory reagent grade 32%, Fisher Scientific, UK) to pH 2. Hg plating solution was prepared from Hg(NO3)2 (Fluka, UK) in a 0.1 M sodium nitrate (Sigma-Aldrich, UK) and 10 mM HCl (Fisher, UK) solution. Stock solutions of 0.1 M sodium sulfide were prepared from hydrated Na2S.xH2O (60-63%, Sigma-Aldrich, UK) on a daily basis. RSS standards were replaced when the concentration of the internal standard was no longer reproducible. All standards were kept in the dark to avoid photodegradation. When not in use, standards were kept in the fridge. For sulfide analysis, a borate buffer stock solution (1 M boric acid, reagent grade, Fisher Scientific, UK) was prepared in 0.35 M ammonia (trace metal grade, Fisher Scientific, UK), with the pH adjusted to 8.1. Organic contaminants were first removed from the buffer solution by UV-digestion; the solution was cleaned of trace metals by addition of 100 μM MnO2 (van den Berg, 1982) and filtration using an acid cleaned 0.2 μm cellulose nitrate membrane (Whatman) after overnight equilibration.




2.4 Voltammetric equipment

For the quantifications of RSS and for the majority of CP, a µAutolabIII potentiostat (Ecohemie, Netherland) connected to a Metrohm 663 VA stand through the IME663 interface was used. A three-electrode cell consisted of a static mercury drop electrode (SMDE) as working electrode, a glassy carbon rod counter electrode and a Ag/AgCl//KCl (3 M) with glass salt bridge (Metrohm, filled with 3 M KCl) reference electrode. Connected to the VA stand was a V1 autosampler (https://sites.google.com/site/daromasoft/home/autosampler) allowing for the automatic loading and emptying of the voltammetric cell. Standard additions of TA and GSH standards were made automatically using Cavro syringe burettes. The voltammetric cell was rinsed twice with MQ for 30 seconds between each sample. Voltammetric analyses were controlled by NOVA software (version 2.1.4).

For CP of samples suspected to contain sulfide, a μAutolab potentiostat was connected to a Metrohm 663 VA stand through the IME663 interface and was controlled by the GPES software (Version 4.9) installed on a 32-bit laptop. A three-electrode system was also used. The working electrode was a 25 μm silver mercury amalgam microwire (silver microwire from Goodfellow, UK) fitted in a polypropylene pipette tip onto which a small vibrating rotor was fixed (1.5 V, 170 Hz) as described previously (Bi et al., 2013). Briefly, a Cu wire was inserted through a 100 μL pipette tip. The wire was connected to a 25 μm silver wire using a conductive, adhesive silver solution (Leitsilber L100, Maplin, UK). The Cu wire was pulled back leaving the silver microwire exposed out of the pipette tip. The tip was melted to secure the microwire by holding it in the mouth of a tubular oven set to 400 °C. The silver microwire was amalgamated with mercury by plating 2 mM Hg(II) (acidified at pH 2) at −0.4 V for 600 s in stagnant conditions. The amalgam electrode was then transferred to Milli-Q water and left overnight. The counter electrode was an iridium wire (approximately 2 cm in length, 150 μm diameter), and the reference electrode was an Ag/AgCl//KCl (3M) with a glass salt bridge filled with 3 M KCl.




2.5 Quantification of RSS concentrations

The voltammetric method used here was described by Pernet-Coudrier et al. (2013) to simultaneously quantify RSS and electroactive humic substances (referred to as refractory organic matter in the original paper). The concentrations and pseudopolarographic response of electroactive humic substances in these samples are reported elsewhere (Dulaquais et al., 2023; Portlock et al., in prep). Prior to analysis, 10 mL of seawater was acidified by adding 18μl of 1:1 MQ: HCL (reagent grade 32%) solution (final pH 2.04). Samples were also spiked with 100 nM molybdenum (Fisher scientific) for the determination of electroactive humic substances. Under a laminar flow hood, acidified seawater sample was automatically loaded into an acid-cleaned voltammetric quartz cell. Each new sample was purged with nitrogen (300s) before starting the analysis by CSV in differential pulse mode. The measurement consisted of a 30 s purge time, 150 s deposition at a potential (Edep) of 0 V (with stirring on (setting 4 on the VA stand) followed by a 5 s rest (stirrer off) before the stripping scan (from 0 V to −0.6 V, modulation time of 60 ms, modulation amplitude of 60 mV, step potential of 2 mV and interval time of 0.1 s).

Similar to other studies (Fourrier and Dulaquais, 2024; Pernet-Coudrier et al., 2013), a well-defined peak was observed in all our acidified samples (pH 2) at a potential ∼ –0.18 V, which was quantified using the standard thioacetamide (TA). Although the detected compound exhibits electrochemical characteristics similar to TA, TA is not naturally occurring in marine environments. Therefore, throughout the text, we refer to this peak in acidified conditions as a [image: The expression shows "RSS" squared, subscripted with minus zero point one eight, followed by the letter "V".]  signal and give its concentration as TA equivalent. Similarly, in some samples, an additional broad peak was obtained at ∼ –0.09 V. The [image: Mathematical notation showing \( RSS^{-0.09} \, \nu \).]  signal exhibited a peak potential and shape similar to GSH; we refer to this peak as a GSH-like signal and we quantify its concentration in GSH equivalent. Quantification was done by standard additions (2 additions for each sample) of TA and GSH standards, added simultaneously. Typically, 4 repeat scans were performed for the analysis of the sample and after each of the 2 additions, giving a total of 12 scans for each determination and an approximate analysis time of 75 minutes per sample, including rinsing of the cell. In most cases, fixed standard additions of 80 nM TA and 1.6 nM GSH were made, unless the intensity of the initial peaks suggested a higher or lower concentration addition was required to quantify the peaks (see Supplementary Figure S1 for example of voltammograms). For each measurement, the peak heights of [image: The expression shows \( RSS^{-0.09} v \), where \( RSS \) is raised to the power of negative 0.09 and multiplied by \( v \).]  and GSH-like signals were measured using ECDSOFT (Omanovic and Branica, 1998) after smoothing (Savitsky-Golay, smoothing factor 10).

Although TA is known to precipitate metals (Carrillo et al., 2018) and can form a Cu(I) complex in acidic conditions whose peak appear at -0.66 V (Table 1; Jeng et al., 1990) and interact with molybdenum (Farr and Laditan, 1974a and 1974b), all our standard additions were linear. This suggests that if complexation occurred, it had a negligible to impact the free TA concentration and/or the complexes are labile.

For quality control purposes, a Deep Sea Reference (DSR) seawater (Hansell lab, Batch 21 – 2021 – Lot 08-18, collected from 700m depth in the Florida Straits and acidified with HCl to pH 2) was used daily to check reproducibility. This was particularly important for TA because of instability in acidic conditions (Butler et al., 1958; Rosenthal and Taylor, 1957). The concentration of [image: Mathematical expression displaying "RSS" raised to the power of negative 0.18, multiplied by "V".]  obtained in this reference seawater was measured at 56.1 ± 7.8 nM eq. TA (N=10, RSD =13.9%). If the daily check was not satisfactory, a new standard was made, which happened approximately on a monthly to bimonthly basis. Concentrations of GSH-like in the DSR were below the detection limits. The limit of detection was obtained by 3 times the standard deviation of 4 consecutive measurements of a seawater sample with low levels of TA (34 nM eq. TA) and GSH (2.5 nM eq. GSH). The limit of detection for TA was calculated to be 18 nM eq. TA and 0.43 nM for GSH. Error bars show the standard deviation of the intercept, determined by standard addition using Equation 1 (Harris, 2010).

[image: Formula for the standard error of the regression slope, denoted as \( s_m \), equals \( \frac{s_y}{|m|} \) multiplied by the square root of \(\frac{1}{n} + \frac{\bar{x}^2}{m^2 \sum (x_i - \bar{x})^2} \).] 

Where sx is the standard deviation of the compound being measured, sy is the standard deviation in peak intensity across all data points, m is the slope of the standard addition, n is the number of data points (typically 12), [image: It looks like there was an issue with the image upload. Please try uploading the image again or provide a URL.]  is the average peak height across all data points, xi is the concentration of added standard for data points i, and [image: It seems like there was an issue with uploading the image. Please try uploading the image again, and I will help create the alternate text for it.]  is the average concentration across all data points of the standard addition procedure.




2.6 Cathodic Pseudopolarography

CP was carried out on selected seawater samples, in unbuffered conditions (pH ∼ 8.5), by recording the influence of the deposition potential on the intensity of the only RSS peak that we obtained at this pH (Supplementary Figure S1). This peak was located at ~ -0.52 V, similar to the peak reported in previous studies which is often attributed to the reduction of the Hg-S complex formed at the surface of the mercury during the accumulation step. In contrast to the quantification of [image: Mathematical expression showing "RSS" squared with a subscript of negative 0.18 multiplied by "V".]  and GSH-like signals, CP was achieved here only at natural pH because the peak is much more cathodic than the mercury oxidation wave (located in seawater at around -0.05 V), allowing for a wide range of deposition potentials to be tested. In acidic conditions, the [image: Mathematical expression showing \( RSS^{-0.18} V \), where RSS is raised to the power of negative 0.18 and multiplied by V.]  and GSH-like peaks are present at relatively high potential thus limiting the range of deposition potential that could be tested.

For samples where the presence of sulfide was not expected, analysis was done on the SMDE in unbuffered, deoxygenated seawater samples. For comparison purposes, pseudopolarograms of TA and GSH standards (at 100 and 150 nM respectively) were obtained in UV digested seawater, also unbuffered and deoxygenated. For each pseudopolarographic experiment, 10 mL of seawater sample was loaded into an acid-cleaned voltammetric quartz cell and purged for 300 s. Pseudopolarograms started with an Edep of 0 V and decreased by increments of -0.03 V until -0.72 V. The deposition time was 150 s at each Edep, followed by a quiescence period of 5 s before the stripping scan (differential pulse from -0.3 V to -0.85 V, 20 ms modulation time, 60 mV modulation amplitude, 4 mV step potential 0.3 s interval time). Each pseudopolarogram took approximately 100 minutes to complete. Under these conditions of pH, only one natural RSS peak is detected at ∼ -0.52 V and is referred here as [image: Mathematical notation displaying "RSS" raised to the power of a fraction, specifically \(\frac{8.5}{-0.52}\), followed by the variable \(v\).] , much more cathodic than the 2 peaks obtained at pH 2 ([image: Mathematical expression showing "RSS" raised to the power of "negative zero point one eight" multiplied by "v".]  and GSH-like), a change of approximately 55-63 mV/pH).

CP of samples suspected to contain sulfide were carried out using a Hg amalgam wire. Pseudopolarograms were obtained from an initial Edep of -0.9 V up to 0 V, with +50 mV increment between successive measurements. The stripping parameters were as follows: differential pulse from -0.3 to -0.8 V, step of 6 mV, modulation amplitude of 50 mV, modulation time of 8 s and an interval time 0.1 s. The measurements were carried out without any purging nor stirring of the solution (instead the wire electrode was vibrated during the Edep) to minimise the loss of sulfide during the experiment. A pseudopolarogram of the sulfide standard was obtained in 0.6 M NaCl (Fisher Scientific, UK) buffered at pH 9.2 with borate to minimise loss of sulfide through volatilisation (Aumond et al., 2012). The concentration of sulfide added was high (1 μM) allowing for a short deposition time (10 s). The sulfide peak potential was ∼ -0.60 V, approximately 60 mV more cathodic than the TA peak (-0.54 V, Supplementary Table S1), even though these 2 peaks have been reported to have the same peak potential (e.g. Al-Farawati and van den Berg, 1997). The difference of 60 mV observed here can be attributed to differences in pH (9.2 vs 8.5, corresponding to around 40 mV cathodic shift) and differences in the working and reference electrodes. To account for these differences, the pseudopolarograms of all samples detected at the Hg amalgam wire were shifted anodically by 60 mV.

For comparison purposes, pseudpolarograms are given here as normalised to the highest intensity. Non-normalised pseudopolarograms of selected samples are given in Supplementary Figure S3.





3 Results



3.1 Hydrography and local conditions

A detailed account of the hydrography in this region has been previously described (Tilliette et al., 2022). Briefly, the Subtropical Underwater on the east and the Western South Pacific Central Water on the west dominated the main thermocline at a depth of 200 - 700 m, below the mixed layer (70 to 140 m). Immediately below were Antarctic Intermediate Waters, from 700-1300m, while the deep layer (> 1,300 m) composed two water masses: Pacific Deep Water (PDW) and Lower Circumpolar Deep Water (LCDW). Across the cruise transect, the different water masses were distributed uniformly, except for the PDW and the LCDW. PDW was dominant in the Melanesian waters and Lau basin. In the Melanesian waters, LCDW was only present between 2,500 m and the seafloor. The Lau Basin had a low contribution of LCDW. However, in the deepest waters of the South Pacific Gyre, LCDW was the sole contributor.

Salinities ranged from 35.06 to 35.47 and temperature varied from 23.04 to 27.32 °C in the upper 100 m. The mixed layer ranged from 70-140 m deep during the cruise. The Lau basin is influenced by shallow hydrothermal activity, with at least two hydrothermal sites, PANAMAX and SIMONE (Figure 1A). Furthermore, a volcanic eruption in the region (Late’iki, previously Metis Shoal) began mid-October 2019, the month before the cruise. The main eruption continued until the 23rd October 2019 and minor eruptions continued into 2020. Satellite imagery suggested that there was a minor eruption on the 19th November (Yeo et al., 2022). S15 was the closest station in this study to Late’iki (~40 km south-west of Late’iki). S15 was sampled on the 24th November, 32 days after the main eruption ended and 5 days after the minor eruption.




