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‘These aren’t problems, 

they’re opportunities for distraction.’ 

‘If it was easy, someone else would have done it.’ 
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Abstract 

Iron (Fe) is an essential micronutrient for marine phytoplankton, but its poor solubility in oxic waters 

is responsible for limited primary production across large parts of the ocean. It has been shown that 

organic compounds are able to bind with Fe to keep it in the dissolved phase (DFe), thought to be the 

most bioavailable for phytoplankton. The compounds composing the fraction of the dissolved organic 

matter (DOM) able to bind with Fe are referred to as Fe-binding ligands. While > 99% of DFe is bound 

to Fe-binding ligands, the knowledge on their identity and cycling is limited as they represent a very 

small and diverse fraction of the DOM. There is a one-thousand factor difference between the range of 

concentrations of Fe-binding ligands and the wider DOM pool (nanomolar and micromolar, 

respectively), the composition and structure of which is impacted by multiple biological and physical 

processes. One method to investigate Fe-binding properties of the DOM is to titrate Fe-binding ligands 

against a calibrated added ligand at different DFe concentrations. This method is called Competitive 

Ligand Exchange (CLE) using Cathodic Stripping Voltammetry (ACSV). The CLE-ACSV approach 

allows the estimation of the Fe-binding ligand concentration ([L]), and of their average binding strength 

(Kcond). This approach, however, suffers from technical and practical limitations. In this work, I address 

several limitations of the CLE-ACSV approach and present techniques to improve accessibility for new 

users and minimise the risk of user subjectivity within data selection. I then apply these to samples 

collected from the subtropical South Pacific to assess the role of Fe-binding ligands in the distribution 

and cycling of DFe in waters impacted by intense diazotrophic and hydrothermal activities. 

In Chapter 1, I introduce the general background of my work by reviewing the inorganic and organic 

aspects of DFe speciation. I present in Chapter 2 a description of the CLE-ACSV approach; the concept, 

the theory, the apparatus, and the technical limitations are discussed to provide general knowledge on 

the different aspects hampering the application of the CLE-ACSV. In Chapter 3, I address the limitation 

of the CLE-ACSV approach related to the pH buffering of the sample, a technical requirement of the 

current methods which are potentially impacting and hampering our understanding of the DFe 

speciation. In Chapter 4, limitations related to the interpretation and comparability of the CLE-CSV 
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titrations are addressed. I present a procedure developed to limit the subjectivity of the analyst on the 

results produced, aiming to ease the comparability of the results between laboratories. Finally, in 

Chapter 5, I present the application of my CLE-ACSV development on natural samples collected in the 

Western Tropical South Pacific. Fe-binding ligand data are combined with electrochemical and 

fluorescence data of the humic fraction, a known contributor to the Fe-binding ligand pool, to interpret 

the composition and cycling of the fraction of the DOM implicated in DFe distribution in this region. I 

finally conclude this thesis by sharing some thoughts about how to move forward in this challenging 

but important research area that marine Fe speciation is.  
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Glossary 

Fe: iron 

Zn: zinc 

Mn: manganese 

Ni: nickel 

Cu: copper 

Co: cobalt 

Cd: cadmium 

µmol/mol C: micromolar per mol of carbon 

M: mol per litre 

HNLC: high nutrient-low chlorophyll 

DOM: dissolved organic matter 

FeL: iron-binding ligands 

pH: potential hydrogen 

CO2: carbon dioxide 

O2: oxygen 

Fe3+: ferric ion 

Fe2+: ferrous ion 

CO3
2-: carbonate 

FeCO3: iron carbonate 

Fe3+OHn
(3-n)+: iron (oxy)hydroxides 

DFe: dissolved iron 

POM: particulate organic matter 

EPS: exopolymeric substances 

HS: humic and humic-like substances 

Feaq: aqueous iron 

SFe: soluble iron 

CFe: colloidal iron 

PFe: particulate iron 

DOC: dissolved organic carbon 

L: conditional iron-binding ligands 

Kcond: conditional binding strength 
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CLE: competitive ligand exchange 

AL: added ligand 

ACSV: adsorptive cathodic stripping voltammetry 

DHN: 2,3-dihydroxynaphthalene 

TAC: 2-(2-thiazolylazo)-p-cresol 

SA: salycilaldoxime 

NN: 1-nitroso-2-naphtol 

CDOM: chromophoric dissolved organic matter 

FDOM: fluorescent dissolved organic matter 

FeAL: iron-added ligand complex 

KFeL
cond: conditional binding strength expressed with respect to Fe3+ 

Fe3+ALx: complex of ferric ion and added ligand 

MDE: mercury drop electrode 

MME: multi-mode electrode 

Ag/AgCl: sliver chlorine 

PCTFE: polychlorotrifluoroethylene 

KCl: potassium chloride 

Ag: silver 

nA: nanoampere 

KBrO3: potassium bromide 

H2O2: hydrogen peroxide 

Hg: mercury 

L: natural organic binding ligands defined by CLE-ACSV 

Fe’: free iron 

L’: free iron-binding ligands 

αIN: inorganic side reaction 

K’FeL: conditional stability constant with respect to Fe3+ 

β: conditional stability constant 

α: side reaction coefficient of the iron-added ligand complex 

D: detection window 

S: sensitivity 

ip: reductive current measured 

EDTA: ethylene diamine tetra acetic acid 

ip/0: maximal reductive current measured without ethylene diamine tetra acetic acid 
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ip/i: attenuated reductive current measured with ethylene diamine tetra acetic acid 

