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Abstract

The Western Tropical South Pacific (WTSP) Ocean has some of the most active zones for submarine
volcanic activity in the world. In particular, the Lau Basin has intense hydrothermal activity due to the
fast convergence of the Tonga—Kermadec arc and the basins spreading centre. Within the Lau Basin
are many shallow hydrothermal vents, these vents can be a source of metals. The fluids from these
vents are directly released into the photic layer, which can be either beneficial or detrimental to the
surface communities. Reduced sulphur substances (RSS), humics and sulphides have been shown to

play essential roles in the cycling of trace metals.

Intercomparison of three electroanalytical methods used for the quantification of electroactive humic
substances (eHS) found that in open ocean samples all three methods (eHS-Fe, eHS-Cu and eHS-Mo)
appear to be sensitive to the same fraction of eHS. Comparison of two methods (eHS-Mo and eHS-Fe)
across French GEOTRACES TONGA (shallow hydroThermal sOurces of trace elemeNts: potential
impacts on biological productivity and the bioloGicAl carbon pump) cruise transect, showed
discrepancies in the eHS concentrations. However, this transect was conducted in a highly dynamic
region and is not representative of most oceanographic regions. Scanned stripping voltammetry
(pseudopolarography) showed differences between marine humics and the river-derived SRFA
standard.

Species-specific RSS (thioacetamide-like (TA-like), glutathione-like (GSH-like compounds) and
electroactive humic substances (eHS) were quantified in the GEOTRACES TONGA transect.
Concentrations of TA-like compounds (48 to 984 nM), GSH-like compounds (0.61 to 6.23 nM), and eHS
(11.47 to 134 pg.L'' eq SRFA) were measured by cathodic stripping voltammetry (CSV). In the
hydrothermal plume at PANAMAX, there were elevated concentrations of eHS, GSH-like and TA-like
compounds. Sulphide was also present at PANAMAX. Elevated concentrations of TA-like compounds
were found in the Melanesian waters. Cathodic pseudopolarography profiles of marine samples were

used for the qualitative analysis of RSS and eHS.
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The minicosm experiments were designed to understand the impact of hydrothermal fluids on surface
communities in the WTSP. In these experiments, different volumes of hydrothermal fluids were mixed
with surface water and the communities' response was monitored. Here we compare the
concentration and speciation of humics, RSS and copper over the course of the experiment and assess
if these are directly or indirectly produced by the mixing of hydrothermal fluids with surface waters.
We show that the concentration of eHS, TA-like and GSH-like compounds increase with the addition
of hydrothermal fluids. Cathodic pseudopolarography profiles of eHS found that the addition of

hydrothermal fluids affected the nature of the eHS.



Page |9

Publications and contribution

Included in thesis (In prep)

Portlock, G., Salalin, P., Dulaquais, G., Fourrier, P., Riso, R., Omanovic, D., Guieu, C., Bonnet, S., Whitby,
H, Humic substances in the Western Tropical South Pacific: an intercomparison of electrochemical

techniques. To be submitted to Marine Chemistry.

Portlock, G., Whitby, H., Tilliette, C., Bonnet, S., Guieu, G., Salalin, P, Distribution and behaviour of
reduced sulphur substances and humic-like substances in the oligotrophic and hydrothermal waters
of the Western South Tropical Pacific. To be submitted to Frontiers Research Topic ‘Hydrothermal and

submarine volcanic activity: Impacts on ocean chemistry and plankton dynamics’.

Portlock, G, Tilliette, C., Bonnet, S., Guieu, G., Gonzalez-Santana, D., Whitby, H., Salalin, P, The impact
of shallow hydrothermal fluids on the production of reduced sulphur substances and humic-like
substances. An incubation study. To be submitted to Frontiers Research Topic ‘Hydrothermal and

submarine volcanic activity: Impacts on ocean chemistry and plankton dynamics’.

Contributions to other journal articles

Tilliette, C., Gazeau, F., Portlock, G., Bonnet, S., Guigue, C., Leblond, N., Lory, C., Marie, D., Montanes,
M., Pulido-, E., Sarthou, G., Tedetti, M., Vorrath, M., Whitby, H., Guieu, C., 2023. Influence of shallow
hydrothermal fluids release on the functioning of phytoplankton communities. Front. Mar. Sci.

(accepted).

Eikelboom, M., Wang, Y., Portlock, G., Gourain, A., Gardner, J., Bullen, J., Lewtas, P., Carriere, M.,
Alvarez, A., Kumar, A., O’Prey, S., Tolgyes, T., Omanovi¢, D., Bhowmick, S., Weiss, D., Salain, P.,
Voltammetric determination of inorganic arsenic in groundwaters from Mexico and India in near-

neutral pH buffer solutions. Anal. Chim. Acta. (submitted).



Page |10



Contents

Declaration of Authorship

Acknowledgment

Abstract

Publications and contribution
Included in thesis (In prep)

Contributions to other journal articles

Introduction
1.1. Importance of hydrothermal vents in ocean chemistry
1.2. Hydrothermal vents in the Western Tropical South Pacific
1.3.  Trace metal speciation
1.4. Sulphides
1.5. Thiols and other reduced sulphur substances
1.6. Humic substances
1.7. Aim and structure of thesis

1.8. References

Humic substances in the Western Tropical South Pacific: an intercomparison of
electrochemical techniques.

Abstract
2.1. Introduction
2.2. Experimental
2.2.1. Sampling
2.2.2. Voltammetric equipment
2.2.3. Reagents
2.2.3.1. Liverpool
2.2.3.2. Brest
2.2.4. Voltammetric determination of eHS
2.2.4.1. eHS-Mo Method
2.2.4.2. eHS-Cu Method
2.2.4.3. eHS-Fe Method
2.2.5. Pseudopolarography
2.2.6. Statistics
2.3. Results

Page |11

O O OV N W =

17
17
20
22
24
25
27
29
31

47
47
48
54
54
55
56
56
56
57
57
59
60
60
61
61



Page |12

2.3.1. Analytical parameters 61
2.3.1.1. Importance of background subtraction 61
2.3.1.2. Limit of detection 62

2.3.2 Effect of deposition potentials 64

2.3.3. Comparison of eHS-Mo, eHS-Fe and eHS-Cu at station 8 70

2.3.4. Comparison of eHS-Mo and eHS-Fe across the Tonga transect 72

2.4. Discussion 75

2.4.1. Comparison of eHS concentrations 75

2.4.2. Comparison of eHS-Fe and eHS-Mo across the Tonga transect 78

2.4.3. Pseudopolarography as a tool for eHS quantification 79

2.5. Conclusion 79
2.6. References 81
2.7. Supplementary 87

Distribution and behaviour of reduced sulphur substances and humic-like substances in the

oligotrophic and hydrothermal waters of the Western South Tropical Pacific 93
Abstract 93
3.1. Introduction 94
3.2. Experimental 97

3.2.1. Sampling 97
3.2.2. Voltammetric equipment 97
3.2.3. Reagents 98
3.2.4. Concentrations of RSS and electroactive humic substances 99
3.2.5. Pseudopolarography 100
3.2.6. Error calculations 101
3.3. Results 102
3.3.1 Hydrography 102
3.3.2 RSS and eHS distribution in the WTSP Ocean 105
3.3.2.1. Thioacetamide-like compounds 110
3.3.2.2. Glutathione-like compounds 111
3.3.2.3.eHS 111
3.3.3 Pseudopolarography 111
3.3.3.1. RSS Pseudopolarography 111
3.3.3.2. Sulphide Pseudopolarography 113
3.3.3.3. eHS Pseudopolarography 115

3.4. Discussion 117



Page |13

3.4.1. RSS in the WTSP Ocean 117
3.4.2. Hydrothermal influence of RSS production 118
3.4.3. RSS identification 120
3.4.4. Sulphide at PANAMAX 122
3.4.5. RSS at station 2 122
3.4.6. Electroactive humic substances in the WTSP Ocean 124
3.4.7. Electroactive humic substances at Station 8 125
3.4.8. Electroactive humic substances in hydrothermal waters 127
3.4.9. Humic substances in metal complexation 128
3.5. Conclusion 131
3.6. References 133
3.7. Supplementary 146

The impact of shallow hydrothermal fluids on the production of RSS-like compounds and

humic substances. An incubation study. 152
Abstract 152
4.1. Introduction 153
4.2. Experimental 154

4.2.1. Experimental design 154
4.2.2. Sampling locations 154
4.2.3. Mixing protocol 155
4.2.4. Sample collection 156
4.2.5. Experimental monitoring 157
4.2.5. Analytical methods 158
4.2.5.1. Voltammetric equipment 158
4.2.5.2. Reagents 159
4.2.5.3. Voltammetric analysis 159
4.2.5.4.1. RSS and humic concentrations 159
4.2.5.4.2. Pseudopolarography of humics 160
4.2.5.4.3. Copper total concentration 161
4.2.5.4.4. Copper pseudopolarography 161
4.2.5.3. Dissolved trace metal measurements 163
4.2.6. Error calculations for standard additions: 164
4.3. Results 164
4.3.1. V1 (PANAMAX hydrothermal fluid enrichments) 164

4.3.1.1. Thioacetamide-like compounds: V1 165



Page

4.3.1.2. Glutathione-like compounds: V1
4.3.1.3. Electroactive humic substances: V1
4.3.1.4 Dissolved Copper: V1
4.3.2. V2 (SIMONE hydrothermal fluid enrichments)
4.3.2.1. Thioacetamide-like compounds: V2
4.3.2.2. Glutathione-like compounds: V2
4.3.2.3. Electroactive humic substances: V2
4.3.2.4 Dissolved Copper: V2
4.3.3. eHS pseudopolarograms
4.4.1. Release of Thioacetamide-like compounds.
4.4.2. Similarities between the behaviour of TA-like compounds and DFe
4.4.3. Glutathione-like compounds
4.4.4. GSH-like compounds response to trace metals
4.4.5. Release of GSH-like compounds from biological breakdown
4.4.6. Production of electroactive humic substances
4.4.7. Effect of hydrothermal fluids on eHS structure
4.4.8. Change of Cu speciation
4.5. Conclusion
4.6. References

4.7. Supplementary

Conclusion
5.1. Future Perspectives

5.2. References

Annex - Voltammetric detection and speciation of RSS, sulphide and copper in seawater
A.1. Background information
A.2. Methods and materials
A.2.1. Voltammetric equipment
A.2.2. Reagents
A.2.3. Preparation of UV-seawater
A.2.4. Electrochemical detection of RSS and sulphide
A.2.4.1. Analytical procedure to detect RSS compounds
A.2.4.2 Analytical procedure to detect sulphide
A.2.4.3. Pseudopolarography of RSS and sulphide
A.2.5 Copper pseudopolarography

| 14

165
168
169
170
171
171
171
174
176
178
179
180
182
182
183
185
189
191
191
197

205
207
208

211
211
213
213
215
215
216
216
216
217
217



Page |15

A.3. Results and Discussion 218
A.3.1. RSS on the Mercury Drop 218
A.3.1.1 Detection limit 221
A.3.1.2. Cathodic pseudopolarography of RSS 222
A.3.2. Sulphide 223
A.4.3 Instability of the sulphide signal 225
A.3.5. Copper speciation on gold electrode in seawater: 227
A.3.5.1. Electrode conditioning and analytical parameters: 227
A.3.6. Pseudopolarography of copper: 229

A.3. References 231



Page |16



Page |17

Chapter 1

Introduction

1.1. Importance of hydrothermal vents in ocean chemistry

The earth's lithosphere comprises of seven major and many minor plates. These plates meet at plate
boundaries. Over time, the plates move and collide, resulting in various geological features. Mid-ocean
ridges occur along divergent boundaries. This is where two tectonic plates are moving away from each
other (Lin et al., 1990). Arc/back-arc spreading areas occur along convergent boundaries. This is where
two or more tectonic plates collide, and one slides underneath the other through a process known as
subduction (Lin et al., 1990) which causes the formation of a trench and a ridge. During the splitting
or subduction of the plates, magma from the earth's core moves to the surface or just below the
seafloor. Seawater permeates through cracks and porous rocks in the seafloor. The heat from the
magma induces chemical reactions in the seawater, which can remove oxygen, magnesium, sulphates,
and other chemicals from the fluid. The fluids also become hotter and more acidic, which causes
metals to leach out of the surrounding rocks/sediment. The fluids then rise to the surface through a

fissure in the seafloor, forming hydrothermal vents (German and Seyfried, 2014) (Figure 1.1).
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Figure 1.1. Diagram of hydrothermal vent circulation, resulting in a hydrothermal plume. Figure 1
was obtained from the Schmidt Ocean Institute (Schmidt Ocean Institute, n.d.).

The first observation of a hydrothermal vent was in 1977 at the Galapagos Rift (Ballard, 1977). Since
then, increasing numbers of hydrothermal vents have been found worldwide (Beaulieu and Szafranski,
2020) (Figure 1.2). They have been of interest to scientists as they are a source of heat and chemicals
(German and Seyfried, 2014). When hydrothermal fluids are released, they can be hot (>400 °C)
(Foustoukos and Seyfried, 2007; Koschinsky et al., 2008; Zhang et al., 2017). The seawater around the
vent is cool, and this causes the hydrothermal fluids to rise. The rising hydrothermal fluids are referred
to as the buoyant plume. When the plume has cooled, it no longer rises and is then referred to as the
neutrally buoyant or non-buoyant plume, which is still chemically different from the surrounding
seawater. At this stage, the plume can be transported thousands of kilometres away from the vent

(Fitzsimmons et al., 2017; Gartman and Findlay, 2020; Resing et al., 2015).
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Figure 1.2. Global map of submarine hydrothermal vent fields. This dataset was completed on 25
March 2020 and includes a total of 721 vent fields, with 666 confirmed to be active (red) or inferred
active (yellow) and 55 inactive (blue). Figure obtained from (Beaulieu and Szafrariski, 2020).

Fluids released from hydrothermal vents are enriched with metals (Figure 1.3) (Kilinkhammer et al.,
1977; Resing et al., 2015). In the hydrothermal plumes, chemical reactions can occur, which can result
in the removal of metals by either precipitation or scavenging (Bruland et al., 2014; Feely et al., 1996;
Gartman and Findlay, 2020), leaving trace amounts in seawater. Trace metals are important in marine
environments as some are bio-essential nutrients for marine microbes (Aparicio-Gonzalez et al., 2012;
Lohan and Tagliabue, 2018). Therefore, understanding metal’s input and removal process from
hydrothermal vents is essential for understanding marine biogeochemical cycles. However, this can
be tricky as the composition of metals in hydrothermal fluids can vary between different sites.
Hydrothermal vent-fluid composition in arc/back-arc spreading areas is more diverse compared to in
mid-ocean ridges, this is due to the subduction of the tectonic plate (Araoka et al., 2016; Ishibashi and
Urabe, 1995; Wang et al., 2023). As it stands, no two vents have yet been found to have exactly the

same composition (German and Seyfried, 2014).
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Figure 1.3. Periodic table that shows which elements are enriched (red), and depleted (blue) in
hydrothermal fluids. Some elements have shown to be both enriched and depleted (yellow) at
different hydrothermal site. Figure obtained from (German and Seyfried, 2014).

1.2. Hydrothermal vents in the Western Tropical South Pacific

The Western Tropical South Pacific (WTSP) is an oceanographic region that has some of the most
extensive hydrothermal activity on the earth (Baker et al., 2019; German et al., 2006; Pelletier et al.,
1998). The intense hydrothermal activity is due to the subduction of the Pacific plate under the
Australian plate, creating the Tonga—Kermadec arc (Figure 1.4A). It is one of the fastest subduction
zones in the world, but the convergence rate differs between the north and south of the arc. The
northern part of the arc is converging at a faster rate (24 cm.yr (Bevis et al., 1995; Smith and Price,
2006)) than the south (7.2 cm.yr’! (Parson and Wright, 1996)). The Tonga—Kermadec arc is comprised
of the Tonga—Kermadec ridge and trench. It is approximately 2550 km long and is located between
New Zealand and Tonga (Smith and Price, 2006). It is the second deepest trench in the world (~10,800
m deep) (Britannica, 2018; NOAA, 2021). The arc is divided into two segments by the Louisville
Seamount Chain (Figure 1.4A). The northern segment is named the Tonga Trench/Ridge, and the
southern segment is called the Kermadec Trench/Ridge. West of the Tonga—Kermadec ridge are two

back-arc basins, the Lau Basin and the Havre Trough (Karig, 1970a, 1970b).

The Lau Basin is a shallow basin located between the Tonga ridge and the Lau ridge, with a maximum

depth of 3.4 km deep and an average depth of 2.25 km (Hawkins, 1995) (Figure 1.4B). It has been the
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focus of research as it has intense hydrothermal activity due to the fast convergence of the Tonga—
Kermadec arc and the spreading centre of the Lau Basin (Baker et al., 2019; Crawford et al., 2003;
Zellmer and Taylor, 2001). The fluids released from hydrothermal vents in the Lau Basin are enriched
in metals compared to other hydrothermal vents (Donval et al., 1991). In recent years, multiple
research cruises have visited the Lau Basin to investigate this area (Guieu and Bonnet, 2019;
Hannington and Kopp, 2018; Langmuir, 2004; Moutin, 2015; Resing, 2012, 2010, 2009, 2008; Rubin,
2017). From these cruises it has was found that the waters in the Lau Basin are phosphorus-rich and
nitrogen-poor (Bonnet et al., 2018; Caffin et al., 2018) and there was high input of dissolved iron (dFe)
from the hydrothermal activity (Guieu et al., 2018; Tilliette et al., 2022; Wang et al., 2022). The
combination of these factors have led diazotrophs to bloom extensively and is likely why the Lau Basin

is a hotspot for N, fixation (Bonnet et al., 2018, 2017).

The Lau Basin is characterised by both deep-water and shallow hydrothermal vents. Shallow
hydrothermal vents are similar to deep hydrothermal vents with regards to fluid formation and inner
structure, but they differ due to the depth, being <200 m deep (Zhang et al., 2020). Due to their
shallow depth, the buoyant hydrothermal plumes is able to reach the surface waters (Zhang et al.,
2020). The material produced from shallow hydrothermal plumes is believed to be fresher and more
labile compared to deep mid ocean ridges vents (Hawkes et al., 2014). The influx of metals can have
biogeochemical consequences on the surface communities. Even though shallow hydrothermal vents
are more likely to have significant impact on primary production they have received less attention
compared to deep hydrothermal vents in their role in ocean biogeochemistry (Guieu et al., 2018;

Zhang et al., 2020).
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Figure 1.4. (A) Bathymetric map Tonga—Kermadec arc. Colour gradient is the depth (km), islands are
shown in black. Figure obtained from (Zellmer and Taylor, 2001). (B) Bathymetric map of the Lau Basin.
Black lines show the spreading centre and the rate at which they are spreading. Arrows show the
direction of the spreading. Figure obtained from (Reysenbach, 2015).

1.3. Trace metal speciation

Metal speciation refers to the form in which the metal is present (Bartlett and Norwood, 2013). In
marine environments, trace metal speciation is important as it can determine a metal’s bioavailability
or toxicity to marine microbes (Hirose, 2006). Iron (Fe) and Copper (Cu) are two trace metals that have
been extensity researched due to their importance to marine microbes. Fe is one of the most crucial
trace metals in marine environments. It is required by marine microbes for processes such as nitrate

uptake, nitrogen fixation, photosynthesis and respiration (Geider and La Roche, 1994; Sutak et al.,
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2020). Despite being one of the most abundant elements on the earth, seawater concentrations of
dissolved Fe are low. This is because Fe is primarily present in the form Fe(lll), which has a very low

solubility in seawater at natural pH (Liu and Millero, 2002).

Cu can be both an essential micronutrient and a toxicant to marine microbes. It is involved in many
metabolic processes, such as respiration and photosynthesis, and is important in the nitrogen cycle
(Jacquot et al., 2014; Laporte et al., 2020; Lewis, 1991). However, not all Cu present in the ocean can
be taken up by microbes. Its bioavailability is influenced by the Cu species present (Crecelius et al.,
1982; Lewis, 1991; Manaban and Smith, 1973). Excess Cu in its free bioavailable form (Cu(ll)) can act
as a potent toxicant as it can hinder metabolic functions, such as inhibition of reproduction and
oxidative damage to tissue macromolecules, including DNA, proteins and lipids (Ercal et al., 2002;

Posacka et al., 2017; Xu et al., 2018).

A ligand is a molecule or ion that binds to a central metal atom forming a coordination complex, thus
governing the speciation of trace metals. In marine waters, the percentage of metals bound with
ligands can vary (Bruland, 1992, 1989), but >99% of Fe and Cu in seawater is bound to ligands (Buck
et al., 2018, 2015; Gerringa et al., 2015; Jacquot and Moffett, 2015). Ligands are vital as they can help
stabilise trace metals in the dissolved phase as well govern trace metal bioavailability. When bound
to ligands, Fe solubility increases, resulting in higher concentrations of dissolved Fe in seawater than
what would be expected due to its low solubility in marine waters (Buck and Bruland, 2007; Kuma et
al., 1998; Millero, 1998). When Cu is bound to ligands, it can prevent the formation of Cu(ll), thus
reducing toxicity (Moffett et al., 2012; Oldham et al., 2014). Therefore, understanding the distribution

of ligands is crucial to understand the biogeochemical cycles and bioavailability of trace metals.
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1.4. Sulphides

Sulphide is an inorganic anion of sulphur that mainly occurs in marine environments in the form of
hydrogen sulphide (H,S), bisulphide (HS™) and sulphide (S?°) (Millero, 1986). In marine environments,
they can be present across a wide range of concentrations (pM to uM) (Cotte et al., 2018; He et al.,
2002; Hsu-kim et al., 2008; Luther and Tsamakis, 1989). They mainly occur in anoxic marine
environments (Al-Farawati, 1999; Baciu et al., 2015), because they are unstable in oxygenated aquatic
systems due to their rapid oxidation in the presence of oxygen (0;), hydrogen peroxide (H,0,) and
iodate (1053), (Jegensen, 1978) hence they were not regarded as an environmentally significant species.
The predominant species of sulphide is dependent on environmental conditions. In seawater at pH 8
the dominant species of sulphide is HS™, whereas at pH values below 7, HS™ is converted to H,S (pKa,
6.98) (Al-zuhair et al., 2008; Goldhaber and Kaplan, 1975; Olson and Straub, 2015). In the presence of

dissolved oxygen, sulphur is present in the form of SO4> (Cline and Richards, 1969).

Sulphides can enter marine environments when organism breakdown (Treude et al., 2009), as a by-
product from bacterial processes (Al-Farawati and van den Berg, 1997; Colon et al., 2007; Lawrence
et al.,, 2002), aerosols (Elliott et al., 1987; Nault et al., 2021; Radford-Knery and Cutter, 1994),
sediments (Jorgensen and Fenchel, 1974), and hydrothermal vents (Dias et al., 2010; Olson, 2019).
Hydrothermal vents can release large quantities of sulphides (Hsu-kim et al., 2008; Shaw et al., 2021;
Yiicel et al., 2011). They have a high affinity for metal ions and form stable complexes (Dyrssen, 1988;
Luther W. et al., 2001; Plavsic et al., 2011; Theberge et al., 1997; Yiicel et al., 2011; Zhang and Millero,
1994), for example Cu and Fe (Dyrssen, 1988; Luther W. et al., 2001; Plavsic¢ et al., 2011; Theberge et
al., 1997; Yiicel et al., 2011). When sulphides are released from hydrothermal vents, they react with
the metals in the fluids. These complexes can stay present in oxic water for months (Dyrssen, 1988),
but can also precipitate, which can lead to the formation of massive sulphide deposits at the seafloor

(Findlay et al., 2019). The Lau Basin has some of the largest sulphide deposits (Hannington et al., 2011).
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1.5. Thiols and other reduced sulphur substances

Thiols are organic sulphur compounds that contain a —SH functional group and they tend to be of low
weight <1000 Daltons (Da) (Tang et al., 2001) (Figure 1.5). In addition to having a —SH functional group,
thiols can also be abundant in nitrogen and oxygen functionality (van Laer et al., 2013). Thiols are
produced by marine microbes (Kawakami et al., 2006; Leal et al., 1999), they are strong nucleophiles
and therefore are involved in many biochemical processes (Lopachin and Gavin, 2017). Thiols are part
a wider group of reduced sulphur substances (RSS). RSS are a group of compounds that possess a
reduced sulphur function group. This group includes compounds such as thioureas and thioamides

(Figure 1.5).

A o o (™, o B
HO)I\_/\/U\N/([rN\)J\OH HS OH
NH, PO NH,

J N

HoN" ~NH, HsC™ “NH,

Figure 1.5. Chemical structures of reduced sulphur substances. Glutathione (A) and cysteine (B) are
thiol compounds. Thiourea (C) and thioacetamide (D) are thioamide compounds.

Thiols and RSS act as an antioxidant against reactive oxygen species (ROS) (Pandey et al., 2013; Ulricha
and Jakoba, 2019). ROS are highly reactive oxygen species that include radicals (e.g. hydroxyl radicals
(OH-)) and nonradicals (e.g., hydrogen peroxide (H.0,)) (Madkour, 2020a; Morris et al., 2022; Schieber
and Chandel, 2014). ROS are damaging to marine microbes as they can cause oxidative stress, which
can lead to cell death (Madkour, 2020b). Thiols/RSS are able to remove ROS by accepting their

unpaired electron (McLeay et al., 2017; Morelli and Scarano, 2004)(Equation 1).

R-SH + [0] — R-SOH + H,0 Equation 1.
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ROS can be induced in multiple different ways in the marine environment. Aerobic organisms produce
ROS as a byproduct of photosynthesis, photorespiration and oxidative phosphorylation (Apel and Hirt,
2004; Diaz and Plummer, 2018; Mullineaux et al., 2018). ROS can also be produced during exposure

to metals (Briffa et al., 2020).

As well as acting as an antioxidant against ROS, thiols and RSS can complex with metals, which can
either inhibit metal toxicity or help with uptake (Dupont and Ahner, 2005; Huang et al., 2018; Mironov
& Tsvelodub, 1996; Navarrete et al., 2019; Rea et al., 2004; Steffens, 1990). Due to their abundance in
marine environments, thiols are one of the most extensively studied RSS, with particular interest with
their role as a metal ligand. In metal stressed environments, marine microbes have been found to
produce increased levels of thiols (Bjgrklund et al., 2019; Kumar et al., 2021; Pal et al., 2018), in order
to reduce metal toxicity. Leal et al., (1998) showed that thiols are able to complex with Cu* to stabilise
it this oxidation state, therefore preventing the formation of Cu(ll) (Leal and van den Berg, 1998). In
environments of low trace metal concentrations, microbes have been found to produce thiols to help
with the uptake of metals. For example, in low nickel (Ni) environments, Prorocentrum donghaiense

Lu have been found to exude thiols to help with the uptake of Ni (Huang et al., 2018).

Several types of RSS have been detected in marine waters including glutathione (GSH), cysteine (Cys),
y-glutamylcysteine (y-Glu-Cys), cysteinyl- arginine (Arg—Cys), cysteinyl- glutamine (GIn—Cys) and
thiourea-like (Dupont et al., 2006; Dupont and Ahner, 2005; Tang et al., 2005; Whitby et al., 2018).
Thioamides are not known to be present in marine environments, but they have been observed in
estuarine and river waters (Marie et al., 2017, 2015; Superville et al., 2013). The concentration and
distribution of RSS can vary throughout the ocean. Thiol compounds are the most common type of
RSS found in marine environments. The common thiols found are Cys, y-Glu-Cys and GSH (Dupont et
al., 2006; Gao and Guéguen, 2018; Hu et al., 2006; Swarr et al., 2016; Tang et al., 2000). While some
thiols like GSH are found in almost all natural waters, other thiols have only been found in specific

areas, which could be because their concentration is too low for current detection methods or that
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they are absent. It is thought that the reason for the variety of thiols that are present in marine
systems could be due to the different microbes being exposed to different metals and local
environmental factors. Ahner et al., (2002) exposed several species of eukaryotic phytoplankton to Cd
and Cu. When exposed to these elements, some phytoplankton species produced y-Glu-Cys and Cys
(Ahner et al., 2002). Leal et al., 1999, exposed Emiliania huxleyi to Cu. In their study, they found that
the RSS glutathione and a thioacetamide-like compound were produced. Similarly, Dupont et al.,
(2005) found that when Emiliania huxleyi were exposed to Cu the primary thiols that were released
Arg—Cys, GIn—Cys, and Cys. However, in the presence of Cd, Emiliania huxleyi released these thiols and
GSH. When exposed to high zinc (Zn) concentrations, the primary thiol that was synthesised was y-
Glu-Cys (Dupont and Ahner, 2005). HPLC analysis carried out by Tang et al., (2000) showed the

presence of unidentified thiols in marine settings (Tang et al., 2000).

1.6. Humic substances

Humic substances (HS) originate from the decomposition of organic matter and are among the most
widely distributed organic materials on the earth. They are an ill-defined group of refractory
heterogeneous organic compounds with varying molecular weight, polarity and composition. In
marine waters, HS can account for approximately 50% of the dissolved organic carbon (DOC) (Fourrier
et al., 2022; Zigah et al., 2017). They can enter marine systems through microbial production, decay,
photooxidation of triglycerides and fatty acids (Ferrari et al., 1996; Kieber et al., 1997; Lorenzo et al.,
2007; Sarma et al., 2018; Whitby et al., 2020b), aerosols (Krivacsy et al., 2008), land/rivers (Krachler
et al., 2015; Muller, 2018), deep-sea sediment (Dulaquais et al., 2018; Shigemitsu et al., 2021) and
hydrothermal vents (Yang et al.,, 2012). In an area like the Lau Basin, hydrothermal vents may
contribute a significant portion to the HS pool. Hydrothermal vents can be a source of HS either from
active production from autochthonous microbial communities (Sarma et al., 2018) or through the

alteration of dissolved organic matter (DOM) (Shao et al., 2022). As the Lau Basin also contain many
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shallow hydrothermal vents, the metals released from these vents may impact the biology and

therefore affect the production of HS.

HS can be subdivided into two fractions: humic acids (HA), which precipitate below pH 2 and fulvic
acids (FA), which are soluble at all pH (Aiken et al., 1985). HA are larger molecules that FA and
molecular weights approximately range from 1000 to greater than 10,000 Daltons (Da), whereas FA
are smaller, ranging from 500 to 2000 Da Averett et al., 1994; Qin et al., 2016; Thurman et al., 1982).
HA tend to be more aromatic than FA (Sharma and Anthal, 2007) while FA have a higher oxygen
content compared to HA (Ritchie and Michael Perdue, 2003; Schellekens et al., 2017). Marine HS tend
to be aliphatic, have few or no aromatic protons and are carboxyl rich (Esteves et al., 2009; Harvey et

al., 1983; Hertkorn et al., 2006).

HS act as ligands for a wide range of trace metals (Mantoura et al., 1978), including Fe and Cu, forming
relatively strong complexes (Muller and Batchelli, 2013; Yang and van den Berg, 2009). HS can be the
dominant ligand for Cu in coastal waters (Muller and Batchelli, 2013). The conditional stability
constants are a measure of how tightly a ligand binds to a metal ion (Vraspir & Butler, 2009). For Cu-
HS complexes (logKcuicupy) the conditional stability constants are reported to range from 10 to 12
(Kogut and Voelker, 2001; Whitby and van den Berg, 2015) and overlap with thiols, although the latter
demonstrate a wider range and stronger Cu-complexes (logKcuui,cugy range from 11 to 16) (Leal and van

den Berg, 1998; Walsh and Ahner, 2013; Whitby et al., 2017).