3.2 Distribution of RSS in the WTSP Ocean

The distribution of [image: The expression "RSS" raised to the power of 2, divided by negative 0.18, followed by the variable "V".]  and GSH-like compounds along the cruise transect are presented in Figures 1B, C respectively and the upper 500 m of all individual profiles are given in Figure 2. [image: Mathematical expression displaying "RSS" raised to the power of negative zero point eighteen, multiplied by "V".]  compounds were present throughout the whole water column at all stations, ranging from 48 to 984 nM (Figure 1B) with an average of 131 ± 16 nM across the transect (TA equivalent, N = 119). The average concentrations of [image: Mathematical expression: RSS raised to the power of negative 0.18, multiplied by the variable V.]  compounds per station are given in Table 2. In the Lau Basin (stations 4, 11, 12, S15 and PANAMAX), the concentrations of [image: RSS squared raised to the power of negative 0.18, multiplied by V.]  compounds were higher than at adjacent stations (station 3 in the Melanesian waters and station 6 on the east side of the Tonga-Kermadec ridge). Moving further east to station 7 and 8 in the South Pacific Gyre, average TA concentrations decreased, with the lowest concentrations recorded at station 8. For most stations (3, 4, 6, 7, 8, 11 and 12), there were no clear trends with depth and the concentration remained quasi-uniform. The highest concentration (984 nM TA equivalent) was at PANAMAX (181 m). At the same depth, a strong decrease in Eh (Figure 2I) was observed (characteristic of reducing conditions), suggesting that the sample was collected in the hydrothermal plume. Station 2 (away from known hydrothermal activity) was characterised by high concentrations of [image: Mathematical expression showing "RSS" raised to the power of negative 0.18, followed by "V".]  compounds compared to the rest of the transect. At station 2, the average concentration of [image: \[ RSS^{-0.18} \cdot V \]]  compounds were 242 ± 31 nM compared to the average concentration of 98 ± 12 nM across the cruise transect (excluding the PANAMAX station). [image: Mathematical expression showing "RSS" raised to the power of 2 minus 0.18 times "ν" (nu).]  concentrations at station 2 were similar to station 3 in the surface waters but were much higher at depth. While [image: RSS raised to the power of negative 0.18 times V.]  concentrations at station 3 remained between 66 and 112 nM throughout the water column, at station 2, there was a band of high [image: RSS raised to the power of negative 0.18, times V.]  material between 100 m and 3500 m, with a maximum concentration of 382 nM at 1200 m and high concentrations also in bottom waters, reaching 275 nM (Figure 1B). This pattern appears to be unrelated to water masses. GSH-like compounds were only detected in surface waters (upper 200 m) of most stations (Figure 1C). The concentrations ranged from 0.61 to 6.23 nM, with the maximum concentration observed at 46 m at station S15 in the Lau Basin (Figure 2D). Similar to [image: The image shows the mathematical expression \(RSS^{-0.18} V\).] , GSH-like concentrations detected in the Lau Basin were slightly higher than those in adjacent waters (Table 2). At PANAMAX, concentrations of GSH-like compounds were also elevated (reaching almost 6 nM; Figure 2H) at the same depth as where the lowest Eh value was recorded suggesting that these samples were from the hydrothermal plume. In contrast to [image: The expression shows "RSS" squared, divided by "zero point one eight," followed by "V".] , GSH-like concentrations detected at station 2 were relatively low, at similar levels as those encountered in the surface waters of station 7 and 8 of the oligotrophic South Pacific Gyre (Table 2). However, a high concentration (6.06 ± 0.9 nM) of GSH-like compounds was detected at 150m at station 7 (Figure 2D).

[image: Graph showing depth profiles of reactive sulfur species and glutathione-like molecules in various oceanic regions, including Melanesian Waters, Lau Basin, South Pacific Gyre, and PANAMAX. Each panel is labeled from A to H, depicting measurements in relation to depth, with different lines for various sampling sites (ST) and conditions. The graphs display trends in concentrations at different depths, highlighting layers such as DCM (Deep Chlorophyll Maximum) and ASW (Antarctic Surface Water).]
Figure 2 | Concentrations of [image: The expression shows "RSS" squared, followed by a subscript of negative 0.18, and then "V".]  compounds in nM eq. TA and GSH-like compounds in nM eq. GSH in the upper 500 m of the Melanesian Basin (A, B), Lau Basin (C, D) and South Pacific Gyre (E, F). S15 was 15 km away from the SIMONE hydrothermal source. The shallow hydrothermal vent PANAMAX (G, H) was plotted separately along with Eh. Dashed line represents the average deep chlorophyll max (DCM) in each oceanographic region. There is no FluoChl data for stations 7 and 8, as the fluorimeter was unmounted at these stations. Concentrations were obtained using standard additions. Colour blocks show the different water masses. Artifactual Surface Water (ASW), Subtropical Underwater (STUW) and Western South Pacific Central Water (WSPCW) (Tilliette et al., 2022). Each of the profiles from each oceanographic region was plotted over 0–500 m (A–F), except for PANAMAX which is plotted over 0–200 m (G, H). Note that the scale of the x axis differs.

Table 2 | Average concentration of [image: Mathematical expression with "RSS" squared, subscripted by negative zero point one eight, followed by the letter "V".]   and GSH-like compounds at each station. [image: The text shows "RSS" with a superscript of 2 and a subscript of -0.18.]  compounds were detected throughout the entire whole water column. GSH-like compounds were detected only detected in the upper 200 m.


[image: Table showing average concentrations of RSS<sub>2</sub><sup>-0.18</sup> compounds and GSH-like concentrations across different locations and stations. Melanesian waters have values ranging from 87 to 242 nM eq.TA and 0.61 to 3.54 nM eq.GSH. Lau Basin values vary, with GSH-like concentration for stations 11 being below detection limit. South Pacific Gyre shows values from 8 to 285 nM eq.TA and 0.83 to 6.06 nM eq.GSH. "<LOD" indicates concentration below detection limit.]



3.3 Pseudopolarography



3.3.1 Sulfide, glutathione and thioacetamide standards

Pseudopolarograms of sulfide, GSH and TA standards were recorded to be compared to those from selected samples at various stations. Although sulfide, GSH and TA all produce a peak located at a similar potential (at ∼ -0.6, -0.51 and -0.50 V respectively), their pseudopolarographic response is different (Figure 3): sulfide can be detected at Edep > -0.65 V (wave at around -0.63 V), GSH at Edep > -0.5 V (wave around -0.45 V) while TA is only detected at Edep > -0.075 V (wave around -0.04 V, Figure 3). The potential at which the pseudopolarographic waves occur is dependent on the stability of the adsorbed complex at the mercury surface. In the case of sulfide, mercury is easily oxidised due to the formation of the highly insoluble HgS complex pushing the reduction wave towards negative values. For GSH and TA, the waves are more positive and well separated. While GSH and TA are stable compounds during the experimental time (same pseudopolarograpms were obtained when repeated in the same solution), sulfide is well-known for its instability and rapid loss of signal, preventing analysis using the SMDE (Al-Farawati and van den Berg, 1997). Instead, we recorded the pseudopolarogram of sulfide under conditions that minimise its loss (see experimental section). Sulfide can be detected without any interference from GSH and TA when using a Edep of -0.6 V. When Edep is increased above that value, the sulfide signal intensity tends to decrease which is likely due to some loss of sulfide from solution, either through volatilisation, oxidation or complexation.

[image: Graph showing normalized peak intensity versus deposition potential (V). The blue line for sulfide increases to its maximum around -0.6 V, then decreases. The orange line for GSH rises sharply to its peak near -0.4 V before declining. The green line for TA peaks at around -0.05 V.]
Figure 3 | Normalised pseudopolarograms of sulfide, GSH and TA obtained (using SMDE at pH 8.5 see conditions in experimental section). For comparison purposes, pseudopolarograms are displayed as normalised to their highest peak intensity. In each case, the RSS peak being monitored is located at around -0.52 V (see Supplementary Table S1). Note that the sulfide data was obtained at a pH of 9.2 at the Hg-Ag wire and has been normalised to a pH of 8.5 at the HMDE by shifting the potential anodically by 60 mV. Peak potentials are in Supplementary Table S1.




3.3.2 Marine samples

Surface, mid-water depth and bottom water samples from hydrothermal stations in the Lau Basin and from station 8 (the most representative open ocean sample), were analysed by CP to determine whether [image: Mathematical expression displaying "RSS" raised to the power of "8.5" over "0.52" times the Greek letter "nu" (ν).]  changed with depth and between both biogeochemical provinces. In addition, one sample from mid-depth at station 2, where high [image: Mathematical expression consisting of "RSS" raised to the power of negative 0.18 multiplied by the variable "v".]  concentrations were detected, was chosen at random for characterisation of these RSS.



3.3.2.1 The Lau basin

Pseudopolarograms were performed on samples collected at PANAMAX (25, 110, 181 m) and at S15 (19, 399 and 1780 m depth). One sample of particular interest was the deep sample at PANAMAX (depth of 181 m), collected within the hydrothermal plume. As sulfide was likely present in this sample, pseudopolarograms were obtained at both the SMDE and Hg-Ag wire electrode (Figure 4). Firstly, the response of the sample at the Hg-Ag wire is very similar to that of the sulfide standard, highlighting the presence of sulfide. The concentration in the voltammetric cell was estimated to be >225 nM (estimation made from sensitivity obtained with 1 μM sulfide at Edep = -0.59 V). Secondly, the response obtained at the SMDE following purging (assuming a complete loss of sulfide) with the peak height increasing with increasing Edep suggests the presence of several RSS compounds: the lowest reduction wave detected at around -0.44 V was similar to GSH (reduction wave around -0.45 V). However, comparison with the pseudopolarogram of the TA standard strongly suggests that TA is not present at any significant concentration in this sample, if at all. The pseudopolarogram of the plume sample obtained at the SMDE did not experience sulfide interference as the sample was purged prior to analysis.

[image: Graph titled "PANAMAX" showing normalized peak intensity versus deposition potential in volts. It includes two types of markers, squares for 181 m (Hg-Ag wire) and triangles for 181 m (SMDE). Three dotted lines indicate substances: blue for sulfide, orange for GSH, and green for TA. The blue line peaks near -0.5 V, orange around -0.4 V, and green around -0.2 V.]
Figure 4 | Normalised pseudopolarograms [image: Mathematical expression with "RSS" raised to the power of "8.5" and subscript "-0.52," followed by the symbol "ν."]  of the PANAMAX sample collected at 181 m (within the hydrothermal plume) using the Hg-Ag wire (15 s deposition time, for detection of sulfide) and using the SMDE (150 s deposition time for detection of other RSS). For comparison purposes, the response of the sulfide (most cathodic wave), GSH (middle wave) and TA (most anodic wave) standards are shown in dotted lines. The arrows represent the direction that the Edep was varied: anodic for the wire (sample and sulfide standard) and cathodic at the SMDE (sample, GSH and TA standards). In each case, the RSS peak being monitored is located at around -0.52 V (see Supplementary Table S1). Note that the sulfide data was obtained at a pH of 9.2 at the Hg-Ag wire and has been normalised to a pH of 8.5 at the SMDE by shifting the potential anodically by 60 mV. Peak potentials are in Supplementary Table S1.

The other five samples tested from the Lau Basin (from 25 and 110m at PANAMAX and 19, 399 and 1780 m at S15) displayed pseudopolarograms with a very similar pattern (Figure 5), all having a relatively positive reduction wave (from -0.15 to -0.05 V) irrespective of depth, indicating that GSH is not present in those samples. This is in agreement with results obtained in acidic conditions where GSH-like compounds were below detection limits for the PANAMAX 110 m sample and S15 19 m, 339 m and 1780 m samples (Figure 2). However, for the surface sample at PANAMAX (25 m), GSH-like compounds were found in acidic conditions but the pseudopolarogram did not display any reduction wave similar to that of GSH standard.

[image: Two graphs labeled A and B show normalized peak intensity versus deposition potential (V). Graph A is titled "PANAMAX" and graph B is titled "S15". Both graphs include four plots: black triangles, red squares, orange dots, and green dots, representing different sample depths (m) and two substances, GSH and TA. The orange dotted line representing GSH peaks around -0.4 V, while the green dotted line for TA and the other plots begin to rise near 0 V.]
Figure 5 | Normalised pseudopolarograms of [image: Mathematical expression showing "RSS" raised to the power of "8.5" and inversely raised to "negative 0.52", followed by the variable "V".]  in samples collected in the Lau Basin at various depths (A) at PANAMAX (25 and 110 m) and (B) at S15 (19, 399 and 1780 m). Pseudopolarograms obtained using the SMDE electrode, 150s deposition time. For comparison purposes, the response of the GSH (most cathodic wave) and TA (most anodic wave) standards are shown in dotted lines. In each case, the RSS peak being monitored is located at around -0.52 V (see Supplementary Table S1). Peak potentials are in Supplementary Table S1.




3.3.2.2 Station 8 – South Pacific Gyre

Pseudopolarograms of [image: Mathematical expression featuring "RSS" raised to the power of "8.5" with a subscript "-0.52", followed by a "ν" symbol.]  at station 8 (at depths of 25, 2400 and 5462 m) are shown in Figure 6. In contrast to other non-hydrothermal stations, the pseudopolarograms at station 8, particularly at 25m, extend much further cathodically: in the sub-surface sample, a reduction wave at around -0.47 V was observed, similar to the sample within the hydrothermal plume at PANAMAX after sulfide removal (obtained at the SMDE, Figure 4), both of which occurred at a similar potential as the reduction wave obtained for GSH. A second wave at ~ -0.15 V was also observed together with a slight increase at 0 V, similar to that of the TA. As depth increased (depth 2400 m), this most cathodic wave decreased in intensity and shifted slightly anodically (to ∼ -0.44 V), still similar to GSH but no GSH-like signal was detected in acidic conditions. The signal intensity increased strongly and almost continuously at Edep > -0.1 V highlighting the presence of unidentified compounds. In the deep sample (5462 m), a signal was only obtained for Edep > -0.2 V with the presence of a wave at -0.15 V and -0.05 V, similar to that of TA standard.

