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Distribution and behaviour of
reduced sulfur substances in the
oligotrophic and hydrothermal
waters of the Western Tropical
South Pacific
Gemma Portlock1,2*, Hannah Whitby2 and Pascal Salaün2*

1School of Ocean and Earth Science, National Oceanography Centre Southampton, University of
Southampton, Southampton, United Kingdom, 2Department of Earth, Ocean and Ecological Sciences,
School of Environmental Sciences, University of Liverpool, Liverpool, United Kingdom
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

theGEOTRACES TongaGPpr14 cruise. The cruise traversed differing biogeochemical

provinces, from themesotrophicMelanesian 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, RSS2−0:18  V compounds were detected at all depths at concentrations

ranging from 48 nM to 980 nM eq. TA. Both RSS2−0:18  V 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 RSS2−0:18  V

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

inmarine samples, TA itself is not thought to be naturally present. This is supported by

our pseudopolarograms of RSS8:5−0:52  V which often lacked the characteristic TA

reduction wave but suggested the presence of other unidentified RSS compounds.
KEYWORDS

reduced sulfur substances, thioacetamide, glutathione, sulfide, hydrothermal fluids,
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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 theWTSP (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
Frontiers in Marine Science 02
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, g-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
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have been detected in marine waters along with their peak potential at

the mercury electrode.

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
Frontiers in Marine Science 03
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).

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

RSS Location Identification method Approximate voltametric peak position*

Glutathione
(GSH)

Subarctic Pacific Ocean HPLC (Dupont et al., 2006)
Detected to 500 m

Acidic (pH 2): -0.09 V (This study)
Natural (pH 8.5): -0.51 V (This study)

North Atlantic Ocean
Sampled to 500 m

HPLC (Swarr et al., 2016)
Detected to 500 m

Galveston Bay
Surface water sampled

HPLC (Tang et al., 2000)

Cysteine
(Cys)

Subarctic Pacific Ocean HPLC (Dupont et al., 2006)
Detected to 500 m

Acidic (pH 1.95): -0.05 V (Pernet-Coudrier et al., 2013)
Natural (pH 8.4): -0.40 V (Laglera et al., 2014)
Natural (Cu(I)-Cys complex) (pH 8.5): -0.55 V (van den Berg
et al., 1988)North Atlantic Ocean HPLC (Swarr et al., 2016)

Detected to 500 m

g-glutamyl-cysteine
(g-Glu-Cys)

Subarctic Pacific Ocean HPLC (Dupont et al., 2006)
Detected to 3000 m

Acidic: no data
Natural: no data

Cysteinyl-arginine
(Arg–Cys)

Subarctic Pacific Ocean HPLC (Dupont et al., 2006)
Detected to 500 m

Acidic (pH 1.95): -0.08 V (Pernet-Coudrier et al., 2013)
Natural: no data

Cysteinyl-glutamine
(Gln –Cys)

Subarctic Pacific Ocean HPLC (Dupont et al., 2006)
Detected to 500 m

Acidic: no data
Natural: no data

Methanethiol
(volatile)

Hydrothermal vent orifice CSV (Dias et al., 2010) Acidic (pH 2.3): -0.05 V (Dias et al., 2010)
Natural (pH 8.15): -0.34 V (Whitby et al., 2018)

Hydrothermal vent orifice GC coupled with FID (Reeves
et al., 2014)

Sulfide Hydrothermal system Fluorescence (Radford-Knoery
et al., 1998)

Acidic (pH 2): -0.18 V (This study)
Natural (pH 8-8.1): -0.55 V (Al-Farawati and van den
Berg, 1997)

Thioacetamide Not naturally occurring in
marine environments

CSV Acidic (pH 2): -0.18 V (This study)
Natural (pH 8.5): -0.54 V (This study)
Acidic (Cu(I)-TA complex) (pH <1): -0.66 V (Jeng
et al., 1990)

Thiourea Not naturally occurring in
marine environments

CSV Acidic (pH 1.95): -0.23 V (Pernet-Coudrier et al., 2013)
Natural (pH 8.4): -0.54 V (Laglera and Tovar-Sánchez, 2012)
*Peak positions are approximative because they are dependent on the chemical (e.g. pH, analyte concentration) and experimental (e.g. accumulation time, stripping parameters) conditions.
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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
Frontiers in Marine Science 04
(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
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 RSS2−0:18  V compounds in nM eq. TA and (C) GSH-like compounds in nM
eq. GSH. Figures were generated using ODV software (Schlitzer, 2021).
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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 MW) 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 mM MnO2 (van den Berg, 1982)

and filtration using an acid cleaned 0.2 mm 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 MKCl) 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 mAutolab
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 mm silver mercury

amalgam microwire (silver microwire from Goodfellow, UK) fitted

in a polypropylene pipette tip onto which a small vibrating rotor
Frontiers in Marine Science 05
was fixed (1.5 V, 170 Hz) as described previously (Bi et al., 2013).

Briefly, a Cu wire was inserted through a 100 mL pipette tip. The

wire was connected to a 25 mm 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 mm 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 18ml 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 RSS2−0:18  V signal and give its concentration as TA

equivalent. Similarly, in some samples, an additional broad peak

was obtained at ∼ –0.09 V. The RSS2−0:09  V 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
frontiersin.org
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Supplementary Figure S1 for example of voltammograms). For each

measurement, the peak heights of RSS2−0:09  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 RSS2−0:18  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).

sx =
sy
mj j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
+

 y2

m2  o (xi − x)2

s
(1)

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), �y is the average peak height across all

data points, xi is the concentration of added standard for data points

i, and �x 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 RSS2−0:18  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 RSS2−0:18  V and GSH-like peaks

are present at relatively high potential thus limiting the range of

deposition potential that could be tested.
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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, 20msmodulation time, 60mV

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 RSS8:5−0:52  V , much more cathodic than the 2

peaks obtained at pH 2 (RSS2−0:18  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 50mV,

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

mM) 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)
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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 RSS2−0:18  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. RSS2−0:18  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 ofRSS2−0:18  V compounds per station are given in Table 2.