For Fe, HS are one of the most important ligands (Hassler et al., 2017; Laglera and van den Berg, 2009),
helping to keep Fe in a dissolved form. HS can account for up to 80% of Fe-binding ligands but this can
vary depending on the region (Hassler et al., 2020; Laglera et al., 2019; Slagter et al., 2019; Whitby et
al., 2020a). HS have a variety of different moieties that trace metals could bind to, but it has been
suggested that carboxylic and phenolic groups are the main functional groups responsible for

complexing metals (Aeschbacher et al., 2012; Fourrier et al., 2022; Heerah and Reader, 2022).
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Fe, Cu, Zn, cobalt (Co) and aluminium (Al) have been found to bind to HS through the same functional
group (Yang and van den Berg 2009), causing competition between those metals. Cu can actively
compete with Fe and displace it when it is bound to HS (Abualhaija et al., 2015). This shows that the
organic speciation of a metal is not only dependent on its concentration and the concentration of the
ligand(s) involved in its complexation, but it is also on the concentration of competing metals, that are
often unknown. The origin and age of HS can affect its ability to bind with metals. A study in the
Mediterranean suggested that HS can remain in mesopelagic waters for ~18 years (Dulaquais et al.,
2018). During this, time HS evolve and change through processes like remineralization. This increases
humic aromaticity and the density of binding sites (Williford et al., 2021) which can affect metal
binding capacity. This metal binding capacity allows us to estimate how much of the metal could be
bound to HS. For Fe, increased aromaticity and Fe-binding capacity appear positively related (Kikuchi
et al., 2017). Currently, we do not know how hydrothermal environments affect HS and their role in

metal speciation.

1.7. Aim and structure of thesis

The Lau Basin has some of the most intense hydrothermal activity in the world and hosts both deep-
and shallow-water hydrothermal vents. Shallow vents have received less attention than deep
hydrothermal vents, but they are likely to have a significant impact on primary production. The release
of various metals, metal-complexants and of fresher and more labile organic material could be either
beneficial or detrimental to surface communities. Understanding the distribution of metal-binding
ligands in this region is important because they control trace metal bioavailability. In this thesis, | aim
to assess the role of shallow hydrothermal vents in the supply and cycling of RSS, sulphide and humic
substances, which have been shown to play important roles in the cycling of key trace metals, notably

Cu and Fe.

This thesis has three specific aims that are addressed in chapters 2 to 4, as outlined below.
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1. Humic substances in the Western Tropical South Pacific: an intercomparison of electrochemical

techniques. (Chapter 2)

This chapter aims to compare the three published cathodic stripping voltammetry (CSV) methods for
the quantification of electroactive humic concentrations (eHS). These are the Mo method (Pernet-
Coudrier et al., 2013), the Cu method (Whitby and van den Berg, 2015) and the Fe method (Laglera et
al., 2007; Sukekava et al., 2018). This chapter aims to see if the separate methods are sensitive to the
same fraction of HS in a dynamic region including hydrothermally-influenced waters, where HS
composition could be distinct. In addition, scanned stripping voltammetry (pseudopolarography), was
used to compare pseudopolarograms of marine humics to the commonly-used terrestrial standard, to

see if the standard was representative of the humics within the different sample types.

2. Distribution and behaviour of RSS and humic-like substances in the oligotrophic and hydrothermal

waters of the Western South Tropical Pacific. (Chapter 3)

The TONGA cruise took place in the Western South Tropical Pacific Ocean. The cruise aimed to
investigate two active shallow (< 500 m) hydrothermal sites. | investigated the distribution of eHS and
two different types of RSS, glutathione-like (GSH-like) and thioacetamide-like (TA-like)) in the
hydrothermally-influenced Lau Basin, Melanesian Basin and the oligotrophic South Pacific Gyre.
Pseudopolarography of RSS and eHS (surface and deep) were performed to see if there were
differences between sites and depths compared to standards and to determine if sulphide was

present.

3. The impact of shallow hydrothermal fluids on the production of RSS-like compounds and humic-like

substances. An incubation study (Chapter 4)
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Two incubation studies were carried out during the TONGA 2019 cruise in order to understand the
impact of shallow hydrothermal venting on the plankton communities and biogeochemical
functioning. In these experiments, surface water was mixed with water of hydrothermal origin in
different ratios. | assess if shallow hydrothermal vents can be an indirect source of RSS and humic
substances. Cathodic pseudopolarography was used to see if hydrothermal fluids influenced the
humic and material produced and degraded by microbial communities. | also compared Cu

pseudopolarograms with/without hydrothermal fluids and at the start/end of the minicosms.

Annex - Voltammetric detection and speciation of RSS, sulphide and copper in seawater

The annex at the end of this thesis provides the reader with background information about the
electrochemical behaviour of RSS and sulphides present in marine waters when detected using a
mercury electrode, as well as information about the electrochemical behaviour of copper when using
a gold electrode. This annex also provides background information/theory about the technique

stripping scanned voltammetry (pseudopolarography).
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Note for the reader

The following chapter is in preparation for submission to the journal Marine Chemistry.

To be submitted as: Portlock, G., Salalin, P., Dulaquais, G., Fourrier, P., Riso, R., Omanovic, D., Guieu,
C., Bonnet, S., Whitby, H, Humic substances in the Western Tropical South Pacific: an

intercomparison of electrochemical techniques

In this chapter, | analysed eHS using the eHS-Mo method (Pernet-Coudrier et al., 2013) and the eHS-
Cu method (Whitby and van den Berg, 2015). | analysed these samples in Liverpool, UK. Analysis of
eHS using the eHS-Fe method (Laglera et al., 2007; Sukekava et al., 2018) was carried out by G.
Dulaquais in Brest, France. | ran pseudopolarography using the eHS-Mo method and the eHS-Cu

method. G. Dulaquais ran pseudopolarography using the eHS-Fe method.
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Chapter 2

Humic substances in the Western Tropical South
Pacific: an intercomparison of electrochemical

techniques.

Abstract

Electroactive humic substances (eHS) play a key role in the cycling of Fe and other trace metals in
marine waters but understanding of their composition and biogeochemical cycling is severely lacking.
eHS are thought to represent the metal-binding fraction of the humic substances pool, which itself is
an operationally defined fraction of the wider dissolved organic matter (DOM) pool. Here, we compare
results from three electroanalytical methods used for eHS quantification by cathodic stripping
voltammetry (CSV) of their complexes with iron (eHS-Fe), with copper (eHS-Cu) or with molybdenum
(eHS-Mo) at the mercury electrode in samples collected from the Western Tropical South Pacific
(French GEOTRACES Tonga cruise). Two methods (eHS-Mo and eHS-Fe) were compared across the
whole transect, encompassing waters experiencing hydrothermal activity and high nitrogen fixation,

with the eHS-Cu method also compared at the most offshore, oligotrophic station. Analyses were
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performed independently in separate laboratories, in Liverpool (UK; eHS-Mo, eHS-Cu) and Brest
(France; eHS-Fe). Similar eHS concentrations were found by all methods in deep waters of the
oligotrophic station, while significant variations were observed in the upper 1,000 meters. eHS
concentrations determined by the Fe and Mo methods across the entire transect (N = 104) were
strongly correlated (Pearson’s correlation coefficient of 0.8) and not significantly different (two-tailed
paired t-test, p > 0.36) although large differences were observed. Using scanned stripping
voltammetry (pseudopolarography), we show that the pseudopolarograms of the river-derived SRFA
standard is different than those obtained with the marine humics. Consequently, we find that the
concentration determined by the method of standard addition is strongly dependent on the
deposition potential, due to these inherent differences between the structure and composition of the
analyte compared to the Suwannee River Fulvic Acid (SRFA) standard. We thus stress that agreement
between voltametric methods should not be assumed and is likely dependent on the type of organic
matter present. Interestingly, we observed that Fe-eHS (and to a lesser extent Cu-eHS)
pseudopolarograms resembled the SRFA pseudopolarograms in deep waters compared to surface
waters, possibly inferring that with depth marine eHS are become more terrestrial-like.
Pseudopolarography might become a useful analytical tool to gain insights into the biogeochemical

cycling of electroactive humic substances.

2.1. Introduction

Humic substances (HS) are ill-defined, refractory heterogeneous organic compounds of varying
molecular weight, polarity and composition that are derived from the degradation of organic matter.
They are present both in the dissolved and particulate fraction of the organic carbon pool and have a
long residence time in the water column (Dulaquais et al., 2018b; Faganeli et al., 1995). Their sources
to the marine system include land/rivers (Krachler et al., 2015; Muller, 2018), deep-sea sediments

(Dulaquais et al., 2018b; Shigemitsu et al., 2021), atmospheric deposition (Krivacsy et al., 2008),
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hydrothermal vents (Sarma et al., 2018; Yang et al, 2012), and biological activity through
phytoplankton degradation, cell lysis, bacterially-mediated degradation of labile dissolved and
particulate organic matter (Sarma et al., 2018; Tranvik, 1993; Whitby et al., 2020b). Photobleaching in
sunlit surface waters has been suggested as one of the main sinks of HS (Omori et al., 2011). Bacterial
degradation and removal by adsorption onto sinking particles might also be important removal

processes (Longhini et al., 2021; Whitby et al., 2020a).

The definition of HS is operationally based: they are defined as those substances that can be extracted
by elution through a hydrophobic sorbent resin (e.g. Amberlite XAD). After elution, HS can be refined
into two components: humics acids (HA) and fulvic acids (FA) based on their solubility at pH 1, the
former precipitating while the latter remains soluble. Here, we use the term HS to refer to both humic

and fulvic acids (IHSS, 2022; Stevenson, 1994).

Interest in HS in the marine system has gained momentum in the last decade due to their likely role
inthe complexation of iron (Fe) (Laglera and van den Berg, 2009). Fe is a micronutrient limiting primary
productivity in surface waters of an estimated 40% of the contemporary ocean (Hassler et al., 2020).
Although one of the most abundant elements on earth, the poor solubility of its oxyhydroxide species
is such that its concentration in seawater of pH 8 should not exceed 10 pM (Liu and Millero, 2002).
With dissolved Fe levels being considerably higher at sub nM levels, the increased solubility is often
attributed to complexation with dissolved organic ligands (Gledhill and Buck, 2012) and/or to the
presence of colloidal species (e.g. FeS, pyrite, (Davison, 1991)). This stabilisation of Fe is essential
because it decreases its scavenging (Fe is particle reactive and tend to adsorb on sinking particles),
and thus increases its residence time in the water column (Gledhill and Buck, 2012). HS have been
shown to be an important component of the Fe-complexing ligand pool in many locations (Dulaquais
et al., 2018b; Gledhill and Buck, 2012; Kitayama et al., 2009; Laglera et al., 2019; Laglera and van den
Berg, 2009; Muller, 2018; Su et al., 2018; Whitby et al., 2020c). Recent work suggests that HS are

important for Fe complexation in the deep Atlantic (Whitby et al., 2020c), are the main ligands for the
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transport of Fe in surface waters of the Arctic ocean (Laglera et al., 2019) and are responsible for the
long range transport of Fe across the Northeast Pacific (Yamashita et al., 2020). The importance of HS
is however not limited to Fe and they have been shown to be involved in the complexation of other
metals such as copper (Cu) (Kogut and Voelker, 2001; Waeles et al., 2015; Whitby and van den Berg,
2015), manganese (Mn) (Oldham et al.,, 2017) and other metals (Yang and van den Berg, 2009).

Reliable determination of HS, particularly the metal-binding fraction, is therefore fundamental.

Quantitative determination of HS is an analytical challenge. Natural water samples contain a wide
range of different humic compounds having different polarity, aromaticity, composition, charge and
thus different biogeochemical cycling due to e.g. different photoreactivity, complexing or adsorbing
properties. Analytical techniques detect an average of a certain property making the quantification
method both technique and standard dependent; direct comparison of quantitative results obtained
with different techniques should thus be done carefully (Filella, 2014, 2010). Most quantitative
methods are based on UV-visible light absorbance or fluorescence spectroscopy (Coble, 2007;
Yamashita et al., 2020; Yamashita and Tanoue, 2009), size-exclusion chromatography coupled to
various detectors (Dulaquais et al., 2018a) or electrochemistry (Laglera et al., 2007; Pernet-Coudrier

et al., 2013; Sukekava et al., 2018; Whitby and van den Berg, 2015).

Electrochemical measurements are based on the adsorption properties of humic compounds on the
mercury drop electrode. Several polarographic techniques can be used to detect and characterise
humic compounds (Cominoli et al., 1980). They are based on the strong adsorbing properties of HS on
the mercury drop surface by measuring a change in capacitive current, by measuring the decrease of
the polarographic maximum of oxygen or by measuring the faradaic current of an oxido-reduction
process of some functional groups of HS or metals form complexes with the humics. Capacitance
based techniques suffer from interference of any other surface active substances (Cosovi¢ and
Vojvodi¢, 1982). Although different adsorbing properties at different pH have recently been used to

selectively measure HS over other surface active substances (Cuscov and Muller, 2015), the
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guantification is indirect. Direct, selective and sensitive methods for HS determination are based on
cathodic stripping voltammetry where a metal-humic complex is first adsorbed at the mercury drop
surface before being reduced during the stripping step. HS determined through CSV methods are

defined here as electroactive HS (eHS).

There are currently 3 CSV methods for eHS determination. The first published method is based on the
formation of an electroactive molybdenum (VI)-HS complex (referred to here as eHS-Mo) in acidified
(pH 1.9) seawater (Quentel et al., 1986). It was later refined to allow simultaneous determination of
thiol-like compounds resembling thioacetamide and glutathione (Pernet-Coudrier et al., 2013). The
second and third methods are based on the selective adsorption of electroactive Fe-HS (eHS-Fe)
(Laglera et al., 2007; Sukekava et al., 2018) and electroactive Cu-HS (eHS-Cu) complexes (Whitby and
van den Berg, 2015) respectively, both carried out in buffered pH 8 seawater. These 3 methods all
follow a similar procedure: by saturating eHS naturally present in the sample with additions of sub uM
levels of one of the 3 metals (Mo, Fe or Cu), their total concentration (i.e. [eHS-Mo], [eHS-Fe] or [eHS-
Cu]) can be determined by standard addition, with Suwannee River Fulvic Acid (SRFA) being commonly
used as a standard. The methods are sufficiently sensitive (LOD in the range of low pg.L) to measure
natural levels of eHS throughout the marine environment. Using the CSV techniques, eHS have been
quantified in estuaries (Laglera et al., 2007; Riso et al., 2021; Waeles et al., 2013; Whitby et al., 2017;
Whitby and van den Berg, 2015), coastal waters (Bundy et al., 2014; Laglera et al., 2007; Waeles et al.,
2013; Whitby and van den Berg, 2015), and in surface and deep waters of the open ocean (Dulaquais
et al., 2018b; Fourrier et al., 2022; Laglera et al., 2019; Laglera and van den Berg, 2009; Slagter et al.,
2019, 2017; Whitby et al., 2018). eHS concentrations vary from thousands of pg.L? in estuarine
conditions down to tens of pug.L™ in the open ocean and have been estimated to represent 2-5% of the
DOC (Dulaquais et al., 2018b; Laglera and van den Berg, 2009). While eHS is only a small fraction of
the humic-like pool that represents 30-50% of the DOC (Fourrier et al., 2022; Zigah et al., 2017) its

contribution to the complexation of Fe can be high (e.g. (Laglera et al., 2019; Whitby et al., 2020b)).
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Few studies have compared HS concentrations determined by different methods. Comparison of eHS
with HS concentrations determined by UV absorbance were in good agreement (within 15%) for both
eHS-Fe (Laglera et al., 2007) and eHS-Cu (Whitby and van den Berg, 2015), suggesting that these 3
techniques are mainly sensitive to the same humic pool, however comparisons to fluorescence
techniques showed very different humic profiles (Whitby et al., 2020b). The first direct comparison of
electrochemical methods was reported between eHS-Fe and eHS-Mo in the river Mersey and coastal
waters from Liverpool Bay (Laglera et al., 2007). This preliminary study found that both methods gave
similarly high eHS concentrations in freshwater, but in coastal seawater, [eHS-Mo] were significantly
higher than [eHS-Fe] (up to 10 times higher). On the other hand, excellent agreement between eHS-
Fe and eHS-Mo was obtained in a variety of samples collected from open ocean (Atlantic and Pacific)
and coastal waters (Dulaquais et al., 2018b). Similarly, levels detected by eHS-Cu agreed well with eHS-
Fe in both coastal and open ocean locations (Abualhaija et al., 2015; Whitby et al., 2020a). This is in
general agreement with the observation that Fe and Cu compete for at least some of the same binding

sites of humic substances (Abualhaija et al., 2015; Yang and van den Berg, 2009).

All 3 methods are based on cathodic stripping voltammetric measurements where the analyte is first
accumulated at the electrode surface at a specific potential (i.e. the deposition potential (Eqep)) before
being detected during the stripping scan. Each method also uses the method of standard addition
where known concentrations of standard are added to the solution, allowing quantification of the
original signal. This is a powerful technique when analytes and standard are identical but when this is
not the case, the reported value is very much technique-dependent. In most work, the SRFA standard
is used because it is the most characterised HS. It is extracted from a river and thus more
representative of terrestrial environments where the composition, structure, adsorbing and
complexing properties are likely different to marine-derived HS. A key difference between marine and
terrestrial HS is the presence of lignins and tannins. Lignins are organic phenolic polymers that are
abundant in plant cell walls. They are important in the growth and development of plants (Liu et al.,

2018). Tannins are phenolic compounds, they are found in plant leaves, fruit, roots and wood. They



Page |53

are used as a plant defence mechanism against grazers (Hassanpour et al., 2011). Both of these
compounds are only present in terrestrial HS as they are derived from plants (Shevchenko and Bailey,
1996). There are also similarities between marine and terrestrial HS. Marine HS are comprised of
complex paraffinic structures, which are major components in some terrestrial HS. The majority of HS
produced in terrestrial environments are of microbial origin, which may account for similarities

between marine and terrestrial HS (Hatcher et al., 1981).

Pseudopolarography, also called scanned stripping voltammetry, is a technique that uses the variation
of the intensity of the signal of interest at varying Eqep. The technique has been used in anodic stripping
voltammetry for metals such as Cu, Cd and Pb (Bi et al., 2013a, 2013b; Gibbon-Walsh et al., 2012;
Tsang et al., 2006). It allows the estimation of the presence and potential origins of different classes
of complexes, their stability constants and concentrations based on the number, potential and
intensity of reduction waves. Cathodic pseudopolarography has only been used to differentiate
between the presence of various thiols in marine waters by comparing the pseudopolarograms to
those obtained with model compounds (Laglera and Tovar-Sanchez, 2014). The use of
pseudopolarography for the characterisation of HS has to our knowledge so far not been reported.
Similarly, the effect of the Eqep On the determination of eHS concentration by CSV has never been
carefully assessed. Although concentrations are determined by the standard addition method,
different concentrations will be obtained at different Eq4p if the adsorbing and complexing

characteristics of the standard are different from those of the natural eHS present in the water sample.

While two methods have been compared on a few samples (eHS-Fe with eHS-Cu along a salinity
gradient (Whitby et al. 2015; Abualhaija et al. 2015) and in open ocean samples (Whitby et al. 2020),
or eHS-Fe with eHS-Mo on coastal and open ocean samples (Laglera et al., 2007; Dulaquais et al.,
2018b), such a detailed comparison of the 3 published CSV methods for the determination and
voltammetric characterisation of HS concentrations has not been reported on the same samples to

date. Here, we present such comparison in open ocean samples collected at various depths at one
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oligotrophic station located in the western tropical South Pacific (WTSP). For each method, we also
present the pseudopolarograms obtained in surface and bottom waters in comparison to that of the
terrestrial standard SRFA. We determined the range of concentration (unit of pug. eq SRFA.L?) of each
method, depending on the Eg4ep chosen for the standard addition procedure. In addition, we also
present a comparison of HS concentrations determined by the Fe and Mo CSV methods along the
entire Tonga transect (9 stations, 104 samples), i.e. water samples collected in the Melanesian, Lau
basin and South Pacific Gyre. The experiments were carried out independently by two different
laboratories but using the same SRFA standard for quantification. eHS-Mo and eHS-Cu were quantified
at the University of Liverpool (UK) and eHS-Fe at “Laboratoire des sciences de I'Environnement Marin”

(LEMAR, Fr).

2.2. Experimental

2.2.1. Sampling

The GPprl14 GEOTRACES TONGA cruise took place in the Western Tropical South Atlantic (WSTP) in
January 2019 (Figure 2.1). Seawater samples were collected using a trace metal clean rosette (TMR,
General Oceanics Inc. Model 1018 Intelligent Rosette), attached to a 6 mm diameter Kevlar line. After
collection, Go-Flo bottles were transferred into a clean container for sampling. The seawater was
filtered on-line through 0.45 um using a polyethersulfone filter (Supor®), and collected in 60 mL
Nalgene bottles, which were acid-cleaned according to GEOTRACES protocol (Cutter et al., 2017).

Samples were immediately frozen at -20°C until analysis.

At station 8, 12 samples collected at various depth (Figure 2.1) were analysed by the 3 CSV methods,
while at 6, only surface and deep waters samples were analysed. A total of 104 samples collected at
various stations located in the adjacent Lau Basin and Melanesian waters and they were analysed for

both eHS-Mo and eHS-Fe; eHS-Cu were not determined in those samples. The hydrography of the
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Western Tropical South Pacific Ocean (WTSP) during November 2019 is described in detail in Chapter

3, section 3.3.1.

Ocean Data View

160°E 170°E 180°E 170°W 160°W
Figure 2.1. Map of stations sampled during the TONGA 2019 (Grp14) cruise across the Western
Tropical South Pacific Ocean (WTSP). Panamax and Simone were the two shallow hydrothermal
vents. The cruise started and ended in New Caledonia. The black lines represent the cruise track.
Black dashed lines separate the different oceanographic regions. Figures were generated using ODV
software (Schlitzer, 2021).

2.2.2. Voltammetric equipment

In both Liverpool and Brest, a potentiostat pAutolablll was connected to a Metrohm 663 VA stand
through the IME663 interface and was controlled by NOVA (version 2.1.4) or by GPES (Version 4.9)
software. The working electrode was a hanging mercury drop electrode (HMDE), the reference
electrode was Ag/AgCl with a glass salt bridge filled with 3 M KCl, and the counter electrode was a
glassy carbon rod. Solutions were stirred (setting 4 on the VA stand) during the deposition step by a
rotating polytetrafluoroethylene (PTFE) rod. In Liverpool, an automatic sampler was connected to the
VA stand, allowing automatic loading, rinsing and emptying of the voltammetric cell. Standard
additions were made automatically using Cavro syringe burettes. After each standard addition, the
voltammetric cell was rinsed twice with MQ water for 30 s before loading of the next sample. In Brest,

samples were loaded and standard additions performed manually.
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2.2.3. Reagents

2.2.3.1. Liverpool

All solutions were prepared using ultrapure deionized water (>18 MQ) from a Milli-Q system
(Millipore, UK). Cu (BDH) and molybdenum (Fisher Scientific) standard solutions (10 uM) were
prepared by appropriate dilution of 1g.L™! atomic absorption spectroscopy standard solutions and
acidified with 10 mM HCI (12M). A pH buffer of 1M boric acid (Analytical grade, Fisher Scientific) was
prepared in 0.35M ammonia (trace metal grade, Fisher Scientific) and UV-digested for 45 minutes to
remove organic contaminants. It was cleaned from trace metals by the addition of 100 uM MnO; (van
den Berg, 1982) for several hours followed by filtration (0.2 um cellulose nitrate membrane,
Whatman) on the following day. This cleaning operation was repeated twice. Fulvic acid (FA) from the
Suwannee River (International Humic Substances Society, 25101F) was dissolved in MQ to a
concentration of 10 mg.L™ . Deep Sea Reference (DSR) seawater (Batch 20— 2020 — Lot 08-20 and Batch
21 — 2021 - Lot 08-18) with certified DOC concentrations of 44-46 uM were obtained from Hansell
laboratory in Miami. This water was collected at 700 m depth in the Florida Straits, acidified with HCI
to pH 2. SRFA standard and DSR samples were kept in the dark at all times and in the fridge when not

in use.

2.2.3.2. Brest

All solutions and cleaning procedures used ultrapure water (resistivity > 18.2 MQ.cm™, MilliQ Element,
Millipore®). An acidic solution (HCl, 0.01 M, Suprapur®, >99%) of 1.24 umol L Fe (Ill) was daily
prepared from a stock solution (1 g L}, VWR, Prolabo, France). The borate buffer (HsBOs, 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 (KBrOs;, 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
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solution (22.86 mg SFRA L) was prepared in ultrapure water and saturated with Fe according to its
Fe binding capacity in seawater determined by Sukekava et al., 2018. Saturated SRFA solution
equilibrated overnight before its use. Exact concentration of the SRFA stock solution was determined

by size exclusion chromatography analysis (Dulaquais et al., 2018a).

2.2.4. Voltammetric determination of eHS

2.2.4.1. eHS-Mo Method

The voltammetric method was based on Pernet-Coudrier et al. (2013) but was adapted to include a
background subtraction to increase sample throughput by decreasing detection limits while keeping
the same deposition time as the original method (150 s) (Figure 2.2). Briefly, under a laminar flow
hood, aliquots of seawater (8 mL) were pipetted into an acid-cleaned quartz voltammetric cell. The
solution was spiked with 30 pL of 10 ppm Mo(VI), corresponding to [Mo(VI)] added of 375 nmol L™
The sample was then acidified to pH 2, and 300 s N, purge was applied. The analytical scan consisted
of the application of a Eqep Of O V applied for 150 s. The stirrer was on during the deposition and
stopped during the 5 s equilibration step. Stripping was done in differential pulse mode, initiated at 0
V and terminated at -0.65 V with a modulation time of 60 ms, a modulation amplitude of 50 mV, a
step potential of 2 mV and an interval time of 0.1 s. Because the eHS-Mo signal is present on a slightly
curved baseline, background subtraction was applied by recording a background scan (using the same
parameters as the analytical scan but with a 1 s deposition time) at the start of the standard addition
procedure. This unique background scan was subtracted from all analytical scans (sample + standard
additions) to give background-subtracted scans. The peak height of each background-subtracted
voltammogram was quantified using ECDsoft. Smoothing was also applied (Savitsky-Golay, smoothing
factor 10). The standard addition procedure consisted of a minimum of 4 repeat scans for the sample

and each of the 2 standard additions of 40 ug eq SRFA.L™.
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Figure 2.2. (A) Cathodic stripping voltammogram of an analytical scan and a 1 s background scan
using the Mo method (Pernet-Coudrier et al., 2013). Background scan used the same analytical
parameters as the analytical scan but with a 1s deposition time. Analytical scan shows a small eHS-
Mo signal. The 1 s background scan was used for background subtraction. Background subtraction
was performed to flatten out the baseline, as the background is slightly curved. (B) is a background
subtracted scan. background subtracted scan shows a larger eHS-Mo signal. This peak (between -
0.35 V and -0.55 V) was used for the quantification of eHS.
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2.2.4.2. eHS-Cu Method

The method used here was originally published by Whitby et al. (2015). Under a laminar flow hood,
aliquots of seawater (8 mL) were pipetted into an acid-cleaned quartz voltammetric cell. The
concentration of eHS-Cu was determined using CSV in the presence of a 10 mM borate buffer (final
pH 8.1) and excess Cu (30 nM). Briefly, following a 300 s purge with N3 gas, a Egep Oof +0.05 V was
applied for up to 150 s, depending on the concentration of HS. After deposition, a 9 s quiescence time
was imposed, followed by a 1 s potential jump to -0.2 V to remove any interference from iodide. The
stripping scans were initiated at 0 V and terminated at -0.75 V using the differential pulse mode.
Instrument settings were as follows: a modulation time of 40 ms, modulation amplitude of 50 mV, a
step potential of 5 mV, and an interval time of 0.1 s. The eHS-Cu peak was present at a potential
around -0.2 V. At the start of the sample analysis, a 1s background scan was carried out and subtracted
from all subsequent analytical scans. This was carried out to remove the response for inorganic Cu and
flatten the baseline. The concentration of eHS-Cu was quantified by the method of standard additions.
For each sample, two additions of 40 ug eq SRFA.L™ were made with 4 measurements per addition.
The peak height of each background-subtracted voltammogram was quantified using ECDsoft.

Smoothing was also applied (Savitsky-Golay, smoothing factor 10).
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2.2.4.3. eHS-Fe Method

The method used here was initially developed by Laglera et al. (2007) and adapted by Sukekava et al.
(2018). The concentration of eHS-Fe was determined using CSV in the presence of KBrOs. KBrOs was
added to the sample to act as an oxidant to boost the dissociation current of the Fe-eHS complex. In
this study, the pH of samples was set to 8.00 + 0.05 by adding a borate buffer (final concentration 10
mM) and adjusted with small additions of an ammonia solution. The concentration of Fe-HS was
determined after the addition of 20nM Fe to saturate HS naturally present in the sample. After
equilibration, aliquots (15 mL) of the sample were placed into three different teflon vials (Savillex ®);
among them, two were spiked with a SRFA standard (25S101F; 50 and 100 ug L?). After overnight
equilibration, samples were placed into a teflon voltammetric cell. Samples were purged (180 s of Ny;
Alphagaz®, Air Liquide). An Egep of -0.1 V was applied for up to 90 s. After the Eqep the stripping scans
were initiated at 0 V and terminated at -0.8 V using the linear sweep mode, with a scan rate of
50mVs™. The eHS-Fe peak was present at a potential of around -0.5 V. For each aliquot, three

voltammetric analyses were performed.

2.2.5. Pseudopolarography

The methods used for pseudopolarography of eHS were Pernet-Coudrier et al. (2013) (eHS-Mo),
Laglera et al. (2007) (eHS-Fe), and Whitby et al. (2014) (eHS-Cu). Each pseudopolarogram was built up
of a series of voltammetric scans where the eHS peak height was measured at various Eqep, creating a
‘fingerprint’ of the eHS in the seawater. Pseudopolarograms started at an Egep 0of 0 V (eHS-Fe) or +0.1
V (eHS-Cu, eHS-Mo). The Eqep decreased by increments of -0.05 V or -0.1 V until the eHS peak was no
longer visible. The deposition time was 150 s for the Cu and Mo procedures while 90 s was used for
the Fe method. As pseudopolarography was used here only for qualitative purposes, only the eHS-Cu
method required background subtraction to remove the inorganic Cu peak (as described in the
published method). Pseudopolarograms of SRFA standards were carried out for each method to

compare with the eHS found in seawater. Analysis of SRFA was carried out in UV-digested seawater
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(UV-SW). UV-SW was prepared by 3 hirradiation in acid cleaned 30 mL quartz tubes with a 125 W high

pressure mercury lamp (van den Berg, 2014).

2.2.6. Statistics
Concentrations of humics were measured using the standard addition procedure with the SRFA
standard. Results are thus all provided in eq SRFA.L2. Error bars given show the standard deviation of

the intercept, determined for each standard addition using Equation 1 (Harris, 2003).

S 1 y2

y y .

S, = — |[- 4+ ——— Equation 1.
O mlyn  m? ¥(x- %)? auat

Where sy is the standard deviation of eHS, s, 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, ¥y is the average peak
height across all data points, x; is the concentration of added humic for data point i, and X is the

average concentration of humics across all data points of the standard addition procedure.

Statistics to compare the eHS concentrations obtained by the three CSV methods at station 8 were
carried out using a non-parametric Wilcoxon signed rank two-tailed test for dependent sample due to
the low sample size (N=12). A paired two-tailed t-test was used to assess any differences between

eHS-Fe and eHS-Mo across the entire dataset (N=104).

2.3. Results

2.3.1. Analytical parameters

2.3.1.1. Importance of background subtraction

The eHS-Mo method presented by Pernet-Coudrier et al. (2013) suggested to use a Eqgep of 0 V for 150
s without any background subtraction. In our case, we found that the background subtraction was

necessary because for eHS-Mo, the eHS signal is present on a slightly curved baseline. The
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concentration determined with background subtraction was consistently higher than without, but the
increase was found to vary depending on the water sample being analysed (Table 2.1). For the DSR
sample, the [eHS-Mo] increased by 8% with background subtraction, whereas Station 6 deep water
increased by 23%. The most significant difference in [eHS-Mo] was in Station 6 surface water, which
showed a 39% increase. Background subtraction was also applied for the eHS-Cu method to remove

interference from inorganic Cu, as suggested in the original paper (Whitby and van den Berg, 2015).