[image: Graph titled "Station 8" showing normalized peak intensity versus deposition potential in volts. Five data sets are represented: 25 m (black triangles), 2400 m (red squares), 5462 m (blue circles), GSH (orange dotted line), and TA (green dotted line). The x-axis ranges from -0.6 to 0 volts, and the y-axis ranges from 0 to 1. Each dataset follows a different pattern, with peaks occurring at various potentials.]
Figure 6 | Normalised pseudopolarograms of [image: Mathematical expression showing "RSS" raised to the power of "8.5", with a subscript of "negative 0.52".]  in samples collected in the oligotrophic South Pacific Gyre, at Station 8 (25, 2400 and 5462 m). Pseudopolarograms obtained using the SMDE electrode, 150s deposition time. For comparison purposes, the response of the GSH (most cathodic wave) and TA standards (most anodic wave) are shown in dotted lines. In each case, the RSS peak being monitored is located at around -0.52 V (see Supplementary Table S1). Peak potentials are in Supplementary Table S1.




3.3.2.3 Station 2 – North Fiji Basin

Figure 7 presents the pseudopolarogram of [image: Mathematical expression showing "RSS" with a superscript "8.5" and a subscript negative "0.52", followed by the letter "v".]  in a sample from station 2 where the TA concentration was particularly high ([TA] = 367 ± 33 nM, depth of 797 m, Figure 1B). A reduction wave at around -0.58 V was observed, ∼ 50 mV more anodic than that of sulfide and 130 mV more cathodic than GSH. The peak intensity increased when increasing the Edep, with two faint reduction waves seen at -0.32 V and -0.13 V, highlighting the presence of other unidentified RSS compounds. The expected increase at high Edep observed with the TA standard was not seen in this seawater sample, showing that TA is not present in significant concentrations in this sample.

[image: Graph titled "Station 2" displaying normalized peak intensity versus deposition potential (V). It includes four data series: Sulfide (blue dotted line), GSH (orange dotted line), TA (green dotted line), and 797 m (black squares line). Each series shows different trend patterns across the deposition potential range from -0.9 to -0.1 volts.]
Figure 7 | Normalised pseudopolarograms of [image: Mathematical expression: "R S S" raised to the power of "8.5" and subscripted with "-0.52" followed by the Greek letter "nu".]  in the sample collected at station 2, 797 m depth using the Hg-Ag wire (90 sec deposition time). For comparison purposes, the response of the sulfide (most cathodic wave), GSH (middle wave) and TA (most anodic wave) standards are shown in dotted lines. Peak potentials are in Supplementary Table S1. The peak potentials of the peaks being monitored in each pseudopolarograms are given in Supplementary Table S1. Note that both the sulfide and the 797 m sample data was obtained at a pH of 9.2 at the Hg-Ag wire. They have been normalised to a pH of 8.5 at the SMDE by shifting the pseudopolarogram anodically by 60 mV. Peak potentials are in Supplementary Table S1.







4 Discussion



4.1 RSS distribution in the WTSP

The vertical profiles of [image: Mathematical expression showing \( RSS^{2}_{-0.18}\, V \).]  and GSH-like compounds suggest a combination of distinct and common processes drive their biogeochemical cycling. Both show some evidence of photodegradation, with near surface samples typically having a lower concentration than in underlying waters. For GSH-like compounds, this was seen at most stations, whereas for [image: \( \text{RSS}^{2}_{-0.18} \, V \)]  compounds, this was only observed at stations 2, 3 and 4. Photochemical destruction of RSS has been demonstrated to occur on the order of hours (Gomez-Saez et al., 2017; Laglera and van den Berg, 2006; Moingt et al., 2010). In the presence of UV-light, TA was reported to photodegrade at a faster rate than GSH (Laglera and van den Berg, 2006). In this study, [image: Mathematical expression showing "RSS" with exponents. The numeral eight point five is a superscript, and a subscript of negative zero point five two.]  compounds showed less evidence of photodegradation compared to GSH-like compounds, suggesting that active production of [image: Text displaying "RSS" raised to the power of 2, with a subscript of negative 0.18. There is an additional character "ν" following the expression.]  compounds is higher, or at the same rate of the photodegradation, or that the [image: Mathematical notation displaying \(RSS^{-0.18} V\).]  compounds do not behave identically to TA. Complexation with metals can affect photodegradation of RSS. Cu complexation has been shown to extend the half-life of TA, whereas it has been shown to accelerate the oxidation of GSH (Laglera and van den Berg, 2006; Moingt et al., 2010). The ratio of RSS to Cu determines how Cu complexation affects RSS photodegradation. In the surface waters (upper 200 m) of TONGA, the average concentration of total dCu was ∼ 0.4 nmol kg-1 (Gonzalez-Santana., pers. comms. March 2024), which is relatively low compared to the RSS concentrations obtained in this study, suggesting that Cu complexation do not play a substantial role in RSS photodegradation.

Marine microbes have been shown to produce RSS both intracellularly and extracellularly when exposed to light in order to reduce stress from ROS (Mangal et al., 2020; Sunda et al., 2002). Previous studies have found a correlation between RSS, particularly GSH-like, with Chl a (Al-Farawati and van den Berg, 2001; Hu et al., 2006). In November 2019 in the WTSP, marine microbes were exposed to sunlight for ∼ 13 h per day, which may have stimulated the production of RSS.

GSH-like compounds were only detected in the upper 200 m, suggesting biological production in surface waters, at concentrations similar to previous studies using a range of methods (Dupont et al., 2006; Kading, 2013; Le Gall and van den Berg, 1998; Swarr et al., 2016; Whitby et al., 2018). In this study, we found no correlation between the distribution of GSH-like compounds with Chl a (data not shown). For the majority of stations, a GSH-like maxima were observed sub-surface but above the deep chlorophyll max. Heterotrophic bacteria have also been suggested as a source of GSH-like compounds, which may explain the lack of correlation between GSH-like compounds and Chl a observed here, consistent with previous studies (Cameron and Pakrasi, 2011; Carfagna et al., 2016; Swarr et al., 2016). While heterotrophic bacteria are more abundant in the photic layer (0-100 m), unlike phototrophs, heterotrophic bacteria are present throughout the water column, therefore GSH-like compounds would be expected throughout the water column. However, GSH-like compounds were confined to the surface, possibly indicating low abundance and/or low metabolic activity of heterotrophs at depth. GSH-like compounds may still be produced at depth, but their turnover rate may be slower than their oxidation rate, which is only a few hours (Petzold and Sadler, 2008). The highest surface GSH concentration was detected at station S15 (6.23 nM at 46 m) in the hydrothermally active Lau Basin, possibly following the Late’iki eruption.

In comparison, [image: Mathematical expression showing "RSS" squared, divided by subscript negative 0.18, followed by a variable "v".]  compounds were detected at all depths across the transect (Figure 1B). [image: Mathematical expression with "RSS" raised to the power of negative 0.18, followed by the variable "v".]  compounds did not experience the same sub-surface maxima as GSH-like compounds, and there was no correlation between the distribution of [image: RSS raised to the power of negative zero point one eight, multiplied by V.]  compounds and Chl a (data not shown). However, this does not mean that [image: Mathematical expression showing "RSS", raised to the power of negative 0.18, multiplied by "V".]  compounds are not of biological origin. A previous study found that phytoplankton actively exude a compound electrochemically similar to TA (Leal et al., 1999). The lack of correlation could be due to the stability of [image: The mathematical expression shows "RSS" raised to the power of two, subtracted by 0.18, followed by the variable "v".]  compounds away from direct sunlight, similar to TA which is relatively stable for long periods depending on environmental conditions (Howard et al., 2017; Mallory, 1968) allowing for its accumulation throughout the water column. TA can be a source of sulfur for marine microbes (Schmidt et al., 1982) which might also be the case for [image: Mathematical expression showing "RSS squared divided by v raised to the power of negative 0.09".] . The persistence of [image: Mathematical expression showing \(RSS^{-0.09} v\), with RSS raised to the power of negative 0.09, followed by the variable v.]  compounds with depth could suggest that their uptake is slower than their rate of production.

We found slightly higher average concentration of GSH-like compounds than in previous studies, with a mean concentration of 3.4 ± 0.8 nM across the transect, compared to maximum concentrations of 0.8, 1.7 and 2.2 nM GSH in studies by Dupont et al. (2006); Kading (2013) and Swarr et al. (2016) respectively. The concentrations of [image: Mathematical expression showing "RSS" raised to the power of negative 0.18, followed by the variable "v".]  compounds were lower than those detected in the North Pacific (Fourrier and Dulaquais, 2024) where they ranged from 118 ± 14 to 1140 ± 137 nM, with concentrations decreasing from surface to deep water. These nanomolar concentrations levels are much higher than those detected at natural pH in the North East Pacific where sub nM concentrations of RSS compounds were reported (Whitby et al., 2018). This large difference has to come from different experimental conditions (pH, standard, deposition potential) and different behaviour to these changes between the natural compounds and the standard. For instance, in our experiments, the intensity of the peaks at natural pH and in acidic conditions are in the same order of magnitude (nA range) while the sensitivity of the TA sharply decreases from natural pH to acidic conditions by a factor of at least 200 times. Although the reason for this loss in sensitivity is unclear (it cannot be explained by the protonation of TA in acidic conditions (pK of 1.76, (Rosenthal and Taylor, 1957)), this difference between the natural peak and the TA standard provides further evidence that the RSS peak at natural pH ([image: Mathematical expression showing "RSS" raised to the power of 8.5, with the entire expression further raised to the power of -0.52.] ) is certainly not TA. Consequently, the concentration values reported here are conditional to the experimental parameters, are not relevant to TA and should therefore only be compared with great care to concentrations obtained by other techniques (or other pH).

Concentrations of both [image: RSS superscript two subscript negative 0.18 V.]  compounds and GSH-like compounds at the surface were higher in the Lau Basin than in the adjacent Melanesian Basin and South Pacific Gyre (Table 2), with concentrations decreasing with distance away from the Lau Basin. The Lau Basin experiences high primary production and high diazotrophic activity due to extensive shallow hydrothermal activity (Bonnet et al., 2023b) which might explain the higher levels of [image: \( RSS^{-0.18} v \)]  and GSH-like compounds. Hydrothermal vents also release trace metals such as copper, nickel, zinc and lead which can all be toxic to marine microbes, triggering biological production of RSS to reduce metal toxicity (Bjørklund et al., 2019; Courbot et al., 2004; Dupont and Ahner, 2005; Huang et al., 2018; Kumar et al., 2021; Navarrete et al., 2019; Pál et al., 2018; Steffens, 1990; Vasconcelos and Leal, 2001). In sulfidic conditions, high RSS concentrations (>500 nM) have been measured, such as in the Black Sea (Mopper and Kieber, 1991) and in sediment pore waters (Chapman et al., 2009). While such high concentrations were not observed here, the nearby volcanic and hydrothermal activity could also contribute to higher RSS concentrations.

The concentrations of [image: \( RSS^{-0.18} V \)]  compounds in the South Pacific Gyre decreased with distance away from the Lau Basin, suggesting an apparent dilution or weakening of the process responsible for its production in the Lau Basin, similar to what was previously observed for iron-binding ligands and DOM more broadly in this region (Mahieu et al., 2024). Station 8 displayed the lowest concentration of TA (average of 62 ± 5 nM in acidic conditions). In contrast, electroactive humic substances, which can also act as organic metal-binding ligands, were elevated at this station relative to other stations (Dulaquais et al., 2023; Portlock et al., in prep.).




4.2 Hydrothermal influence on sulfide and RSS production

In the PANAMAX plume (181 m), elevated concentrations of [image: Mathematical expression showing "RSS squared over negative 0.18 times V".]  (984 ± 19 nM; Figure 2G) and GSH-like compounds (5.5 ± 0.5 nM; Figure 2H) were detected along with the presence of sulfide (>225 nM), suggesting active production of these compounds related to hydrothermal activity, either through abiotic or biotic processes. While μM levels of methanethiol have been detected in hydrothermal fluids (Dias et al., 2010; Reeves et al., 2014), no voltammetric signal was observed at its expected potential (Table 1; acidic pH -0.09 V; natural pH -0.43 V), probably because of dilution of the plume as well as a known short residence time for CH3SH (Schäfer and Eyice, 2019).

Abiotic production of RSS in hydrothermal systems is tied to the thermodynamic and geochemical constraints of the system (temperature, pressure and chemical elements/starting materials). PANAMAX was characterised as having low O2 concentrations (<150 μM), high CH4 (>104 nM), high CO2 (>645 μM), relatively high Fe (>50 nM) (Tilliette et al., 2022) and high H2S (estimated at >225 nM, this study). The temperature and pH of the end-member fluids released from PANAMAX were not measured in this study, but the plume was recorded to be 21.2°C (mean of rest of transect (~200 m) 20.8°C) and the pH was found to be around 6.5 (Tilliette et al., 2023). The temperature of the fluids released from PANAMAX can be estimated from seawater boiling curves (Hannington et al., 2005; Stoffers et al., 2006). As PANAMAX is at a depth of around 200 m, it would imply that the temperature of end-member fluid would be no higher than 200°C. Although the pH of the end-member fluid is not known, other hydrothermal vents in the TONGA region have been reported to range from pH 1.2 to 6.1 (Hsu-Kim et al., 2008; Peters et al., 2021; Stoffers et al., 2006). The abiotic production of methanethiol can occur from the reaction of H2S with hydrogen and CO/CO2 (at 25°C and 1 bar) and theoretical calculations indicate that this reaction is viable in hydrothermal systems (Schulte and Rogers, 2004). CO was not measured in this study and has not been reported in hydrothermal systems, but experimental studies indicated that CO and CO2 equilibrate at temperatures of ≥150°C (Foustoukos et al., 2001; Schulte and Rogers, 2004). Methanethiol can be a precursor for other RSS. Another chemical pathway is the reaction of H2S, CO2 and iron sulfide (FeS), a common component of hydrothermal systems (Findlay et al., 2019; Yücel et al., 2011), under anaerobic conditions, which yields a wide variety of organic sulfur compounds, mainly RSS, the production rate being largely influenced by the temperature (Heinen and Lauwers, 1996).