In the Lau Basin (stations 4, 11, 12, S15 and PANAMAX), the

concentrations of RSS2−0:18  V compounds were higher than at adjacent

stations (station 3 in theMelanesian 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 RSS2−0:18  V
compounds compared to the rest of the transect. At station 2, the

average concentration of RSS2−0:18  V compounds were 242 ± 31 nM

compared to the average concentration of 98 ± 12 nM across the cruise

transect (excluding the PANAMAX station). RSS2−0:18  V concentrations

at station 2 were similar to station 3 in the surface waters but were much

higher at depth. While RSS2−0:18  V concentrations at station 3 remained

between 66 and 112 nM throughout the water column, at station 2, there

was a band of high RSS2−0:18  V material between 100m and 3500m, with

amaximum concentration of 382 nMat 1200m and high concentrations

also in bottomwaters, 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).
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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 RSS2−0:18  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 RSS2−0:18  V , GSH-like

concentrations detected at station 2were 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).
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.

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 RSS8:5−0:52  V changed with depth and between

both biogeochemical provinces. In addition, one sample from mid-

depth at station 2, where high RSS2−0:18  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
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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 mM 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.

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
FIGURE 2

Concentrations of RSS2−0:18  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 RSS2
�0:18 V and GSH-like compounds

at each station. RSS2
�0:18 V compounds were detected throughout the

entire whole water column. GSH-like compounds were detected only
detected in the upper 200 m.

Location Station

Average
RSS2−0:18   V
compounds
(nM eq.TA)

Average
GSH-like

concentration
(nM eq.GSH)

Melanesian
waters

2 242 ± 31 0.61 ± 0.23

3 87 ± 7 1.76 ± 0.37

Lau Basin

4 99 ± 16 3.54 ± 0.57

S15 122 ± 17 5.40 ± 1.34

11 121 ± 18 <LOD

12 104 ± 14 3.6 ± 0.95

PANAMAX 285 ± 27 3.56 ± 0.99

South
Pacific Gyre

6 98 ± 10 3.26 ± 0.91

7 91 ± 10 6.06 ± 0.9

8 61 ± 6 0.83 ± 0.13
<LOD, below detection limit.
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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.

3.3.2.2 Station 8 – South Pacific Gyre

Pseudopolarograms of RSS8:5−0:52  V 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
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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.

3.3.2.3 Station 2 – North Fiji Basin

Figure 7 presents the pseudopolarogram of RSS8:5−0:52  V in a

sample from station 2 where the TA concentration was

particularly high ([TA] = 367 ± 33 nM, depth of 797 m,
FIGURE 4

Normalised pseudopolarograms RSS8:5−0:52  V 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.
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.
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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,
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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.
FIGURE 6

Normalised pseudopolarograms of RSS8:5−0:52  V 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.
FIGURE 5

Normalised pseudopolarograms of RSS8:5−0:52  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.
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4 Discussion

4.1 RSS distribution in the WTSP

The vertical profiles of RSS2−0:18  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 RSS2−0:18  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, RSS2−0:18  V
compounds showed less evidence of photodegradation

compared to GSH-like compounds, suggesting that active

production of RSS2−0:18  V compounds is higher, or at the same

rate of the photodegradation, or that the RSS2−0:18  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
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et al., 2006). In November 2019 in theWTSP, 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, RSS2−0:18  V compounds were detected at all depths

across the transect (Figure 1B). RSS2−0:18  V compounds did not

experience the same sub-surface maxima as GSH-like compounds,

and there was no correlation between the distribution of RSS2−0:18  V
compounds and Chl a (data not shown). However, this does not

mean that RSS2−0:18  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
FIGURE 7

Normalised pseudopolarograms of RSS8:5−0:52  V 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.
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correlation could be due to the stability of RSS2−0:18  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 RSS2−0:18  V . The

persistence of RSS2−0:18  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 RSS2−0:18  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 (RSS8:5−0:52  V ) 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 RSS2−0:18  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 RSS2−0:18  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 RSS2−0:18  V compounds in the South

Pacific Gyre decreased with distance away from the Lau Basin,
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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

RSS2−0:18  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 mM 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 mM), high CH4 (>104 nM), high CO2 (>645 mM), 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 PANAMAXwere 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).
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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 RSS2−0:18  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 RSS2−0:18  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 RSS8:5−0:52  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.
Frontiers in Marine Science 13
4.3 Station 2 – North Fiji Basin

RSS2−0:18  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 RSS2−0:18  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,
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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 RSS2−0:18  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 RSS2−0:18  V signal detected at low pH is therefore due to other RSS

compounds whose peak potential is the same as TA in acidic

conditions. RSS2−0:18  V 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 (RSS2−0:18  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 RSS2−0:18  V and GSH-like

compounds suggest a combination of distinct and common processes

drive their biogeochemical cycling. RSS2−0:18  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 RSS2−0:18  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
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saw elevated concentrations of RSS2−0:18  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 RSS8:5−0:52  V 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 RSS2−0:18  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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