Water eHS-Mo (pg.LY) eHS-Mo (ug.L?)
Background subtraction No background subtraction
Deep Sea Reference (700m) 21.19+3.20 19.35+3.51
Station 6 deep (1,041m) 31.04 + 2.53 23.86+2.08
Station 6 surface (25m) 70.96 £ 8.4 43.03+4.99

Table 2.1. Comparison of the concentration of eHS-Mo obtained with and without background
subtraction. The three water sources were used; Deep Seawater Reference sample (Hansell lab,
Batch 21), Station 6 surface (25 m) and deep waters (1.041 m) (Latitude: 20.687S, Longitude:
174.379W). Error represent the average standard deviation of the standard additions.

The [eHS-Mo] with and without background subtraction was also compared to the [eHS-Cu] using an
internal reference (SCALE Underway fish, Southern Ocean, 49°20S 03°31'E) (Table 251). Without
background subtraction, [eHS-Mo] was 16.55 + 1.61 pg.L? (N=5). When background subtraction was
applied [eHS-Mo] increased to 38.84 + 0.79 pug.L (N=5). This was similar to the [eHS-Cu] 41.92 + 1.53
pg.Lt (N=5). These tests suggest that when measuring eHS-Mo, background subtraction is required

for quantifying eHS, which is not commonly done.

2.3.1.2. Limit of detection

The limit of detection (LOD) was determined for the three electrochemical methods (Table 2.2) using
Egep Of 0, +0.05 and -0.1 V for the Mo, Fe and Cu methods respectively. For eHS-Cu and eHS-Mo,
seawater was UV digested to remove any organics in the solution, ensuring a contamination-free

analytical procedure. Low levels of SRFA (eHS-Mo (8 ug.L); eHS-Cu (20 pg.L?)), were then added to
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the UV seawater and the detection limit was calculated as 3 times the standard deviation of repeated
scans (minimum of 7). For eHS-Fe, the LOD was defined as three times the standard deviation of the
lowest concentration measured (23.2 + 3.0 pg eg-SRFA L™) and was estimated to be 9 ug eq-SRFA L™

for a deposition time of 90s.

eHS-Mo eHS-Fe eHS-Cu

(ug.L?) (ug.L?) (hg.L?)
Limit of detection 3 9 9

(N=10) (N=7) (N=10)

Table 2.2. The limit of detection (LOD) for the eHS-Cu, eHS-Mo and eHS-Fe methods. Eqep, and deposition
time are as follows: eHS-Mo, 0 V for 150 s. eHS-Fe, -0.1 V for 90 s. eHS-Cu, +0.05 V for 150 s. N
represents the number of repeats.

The reproducibility of the eHS-Mo method was estimated by performing 5 repeat measurements using
standard additions of SRFA on Deep Seawater Reference (DSR) sample (Hansell lab, Batch 2019/20).
The average concentration determined using Egep = 0 V was 22.9 + 1.4 pg.L?, giving a reproducibility
of ~ 6.2%. The DSR was not measured with the eHS-Cu method due to a broad interference at the
same position as the eHS-Cu peak (Figure 2.3). Because of this, SCALE water (SCALE Underway fish,
Southern Ocean, 49°20S 03°31'E, mean eHS concentration 40.4 pg.L'!) was used as an internal
reference water. The SCALE in-house reference material was measured at the start of each day and

showed good reproducibility during the course of the experiment (Table 252).
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Figure 2.3. Cathodic stripping voltammogram of the Deep Seawater Reference sample (Hansell lab,
Batch 2019) after 30s deposition time using the eHS-Cu method. A large broad peak was in the same
position as the eHS-Cu peak. Three additions were made, and there was no linear increase therefore,
eHS-Cu could not be measured.

2.3.2 Effect of deposition potentials

Preliminary experiments were first carried out in surface and bottom water samples from station 6 to
visualise the effect of changing the deposition potential on the concentration of eHS being detected
by the eHS-Mo procedure using the method of standard addition with SRFA. For both samples, when
decreasing Egep from 0 to -0.4 V, the concentrations obtained increased significantly (Figure 2.4A). In
the surface water, the concentration increased from 71.0 + 8.4 ug eq SRFA.L™ (Eqep=0 V, N=1) to 122.4
+ 3.1 ug eq SRFA.L? (E4ep=-0.4 V, N=3), an increase of more than 60% of the original signal. In the
bottom sample, the concentration increased even more, from 31.0 £ 2.5 pg eq SRFA.L-1 (Egep=0V,
N=2) up to 107.9 + 8.1 ug eq SRFA.L™ (Egep=-0.4 VV, N=2), an increase of more than 350%. It is important

to note that the sensitivities of the standard additions were very similar between surface and bottom
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water samples (Figure 2.4B) at all the Eqep tested here showing that the matrix effect was the same for
both samples. It also shows that a maximum sensitivity is obtained at Eq4ep between -0.4 and -0.2 V and

that the sensitivity obtained at Eqep = 0 V is approximately twice lower.

The influence of the Egep 0n eHS-Mo was also tested in the DSR (Hansell lab, batch 21). Here, [eHS-Mo]
increased from 25.9 + 2.2 ug eq SRFA.L* (N=10) to 55.4 + 1.3 ug eq SRFA.L™? (N=2) when using Egep Of
0 and -0.25 V respectively. It is, therefore, apparent that the choice of the Egep affects the
concentration of eHS being detected. In the samples tested here, higher eHS-Mo concentrations are
obtained when decreasing Eqep from 0 down to -0.4 V. For comparison the [eHS-Fe] in the DSR was 54

+ 4 ug eq SRFA.L? (Dulaquais et al., 2018b).
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Figure 2.4. (A) Influence of Eqep on (A) the concentration of eHS-Mo (equivalent of ug Suwannee River
fulvic acid (SRFA).L) determined by standard addition and on (B) the sensitivity of the standard
additions (i.e. slope of SRFA signal). Each data point is the average of 3 (surface water) or 2 (deep
water) standard additions apart for Eqe, = 0 V, where only one standard addition was made. Error bars
represent the standard deviation of the standard additions. Background subtraction scans (sample +
standard additions) were used for the quantification of eHS-Mo. Samples were from station 6 of the

TONGA 2019 cruise.

Following these preliminary observations, pseudopolarograms of SRFA obtained in UV digested

seawater were obtained and compared to pseudopolarograms of surface and bottom waters collected
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at station 8 (Figure 2.5). Each pseudopolarogram was normalised to its highest peak current signal
(i/imax). Firstly, the shape of the pseudopolarograms were very different between methods. For eHS-
Mo, a signal was obtained across a very wide range of deposition potentials, from 0 V down to at least
-1.2 Vfor both the samples and SRFA standard. The range for eHS-Fe was from 0 V (most positive value
tested) to -0.7 V for the SRFA standard and to -0.5 V for the natural samples. For eHS-Cu, the range
was narrower, from 0.05 V down to -0.4 V for the SRFA and to -0.2 V for the natural samples. While
the overall shape of the pseudopolarograms is similar for natural samples and SRFA using the
molybdenum method, the shape of the respective pseudopolarograms for eHS-Cu and eHS-Fe were
found to be very different between deep/surface and SRFA added to UV digested seawater. For the
Cu method, maximum sensitivities (as seen by the peak height) of the surface, bottom and SRFA
samples were obtained at deposition potentials of +0.05 V, +0.05 V and -0.05 V respectively, in general
agreement with the Egep of +0.05 V found as the optimum in the original method (Whitby and van den
Berg, 2015). For the Fe method, maximum sensitivities of the surface, bottom and SRFA samples were
-0.05V,-0.1Vand-0.15 V respectively, in general agreement with the Eqge, 0f -0.1 V found as optimum
in the original method (Laglera et al., 2007). For the Mo method, all samples reached a maximum
sensitivity at Eqep in the range of -0.3 to -0.45 V. This is also similar to the optimum Egep (Egep=-0.3 V)
suggested in the original study (Quentel et al., 1986) but different to the Egep (Eqep=0 V) suggested for
the simultaneous determination of eHS, glutathione and thioacetamide like compounds (Pernet-

Coudrier et al., 2013).

Figure 2.5 compares the normalised peak intensities between natural samples and SRFA standard
varies with Egep suggesting that the concentrations determined by the standard addition method will
also vary according to this ratio, i.e. depending on the Egep. Figure 2.6 presents the range of
concentrations determined by standard addition at various Egep for each voltammetric method. For
eHS-Cu, Egep of +0.05 and -0.05 V were chosen. For eHS-Fe methods, Eqep of 0, -0.1, -0.15, -0.25, -0.35

and -0.45 V were tested while for the eHS-Mo method, Egep 0f 0, -0.25, -0.5 and -0.75 V were used.
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Figure 2.5. Pseudopolarograms of the surface and deep water from station 8 using the different
voltammetric methods with Suwannee River fulvic acid (SRFA) standard in UV digested
seawater. (A) Pernet-Coudrier et al. (2013) (eHS-Mo method), (B) Whitby et al. (2014) (eHS-Cu
method) and (C) Laglera et al. (2007) (eHS-Fe method). Concentration of SRFA standard are as
followed; eHS-Mo (96 ug.L™), eHS-Cu (32 ug.L2) and eHS-Fe (84.4 ug.L™). Each point represents
the peak height of the eHS signal. Peak height has been normalised to the highest peak value
(=peak height/largest peak height).
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Large variations in concentrations were obtained for all methods when the Eqep, was changed. For eHS-
Mo, the highest and lowest concentrations were obtained at Eqep =-0.5 and 0 V respectively, in general
agreement with results presented in Figure 2.4, where a decrease of deposition potentials in that
range result in higher concentrations of humics being detected. Further decrease to Egep = -0.75 V
resulted in lower eHS concentrations. Large variations were also observed with the eHS-Fe method:
the highest concentrations were obtained at -0.1 V and the lowest at -0.45 V. At this latter Eqep, a signal
was detected in the shallower sample (25 m depth), no signal was detected at depth shallower than
~1,000 m before then increasing with depth. For eHS-Cu, an increase in [eHS] of almost 100% was
observed when decreasing the Eqep by only 0.1 V, from +0.05 V down to -0.05 V. However, although
eHS concentrations are clearly dependent on the Egep, the overall shape of each profile is similar with
higher concentrations being generally detected at the surface in the mixed layer (note that the Cu
profile does not have an eHS value for the 25 m sample), a decrease in the AAIW, followed by a small

increase in the middle of the PDW before another slight increase in the LCDW.
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Figure 2.6. eHS profiles using various Egep using A) eHS-Cu, B) eHS-Mo and C) eHS-Fe method. Error bars
represent the standard deviation of the intercept obtained for each individual standard addition. Colour
blocks show the different water masses. Artifactual Surface Water (ASW), Subtropical Underwater
(STUW), Western South Pacific Central Water (WSPCW), Antarctic Intermediate Water (AAIW), Pacific
Deep Water (PDW) and Lower Circumpolar Deep Water (LCDW).
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2.3.3. Comparison of eHS-Mo, eHS-Fe and eHS-Cu at station 8

Figure 2.7 compares the eHS concentration profiles obtained by each method when using the
published suggested deposition potential, i.e. +0.05 V for eHS-Cu (Whitby and van den Berg, 2015), -
0.1 V for the eHS-Fe (Laglera and van den Berg, 2009; Sukekava et al., 2018) and 0 V for eHS-Mo
(Pernet-Coudrier et al., 2013). The overall shape of the profile is the same: higher concentrations (up
to 120-150 pg.L?!) are detected at the surface, decreasing with depth down to 30 pg.l?! at
approximately 1,000 m before remaining rather constant in the PDW and finally slightly increasing in
the LCDW to levels of ~ 60-65 pg.L™. Over the entire profile, no statistical differences were detected
between methods at the 95% significance level (p > 0.05). However, significant differences were
observed in the upper water column. For instance, at the depth of 170 m, eHS-Mo and eHS-Fe were
measured at 72 and 122 pg.L? respectively, a 60% difference. Table 2.3 presents the average
concentrations with standard deviation for each method along the entire profile, at the shallower
depth (above 1100 m) and deeper depths (below 1100 m). The difference between methods is given
by the average of the relative standard deviation (RSD) occurring between method at each specific
depth (Table 2.3). In the top layer (depths between 0 and 1,100 m), the average RSD was 25.0 £ 3.6%
(n=6) while in the depths below 1,100 m, the average dropped down to 8.0 = 4.5% (n=6) showing a
much better agreement between the 3 methods in the deeper waters of the PDW and LCDW waters
than in the surface waters (STUW + AAIW) (Table 2.3). Although no significant differences were
observed in terms of concentrations, it is apparent that the eHS-Cu method determined the highest

eHS concentration at all 4 depths above 1,100 m (Figure 2.7, Table 2.3).
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eHS-Mo eHS-Fe eHS-Cu
Depth range % difference
(ng.L?) (hg.L?) (ug.L?)
Entire profile
458+ 11.6 51.4+27.0 59.7 £19.7 16.5+9.7
(n=10)
Above 1,100 m
454+ 16.1 54.7+39.3 67.9+26.5 25.0+3.6
(n=4)
Below 1,100 m
49.0+9.0 51.0+10.1 52.8+9.4 8.0+4.5
(n=6)

Table 2.3: Average concentrations over the profile (note that the data do not include the concentration
measured in the mixed layer as there are no eHS-Cu data at that depth) and % difference (the average
RSD calculated from the RSD obtained for [eHS-Mo], [eHS-Fe] and [eHS-Cu] obtained at each specific
depth).



Page |72

eHS (pg.L?)
0 50 100 150
0 ' =
-
500 = - - -
W~ " W
-l" =/
1000 e
\N
\
1500 N
\
\

2000 - ' &., ¢ Mo-eHS
= /° A Cu-eHS
© I.Iiﬁ
o 2% : B Fe-eHS
= [

7 | - - -Average
A 3000 - |
a |
3500 - 'Z., ¢
/
/
4000 - !
AN
\
4500 - N
N\
\
5000 4 o
\
\
5500 - H—/x{l—

Figure 2.7. eHS profiles at station 8 from the TONGA 2019 cruise. Concentrations determined by
standard addition using published Eqep, for each of the 3 voltammetric methods. Eqep are as followed;
eHS-Mo (0 V), eHS-Cu (+0.05 V) and eHS-Fe (-0.1 V). Error bars represent the standard deviation of the
intercept obtained for each individual standard addition. The dotted line indicates the average eHS
concentration of those 3 methods.

2.3.4. Comparison of eHS-Mo and eHS-Fe across the Tonga transect

A total of 104 samples collected during the Grpl4 cruise were measured for eHS by both the Fe
method (Brest) and the Mo method (Liverpool). The entire dataset gave an average concentration of
37.8+19.8and 39.2 +25.3 ug.eq SRFA.L ™ for eHS-Mo and eHS-Fe respectively; no statistical difference

was apparent when running a two-tailed paired t-test between these two set of data (P >0.36) and a
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Pearson correlation coefficient was close to 0.8 indicating strong correlation. Nevertheless,
differences as high as 250% were observed between methods (Figure 2.9). In Figure 2.9, for each
station, the samples are ranked in order of decreasing depth (i.e. deep water on the left and shallow
water on the right of each coloured section). The average percentage differences between [eHS-Fe]
and [eHS-Mo] are given in Table 2.4. Station 6 had the largest difference between the two methods.
At this station, the [eHS-Mo] almost always lower than [eHS-Fe]. At station 4, [eHS-Mo] were almost
always higher than [eHS-Fe]. Station 8 had good agreement between both methods. No spatial
patterns in these differences could be seen and differences were found both in surface and deeper

waters (Figure 2.10).
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Figure 2.8. Comparison of the concentration of eHS-Fe vs eHS-Mo across the entire TONGA 2019
cruise transect. The deposition potentials used were recommended in the original method papers;
eHS-Fe=-0.1 V (Laglera et al. (2007)), eHS-Mo=0 V (Pernet-Coudrier et al. (2013). The red squares
represent the samples collected at station 8, an open ocean station. White circles represent the
samples collected from the rest of the transect. These stations may have hydrothermal influence.
Error bars represent the standard deviation of the intercept obtained for each individual standard
addition. Grey dashed line represents the trend line from station 8. Black solid line represents the
equivalence line.
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Figure 2.9. Percentage of differences between eHS-Fe and eHS-Mo, relative to eHS-Mo for all
stations. The deposition potentials used were recommended in the original method papers; eHS-Fe=-
0.1V (Laglera et al. (2007)), eHS-Mo=0 V (Pernet-Coudrier et al. (2013).

ST2 ST3 ST4 ST5 ST6 ST7 ST8 ST10 ST11 ST12

25+19 28+17 26+20 21+18 82+78 41+56 14+15 30+22 23+14 35+30
n=11 n=10 n=9 n=9 n=10 n=9 n=12 n=11 n=12 n=11
Table 2.4: Average of the percentage difference (absolute values) between eHS-Fe and eHS-Mo per
stations. n represents the number of compared samples at each station.
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Figure 2.10. Section plot of the percentage of differences between eHS-Fe and eHS-Mo across the
TONGA 2019 cruise. Percentage of differences are relative to eHS-Mo for all stations. Egep used were
recommended in the original method papers; eHS-Fe=-0.1 V (Laglera et al. (2007)), eHS-Mo=0 V
(Pernet-Coudrier et al. (2013). Figure generated using ODV software (Schlitzer, 2021).

2.4. Discussion

2.4.1. Comparison of eHS concentrations

The shape of the profile of eHS concentrations through the water column at station 8 is similar
between all methods, irrespective of the Eqep (Figure 2.7). The shape of the profile resembles those
previously reported in the Mediterranean using the eHS-Mo method (Dulaquais et al., 2018b) the
Arctic using eHS-Fe (Slagter et al., 2017), and in the Pacific using eHS-Cu (Whitby et al., 2018) with
higher concentrations in the surface than at depth, suggesting biological production of eHS in surface

waters and their microbial degradation in the water column.

The eHS concentrations detected by the standard addition method varies significantly with the
deposition potential. In the samples tested here, decreasing of Egep from O to -0.5 V increases
significantly the concentration of eHS-Mo. A similar observation was also made in coastal waters of
Liverpool Bay (Laglera et al., 2007). In this work, differences can also be seen in Figure 2.4 where SRFA

sensitivity reaches a plateau value between -0.2 and -0.4 V while [eHS-Mo] continue to increase with
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lowering Egep. The reason for the different concentrations is likely due to differences in adsorbing
and/or complexing behaviour between the natural eHS and the SRFA terrestrial standard resulting in
the different shapes of the respective pseudopolarograms, as seen in Figure 2.5. If one considers the
response of the SRFA as a proxy for sensitivity, it is clear that the concentration is dependent on the
Edep for both eHS-Fe and eHS-Cu methods. For eHS-Mo, the pseudopolarograms of the natural eHS
and that of the SRFA obtained in UV digested seawater are fairly similar, suggesting that eHS
concentrations should not vary significantly with Eqep. However, this is not what we observed when
running standard additions at various Egep Which suggests that the sensitivity of the SRFA in UV
digested and non-UV digested seawater is likely to be different, possibly due to the presence of natural

surface-active substances that may impact its adsorption on the mercury electrode.

The pseudopolarograms generated using the eHS-Mo method, show a peak when using Ege, more
negative than the halfwave potential, E,/.. The Epy; is a significant point as it is the point at which half
of the electrochemical reaction has occurred. In a typical voltammetric measurement using the eHS-
Mo method, a Eqep is applied to accumulate the Mo-HS complex. The Egep is required to be more
positive than the Ey, as this allows for the accumulation of the target analyte (Mo-HS complex) on
the electrode surface. After the deposition step, the Eqepis shifted in a negative direction, which causes
the accumulated Mo-HS complex to undergo oxidation, leading to its removal from the electrode
surface. At some point during this process, the oxidation potential of the complex will be reached,
leading to the oxidation of the deposited species and the release of electrode, which causes a signal.

For eHS-Mo method this signal is observed at -0.44 V (Equation 2)(Quentel and Elleouet, 2001).

Mo(V)-HS + "= Mo(IV)-HS Ep=-0.44V  Equation 2.

In other cathodic stripping voltammetry pseudopolarography measurements, after the quiescence
period, the stripping step was initiated form the potential of the Eqep (Laglera et al., 2014; Laglera and
Tovar-Sanchez, 2012). In this study, a fixed potential of 0 V was used at the start of the stripping step.

As the potential become more negative while stripping, it is still allows for the accumulation the Mo-
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HS complex onto the electrode surface, and therefore providing a signal after the halfwave potential,

Ep/Z-

For eHS-Fe and eHS-Cu methods, the analyses are performed at pH of ~ 8 and optimum Egep are
towards positive values for both natural humics and the SRFA standard (Figure 2.5). At this pH, the
functional groups of the humics are mostly unprotonated, giving them an overall negative charge
(Hunter, 1980). In seawater, the potential of zero charge at the Hg drop is around -0.5 V (Heyrovsky
and Kuta, 1966), meaning that the electrode is increasingly positive when higher Eqep are used which
results in higher attraction between the electrode surface and the humics. It is also apparent that both
Fe-SRFA and Cu-SRFA complexes adsorb on the Hg drop surface at lower potentials (down to -0.65
and -0.3 V for Fe-SRFA and Cu-SRFA respectively) than the natural complexes (down to -0.45 and -0.15
V for eHS-Fe and eHS-Cu respectively). This different adsorption pattern highlights fundamental
differences in composition/charge of the marine humics compare to terrestrial ones, the former
having more aliphatic and less aromatic character than terrestrial humic (Ertel et al., 1986; Esteves et
al., 2009; Harvey et al., 1983; Riso et al., 2021; Saito and Hayano, 1980). It is interesting to note that
for eHS-Fe, the shape of the pseudopolarograms of the bottom water is in between those of the
surface sample and the SRFA standard suggesting a gradual change in the nature of the eHS with
depth, moving towards a more terrestrial-like behaviour. As move down the water column they are
believed to become aromatic through processes such as bacterial remineralisation, which is
characteristic of terrestrial-like eHS. Such observation of increased aromaticity through bacterial
remineralisation was previously suggested (Whitby et al., 2020b) and has also been recently reported
in the South Pacific gyre with low aromatic DOM being present in the photic layer (Osterholz et al.,
2021). This change in the nature of the eHS as a function of depth is best exemplified by the
appearance of an increasing eHS-Fe signal at depths lower than 1,100 m when using a deposition

potential of -0.45 V (Figure. 2.6C).



Page |78

In acidic conditions, the phenolic and carboxylic groups of eHS are protonated, and the overall HS
charge is likely to be neutral, possibly positive if amino-N groups are important (Hunter, 1980).
Increasing the deposition potential above the potential of zero-charge (-0.5 V) would effectively result
in a weaker attraction (higher repulsion), in agreement with the pseudopolarograms obtained for the

eHS-Mo and SRFA-Mo.

Finally, the comparison of published methods (Figure 2.7) provides remarkable similarities in the
deeper waters but also significant variations in the upper waters suggesting that adsorption and/or
complexing properties of freshly produced eHS and remineralised eHS are different. For eHS-Fe and
eHS-Cu, both being measured at pH 8, this is consistent with previous results that have shown that
both metals compete for eHS complexation in estuarine waters (Abualhaija et al., 2015), possibly
through their carboxylate functional groups which are thought to be the main complexing moieties
for Cu (Midorikawa and Tanoue, 1998). From an analytical viewpoint, this similarity suggests that the
addition of the oxidant bromate used for catalytic enhancement of the eHS-Fe signal is not oxidising

the eHS, at least within the time scale of the analysis.

2.4.2. Comparison of eHS-Fe and eHS-Mo across the Tonga transect

Previous studies have shown good agreement between eHS-Fe and eHS-Mo (Dulaquais et al., 2018b).
In this study although there is good agreement between eHS-Fe and eHS-Mo across the dataset as a
whole, large differences (up to almost 250%) were also detected when considering individual
datapoints. The best agreement was obtained at station 8, while significant differences were obtained
at stations 6 and 7. These differences might be due to different organic ligands being present at station
8 compared to the other stations. This study spread across 3 different oceanographic regions;
Melanesian waters, the Lau Basin and the South Pacific Gyre. Station 6, 7 and 8 were all situated in
the South Pacific Gyre, but station 6 and 7 were close to the Lau Basin and therefore could be

influenced by hydrothermal activity and the abundance of diazatrophes.
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The South Pacific gyre is quite different to the Lau Basin and the Melanesian waters and therefore the
nature of the organic compounds in this region could be different, possibly explaining the results. The
Lau Basin, is abundant with hydrothermal vent (Baker et al., 2019; Crawford et al., 2003; Zellmer and
Taylor, 2001). These vents can be a source of eHS (Yang et al., 2012), as station 8 is situated quite far
into the South Pacific Gyre it would not be influenced by the hydrothermal activity in the Lau Basin.

This could explain the differences in agreement between station 8 and the rest of the transect.

In this study, stations 2, 7 and 8 are classed as oligotrophic waters, whereas stations 3, 4, PANAMAX,
SIMONE, 11 and 12 were classed as mesotrophic (Bonnet et al., 2022). Stations 3, 4, PANAMAX,
SIMONE, 11 and 12 are either situated or are close to the Lau Basin. The Lau Basin has high
concentrations of diazotrophs (Bonnet et al.,, 2018, 2017), as a result of their phosphorus-rich,
nitrogen-poor (Bonnet et al., 2018; Caffin et al., 2018) and dFe rich waters (Guieu et al., 2018; Tilliette
et al., 2022; Wang et al., 2022). In addition, in the TONGA transect diazatrophs have found to be
exported down to 1000m depth (Bonnet et al., 2022). Abundance of diazatrophs at station 8 was found
to be two orders of magnitude lower compared to the rest of the transect (Bonnet et al., 2022). The
elevated concentration of chlorophyll and diazotrophs in this region (except station 8) could explain
why there are differences between eHS-Fe and eHS-Mo method. As station 8 was found to have low
diazatrophs abundance this could explain why we see less variation at this station compared to the
rest.

It is however puzzling that differences between the two procedures seems random, with positive and
negative differences occurring at almost all stations (apart from station 6). Large differences between

eHS-Fe and eHS-Mo have previously been reported in estuarine waters (Laglera et al., 2007).

2.4.3. Pseudopolarography as a tool for eHS quantification

Pseudopolarography is a quantitative technique that could be used to provide an understanding of

the nature of the eHS present in the sample. This study showed differences in the pseudopolarograms
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of surface and deep eHS and terrestrial eHS, suggesting a difference in structure. This will affect the
concentration of eHS determined. It would be recommended to perform pseudopolarography on
marine samples that can be compared to terrestrial standards to see which is the most similar shape,
then use this standard for quantification. However, this can be time-consuming. Two commonly used
terrestrial standards are fulvic acid (FA) and humic acid (HA) extracted from the Suwannee River (SR).
Comparison of pseudopolarograms with the eHS-Mo method of SRHA and SFRA showed that SRHA
was detectable to more negative potentials (-1.6 V), whereas SRFA was only detectable to -1.3 V
(Figure 2S1). Therefore, applying an Edep between these values, e.g. -1.4 V, would let the user
determine if the marine eHS was more SRHA-like or SFRA-like. Thus, applying an Edep of -1.4 V before
guantification would be recommended to see if an eHS signal was obtained. If so, then the SRHA
should be used; if no signal is visible, then SRFA. This should be a quick test to enable the user to

determine the correct standard required for accurate quantification.

2.5. Conclusion

This work demonstrates that the concentration of eHS determined by each method (Mo, Cu or Fe) is
dependent on the Eqep and that part of this variation is due to differences between the analyte and
the terrestrial standard being used. We found that using the recommended deposition potentials
given in the original methods, can show discrepancies in the eHS concentrations being detected, but
it is important to note that this study was conducted in a highly dynamic region and is not
representative of most oceanographic regions. Station 8, was the most representative open ocean
sample. At this station, we found good agreement with all 3 methods, which shows that at this station

it appears that all 3 methods are sensitive to the same type of compounds.

The shape of pseudopolarograms using the eHS-Mo method were similar for natural samples and for

SRFA, while the pseudopolarograms using the eHS-Fe and eHS-Cu methods showed differences
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between natural samples and SRFA, with the adsorption of the SRFA standard occurring over a much
lower Egep than the natural eHS. Pseudopolarograms using all methods show slight differences
between the surface and deep sample. The most noticeable differences were observed using the eHS-
Fe method and the least noticeable was using eHS-Mo method. In all methods the deeper samples
were more similar to the SRFA standard than those of surface waters, which would agree with the
structure and composition of eHS changing through remineralisation to become more terrestrial-like

as a function of depth.

To our knowledge, the use of pseudopolarography for the characterisation of eHS has not been
attempted. We suggest a move towards pseudopolarography before quantification of eHS to compare
pseudopolarograms of marine eHS to a commonly used terrestrial standard (SRFA). This was to see if

it was representative of the eHS in the sample to achieve accurate quantification.
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2.7. Supplementary

Method Edep tdep Concentration
(V) (s) ug.L*
Mo-eHS
No background
subtraction 0 150 16.55+1.61
(N=5)
Mo-eHS
Background
subtraction 0 150 38.84+0.79
(N=5)
eHS-Cu
(N=5) 0.05 150 41.92+1.53

Table 251. Comparison of the concentration of eHS obtained from the SCALE internal reference
water (SCALE Underway fish, Southern Ocean, 49°20S 03°31'E) using the eHS-Cu and eHS-Mo
methods. The concentration of eHS-Mo shown with and without background subtraction. n
represents the number of repeats. Error represent the average standard deviation of the standard
additions.



Page |88

Date Method Water Concentration
(ug.L™)

14.04.21 eHS-Cu SCALE 38.27 £2.53
15.04.21 eHS-Cu SCALE 41.61 +3.89
16.04.21 eHS-Cu SCALE 40.56 £ 2.57
19.04.21 eHS-Cu SCALE 42.39+2.05
23.04.21 eHS-Cu SCALE 40.02 £1.18
26.04.21 eHS-Cu SCALE 40.3£9.66
27.04.21 eHS-Cu SCALE 32.88 +3.94
28.04.21 eHS-Cu SCALE 48.15 + 1.67
29.04.21 eHS-Cu SCALE 3476 £2.3
05.05.21 eHS-Mo SCALE 36.87 £2.07
07.05.21 eHS-Mo SCALE 44.87 £ 5.46
10.05.21 eHS-Mo SCALE 35.01 +£4.97
11.05.21 eHS-Mo SCALE 4236121
13.05.21 eHS-Mo SCALE 35.95+4.26
17.05.21 eHS-Mo SCALE 3472+ 1.51

Table 252. Reproducibility of measurements of SCALE internal reference. Internal reference was
measured each day before analysis of sample. This would help to identify any problems with the
measurement or reagents. The average concentration of eHS in the SCALE water was determined at
41.91 + 3.01 and 37.08 + 1.67 ug.L? by the eHS-Cu and the eHS-Mo methods, respectively. For each
method, acceptable concentrations obtained were within 20% of the average. Error represent the

standard deviation of the standard additions.
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Figure 251. Comparison of pseudopolarogram of Suwannee River fulvic acid (SRFA) standard and
Suwannee River humic acid (SRHA) standard. SRHA and SRFA standards were added to UV digested
seawater. Concentration of SRFA and SRHA was 96 ug.L™. The method used was from Pernet-
Coudrier et al. (2013) (eHS-Mo method). Each point represents the peak height of the eHS signal.
Peak height has been normalised to the highest peak value (=peak height/largest peak height).