The production of RSS could also be due to biotic processes. Hydrothermal vents are able to sustain a wide variety of organisms due to the release of high concentrations of both metals and non-metals (Klinhammer et al., 1977; Resing et al., 2015), which can act as bio-essential nutrients for marine microbes (Aparicio-González et al., 2012; Lohan and Tagliabue, 2018). However, elevated concentrations of some chemicals can be harmful to marine microbes. In addition to the native biology around hydrothermal vents, buoyant hydrothermal plumes of the shallow vents (<200 m) can also reach the surface waters, affecting biological activity and RSS production. A recent study by Tilliette et al., 2023, found that when surface communities collected during the cruise in TONGA were exposed to hydrothermal fluids from PANAMAX, there was production of [image: The expression shows "RSS" raised to the power of "negative zero point one eight" followed by the variable "V".]  and GSH-like compounds (referred to as TA-like and GSH-like compounds). The addition of hydrothermal fluids led to the immediate production of [image: The mathematical expression depicts "RSS" raised to the power of "negative 0.18" times "V".]  compounds, thought to be produced by Synechococcus ecotypes to detoxify their environment. In contrast, GSH-like compounds were produced gradually over time, suggesting that they were not produced to detoxify the environment. Marine microbes have been found to produce GSH-like compounds to disassociate strongly bound Cu and act as a ‘weak ligand shuttle’, to make Cu accessible (Semeniuk et al., 2015). The use of GSH-like compounds as a ‘weak ligand shuttle’ may not be limited to Cu.

GSH also plays a vital role in the growth and regulation of marine microbes and therefore is abundant intracellularly (Ahner et al., 2002; Dupont et al., 2004; Giovanelli, 1987). The elevated concentrations of GSH-like compounds at PANAMAX could also be due to the breakdown of cyanobacteria. In the study by Tilliette et al., 2023, the abundance of cyanobacteria decreased after the addition of PANAMAX hydrothermal fluids, possibly due to addition of metal rich fluids. Cyanobacteria are extremely sensitive to dCu (Brand et al., 1986). Concentrations of dCu within the PANAMAX plume were similar to the rest of the transect (hydrothermal plume 0.4 nmol kg-1; Gonzalez-Santana., pers. comms. March 2024), however Cu toxicity depends on its speciation. In some hydrothermal systems, dCu concentrations have been found to exceed ligand concentrations (Kleint et al., 2015), which could increase Cu toxicity and stimluate the production of GSH or the release of intracellular GSH-like compounds into the marine environment from cellular breakdown.

Hydrothermal vents are well-known to be a source of sulfides (Cotte et al., 2018; Damm et al., 1995; Dias et al., 2010), including those from the Lau Basin (Hsu-Kim et al., 2008; Yücel et al., 2011). Here, sulfide was identified only in the sample collected in the plume (Figure 4), with an estimated concentration > 225 nM. In this sample, a reduction wave at -0.44 V was apparent at the SMDE, similar to GSH-like compounds, and in agreement with the signal detected in acidic conditions (quantified as 5.5 nM). The signal increased with increasing Edep highlighting the presence of other, unidentified RSS compounds in the plume. Although the PANAMAX vent is shallow at around 200 m, pseudopolarograms of [image: Mathematical notation showing "RSS" raised to the power of "8.5" with a subscript value of "negative 0.52," followed by "v."]  in samples collected at the sub-surface (25 m) and below the deep chlorophyll max (110 m) did not show reduction waves characteristic of sulfide or GSH standards (Figure 5A), suggesting that RSS present in the plume at 180 m depth are not sufficiently stable to reach surface waters.




4.3 Station 2 – North Fiji Basin

[image: Mathematical expression showing "RSS" raised to the power of negative 0.18, followed by the variable "V".]  concentrations were high throughout the water column at station 2 compared to the rest of the transect. Meanwhile, GSH-like were only detected in surface waters (Figure 1C). High concentrations of Fe-binding ligands were also found at depth at station 2 (max concentration at 1800 m, see Mahieu et al., 2024). The presence of high RSS and Fe-binding ligands at this station suggests either the production of these compounds within the water column or input from hydrothermal systems. Station 2 is located in the North Fiji Basin, which is a highly complex back arc-basin. To our knowledge, the North Fiji Basin has two spreading ridges (Central spreading ridge and West Fiji Ridge, Figure 1), as well as multiple fracture zones. Other oceanographic regions with multiple plate boundaries experience intense hydrothermal activity. Active venting has been confirmed in the North Fiji basin (Bendel et al., 1993), along with evidence of a ‘megaplume’ (Nojiri et al., 1989). Megaplumes have also been observed in the neighbouring Lau Basin (Baumberger et al., 2020). Megaplumes or event plumes are a significant, intermittent release of hydrothermal activity. These eruptions produce a buoyant plume that can be observed up to 1000 m above the sea floor. Previous megaplumes have been found to be 20 km in diameter and have a thickness of 700 m (Baker et al., 1987), which could explain why we observe high concentrations of [image: Mathematical expression showing "RSS" raised to the power of two, subscripted with negative zero point one eight, followed by "v".]  compounds, at depth. While no active vents have yet been reported near station 2, their existence cannot be ruled out definitively. These areas are rarely investigated as most studies focus on the plate boundaries.

High metal concentrations are typically evidence for the presence of hydrothermal vents, however this is not the case at station 2. Dissolved Fe concentrations increased from 1000 m to the seafloor (above 0.5 nmol kg-1) but this increase was not significant compared to the rest of the transect (Tilliette et al., 2022). Other dissolved metals such as Cu and Zn did not show an increase compared to the rest of the transect (Gonzalez-Santana, pers. comms. March 2024). Hydrothermal vent fluid chemistry is linked to the conditions which the vent is situated in and may release metal concentrations similar to seawater (Hodgkinson et al., 2015; Seyfried et al., 2015). These low metal vents have been found in ultramafic rocks, where metals in the fluids precipitate out in sub surface reactions. Dredges from the Hunter Fracture Zone have a large amount of ultramafic rock (Tararin et al., 2003). In addition, hydrothermal vents hosted in ultramafic rock are thought to produce ideal conditions for the production of organic compounds (Konn et al., 2009; Lang et al., 2010; Sander and Koschinsky, 2011).

At the time of the cruise, station 2 was on the convergence of two counter-rotating eddies, which saw high abundance of Trichodesmium compared to the surrounding areas (Benavides et al., 2021). Over time these communities sink. While N2 fixation rates decrease with depth, Trichodesmium and other diazotrophs are still active in the mesopelagic zone (Benavides et al., 2022). For some diazotrophic bacteria there is a link between N2-fixation and RSS biosynthesis. Diazotrophs are able to produce RSS to complex with ROS generated during N2-fixation (Bocian-Ostrzycka et al., 2017). It is also thought that RSS play a role in N2-fixation, potentially as cofactors for enzymes involved in N2-fixation or as signalling molecules that regulate the activity of genes related to N-fixation (Kalloniati et al., 2015). This link of N2-fixation and RSS biosynthesis is primarily linked to terrestrial diazotrophs and should be investigated for marine diazotrophs. As diazotrophs sink and experience stress/death, they may release intracellular RSS, which may have contributed to the elevated concentrations of [image: \( RSS^{-0.18} V \)]  compounds at this station.




4.4 RSS diversity in the WTSP

RSS encompass a wide range of sulfur-bearing compounds and pseudopolarography is helpful to differentiate compounds (e.g. Figure 3). For instance, when comparing the pseudopolarograms of the samples collected in the plume at PANAMAX (Figure 4) or at depth at station 2 (Figure 7) with that of the TA standard, the characteristic reduction wave at -0.04 V is missing, indicating that TA is not present in significant concentrations in any of those samples. The [image: Mathematical expression featuring "RSS" raised to the power of 2 minus 0.18 times the variable ν.]  signal detected at low pH is therefore due to other RSS compounds whose peak potential is the same as TA in acidic conditions. [image: Mathematical expression showing RSS squared with a subscript negative 0.18 and a variable v adjacent to it.]  compounds (often referred to as TA-like compounds) have been observed in estuarine and river waters (Marie et al., 2017, 2015; Superville et al., 2013) and phytoplankton have also been shown to exude a RSS electrochemically similar to TA (Leal et al., 1999). However, TA is not known to be present in marine environments and is toxic to marine organisms with concentrations of 50 nM causing inhibition of growth in phytoplankton (Vasconcelos et al., 2002). In contrast to TA, GSH is thought to be common in marine waters (Dupont et al., 2006; Kading, 2013; Tang et al., 2000). The shape of the pseudopolarograms from PANAMAX (depth 181 m) and station 8 (surface at 25 m) were similar to that of GSH (Figures 4 and 6 respectively). While pseudopolarography cannot provide the exact identification of the RSS present, it can provide interesting details on the behaviour of various RSS that exist in the marine environment.





5 Conclusion

This study provides a quantitative and qualitative data set of species-specific RSS ([image: Mathematical expression showing "RSS" raised to the power of negative 0.18 multiplied by "V".]  and GSH-like compounds) in the WTSP Ocean. We find RSS are ubiquitous in the WTSP and concentrations are higher in the Melanesian waters and Lau basins than in the South Pacific Gyre, most likely because of sources linked to hydrothermal activity. Vertical profiles of [image: RSS raised to the power of negative 0.18 multiplied by V.]  and GSH-like compounds suggest a combination of distinct and common processes drive their biogeochemical cycling. [image: The image shows the mathematical expression "RSS squared to the power of negative 0.18 multiplied by V."]  compounds were detected in all sampled depths, while GSH-like compounds were confined to the upper 200 m, with both showing some evidence of photodegradation. Hydrothermal influence was particularly evident at the PANAMAX site, the only site where sulfide was detected (within a hydrothermal plume sample). Relatively high concentrations of [image: Mathematical expression showing \( RSS^{-0.18} V \).]  and GSH-like compounds were also obtained in the hydrothermal plume, possibly due to a mixture of biotic and abiotic processes. Station 2 in the Melanesian Basin also saw elevated concentrations of [image: Mathematical expression showing "RSS" raised to the power of negative 0.18, multiplied by "V".]  compounds relative to other stations excluding the hydrothermal station, along the entire water column and at depth. The elevated concentrations suggest the production of these compounds, likely through unidentified local hydrothermal input, or possibly through in-situ production at this station.

Pseudopolarography of [image: Mathematical notation showing an expression: \( RSS^{8.5}_{-0.52} \, \nu \).]  highlights the diversity of RSS compounds present in water. Most samples selected for pseudopolarography did not show a characteristic wave for TA suggesting that the [image: Mathematical expression showing RSS raised to the power of negative 0.18, followed by a lowercase v.]  signal detected in acidic conditions in these samples is not TA, while pseudopolarography supported the presence of GSH. Pseudopolarograms varied significantly between samples and highlighted the presence of various RSS substances, based on the variation and shape of the pseudopolarographic wave. While voltammetry is always prone to coalescence of peaks, pseudopolarography may be used as a tool to identify, and possibly quantify, some RSS species but this is a challenging task if many unknown RSS are present altogether. Studying the chemical stability of these RSS in relation to their reduction wave potential might provide further insights into their identity and biogeochemical cycling.
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The cycling of barium (Ba) is closely linked to marine biogeochemical processes. Barium and its isotopes are commonly used as tracers for marine productivity, seawater alkalinity, and ocean circulation. Mid-ocean ridge hydrothermal systems significantly impact marine chemistry, acting as key sources of trace elements in deep seawater. However, the overall contribution of hydrothermal Ba to the global Ba cycle remains poorly quantified, and studies on hydrothermal Ba isotopes are limited, hindering a comprehensive understanding of the marine Ba cycle. This study investigated the concentration of dissolved Ba and other elements, along with Ba isotope composition (δ138Ba), in the hydrothermal influenced water and sediment samples collected near the Longqi and Tiancheng vents in the southwestern Indian Ocean. This constitutes the first such investigation in this region. The vertical profiles of dissolved Ba and its isotope compositions mirrored each other in the southwestern Indian Ocean, consistent with prior observations in other ocean basins. For near-field water samples, Ba isotope compositions (-0.10‰ to 0.05‰) are significantly lower than background seawater (~0.29‰). In addition, Hydrothermal sediments exhibited Ba isotopic values (-0.16‰ to 0.01‰) markedly lower than background sediments (0.01‰ to 0.14‰). The depleted δ138Ba values of near-field water samples indicate preferential removal of lighter Ba isotopes during the mixing of hydrothermal fluids with seawater. Consequently, precipitated particles acquire lighter Ba isotope signatures, explaining the low values in hydrothermal sediments. This demonstrates that sediments effectively capture and preserve hydrothermal Ba signals. Collectively, these findings provide new insights into hydrothermal influences on the marine Ba cycle.
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1 Introduction

The marine barium (Ba) cycle is closely linked to marine biogeochemistry (Horner and Crockford, 2021). The primary sources of Ba in the ocean are rivers, groundwater, and hydrothermal vents (Kumagai et al., 2008; Cao et al., 2016; Carter et al., 2020; Hsieh et al., 2021). Once introduced into seawater, the dissolved Ba is removed from seawater and accumulated in marine sediments primarily in the form of the barite and in association with iron and manganese oxides (Dymond et al., 1992; Paytan and Kastner, 1996; Carter et al., 2020). The concentration of dissolved Ba in seawater is found to be associated with the concentration of the major nutrient silicon (Lea and Boyle, 1989; Jacquet et al., 2005; Roeske et al., 2012). Its sinking flux is closely linked with organic carbon flux, and it is commonly used as a tracer for marine productivity (Eagle et al., 2003; McManus et al., 1999; McCulloch et al., 2003; Paytan and Griffith, 2007). In addition, Ba displays a positive correlation with ocean alkalinity and dissolved inorganic carbon. The Ba/Ca ratio in foraminifera, for instance, can serve as a proxy for past seawater alkalinity (Lea, 1993; McManus et al., 1999).