H+: proton 

MeOH: methanol 

MDW: multiple detection window 

h: hours 

min: minutes 

nMeqFe: nanomole equivalent of iron per litre  

OMZ: oxygen minimum zone 

HO-: hydroxides 
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Chapter 1 

1. Introduction 

1.1. The role of iron in the ocean 

Marine phytoplankton is responsible for about half of the worldwide photosynthetic carbon fixation 

(Field et al., 1998; Friedlingstein et al., 2019). Part of the carbon fixed is exported to the deep ocean, 

but the export is limited by microbial remineralisation of sinking particles (Bar-On et al., 2018; 

Friedlingstein et al., 2019). Because microbial activity is dependent on the supply of trace metals, trace 

metal cycling is an indirect but essential aspect of the carbon cycle (Sunda, 2012). 

The trace metals implicated in physiological phytoplankton processes are iron (Fe), zinc (Zn), 

manganese (Mn), nickel (Ni), copper (Cu), cobalt (Co) and cadmium (Cd; de Baar et al., 2017; Morel 

and Price, 2003), with Fe being involved in most enzymatic processes (Twining and Baines, 2013). The 

importance of Fe has been demonstrated by its presence in proteins involved in processes such as 

photosynthesis and respiration (94 % of the intracellular Fe; Tortell et al., 1999), nitrate and nitrite 

reduction, detoxification of reactive oxygen, and so on (Twining and Baines, 2013). Consequently, 

phytoplankton intracellular Fe concentration is about 50 micromole per mol of carbon (µmol/mol C), 

corresponding to about 1 µmol.L-1 (µM; Morel and Price, 2003), 1,000 to 10,000-fold more than 

ambient seawater concentration (Liu and Millero, 2002).  

The disequilibrium between Fe availability and cellular demand leads to limited phytoplankton growth 

and carbon export (Tortell et al., 1996), notably in high nutrient-low chlorophyll (HNLC) regions 

(Moore et al., 2013). There, major macronutrients (i.e. nitrate, phosphate and silicate) are in ample 

abundance in surface waters, yet phytoplankton abundance (proxied by chlorophyll a) is very low 

(Chisholm and Morel, 1991). The major HNLC regions are the Southern Ocean, the Subarctic North 

Pacific, and the equatorial Pacific. The relation between Fe and phytoplankton growth was thoroughly 

investigated in those regions through fertilisation experiments (de Baar et al., 2005; Laglera et al., 
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2019), but at first in bottle incubation experiments (Buma et al., 1991; Coale, 1991; de Baar et al., 1990; 

Martin et al., 1990, 1989; Martin and Fitzwater, 1988). Bottle experiments are still widely used notably 

to investigate co-limitations with other major nutrients (i.e. Bertrand et al., 2007; Browning et al., 2021; 

Schoffman et al., 2016), and to investigate the link between dissolved organic matter (DOM), Fe 

availability, and phytoplanktonic carbon and nitrogen fixation (Avendaño et al., 2016; Gledhill et al., 

2015; Hoppe et al., 2013; Mills et al., 2004; Schuback et al., 2015; Shi et al., 2010). These incubation 

experiments highlighted that Fe concentration in seawater and bioavailability to microbes is dependent 

on its chemical speciation. While the inorganic speciation of Fe is relatively well understood, there are 

still a lot of unknowns in the role of dissolved organic matter (DOM) in Fe organic speciation due the 

complexity of the DOM pool (Dittmar et al., 2021; Mentges et al., 2017; Millero, 2001).This Chapter 

will provide a comprehensive review of the chemistry responsible for the Fe distribution in the ocean.  

1.2. Iron chemistry in the ocean 

Fe is the fourth most concentrated element in the Earth crust (5.6 %; Millero, 2001; Taylor, 1964). It is 

naturally extracted from the Earth crust by erosion, and release within hydrothermal fluids. Fe sources 

to the ocean are atmospheric deposition, river runoff, sediment exchange, sea-ice melting, and 

hydrothermal input (Blazevic et al., 2016; Cheize et al., 2019; Dale et al., 2015; Findlay et al., 2019; 

Hopwood et al., 2019; Krachler et al., 2015; Lannuzel et al., 2016; Mahowald et al., 2009; Poulton and 

Raiswell, 2002; Tagliabue et al., 2010; Tagliabue, 2014; Tagliabue et al., 2014a; Tagliabue and Resing, 

2016). Recycling and re-supply processes include microbial remineralisation and water mixing (Boyd 

et al., 2010; Tagliabue et al., 2014b), while the main Fe sink is the burial of particulate Fe in sediments 

(Ingall et al., 2013). The processes driving Fe distribution in the ocean (Table 1.1) are tightly linked to 

those distributing Fe-binding organic ligands (FeL; Table 1.1). The FeL cycle and composition is 

developed in Section 1.3.  
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Table 1.1. Notes and references describing Fe and FeL sourcing in the ocean. Letters are referring to Figure 1.1. 