Voltammetric analysis was carried out at pH was 2.
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Note for the reader

The following chapter is in preparation for submission to the journal Frontiers Research Topic

‘Hydrothermal and submarine volcanic activity: Impacts on ocean chemistry and plankton dynamics’.

To be submitted as: Portlock, G., Whitby, H., Tilliette, C., Bonnet, S., Guieu, G., Salaiin, P: Distribution
and behaviour of thiols and humic-like substances in the oligotrophic and hydrothermal waters of

the Western South Tropical Pacific

In this chapter, | provided the voltammetric determination of eHS, RSS. Dissolved Fe data was

provided by C. Tilliette. Dissolved trace metal data was provided by D. Gonzalez-Santana.
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Chapter 3

Distribution and behaviour of reduced sulphur
substances and humic-like substances in the
oligotrophic and hydrothermal waters of the

Western South Tropical Pacific

Abstract

Organic ligands are important as they can control trace metal bioavailability and solubility. Amongst
the various groups of ligands involved in metal complexation are reduced sulphur subtances (RSS) and
humic substances. Due to the variety of compounds within these two groups, their analytical detection

is not trivial nor standardised, and there is still much to learn about their biogeochemistry.

Here, we present a quantitative and semi-qualitative data set of species-specific RSS (thioacetamide-
like (TA-like) and glutathione-like (GSH-like compounds) and electroactive humic substances (eHS) in
the Western Tropical South Pacific (WTSP) Ocean. Concentrations of thioacetamide-like compounds
(48 to 984 nM), glutathione-like compounds (0.61 to 6.23 nM), and electroactive humic substances

(11.47 to 134 pg.L! eq SRFA) were measured by cathodic stripping voltammetry (CSV). Elevated
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concentrations of TA-like compounds were found in the Melanesian waters. At the hydrothermal
impacted station of PANAMAX, elevated concentrations of TA-like compounds, GSH-like compounds
and eHS were detected suggesting that hydrothermal vents are either a direct or an indirect source of
these compounds. Elevated concentrations of eHS were also found in the South Pacific Gyre, in general

agreement with high DOC levels.

Cathodic pseudopolarography profiles of marine samples were used for the qualitative analysis of RRS
and eHS. We show slight differences between surface and deep water eHS, which indicates a change

in the nature of eHS with depth.

3.1. Introduction

In natural waters, trace metals, such as copper (Cu) and iron (Fe), are essential micronutrients. Both
are involved in many metabolic processes, such as respiration (Falkowski et al., 1998; Ridge et al.,
2008), photosynthesis (Bardn et al., 1995; Peers and Price, 2006; Raven et al., 1999) and also are
important for multiple steps in the nitrogen cycle (Francis et al., 2005; Jacquot et al., 2014; Merchant
et al., 2006; Pauleta et al., 2013; Philippot, 2002; Ward, 2011). However, Cu can also induce toxic
effects on marine organisms (Brand et al., 1986; Debelius et al., 2011; Moffett et al., 1997), and Fe is
highly insoluble in seawater, therefore limiting primary production in up to 40% of the ocean (Moore
et al., 2001). Organic ligands are essential to trace metals as they influence the metals geochemistry
and bioavailability (Coale and Bruland, 1988; Gledhill and van den Berg, 1994; Nimmo et al., 1989; Rue
and Bruland, 1995; Wu and Luther, 1995). There is a wide variety of organic ligands in seawater, and
although the identities of some ligands remain unknown, reduced sulphur subtances (RSS) and humic
substances (HS) have been identified as part of the organic ligand pool (Laglera and van den Berg,

2003; Leal and van den Berg, 1998; Tang et al., 2001; Yang and van den Berg, 2009).
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RSS are a group of compounds that possess a reduced sulphur function group. Various RSS include
glutathione (GSH), cysteine (CYS) and thioacetamide (TA). RSS can form strong complexes with a wide
array of trace metals, including Cu, lead (Pb) and cadmium (Cd) (Vasconcelos and Leal, 2001). RSS can
also bind with Fe in anaerobic conditions (Bulletin et al., 1998; Pavelko, 2015). They can be produced
by microbes in response to various environmental stressors, to act as a reactive oxygen species (ROS)
scavenger (Baba and Bhatnagar, 2016; Dupont et al., 2004; Navarrete et al., 2019) or in response to
metals or light (Ahner et al., 2002; Dupont and Ahner, 2005). ROS are highly reactive chemicals formed
from oxygen, which include the superoxide anion (0;"), hydrogen peroxide (H,03), and hydroxyl
radicals (OH-) (Morris et al., 2022; Schieber and Chandel, 2014). Due to their high reactivity, ROS can
disrupt normal cell function and can lead to oxidative stress. RSS are able to combat ROS stress as they
are able to remove these reactive species by accepting their unpaired electron (McLeay et al., 2017
Morelli and Scarano, 2004). Aerobic organisms produce ROS as a byproduct in processes such as
photosynthesis, photorespiration and oxidative phosphorylation (Apel and Hirt, 2004; Diaz and

Plummer, 2018; Mullineaux et al., 2018).

HS are an operationally defined fraction of dissolved organic matter (DOM) and vary in molecular
weight, polarity and composition. They can be subdivided into two fractions: humic acids (HA), which
precipitate below pH 2 and fulvic acids (FA), which are soluble even at low pH. They are produced in
both marine and terrestrial environments from microbial activities and degradation (Ferrari et al.,
1996; Lorenzo et al., 2007). Hydrothermal vents can also be a source of marine HS (Yang et al., 2012).
HS contain metal-binding functional groups, forming complexes with a variety of different trace
metals, including Fe and Cu (Laglera and van den Berg, 2009; Whitby and van den Berg, 2015).
However, only a small fraction of HS (~ 5% of dissolved organic carbon (DOC)) can bind with metals
(Dulaquais et al., 2018; Laglera and van den Berg, 2009). This fraction is called electroactive HS (eHS).
eHS have been shown to be an important part of the ligand pool for both metals in coastal and open
ocean regions (Batchelli et al., 2010; Dulaquais et al., 2019, 2018; Whitby et al., 2020b, 2018), with Fe

and Cu competing for humic complexation in coastal waters (Abualhaija et al., 2015).
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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 is subducted under the Australian plate, causing a region of extensive hydrothermal
activity (Baker et al., 2019; German et al., 2006). Situated within the WTSP is the Lau Basin, that has
both deep and shallow hydrothermal vents, which are able to release high concentrations of metals,
including Fe (Guieu et al., 2018; Tilliette et al., 2022; Wang et al., 2022). This, coupled with the Lau
Basin phosphorus-rich and nitrogen-poor waters (Bonnet et al., 2018; Caffin et al., 2018), has led to
an extensive bloom of diazotrophs, causing the area to be a hotspot for N, fixation (Bonnet et al.,

2018, 2017).

Recently more attention has been focused on the importance of shallow hydrothermal vents in ocean
chemistry (Guieu et al., 2018; Tilliette et al., 2023). Due to their shallow depth (<200 m), the buoyant
hydrothermal plumes reach the surface waters (Zhang et al., 2020), which can be either beneficial or
detrimental to surface communities. As a response to the hydrothermal fluids, surface communities
may release increased concentrations of RSS and eHS. This study aims to understand the distribution
of RSS and eHS within the WTSP, which can help us to understand the cycling of trace metals in this

region.

Here we present the distribution of RRS and humic-like substances in the Western Tropical South
Pacific (WSPT) during the French GEOTRACES TONGA (shallow hydroThermal sOurces of trace
elemeNts: potential impacts on biological productivity and the bioloGicAl carbon pump) cruise that
took place from the 315t October to 5 December 2019. Cathodic stripping voltammetry (CSV) was
used to determine the concentrations of RSS and electroactive humic substances in this region to try
to identify sources and sinks of these compounds. Cathodic pseudopolarography profiles of marine

samples were used for the qualitative analysis of RSS and eHS.
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3.2. Experimental

3.2.1. Sampling

Samples were collected during the GEOTRACES TONGA (GPpri14) (Guieu and Bonnet, 2019) research
cruise, which took place onboard the R/V L’Atalante from 31 October to 5 December 2019, a transect
extending from New Caledonia to the western end of the South Pacific gyre (Figure 3.1A). During the
cruise, 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. After the samples were collected, the Go-Flo bottles were transferred into
a clean container for sampling. Seawater was filtered through a 0.45 um polyethersulfone filter
(Supor®) and collected in 125 mL Nalgene LDPE bottles. The bottles were acid-cleaned according to
the GEOTRACES protocol (Cutter et al., 2017). Immediately after collection, samples were double

bagged and stored at —20 °C until analysis.

3.2.2. Voltammetric equipment

A pAutolablll potentiostat was connected to a Metrohm 663 VA stand through the IME663 interface.
The three-electrode cell consisted of a hanging mercury drop electrode (HMDE) as the working
electrode, a glassy carbon rod as the counter electrode and an Ag/AgCl with a glass salt bridge filled
with 3 M KCl as the reference electrode. The solution was purged with nitrogen gas (N,) before
measurement and stirred during deposition using a rotating polytetrafluoroethylene (PTFE) rod
(setting 4 on the VA stand). Connected to the VA stand was an automatic sampler
(https://sites.google.com/site/daromasoft/home/autosampler) allowing the automatic loading and
emptying of the voltammetric cell. Standard additions were made automatically using syringe
burettes. The voltammetric cell was rinsed twice with MQ for 30 s between samples. Voltammetric

analyses were controlled by NOVA (version 2.1.4).


https://sites.google.com/site/daromasoft/home/autosampler
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For eHS and RSS pseudopolarography, the set-up remained the same; however, the equipment
differed for the sulphide pseudopolarography. For sulphide pseudopolarography, a pAutolab (Eco
Chemie, Netherlands) was connected to a Metrohm 663 VA stand through the IME663 interface and
was controlled by GPES (Version 4.9) software. The working electrode was a 25 um silver amalgam
microwire (Goodfellow, UK) fitted in a polypropylene pipette tip and a vibrator as described by (Bi et
al., 2013a). The counter electrode was an iridium wire (2 cm in length, 150 um diameter), and the
reference electrode was an Ag/AgCl with a glass salt bridge filled with 3 M KCI. The vibrator ran at 1.5
V, which gave a frequency of approximately 170 Hz. It was controlled by the stirrer control of the

software. For sulphide pseudopolarography, the solution was not purged.

3.2.3. Reagents

Water used for rinsing and dilution of reagents was ultrapure deionized water (>18 MQ) from a Milli-
Q system (Millipore, UK). Molybdenum (Fisher Scientific) standard solution (10 uM) were prepared by
diluting atomic absorption spectroscopy standard solutions of 1 g.L ™ in 10 mM HCI (12 M). Fulvic acid
from the Suwannee River (SRFA) (International Humic Substances Society, 2S101F) was dissolved in
MQ to a concentration of 10 mg.L. Thioacetamide (TA) (Fisher Scientific) and glutathione (GSH)
(reduced, Sigma-Aldrich, UK) were used as standards for RSS groups (Pernet-Coudrier et al., 2013).
Standards were acidified with HCI (12 M) to pH 2 and were kept in the fridge when not in use. Hg
plating solution was prepared from Hg(NOs), (Fluka, UK) in a 0.1 M Sodium Nitrate (Sigma-Aldrich, UK)
and 10 mM HCI (Fisher UK) solution. A stock solution of 0.1 M NaS was prepared from Na;S.xH,0
(Aldrich). Sulphide stock solutions and dilutions were prepared daily. Both standards were kept in the
dark to avoid photodegradation. For sulphide analysis a 1 M boric acid (Analytical grade, Fisher
Scientific) pH buffer was used. The buffer was prepared in 0.35 M ammonia (trace metal grade, Fisher

Scientific). To remove organic and trace metal contaminants the solution was UV-digested and 100
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UM MnO; (van den Berg, 1982) was added. The buffer was left overnight and was then filtered using

a 0.2 um cellulose nitrate membrane (Whatman).

3.2.4. Concentrations of RSS and electroactive humic substances

The CSV analytical settings were based on Pernet-Coudrier et al. (2013), but for measurement of the
eHS concentration, the method was adapted to include a background subtraction (see section 2.3.1.1).
The Pernet-Coudrier et al. (2013) (eHS-Mo) method was selected for the quantification of eHS as it
experienced fewer interference issues compared to the eHS-Fe (Laglera et al., 2007) and the eHS-Cu
(Whitby and van den Berg, 2015) methods. For the eHS-Fe method, in samples of excess inorganic Fe
the eHS-Fe peak is unstable due to Fe precipitation (Abualhaija et al., 2015). The samples used in this
study were collected waters with intense hydrothermal activity resulting in high concentrations of Fe
(Guieu et al., 2018; Tilliette et al., 2022; Wang et al., 2022), therefore the eHS-Fe method was not
selected for the quantification of eHS in this study. When using the eHS-Cu method, some samples
showed a large, broad interference peak in the same position as the eHS-Cu peak (Figure 2.3), which
inhibited the quantification of eHS. For this reason, the eHS-Cu method was not selected for the

guantification of eHS in this study.

Briefly, under a laminar flow hood, 10 mL of seawater sample was loaded into an acid-cleaned
voltammetric quartz cell. The solution was acidified to pH 2 and spiked with 30 uL of 10 ppm Mo(VI),
corresponding to 375 nmol L™. A 300 s N, purging period was applied followed by a 150 s deposition
time with deposition potential (Eqep) at 0 V with stirring. After deposition, a 5 s rest time was applied.
A stripping scan using differential pulse mode started from 0 V to -0.6 V with a modulation time of 60
ms, a modulation amplitude of 50 mV, a step potential of 2 mV and an interval time of 0.1 s.
Quantification of RSS and eHS was done by standard addition. A minimum of 4 repeat scans were
performed for the sample and for each of the 2 standard additions. The peak height was measured

using ECDSOFT (Omanovié¢ and Branica, 1998). Smoothing was also applied (Savitsky-Golay, smoothing
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factor 10). For the eHS, a background scan was performed and subtracted from all subsequent scans,
due to the curved baseline in the region of humic measurement. The background scan was performed
using a 1 s deposition step with otherwise identical parameters to the analytical scan; subtraction of
this resulted in an improved baseline and improved reproducibility between scans. Deep Sea
Reference (DSR) seawater (Hansell lab, Batch 21 — 2021 — Lot 08-18) was used daily to check the
validity of the procedure. DSR seawater was collected from 700 m depth in the Florida Straits and
acidified with HCl to pH 2. The concentration of eHS obtained was 26.36 ug.L eq SRFA, for TA it was
56.12 nM eq TA (n=10), and there was no GSH present. The reproducibility was calculated by carrying
10 identical standard addition procedures of a DSR seawater (eHS, RSD=11.7%; TA, RSD=13.9%; n=10)

(Hansell lab, batch 2021).

3.2.5. Pseudopolarography

Cathodic pseudopolarography for RSS, eHS and sulphide measurements were carried out. The method
was initially published by Laglera et al., (Laglera and Tovar-Sanchez, 2014) to identify reduced sulphur
substances. Multiple Eqep Were applied to the electrode to obtain characteristic ip vs Eqgep profiles
(pseudopolarograms). For RSS, pseudopolarograms started at 0 V and decreased by increments of -
0.03 V until -0.72 V. Pseudopolarograms for eHS were based on the Mo-eHS method (Pernet-Coudrier
et al., 2013), started at +0.1 V, and the Eqep, decreased by increments of -0.05 V until no peak was

visible. For RSS and eHS pseudos, the working electrode was a HMDE.

For sulphide pseudopolarography, the working electrode was a 25 uM silver amalgam wire electrode
instead of the HMDE. The silver amalgam wire electrodes was prepared using the method from (Bi et
al., 2013b). A Cu wire was inserted through a 100 uL pipette tip. The wire was connected to a 25 um
silver wire using a conductive, adhesive silver solution (Leitsilber L100, Maplin, UK). The Cu wire was
pulled back leaving the silver microwire exposed then the pipette tip. The tip was melted to secure

the microwire by holding in the mouth of a tubular oven set to 450 °C. The silver microwire was
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amalgamated with Hg prior to use by plating at -0.4 V (600 s) from an unstirred solution of 2 mM

Hg(Il) solution (pH 2). The amalgam electrode was then transferred to Milli-Q water and left overnight.

Sulphide is a highly unstable compound and is lost from the sample quickly, including through
complexation with mercury (Al-farawati and van den Berg, 1997). The benefit of using the silver
amalgam wire electrode is that there is a low concentration of Hg, which limits the loss of sulphide
through complexation with Hg. In addition, there is no purging of the sample (with N, or argon (Ar)).
Purging cannot be used when measuring sulphides to avoid its volatilisation. The pH was increased to
9.2 with addition of NaOH which enabled the sulphide peak to be stable for a longer period of time
(Aumond et al., 2012). Sulphide pseudopolarograms were initiated from -1 V. The Egep increased by

increments of +0.05 V. The deposition time was 10 s at each Egep.

Pseudopolarograms of standards (TA, GSH and SRFA) were carried out for each method to compare
with the RSS and eHS found in seawater. Analysis of standards were carried out in UV-digested
seawater (UV-SW). UV-SW was prepared by 3 h irradiation in acid cleaned 30 mL quartz tubes with a
125 W high pressure mercury lamp (van den Berg, 2014). Sulphide standard pseudopolarograms were
carried out in 0.6 M NaCl (Fisher Scientific, UK) at pH 9.2. The concentration of standards used were

as follows: eHS =96 pg.L?, TA = 100 nM, GSH = 150 nM and sulphide = 1 pM.

3.2.6. Error calculations
Concentrations of compounds were measured using standard addition. Error bars given show the
standard deviation of the intercept, determined for each standard addition using Equation 1 (Harris,

2003).

Sy = — |— — Equation 1.
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Where sy is the standard deviation of the compound being measured, s, 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, ¥ 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.

3.3. Results

3.3.1 Hydrography

A detailed account of the hydrography during November 2019 is described by Tilliette et al.
2022 (Tilliette et al., 2022). The surface water temperature varied from 23.04 to 27.32 °C in the upper
100 m, and the salinities ranged from 35.06 to 35.47 (Figure 3.1B and 3.1C). Subtropical Underwater
(STUW) and the Western South Pacific Central Water (WSPCW) dominated the main thermocline (200
- 700 m). The intermediate layer (700 — 1,300 m) is comprised of Antarctic Intermediate Waters
(AAIW), while the deep layer (> 1,300 m) contained two water masses: Pacific Deep Water (PDW) and
the Lower Circumpolar Deep Water (LCDW). Across the cruise transect, the different water masses
were distributed uniformly, except for PDW and LCDW. These water masses were displayed differently
across the eastern and western parts of the transect. PDW was dominant in the Melanesian waters
and Lau basin, whereas in the Melanesian waters, LCDW was only present between 2,500 m and the
seafloor. The Lau Basin has low contribution of LCDW. However, in the deepest waters of the South

Pacific gyre, LCDW is the sole contributor.

Stations 2 and 3 were in the Melanesian basin in the western part of the transect while stations 4, 11
and 12 were in the Lau Basin in the central part of the transect. Stations 6, 7 and 8 were in the South
Pacific Gyre, in the eastern part of the transect. In this study, there were two hydrothermal stations
“PANAMAX” and “SIMONE”. The hydrothermal sources were detected from the acoustic anomalies

(Tilliette et al., 2022). At the time of this study, the SIMONE site displayed multiple acoustic anomalies
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observed suggesting the presence of multiple weak sources (C. 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 here. This station is referred as “S15”.
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Figure 3.1. (A) Map of stations sampled during the TONGA 2019 (Grp14) cruise across the Western
Tropical South Pacific Ocean (WTSP). In the WTSP there are three distinct regions (separated by
dashed lines): Melanesian waters, Lau Basin and South Pacific Gyre. The cruise started and ended in
New Caledonia. The black lines represent the cruise track, and the numbers are the stations. The
stars are 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)
Salinity and (C) temperature section plots in the WTSP between 1st Nov and 5th December 2019.
Figures were generated using ODV software (Schlitzer, 2021).
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3.3.2 RSS and eHS distribution in the WTSP Ocean

Two distinct types of RSS-like compounds were identified (Figure 3.2). These compounds behaved
electrochemically in a similar way to thioacetamide and glutathione (Figure 3.3) and will therefore be
referred to as thioacetamide-like (TA-like) and glutathione-like (GSH-like) compounds throughout the

text. The distribution of TA-like, GSH-like and eHS compounds along the cruise transect are presented

in Figure 3.4.
Current it Work file: MiNova Datal2021' 1.08.21401.09 21 Wadd?(28) oew
GSH-like
-1.0E-08— compounds i
-8.0E-09 —
TA-like
4« compounds
-6.0E-09—
-4.0E-09 —
Background scan
-2.0E-09—

Potential (V)

Figure 3.2. Cathodic stripping voltammogram using the Mo method (Pernet-Coudrier et al., 2013). This
method allows for the simultaneous quantification of thioacetamide-like (TA-like), glutathione-like
(GSH-like) compounds and electroactive humic substances (eHS). Background scan used the same
analytical parameters as the analytical scan but with a 1s deposition time. This scan is used for the
background subtraction for eHS quantification.
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Figure 3.3. Chemical structures of thioacetamide (A) and glutathione (B).
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Figure 3.4. (A). The distribution of thioacetamide-like (TA-like) compounds (B), glutathione-like
(GSH-like) compounds (C) and electroactive humic substances (eHS). Numbers refer to stations and
PANAMAX and S15 refer to the two hydrothermal sites. S15 was 15 km away from the SIMONE
hydrothermal source but S15 still had high acoustic anomalies. Figures were generated using ODV
software (Schlitzer, 2021).
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The data was grouped in oceanographically similar regions to compare vertical profiles of TA-like, GSH-

like compounds and eHS in the WTSP (Figure 3.4).
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Figure 3.5. Profiles of thioacetamide-like (TA-like) compounds (A-C), glutathione-like (GSH-like)
compounds (D-F) and electroactive humic substances (eHS) (G-1) in the Melanesian Basin, Lau Basin
and South Pacific gyre. Profiles for the stations at the PANAMAX and S15 volcanic sites for TA-like,
GSH-like, and eHS have been plotted separately (J-O). S15 was 15 km away from the SIMONE
hydrothermal source but 515 still had high acoustic anomalies. Dashed line represents the depth of the
hydrothermal vent. TA-like and eHS profiles from each region were plotted over the entire water
column, while GSH-like compounds are shown to 500 m. Concentrations were obtained using standard
addition calibration. Error bars represent the standard deviation from the calibration.

3.3.2.1. Thioacetamide-like compounds

TA-like compounds were present throughout the whole water column at all stations. The
concentration of TA-like compounds ranged from 48 to 984 nM (Figure 3.3B) with an average of 131
+ 16 nmol L™ (TA equivalent, n=119). The highest concentration of TA-like compounds was at a depth
of 181 m at PANAMAX (vent depth 200 m). TA-like concentrations were higher in the Melanesian
waters (mean 165 + 19 nM) than in the Lau Basin and in the South Pacific Gyre (mean 108 + 16 nM

and 84 + 9 nM respectively). At station 2 (Figure 4A), concentrations of TA-like compounds were high
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compared to the rest of the transect (mean 242 + 31 nM at station 2 compared to 119 + 14 nM mean
across the cruise), with a maximum concentration of 381 + 31 nM at 1200 m. Station 8 had the lowest

concentration of TA-like compounds overall (mean 61 + 6 nM).

3.3.2.2. Glutathione-like compounds

At most stations, GSH-like compounds were only detected in the surface waters (upper 200 m). The
concentration ranged from 0.61 + 0.23 nM to 6.23 + 0.98 nM, with the maximum concentration
observed at 46 m at station 7 in the South Pacific Gyre (Figure 3.4F). At PANAMAX, concentrations of

GSH-like compounds were elevated above the hydrothermal vent (Figure 3.4K).

3.3.2.3. eHS

The concentrations of eHS ranged from 11.5 £ 0.8 to 134 + 7 pg.L't eq SRFA, mean 37 + 3 pg.L? (Figure
3.4D, n = 119). At most stations eHS concentrations were higher in the upper 200 m, remained fairly
constant at depths deeper than 300 m, with a slight increase in concentration in the bottom waters at
stations 3, 4, 6 and 8. Station 8 had an increased concentration of eHS (mean 57 + 4 pg.L!) compared
to the rest of the transect (mean 35 + 3 pg.L!). Station 8 and PANAMAX had an elevated average
concentration of eHS compared to the rest of the transect (Station 8; mean 57 + 4 pg.Ll, PANAMAYX;
mean 58 + 4 pg.Ll). Samples from S15 showed similar concentration and trends to other non-

hydrothermally influenced eHS profiles.

3.3.3 Pseudopolarography

3.3.3.1. RSS Pseudopolarography
At neutral pH, multiple RSS peaks coalesce, making it hard to distinguish between them.

Pseudopolarography is a technique where varying Eqep are applied to the electrode. The signal of
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interest is measured at the different Eqep and plotted to create a unique ip vs Eqep profile
(pseudopolarogram). Comparing pseudopolarograms of RSS found in seawater to model compounds
can help with the identification of the RSS found in seawater. All pseudopolarograms were normalised
to the largest peak intensity (i/imax) for comparative purposes. Pseudopolarograms of model
compounds (TA and GSH) were obtained in UV digested seawater (Figure 3.5A). The shape of the TA
and GSH pseudopolarograms differ. A voltammetric signal for GSH was detectable until -0.5V, and TA

peak was only detectable until -0.075 V.

Pseudopolarograms of surface and bottom waters at PANAMAX (surface = 25 m; deep = 180 m), S15
(surface = 20 m; deep = 1780 m) and station 8 (surface = 25 m; deep = 5462 m) are present in Figure
3.5B-D. A RSS peak was detectable until -0.5 V in bottom waters at both PANAMAX and station 8. In
the surface waters a RSS peak was detectable until -0.1 V (PANAMAX), and -0.18 V (Station 8). S15 is
different compared to the other stations. The RSS peak in the bottom waters was detectable until -

0.15V, which is more positive than PANAMAX and station 8. It is also the same for the surface waters.
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Figure 3.6. (A) Pseudopolarograms of thioacetamide (TA) and glutathione (GSH), in UV digested
seawater. Pseudopolarograms reduced sulphur substances found in the surface and bottom waters
from PANAMAX (B), station 8 (C) and S15 (D) using the method developed by Laglera et al., (2014).
were initiated at 0 V and decreased by increments of -0.05 V. Each point represents the peak height of
the RSS signal. Peak height has been normalised to the highest peak value (=peak height/largest peak
height). Solutions were at natural pH.

3.3.3.2. Sulphide Pseudopolarography
During analysis of the PANAMAX plume (180 m), a large peak was observed in the 1 s background scan
(which is subtracted from each scan to flatten the baseline and improve measurement of eHS, see

section 3.3.1.1.) (Figure 3.S3). This peak was observed in the same peak position as TA-like

Normalised Peak Height (nA)

Normalised Peak Height (nA)
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compounds. Free sulphide produces the same voltammetric peak as thioacetamide (Pernet-Coudrier
et al., 2013). During the analytical scan, the peak height decreased with time (Figure 3.51), which is
characteristic of sulphide, due to the volatilisation of H,S, which is more critical in acidic pH. Sulphide
peaks decrease rapidly in voltammetric analysis as it is removed from seawater (Aumond et al., 2012;
Cline and Richards, 1969; Deleon et al., 2012). Because of this, it was suspected that sulphide could
be present in the sample. Therefore, pseudopolarography of the PANAMAX plume (180 m) was carried
out. Pseudopolarography at station 2 (797 m, [TA] = 367 + 33 nM) was also carried out as this sample

had a high concentration of TA-like compounds.

The sulphide standard peak increased between the potentials -0.7 to -0.6 V, after which the peak is
also stable. For station 2, a peak is visible at Edep > -0.65 V and increases until -0.5 V. For the plume

at PANAMAX, the pseudopolarogram mimics the sulphide standard.

- @ - Sulphide standard

—l— Station 2 (797 m)

—aA— PANAMAX plume (180 m) 0.8

o
(o))
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Figure 3.7. Pseudopolarograms of station 2 (797 m) and above the plume at PANAMAX (180 m,
station 5). A fresh sample from the PANAMAX plume was defrosted for sulphide pseudopolarogram.
Sulphide standard (1 uM) in 0.6 M NaCl. Solutions were buffered to pH 9.2. Pseudopolarograms were
initiated at -1 V and increased by increments of -0.05 V. Each point represents the peak height of the
RSS signal. Peak height has been normalised to the highest peak value (=peak height/largest peak
height).
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3.3.3.3. eHS Pseudopolarography

Figure 3.7A shows profiles of SRFA (2S101F) and SRHA (25101H), two common standards used to
quantify humic substances (Figure 3.7A). Standards were added to UV digested seawater at pH 2 in
the presence of Mo(VI). The overall shape of the pseudopolarograms in the surface and deep waters
from stations 2, 8 and S15 resemble the SRFA standard (Figure 3.7B and 4.7C). All samples reached a
maximum sensitivity at Eqep in the range of -0.3 to -0.45 V. eHS in the surface water were detected at

more negative potentials than those in deep water.
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Figure 3.8. (A) Pseudopolarograms of 96 ug.L™ of Suwannee River fulvic acid (SRFA) standard and
Suwannee River humic acid (SRHA) standard, two common humic standards. Standards were added
to UV digested seawater. (SRFA) standard was compared to eHS in the surface (B) and bottom water
(C) from stations 2, 8 and S15. The method using the Mo-eHS method (Pernet-Coudrier et al., 2013).
Each point represents the peak height of the eHS signal. Peak height has been normalised to the
highest peak value (=peak height/largest peak height). Voltammetric analysis was carried out at pH
2.
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3.4. Discussion

3.4.1. RSS in the WTSP Ocean

TA-like compounds were detected in all samples at all depths, whereas GSH-like compounds were only
detected in the upper 200 m. Comparison of the vertical profiles of TA-like and GSH-like compounds
suggest a combination of distinct and common processes drive their biogeochemical cycling. For
example, near the surface (upper 100 m) at stations 2, 3 and 4, concentrations of both TA-like and
GSH-like compounds were lower than in underlying waters. The decrease in RSS concentrations in
surface waters is likely due to photochemical destruction, which 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).
However, in water away from direct sunlight, TA is stable for long periods of time (Howard, 2017;

Mallory, 1968) while GSH is only stable for a few hours (Petzold and Sadler, 2008).

There are not many published ocean profiles of TA-like compounds. In the Northeast Pacific, a TA-like
compound was observed and the concentration ranged from 22 to 480 pM in thiourea-equivalents
(Whitby et al., 2018). This is an order of magnitude lower than those observed (in TA-equivalents) in
this study. In the Northeast Pacific study, analyses were carried out at natural pH, at which thiourea
and TA-like compounds produce the same voltammetric signal. In CSV, thiourea is more sensitive and
therefore produces a larger voltammetric signal than TA for the same concentration (Al-Farawati and
van den Berg, 1997; Al-Farawati and Van Den Berg, 2001) leading to lower estimated concentrations
when using a thiourea standard. However, Laglera et al. 2003 compared the concentration of RSS
obtained in the Scheldt estuary with both thiourea and thioacetamide standards. It was found that
using the thioacetamide standard gave a concentration of 70 nM and 35 nM for thiourea (Laglera and

van den Berg, 2003), a difference of 100%.

The profiles of GSH-like compounds are similar to those previously reported in the North Atlantic
Ocean (Kading, 2013; Swarr et al., 2016) and Subarctic Pacific (Dupont et al., 2006) only being detected

in upper waters. The average concentration of GSH-like compounds in this study was slightly higher
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than the previous studies, with a mean concentration of 3.4 + 0.8 nM 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.

Marine microbes have been shown to produce RSS when exposed to light order to reduce oxidative
stress (Mangal et al., 2020). In November 2019 in the WTSP marine microbes were exposed to sunlight
for ~13 h per day, therefore we would expect to see a correlation between RSS and Chl a. However,
in this study, we found no correlation between the distribution of TA-like compounds or GSH-like

compounds with Chl a (data not shown).