Recently, Ba isotopes (δ138Ba) have been recognized as a valuable tool for exploring the oceanic Ba cycle, providing important insights into its processes and behavior, such as, to trace the movement and mixing of deep-water masses, to serve as a proxy for marine biological productivity and to indicate riverine inputs (Horner et al., 2015; Bates et al., 2017; Hsieh and Henderson, 2017; Bridgestock et al., 2018; 2021; Crockford et al., 2019; Cao et al., 2021; Middleton et al., 2023). The Ba isotope composition in seawater ranges from 0.24‰ – 0.65‰, and the primary factor influencing the observed variations in seawater δ138Ba is the formation and dissolution of barite (Horner et al., 2015; Bates et al., 2017; Hsieh and Henderson, 2017; Cao et al., 2021; Whitmore et al., 2022). Modern oceans show a significant δ138Ba gradient from surface to depth, characterized by higher δ138Ba values in surface water masses and lighter δ138 Ba values in deep water masses (Hsieh and Henderson, 2017; Bridgestock et al., 2018; Carter et al., 2020). This type of vertical distribution is a result of the precipitation process as barite from seawater, which is marked by significant isotopic fractionation, with lighter Ba isotopes preferentially incorporated into biogenic barite crystals (Horner et al., 2015; Bates et al., 2017; Hsieh and Henderson, 2017; Bridgestock et al., 2018). Similarly, adsorption onto biological particles preferentially removes lighter Ba isotopes from ambient seawater (Cao et al., 2020). Both adsorption and barite precipitation increase the δ138Ba values of seawater in the upper ocean (~ 600 m), whereas the dissolution processes re-introduce lighter Ba isotopes into deeper waters.

The degree to which Ba isotopes behave conservatively in the deep ocean remains uncertain. Moreover, available published data suggest an imbalance between the sources and sinks of Ba isotopes in the modern ocean. Specifically, Ba isotope compositions from terrestrial sources range from 0.1‰ to 0.2‰, while sediment values, representing sinks, range from 0‰ to 0.1‰ (Horner and Crockford, 2021). Therefore, it is proposed that lighter Ba isotope sources or heavier isotope sinks may be missing and not fully accounted for (Horner and Crockford, 2021; Zhang et al., 2024). Bates et al. (2017) suggested that Ba isotopes exhibit conservative behavior during the mixing of North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW) in the Atlantic. However, Hsieh and Henderson (2017) observed that in deep water between 2000 and 3000 meters, Ba isotope compositions exceeded conservative mixing predictions, reflecting additional inputs or sinks of Ba during transport, a phenomenon later explained by Hsieh et al. (2021) as resulting from hydrothermal vents imparting distinct Ba isotopic signatures to deep water masses.

Hydrothermal systems at mid-ocean ridges play a critical role in trace element recycling processes in marine system (Elderfield and Schultz, 1996; Coogan et al., 2019). Barium in source rocks is released into hydrothermal fluids through water-rock interactions under high temperatures and pressures (Von Damm, 1985), resulting in fluids highly enriched in dissolved Ba. Barium concentrations in hydrothermal fluids (1-119 μM) can be up to three orders of magnitude higher than those in seawater (30-150 nM) (Butterfield and Massoth, 1994; Kumagai et al., 2008; Seyfried et al., 2011). However, when these fluids mix with seawater, Ba precipitates as barite and is largely removed (Jamieson et al., 2016; Gartman et al., 2019). Ba also co-precipitates with metals like Fe and Cu, resulting in minimal or no net Ba flux into seawater (Carter et al., 2020). Additionally, the ultramafic lithology contrasts with the mafic-dominated settings in mid-ocean ridge vents, which may lead to unique fluid-rock interactions that modulate Ba release and isotopic fractionation (Hsieh et al., 2021; Zhang et al., 2024). To date, the research on Ba isotopes in hydrothermal systems primarily focuses on hydrothermal fluids and non-buoyant plumes, with very limited empirical data available.

To advance the understanding of the marine Ba cycle, this study investigates the geochemical characteristics and Ba isotope compositions of hydrothermal fluids, ambient seawater, and sediments from the Longqi and Tiancheng hydrothermal fields along the Southwest Indian Ridge. This research fills a gap in the study of Ba isotopes in Indian Ocean seawater and reveals the Ba isotope composition of hydrothermal end-member inputs. It is also the first investigation of Ba isotopes in hydrothermal sediments, exploring how these sediments record hydrothermal Ba inputs. The study systematically examines the mechanisms driving Ba cycling within the Southwest Indian Ridge hydrothermal system.




2 Materials and methods



2.1 Study region

The study area is located along the Southwest Indian Ridge (SWIR), an ultra-slow spreading mid-ocean ridge (Figure 1) (Demets et al., 1994; Cannat et al., 2008). The SWIR is characterized by distinctive tectonic features, including a series of large north-south trending transform faults that formed due to lateral spreading during ridge evolution. This study focuses on the Longqi and Tiancheng hydrothermal fields. The Longqi Hydrothermal Field, located at 37°47′S, 49°39′E, at a depth of 2775 m, is the first active high-temperature hydrothermal field (> 300°C) discovered on the SWIR, situated on a mafic rock substrate (Tao et al., 2012). The Tiancheng Hydrothermal Field, situated at 27°51′S, 63°55′E, at a depth of 2750 meters, is the first confirmed area of low-temperature hydrothermal activity on the SWIR, with fluid temperatures around 13.2°C (Tao et al., 2014). This region experiences limited magmatic supply and intense tectonic activity, with fractured basalt as the dominant substrate (Chen et al., 2018). As shown in Figue 1, the sub-surface, intermediate, and deep layers of seawater in the study area are respectively influenced by water masses Subantarctic Mode Water (SAMW), Antarctic Intermediate Water (AAIW), Circumpolar Deep Water (CDW), and Antarctic Bottom Water (AABW) (Rippert et al., 2015; Zhang et al., 2022).

[image: Map of the Indian Ocean showing hydrothermal vent locations marked by orange triangles labeled TX, KR, TC, and LQ. Includes arrows indicating ocean current pathways such as NADW, AABW, CDW, and SAMW-AAIW. Nearby landmasses include Africa, Asia, and Australia.]
Figure 1 | Hydrological map of india ocean the map shows the hydrothermal vent locations (orange triangles),along with the labeled main water masses SAMW (Subbantarctic Mode water) CDW (Circumpolar Deep Water AAIW) Antarctic Intermediate Water) and AABW (Antarctic Bottom Water).




2.2 Sample collection

Water samples were collected during the DY-52 and DY-78 expeditions aboard the R/V Da Yang 1 in April 2019 and R/V Da Yang in 2023, respectively. Three full-depth seawater stations (S1, S2, S3) were collected (Figure 2). Among them, S1 and S3 located directly above the Longqi and Tiancheng hydrothermal vents, respectively, and S2 represents background seawater between the two vent sites. The samples were obtained using Niskin bottles mounted on a stainless-steel rosette equipped with a CTD system (Sea-Bird® 911plus). Immediately after collection, the seawater was filtered through AcroPak capsule filters (0.2 μm, Pall Corporation®) and transferred to acid-clean low-density polyethylene (LDPE) bottles. The samples were then acidified to pH ~ 2 using high-purity nitric acid (Fisher Scientific®, Optima grade) and stored at room temperature in sealed containers. All sampling equipment, including tubes, filters, and bottles, were pre-cleaned following the protocols of Li et al. (2015).

[image: Map showing hydrothermal vents, seawater, and sediment sites along a latitude gradient. Panel (a) details multiple sites marked with symbols: orange triangles for hydrothermal vents, light blue circles for seawater, and dark blue circles for sediments. Panels (b) and (c) zoom into specific hydrothermal sampling areas, marked with white circles and triangles. The map is overlaid with geographic coordinates.]
Figure 2 | Sampling locations for seawater depth profiles hydrothermal samples and sediments Panel (a) presents the station locations for seawater depth profiles and sediments sampling panels (b) and (c) indicate the hydrothermal fluid and plume sampling sites at Tiancheng (TC) and longqi(LQ) .

Near-vent seawater samples (LQ-1, LQ-2, LQ-3, TC-1, TC-2, TC-3, TC-4) were collected using a custom-designed sampler mounted on the Remotely Operated Vehicle (ROV) Sea Dragon III during DY-52. The sampler was composed of a hydraulic piston, an acid-clean polycarbonate bottle, and a Teflon inlet attached to the silicone sampling tube. During DY-78, hydrothermal fluids (LQ-LT) were sampled with a titanium alloy “Pressure-Resistant Fluid Sampler” and the titanium inlet collected the fluid within the vent. Immediately after recovery of the ROV sampler, samples were filtered through polyethersulfone (PES) membranes (0.45 μm, 47 mm, Pall) and filtrate transferred to acid-cleaned LDPE bottles. They were then acidified to pH ~2 with high-purity nitric acid (Fisher Scientific®, Optima grade) and stored at room temperature. Filter membranes were preserved and stored in sealed bags for subsequent analysis.Surface sediment samples (P1–P15) were obtained from the China Ocean Sample Repository, collected during various expeditions (DY-19, 20, 21, 26, 30, 34, 35, 40, 49) using a TV grab sampler. These samples were stored in clean, sealed bags and frozen at -20°C for preservation.




2.3 Sample analysis



2.3.1 Analysis of seawater and hydrothermal fluid dissolved samples

Seawater and hydrothermal fluid samples were diluted 20-fold with 2% HNO3 (Optima grade) and spiked with indium (In) as an internal standard with a final concentration of 10 ppb. Concentrations of dissolved Fe, Mnand Bawere determined using an inductively coupled plasma mass spectrometer (ICP-MS, iCAP–RQ, Thermo Fisher Scientific) in collision cell-mode at the First Institute of Oceanography of China. The precision and accuracy of Ba, Fe, Mn measurements were verified using certified reference seawater CASS-5 (National Research Council®, Canada), and the analytical results are shown in Table 1. Since no Ba data are reported in certified values of the reference seawater, the analytical results reported here are compared with data published previously by (Mori et al., 2019).

Table 1 | Analytical results of certified reference seawater samples (CASS-5) compared to the certified values.


[image: Table comparing measured and certified values of parameters Ba, Fe, and Mn. Ba measured: 51.84 ± 0.69 nM (n=4); certified: 53.75 nM. Fe measured: 1.41 ± 0.01 ppb (n=3); certified: 1.44 ± 0.11 ppb. Mn measured: 2.39 ± 0.02 ppb (n=3); certified: 0.2 ppb. Data includes means ± standard deviation; reference values from Mori et al. (2019).]
Approximately 60 ng of Ba was extracted from each stock solution and spiked with a suitable amount of the 130Ba-135Ba double spike. Following the methods outlined by Lin et al. (2020), the spike-sample mixtures were dried, redissolved in 2.5 mol/L HCl, and purified via column separation using AG 50 W-X8 cation-exchange resin. Procedural blanks were measured for each batch, with Ba concentrations < 0.6 ng, which was <0.1% of the total Ba in the samples. The purified samples were then dried and redissolved in 3% HNO3 (with Ba concentrations ~ 60 ppb), and Ba isotope ratios were analyzed using a Thermo Neptune XT MC-ICP-MS at the Key Laboratory of Surficial Geochemistry, Nanjing University.

Ba isotope compositions in this study are expressed as ‰ deviations (δ138Ba) relative to the international Ba standard NIST SRM 3104a (Equation 1):

[image: Expression for delta 138 barium per mil, defined as the ratio of 138 barium to 134 barium in a sample versus a standard, subtracting one and multiplying by 1000.] 

The standard solution NIST SRM3104a and a seawater standard IAPSO were analyzed after every five samples. The Ba isotope compositions (δ138Ba) of the NIST 3104a standard and IAPSO standard seawater were 0.00 ± 0.05‰ (2SD, n=11) and -0.04 ± 0.05‰, respectively. The δ138Ba value for IAPSO in this study is consistent with the 0.05 ± 0.04‰ reported in a previous study (Pretet, 2013). We determined the error of the Ba isotope compositions (δ138Ba) for all samples to be 0.05‰, based on the measurements of the standard SRM3104a for δ138Ba (n=11).




2.3.2 Analysis of sediments

The sediment samples were freeze-dried for 48 hours and then ground into a fine powder (200-mesh). For bulk concentration analysis, approximately 50 mg of sediments (weighed to a precision of 0.1 mg) were digested in a concentrated acid mixture (HNO3/HF, 1:1). The major elements were analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP 6300, Thermo Fisher Scientific®) with RSD < 5%, and trace elements and rare earth elements (REEs) were analyzed using ICP-MS. Sediment reference standards GBW07309 (China Reference Material) were analyzed to evaluate the reproducibility of this method (n=3). The measured values agreed well with certified values for all targeted elements (96 ± 0.6% – 105 ± 1%) and detailed information can be found in the supplementary material (Supplementary Table S1).