Number and name 

of the process 

Notes and references for 

DFe 

Notes and references for  

FeL 

1 – Sea-ice melting Only at high latitude 

Hopwood et al., 2019; Lannuzel et 

al., 2016 

Only at high latitude 

Genovese et al., 2018; Janssens et al., 

2018 

2 – Hydrothermal 

input 

Findlay et al., 2019; Tagliabue, 

2014; Tagliabue et al., 2010; 

Tagliabue and Resing, 2016 

Hawkes et al., 2013; Kleint et al., 

2016; Wang et al., 2022 

3 – Microbial 

remineralisation 

Boyd et al., 2010 Boiteau et al., 2016; Raymond et al., 

2015; Velasquez et al., 2016; Whitby 

et al., 2020 

4 – Particulate 

burial 

Ingall et al., 2013  

5 – Atmospheric 

deposition 

Mainly through dust deposition 

from arid regions 

Mahowald et al., 2009 

Observed in rainwater 

Cheize et al., 2012; Fitzsimmons et al., 

2015 

6 – Mixing  

re-supply 

Tagliabue et al., 2014b Hassler et al., 2019 

7 – River runoff Blazevic et al., 2016; Krachler et 

al., 2015; Poulton and Raiswell, 

2002 

Krachler et al., 2015; Slagter et al., 

2017; Williford et al., 2021 

8 – Sediment 

exchange 

Cheize et al., 2019; Dale et al., 

2015 

Bundy et al., 2014 

Figure 1.2. Schematic view of the marine Fe and FeL cycles (black arrows) representing sources, recycling, and 

export. Water circulation and mixing is also represented (blue arrows). Letters (in black) are referring to table 1.1.  
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The potential hydrogen (pH) range and redox potential of the ocean, driven by dissolved carbon dioxide 

(CO2) and oxygen (O2), respectively, are responsible for the low solubility of Fe in oxic seawater. Free 

cationic forms of Fe, mostly ferric ion (Fe3+) but also ferrous (Fe2+), are very reactive in the presence of 

O2 at seawater pH. They are stabilised by chelation, the sharing of electrons with surrounding 

compounds to reach a lower level of energy. The diversity of those chelates, also known as complexes, 

is infinite in terms of geometry and chelating agents (Figure 1.2; Burgess and Twigg, 2006; Cotton, 

1972), but a simplified view of Fe chemistry in the ocean can be depicted (Figure 1.3). On the inorganic 

side, Fe2+
 reacts with carbonate (CO3

2-) to form iron carbonate (FeCO3) and with sulphur compounds 

and sulphides (Rickard and Luther, 2007), while the most abundant Fe3+ is hydrolysed and forms Fe 

(oxy)hydroxides (Fe3+OHn
(3-n)+). Fe sulfoxides aggregate into Fe sulphides solid (Rickard and Luther, 

2007) while Fe (oxy)hydroxides aggregate into colloidal form or adsorb onto particulate material, both 

being ultimately exported to the sediment (Liu and Millero, 2002). This essential process is known as 

scavenging. Inorganic Fe chelates are essential for phytoplankton growth in some oceanic regions (Chen 

and Wang, 2001; McQuaid et al., 2018; Morel et al., 2008), but are not enough to explain phytoplankton 

growth in most of the ocean. The introduction of the Fe organic chelation, or organic speciation, is 

necessary to explain microbial activity (Lis et al., 2015; Shaked et al., 2020). The most stable and, 

therefore, abundant geometry of Fe3+ organic chelates is octahedral, which consists of 6 bonds with Fe 

binding sites that can be found on one or several organic chelators (Figure 1.2).  

Those organic chelators, called ligands, have a virtually infinite diversity with a recent estimation of up 

to 600,000 different compounds of low molecular weight, keeping Fe in the dissolved phase (DFe; 

Dittmar et al., 2021), which is defined as the fraction passing through filters with a porosity of 0.2 µm 

or 0.45 µm. The investigation of trace metal chemistry is eased by decomposition into different size 

fractions (Figure 1.3). Most of the organically-complexed Fe is in the dissolved phase, which is also 

considered the bioavailable fraction, justifying the focus on the DFe fraction (Worsfold et al., 2014). In 

open ocean waters where anthropogenic impacts are limited, DFe concentration presents a nutrient-like 

profile, with low subsurface concentrations due to phytoplankton uptake, an increase inversely 

proportional to O2 concentrations due to a supply from microbial remineralisation, and below the O2 
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minimum, a relative equilibrium between decrease with depth due to scavenging and increase with 

remineralisation, balanced by the Fe solubility of the studied seawater (Johnson et al., 1997). 