High RSS concentrations (>500 nM) have been measured in the Black Sea (Mopper and Kieber, 1991)
and sediment pore waters (Chapman et al., 2009) where conditions are sulphidic. While such high
concentrations were not observed in our study, the nearby volcanic and hydrothermal activity could

contribute to higher RSS concentrations.

3.4.2. Hydrothermal influence of RSS production
Above the hydrothermal plume at PANAMAX (181 m), we saw an increase in both TA-like (984 + 19
nM; Figure 3.4J) and GSH-like compounds (5.2 £ 0.5 nM; Figure 3.4K), suggesting that the production

of these compounds is related to hydrothermal activity.

Some hydrothermal vents are suspected to be a source of RSS. Cu-binding ligands with log K similar to
RSS have been detected in hydrothermal vents (Jacquot and Moffett, 2015; Sylvia G Sander and
Koschinsky, 2011). One study in particular found that hydrothermal vents in the Tonga-Kermadec Arc
produced high concentrations of Cu-binding ligands (up to 4000 nM). Upon further investigation they
concluded that RSS contributed to this pool (Sander et al., 2006). However, RSS were not found to be

released from hydrothermal vents in the East Pacific Rise (Ruacho et al., 2020).
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It has been suggested that the formation of thiols in hydrothermal fluids is due to the reaction of
CO/CO; with sulfide. PANAMAX is an active hydrothermal site that produced high concentrations of
CO; (up to 645 uM) (Tilliette et al., 2022) and H,S has been shown to be produced from this vent (this
study). For the formation of thiols from sulfide and CO/CO, the solution needs to be at temperatures
of 325C (Schulte and Rogers, 2001). The exact temperature of the plume was not measured in this
study, however previous studies have shown that hydrothermal fluids can exceed 400 C (Foustoukos
and Seyfried, 2007; Koschinsky et al., 2008), suggesting this mechanism could contribute to the

production of thiols from hydrothermal vents near sampling locations in this study.

The increased concentration of RSS could be of biological origin. RSS are known to complex with trace
metals to help with either trace metal uptake or detoxification (Dupont and Ahner, 2005; Huang et al.,
2018; Navarrete et al., 2019; Rea et al., 2004; Steffens, 1990). RSS are soft Lewis bases and can form
strong complexes with soft acids, which include metals such as Cu*, Hg* and Cd?* (Jensen, 1978).
PANAMAX is a shallow hydrothermal vent, with vent fluids reaching the photic layer. Hydrothermal
fluids are enriched with metals (Chen et al., 2018). However, the effect that trace metals have on
biology is not just based on the concentration but its chemical speciation. For example, Cu is both a
nutrient and a toxicant for marine microbes but Cu toxicity is largely dependent on the abundance of
Cu(ll) (Brand et al., 1986; Debelius et al., 2011; Moffett et al., 1997). Elevated concentrations of Cu(ll)
can be toxic and induce oxidative stress (Kennedy et al., 2020). In this study, concentrations of dCu at
PANAMAX was measured at 0.38 nM nmol kg?, but hydrothermal vents can release high
concentrations of Cu(ll) (Sylvia G. Sander and Koschinsky, 2011). This can trigger the production of RSS

by surface communities to detoxify Cu stress.

Hydrothermal vents also emit high levels of ROS (Shaw et al., 2021), which can also induce production

of RSS.
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3.4.3. RSS identification

During voltammetric RSS analysis, it is the sulphur group in the RSS compound that reacts with the Hg
on the HMDE, forming a RSS-Hg complex. During the voltammetric stripping scan, the Hg in the
complex is reduced which creates a voltammetric signal equating to the change in current (Laglera
and van den Berg, 2003; Turner et al., 1975). The peak height of this signal is measured for RSS
guantification. Therefore, compounds that also contain a sulphur group can produce a similar
voltammetric signal, which coalesce at natural pH. The Mo method (Pernet-Coudrier et al., 2013) is
carried out at pH 1.95 and can distinguish between the following RSS: thiourea, thioacetamide,
glutathione, cysteine and N-acetyl-L-cysteine. Despite this, some RSS can still appear in the same
position. For example, free sulphide and thioacetic acid produce a peak in the same region as
thioacetamide. Pseudopolarography is a qualitative analytical technique that can provide information
on the nature/structure of the compound of interest. During pseudopolarography, each RSS shows a
distinct behaviour (Laglera and Tovar-Sanchez, 2012, 2014). Comparing pseudopolarograms of RSS in
natural waters to model standards can help to identify the RSS in the sample. This technique can also

be beneficial to see if the standard is representative of the compound of interest in the sample.

Pseudopolarograms of the surface and bottom waters at station 8, PANAMAX and S15 were
performed to compare to those obtained in UV digested seawater amended with model thiol
compounds. GSH and TA were the model compounds used for the comparison because suspected
thiol peaks in the samples appeared in the same position as TA and GSH using CSV in acidic conditions.
Thiol pseudopolarography was carried out at natural pH, which causes multiple thiol peaks to appear
in the same position and coalesce. This could allow for simultaneous identification of the thiol
compounds present, as it is possible to tell if both GSH and TA were present in the sample. Thiols such
as TA are more sensitive to Hg than GSH and produces a larger signal (Laglera and Tovar-Sanchez,
2012) for the same concentration. TA is only detectable at more positive potentials (Figure 3A). In
pseudopolarography, if a sample has a mixture of TA and GSH at more negative potentials (<-0.075 V),

only GSH will be detected. At more positive potentials, both GSH and TA will be detected. The



Page |121

combination of the absorption of both thiols on the Hg drop and TA being more sensitive GSH will

cause an increase in peak height when depositing at more positive potentials.

TA-like compounds were present in all samples that were selected for pseudopolarography. GSH-like
compounds were only found at station 8 surface (25 m) and PANAMAX bottom (180 m) waters out of
the 6 samples selected. The shape of the pseudopolarograms from station 8 bottom (5462 m),
PANAMAX surface (25 m), S15 surface (20 m) and S15 bottom (1780 m) do not match the shape of the
pseudopolarogram of the TA standard (Figure 3.51). This suggests that TA is similar to, but is not the
exact compound responsible for, the peak of the TA-like compounds found in this study. TA is not
known to be present in marine environments, but it has been observed in estuarine and river waters
(Marie et al., 2017, 2015; Superville et al., 2013). Phytoplankton have been shown to exude a RSS
electrochemically similar to TA (Leal et al., 1999). TA is also potentially toxic to marine life. It has been
found that 50nM of TA can cause inhibition of growth in phytoplankton (Vasconcelos et al., 2002).
Concentrations of TA-like compounds found in this study were higher than 50nM. In addition, the
shape of pseudopolarograms from each station differ suggesting the composition or chemical
structures of the RSS detected differ between samples, although this difference could also be

attributed to multiple types of RSS present within the same sample.

The shape of the pseudopolarograms from station 8 surface (25 m) and PANAMAX bottom (180 m)
were similar (Figure 3.5B and C). Both pseudopolarograms presented a response over a wide range of
depositon potential (> ~ -0.45 V). Comparing these pseudopolarograms to the GSH standard, they
were similar (Figure 3.52). GSH is common in marine waters (Dupont et al., 2006; Gao and Guéguen,
2018; Tang et al., 2000; Whitby et al., 2018), this coupled with the matching pseudopolarograms
suggest that GSH was present in the samples. In addition, both pseudoplarograms presented an
increase signal at higher deposition potentials ( >~ -0.1 V) indicating the presence of another RSS that

is responding similarly to TA (Figure 3.5A) or thiourea (data not shown).
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3.4.4. Sulphide at PANAMAX

Hydrothermal vents are known to be a source of sulphides which have been reported to be present
at high concentrations in such environments (UM to mM) (Cotte et al., 2018; Damm et al., 1995; Dias
et al., 2010) and the Lau Basin has been shown to release high amounts of sulphide (Hsu-kim et al.,
2008; Yiicel et al.,, 2011). Quantification of sulphides can be complicated as they are unstable.
However, cathodic pseudopolarography can be used to detect their presence. Sulphides can be
detected at more negative potentials than RSS (Al-Farawati and van den Berg, 1997) with a peak
apparent for Edep > -0.7 V (Figure 3.6), i.e. much lower than for RSS such TA, TU or GSH. The shape of
the pseudopolarogram above the plume at PANAMAX matched the pseudopolarograms of the
sulphide standard, strongly suggesting that sulphide was being released from PANAMAX. The
presence of sulphide could have interfered with TA measurements. However, this is unlikely as the
TA-like compounds are stable, and purging in acidic conditions should rapidly removes the sulphide

from the sample. We did not quantify sulphides in this sample.

3.4.5. RSS at station 2

At station 2, high concentrations of TA-like compounds were present compared to the rest of the
transect. Due to the high sensitivity of sulphide with Hg, a sample from station 2 (797 m) was selected
for pseudopolarography to check for the presence of sulphide. In pseudopolarography of sulphide, a
voltammetric signal is detected until -0.7 V, at more negative potentials the there is no longer a signal.
The shape of a pseudopolarogram of the sulphide standard differed to that of a sample from station
2 (797 m) suggesting that sulphide was not present in this sample (Figure 3.6). If sulphide was present
in the sample, even at low concentrations we would still see a voltammetric signal until -0.7 V. From
the quantification of RSS using the Pernet-Coudrier method (Section 3.3.1.2.), we know that only a TA-
like compound was detected (Figure 3.4.A and D), but when comparing the shape of the

pseudopolarograms from station 2 and the TA standard, they also do not match (Figure 3.54). The
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pseudopolarogram from station 2 is wider (peak detectable until -0.65 V) than the TA standard (peak
detectable until -0.075 V) (Figure 3.5A). This pseudopolarogram is also different to the RSS
pseudopolarograms in section 4.3. The high concentration of RSS and the wide pseudopolarogram

indicates differences in RSS type(s) or structure of a RSS-containing compound at this station.

One possibility previously presented for the identity of these TA-like compounds is a thiocarbonyl tail
attached to a larger compound such as methanobactin (Whitby et al., 2018). Methanobactins are low
molecular mass (<1,200 Da) multidentate ligands that have thioamide moieties (DiSpirito et al., 2016;
Kim et al., 2004) and very high copper-binding strengths (Choi et al., 2006). Methane-oxidizing bacteria
produce methanobactins to acquire Cu (DiSpirito et al., 2016; El Ghazouani et al., 2012; Hakemian et
al., 2005). Concentrations of dCu at station 2 (mean 0.05 nM kg™!) were very low compared to the rest
of the transect (mean 1.25 nM kg?) (Gonzalez-santana et al., 2023). Concentrations of the TA-like
compound have been shown to correlate well with strong Cu-binding ligands in salt marshes (Whitby
et al., 2017) and methanobactins were hypothesized to contribute to the strong Cu-binding ligand
pool in intermediate waters of the Northeast Pacific (Wong et al., 2021). We therefore hypothesise
that the voltammetric signal we ascribe to TA could be the thioamide moieties on a larger thiocarbonyl
compound, such as methanobactin (Figure 3.9). Voltammetric measurements of methanobactins
observed a peak at -0.6 V, which at natural pH, is around the same position as RSS (El Ghazouani et
al., 2012, 2011). This shows that methanobactins could produce a signal similar to RSS. It could then
be assumed that the voltammetric peak could move to more positive potentials in acidic conditions,

as is observed with RSS. However, to our knowledge, this has yet to be investigated.
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Figure 3.9. Proposed chemical structure of the methanobactin bound with Cu. Figure obtained from
Pesch et al., 2011.

3.4.6. Electroactive humic substances in the WTSP Ocean

The vertical profiles of eHS are similar to those previously reported elsewhere, with enrichment in
upper waters and lower concentrations in the deep sea (Dulaquais et al., 2018; Fourrier et al., 2022;
Gao and Guéguen, 2018; Whitby et al., 2018). The high concentrations of eHS in upper waters is likely
due to the active production of eHS. Phytoplankton can produce eHS as either a by-product of
microbial respiration, algal exudation or decay (Ferrari et al., 1996; Lorenzo et al., 2007; Nelson et al.,
2007). In this study, there was a weak but significant correlation between eHS and Chl a in the upper
500 m (r? = 0.08, n = 56, p-value < 0.05) (Figure 3.S5). The weak correlation could be due to active
production of eHS through other processes, such as bacterial remineralisation or photo oxidation of
triglycerides and fatty acids (Kieber et al., 1997). The concentration of eHS was lower in surface waters,
which corresponds to humic degradation due to photo-oxidation (Brinkmann et al., 2003; Dainard et
al., 2015; Liu et al., 2010; Yamashita et al., 2010). At stations 3, 4, 6 and 8, there were elevated eHS

concentrations close to the sediment (Figure 3.4G-H). Sediments are considered a source of humics
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(Dulaquais et al., 2018; Shigemitsu et al., 2021) due to biota in the sediments, which can supply fresh

humics into the water column (Aiken et al., 2017; Zhang et al., 2016).

The concentration of eHS detected during the TONGA cruise was higher than in other areas in the
Pacific Ocean. Typically, eHS concentrations in other parts of the Pacific have been reported to range
from 0.6 to 63 pg.L* (Cabanes et al., 2020; Whitby et al., 2018) compared to 11.5 to 134 pg.L* found
here. The WTSP experiences high biological production due to the phosphorus and Fe-rich waters
(Guieu et al., 2018; Tilliette et al., 2022; Wang et al., 2022). The WTSP also experiences intense
hydrothermal activity (Baker et al., 2019; German et al., 2006; Pelletier et al., 1998). Hydrothermal
vents could be a source of eHS (see section 4.8), which could also contribute to the elevated

concentration of eHS detected in this region.

3.4.7. Electroactive humic substances at Station 8

At station 8, eHS concentrations were higher (average 57 + 4 pg.L?) than the rest of the transect
(average 35+ 3 pg.L?) although it is located in the South Pacific Gyre which is classed as an oligotrophic
region (Dandonneau et al., 2006), due to low chlorophyll a concentrations (< 0.03 pg L™) (Claustre and
Maritorena, 2003; Morel et al., 2007). Station 7 (~600 km from station 8) was also situated in the South

Pacific Gyre but did not have elevated eHS (average 27 + 2 pg.L?).

eHS only represent a small fraction of the HS pool (Dulaquais et al., 2018; Fourrier et al., 2022). The
HS pool is a fraction of the DOC, typically around 50% (Fourrier et al., 2022; Zigah et al., 2017). Humic-
like fluorescent DOM (FDOMys) was detected using excitation-emission matrix (EEM) fluorescence
(Coble, 2007, 1996; Mladenov et al., 2011; Yamashita and Tanoue, 2003) at both stations 7 and 8 and
showed similar behaviour to eHS, where the average concentration of FDOMHS was higher at station

8 (2.42 quinine sulfate unit (QSU)), than station 7 (1.87 QSU).
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eHS and FDOMys both contribute to the DOC pool. DOC concentrations at station 8 did not show the
same elevated concentrations (average 51 umol DOC kg™), compared to station 7 or the rest of the
transect (average 56 umol DOC kg™2). The vertical distribution of the DOC was similar to the eHS, with
elevated concentrations in the surface and quasi-constant with depth. At station 7 and 8 the
concentrations of DOC at in the surface waters were higher (~78 umol DOC kg™) and similar to other
DOC measurements in the Pacific gyres (Buck et al., 2018; Ge et al., 2022; Osterholz et al., 2021; Zigah
et al.,, 2017). Even though the DOC concentrations at both stations 7 and 8 were similar the
concentrations of both eHS and FDOMyus were not, suggesting compositional differences of DOC
between the sites. These stations are both situated on the edge of the South Pacific Gyre, with station

8 is closer to the centre.

The South Pacific Gyre is known to accumulate DOC in the surface waters (Osterholz et al., 2021),
because in oligotrophic regions phytoplankton and other marine organisms tend to produce more
organic matter than is consumed, due to limited nutrient concentrations (Biersmith and Benner,
1998). The organic matter is then transformed into DOC (Asmala et al., 2018). The depth of South
Pacific Gyres depth varies. This study is located on the western boundary of the South Pacific Gyres,
and the Eastern Australia current can circulate at depths greater than 1000 m (Britannica, 2019). The
Gyres circulation limits exchange with surrounding regions, contributing to the accumulation of DOC
over time. DOC can be consumed by microorganisms, including bacteria, and transformed into HS
(Romera-Castillo et al., 2011). Even though the South Pacific Gyre is oligotrophic, there is still a
significant amount of bacterial activity (Halm et al., 2011; Reintjes et al., 2019; Van Wambeke et al.,
2008b; Walsh et al., 2015). As station 8 is closer to the centre of the gyre, it likely has limited exchange
with the surrounding areas. The combination of accumulated DOC and high bacterial abundance and
limited exchange with surrounding regions could lead to the elevated concentrations of eHS at station

8.
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3.4.8. Electroactive humic substances in hydrothermal waters

The concentration of eHS at PANAMAX was high (mean 58 + 4 pg.L) compared to the rest of the
transect (mean 35 + 3 pg.L). Hydrothermal vents can be a source of HS. This can be through the
alteration of DOM or active production from autochthonous microbial communities (Hawkes et al.,

2016; Sarma et al., 2018; Yang et al., 2012).

HS are a component of DOM. In normal seawater conditions, DOM is very resistant to degradation
(Flerus et al., 2012; Hansell et al., 2012), but high temperatures can thermally alter DOM. At 100 °C
DOM becomes unstable and the composition begins to alter, and at temperature >325 °C DOM is
completely destroyed (Hawkes et al., 2016). It requires temperatures of 180 °C to transform DOM into
HS (Shao et al., 2023), but the acidity of the vent also plays an important part in HS production. Acidic
hydrothermal conditions favour the production of HS precursors, and alkaline hydrothermal
conditions are suitable for the formation of HS (Shao et al., 2022). The importance of pH could explain
why some hydrothermal vents have been found to be a source of HS, and some have not. A study
focusing on submarine hydrothermal vents near Northeast Taiwan, found that white smoker
hydrothermal vents were a source of humic-like compounds, whereas yellow vents appeared to not
be (Yang et al., 2012). White smoker hydrothermal vents emit alkaline fluids (pH around 9-9.8) (Arndt,
2011; Kelley et al., 2001), while yellow vents are acidic (pH 1.5). In our study, hydrothermal fluids from

PANAMAX were at pH 6.5.

Autochthonous microbial communities around hydrothermal systems have also been found to be a
source of HS (Sarma et al., 2018). Due to the harsh environment environments, these communities
can be carbon-limited (Bradley et al., 2009), but microbial communities in these regions can produce
DOC from inorganic carbon (McCarthy et al., 2011). Around these vents live thermogenic bacteria,
which can withstand temperatures >60 °C (Zeng et al., 2021). These thermogenic bacteria can

transform the fresh DOC into HS.
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Unlike deep sea vents, the PANAMAX vent is situated at 200m. The elevated concentration of eHS
around PANAMAX could therefore also be linked to higher production of HS from surface communities
stimulated by Fe-rich vent fluids reaching the photic layer (Tilliette et al., 2022). At this station, the
maximum concentration of eHS was observed at 51 m (Figure 3.4L). This station also had the highest
Chl a concentration compared to the rest of the transect. It is therefore likely HS in our samples
originate from biological activity and not hydrothermal alteration of DOM, as we do not see an

increase in the hydrothermal plume as with TA-like and GSH-like compounds.

3.4.9. Humic substances in metal complexation

HS are ligands for a wide range of trace metals (Mantoura et al., 1978) but have been of particular
interest for their complexation with Fe. In marine waters, Fe is primarily present in the form Fe(lll),
which is insoluble (Liu and Millero, 2002), but its binding with ligands increases its solubility (Buck et
al., 2016; Gledhill and van den Berg, 1994; Hassler and Schoemann, 2009; Rue and Bruland, 1995) and,
therefore, its bioavailability. HS are one of the most important ligands for Fe (Hassler et al., 2017;
Laglera and van den Berg, 2009) and are believed to account for 7% of Fe-binding ligands in surface
waters and 41% in deep waters (Hassler et al., 2020), and potentially much more in some regions

(Laglera et al., 2019; Slagter et al., 2019; Whitby et al., 2020a).

For the quantification of eHS, standards from the Suwannee River (SRFA and SRHA) are typically used,
which are well characterised. Terrestrially-derived HS have been extensively studied compared to
marine-derived HS. Comparisons of terrestrial and marine HS have shown differences in their chemical
composition, which could affect Fe binding (Harvey et al., 1983; Hertkorn et al., 2006; L. Malcolm,
1990; Muller, 2018). Terrestrial HS tend to be large molecules with many aromatic rings, whereas
marine HS are aliphatic and carboxyl-rich (Fourrier et al., 2022; Harvey et al., 1983; Hedges et al., 1992;
Williford et al., 2021), although both pools contain HS of microbial origin. Comparing the

pseudopolarograms of HS in the TONGA samples (Figure 3.7B and 4.7C) to the pseudopolarograms of
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SRHA and SRFA (Figure 3.7A) indicates that HS in this region are more electrochemically similar to
SRFA. SRFA is relatively small compared to SRHA (SRHA ~1000 - 10,000 Da; SRFA 500 - 2000 Da)
(Averett et al., 1994) and contains a large number of carboxylic acid groups (Ritchie and Michael

Perdue, 2003).

Even though pseudopolarography shows that marine HS in the TONGA samples are similar to SRFA,
the Fe-binding sites could differ. HS have a variety of different moieties that Fe could bind with, but
the site at which Fe will bind to HS depends on the Fe speciation. Fe(lll) is a hard Lewis acid. Hard Lewis
acid’s tend to form strong complexes with hard ligands, for example, OH or COO" (Jensen, 1978). This
is consistent with Fourrier, et al., (2022), who found that carboxylates were the main functional group

that bound Fe to marine HS (Fourrier et al., 2022; Heerah and Reader, 2022).

There are slight differences between the surface and deep HS pseudopolarograms (Figure 3.8B and
3.8C). Surface HS were detectable at more negative potentials than deep HS. The differences between
the surface and deep HS indicate that with depth there is a change in the nature of the HS. This is
consistent with DOM transformation with depth through bacterial processing, which has been shown
to increase HS aromaticity and the density of binding sites (Williford et al., 2021), which can affect the
Fe binding capacity. Figure 3.10 shows the relationship between the concentrations of eHS and
dissolved Fe from the TONGA cruise. With increasing depth, the ratio of dFe to eHS increases. Since
eHS are thought to be the dominant ligand for Fe in deeper waters, the agreement between dFe and
the SRHA binding capacity would agree with the hypothesis that HS binding capacities increase with
depth due to increased HS aromaticity (Whitby et al., 2020b), however the actual Fe-binding capacity

was not measured in these samples.

For terrestrial HS, the aromaticity and Fe-binding capacity appear positively related (Kikuchi et al.,
2017). In contrast, Fourrier et al., (2022) found that in marine HS, Fe-binding moieties are aliphatic
(Fourrier et al., 2022). Furthermore, analysis using SRFA should give concentrations of eHS that are

higher than with SRHA, accounting for differences in binding capacity (Laglera and van den Berg,
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2009). However, few studies have considered what happens when the composition (and binding
capacity) of HS changes between samples when a single standard is used across a study. Yang et al.
found the binding capacity of natural FA and HA-like material changed along a salinity gradient, and
differences in concentration and Fe-binding were obtained depending on whether the FA or HA

standard was used (Yang et al., 2017).

The discrepancy between terrestrial and marine HS binding sites and relationship to aromaticity could
be explained by recent work demonstrating that the formation of geopolymerised substances can
occur on the order of days to weeks (Curti et al., 2021). Iron nanoparticles behave as a catalyst, driving
the formation of aromatic HS-like material through the transformation of carboxyl-rich moieties on
the iron surface, which can then remain attached and ‘grow’ at the Fe interface, decreasing in
carboxylic nature in the process (Curti et al., 2021). These could potentially appear as a metal-humic

complexes detected by CSV; investigation into this hypothesis is ongoing.

The ratio of dFe to HS in samples from the Northeast Pacific suggested an apparent Fe-binding capacity
similar to SRFA (Whitby et al., 2020), which was also seen in our study (assuming HS are the dominant
ligand for Fe). HS in the deep waters of the North Atlantic had a higher apparent Fe-binding capacity,
closer to that of SRHA; similar results were observed in our study for eHS in the deep waters of the
Lau Basin. HS from the North Atlantic are more terrestrial in nature due to the subduction of humic-
rich Arctic waters with a strong terrestrial component (Laglera et al., 2019). The Lau Basin has
abundant hydrothermal vents (Baker et al., 2019; Beaulieu et al., 2013). HS produced in hydrothermal
environments likely originate from thermogenic bacteria (Sarma et al., 2018). This could suggest that
hydrothermally-derived HS is more similar to terrestrial and deep-sea HS than fresh marine HS found

in upper waters, but further investigation is required.
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Figure 3.10. The relationship between the concentrations of electroactive humic substances and
dissolved iron from the TONGA cruise. Points are coloured by pressure. The different shapes
represent the different oceanographic regions across the TONGA. The lines represent the iron
binding capacities for terrestrial humic standards (Suwannee River fulvic acid (SRFA) and humic acid
(SRHA)). The upper line is representative of SRHA (32 + 2.2 nM Fe.mg™ SRHA), and the lower line is
representative of SRFA, the standard used in this study (14.6 + 0.7 nM Fe.mg™ SRFA) (Laglera and
van den Berg, 2009; Sukekava et al., 2018). Highlighted circles were from the hydrothermal station
PANAMAX. Figure generated using R studio software.

3.5. Conclusion

This study provides the quantitative and semi-qualitative data set of species-specific RSS (TA and GSH-
like compounds) and eHS in the WTSP Ocean. GSH-like compounds were only present in the surface
waters (<200 m), whereas TA-like compounds were present across the whole transect. In the
hydrothermal plume at PANAMAX, there were elevated concentrations of both GSH-like and TA-like
compounds. The increased concentrations are likely due to either the formation of RSS from the

reaction of CO/CO; with sulphide or the production of these RSS from biology to either help with the
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uptake or detoxification of metals. Sulphide was also present at PANAMAX, which is consistent with
reports that the Lau Basin produces high concentrations of sulphide (Hsu-kim et al., 2008; Yiicel et al.,

2011).

Station 2 also saw elevated concentrations of TA-like compounds. Pseudopolarography was used at
station 2 to try and identify the TA-like compounds. A comparison of the station 2 pseudopolarogram
and TA standard pseudopolarogram showed that they did not match. The high concentration of RSS
and the wide pseudopolarogram indicates differences in RSS type(s) or structure of a RSS-containing
compound at this station. A possibility presented for the identity of these TA-like compounds is a
thiocarbonyl tail attached to a larger compound such as methanobactin. There have been some
studies carried out on methanobactins with cyclic voltammetry, but to our knowledge,

methanobactins have yet to be measured at pH 2 or using pseudopolarography.

The vertical profiles of eHS are similar to those previously reported elsewhere, with enrichment in
upper waters and lower concentrations in the deep sea. Station 8 (average 57 + 4 pg.L-1) and
PANAMAX (mean 58 + 4 pg.L-1) had elevated concentrations of eHS compared to the rest of the
transect (average 35 * 3 pg.L-1). Station 8 was located in the South Pacific Gyre, which is an
oligotrophic region. The South Pacific Gyre has been shown to accumulate DOC and has high bacterial

abundance, which could explain elevated concentrations of eHS at station 8.

Pseudopolarography found that eHS in the WTSP are similar to SRFA, therefore, showing that SRFA
was the best standard for the quantification of eHS in the WTSP. There were slight differences
between the pseudopolarogram of the surface and bottom water, indicating a change in the nature
of eHS with depth. In the water column, HS evolve and change through processes like remineralization.
This can affect HS ability to bind with trace metals. From this study, we found that the HS Fe-binding
capacity increased with depth, and the Lau Basin had a higher Fe-binding capacity than the South
Pacific Grye and Melanesian waters. This shows that with depth, more Fe can bind with HS and that

in hydrothermal water, HS have a higher ability to bind with Fe.
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Figure 3.51. (A) Comparison of pseudopolarograms of PANAMAX and S15 surface waters with
thioacetamide (TA) standard. (B) Comparison of pseudopolarograms of station 8 and S15 bottom
waters with thioacetamide (TA) standard. Pseudopolarograms of TA standard were in UV digested
seawater. Method used was developed by Laglera et al., (2014). Solutions were at natural pH. Each
point represents the peak height of the RSS signal. Peak height has been normalised to the highest
peak value (=peak height/largest peak height).
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Figure 3.52. Comparison of pseudopolarograms of station 8 surface and PANAMAX bottom waters
with glutathione (GSH) standard. Pseudopolarograms of GSH standard were in UV digested
seawater. Method used was developed by Laglera et al., (2014). Solutions were at natural pH. Each
point represents the peak height of the RSS signal. Peak height has been normalised to the highest
peak value (=peak height/largest peak height).
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Figure 3.53. Cathodic stripping voltammogram above the plume at PANAMAX (797 m) using the Mo
method (Pernet-Coudrier et al., 2013). This sample was suspected to contain sulphide as a relatively
large peak was observed in the background scan. The peak in the analytical scan was unstable and
decreased with time. The background scan is the same as the analytical scan but with a 1s deposition
time. Analytical scan used Edep of 0 V for 150 s.
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Note for the reader

The following chapter is in preparation for submission to the journal Frontiers Research Topic

‘Hydrothermal and submarine volcanic activity: Impacts on ocean chemistry and plankton dynamics’.

To be submitted as: Portlock, G., Tilliette, C., Bonnet, S., Guieu, G., Gonzalez-Santana, D, : Whitby,
H., Salalin, P.: The impact of shallow hydrothermal fluids on the production of RSS-like compounds

and humic substances. An incubation study.

In this chapter, | ran the voltammetric determination of eHS, RSS. Copper determination and
speciation was co-jointly done with PS. Dissolved Fe data was provided by C. Tilliette. Dissolved
trace metal data was provided by D. Gonzalez-Santana. Experiment and sample collection were ran

by F. Gazeau and onboard participants of GEOTRACES TONGA (GPpri14).

At the time of submission dissolved trace metal data measured by ICP —MS had not been validated

and thus remains preliminary.
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Chapter 4

The impact of shallow hydrothermal fluids on the
production of RSS-like compounds and humic

substances. An incubation study.

Abstract

The Western Tropical South Pacific (WTSP) Ocean has some of the most active zones for submarine
volcanic activity in the world ocean. In particular, the Tonga-Kermadec arc hosts many shallow
hydrothermal vents (<200 m), which can be a source of large amounts of trace metals. The fluids from
these vents are directly released into the photic layer. This can be beneficial to the phytoplankton as
it is a source of nutrients, but can also be toxic. Minicom experiments were designed to understand
the impact of hydrothermal fluids on phytoplankton communities in the WTSP. In these experiments,
different volumes of hydrothermal fluids were mixed with surface water and the communities'

response was monitored.

Here we compare the concentration and speciation of eHS, RSS and copper at the start (<24h) and

end (> 8 days) of the experiment. The aim of this study is to assess if eHS and RSS are directly or
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indirectly produced by mixing hydrothermal fluids with surface waters. We show that concentrations
of eHS, thioacetamide-like and glutathione-like compounds all increased in comparison to the control
(no hydrothermal fluids). A clear increase in copper concentration was observed for all minicosm
experiments, suggesting the dissolution and/or remineralisation of copper-containing particles
present in the surface waters occurred or contamination from the water tanks. Using
pseudopolarography, we show that most samples present a labile Cu wave (i.e. potentially
bioavailable/toxic) at levels up to 1 nM, possibly due to copper-humic complexes. Our results also
suggest the presence of a large voltammetrically inert fraction. The benefits and limitations of Cu

pseudopolarography are discussed.