Approximately 100 ng of Ba was extracted from each stock digest solution for Ba isotope analysis, following the same procedure as for seawater and hydrothermal samples (Section 2.3.1). The standard solution NIST SRM3104a and a coral standard SH-1 were analyzed after every five samples. The Ba isotope compositions (δ138Ba) of the coral standard SH-1 was 0.29 ± 0.04‰ (2SD, n=8), which was consistent with the published value of 0.31 ± 0.04‰ (Lin et al., 2022).




2.3.3 Analysis of filter membrane

The hydrothermal filter membrane was analyzed using scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX; FEI Quanta 200, Netherlands). A piece of the filter membrane (~ 0.5 cm × 0.5 cm) was attached to conductive adhesive using tweezers. The sample was then coated with gold for 25 seconds under vacuum conditions, after which it was placed under the scanning electron microscope for observation, with the aim of identifying as many different types of mineral particles as possible.






3 Result and discussion



3.1 Dissolved Ba concentrations and its isotope compositions of seawater



3.1.1 Characteristics of barium concentrations and isotopic distributions in this study

Vertical distribution of dissolved Ba concentrations ([Ba]diss) at stations S1, S2 and S3 are shown in Figure 3 and Table 2. The dissolved Ba concentrations range from approximately 37 to 107 nM, with a typical increasing pattern from surface to bottom. The concentration varied slightly within the surface 1000 m (37 – 50 nM), and increased sharply to over 80 nM at 2000 m. S3, the station located above the Tiancheng hydrothermal vent, had a higher [Ba]diss (~ 90 nM) compared to the ones further south (S1 and S2). Barium is considered a bio-intermediate element, with its dissolved concentrations ([Ba]diss) in the water column typically following a nutrient-like depth profile. In surface waters, [Ba]diss is reduced due to its removal via association with marine particles. However, [Ba]diss becomes enriched in deep water, primarily as a result of the decomposition and remineralization of settling particles (Lea and Boyle, 1991; Hsieh and Henderson, 2017; Carter et al., 2020; Yu et al., 2022).

[image: Two graphs showing the relationship between depth and barium concentration in ocean water. The left graph plots barium concentration in nanomolar against depth, with three lines representing different samples (S1, S2, S3) using blue circles, red triangles, and green diamonds. The right graph depicts barium isotope ratios with the same sample indicators. Error bars are included for each data point.]
Figure 3 | Depth profiles of seawater showings (a) dissolved Ba concentrations and (b).

Table 2 | The concentrations of Ba and Ba isotope compositions in seawater samples.


[image: Table showing data for three stations (S1, S2, S3) with columns for depth in meters, barium concentration in nanomoles, and delta barium-138 values. Depth and corresponding values vary across stations. Data for S3 at 50 meters lacks delta values.]
In contrast, δ138Ba values decrease from 0.65‰ near the surface to about 0.20‰ at greater depths (Figure 3). This inverse relationship between Ba concentration and isotope composition mirrors the vertical distributions that have also been observed in the Atlantic and Pacific Oceans (Figure 4) (Horner et al., 2015; Hsieh and Henderson, 2017). The observed profiles are attributed to isotopic fractionation that occurs during pelagic barite precipitation while its dissolution process shows negligible isotopic fractionation. Different from [Ba]diss in which all three water profiles shown similar trends and values with depth, the vertical profiles of δ138Ba for stations S2 and S3 are quite similar, and δ138Ba for stations S1 and S2 are also exactly similar (S1: 0.68‰;S2: 0.67‰) while the ones for S1 are heavier by ~ 0.1―0.2 ‰ within the top 2000 m. At 2500 m, the δ138Ba at S1 (0.18 ± 0.05‰) is marginally lower than at S2 (0.31± 0.05‰) and S3 (0.27 ± 0.05‰), though the difference is within analytical uncertainty (Figure 3). The relationship between dissolved Ba concentrations and Ba isotope compositions (δ138Ba) is displayed in Supplementary Figure S1, revealing a statistically significant negative correlation (p < 0.01). In addition, the temperature and salinity of the seawater samples are plotted in the T-S diagram (Figure 5). With the exception of a few surface seawater samples, all data points form distinct curves or clusters, and no extreme temperature or salinity characteristics are observed. These results indicate that the analyzed seawater samples do not exhibit significant influence from hydrothermal input.

[image: Graph showing the relationship between salinity (PSU) and temperature (°C). Data points from S1, S2, and S3 are marked with blue circles, red triangles, and green diamonds, respectively. Labelled water masses include AABW, CDW, AAIW, and SAMW. Salinity ranges from 34 to 36 PSU, and temperature ranges from 0 to 25°C.]
Figure 4 | Temperature-Salinity(T-S) diagram of seawater.

[image: Two line graphs show variations of barium concentration and isotope composition with depth. Graph (a) on the left depicts barium levels (nM) from 0 to 6000 meters depth. Graph (b) on the right displays the isotope composition δ¹³⁸Ba (‰) over the same depth range. Different colored lines represent data from various studies and locations.]
Figure 5 | Depth profiles of (a) dissolved Ba concentrations and (b) Ba isotope compositions Data for the North pacific south Pacific and souththern Ocean are from Yu et al (2022) while data for the North atlantic and South atlantic are from Hsieh and Henderson (2017).




3.1.2 Comparison with global barium cycling trends

The comparison of the vertical profile of station S2 with the ones in other ocean basins is shown in Figure 4. Except for the vertical distribution in the Southern Ocean, [Ba]diss in S2 in this study always lie between those from the Pacific Ocean and Atlantic Ocean, both in surface waters and deep waters. In surface waters, the [Ba]diss are relatively higher (~ 45 nM) in the Atlantic Ocean and lower (~ 30 nM) in the Pacific Ocean, while the opposite is true in deep waters. The [Ba]diss in deep waters are relatively higher (~130 nM) in the Pacific Ocean and lower in the Atlantic Ocean (~ 70 nM), with the ones found in this study similar to the deep water in the Southern Ocean (~ 90 nM).

While the study by Jacquet et al. (2005) on barium in the Crozet–Kerguelen Basin demonstrated that barite precipitation can induce surface water alterations in the Southern Ocean, recent investigations of dissolved Ba concentrations in water column profiles from the high-latitude Southern Ocean (Weddell Sea) have revealed that the Southern Ocean exhibits relatively high [Ba]diss in surface waters, with minimal variation between surface and deep waters (Yu et al., 2022). This limited variation is attributed, in part, to the region’s classification as a high nutrient, low chlorophyll (HNLC) zone, where restricted barite formation leads to minor changes in surface water [Ba]diss (Fu and Wang, 2022; Yu et al., 2022). Additionally, the strong upwelling of Circumpolar Deep Water (CDW) from below further reduces the extent of [Ba]diss variation throughout the water column (Hsieh and Henderson, 2017; Yu et al., 2022).

Overall, deep-water [Ba]diss follows the sequence: North Pacific > South Pacific > Southern Ocean > Southwest Indian Ocean > South Atlantic > North Atlantic. This trend correlates positively with the age of the water masses, i.e., the older the water mass, the higher the [Ba]diss, which again is the accumulation result of the dissolution of barite in deep water.

The comparison of the δ138Ba values of the vertical profile of station S2 with the ones in other ocean basins is shown in Figure 4. Similar to the distribution of [Ba]diss, the δ138Ba found in S2 in this study is between those in the Pacific and Atlantic Oceans in deep waters. The δ138Ba values in deep waters are relatively higher (~ 0.45‰) in Atlantic Oceans and lower in Pacific Oceans (~ 0.25‰), and the ones found in this study is ~ 0.30‰. Likewise, The Southern Ocean exhibits relatively light Ba isotope compositions in deep water, with minimal variation between surface and deep waters. The δ138Ba values show an inverse relationship to water mass age, indicating that lighter Ba isotopes are released into seawater during barite particle dissolution.





3.2 Geochemical processes near hydrothermal vents



3.2.1 Dissolved Mg, Fe and Mn distributions

Deep-sea hydrothermal vent fluids are in a reduced state and highly enriched in dissolved trace metals such as Fe, Mn, Cu, and Zn, with concentrations several orders of magnitude higher than those in surrounding seawater (Rouxel et al., 2008; Findlay et al., 2019; Gartman et al., 2019). When these high-temperature, reducing hydrothermal fluids mix with cooler, oxygenated seawater, most trace metals precipitate as sulfides or oxides near the vent (Rouxel et al., 2016; Yuan et al., 2018). Recently, GEOTRACES studies have shown that a portion of these metals (Fe, Zn, Cu) released from the hydrothermal vents can be stabilized as organic complexes or nanoparticles, remaining in the dissolved phase, and transported over thousands of miles (Bennett et al., 2009; Hawkes et al., 2013; Li et al., 2014; Fitzsimmons et al., 2017; Lough et al., 2019).

Dissolved Mg, Fe, Mn, Ba concentrations and Ba isotope compositions in samples collected in and near the hydrothermal vents in this study are reported in Table 3. Dissolved Mg concentrations are commonly used to indicate the extent of seawater mixing with hydrothermal fluids. During hydrothermal fluid-rock interactions, Mg is typically removed as magnesium silicates, so that Mg concentration in hydrothermal fluids that is not mixed with seawater (termed unmixed hydrothermal fluids hereafter) should approach zero theoretically (Alt, 1995; Mottl et al., 1978). This inference is supported by Ji et al. (2017) who reported that Mg concentration in unmixed hydrothermal fluids from the Longqi hydrothermal field is 1.41 mM. Conversely, the background seawater adjacent to Longqi hydrothermal vent has a concentration of Mg of 52.5 mM (Gallant and Von Damm, 2006), significantly higher than that in unmixed hydrothermal fluids.

Table 3 | The concentrations of Fe, Mn, Mg, Ba, Ba isotope compositions and distance from vents in hydrothermal samples.


[image: A table displaying data on various sample IDs with columns for Sample Type, Distance (km), concentrations of Fe, Mn, and Mg (in nM or µM), [Ba]diss (nM), and δ¹³⁸Ba (%). Values and references for the background seawater are noted. Footnotes provide additional details and references.]
In this study, the Mg concentrations were found to range from 40.9 to 54.2 mM. One sample, referred to as “hydrothermal fluid” (LQ-LT), collected within the vent during the DY-78 expedition, had a Mg concentration of 40.9 mM, suggesting that mixing with background seawater had already occurred within the vent. In addition, the plume samples (LQ-1, LQ-2, LQ-3, TC-1, TC-2, TC-3, TC-4), collected near hydrothermal vents, exhibited Mg concentrations between 51.8 and 54.2 mM, indicating that these samples were highly mixed with seawater.

Despite the high degrees of mixing with background seawater, dissolved Fe and Mn concentrations in these samples were significantly higher than those reported in background seawater (Fang and Wang, 2021), indicating a notable contribution from hydrothermal sources. The relationship between Fe and Mn concentrations and their distance from hydrothermal vents is shown in Figure 6. The results reveal that among the hydrothermal samples from the Longqi vent, the fluid sample LQ-LT collected from the vent interior exhibits the highest dissolved Fe and Mn concentrations, with concentrations rapidly declining in the remaining plume samples. All hydrothermal samples from the Tiancheng vent belong to plume samples, showing significantly lower Fe and Mn concentrations compared to the fluid sample (LQ-LT). Furthermore, Fe and Mn data from both vents indicate that only two samples (LQ-LT and TC-3) collected in close proximity to the hydrothermal vents display higher Fe concentrations than Mn concentrations. In all other plume samples, Mn concentrations decline at a slower rate relative to Fe. Previous studies have reported that during the mixing of hydrothermal fluids and seawater, dissolved Mn tends to be more stabilized in dissolved phase compared to Fe, the latter of which is removed as particles quite quickly during this process (Resing et al., 2015; Fitzsimmons et al., 2017). The distribution characteristics of these metals provide critical fluid mixing context for understanding barium isotope fractionation in hydrothermal systems.

[image: Four scatter plots compare geochemical measurements from Longqi (red circles) and Tiancheng (blue diamonds) locations. Plot A shows iron (Fe) concentration versus distance, plot B shows manganese (Mn) concentration, plot C shows barium (Ba) concentration, and plot D shows δ¹³⁸Ba. Data points are color-coded and labeled, with a legend indicating location. Y-axes use a logarithmic scale in plots A, B, and C, while plot D includes a background value line.]
Figure 6 | Fe, Mn, Ba concentrations and δ138Ba with distance from the Tiancheng (TC) and Longqi (LQ) hydrothermal vents.




3.2.2 The dissolved Ba distributions and Ba isotope composition

The hydrothermal samples exhibited dissolved barium concentrations ([Ba]diss) ranging from 93 to 869 nM (Figure 6). Notably, two samples showed exceptionally high values: the hydrothermal fluid LQ-LT (869 nM) and the plume sample TC-3 (738 nM). Excluding these, the remaining of plume samples displayed a narrower concentration range (93-198 nM). Given the limited reported [Ba]diss data for the Indian Ocean, we calculated a background seawater value (~89 nM) by averaging measurements from station S2 (located away from hydrothermal vents) at depths≥2000 m. All hydrothermal samples exceeded this background value, demonstrating a clear influence of hydrothermal input on Ba enrichment.