 

In open-ocean waters, DFe concentrations range between 0.02-2 nM (Tagliabue et al., 2012), while Fe 

solubility has been shown to be only of 0.01 nM in artificial seawater without organic ligands (Liu and 

Millero, 2002). In fact, ligands have been shown to bind more than 99% of the DFe pool in most ocean 

regions (as listed by Mohamed et al., 2011). The capability of ligands to limit Fe hydrolysis is 

demonstrated by the enhancement of DFe solubility by a factor of 2 to 200 times, and in specific cases, 

reaching up to 10,000 times. Indeed, concentrations of tens to even thousands of nM of DFe were 

measured in coastal waters impacted by human activities (Longhini et al., 2021; Su et al., 2016). These 

extremely high concentrations, related to the presence of anthropogenic FeL, illustrate the potential of 

organic compounds to enhance Fe solubility. The expected subsequent phytoplankton growth is, 

however, dependent on the bioavailability of the chelated Fe, which in turn, depends on the chemistry 

of the seawater, on the physiology of the cell, and on the chelator chemical structure.  

1.3. Iron-binding ligands 

Despite its crucial importance in the Fe cycle, our understanding of organic DFe speciation is limited 

by the chemical diversity of DOM (Dittmar et al., 2021; Mentges et al., 2017) and the difficulty to 

isolate distinct compounds within DOM, limiting the identification of FeL (Dulaquais et al., 2018; 

Laglera et al., 2011). Yet, three major types of ligand are commonly used to describe FeL distribution 

in the ocean (Hassler et al., 2017). These ligands are siderophores, humic and humic-like substances 

(HS), and exopolymeric substances (EPS; Figure 1.4). Siderophores are strong Fe-binding molecules 

Figure 1.3. Schematic representation of Fe chelating bonds a) unchelated, b) in a 1:1 complex, c) in a 1:2 complex, 

and d) in a 3:2 complex. Black line, full triangle and hatched triangle represent plan, forward and backward bound, 

respectively. Grey shapes represent organic ligands. 
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with low molecular weight produced by bacteria to help them reach their Fe requirement (Hopkinson 

and Morel, 2009). Part of the siderophores are photo-reactive, and their breakdown leads to the 

reduction of Fe3+ into Fe2+, which can potentially be oxidized back into Fe3+ and chelated by siderophore 

photoproducts (Barbeau et al., 2001). Despite their relatively low concentrations throughout the water 

column, siderophores can substantially sustain DFe requirements where microbial production occurs 

(Bundy et al., 2018; Hassler et al., 2015; Hopkinson and Morel, 2009; Norman et al., 2015). They have 

a relatively low diversity compared to the two other main classes of FeL, but even for this simpler ligand 

class, many distinct siderophore compounds exist and biological uptake processes are highly diverse 

(Amin et al., 2012, 2009; Raymond et al., 2015).  

 

HS are produced by the decomposition of terrestrial as well as oceanic organic matter. HS have 

significant control on DFe distribution in deep and coastal waters (Whitby et al., 2020). HS represent 

around 50% of the entire dissolved organic carbon (DOC) pool (Zigah et al., 2017). Some HS can bind 

Fe and (part of) this fraction can be quantified by voltammetry, referred to as electroactive HS (eHS), 

representing around 5% of DOC (Dulaquais et al., 2018; Laglera et al., 2011). HS composition and 

characteristics are poorly constrained because of the almost infinite breakdown and agglomeration 

pathways they experience. Yet, the definition of reference material has helped develop methodologies 

Figure 1.4. Natural (bold black) and practical (light grey) size spectrum scattering of organic (top section) and 

inorganic (bottom section) forms of Fe in the marine environment. DOM for dissolved organic matter, POM for 

particulate organic matter, EPS for exopolymeric substances, HS for humic substances, Feaq for aqueous Fe, SFe 

for soluble Fe, CFe for colloidal Fe, and PFe for particulate Fe. Adapted from Hassler et al. (2017), von der 

Heyden and Roychoudhoury (2015), Qiu et al. (2021) and Tagliabue et al. (2017). 
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to estimate the amount and binding ability of the metal-binding eHS fraction (Abualhaija et al., 2015; 

Laglera et al., 2007; Pernet-Coudrier et al., 2013; Quentel et al., 1987; Sukekava et al., 2018; Whitby 

and van den Berg, 2015). A combination of those approaches, with complementary analysis such as 

fluorescence, separation and extraction techniques are a step forward in the understanding of the 

composition of the Fe-binding fraction of DOM (Fourrier et al., 2022), even if the characterised fraction 

may differ between the different techniques applied.  