4.1. Introduction

Minicom experiments were designed to understand the impact of shallow hydrothermal fluids on
surface communities. The experiment consisted of two separate incubation studies that took place
onboard during the GEOTRACES TONGA (GPpri14) (Guieu and Bonnet, 2019) research cruise. Different
volumes of hydrothermal fluids were mixed with surface water to understand the biological response
for different mixing scenarios. Two shallow hydrothermal vents were selected for the experiment
(PANAMAX and SIMONE). The two vents have different characteristics, with PANAMAX being more
active than SIMONE. The first experiment (V1) used hydrothermal fluids from the shallow vent
‘PANAMAX’. This experiment took place from 11/11/2019 - 20/11/2019 (9 days). The second
experiment occurred from 24/11/2019 - 02/12/2019 (8 days), and the hydrothermal fluids were from

‘SIMONE’.

In this chapter, we use voltammetry to present the species-specific RSS (thioacetamide-like and
glutathione-like compounds), electroactive humic substances (eHS) concentrations and copper

speciation (dissolved Cu and pseudopolarography) obtained in this experiment. We relate our results
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to the biological and chemical observations to assess the driving factors that could determine the

production and release of these compounds.

4.2. Experimental

4.2.1. Experimental design

A detailed account of the minicosms experiment is described by Tillette et al., 2022 (Tilliette et al.,
2023). Briefly, there were two minicosm experiments (V1 and V2) that were conducted as part of the
GEOTRACES TONGA (GPpri14) (Guieu and Bonnet, 2019) research cruise. Experiments took place in
nine 300 L high-density polyethylene (HDPE) tanks. The tanks were installed inside a light-isolated, air-
conditioned, clean-room container. Temperature, light and irradiance spectrum and intensity were

controlled.

Before the experiment, the tanks were washed with a high-pressure cleaner (Karcher®). They were
then filled with a mixture of fresh water and surfactant (Decon-) and left for 24 h before being rinsed
and filled with Milli-Q water acidified to pH 2 with hydrochloric acid (Suprapure HCI, Supelco®). This

cleaning solution was left for 24 h. Finally, the tanks were emptied and rinsed with deionized water.

4.2.2. Sampling locations

There were two sequential experiments, V1 and V2. Surface water was sampled in both cases east of
the TONGA arc, at the western boundary of the South Pacific Gyre (Figure 4.1). This was because the
water would not be influenced by volcanic activity, and the chlorophyll concentrations were low (<
0.1 mg m?3). The hydrothermal fluids were collected from two shallow hydrothermal vents (PANAMAX
for V1 and SIMONE for V2). The hydrothermal fluids were collected from depths that had high acoustic
and chemical anomalies. For the V1 experiment, surface water was collected from 5 m depth at 21.69

°S, 174.71 °W. The hydrothermal fluids were collected from 200 m depth at the PANAMAX shallow
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hydrothermal vent, at 21.15 °S, 175.735 °W. For the V2 experiment, surface water was collected from
5 mdepth at 19.5°S, 173.61 °W. The hydrothermal fluids were taken from 200 m depth at the SIMONE
shallow hydrothermal vent, at 19.4 °S, 175.13 °W. At the time of this experiment, PANAMAX seemed
to be more active than SIMONE (Tilliette et al., 2022). For V1, surface seawater and hydrothermal
fluids were pumped into the tanks with a clean, high-speed peristaltic pump. The hydrothermal fluids
were filtered through a 10 um filter. For the V2 experiment, it was decided to add lower volumes of
hydrothermal fluids to the surface water to follow the gradient: 0, 1, 2, 5, 10, 20, 30 and 40 liters. Due
to the lower volumes of fluids required, hydrothermal fluids for V2 were collected using the CTD. In

this study, surface water and hydrothermal fluids are referred to as ‘end members’.

Figure 4.1. Map showing the location of the end members in the minicosms experiments. Surface water
sites are the yellow circle and hydrothermal fluid sites are the orange square. Black dashed lines
separate the different oceanographic regions. Figures were generated using ODV software (Schlitzer,
2021).

4.2.3. Mixing protocol
There were nine minicosm tanks. One tank (M9) was used to sample the end members. Seven tanks
were enriched with hydrothermal fluids and the final tank was the control experiment. The enriched

minicosms followed a gradient approach (table 4.1). The total volume in each tank was 275 L.
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Minicosms were mixed by a rotating propeller, set to nine rotations per minute, allowing the particles

to remain suspended.

In preparation, all nine minicosm tanks were filled with 275 L of surface water and left overnight. The
next day the M9 was sampled. After the sampling of M9, the tank was emptied and rinsed with Milli-

Q.

The hydrothermal fluids were then collected directly into M9. Surface water was then removed from
seven minicosm tanks and replaced with hydrothermal fluids. Hydrothermal fluids were not added to
the surface waters straight away. For V1, hydrothermal fluids were added to surface water 3 h 30 after
hydrothermal fluid collection. For V2, hydrothermal fluids were added 4 h 45 after hydrothermal fluid

collection.

Enrichment Control 1.8% 3.6% 5.5% 7.3% 9.1% 10.9% 14.5%

Volume of
Vi fluid (L) 0 5 10 15 20 25 30 40
Volume of
surface

275 270 265 260 255 250 245 235
water (L)

Enrichment Control 0.4% 0.7% 1.8% 3.6% 7.3% 10.9% 14.5%

Volume of
V2 fluid (L) 0 1 2 5 10 20 30 40

Volume of
surface (L) 275 274 273 270 265 255 245 235

Table 4.1. The volume of surface water and hydrothermal fluid used in both minicosm experiments.
Enrichment (%) is the proportion of hydrothermal fluid added to surface waters. V1 used hydrothermal
fluids from PANAMAX. V2 used hydrothermal fluids from SIMONE.

4.2.4. Sample collection

After the initial mixing of the end members, sampling of water from the minicosms was conducted at

different intervals throughout the experiments. For both experiments, samples were collected after
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12 h, 24 h, 48 h, 96 h and 144 h (table 4.2). The only difference in terms of sampling was the final day;
for V1 the final sampling was 216 h after the mixing of the end members whereas it was 192 h for V2.

Samples were collected from a sampling tube that was connected to each minicosm.

Experiment Time (days)
Vi 12 h 24 h 48 h 96 h 144 h 216 h
(day 0.5) (day 1) (day 2) (day 4) (day 6) (day 9)
V2 12 h 24 h 48 h 96 h 144 h 192 h
(day 0.5) (day 1) (day 2) (day 4) (day 6) (day 8)

Table 4.2. Time when the minicosm samples were collected. The experiment started when the end
members were mixed.

Samples were collected in acid-cleaned bottles according to the GEOTRACES protocol (Cutter et al.,
2017). Samples were collected by gravity and filtered on sterile Sartobran® 300 cartridges (0.45 pum
pre-filtration and 0.2 um final filtration). Immediately after collection, samples were double bagged

and stored at -20 °C until analysis.

Samples analysed for eHS and RSS for V1 were the 12 h (day 0.5), 48h (day 2), 96 h (day 4) and 216 h
(day 9). For V2, samples analysed were the 24 h (day 1), 96 h (day 4) and 192 h (day 8). Samples
analysed for Cu were the initial samples (12h and 24h for V1 and V2 respectively) and final (216 and
192 h for V1 and V2 respectively) of the control (no fluid) and highest mixing ratio of the hydrothermal

fluids (14.5%).

4.2.5. Experimental monitoring

The temperature, irradiance and pH during both experiments are shown in Figure 451/4S2. The
temperature of the minicosms was regulated using 500 W immersed heating resistors. Temperature
data loggers were placed in the centre of each minicosm and recorded the temperature continuously.
Natural light was reproduced using LED lights that were fitted inside the tanks. The light was
programmed with a 12 h light and dark cycle. The irradiance was continuously recorded using sensors

from PAR Biospherical Instruments (i.e. photosynthetically active radiation sensor - between 400 and
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700 nm). A maximum PAR was reached (= 735 pE m.2 s) between 9.30 a.m. and 5 p.m. The pH was
recorded after sampling; measurements were carried out using a spectrophotometer Agilent Cary60

UV-Vis.

4.2.5. Analytical methods

4.2.5.1. Voltammetric equipment

Voltammetric measurements of humics and RSS were carried out using a Metrohm 663 VA stand
which was connected to a pAutolablll potentiostat through the IME663 interface. The software NOVA
(version 2.1.4) controlled the measurements. The working electrode was a static mercury drop
electrode (SMDE) with a drop size of 0.40 mm?2. The reference electrode was a commercial Ag/AgCl//3
M KCl electrode, and the counter electrode was a glassy carbon rod. Solutions (10 mL) were placed in
a quartz voltammetric cell and stirred using a rotating polytetrafluoroethylene (PTFE) rod (setting 4
on the VA stand). An automatic sampler was connected to the VA stand to enable automatic loading
and emptying of the voltammetric cell. Standard additions were made automatically using syringe
burettes. The entire procedure was controlled through the Nova software allowing fully automated

measurements. The voltammetric cell was rinsed twice with MQ for 30 s between each samples.

For eHS pseudopolarography, the set up remained the same as that described in Chapter 4 of this

thesis.

For Cu analysis (total concentrations and pseudopolarograograms), the potentiostat was a pAutolab
connected to a IME663 interface and controlled by the GPES software (version 4.9). Measurements
were made in a polypropylene cup (maximum capacity: 30 mL) using a gold microwire electrode (10
um diameter, 2-3 mm long), an iridium wire electrode (150 um diameter, 4-5 mm long) and an
Ag/AgCl//KCI(3 M) reference electrode. No autosampler was used and measurements were done in
the presence of oxygen. Pseudopolarograms were carried out at natural pH while total concentrations

were measured in acidified (pH 1.9, HCI) and UV digested (45 min in acid-cleaned quartz tube)
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seawater. The working electrode was vibrated (140 Hz) during the conditioning and deposition time
of stripping measurements while stagnant during the stripping stage. For total Cu analysis, the
polypropylene cup was rinsed with Milli-Q water between samples. For pseudopolarograms, a
different polypropylene cup was used and was not rinsed between samples to maintain conditioning

and minimise adsorption processes during the course of the analysis.

4.2.5.2. Reagents

Ultrapure deionized water (>18 MQ) from a Milli-Q system (Millipore, UK) was used for rinsing and
dilutions of reagents. A 10 ppm molybdenum (VI) (Fisher Scientific) solution was prepared by diluting
atomic absorption spectroscopy standard solutions of 1 g.L 't in 10 mM HCI (12 M). Thioacetamide (TA)
(Fisher Scientific) and glutathione (GSH) (reduced, Sigma-Aldrich) were used as standards for RSS
groups (Pernet-Coudrier et al.,, 2013). Suwannee River fulvic acid (SRFA) (International Humic
Substances Society, 25101F) was dissolved in Milli-Q to a concentration of 10 mg.L™. All ligand

standards were acidified to pH 2 with HCI (12 M) and were kept in the fridge when not being used.

4.2.5.3. Voltammetric analysis

4.2.5.4.1. RSS and humic concentrations

The analytical settings used for RSS and eHS analysis were based on Pernet-Coudrier et al. (2013),
however, the method was adapted to include a background subtraction. The Pernet-Coudrier et al.
(2013) (eHS-Mo) method was selected for the quantification of eHS as it experienced fewer
interference issues compared to the eHS-Fe (Laglera et al., 2007) and the eHS-Cu (Whitby and van den
Berg, 2015) methods. For the eHS-Fe method, in samples of excess inorganic Fe the eHS-Fe peak is
unstable due to Fe precipitation (Abualhaija et al., 2015). The samples used in this study were collected
waters with intense hydrothermal activity resulting in high concentrations of Fe (Guieu et al., 2018;

Tilliette et al., 2022; Wang et al., 2022), therefore the eHS-Fe method was not selected for the
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guantification of eHS in this study. When using the eHS-Cu method, some samples showed a large,
broad interference peak in the same position as the eHS-Cu peak (Figure 2.3), which inhibited the
quantification of eHS. For this reason, the eHS-Cu method was not selected for the quantification of

eHS in this study.

Briefly, under a laminar flow hood, 10 mL aliquots of seawater were placed into an acid-cleaned quartz
voltammetric cell. The seawater was spiked with 30 ul of 10 ppm Mo(VI) and acidified to pH 2. A 300
s N2 purging period was applied to remove oxygen from the seawater. A deposition potential of 0 V
was applied for 150 s. The stirrer was on during the deposition and stopped during the 5 s equilibration
step. A stripping scan using differential pulse mode started from 0 V to -0.6 V with a modulation time
of 60 ms, a modulation amplitude of 50 mV, a step potential of 2 mV and an interval time of 0.1 s. For
humic quantification a 1 s background scan was performed. A background scan had identical
parameters to the analytical scan however, the deposition time was reduced from 150 s to 1 s.
Concentrations compounds were determined by standard addition. Peak heights were measured
using ECDSOFT (Omanovi¢ and Branica, 1998). A minimum of 4 repeat scans for the sample and each
of the 2 standard additions. To check the validity of the procedure a Deep Sea Reference (DSR)
seawater (Hansell lab, Batch 21 — 2021 — Lot 04-21) was used daily. The concentration of eHS obtained
was 25.9 pg.L'! eq SRFA, for TA it was 60.1 nM eq TA, and there was no GSH present. The
reproducibility was calculated by carrying 10 identical standard addition procedures of a DSR seawater

(eHS RSD=11.7%; TA RSD=13.9%; n=10) (Hansell lab, batch 2021).

4.2.5.4.2. Pseudopolarography of humics

Cathodic pseudopolarography of eHS were carried out. Cathodic pseudopolarography was initially
published to identify reduced sulphur substances (Laglera and Tovar-Sanchez, 2014). Multiple
deposition potentials were applied to the electrode to obtain characteristic ip vs Edep profiles

(pseudopolarograms). The method used for pseudopolarography of eHS was from Pernet-Coudrier et
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al., (2013). Pseudopolarograms were initiated from +0.1 V, and the deposition potential decreased by

increments of -0.05 V until no peak was visible.

4.2.5.4.3. Copper total concentration

Cu analysis was done using anodic stripping voltammetry using differential pulse anodic stripping
voltammetry. The stripping parameters were 100 ms interval, 10 ms pulse time, 50 mV amplitude with
a 6 mV step. The potential sequence consisted of an analytical scan and a background scan. The
analytical scan included a conditioning step (0.55 V for 10 s) followed by a deposition step (-1.3 V for
120-300 s) and an equilibrium step (2 s) before the stripping stage which was done from 0 to 0.55 V.
The background scan was the same as the analytical scan but with a 5 s deposition time at -1.3 V.
Quantification of the Cu peak was done on the background-subtracted scan (background scan
subtracted from the analytical scan) using the peak derivative given by the GPES software. The Cu
peak was typically present at a potential of ~ 280 mV with a half-peak with of typically 54-60 mV. Cu
concentration was determined by the method of standard addition with typically 5 repeat
measurements of the Cu signal in the sample followed by triplicate measurements of a minimum of 2
standard additions. The detection limit was estimated as 3 times the standard deviation of 7 repeat
measurements obtained in 12 mM HCI containing low Cu levels (0.5 nM) giving a LoD of approximately

35 pM (deposition time of 300 s).

4.2.5.4.4. Copper pseudopolarography

Cu pseudopolarograms were obtained by running successive differential pulse ASV scans at various
deposition potentials. The stripping parameters were the same as those used for total Cu
determination, i.e. 100 ms interval, 10 ms pulse time, 50 mV amplitude and a 6 mV step. Background
subtraction was also used. The analytical scan consisted of a deposition potential (varied from -1.3 V
to 0.3 V, every 50 mV) for typically 300 s, followed by a desorption potential (-1.3 V for 2 s), an
equilibrium time (1s) and stripping from 0 to 0.55 V. The background scan consisted of a conditioning

potential (10 s at +0.55 V), a desorption step (-1.3 V for 2 s), equilibrium time (1 s) and stripping from
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0 to 0.55 V. The Cu peak was again quantified with the peak derivative given by the GPES software.
The peak was typically present at a potential of ~220 mV, similar to that obtained in acidic conditions.
Between each DPASV scans, an additional conditioning scan consisting of 30 s at +0.55 V followed by
30 s at -1.3 V was done to avoid potential build-up of adsorbed organic material at the surface of the
gold electrode when positive deposition potential are used. No significant differences in
pseudopolarograms were seen with/without this additional scan but it was kept as a precautionary
measure, similar to what was used in the original study (Gibbon-Walsh et al., 2012). In addition, 5 or
10 measurements at -1.3 V were carried out before and after each pseudopolarogram experiment.
This was done to stabilise the signal before starting the pseudopolarography and the check the

stability of the signal before/after analysis.

To relate the intensity of the peak to concentrations, the sensitivity of the electrode was measured by
titrating the natural oxygenated sample (or composite samples) with Cu. In a specific polypropylene
cell (to avoid any carry over of Cu), successive additions of Cu were made in the cell and triplicate ASV
measurements were made at a deposition potential of -1.3 V. The peak intensity was plotted as a
function of added Cu, resulting in a typical complexing titration curve with a linear increase at high
copper additions. This linear increase is indicative of the saturation of the ligand and indicates the
sensitivity of the measurement in this sample (or composite sample). Typically, such linear relationship
was obtained for Cu concentrations above 10 nM. This sensitivity was then normalised to the
deposition time (units in nA.V1.nM™s?) and used to estimate Cu concentrations from the peak
intensity obtained at all deposition potentials. It is therefore assumed that this sensitivity is: 1- valid
for all deposition potentials and 2- is directly proportional to the deposition time. The first assumption
was tested in UV digested acidified (pH 2) seawater for which Cu intensity signal was found constant
at deposition potentials below 0.1 V. The second assumption had been tested previously (Gibbon-

Walsh et al., 2012) and was also found to be valid here.
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The concentrations reported in the pseudopolarograms below are still termed as “estimated”

concentrations for the following reasons:

1-

3-

4-

the sensitivity was not always measured in each individual sample; instead, it was measured
in a composite sample, made of the various seawater collected at the start and end of the
minicosm experiment. This is not ideal because different sensitivities can be obtained in
samples that have different levels surface active substances. In addition, the electrode history

(so- called ‘memory effects’) may also impact the sensitivity of the gold solid electrode;

the Cu signal measured before/after pseudopolarograms was not always stable and tended
to decrease, by up to 50%. The decrease was higher in samples containing low Cu
concentrations, which required a high deposition time (up to 720s). Typical time in the
voltammetric cell for 720 s deposition was more than 6h. The appearance of a small Hg peak

was often observed that may affect Cu deposition and/or stripping from the gold surface.

The sensitivity used to relate peak intensity to concentrations were obtained at a deposition
potential of -1.3 V. Although this sensitivity is constant at different deposition potentials in UV
digested pH 2 seawater, it does not ascertain that this is also true in natural samples where

adsorption of organic matter and/or other metals is potential dependent.

The sensitivity is obtained after saturation of the ligands, i.e. it is only due to inorganic copper
which has a diffusion coefficient that may be widely different from the complexes being

detected when varying the deposition potential.

4.2.5.3. Dissolved trace metal measurements

After collection, minicosm samples were acidified with hydrochloric acid (HCI, Ultrapure® Merck) (pH

~1.7). Samples were double bagged and stored in the dark at room temperature.

Concentrations of dissolved trace metal measurements were carried out at Ifremer, France, using an

Element XR™ HR-SF-ICP-MS instrument (Thermo Fisher, Bremen, Germany), coupled with an ESI
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seaFAST-pico™ introduction system. The measurements were carried out at Péle Spectrométrie Océan

(IFREMER, France). This method used was analytically similar to that of Lagerstrém et al. (2013).

4.2.6. Error calculations for standard additions:
Concentrations of RSS, eHS and Cu were calculated using the standard addition method. Error bars
given in all the graphs correspond to the standard deviation of the intercept, determined for each

standard addition using Equation 1 (Harris, 2003).

s S |1 * Equation 1
= — - e ———— uation 1.
X7 Imlyn | m? - 9?2 a

Where sy is the standard deviation of the compound being measured, s, 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, ¥ 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.

4.3. Results

In these experiments, two different RSS were detected. These RSS were electrochemically similar to
thioacetamide and glutathione. Therefore, these compounds are referred to as thioacetamide-like

(TA-like) and glutathione-like (GSH-like) compounds (Figure 3.2 (see chapter 3)).

4.3.1. V1 (PANAMAX hydrothermal fluid enrichments)
For V1, the temperature ranged from 25.3 °C to 26.1 °C with an average of 25.8 °C (Figure 4S1).
Minicosms 1.8% and 9.1% fluid mixing both had the lowest average temperature (25.3 °C), however

this temperature was within the range of surface seawater temperatures. Therefore, it is unlikely that
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the results from this experiment were impacted. The surface water pH was 8.07 and the hydrothermal
fluid was 6.46 (Figure 4S2). When the hydrothermal fluid was mixed with the surface water, the pH of
the minicosms decreased relative to the mixing ratio. On day 0.5 the pH of fluid-enriched experiments
varied from 8.06 (control) to 7.85 (14.5%); over the course of the experiment, the pH converged

together; 8.01 (control) to 7.94 (14.5%).

4.3.1.1. Thioacetamide-like compounds: V1

TA-like compounds were detected in all samples over the course of the whole experiment. In the
control sample, the concentration of TA-like compounds ([TA-like]) fluctuated, increasing slightly over
the course of the experiment (70 + 10 nM to 98 + 9 nM) (Figure 4.2A). A maximum concentration was
obtained on day 4 of the experiment (107 = 7 nM). In contrast, all the hydrothermal fluid-enriched
experiments, except 10.9% fluid mixing, saw an increase of TA-like compounds day 0.5 after the initial
mixing, with the 14.5% fluid mixing having the most significant increase (88%). However, there was no
correlation between the percentage of fluid mixing and the increase of TA-like compounds (R?=0.41,
p=0.31). After day 2 [TA-like] decreased in all fluid-enriched experiments. By the end of the
experiment, all the fluid-enriched tanks except 9.1% showed higher [TA-like] compared to the control.
In the surface end member, [TA-like] was 73 + 9 nM and for the hydrothermal fluid end member, [TA-

like] was 92 + 5 nM.

4.3.1.2. Glutathione-like compounds: V1

GSH-like compounds were not detected in the end members. In the control sample, no GSH-like
compounds were detected until day 4 (0.67 £ 0.02 nM), from when [GSH-like] increased until the final
day (8 £ 2 nM (Figure 4.2B). All the fluid-enriched experiments expect 9.1% mixing, had GSH-like
compounds present within day 2 after initial mixing. The [GSH-like] increased for most experiments

over the 8 days. Experiment 3.6%, 5.5% and 7.3% fluid mixing had maximum [GSH-like] on day 4 after
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which the concentration decreased. There was no correlation between the percentage of fluid
enrichment and [GSH-like]. By the end of the experiment, all the fluid mixed experiments except 1.8%
showed higher [GSH-like] compared to the control. In both the surface and hydrothermal fluid end

members, [GSH-like] was below detection limit.
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Figure 4.2. Temporal dynamics of reduced sulphur substances (RSS) during the V1 minicosm
experiment (duration 9 days). RSS were electrochemically similar to thioacetamide and glutathione.
Therefore, concentrations are presented as equivalent of nM thioacetamide-like (TA).L (A) and
equivalent of nM glutathione-like (GSH).L? (B). Numbers in legend represent the % of hydrothermal
fluid enrichment. Hydrothermal fluids were collected from PANAMAX. RSS concentrations were
measured in the surface (grey square) and fluid (orange square) end members. Error bars represent
the standard deviation of the intercept obtained for each individual standard addition.
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4.3.1.3. Electroactive humic substances: V1

In the V1 control sample, the concentration of electroactive humic substances ([eHS]) decreased from
70 £ 5 pg.L't eq SRFA to 48 + 3 pug.L! within the first 48 h (Figure 4.3). After 48 h, the [eHS] increased
continuously until the final day, when it reached a concentration of 113 + 7 pg.L™%. All fluid mixed
experiments followed a similar pattern to the control, except for 3.6% and 14.5% mixing. In these
experiments, the [eHS] increased day 0.5 after the initial mixing instead of decreasing like the rest of
the mixes. On day 9 of the experiment, all the fluid mixes except 14.5% showed lower [eHS] compared
to the control. In the surface end member, [eHS] was 70 + 5 pg.L and for the hydrothermal fluid end

member, [eHS] was 22 +4 pg.Lt.
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Figure 4.3. Temporal dynamics of electroactive humic substances (eHS) during the V1 minicosm
experiment (duration 9 days). Concentrations are presented as eHS in ug SRFA eq.LX. Numbers in
legend represent the % of hydrothermal fluid enrichment. Hydrothermal fluids were collected from
PANAMAX. eHS concentrations were measured in the surface (grey square) and fluid (orange
square) end members. Error bars represent the standard deviation of the intercept obtained for each
individual standard addition.
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4.3.1.4 Dissolved Copper: V1

Total dissolved copper concentrations were determined both by voltammetry and by ICP-MS. In the
V1 control treatment (surface water, no hydrothermal fluids), the total Cu concentration in the
minicosm tank obtained by voltammetry increased from 2.4 nM at t=12h to 7.1 nM at the end of the
experiment (t=9 days). In the presence of hydrothermal fluids (14.5%), the total concentrations also

increased, from 2.7 nM (t =12h) to 9.2 nM after 9 days.

The pseudopolarograms obtained in those samples are shown in Figure 4.4 with the estimated fraction
of the total concentration being detected by voltammetry at each Egep. For both type of samples
(without (Control) and with 14.5% hydrothermal fluid), a Cu signal is detected for Eqep below -0.2 V.
When decreasing Eqep, the intensity of the signal increases until ~ -0.8 to -1 V before decreasing at
lower Egep (-1 to -1.3 V). In the control sample at 24 h, an estimated maximum of 0.8 nM of Cu is
detected, representing 40% of the total. At the end of the experiment (after 9 days), up to 1.8 nM Cu
is measured, representing an estimated 30% of the total concentration. In the hydrothermal sample,
up to 2 nM are detected after 24h and up to 3.3 nM after day 9, representing approximately 70% and
36% of the total Cu. Interestingly, all four pseudopolarograms present an early wave at ~ -0.1 V
indicative of the presence of fast-dissociating weak Cu complexes. The presence of other stronger
complexes can be inferred by the increasing signal at lower deposition potential, with sometimes, the
presence of well-defined “waves” such as -0.7 V in the 14.5% hydrothermal sample, t = 9 days.
Comparison of the pseudopolarograms at the start and end of the minicosms experiment show that
the absolute concentration of Cu being detected is higher at the end, although it represents a lower
proportion of the total concentration. Our estimation suggests that a large proportion of the Cu is

electrochemically inert within the range of deposition potential used here.
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Figure 4.4. Estimated dCu concentrations in the V1 minicosm experiments in control (A) and in 14.5%
mixing (C) experiments. At -1 V, Cu-complexes are reduced providing an estimation of the dCu
concentrations. dCu concentrations are presented in nM. Estimated dCu fraction in the V1 minicosm
experiments in control (B) and in 14.5% mixing (D) experiments. Estimated Cu fraction is the difference
between the total dCu and the maximum reduced dCu during pseudopolarography. dCu that could not
be reduced during pseudopolarography, is classed as inert.

4.3.2. V2 (SIMONE hydrothermal fluid enrichments)
For V2 the temperature ranged from 26.6 °C to 26.9 °C with an average of 26.8 °C (Figure 4S1). The pH
of the surface water was 8.09 and 7.68 for the hydrothermal fluid (Figure 452). On day 0.5, the pH

varied slightly between the different fluid enriched experiments. 14.5% fluid enriched had the lowest
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pH (8.05) and 0.7% fluid enriched had the highest pH (8.10). On the final day (day 8) the pH of all

experiments ranged from 8.6 to 8.5.

4.3.2.1. Thioacetamide-like compounds: V2

In the control sample, the [TA-like] decreased by 30% 24 h after the start of the experiment. After this
[TA-like] increased over time until it reached a maximum concentration of 127 + 6 nM (Figure 4.5A).
All fluid-enriched tanks followed a similar pattern to the control, with the maximum [TA-like] on the
final day (day 8). The exception was 0.7% fluid mixing where the maximum [TA-like] was on the 4th
day (2 = 1.2 nM). On the final day all fluid mixes except 0.7% and 10.9% showed higher [TA-like]
compared to the control. In the surface end member, [TA-like] was 129 + 7 nM and for the

hydrothermal fluid end member, [TA-like] was 131 + 8 nM.

4.3.2.2. Glutathione-like compounds: V2

In the control sample, GSH-like compounds were only present on the final day of the experiment
(2 £0.6 nM). For all the hydrothermal fluid mixes except 1.8%, GSH was present 4 days after initial
mixing. All experiments had the highest [GSH-like] on the final day, except for 3.6% mixing, which had
the maximum concentration on day 4 (5 + 2 nM). On the final day, all the fluid mixes except 0.4% and
14.5% had lower [GSH-like] than the control (Figure 4.5B). In the both the surface and hydrothermal

fluid end members, [GSH-like] was undetectable.

4.3.2.3. Electroactive humic substances: V2
In the control sample, the concentration of eHS increased from 62 + 8 pg.L't (day 1) to 97 + 6 pg.L?
(day 8) during the experiment. In all the fluid-enriched tanks the [eHS] decreased 1 day after the initial

mixing. After day 1 the [eHS] increased until the end of the experiment. In all fluid mixes, the maximum
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eHS concentration was obtained on the final day (day 9) of the experiment. All the fluid mixes except
7.3% had higher [eHS] than the control (Figure 4.6). In the surface end member, [eHS] was 62 + 8 ug.L

Land for the hydrothermal fluid end member, [eHS] was 43 + 6 pg.L™.
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Figure 4.5. Temporal dynamics of reduced sulphur substances (RSS) during the V2 minicosm
experiment (duration 8 days). RSS were electrochemically similar to thioacetamide and glutathione.
Therefore, concentrations are presented as equivalent of nM thioacetamide-like (TA).L'? (A) and
equivalent of nM glutathione-like (GSH).L™ (B). Numbers in legend represent the % of hydrothermal
fluid enrichment. Hydrothermal fluids were collected from SIMONE. RSS concentrations were
measured in the surface (grey square) and fluid (orange square) end members. Error bars represent
the standard deviation of the intercept obtained for each individual standard addition.
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Figure 4.6. Temporal dynamics of electroactive humic substances (eHS) during the V2 minicosm
experiment (duration 8 days). Concentrations are presented as eHS in g SRFA eq.L . Numbers in
legend represent the % of hydrothermal fluid enrichment. Hydrothermal fluids were collected from
SIMONE. eHS concentrations were measured in the surface (grey square) and fluid (orange square)
end members. Error bars represent the standard deviation of the intercept obtained for each
individual standard addition.

4.3.2.4 Dissolved Copper: V2

In the control treatment (surface water, no hydrothermal fluids), the total Cu concentration in the
minicosms measured by voltammetry increased from 1.8 nM at t = 24h and 6.2 nM at the end of the
experiment (t = 8 days). In the presence of hydrothermal fluids (14.5%), the total concentrations also

increased, from 2.0 nM after the initial mixing (t =24h) up to 6.3 nM after 8 days.

The pseudopolarograms obtained in those samples are shown in Figure 4.7 with the estimated fraction
of the total concentration being detected by voltammetry at each Egep. Similar to the Panamax
minicosms experiments, the Cu signal was much higher after 8 days than after 24 h. In the control
sample, Cu concentrations increased from an estimated 0.4 to 2.5 nM while in presence of 14.5%

hydrothermal fluid, the estimated Cu concentration increased from ~ 1 nM to more than 5 nM at the
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end of the experiment. In contrast to the V1 experiment, a Cu signal was only obtained E¢ below 0 V
in the early stage of the experiment (both in the absence and presence of the hydrothermal fluid); no
signals were obtained in the range 0.2 — 0 V suggesting the absence of fast-dissociating complexes.
However, by the end of the experiment and in both the absence and presence of the hydrothermal
fluids, a wave at ~ +0.15 V is clearly detected. Such a wave is close to the inorganic wave obtained in
UV digested sample and is indicative of the presence of labile Cu complexes, i.e. weak complexes that

dissociate within the time required to travel through the diffusion layer.