The δ138Ba in hydrothermal samples ranged from -0.10 to 0.27‰ and it exhibits a positive correlation with the distance from the hydrothermal vent (Figure 6). The two samples with the nearest distance and highest [Ba]diss, LQ-LT and TC-3, had lightest isotope composition -0.01‰ and -0.10‰, respectively, significantly lower than δ138Ba values found in background seawater (0.29 ‰) in this study. The station with the third highest Ba concentration, TC-4, also had a light Ba isotope composition, being 0.05‰. The Ba isotopic compositions (δ138Ba) of samples from the Tiancheng (TC) hydrothermal vent exhibit relatively lower values compared to those from the Longqi (LQ) vent, albeit within analytical uncertainty. Furthermore, the δ138Ba values of TC samples display a slower rate of change with increasing distance from the vent, whereas LQ samples show a rapid increase in δ138Ba values as distance from the vent increases. This contrast likely reflects differences in Ba isotope behavior under distinct geological settings. The Longqi Hydrothermal Field is an active high-temperature system (>300°C) hosted in mafic rocks (Tao et al., 2012). In contrast, the Tiancheng Hydrothermal Field is characterized by low-temperature hydrothermal activity (fluid temperatures ≈13.2°C; Tao et al., 2014), limited magmatic supply, and intense tectonic activity, with fractured basalt dominating the substrate (Chen et al., 2018). These geological disparities—specifically, variations in thermal regimes, host rock composition, and tectonic stress—may govern the observed differences in Ba isotope fractionation and transport dynamics between the two vent fields. Overall, the hydrothermal samples closer to the vents with high [Ba]diss (LQ-LT, TC-3, TC-4) have a mean δ138Ba value of -0.02‰(SD=0.07‰), significantly lower than that of background seawater (0.29‰, SD=0.04‰), which suggests that the hydrothermal vent introduce lighter Ba into surrounding seawater. The Ba isotope compositions of hydrothermal fluids from the Longqi vent field (δ138Ba = −0.01‰) and plume samples near the Tiancheng vent field (δ138Ba = −0.10‰ to +0.05‰) on the Southwest Indian Ridge (SWIR) align closely with the range of initial endmember vent fluids (−0.17‰ to +0.09‰) reported by Hsieh et al. (2021) for mid-ocean ridge (MOR) systems. This consistency suggests that the Ba isotopic signatures of the SWIR fluids are primarily controlled by water-rock interactions with oceanic crustal lithologies, similar to other MOR hydrothermal systems. The Longqi fluid value (−0.01‰) approaches the range of mid-ocean ridge basalts (MORBs: +0.02‰ to +0.15‰; Nielsen et al., 2018) and falls within the range of pelagic sediments (−0.21‰ to +0.11‰; Bridgestock et al., 2018), supporting Hsieh et al.’s conclusion that Ba isotopes are not significantly fractionated during high-temperature fluid-rock reactions. Notably, the SWIR data lack the extremely heavy δ138Ba values (up to +0.91‰) observed in sediment-influenced systems like the Main Endeavour Field (MEF) (Hsieh et al., 2021). This absence reinforces Hsieh et al.’s finding that sediment interaction can elevate fluid Ba isotope ratios, a process unlikely in the ultramafic- or basalt-hosted SWIR vents. Instead, the SWIR results align more closely with basalt-dominated systems (e.g., East Pacific Rise), further emphasizing the role of host rock composition in shaping initial fluid signatures. These comparisons highlight the utility of Ba isotopes in tracing hydrothermal contributions to oceanic Ba cycling, while underscoring the need to account for local geological and physicochemical conditions when interpreting isotopic variability.




3.2.3 Ba isotopic fractionation during hydrothermal fluids-seawater mixing

Previous studies on Ba isotopes in hydrothermal systems remain limited (Hsieh et al., 2021; Zhang et al., 2024). Hsieh et al. (2021) examined Ba isotopes in hydrothermal fluids and particulates from multiple vents. After correcting for particulate data, they reported Ba isotope compositions in endmember hydrothermal fluids ranging from -0.17‰ to 0.09‰, which are lighter than background seawater. They calculated an isotope fractionation factor (Δ¹³8/¹³4Ba Dregs-fluid) of -0.35‰ during the mixing of hydrothermal fluids with seawater, suggesting preferential removal of lighter Ba isotopes. Modeling with this fractionation value, they further inferred that the Ba isotope composition would increase to +1.7 ± 0.7‰ when barite becomes undersaturated, indicating a potential contribution of heavier Ba isotopes from hydrothermal systems to the ocean. In contrast, Zhang et al. (2024) performed direct measurements on non-buoyant plume samples from the Rainbow hydrothermal field and found the δ138Ba values of hydrothermally affected deep seawater exhibit a lighter isotopic signature (~ 0.3‰) compared to those found at similar depths at distant locations in the Atlantic Ocean (~ 0.45‰). Interestingly, they found that dissolved Ba undergoes conservative mixing between Rainbow hydrothermal endmember fluids and the non-buoyant plume, as evidenced by a significant linear correlation between dBa and ³He. However, the Rainbow is an ultramafic system, distinct from most mafic-hosted vents. The linear regression used for Rainbow is based on a single sample and whether the conservative Ba behavior observed in the Rainbow field also occurs in other hydrothermal systems is unknown. To better constrain the global hydrothermal Ba inputs, more observations in hydrothermal plumes are required.

In this study, we also found the hydrothermal fluid and plume samples with high concentration of Ba exhibited lighter Ba isotope compositions, ranged from -0.10‰ to 0.05 ‰, which is consistent with the result reported in the previous study (Zhang et al., 2024). The relationship between dissolved Ba concentrations and Ba isotope compositions (δ138Ba) is displayed in Supplementary Figure S2. One station in our samples (TC-4) exhibited a dissolved Ba concentration of 198 nM, closely matching the effective input Ba concentration of 200 nM calculated in Hsieh et al. (2021). However, the Ba isotope composition at TC-4 was 0.05‰, substantially lighter than the model-based value (+1.7 ± 0.7‰) reported by Hsieh et al. (2021). This significant discrepancy between the observed isotopic composition and the model-predicted endmember values raises a critical question: what mechanisms drive the marked deviation, particularly given the opposing trends?

It is critical to consider that Ba may be sequestered from hydrothermal fluids via coprecipitation with iron-manganese oxides and sulfide minerals, as well as adsorption onto authigenic particulates, processes that can significantly influence its isotopic fractionation (Rouxel et al., 2016; Yuan et al., 2018). Previous studies indicate that in high-temperature hydrothermal environments, anhydrite has a higher saturation index than barite, which suggests that anhydrite may precipitate firstly, thereby limiting barite precipitation (Jamieson et al., 2016). Zhang et al. (2024) also highlighted the complexity of barite precipitation and Ba removal in hydrothermal systems. Therefore, assuming the Ba removal is solely due to barite formation, as proposed by Hsieh et al. (2021), may not be correct. As reported by previous studies, trace elements are often precipitated with particles released from hydrothermal vents (Rouxel et al., 2016; Yuan et al., 2018). Analysis of filter membranes from Longqi and Tiancheng hydrothermal vents samples using Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy (SEM-EDX; FEI Quanta 200) revealed that, various mineral species exist in addition to barite, such as Fe oxides, FeS, FeS2, Fe(1-x) Sx, CeO2, ZnS, and SiO2, etc. (Figures 7A; 7B). Therefore, barium may co-precipitate with iron-manganese oxides and metal sulfide particles in addition to forming barite; these various processes could result in different isotopic fractionation. Further studies should be conducted to investigate the Ba isotopic fractionation associated with different removal processes.

[image: Electron microscope images showing various mineral particles labeled: A) FeS, CeO₂, biogenic particles, Fe oxides, FeS₂, ZnS, CuFeS₂, BaSO₄. B) Fe₍₁₋ₓ₎Sₓ, ZnS, SiO₂, BaSO₄, CuFeS₂. Each panel displays detailed textures of these particles against a dark background.]
Figure 7 | (A) SEM images of filter near the hydrothermal vent of Longqi. (B) SEM images of filter near the hydrothermal vent of Tiancheng.





3.3 Sediments near hydrothermal field



3.3.1 Geochemical characteristics

As discussed in the previous section, some elements (e.g. Fe, Mn, Cu, Zn) enriched in hydrothermal fluids typically precipitate with particles, and eventually settle to the seafloor near the vents (Liao et al., 2018). Even after alteration during early diagenesis processes, the hydrothermal elements that are enriched in sediments in general remain stable (Feely et al., 1987; Li et al., 2015; Agarwal et al., 2020). These sediments preserve geochemical information related to hydrothermal activities, offering valuable insights into complex hydrothermal systems (Dias and Barriga, 2006; Liao et al., 2018).

The measured major and minor element contents in selected sediment samples are reported in Table 4A. Visual observation on the selected surface sediment samples revealed that samples P1 to P9 are light gray, while P10 to P15 are reddish-brown, likely due to higher metal content from hydrothermal influence. The analytical results show that sediments P10–P15 have Fe contents ranging from 8.8% to 32.3%, with an average of 20.8%, significantly higher than those in sediments P1–P9 (0.4% – 3.2%, with an average of 1.21%). The Cu and Zn contents in sediments P10–P15 range from 182 μg/g to 130 mg/g (averaged to be 47 mg/g) and 74 μg/g to 33 mg/g (averaged to be 8.8 mg/g), respectively. These values are substantially higher than those in sediments P1–P9, where Cu and Zn contents range from 19 to 100 μg/g (averaged to be 52.8 μg/g) and 15 to 66 μg/g (averaged to be 40.6 μg/g), respectively.

Table 4a | Major and trace element concentrations of surface sediments.


[image: Table displaying sample data with columns for Sample ID, Distance (km), Fe (%), Mn (mg/g), Cu (µg/g), Zn (µg/g), Al (µg/g), Ti (µg/g), Ca (mg/g), REY (µg/g), and (Eu/Eu*)N. Each row represents a different sample with varying values for these elements and distances.]
Table 4b | The Ba concentrations and Ba isotope compositions in surface sediments.


[image: A table listing sediment samples by ID, type, barium concentrations (micrograms per gram), and isotopic ratio delta 138 Ba. Samples P1 to P9 are background sediments with barium concentrations ranging from 191 to 1109 and delta values of 0.12, 0.01, and 0.14 for specific samples. Samples P10 to P15 are hydrothermal-impacted, with barium concentrations from 110 to 869 and delta values of -0.06, -0.14, and -0.16 for specific samples.]
The principal component analysis of the geochemistry data set was performed using IBM SPSS Statistics 25.0 software to further constrain the factors influencing the geochemistry data for the surface sediments in the study area (Supplementary Table S2). Three major factors with eigen values greater than 1 that together explain approximately 80% of the variance of the data set were extracted. And the PCA scores and loading Plot of surface sediment geochemistry is showed in Supplementary Figure S3. The dominant factor (Factor 1 (F1)) explains approximately 42% of the total variance and is loaded primarily with lithogenic elements, e.g., Fe, Cu, Pb, S, V, Zn, which frequently reflect the hydrothermal component. Factor 2 (F2), explaining a significant portion of the remaining variance, was predominantly associated with elevated Al and Ti concentrations, which are commonly used as lithogenic tracers. Factor 3 (F3) highlighted Ba enrichment, likely linked to marine authigenic processes, such as biogenic barite precipitation or scavenging by sinking organic matter. This tripartite structure underscores the interplay of hydrothermal activity, terrestrial sediment supply, and pelagic marine influences in shaping the geochemical signatures of the studied sediments.

The elemental ratios serve as a robust proxy for assessing hydrothermal input intensity (Qiu et al., 2023). To evaluate hydrothermal influence on sediments along the Southwest Indian Ridge, two geochemical indices were employed: (1) the metal enrichment index Al/(Al + Fe + Mn) and (2) the Fe/Ti ratio. These indices effectively differentiate hydrothermal contributions from detrital components in marine sediments.

The Al/(Al + Fe + Mn) index distinguishes metal-rich hydrothermal sediments from background sediments. Previous studies (e.g., Fisher et al., 1969; Dias and Barriga, 2006) established that background deep-sea sediments, devoid of hydrothermal input, typically exhibit values >40% due to higher detrital aluminosilicate content. In contrast, hydrothermal sediments near vent systems are characterized by lower values, reflecting Fe-Mn oxide dominance. Concurrently, the Fe/Ti ratio quantifies hydrothermal metal enrichment relative to detrital inputs, with ratios >20 indicating significant hydrothermal influence (Zhou et al., 2020). By cross-plotting these indices (Figure 8A), hydrothermal and detrital sediment sources can be systematically discriminated (Liao et al., 2018).

[image: Graph A shows a scatter plot with Fe/Ti ratios on a logarithmic scale versus the Al/(Al+Fe+Mn) ratio. Color-coded points labeled P2 to P15 indicate varying δ¹³⁸Ba values. Graph B displays line plots comparing Sample/Chondrite ratios for elements like La, Ce, and Nd, with 15 color-coded samples, labeled P1 to P15, showing different patterns across elements.]
Figure 8 | (A) Al/(Al+Fe+Mn) vs. Fe/Ti diagram (δ138Ba as as X-axis color bar) of sediments. The black dots represents samples not analyzed for barium isotopes. (B) Chondrite-normalized REE distributions of the study area sediments. The chondrite data are from Boynton (1984).

Application of this dual-index approach to 15 surface sediment samples revealed distinct geochemical signatures. Six samples (P2, P10–P13, P15) exhibited Fe/Ti >20 coupled with Al/(Al + Fe + Mn) <40%, unambiguously identifying them as hydrothermal-impacted sediments (Figure 8A). These results align with established thresholds and underscore the utility of combining elemental ratios to disentangle complex sedimentary provenance.