 

The term EPS is used to classify marine organism exudate material, composed mostly of 

polysaccharides but also amino acids and protein (Nichols et al., 2005). EPS form a sticky layer rich in 

micro and macronutrients kept at the surface of living organisms that enhances biological Fe uptake 

(Hassler et al., 2015). EPS represent around 50% of the DOC pool (Benner et al., 1992), but the EPS 

and HS pools may overlap (Figure 1.3). Some EPS can be made of combined HS, and EPS degradation 

cancontribute to HS formation. Isolated EPS have been shown to contain high levels of bioavailable Fe 

(Hassler et al., 2015; Norman et al., 2015). EPS are, therefore, a major pathway to store and provide 

nutrients to microorganisms and their predators. 

Figure 1.5. Examples of a) a siderophore with enterobactin (Dertz et al., 2006), b) a HS (Stevenson, 1994) and c) 

an EPS with succinoglycan (Simsek et al., 2007). 

a b) 

c) 
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1.4. Investigation of iron-binding ligands by voltammetry 

The complexes formed by Fe and its chelators are characterized by the strength of the electrostatic 

interaction binding them. In line with the DOM diversity, the virtually unlimited chelation possibilities 

of unique binding strengths challenge the separation and characterisation of the different chelates. The 

most widely used approach to investigate trace metal organic speciation allows the estimation of the 

conditional iron-binding ligand concentration ([L]) and conditional binding strength (Kcond) of the FeL 

bulk by electrochemical analysis. This approach consists of competitive ligand exchange (CLE) against 

an added ligand (AL) followed by cathodic stripping voltammetry of the adsorbed compound (ACSV). 

There are currently four ALs in use: 2,3-dihydroxynaphthalene (DHN; Sanvito and Monticelli, 2020; 

van den Berg, 2006), 2-(2-thiazolylazo)-p-cresol (TAC; Croot and Johansson, 2000), salicylaldoxime 

(SA; Abualhaija and van den Berg, 2014; Buck et al., 2007; Rue and Bruland, 1995), and 1-nitroso-2-

naphthol (NN; Gledhill and van den Berg, 1994; van den Berg, 1995). All require slightly different 

methods of implementation and experience specific limitations. The use of the different AL shows 

limited agreement (Ardiningsih et al., 2021; Buck et al., 2012; Genovese et al., 2022; Gerringa et al., 

2021) because of practical and chemical limitations for the application of the CLE-ACSV approach. 

The CLE-ACSV approach and its limitations are detailed in the next Chapter. 
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Chapter 2 

2. Introducing the CLE-ACSV method 

2.1. Presentation 

2.1.1. Concept of the competitive ligand exchange approach 

The CLE approach consists of the addition of an AL forming an electroactive complex with the metal 

of interest, here Fe (Figure 2.1a). Because of its ability to complex Fe, the AL creates a new equilibrium 

between free Fe (Fe’), Fe bond to natural Fe-binding ligand (FeL), and Fe bond to AL. The analysis 

relies on the competition between FeL and AL along a gradient of DFe concentration. At least 10 

aliquots of the same sample are prepared, in which an increasing amount of DFe is spiked. Once the 

aliquots have been left to compete until thermodynamic equilibrium is reached (Figure 2.1b), the 

stronger FeL have complexed most of the DFe at low DFe concentration, and FeL are progressively 

saturated until complete saturation with increasing DFe (Figure 2.1c). The progressive saturation of 

FeL is indirectly followed by the electrochemical quantification of the Fe-AL complex (FeAL; Figure 

2.1c; Figure 2.3). The section of the titration for which FeL are saturated and the amount of FeAL 

increases linearly allows the estimation of the FeL concentration ([L]), while the curvature section for 

which FeL and AL are competing for DFe allows the estimation of the binding constant Kcond expressed 

as a logarithmic value relative to FeL (log KFeL
cond). 
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2.1.2. ACSV measurement 

The electrochemical quantification of DFe bound as FeAL by ACSV consists of, first, the accumulation 

of the chelated Fe3+ by the AL (FeAL or Fe3+ALx in Figure 2.2) onto a mercury drop electrode (MDE; 

working electrode) at a fixed potential. After this pre-concentration step, the quantification is performed 

by the reduction of Fe3+ to Fe2+ during a cathodic scan, where the potential is scanned from positive to 

more negative values, called the stripping step (Figure 2.2). In the case of our set up provided by the 

brand MetrohmTM (Figure 2.3), the voltammetric system consists of a 663 VA Stand, MetrohmTM, a 

Figure 2.1. Concept of the CLE approach divided in a) sample preparation, b) equilibration and c) resultant Fe 

partitioning. The light grey curve shows that in absence of FeL, AL complexes all the Fe. The dark grey curve 

represents the amount of Fe complexed by FeL, (from low to high DFe) first outcompeting the AL until they are 

saturate, then competing with AL, and finally when all the FeL are saturated. The red curve represents the amount 

of DFe complexed by the AL. The dots in the plot represent the aliquots. Proportions are only figurative. 
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potentiostat µAutolab Type III (to impose and measure potential and current at the electrodes), and of 

an interface (IME 663, MetrohmTM) which controls the formation of fresh mercury drops, and the 

stirring and purge of the solution (Figure 2.3). The voltammetric system is piloted using the software 