The Cu fraction detected by voltammetry was variable with minicosm experimental time, both in the
control (V1: from ~40% (12 h) to ~25% (day 9) (Figure 4.4B); V2: from ~20% (24 h) to ~40% (day 8)
(Figure 4.7B)). In the sample with 14.5% hydrothermal fluid (V1: from ~40% (12 h) to ~140% (day 9)

(Figure 4.4D); V2: from ~50% (24 h) to ~80% (day 8) (Figure 4.7D)).
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Figure 4.7. Estimated dCu concentrations in the V2 minicosm experiments in control (A) and in 14.5%
mixing (C) experiments. At -1 V, Cu-complexes are reduced providing an estimation of the dCu
concentrations. dCu concentrations are presented in nM. Estimated dCu fraction in V2 minicosm
experiments in control (B) and in 14.5% mixing (D) experiments. Estimated Cu fraction is the difference
between the total dCu and the maximum reduced dCu during pseudopolarography. dCu that could not
be reduced during pseudopolarography, is classed as inert.

4.3.3. eHS pseudopolarograms

For eHS pseudopolarograms, the peak height has been normalised to the highest peak value for

comparative purposes. In both experiments, pseudopolarography was carried out on the control and

highest fluid-enriched sample (14.5%). For V1, samples were used from day 0.5 and the final day (day
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9) (Figure 4.8A and 4.9B). For V2, samples were used from day 1 and the final day (day 8) (Figure 4.8C

and 4.9D). In all samples the maximum sensitivity was at Egep -0.45 V.
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Figure 4.8. Pseudopolarograms of electroactive humic substances (eHS) in the control sample (A and
C) and the highest fluid enriched sample (14.5%) (B and D) from both minicosm experiments.
Measurements were carried out using the method developed by Pernet-Coudrier et al. (2013) with an
adsorption time of 150 s. Each point represents the peak height of the eHS signal. Peak height has been
normalised to the highest peak value (=peak height/largest peak height). Voltammetric analysis was
carried out at pH 2.
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4.4, Discussion

The objective of the minicosms experiments was to understand the impact of shallow hydrothermal
fluids on surface communities. Figure 453 to 454 shows the dynamics of surface communities with the
addition of hydrothermal fluid from V1 and V2. Hydrothermal fluids were rich in trace metals and
nitrate. The combination of these factors meant that in most samples, the addition of hydrothermal

fluids increased the growth of surface communities compared to the control.

4.4.1. Release of Thioacetamide-like compounds.

In the V1 fluid-enriched samples, an increase of TA-like compounds was observed 12 h after the initial
mixing. This increase was not seen in the V1 control, indicating that the mixing of the hydrothermal
fluids is the driver for the production of these compounds, and it is likely of biological origin. Tillette
et al.,, 2022 suggested that RSS, including TA-like compounds were produced by Synechococcus
ecotypes in order to detoxify the environment. Phytoplankton have been shown to produce RSS to
complex with trace metals when in high metal environments (Courbot et al., 2004; Dupont and Ahner,
2005; Navarrete et al., 2019; Steffens, 1990; Vasconcelos and Leal, 2001). Here, the addition of
hydrothermal fluids might have increased the concentrations of some metals (Tilliette et al., 2023),
potentially triggering the production and release of TA-like compounds. The hydrothermal fluids in V1
had higher concentrations of dFe and dMn than V2, but had lower concentrations of dNi, dCu, dZn
and dPb (Table 451). Even though there are lower concentrations of potentially toxic trace metals such
as dCu in V1 compared to V2, toxicity depends on trace metal speciation. Low concentrations of Cu(ll)
have been shown to be toxic to some marine microbes (Brand et al.,, 1986). At the time of the
experiment, hydrothermal fluids from PANAMAX (V1) had a lower pH than SIMONE (V2) (Figure 4S2).
Lower pH is associated with higher concentrations of Cu(ll) (Lewis et al., 2016; Richards et al., 2011),
this could explain why we see an increase in TA-like compounds within the first 12 h, for V1 but not

V2.
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In the V2 experiment, all samples follow a similar trend. The TA-like compounds decrease within the
first day and then steadily increase with time. Phytoplankton have been found to actively exude a TA-
like compound (Leal et al.,, 1999). TA is toxic to microorganisms causing inhibition of growth
(Vasconcelos et al., 2002). Understanding the identity of these RSS are discussed in Chapter 3, section

3.4.3.

4.4.2. Similarities between the behaviour of TA-like compounds and DFe

For V1, the [TA-like] and the [dFe] follow a similar pattern (Figure 4.9). RSS are not known to be a Fe
ligand; however, the identification of the TA-like compounds remains unknown. When measuring RSS
with voltammetry, the sulphur group in the RSS compound adsorbs on the HMDE (Laglera and van
den Berg, 2003; Turner et al., 1975). Therefore, other compounds that contain a sulphur group can
produce a similar signal. With the Pernet-Coudrier method, sulphide and thioacetic acid were shown
to produce a signal in the same position as TA (Pernet-Coudrier et al., 2013). Sulphides are known to
be a ligand for dFe (Dyrssen, 1988; Luther et al., 2001; Theberge et al., 1997; Yiicel et al., 2011), but
due to the purging and the acidic conditions, the sulphide can be removed from the sample. If sulphide
is present in a sample it can produce a large peak in the 1s background (Figure 3.S3. (Chapter 3)), and
in the analytical scan the peak is not stable. In this study, the peak for TA-like compounds was stable,

indicating that sulphide was not a major contributor to the TA peak when this sample was analysed.
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Figure 4.9. Temporal dynamics of dissolved iron (dFe) during the V1 minicosm experiment (duration
9 days). Numbers in legend represent the % of hydrothermal fluid enrichment. Hydrothermal fluids
were collected from PANAMAX. dFe concentrations were measured in the surface (grey square) and
fluid (orange square) end members. An envelope (blue) for TA-like compounds, encompassing the
maximum and minimum concentration obtained in this study. Error bars represent the standard
deviation of the intercept obtained for each individual standard addition.

The concentrations of dissolved iron (blue line) and iron-binding ligands (green circles, where
available), with an envelope (red) for electroactive humic substances (eHS), encompassing
the maximum and minimum iron-binding capacities reported for terrestrial IHSS
standards13,27. (a) Station P26 in the Northeast Pacific (Line P); (b) Surface samples (~5 m)
Northwest Atlantic (Bermuda AE1714), with salinity included below; (c—g) Stations G1-G77
depth profiles from the North Atlantic (GEOVIDE GAO1). Error bars show standard deviation,
which for eHS is included within the envelope. Spaces in the eHS boundaries show eHS

sampling points. Figure generated using Matlab software.

4.4.3. Glutathione-like compounds

In both experiments, GSH-like compounds were not present for a few days after the initial mixing, but

[GSH-like] increased with time. Comparing the [GSH-like] on the final day of both experiments, V1
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showed a higher production of GSH-like compounds compared to V2 (Figure 4.10), although both V1

and V2 present relatively high concentrations on the final day, at around 7-8 nM.

GSH is one of the most abundant RSS both intracellularly and in marine waters (Ahner et al., 2002;
Dupont et al., 2004; Giovanelli, 1987). It has multiple key roles in the marine cycle, therefore there are
several variables that control the production of GSH. Within phytoplankton, GSH protects chloroplasts
against reactive oxygen species (ROS) by acting as an antioxidant (Fahey et al., 1987; Matrai and
Vetter, 1988). GSH can also be produced to either act as a detoxifying agent against potentially toxic
trace metals (Dupont and Ahner, 2005; Kawakami et al., 2006; Navarrete et al., 2019) or to help with
trace metal uptake. Prorocentrum donghaiense Lu release GSH in low Ni environments to help with
uptake (Huang et al., 2018). Strongly bound dCu is not bioavailable (Moriyasu and Moffett, 2022),
therefore phytoplankton can produce GSH to act as a ‘weak ligand shuttle’. GSH is able to form weaker

complexes with Cu which can then be bioavailable (Semeniuk et al., 2015).
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Figure 4.10. Comparison of the production of GSH-like compounds in the V1 and V2 experiments.
The production of GSH-like compounds was calculated by the increase of GSH-like compounds from
the first to the final day. Error bars represent the standard deviation of the intercept obtained for
each individual standard addition.
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4.4.4. GSH-like compounds response to trace metals

Previous incubation studies have found that the liberation of GSH is likely as a detoxifying agent
against metal toxicity as it can help microbes control trace metal uptake, in particular exposure to Cu
and Cd (Ahner et al., 2002; Vasconcelos and Leal, 2001). In both experiments, dCu was low in surface
waters (ICP-MS: V1 = 2.02 nmol L%, V2 = 2.85 nmol L?), and hydrothermal fluid (ICP-MS: V1 = 0.84
nmol L'}; V2 = 2.04 nmol L), but the concentration increased with time in all experiments (Table 4.3).
On the final day, the concentration of dCu was significantly higher than at the start, both for V1 and
V2. In the hydrothermal fluids, there were high concentrations of particulate Cu (pCu; V1 = 494 pmol
L%, V2 = 20.4 pmol L'?) (Planquette et al., 2023). The increase of dCu over time could partially be due
the remineralisation from particulate Cu (Richon and Tagliabue, 2019), but the increase of dCu was
higher than the total pCu. This suggests contamination from the minicosm tanks and increase

concentration of dCu overtime could be due to leaching.

There was no dCd data, however in the hydrothermal fluid, there were elevated concentrations of pCd
(V1 =4.84 pmol L, V2 =0.23 pmol L), compared to the surface waters (V1 = 0.42 pmol L%, V2 =n.a
pmol L) (Planquette et al., 2023). Remineralisation from particulate Cd could cause an increase in
dCd which could led to an increase in GSH over time. As GSH, production is dependent on the exposure
of marine microbes to dCu and dCd (Dupont and Ahner, 2005; Leal et al., 1999) this could be a

potential reason for why the production of GSH-like is higher in V1 than in V2.

4.4.5. Release of GSH-like compounds from biological breakdown

The increase in [GSH-like] could also be due to the degradation of Cyanobacteria. In the V1
experiment, Prochlorococcus and Synechococcus, increase in abundance at the beginning of the
experiment and then decrease (Figure 4S3). In the V2 experiment, Prochlorococcus slowly decreases
over time and Synechococcus either increases slightly or remains fairly constant. Over the experiment,

[dCu] increases, which can increase the amount of bioavailable and toxic Cu(ll). Cu is able to accept or
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donate electrons as it changes oxidation state which can promote the formation of ROS in cells
(Gaetke et al., 2014; Halliwell and Gutteridget, 1984). Large amounts of ROS are able to induce
oxidative stress in cells, which can damage lipids, proteins and nucleic acids leading to membrane
destruction, protein dysfunction, and DNA destruction (Ercal et al., 2002; Mann et al., 2002). These
processes can lead to impaired cell growth and or cell death (T.M.Florence and J.L.Stauber, 1986;
Zhivotovsky, 2012). Cyanobacteria in particular are extremely sensitive to [dCu] (Brand et al., 1986).
The breakdown of these microbes could release the intracellular GSH-like compounds into the marine
environment. As V1 had the largest decrease in cyanobacteria it could also contribute the higher [GSH-
like] in V1. It is likely that a combination of these processes caused the increase of GSH-like

compounds.

4.4.6. Production of electroactive humic substances

The degradation and production of eHS are similar in both experiments. Within the first 24 — 48 h,
there was a decrease in [eHS], after which the concentration continuously increased until the end of
the experiment. This decrease cannot be explained solely on the grounds of dilution with
hydrothermal fluids that contain lower eHS levels than surface waters. The decrease in the first few
days could be due to the consumption of eHS by heterotrophic bacteria, archaea, and photoautotroph
species (Donderski and Burkowska, 2000; Dulaquais et al., 2018). The decrease could also be due to
the removal of eHS through sorption onto particles (Kell et al., 1994; Longhini et al., 2021).
Hydrothermal vents in the TONGA arc are a major source of particulates compared to other areas in
the southwest tropical Pacific (Kim et al., 2016), which is likely why we see a decrease of [eHS] upon

the mixing of hydrothermal fluids (Figure 4.3 and 4.7).

eHS are produced through a number of different processes. In surface waters, microbial production is
a source of eHS. This can be through microbial remineralisation, decay and photooxidation of

triglycerides and fatty acids (Ferrari et al., 1996; Kieber et al., 1997; Lorenzo et al., 2007; Whitby et al.,
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2020). In both of the control samples, the concentration of eHS increased at similar rates, during the
experiment (V1 =60% (9 days); V2 =57% (8days)) (Figure 4.11). This indicates that in the surface water,
the overall production of eHS was similar in both samples, even though the water was taken from
different locations. The addition of hydrothermal fluids to the surface water affected the production
of eHS. In all the V1 fluid enriched samples (except for 14.5%), less eHS were produced compared to
the control, suggesting the addition of the fluid slowed down eHS production. In contrast, for V2, the

addition of the hydrothermal fluids increased the amount of eHS, compared to the control.

There were higher concentrations of particulate trace metals found in V1 compared to V2, which likely
had an effect on biological production. The rate of growth proxied by Chl g, viruses, bacteria and
picoeukarytoes was lower in V1 compared to V2 (Figure 454), suggesting that in V1 the addition of
hydrothermal fluid inhibited the growth of these microorganisms, consequently limiting the

production of eHS.

In all the V2 hydrothermal fluid enriched minicosms, except 7.3%, the [eHS] was higher than the
control, indicating that the addition of the hydrothermal fluid promoted the production of eHS. In V2,
the concentration of trace metals was lower than in V1. Some trace metals can be both a nutrient and
a toxicant, depending on their concentration. There was an increase in growth from the surface
communities with the addition of hydrothermal fluids. This could suggest that the trace metals in the
hydrothermal fluids could have been a nutrient for these communities, promoting growth. The

hydrothermal fluid in V2 was also high in nitrate.
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Figure 4.11. Comparison of the percentage increase of eHS in the V1 and V2 experiments. The
percentage increase of eHS was calculated by the increase of eHS from the first to the final day.

4.4.7. Effect of hydrothermal fluids on eHS structure

Pseudopolarography is an empirical technique that can be used to provide an understanding of the
nature/structure of the compound of interest supposing there were suitable standards to compare
with. At this stage, the technique provides a fingerprint that is representative of the eHS present in
the sample. For the quantification of eHS, terrestrial standards from the International Humic
Substances Society are commonly used (Dulaquais et al., 2018; Laglera et al., 2019; Whitby et al.,
2018). Comparing pseudopolarograms of eHS found in samples to the terrestrial standards is
beneficial as it can show if the standard is representative of the compound of interest in the sample,
therefore allowing for accurate quantification. For example, Figure 4S5 shows the pseudopolarograms
of the eHS found in the Celtic sea. Comparing this to the pseudopolarograms of SRFA (25101F) and
SRHA (25101H) (two commonly used standard for the quantification of eHS) shows that SRHA has a
similar shape to the pseudopolarograms in the Celtic sea. Therefore, SRHA is the best standard to use

for the analysis of this sample. In this experiment, eHS pseudopolarograms of the first and the final
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day were conducted on the control sample and on the 14.5% hydrothermal enrichment sample in
both V1 and V2 minicosms. This was done to assess if: 1- the nature of the eHS changed during the

experiment and 2- if hydrothermal fluids had a direct or indirect impact on the nature of eHS.

Pseudopolarograms of eHS found in the samples appear to be more similar to SRFA than SRHA (Figure
4.12). Marine eHS have been reported to be more similar to SRFA as they are aliphatic, carboxylic acid
rich and have few or no aromatic protons (Fourrier et al., 2022; Harvey et al., 1983; Williford et al.,
2021). There are differences in the pseudopolarograms on the controls and the 14.5% hydrothermal
enriched samples. The shape of the pseudopolarograms in the V1 control remains the same in day 0.5
and day 9, indicating that the same type of eHS is produced. For V2, the shape of the
pseudopolarograms in the control changes slightly at Edep >-0.4 V between day 1 and day 8, possibly
showing a change in the nature of eHS. This experiment was more biologically active than V1, with a
higher growth rate shown by increases in Chl a, viruses, bacteria and picoeukarytoes, the higher

abundance of microbes could affect the nature of eHS (figure 454).
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Figure 4.12. Comparison of pseudopolarograms of electroactive humic substances (eHS) found in
the samples from V2 control samples (day 1 and 8) with Suwannee River fulvic acid (SRFA) and
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Suwannee River humic acid (SRHA) standards. Pseudopolarograms of 96 ug/L of SRFA and SRHA.
Standards were added to UV digested seawater. Measurements were carried out using the method
developed by Pernet-Coudrier et al. (2013) with an adsorption time of 150 s. Each point represents
the peak height of the eHS signal. Peak height has been normalised to the highest peak value (=peak
height/largest peak height). Voltammetric analysis was carried out at pH 2.

The addition of hydrothermal fluids in the minicosms changed the pseudopolarogram of the eHS
(Figure 4.13). Autochthonous microbial communities around hydrothermal systems have been found
to be a source of eHS (Sarma et al., 2018; Yang et al., 2012). Hydrothermal fluids were directly pumped
into the minicosm tanks therefore meaning that these autochthonous microbial communities were
probably added to the mix. The autochthonous microbial communities could be producing a different
type of humic compared to the surface communities, leading to the change in the shape of the

pseudopolarogram.

Hydrothermal fluids can exceed 400 C (Foustoukos and Seyfried, 2007; Koschinsky et al., 2008), which
can cause thermogenic modifications to the eHS. Hydrothermal vents also emit high levels of ROS. In
high temperature conditions ROS can alter the composition of eHS (Shaw et al., 2021). Both of these
process have been found to increase aromaticity and altering the amount of carboxylic groups
(Dittmar and Paeng, 2009; Hawkes et al., 2016; Rossel et al.,, 2017, 2015). The shape of the
pseudopolarograms in both the fluid enriched samples were similar between the start and the end of
the experiment. The temperature was monitored throughout the experiment and they did not show
significant changes compared to the control suggesting that in this experiment thermogenic

modifications to eHS with the addition of hydrothermal fluid is unlikely.
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4.4.8. Change of Cu speciation

Both ICP-MS and voltammetry measurements show that total dCu concentrations significantly
increase as a function of time in V1 and V2 minicosms experiments (Table 4.3). The increase is similar
in both the control experiments and in the 14.5% mixing hydrothermal fluids which would suggest
that most of the Cu was initially present in the surface water, in a particulate form. However, the Cu
concentrations detected in particulate matter in surface waters are well below the nanomolar level
(Planquette et al., 2023) which is far too low to explain the relatively high Cu concentrations measured
at the end of the experiment (up to 10-12 nM). It is therefore likely that the origin of this Cu is from
contamination from the tanks with a progressive leaching out explaining the continuous increase of
Cu concentrations as a function of time. Nevertheless, the release of this copper can only be favored
by the increase of Cu ligands detected here by voltammetry (eHS, GSH-like and TA-like compounds).
A previous study has shown that Cu-SRFA and Cu-SRHA complexes are labile (Gibbon-Walsh et al.,
2012) with a wave located at around 0.1 V, close to the inorganic wave. Interestingly, for V2, both in
the presence and absence of hydrothermal fluids, there is no such labile wave at the start of the
experiment when the Cu concentration is relatively low (~ 1.8 — 2.0 nM, Table 4.3) but it is clearly
present at the end of the experiment (Figure 4.7) when dCu has increased significantly (~ 6.3 nM). The
magnitude of this labile wave is estimated at 0.9 and 2.0 nM for the control and the 14.5% mixing
respectively which is in broad agreement with eHS concentrations that were determined as ~ 92 ug
SRFA eq. L and 149 ug SRFA eq. L respectively. For V1, a labile wave is always observed, slightly
more noticeable at the end of the experiment but not as well defined as for V2, representing a

maximum of 0.6 nM Cu.

The Cu-GSH complex is stronger than Cu-humics and displays a pseudopolarographic wave at
approximately -0.92 V on the gold electrode (Gibbon-Walsh, 2012). GSH-like compounds were

detected here both in V1 and V2 but at significantly higher levels in V1 experiment. Here, Cu
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pseudopolarograms do not display a wave at -0.92 V. In the V1 experiment, the peak intensity
decreases at Eqep below ~-0.9 V, highlighting the presence of interfering compounds, possibly another
metal that would deposit on the gold electrode at these low deposition potentials. In the V2
experiment, the signal remains fairly constant in this range of deposition potentials but there is no Cu

wave at the position expected for Cu-GSH complex, suggesting that such a complex is not present.

All but one pseudopolarogram suggests the presence of a voltammetrically inert fraction that ranges
from ~ 10% to 80% with an average of almost 60% of dCu. This fraction cannot be reduced at the
lowest deposition potential used here (-1.3 V). However, the uncertainties related to the
determination of the sensitivity (detailed above in section 4.2.5.3.4.) might also be quite large but are
currently unknown. For instance, a labile fraction of almost 140% of the total was determined in V1
14.5% mixing at day 0.5 suggesting that the sensitivity determined in the composite sample might not

be suited. The values given in Table 4.3 are thus best estimate.

Voltammetry (ICP-MS) Labile wave Inert fraction
nM nM nM (%)
V1 - Control — Day 0.5 2.40+0.05(2.9) 0.25 1.56 (65%)
V1 - Control — Day 9 7.13+£0.11 (10.0) 0.6 5.34 (75%)
V1 —14.5% mixing — Day 0.5 1.36 + 0.05 (0.6) ? ?

V1 —-14.5% mixing — Day 9 9.22+0.31(12.0) 0.5 7.2 (60%)
V2 — Control — Day 1 1.77£0.13 (2.7) <0.05 1.4 (~80%)
V2 — Control — Day 8 6.23+0.14 (4.9) 0.9 3.7 (~60%)

V2 —14.5% mixing — Day 1 1.96 £ 0.08 (2.9) <0.05 0.9 (~55%)

V2 —14.5% mixing — Day 8 6.28 £0.28 (6.1) 2 0.7 (12%)

V1 surface water n.d. (2.0) n.a. n.a.
V1 hydrothermal fluid n.d. (0.8) n.a. n.a.
V2 surface water n.d. n.a. n.a.
V2 hydrothermal fluid n.d. n.a. n.a.

Table 4.3. Dissolved Cu concentrations obtained by voltammetry and ICP-MS. Cu concentrations are
presented in nM. The labile wave is the estimated concentration of dCu that was reducible before the
Cu -0.2V (inorganic Cu peak). The inert fraction was estimated by the difference between the total dCu
and the maximum reduced dCu during pseudopolarography. The inert fraction was the faction of dCu
that could not be reduced —concentration presented in nM and % of the total Cu.
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4.5. Conclusion

The WTSP is a highly complex environment with high nitrogen fixation rates and shallow hydrothermal
vents directly pumping hydrothermally-influenced water into the phototrophic layer. These factors
can affect the biology in this environment, affecting the production of organic ligands. This study
highlights the complexity of understanding the biological production of organic ligands. Here, we
present evidence for the biological production of TA-like, GSH-like compounds and eHS in response to
hydrothermal fluids. Experiment consisted of two minicosm experiments using mixes of hydrothermal
fluid from two hydrothermal vents systems, PANAMAX (V1) and SIMONE (V2). V1 had high
concentrations of trace metals in the hydrothermal fluids, whereas V2 was less concentrated. In V1,
the addition of these fluids to the surface waters prompted high production of TA-like compounds 12
hours after the initial mixing, indicating a biological response to high levels of toxic trace metals to
detoxify the environment. V2 also showed active production of TA-like compounds. GSH-like
compounds were not present immediately but were produced over time in both experiments, with
more were created in V1 than in V2. GSH-like compounds were likely produced as a response to trace
metal detoxification, trace metal uptake or biological breakdown. eHS in both studies follow a similar

pattern with an initial decrease in concentration and then increase with time.

This study also employed pseudopolarography to see how the addition of hydrothermal fluids affected
the nature of the eHS. Such methods can produce semi-qualitative results about the compounds. The

exact nature of these compounds is still unknown.
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Figure 451. Temperature (°C) of each minicosms tank during both experiments. V1 was 9 days and the
temperature ranged from 25.3 °C to 26.1 °C. V2 was 8 days experiment and the temperature ranged
from 26.6 °C to 26.9 °C. Photosynthetically active radiation (PAR; umol photons m? s?), was
programmed with a 12 h light and dark cycle. A maximum PAR was reached (= 735 uE m-2s-1) between
9.30 a.m. and 5 p.m. Figures were obtained from TONGA dataset.
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Figure 452. pH of each minicosms tank during both experiments. pH of the end mebers are shown as
squares (surface = grey square; hydrothermal fluids = orange square). Hydrothermal fluids used in the
V1 experiment were collected from PANAMAX and for V2 hydrothermal fluids were collected from
SIMONE. V1 lasted 9 days and V2 lasted 8 days. Numbers in legend represent the % of hydrothermal

fluid enrichment.
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Figure 453. Abundance of Prochlorococcus (A and B) (cells mL?) and Synechococcus (C and D) (cells mL-
1) during both experiments. Abundance was quantified in the surface (grey square) and fluid (orange
square) end members. Hydrothermal fluids used in the V1 experiment were collected from PANAMAX
and for V2 hydrothermal fluids were collected from SIMONE. V1 lasted 9 days and V2 lasted 8 days.
Numbers in legend represent the % of hydrothermal fluid enrichment.
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Figure 454. Abundance of Chlorophyll a (A and B) (cells mL?), viruses (C and D) (cells mL?), bacteria (E
and F) (cells mL?) and picoeukarytoes (G and H) (cells mL?) during both experiments. Abundance was
quantified in the surface (grey square) and fluid (orange square) end members. Hydrothermal fluids
used in the V1 experiment were collected from PANAMAX and for V2 hydrothermal fluids were
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collected from SIMONE. V1 lasted 9 days and V2 lasted 8 days. Numbers in legend represent the % of
hydrothermal fluid enrichment.

Experiment dFe dMn dNi dCu dzn dPb
(nM) (nM) (nM) (nM) (nM) (nM)

V1 15.81 430.71 2.46 0.84 7.17 0.01

V2 2.12 2.76 5.10 2.04 68.24 0.03

Table 451. Comparison of the dissolved trace metals in the hydrothermal end member fluids of the
V1 and V2 experiments. dFe data obtained provided by Tillette. Other dTM provided by Gonzalez-

Sanchez
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Figure 4S5. (A) Pseudopolarograms of 96 ug.L of Suwannee River fulvic acid (SRFA) standard and
Suwannee River humic acid (SRHA) standard. Standards were added to UV digested seawater. (B)
Comparison of pseudopolarograms of eHS in CELTIC water with SRFA and SRHA standards.

Measurements were carried out using the method developed by Pernet-Coudrier et a

. (2013) with

an adsorption time of 150 s. Each point represents the peak height of the eHS signal. Peak height
has been normalised to the highest peak value (= peak height/largest peak height). Standards were

added to UV digested water. The pH was 2.
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Conclusion

This thesis aimed to assess the role of shallow hydrothermal vents in the supply and cycling of RSS,
sulphide and humics, as these compounds have been shown to play essential roles in the cycling of

critical trace metals, notably Cu and Fe.

Firstly, an intercomparison was performed of three published cathodic stripping voltammetry (CSV)
methods for the quantification of electroactive humic concentrations (eHS) (Chapter 2). These
methods were the Mo method (Pernet-Coudrier et al., 2013), the Cu method (Whitby and van den
Berg, 2015) and the Fe method (Laglera et al., 2007; Sukekava et al., 2018) between Liverpool and
France. This was to see if the different methods were sensitive to the same fraction of HS. A
comparison of the three methods was carried out on station 8 from the French GEOTRACES TONGA
(shallow hydroThermal sOurces of trace elemeNts: potential impacts on biological productivity and
the bioloGicAl carbon pump) cruise. This station was the most representative open ocean sample. At
this station, we found good agreement with all three methods, indicating that all three methods are
sensitive to the same type of compounds. Two methods (eHS-Mo and eHS-Fe) were then used to
compare the rest of the GEOTRACES TONGA transect. The comparison showed discrepancies in the
eHS concentrations, but this transect was conducted in a highly dynamic region and is not

representative of most oceanographic regions.

Using the three CSV methods, pseudopolarography was perfomed to compare pseudopolarograms of
marine eHS to a commonly used terrestrial standard (SRFA). This was to see if it was representative of
the eHS in the sample. Using the eHS-Mo method, pseudopolarograms of the natural samples and for

SRFA were found to be similar, while using the eHS-Fe and eHS-Cu methods showed differences
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between natural samples and SRFA pseudopolarograms. In all methods, pseudopolarograms show
differences between the surface and deep sample. The most noticeable differences were observed
using the eHS-Fe and eHS-Cu methods and the least noticeable was using the eHS-Mo method, which
is in agreement with the structure and composition of eHS changing through remineralisation. This
study highlights how the three methods can be used in tandem, along with pseudopolarography, to

identify differences in marine humic structure and composition.

In chapter 3, | analysed eHS and species-specific RSS (TA and GSH-like compounds), in samples from
the TONGA cruise, which took place in the Western South Tropical Pacific Ocean. The cruise
investigated two active shallow (< 500 m) hydrothermal sites, PANAMAX and SIMONE. In the
hydrothermal plume at PANAMAX, there were elevated concentrations of both GSH-like and TA-like
compounds compared to background waters, suggesting a source of these compounds related to
hydrothermal activity. The increased concentrations are likely due to either the formation of RSS from
the reaction of CO/CO, with sulphide or the production of these RSS from biology, to either help with
the uptake or detoxification of metals. Sulphide was also present at PANAMAX. Elevated
concentrations of eHS was PANAMAX. At station 2, away from the vents, high concentrations of TA-
like compounds were also detected. Pseudopolarography was used to identify the TA-like compounds.
A comparison of the station 2 pseudopolarogram and TA standard pseudopolarogram showed
discrepancies, indicating that the natural RSS was not identical to TA. The high concentration of RSS
and the wide pseudopolarogram indicates the presence of a currently unknown RSS or a RSS-
containing compound. Comparison of eHS to dissolved iron suggested that more Fe can bind with HS
with depth, in line with previous studies. This was also the case in the hydrothermally influenced Lau

Basin compared to samples in the South Pacific Gyre and Melanesian waters.

Finally, the minicosm experiments were two incubation studies that took place during the TONGA
2019 cruise, designed to look at the impact of shallow hydrothermal venting on the plankton

communities and biogeochemical functioning (Chapter 4). From these experiments it was found that
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the addition of hydrothermal fluids from PANAMAX (V1) into surface waters prompted high
production of TA-like compound 12 hours after the initial mixing, indicating a biological response to
high levels of toxic trace metals to detoxify the environment. V2 also showed active production of TA-
like compounds. GSH-like compounds were not detected immediately but were produced over time,
and more were created in V1 than in V2. eHS concentrations in both experiments followed a similar
pattern with an initial decrease in concentration and then increase with time. This study also
employed pseudopolarography to see how the addition of hydrothermal fluids affected the nature of

the eHS.

5.1. Future Perspectives

In marine environments, there are many different types/species of ligands, all with unique chemical
structures and functional groups, which affect their ability to bind trace metals. Therefore,
understanding the identity, distribution and the production of these ligands is critical to understand

the biogeochemical cycles and bioavailability of trace metals accurately.

Below are the areas that | believe are required to advance this field.

Development of a marine humic standard

From Chapter 2, we quantified how much the concentration of eHS varied using different deposition
potentials when using any of the 3 CSV methods. This is due to the differences between the analyte
in the marine sample and the terrestrial standard being used for quantification. Because of this, the

development of a marine humic standard is required to determine eHS accurately.



Page | 208

Database of pseudopolarograms

The idea of a RSS pseudopolarogram database has previously been proposed (Laglera and Tovar-
Sanchez, 2012). The findings of this thesis support this idea and also recommend the addition of eHS
pseuodpolarograms. There are a variety of different humic and RSS standards that can be purchased
for the quantitation. Pseudopolarograms of each of these standards should be uploaded to the
database. Individuals running either RSS or eHS analysis can compare pseudopolarograms found in
the sample to RSS/eHS standards. Individuals will then be able to pick a standard most representative

of their natural sample.