Another way to identify the significance of hydrothermal activity on surface sediments is by looking into the rare earth element (REE) composition in sediments. The hydrothermal fluids from mid-ocean ridges are characterized by Light REE (LREE) enrichment and positive Eu anomalies (Douville et al., 1999; Allen and Seyfried, 2005; Cao et al., 2012). Consequently, sediments affected by hydrothermal activity often exhibit similar characteristics (Gillis and Thompson, 1993; Liao et al., 2018; Zhou et al., 2020). The Chondrite-normalized REE patterns of the sediment samples are shown in Figure 8B. In general, all sediment samples showed a trend of LREE enrichment. Whilst, several samples (from P10 to P15), to different extents, showed apparent positive Eu anomaly ((Eu/Eu*)N = 0.90–3.39) compared to the value (0.71) reported by Liao et al. (2018) for the background sediments.

It is specifically noted that although the metal ratios of P14 exceed the predicted range, they fall near the threshold boundaries. Additionally, P14 exhibits elevated Fe, Cu, and Zn concentrations compared to samples P1–P9, while its Ca content is significantly lower. Visually, the sample displays a reddish-brown coloration—a characteristic indicative of hydrothermal activity. Based on this integrated evidence, we have classified P14 as hydrothermal-impacted sediment. The sediment types are explicitly detailed in Table 4B. Overall, by taking into consideration of the results, we considered that, among the 15 surface sediment samples, P10 to P15 can be identified as hydrothermal-impacted sediments, and that P1 to P9 represent background sediments.




3.3.2 Ba contents and Ba isotope compositions

Following sediment classification, we measured the Ba contents across all samples and selected eight representative samples for Ba isotope analysis. This subset included three background sediments (P3, P5, P7) and five hydrothermal sediments (P11 to P15). The Ba contents and its isotopic compositions in sediment samples are reported in Table 4B. The Ba content ranged from 110–1109 µg/g, and there is no apparent elevation in Ba content in hydrothermal influenced samples. Paytan and Griffith (2007) reported that the content of Ba in marine sediments can be significantly affected by dilution effects due to the accumulation of other sedimentary components.

To the contrary, the δ138Ba values in background samples (P3,P5,P7) ranged from 0.01‰ to 0.14‰, similar to the deep-sea sediments reported in previous study (0 – 0.10‰) (Bridgestock et al., 2018). In hydrothermal-impacted sediments (P11 to P15), δ138Ba values ranged from -0.16‰ – 0.01‰. The average δ138Ba of hydrothermal sediments (-0.08‰, SD=0.07‰, n=5) is notably lower than that of the background sediments (0.09‰, SD=0.07‰, n=3). The relationship of Ba contents and δ138Ba is shown in Supplementary Figure S4. The results show that the data points do not follow a distinct fractionation trend (i.e., lighter Ba isotopes correlating with higher Ba concentrations). Instead, samples with lighter Ba isotopes exhibit both high and low Ba concentrations. We therefore propose that the Ba concentrations in hydrothermal-impacted sediments are influenced by dilution effects from co-occurring hydrothermal metal elements.

As we discussed in section 3.2.3, during the mixing process between hydrothermal fluid and seawater, lighter Ba isotopes are preferentially removed, resulting the settling particles compose lighter Ba isotope. This is consistent with our observation in the hydrothermally influenced sediment samples in this study. As conclusion, while the Ba content of hydrothermal sediments cannot be distinguished from the background sediments, the Ba isotope retains lighter isotopic signature, potentially can serve as an indicator of hydrothermal influence on sediment of the study region.






4 Conclusion

Although the overall Ba cycle in the ocean is relatively well understood, studies focusing on specific processes, such as hydrothermal activities, remain limited. This study presents the first Ba isotope study in hydrothermal fluid, seawater, and sediment near Southwest Indian Ocean hydrothermal vent field.

The vertical profiles of dissolved Ba and its isotope compositions is similar with previous results of other oceans. The [Ba]diss in several water samples collected using ROV near hydrothermal vents are significantly higher than background seawater, while the Ba isotope compositions in those samples(-0.10 – 0.05‰) are distinctly lower than those of background seawater(~ 0.29‰), suggesting that the hydrothermal fluids in the study region bearing lighter Ba isotopes.

Analysis of filter membranes from Longqi and Tiancheng hydrothermal vents samples using Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy revealed that, various mineral species exist, not only barite, but also Fe oxides, FeS, FeS2, Fe(1-x) Sx, CeO2, ZnS, and SiO2, etc. Therefore, barium may co-precipitate with iron-manganese oxides and metal sulfide particles in addition to forming barite, which processes could result in different isotopic fractionation.

Analysis of hydrothermally influenced sediment showed that the Ba isotope compositions are significantly lighter (-0.16‰ – 0.01‰) compared to those in background sediments (0.01 – 0.14‰), which is consistent with lighter isotope composition found in hydrothermal fluid and also align with the calculation result of the Rayleigh fractionation model, suggesting lighter isotopes are preferable removed during the mixing process between hydrothermal fluid and seawater. Therefore, the Ba isotope may serve as a valuable indicator of hydrothermal influence in future studies on sediment.
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“total projected area flux obtained using gel image analysis in mm* m d"! (see material methods section).

Pprojected area occupied by diazotrophs in mm? m> d™.

“proportion of diazotroph area flux from the total area flux in percentage (%).
dtotal POC flux measured using the biogeochemical tubes in mg C m? d.
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fproportion of diazotroph POC flux from the total POC flux in percentage (%).





OPS/images/fmars.2023.1290625/table5.jpg
Measur.? Measur.4 im. Measur.?

170 0.03 0.08 - 0.09 03 05 = 03
270 0.01 0.1 0.01 0.07 03 12 - 0.7
1000 0.01 0.04 0.01 0.03 1 04 0.9 0.4
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Pmeasured = total POC flux in the biogeochemical tube (mg C m™ d')/Net PP flux (mg C m™* d”, integration euphotic zone).

“estimated = total POC fluxes reconstructed of each particle category (mg C m> d') at the deepest depth/total reconstructed POC fluxes (mg C m™ d™') at the shallowest depth.
“Ymeasured= total POC flux in the biogeochemical tube (mg C m d"') measured at the deepest depth/total POC flux measured (mg Cm™ d"") at the shallowest depth. At 170 m=Teff between 170
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Prochlorococcus Synechococc

1.8% L1 (day 2) 37 (day 8)
3.6% 0.7 (day 2) 43 (day 2)
5.5% 1.4 (day 2) 4.6 (day 2)
7.3% 1.6 (day 2) 2.1 (day 1)
9.1% 1.5 (day 2) 7.5 (day 2)
10.9% 0.9 (day 2) 3.4 (day 2)
14.5% 2.0 (day 2) 43 (day 3)

The sampling time at which these maximum relative changes were observed is indicated in
parentheses. The abundance of cyanobacteria (Prochlorococcus and Synechococcus) was
measured by flow cytometry.
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Treatment
TA-like GSH-like Tryptophan-like Tyrosine-like Humic-like
1.8% 3.7 (day 0.5) 0.68 (day 9) 1.3 (day 9) 1.3 (day 9) 1.1 (day 9)
3.6% ‘ 3.8 (day 0.5) | 1.7 (day 4) 0.8 (day 2) 1.2 (day 6) 1.2 (day 9)
5.5% 2.9 (day 0.5) 1.9 (day 4) 1.6 (day 9) 1 (day 6) 1.4 (day 9)
7.3% | 2.5 (day 0.5) 1.2 (day 4) 2.3 (day 9) 1.2 (day 9) 1.4 (day 9)
9.1% 2.5 (day 0.5) | 1 (day 9) 1.7 (day 9) 1.2 (day 4) 1 (day 9)
10.9% 2.6 (day 0.5) 1.3 (day 9) 33 (day 9) 1.2 (day 4) 1.2 (day 9)
14.5% 9.2 (day 0.5) L1 (day 9) 15 (day 6) 09 (day 9) 1.2 (day 9)

The sampling time at which these maximum relative changes were observed is indicated in parentheses. TA refers to thioacetamide-like thiol compounds while GSH refers to glutathione-like
thiol compounds. FDOM is composed of two protein-like (tryptophan- and tyrosine-like) and one humic-like fluorophores. Concentrations of the three fluorophores refer to their fluorescence
intensities in QSU.
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ST WSPCW AAIW PDW LCDW
Depth range (m) [100-300 [300-500] [500-1300] [1300-3000] > 3000
Mean Leens (nmol eq-Fe L) 048 037 033 042 0.55
SD (nmol eq-Fe L) 024 022 0.16 0.19 031

n 60 18 41 34 9

See text for abbreviations of water masses.
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Eh &Li+

date Depth (mbsl) T (°C) Salinity (PSU)

TSr (pmol/| +2sE  TLi (umol/L) CHj4 (nmol/L) DIC (umol/|

(mV) (%o)
vi o5/
crpor w 15 2488 35.20 38 | 785 1099 nd nd nd. nd 33 2033
‘Towor 2019
VI-TOWOI 16 2087 35.20 38 785 1008 0709178 | 0.000004 1249 nd. 05 1929
:';‘;‘:; 1 28 2187 3521 350 786 s 0709205 0000004 1264 101 56 2119
Yongtace 35 2169 3.2 33 786 132 0709205 0.000004 1234 330 nd. 247
175741W
5 251 35.23 367 | 786 1213 0709179 | 0.000003 1072 203 26 2051
54 2045 3524 2 786 1099 0709170 | 0.000004 1286 323 17 nd.
& 225 35.26 2 786 122 0709172 | 0.000004 198 360 236 2003
7 2393 3529 5 | 787 992 n nd 1318 nd. nd 2026
7 3.9 35.29 s 787 1260 0709193 | 0.000004 2035 276 120 nd.
106 2302 3537 | 788 1204 0709175 | 0.000004 1468 nd. 1041 2048
125 276 3542 465 | 789 158 0709168 | 0.000004 1421 202 62 2073
150 2250 3550 513 789 1094 0709165 0.000004 122 310 107 296
051
Towes 1 3 2487 3521 33 78 995 0709166 | 0.000004 957 308 57 2048
Volcano 1
2019
VI -TOW0S 5 252 3.3 2 | 78 1259 0709171 | 0.000004 613 287 10 2008
Latitude:
gy & 227 3525 3| 784 1523 0709185 | 0.000004 nd 360 nd. 2064
Longitude . N
. 91 2330 3533 a7 | 788 1099 0709166 | 0.000004 647 nd. 98 2048
95 2348 3532 as | 78 180 0709183 | 0.000004 188 nd. 19 nd.
97 2337 35.33 2 78 135 0709161 | 0.000004 796 27 57 2010
105 2321 3536 as | 78 190 0709186 | 0.000004 nd. 213 nd. nd.
Station 5 1w
ToW10 1w 14 25.60 35.23 a3 | 776 97.9 070919 | 0.000004 262 350 38 2350
Panamasx. 2019
VI-TOWI0 6 2436 B2 s | 775 9.1 0709179 | 0.000004 nd 270 98 1914
e ® 255 R omows omeons s s 2 s
Longitude ~
s 118 2294 35.38 s2 | ;2 914 0709165 | 0.000003 nd. 26 38 23
152 207 3557 s 7 1185 0709166 | 0.000004 1158 320 us 2162
177 2054 3561 607 | 767 122 070919 0.000004 58 322 26 2188
194 2147 35.65 563 763 1022 0709147 | 0.000004 387 28 162 22
Stations 12t
1 150 25 35.58 am. | nm. 1265 0709199 | 0.000003 678 373 1977
CIDIS VI-T2
2019 97
vi-T2 160 n2 3565 am | nm. 1189 0709179 | 0.000004 169 376 54 2013
Latitude s
178 2074 3566 am nm 1092 070918 | 0.000005 782 323 210
201598 21
Longitude :
b 190 2155 3568 am | nm. 1257 0709187 | 0.000004 606 2138 ” nd.
coisss
e 1w 169 2179 3565 am | nm. 1210 0709197 | 0.000004 410 331 2141
2019 nd.
vi-T3 181 2158 3561 am | nm. 195 0709204 | 0.000004 552 286 nd. 2094
Lattude 190 2130 3566 nm | onm. 1160 0709169 | 0.000004 765 nd. 2018
211558 22
Longitude
oLt 199 s 3567 am | nm. 1084 0709183 | 0.000004 55 316 i 2119
13/
S5V =
Tomete | 70 2014 3538 50| 775 990 nd. nd. 114 nd. nd. 283
209
vi-Ta 96 B 3538 a1 | 773 1037 nd. nd. 656 nd. 148 2195
Luiiudey 161 2198 3539 55 7 1024 nd. nd. 720 nd. 17 297
21155§
Longiude 174 2168 3562 s6 | ;2 953 nd. nd. 778 nd. 59 230
$175751W
188 2014 35.66 s ;2 1055 nd. nd. 607 nd. 55 2561
195 2091 35.67 a8 | 772 1070 nd nd 470 nd. s 281
21 2008 35.68 &0 771 132 nd. nd. 132 nd. 31 2363
260 19.41 3561 1| 7 996 nd nd 870 nd. nd 2309
Tow2s 24/
Volcano2 1w 150 2185 375 am | nm. 1320 0709158 | 0.000004 316 254 nd. nd.
$t10 T2 2019
5-TOW25 500 531 3436 am nm 127 070921 0000004 539 270 nd nd.
Lattude: 570 182 3439 am. | nm. 1324 0709189 | 0.000004 138 321 nd. nd.
194165
Longitude :
oo g 950 137 3440 am | nm. 1101 0709183 | 0.000004 172 nd. nd. nd.

Environmental parameters measured in-situ i.e., temperature (°C), salinity (PSU), Eh (mV), pH are also reported. Onshore dissolved methane (CH,,

mol/L) and DIC (umol/L) concentrations are reported. n.d., not determined; n.m., not measured.
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