NOVA (version 2.5.1, MetrohmTM; Figure 2.3) and requires gas supply, either 1 bar of nitrogen (N2), 

oxygen (O2) or a mix of O2 and CO2 depending on the application. ACSV analysis requires a 3-electrode 

system (Figure 2.2). The working electrode, where the consumption of electrons by reduction happens 

(cathode), is a single-use MDE. It requires a specific device for reproducible formation of the drops, 

composed of a multi-mode electrode (MME, MetrohmTM; Figure 2.2) and of a glass capillary 

(MetrohmTM; Figure 2.3). The auxiliary electrode, classically a glassy carbon or platinum rod in ACSV 

applications, completes the electrical circuit and accepts electrons (anode). The control of the potential 

requires the presence of a reference electrode. Most applications use a sliver-silver chloride electrode 

(Ag/AgCl; MetrohmTM; Figure 2.3), isolated from the solution by a saline bridge, composed of a 

ceramic junction and of either a polychlorotrifluoroethylene (PCTFE) or glass reservoir, filled with a 

saturated potassium chloride solution (3 M KCl).  

 

Figure 2.2. Process of ACSV measurement (a, b, c) in the diffusion layer (black dashes) of the mercury drop (Hg, 

in grey) with a) concentration of the Fe3+ALx complex by application of a fixed potential, b) reduction of the 

Fe3+ALx complex by potential scan toward more negative values in deoxygenated solution, and c) reduction of 

the Fe3+ALx complex and of O2 into H2O2 in the case of catalysis with O2, and d) recorded voltammograms for 

deoxygenated (black line) and oxygenated (red line) conditions. 
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The stripping and reduction of FeAL (Figure 2.2b) generate a reductive peak current (in nanoampere; 

nA) proportional to the amount of Fe3+ reduced (Figure 2.2d). Some CLE-ACSV applications use a 

catalytic process to enhance the reduction signal measured, increasing the sensitivity and lowering the 

analysis time (Figure 2.2c; Table 1). The catalysis is based on the addition or in-situ production of a 

super-oxidant at the working electrode, which is able to instantly oxidise the freshly reduced Fe2+ into 

Fe3+, that forms back the FeAL complex. The speed of this reaction is such that it allows the metal of 

interest to be reduced several times during the stripping step, and thus enhance considerably the 

reduction signal. The super oxidant necessary for this catalytic process can be directly added to the 

sample, as previously done with potassium bromate (KBrO3) and hydrogen peroxide (H2O2) (Kolthoff 

and Parry, 1951; Pospíšil, 1953; Yokoi and van den Berg, 1992). Recently, the in-situ formation of 

H2O2 at the working electrode surface by the reduction of the O2 naturally present in the sample has 

known an increasing interest as it limits the number of reagents to add to the sample and the risk of 

oxidation of the DOM present in the sample. This method is based on the Fenton (1894) reaction, 

naturally occurring for photosynthesis and commonly used in wastewater treatments (Haber and 

Willstätter, 1931). Here at the MDE, H2O2 is formed and the Fe3+ bound to the AL is reduced into Fe2+. 

Then, the H2O2 and Fe2+ reduce and oxidise each other, respectively, and the regenerated Fe3+ can be 

chelated again by the AL, giving rise to an enhanced sensitivity through this catalytic effect.  
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2.2. Theory of the CLE 

In the following section, a differentiation is made between the organically chelated DFe (FeL) and the 

natural organic binding ligands defined by CLE-ACSV (L) because [L] corresponds to the maximal 

ability of the DOM to bind DFe in the given analytical conditions, which  generally exceeds the DFe 

measured in seawater samples (e.g. Buck et al., 2018, 2015; Gerringa et al., 2015).  

 

 

Figure 2.3. Apparatus provided by MetrohmTM  for ACSV analysis. It is composed (top, left to right) of a computer 

with the software NOVA (2.5.1), controlling a potentiostat (µAutolab Type III) and an IME (663) piloting the 

voltammetric system (663 VA Stand), the stirring, the purge, and the electrodes it is equipped with. The cell 

(bottom right) contains a glassy carbon auxiliary electrode (1), a stirring rod in TeflonTM (2), a capillary holding 

the MDE (3), and an Ag/AgCl electrode (4) in a bridge. 
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2.2.1. Calculation of [L] and log 𝑲𝑭𝒆𝑳
𝒄𝒐𝒏𝒅 

All species mentioned into brackets correspond to concentrations, generally in nmol.L-1. In seawater, 

the DFe speciation can be summarized as the sum of the inorganic and free Fe (Fe’) and of the 

organically chelated forms (FeL): 

(1) [DFe] = [Fe′] + [FeL] 

The chemical equilibrium of the association/dissociation of Fe’ with the free iron-binding ligands (L’) 

into FeL complexes (FeL) is expressed as: 

(2) Fe′ + L′ ↔ FeL 

With its conditional stability constant being: 

(3)  KFeL
cond =

[L]

[Fe′][L′]
 