The database could also include pseudopolarograms of marine eHS/RSS found in different oceanic
regions. These pseudopolarograms should be coupled with complementary techniques such as the

characterization of marine dissolved organic matter DOM (CDOM, FDOM, fluorescence spectroscopy).

Influence of hydrothermal fluids on individual surface communities

The minicosms experiment was a unique experiment to see how shallow hydrothermal fluids affects
surface communities. This experiment could use higher ratios of the hydrothermal fluids and if
repeated, replicates should be performed at each mixing ratio. It would also be interesting to repeat
this experiment where the surface communities are separated (light vs dark for phytoplankton vs
bacterial response, for example, etc). This will provide information on the role of each individual
community in response to the addition of the hydrothermal fluids. This could also provide more

specific understanding of the indirect source of RSS and humic substances to seawater.
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Annex - Voltammetric detection and speciation of

RSS, sulphide and copper in seawater

A.1. Background information

Voltammetry is a powerful and popular technique that offers many benefits such as rapid results,
cheap instrumentation, high sensitivity and a relatively simple operation procedure (Zlamalova and
Nesmerak, 2016). This annex aims to provide background electrochemical information about the
behaviour of different RSS and sulphides present in marine waters when detected at the mercury (Hg)
as well as the electrochemical behaviour of copper present in seawater when measured at a gold
electrode. A technique used throughout this thesis is stripping scanned voltammetry, also called
pseudopolarography when used at the Hg electrode. This technique consists in successive stripping
measurements at varying deposition potentials; by plotting the intensity of the peak of interest as a
function of Eqep, information about its identity, concentration, stability constant and/or possibly origin
can be retrieved. Although the term polarography is specific to the Hg electrode, the term
pseudopolarography and pseudopolarograms (ip vs Eqep) are used consistently, irrespective of the

working electrode.

Cathodic pseudopolarography can be used for the detection of RSS and sulphide, which is based on 1-
the oxidation of Hg by the sulphur atom of the sulphide/RSS compounds to form an insoluble Hg-

sulphide (HgS) complex at the surface of the Hg drop during the deposition step; and 2- the reduction
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of the Hg back to Hg® during the cathodic stripping scan. Each RSS displays a slightly different
pseudopolarogram, even though their stripping signal may look exactly similar, both in terms of
position and shape. Comparison of the pseudopolarogram obtained in the natural sample (possibly
acidified) with those from well-defined standards help to identify the likely identity of the analyte

(Laglera and Tovar-Sanchez, 2012, 2014).

Anodic pseudopolarography is much more popular and can provide an insight into the complexing
behaviour of metal such as Cu, Zn, Cd and Pb in seawater (Bi et al., 2013b, 2013a; Croot et al., 1999;
Gibbon-Walsh et al., 2012; Luther et al., 2021; Rozan et al., 2003; Tsang et al., 2006) with natural
ligands present in seawater. Pseudopolarograms (I vs Eqep plots) are created by measuring the peak
height of the ‘free’ metal of interest at various deposition potentials (Egep). When an Egep is applied
metal ions can be reduced on the Hg electrode, forming a metal amalgam, M(S). During this step

metal-ligand (ML) complexes can be broken (Equation 1):

(M™L)" + ne- = M°(S) + L™P-  Equation 1.

The potential, E, required to break the ML complex and form the M(Hg) is dependent on strength of
ML bond, which is related to Gibbs free energy and the thermodynamic stability constant (Kiherm)

(Luther et al., 2021) (Equation 2):

AG = -nFE = - (RT) In Knerm = AH-TAS Equation 2.

E%wy differs from the standard potential of the reversible reduction of the free metal E%u (Equation
3) by a factor dependent on the thermodynamic stability constant Kiherm (Equation 4) of the complex

ML (Equation 5 where {} indicate activities)

M™ + ne- < MY(S) Equation 3.

E%w) = E%wm) — 0.059/n. log(Kinerm) Equation 4.

Kiherm = {ML}/({M}.{L}) Equation 5.
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The irreversible reduction of a metal complex is indicated by the presence of a sigmoidal reduction
wave at a potential E¥%y significantly lower than that of the free metal ion E*/?) by possibly several
hundreds of mV (e.g. (Gibbon-Walsh et al., 2012). The height of the wave is indicative of the
concentration of the complex while the position (along the Eqep scale) of the wave is directly correlated
to the strength of the complex. By using model ligands with known stability constants, it is possible to
derive a so-called “chelate scale” to estimate the stability constants of unknown complexes, such as
Cu complexes in marine waters (Croot et al., 1999; Gibbon-Walsh et al., 2012), Zn in seawater (Baars

and Croot, 2011) or Cd in freshwater (Tsang et al., 2006).

From the shape of a pseudopolarogram, the presence of one or several electroactive complexes can
be visualized from the number of waves. The most positive wave, if at a similar position (few tens of
millivolts) than the wave obtained in a non-complexing medium (e.g. UV digested), is due to the
reduction of free metal and labile complexes, i.e. complexes that are fast-dissociating species (either
organic or inorganic). This wave provides an estimation of the amount of metal that is potentially
bioavailable. Other waves, present at lower potentials, indicate the presence of inert complexes (Cu
is reduced without prior dissociation of the complex) whose binding strengths are determined using
the chelate scale. Not all complexes can be detected and the method is limited by the range of Eqep
that can be used, defining the upper limit of the detection window. For instance, on gold, deposition
at potentials lower than -1.5 V (vs Ag/AgCl) cannot be used because of an interference, imposing an
upper limit of Kierm for electroactive complexes, On the gold wire electrode, the maximum Cu is log

Kiherm ™~ 23 (Gibbon-Walsh et al., 2012).

A.2. Methods and materials

A.2.1. Voltammetric equipment

For RSS and sulphide measurements, the voltammetric system consisted of either a pAutolab type llI

or Autolab PGStat 10 connected to a Metrohm 663 VA stand through the IME663 interface. The
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software NOVA (version 2.1.4) controlled the voltammetric measurements. The working electrode
was a hanging mercury drop electrode (HMDE) with a drop size of 0.40 mm?2. The reference electrode
was Ag/AgCl with a glass salt bridge filled with 3 M potassium chloride (KCl) solution, and the counter
electrode was a glassy carbon rod. Solutions were stirred (setting 4 on the VA stand) during the

deposition step by a rotating polytetrafluoroethylene (PTFE) rod. The voltammetric cell was quartz.

For sulphide analysis the majority of the voltammetric equipment stayed the same, however, there
were some differences. An Autolab voltammeter (Eco Chemie, Netherlands) was connected to a
Metrohm 663 VA stand. The working electrode was with a HMDE or a 25 um silver amalgam microwire
(Goodfellow, UK) fitted in a polypropylene pipette tip and a vibrator as described by by (Bi et al., 2013).
Briefly, a 300 um electrical wire was inserted through a 200 ul pipette tip. The wire was connected to
a 25 um silver wire using a conductive, adhesive silver solution (Leitsilber L100, Maplin, UK). The
electrical wire was pulled back leaving only the silver microwire to protrude outside the pipette tip.
The tip was then melted to secure the microwire by holding in the mouth of a tubular oven set to 400
°C. The silver microwire was amalgamated with Hg prior to use by plating at —0.5 V (600 s) from an
unstirred solution of 4 mM mercury nitrate, acidified to pH 2 with nitric acid. The electrode was stored
in MQ overnight. The reference electrode was Ag/AgCl with a salt bridge filled with 3 M KCl, and the
counter electrode was a glassy carbon rod. Solutions were stirred during the deposition step by a

rotating PTFE rod and the instrument was controlled by the GPES software (version 4.9).

For Cu pseudopolarography, home-made gold wire electrodes were used, fabricated in a similar
manner as the silver wire electrode and as previously described (Gibbon-Walsh et al., 2012). The
reference electrode and auxiliary electrodes were a Ag/AgCl//KCl (3M) and an iridium wire electrode
(150 um diameter, 5 mm long) respectively. The potentiostat was a pAutolab connected to a IME663
interface and the voltammetric cell was a standalone cell. Measurements were done in presence of

oxygen along a similar method as previously described (Gibbon-Walsh et al., 2012). The gold microwire
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was vibrated during the deposition step using a small vibrator (1.5 V, 170 Hz) to improve mass

transport towards the electrode during the deposition step.

A.2.2. Reagents

All solutions were prepared using ultrapure deionized water (>18 MQ) from a Milli-Q system
(Millipore, UK). Thiourea (TU) (Fluka, UK), thioacetamide (TA) (Fisher Scientific, UK), glutathione (GSH)
(reduced, Sigma-Aldrich, UK) and L-cysteine (Sigma-Aldrich, UK) were used as standards for RSS groups
(Pernet-Coudrier et al., 2013). Standard were kept in the dark at all times and in the fridge when not
in use. A stock solution of 10 mM EDTA (Merck, UK) was prepared in MQ water. A pH buffer of 1 M
boric acid (Analytical grade, Fisher Scientific) was prepared in 0.35 M ammonia (trace metal grade,
Fisher Scientific) and UV-digested for 45 minutes to remove organic contaminants. It was cleaned from
trace metals by the addition of 100 phM MnO, (van den Berg, 1982) for several hours followed by
filtration (0.2 um cellulose nitrate membrane, Whatman) on the following day. Hg plating solution was
prepared from Hg(NOs), (Fluka, UK) in a 0.1 M sodium nitrate (Fisher, UK) and 10 mM hydrochloric
acid (Fisher, UK) solution. A stock solution of 0.1 M Na$S was prepared from Na,S.xH,O (Aldrich, UK) in
1 mM NaOH (pH 11) to minimise volatilisation. Stock solutions were prepared weekly and dilutions
were prepared daily. The stock and the diluted NaS standards were kept in the dark when not in use

to avoid photodegradation. All reagents were of analytical grade.

A.2.3. Preparation of UV-seawater

Seawater used for background experiments was filtered Celtic seawater. Seawater was acidified to pH
2 and UV-digested for 45 minutes to remove organic compounds. UV-digestion was carried out using
a 125 W high pressure mercury lamp (van den Berg, 2014). The pH was adjusted to 8.1 with addition

of ammonia. 100 pL of borate buffer was added to the solution to stop the pH drifting with the addition
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of EDTA. EDTA was added to the seawater to suppress the effect of dissolved metals like copper would

have on the RSS peak (Laglera and Tovar-Sanchez, 2012). The final pH of the seawater was 8.1.

A.2.4. Electrochemical detection of RSS and sulphide

A.2.4.1. Analytical procedure to detect RSS compounds

The voltammetric method was adapted from Laglera et al., 2012. Briefly, under a laminar flow hood,
aliquots of UV-digested seawater (10 mL) were pipetted into an acid-cleaned quartz voltammetric cell.
Samples were purged for 300 s with nitrogen (N) to remove the interference from the oxygen wave.
After discarding 3 mercury drops a deposition potential (Egep) of +0.08 V was applied for up to 60 s.
The stirrer was on during the deposition, after which a 9 s quiescence time was imposed. Stripping
was done in differential pulse mode, scans initiated at -0.3 V and terminated at -0.85 V. A modulation
time of 20 ms, a modulation amplitude of 60 mV, a step potential of 4 mV and an interval time of 0.3
s were used. The intensity of the RSS peak height was measured using the peak height function in the
NOVA 2.1. software. After each measurement the voltammetric cell was rinsed with MQ water before

loading of the next sample.

A.2.4.2 Analytical procedure to detect sulphide

The voltammetric method for the detection of sulphide is as followed. 20 mL aliquots of UV-digested
seawater were pipetted into an acid-cleaned quartz voltammetric cell. Purging was avoided to
minimise volatilisation of H,S. A relatively low Eqep Was set to -0.4 V for 15 s to avoid detection of RSS.
The stirrer was on during the deposition. A 5 s quiescent period was allowed before the potential
stripping scan was initiated at -0.3 V and terminated at -0.9 V. The differential pulse technique was
used with a step of 6 mV, modulation amplitude of 50 mV, modulation time of 80 ms and an interval
time 0.1 s. The sulphide peak derivative was calculated automatically using the GPES software (version

4.9) and has the advantage of being independent of the choice of the baseline, which can be
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advantageous when measuring low signals After each measurement the voltammetric cell was rinsed

with MQ water before loading of the next sample.

A.2.4.3. Pseudopolarography of RSS and sulphide

Cathodic pseudopolarography for RSS and sulphide standards were carried out. The method was
initially published by Laglera et al., (Laglera and Tovar-Sanchez, 2014). Each pseudopolarogram was
built up of a series of voltammetric scans where the peak height was measured at various E4ep, creating
a ‘fingerprint’ of the RSS compound in the seawater. Pseudopolarograms were initiated at different
Edep. FOr each RSS, the Eqep decreased by different increments until the RSS peak was no longer visible.
The deposition time was 60 s at each Egep. Pseudopolarograms of standards (thioacetamide,
glutathione, GSH, cysteine and thiourea) were carried out in UV-digested seawater (UV-SW). The
concentration of standards used were as follows; thiourea = 100 nM, thioacetamide = 100 nM,

glutathione = 150 nM, L-cysteine = 300 nM.

For sulphide pseudopolarography, the working electrode was a 25 uM silver amalgam wire instead of
the HMDE. Sulphide pseudopolarograms were initiated from -0.9 V with increments of +0.05 V until
0.1 V. The deposition time was 10 s at each Egep. Sulphide standard pseudopolarogram was carried out
in 0.6 M NaCl (Fisher Scientific, UK) fixed at pH 9.2 with a borate buffer and the concentration of

sulphide was 1 uM.

A.2.5 Copper pseudopolarography

Copper pseudopolarography was run in Celtic seawater using a 10 um goldwire electrode. Differential
pulse anodic stripping voltammetry was used with the following stripping scan parameters: 50 mV
amplitude, 6 mV step, 100 ms interval and 10 ms pulse time. The analytical scan consisted in the
deposition potential Eqep for typically 120 to 300 s, a desorption step at -1.3 V for 2 s, 1 s equilibration
time and stripping typically from 0 to 0.55 V. Each analytical scan was immediately followed by a

background scan, which was the same as the analytical scan but with a cleaning step at 0.55 V for 10s
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instead of the deposition. The background scan was removed from its analytical scan and the Cu peak

was quantified on the background-subtracted scan using the peak derivative.

A.3. Results and Discussion

A.3.1. RSS on the Mercury Drop

In marine waters, there is a wide variety of RSS compounds; however, it is hard to distinguish between
each RSS because CSV is limited by coalescence. Using CSV techniques, RSS typically produce a peak
around -0.55 V. This is associated with the adsorption of the sulphur in the RSS group complexing with
the mercury on the HMDE (Al-Farawati and van den Berg, 1997; Laglera and van den Berg, 2003).

Figure Al shows the voltammograms of four common RSS standards.
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Thiourea Thioacetamide
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Figure A1. Voltammograms of 50 nM thiourea (A), 50 nM thioacetamide (B), 150 nM glutathione (C),
and 400 nM cysteine in UV-digested seawater. An Eqep = +0.08 V was applied for 60 s. For thiourea and
thioacetamide, voltammograms were recorded between -0.3 and -0.85 V; glutathione and cysteine
voltammograms were recorded between -0.2 and -0.85 V. Standards were added to UV digested water.
The pH was 8.1. Scans were obtained from NOVA 2.1.

There were slight differences in the peak shape and position for the different RSS (Table Al). The peaks
for thiourea and thioacetamide were the most similar. They are both sharp and intense peaks that
appear at -0.55 V. However, thiourea had a better sensitivity. Glutathione and cysteine appear slightly

more positively (-0.51 V and -0.47 V). The peak for glutathione was broader compared to the other

RSS.
Thiourea Thioacetamide Glutathione Cysteine
Peak Position -0.55 -0.55 -0.51 -0.47
(50nM) (50nM) (160nM) (400nM)

Table Al. Comparison of voltammetric peak postion for thiourea, thioacetamide, glutathione and
cysteine, at pH 8.1. An Eqep = +0.08 V was applied for 60 s. Standards were added to UV digested water.
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Even though there are slight differences in the peak position and shape of the RSS, identifying the RSS

present would not be possible, especially in waters with a mix of RSS.

The method developed using Mo (Pernet-Coudrier et al., 2013) is carried out at pH 1.95 and can
distinguish between the RSS; thiourea, thioacetamide, glutathione, cysteine and N-acetyl-L-cysteine.
There is a clear difference between the peak shape and position (Figure A2 and Table A2), providing
suitable identification of the RSS present within the sample. Despite this, some RSS could appear in
the same position. For example, sulphide and thioacetic acid produce the same signal as
thioacetamide. This can make it challenging to identify RSS in seawater, but it provides better

information than measuring RSS at pH 8.
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Figure A2. (A) Voltammogram of coastal seawater containing 5.6 nM of glutathione (black line). In the
same water, a single addition of 25 nM of cysteine (orange square), 22 nM, N-acetyl-L-cysteine (red
circle) and 15 nM of glutathione (green triangle) were added to the solution. (B) Voltammogram of
coastal seawater containing 723 nM of thioacetamide (black line). In the same water, successive
additions of 223 nM of thiourea (empty brown circle) and 1.2 uM of thioacetamide (full blue diamond)
were added to the solution. The pH of the solution was 1.95. Figure taken from Pernet-Coudrier et al.,
2013.



Page |221

Thiourea Thioacetamide  Glutathione Cysteine N-acetyI—L—
cysteine
Peak Position -0.227 V -0.193V -0.093V -0.059V -0.077 V

Table A2. Comparison of peak postion for thiourea, thioacetamide, glutathione, cysteine and N-acetyl-
L-cysteine at pH 1.95 and Eqep = 0 V applied for 60 s. Peak postion values obtained from Pernet-Coudrier
etal, 2013.

A.3.1.1 Detection limit

The limit of detection (LOD) at pH 8.1 was determined for four common RSS standards (Table A3). The
Eqep varied; thiourea (+0.08 V), thioacetamide (-0.025 V), glutathione (+0.08 V) and cysteine (-0.35 V),
but the deposition time remained the same (60 s). Eqep Was selected for each RSS where the peak
height was the highest. RSS standards were added to UV-digested seawater. Seawater was UV-
digested to remove any organics in the solution and EDTA was added to complex with trace metals in
the solution. LOD’s were calculated from 3 times the standard deviation of 11 consecutive

measurements.

For thiourea and cysteine, the LODs obtained in this study are lower than previously reported (Table
A3), showing the voltammetric conditions are more sensitive than the methods published. For
glutathione at pH 2 the LOD is lower than at pH 8.1, indicating that this method is the most sensitive
to low concentrations. The most significant difference in the LOD is thioacetamide in natural and acidic
conditions. In acidic conditions, the LOD is 29 times higher than at pH 8.1 so even though the Pernet
Coudrier et al. (2013) method has the advantage of distinguishing between different RSS and measure

humics simultaneously, this is also done at the expense of sensitivity.
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Compound pH Edep Limit of detection Reference
(nM)
Thiourea 8.4 +0.07 V 3.7 (Laglera and Tovar-
(60s) (n=5) Sanchez, 2012)
Thiourea 8.1 +0.08 V 0.18 This study
(60s) (n=11)
Thioacetamide 8.4 -0.02V 1.3 (Laglera and Tovar-
(60s) (n=5) Sénchez, 2012)
Thioacetamide 8.1 -0.025V 2.8 This study
(60s) (n=11)
Glutathione 8.4 -0.3V 4.3 (Laglera and Tovar-
(605s) (n=5) Sénchez, 2012)
Glutathione 8.1 0.08V 2.75 Thius study
(60s) (n=11)
Cysteine 8.4 0.05V 7.5 (Laglera et al.,
(60s) (n=5) 2014)
Cysteine 8.1 -0.35V 2.3 This study
(60s) (n=11)
Thioacetamide 1.95 ov 81 (Pernet-Coudrier et
(60's) (n=11) al., 2013)
Glutathione 1.95 ov 1 (Pernet-Coudrier et
(605s) (n=11) al., 2013)

Table A3. Comparison of the limit of detection (LOD) for thiourea, thioacetamide, glutathione and
cysteine, from our study with the LOD published from with Laglera and Tovar-Sanchez (2012) and
Pernet-Coudrier et al., (2013). In our study standards were added to UV digested water. The pH was
8.1.

It was concluded that the Pernet Coudrier et al. (2013) method would be the best method for the

guantification of RSS and electroactive humic substances in this thesis.

A.3.1.2. Cathodic pseudopolarography of RSS

Pseudopolarography was developed to provide qualitative information of reduced sulphur substances
(Laglera and Tovar-Sanchez, 2014). The technique consists of a series of voltammetric scans where the
peak height was measured at various Eqep, creating a ‘fingerprint’ of the RSS compound in the seawater
(Figure A3). Each RSS ‘fingerprint’ range varied, with thiourea having the narrowest

pseudopolarogram (-0.05 V to 0.1 V) and cysteine having the widest (-0.6 V to 0.1 V).

Thiourea and thioacetamide behaved similarly, with the maximum peak height around +0.07 V for
both RSS, and the peaks vanished rapidly as E4, moved to more negative potentials. However,

thioacetamide is easily distinguishable from thiourea as thioacetamide has two peaks at +0.075 V and
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-0.025 V, while thiourea only had one at +0.072 V. In contrast, glutathione and cysteine signals are

obtained over a much wider range of deposition potentials.
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Figure A3. Pseudopolarograms of 100 nM thiourea (A), 100 nM thioacetamide (B), 150nM glutathione
(C), and 300nM cysteine in UV-digested seawater. Deposition time for each Eqep was 60 s. Each point
represents the peak height of the eHS signal. Standards were added to UV digested water. The pH was
8.1.

A.3.2. Sulphide
The main problem for the detection of sulphide is related to the instability of the signal: there is a

rapid loss of sulphide in seawater samples meaning that it is challenging to preserve sulphide for an
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extended period of time and the signal tends to decrease rapidly in the voltammetric cell. Oxidants
such as dissolved O; (Almgren and Hagstrom, 1974; Avrahami and Golding, 1968), H,0, (Millero et al.,
1989) and 105" (Jia-zhong and Whitfield, 1986) are known to react with sulphide in a matter of hours.
0 is the primary oxidant of sulphide and has a half-life of 22 hours in seawater (Zhang and Millero,
1993). Purging the sample (with N, or Ar) is often required with voltammetric techniques to remove
dissolved oxygen. However, this cannot be used because purging can remove free sulphide from the

sample.

Al-Farawati and van den Berg (1997) observed that sulphide in seawater did not give a stable peak
when a standard voltammetric cell was used with a mercury drop electrode (HMDE). They did not
attribute this decrease to O,, H.0,, or 105” but suggested that the sulphide loss was due to metallic
mercury (Hg), produced by the mercury drop system, forming an insoluble mercuric sulphide salt. They
were able to overcome the loss of sulphide through the use of a flow cell to avoid the solution to be
in contact with any mercury before analysis. In comparison, Aumond et al., (2012) investigated the
suitability of a vibrating gold microwire electrode for measuring sulphide in seawater. The stability of
the sulphide peak was tested in various non-deoxygenated solutions: 0.5 M NaCl, natural coastal
seawater (pH 8) and natural coastal seawater at pH 9.6. Solutions were spiked with 13 uM of sulphide,
and the solutions were exposed to air during the measurements. For NaCl (0.5 M) and natural
seawater (pH ~ 8), the sulphide peak was stable for ~10 minutes, after which a decrease was observed,
(rate of loss was 1.8% min* for NaCl 0.5 M and 2.6% min™ for seawater). When increasing the pH of
seawater to 9.6, the sulphide peak was stable for a much more extended period (~1 h). After 2 hours,
the initial signal had been lost by 20% (rate of loss was ~0.2% min™?) suggesting that H.S volatilization

is also a factor to consider, in general agreement with another study (Deleon et al., 2012).

The advantage of using the HMDE is that a new and reproducible electrode is created for every
measurement. However, there are possibly 2 factors that may affect the stability of the sulphide

signal: 1- the amount of mercury is high and 2- the solution is stirred which may favour faster



Page | 225

volatilisation of H,S. On the other hand, the use of a microwire amalgam electrode presents potential
advantages in favour of a stable sulphide signal: 1- limited amount of Hg is needed and 2-vibration of
the wire electrode might limit H.S volatilisation. The drawback of such electrodes is that they are
home-made and all different (at least in terms of length), they can break without warning and can be
time consuming to prepare. Nevertheless, their potential for sulphide detection has never been
looked at. This section therefore aims to report very preliminary results obtained at a silver amalgam

electrode for sulphide detection.

A.4.3 Instability of the sulphide signal

Although the sulphide peak potential was present 100 mV more cathodic on the amalgam wire
compared to the drop (~-0.7 and ~ -0.6 V respectively), the peak is similarly sharp and well-shaped
on the amalgam electrode. For both electrodes, a decrease of the signal was observed with time in
oxygenated UV digested seawater (Figure A4) but the rate of loss (Table Al) was dependent on the
sulphide concentration for both electrodes (higher loss at lower concentrations) suggesting that the
loss is quantitative, i.e. it is due to a finite amount of oxidant being produced or to a finite amount of
Hg? in the cell (if Hg** was not the reason). Interestingly, the rate of loss at the wire electrode was
significantly smaller than at the HMDE (Table A5). We found that the rate of loss was not influenced
by the size of the HMDE drop and that, as previously shown, the effect of oxygen (stability checked in
purged and non-purged UV digested seawater), iodate (up to 1 uM) and hydrogen peroxide (up to 1
uM) did not make any difference to the stability. The only difference that was noticed was stirring:
when running successive measurements (15 s deposition at -0.4 V) with a 30 s interval between each
measurement, a 30% faster decrease was obtained when the solution was stirred during the intervals,
suggesting a loss by volatilisation that also occur during the voltammetric deposition step. From those
experiment, we concluded that the detection of sulphide is best achieved at an amalgam wire
electrode without stirring of the solution but instead, vibration of the electrode in an attempt to

minimise the instability of the signal.
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Figure A4. Sulphide peak instability over time with various concentrations of sulphide. Standards
were added to UV-digested seawater, and the pH was set to 8. Each point represents the peak
derivative of the sulphide signal. (A) shows the instability with a HMDE electrode, and (B) shows the
instability with a silver amalgam wire electrode. An Egep of -0.4 V was applied for 15 s.

Parameter HMDE (%. s%) Silver Amalgam (%. s?)
Sulphide Concentration
50nm 0.32 0.09
100nm 0.15 0.08
300nm 0.09 0.06
500nm 0.09 0.06

Table A5. Comparison of the sulphide rate of loss per second (%. s) with a HMIDE and a silver amalgam
wire electrode. Sulphide standard was added to UV digested seawater, and the pH was 8. An Egep Of -

0.4 V was applied for 15 s.
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A.3.4. Cathodic Pseudopolarography of sulphide

An example of the pseudopolarogram of sulphide obtained at the HMDE electrode is shown in Figure
A5. The experiment was done in 0.6 M NaCl at pH 9.2 to avoid instability of the signal. The
pseudopolarograms had a 50 mV Egep resolution, starting from -0.8 V up to 0 V. It can be clearly seen
that the sulphide pseudopolarogram is different to the RSS pseudopolarogram. Sulphide displays a
strong signal at a more negative Eqep than the RSS (see Figure A3) and suggest that using a low

deposition potential like -0.6 V should all the sole detection of sulphide.
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Figure A5. Pseudopologram of sulphide standard (1uM) in 0.6M NaCl. Solution was buffered to pH
9.2 with borate buffer and ammonia. Deposition time for each Eqe, was 10 s. Each point represents
the the peak derivative of the sulphide signal.

A.3.5. Copper speciation on gold electrode in seawater:

A.3.5.1. Electrode conditioning and analytical parameters:

Detection of Cu in seawater by anodic stripping voltammetry can be achieved sensitively on the gold
microwire electrode. Before use and when new, the electrode requires a conditioning step which
consists in the imposition of a low Egep (-2 V) for 10-15 s in 0.5 M H,SO,. It is believed that the

imposition of such low deposition potential results in the desorption of interfering compounds
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adsorbed on the surface of the electrode. Once conditioned, the electrode can be used without any
further conditioning but this very much depends on the type of solution being analysed; in coastal
seawater of Liverpool bay, regular conditioning (daily) was needed while in open ocean seawater, the

electrode could be used for a long time (weeks) without any.

Detection of Cu is best achieved using anodic stripping voltammetry. In seawater, the Cu peak is
present on a large bump (Figure A6) which is due to the adsorption of chloride and bromide on the
gold electrode (Salalin and van Den Berg, 2006). The presence of this bump hides the Cu peak at low
concentrations which can only be resolved using background subtraction (Figure A6). With
background subtraction, the Cu peak is well-shape (half-wdith of ~ 54-60 mV), is located at around
0.25 V (vs Ag/AgCl//3M KCl) and its detection is sensitive. Detection limit at a 10 um diameter gold
wire electrode was in 10 mM HCl and determined as 50 pM for 300 s deposition, in general agreement

with previously reported value (Salatin and van Den Berg, 2006).

Figure A6 also shows the presence of a Hg peak at ~ 0.38 V. The presence of a Hg peak could not be
avoided during preliminary testing as VA663 stands had previously been used with the Hg drop
electrode. The Hg peak would increase with time, therefore interfering with the Cu peak. This would
then interfere with the recording of a pseudopolarograms, as pseudopolarography experiments can
take hours to complete, depending on the deposition time being required. If the solution was purged
than the effect Hg signal was even more drastic. To avoid these problems, a stand-alone voltammetric

cell was used and the samples were not purged.
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Figure A6. Example of an analytical, background and background subtracted scans using a gold
electrode. An Eqep of -1.3 V was applied for 120 s. Water used was coastal seawater from Liverpool
Bay. The pH was 8.

A.3.6. Pseudopolarography of copper:

Pseudopolarograms were ran automatically in seawater using the Project option of the GPES software
together with a specific executable file that allows the automatic change of the deposition potential
with any specific resolution. In this work, a resolution of 50 mV was always used and deposition
potential were generally varied from -1.3 to 0.3 V. Figure A7 shows 2 examples of typical
pseudopolarograms of Cu obtained at the gold electrode. One of them was obtained in UV digested,
acidified to pH 2 coastal water from Liverpool Bay and the second one was obtained in non-treated

same sample. The UV digested samples, acidified, is a non-complexing and only one wave is observed
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at a potential of ~ 0.2 V, which corresponds to the inorganic wave and the reduction of Cu from
inorganic complexes (Cu chloride). In the natural sample, 3 different waves can be observed with a
half-wave potential E¥? at ~ 0.15 V, ~-0.25 V and ~ -0.9 V. The most positive wave at 0.15 V is close
to the inorganic wave and is due to the reduction of Cu(ll) released from fast-dissociating copper
complexes; this wave is also called the labile wave. The waves at -0.25 V and -0.9 V represent the
presence of 2 types of Cu complexes whose stability can be estimated from the position of the
reduction waves. The complex at -0.25 V had a stability constant that was less than the complex at -
0.9 V. Using the chelate scale determined previously at the gold electrode (Gibbon-Walsh et al., 2012)
(equation 1), the thermodynamic stability constants corresponding to a half-wave potential of -0.25 V

and -0.9 V can be estimated to log Ks of 12.2 and 19.4 respectively.

Log Ktherm = (0.85 - E¥2(m1))/0.09 Equation 5.

At deposition potentials below -1 V in the natural seawater sample, a decrease of the signal was often

observed. It is unclear why such decrease is occurring.
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Figure A7. Comparison of UV digested and non-UV digested Cu pseudopolarograms. The pH of UV
digested seawater was 2 and the pH of non-UV digested seawater was 8. Water used was coastal
seawater from Liverpool Bay. Each point represents the peak derivative of the Cu signal.
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