This conditional stability constant includes all inorganic DFe forms. However, the most DFe forms 

susceptible to be chelated are its free forms, the predominant one being Fe3+. The introduction of the 

inorganic side reaction coefficient (αIN) allows expression of the conditional stability constant with 

respect to Fe3+ (K’FeL): 

(4) αIN =  
[Fe′]

[Fe3+]
 

 

(5) KFeL
cond = αINKFe′L

cond 

The CLE-ACSV method is based on the addition of AL in excess, leading to the new speciation 

equation: 

(6) [dFe] = [Fe′] + [FeL] + [FeALn] 

With n the stoichiometry of the AL to complex Fe. The corresponding conditional stability constant 

between Fe and the added ligand is: 
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(7) β1 =
[FeALn]

[Fe′][AL]n 

The coefficient β1 is determined by the calibration of the artificial ligand. The related procedure and 

calculation are explained from Eq.(13). The side reaction coefficient of the FeALn complex (α1) can 

then be expressed as a function of Eq.(7): 

(8) α1 =
[FeALn]

[Fe′]
= β1[AL]n 

α1 is also called detection window (D), sometimes expressed as a logarithmic value (log D; Ardiningsih 

et al., 2021). The reason of the definition of D is that if FeL are considered as a continuum of KFeL
cond, 

the AL used will be able to compete with only a certain range of them. The only unknown variable in 

Eq.(8) is [Fe’] but it can be calculated by introducing the notion of sensitivity S (in, A/(mol.L-1) with A 

meaning amper) which is the ratio between the reductive current measured (ip, in nA) and the amount 

of FeALn (in nmol.L-1) formed: 

(9) S =
ip

[FeALn]
 

This value is defined using the linear end section of the titration (Figure 2.1), when the natural ligands 

are saturated and FeALn only depends on the amount of Fe added. Therefore Eq.(8) and Eq.(9) can be 

rearranged as: 

(10) [Fe′] =
ip

Sα1
 

The only remaining unknown component to solve Eq.(6) is FeL. This term is defined by its equilibrium 

constant K0 and its side reaction coefficient α0. The latter can be determined by reorganizing Eq.(8) and 

Eq.(6). By expressing each dFe components by the variable Fe’ (from Eq.(3) and (8)), the following 

expression is obtained: 

(11) 
[FeALn]

[dFe]
=

β1[AL]n

1+KFe′L
cond[L′]+β1[AL]n

=
α1

1+α0+α1
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Those equations consider only one class of ligand. Eq.(11) can be extended to different classes by 

replacing the terms KFe′L
cond [L’] by ∑KcondL. A simple expression can be defined to determine this 

variable by reversing Eq.(11) and injecting Eq.(8): 

(12) 
[Fe′]

[dFe]−[FeALn]
=

1

1+∑ KcondL
 

To solve Eq.(4) of which depends Eq.(12), the Fe’ overall side reaction (αIN) is also necessary. This 

value is still debated, however, the value 1010 (Rue and Bruland, 1995b) is commonly used for the 

convenience of the conversion. Values of 1011 (Rue and Bruland, 1997), 1011.6 (Gledhill and van den 

Berg, 1994), and 1011.9 (Nolting et al., 1998) have also been used. 

2.2.2. Calibration 

The calibration of the AL is necessary to determine α1 and β1. The calibration of the AL is very similar 

to the investigation of the natural one: a compound known to form very strong mono-complexes with 

trace metals, such as the ethylene diamine tetra acetic acid (EDTA), is added in at least 10 aliquots of 

seawater free of natural ligands but containing a known artificial ligand concentration, such as: 

(13) [dFe] = [FeALn] + [FeEDTA] 

In seawater free of natural ligands with only the artificial ligand, the reduction current is maximum and 

proportional to the amount of FeALn complex formed: 

(14) ip/0 = S[FeALn] = S([DFe] − [Fe′]) 

In presence of EDTA, the attenuation of the signal is proportional to the amount of FeEDTA complexes 

formed: 

(15) ip/i = S([DFe] − [Fe′] − [FeEDTA]) 

The ratio of these reductive current can be expressed as: 

(16) X =
ip/i

ip/0
=

β1[AL]n

KFeEDTA[EDTA′]+β1[AL]n 

With: 
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(17) [EDTA′] = [EDTAT] − (1 − X)[DFe] 

Finally, this expression can be rearranged to determine the value of the equilibrium constant of the 

artificial ligand: 

(18) β1 =
XKFeEDTA[EDTA′]

[AL]n−X[AL]n  

To calculate KFeEDTA and solve Eq.(16), EDTA overall side reaction (αEDTA) is necessary. This constant 

is classically defined with respect to the major cations and proton concentrations as assembled by 

Martell and Smith (1982).  

2.2.3. Graphical fitting 

After recording the reduction signal of the FeAL in the aliquots of a seawater sample, the titration needs 

to be interpreted. Several mathematical approaches have been developed to interpret the CLE-ACSV 

titration results. With the aim of limiting human error and subjectivity by user, tools were developed to 

simultaneously constrain the titration data following the most commonly used fittings, such as the 

software ProMCC (Omanović et al., 2015). Multiple publications present comparison of the 

mathematical approaches and their limitations (Gerringa et al., 2014, 1995; Omanović et al., 2015; 

Pižeta et al., 2015). Hereafter is presented a simplified overview of the methods compared in the 

software ProMCC. 

The determination of the constants Kcond and [L] is usually made by fitting the data to a mathematical 

expression similar to the Langmuir isotherm (Langmuir, 1916), by the use of a linear or non-linear re-

arrangement of Eq.(12). The (Scatchard, 1949) and Ruzic/van den Berg (Ružić, 1982; van den Berg, 

1982) linearization (Eq.(19) and Eq.(20), respectively) are the two most famous linear fittings because 

of their simplicity: 

(19) 
[FeL]

[Fe′]
= −Kcond[FeL] + Kcond[L′] 

(20) 
[Fe′]

[FeL]
=

[Fe′]

[L′]
+

1

Kcond[L′]
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These two expressions are fairly similar, however the dependence of the 2 right members to Kcond 

instead of [L] in Eq. 19 allows the qualification of more than 1 ligand class: 

(21) 
[Fe′]

∑[FeLi]
= 1/ ∑ (

[Li]

[Fe′]+1
Ki

cond⁄
) 

Details of the non-linear calculation have been presented by Gerringa et al. (2014), and compared with 

the other fittings by (Pižeta et al., 2015). The particularity of the commonly called Langmuir/Gerringa 

method is the solvation of a one-member equation (Gerringa et al., 2014b): 

(22) [FeL] =
Kcond[L′][Fe′]

1+Kcond[Fe′]
 

Originally, the consideration of more than one ligand class was made by using the Ruzic/van den Berg 

expressions (Eq. 21; (Gerringa et al., 1995). In the latest revision of the method, the exchange of the 

dependent (L) and independent (Fe’) variables in the expression allows to decompose [FeL] as 

(Gerringa et al., 2014b; Omanović et al., 2015): 

(23) ∑[FeLi] = ∑
Ki

cond[Li][Fe′]

1+Ki
cond[Fe′]

 

To be noticed that in those expressions, FeL could already be replaced by L as the fitting of those 

equations results in determining the potential of the DOM to bind DFe. The equations above are 

popularly used because of their relative simplicity, but they are not fully satisfying as X and Y axes are 

dependent (Omanović et al., 2015). The calculation concepts are however well explained from those, 

and more complex solutions behind these solutions have been presented in the literature as listed by 

(Omanović et al., 2015). As a simplified tool for the estimation of Kcond and [L], the software ProMCC 

compile the graphical fittings presented above in 4 distinct windows (Figure 2.4). The top left one is 

the initial data, to verify if the shape corresponds to the progressive saturation of the natural ligands and 

often used to define S. The top right one and bottom left are the Langmuir/Gerringa non-linear (Eq. 23) 

and Ruzic/van den Berg linear solutions respectively, which can both be used to estimate Kcond and 

[L]. The bottom right plot is the Scatchard plot, which is used to verify the presence of 1 (linear plot) 

or 2 (curvature plot) ligand class. 
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2.3. Characteristics of the ALs 

The artificial ligands adapted to investigate iron ligands by CLE-ACSV are displayed in Table 2.1: 2,3-

dihydroxynaphthalene (DHN; Sanvito and Monticelli, 2020; van den Berg 2006), 2-(2-thiazolylazo)-p-

cresol (TAC; (Croot and Johansson, 2000), salicylaldoxime (SA; Abualhaija and van den Berg, 2014; 

Buck et al., 2007; Rue and Bruland, 1995), and 1-nitroso-2-naphthol (NN; Gledhill and van den Berg, 

1994; van den Berg, 1995). NN is the ligand with the broader range of application. The latter has been 

used in different matrix (and pH) such as seawater (pH 6.9 and 8.0; Gledhill and van den Berg, 1994; 

van den Berg, 1995), freshwater (pH 8.1; Nagai et al., 2004), and rainwater (pH from 5.5 to 6.2; Cheize 

et al., 2012), but can show an interfering signal limiting the interpretation of the voltammograms (e.g. 

Boye et al., 2001; Croot et al., 2004). An alternative method to the classic ligand titration was developed 

with NN to titrate FeL when DFe is in excess, relying on the addition of NN instead of DFe (Hawkes 

et al., 2013a). This method is of specific interest to titrate FeL in hydrothermal systems (e.g. Hawkes et 

al., 2013b; Wang et al., 2022, 2021). NN was, however, shown to outcompete HS in the range of 

concentration (Laglera et al., 2011). Other ligands are not flexible in pH, but somehow TAC seems 

Figure 2.4. Screenshot of the simultaneous graphical fittings provided by the software ProMCC in the case of the titration of a 

seawater sampled in the Atlantic Southern Ocean titrated with 25 µM of salicylaldoxime. The top left window shows the 

titration curve, the top right window the Langmuir/Gerringa fitting, the bottom left the Ruzic/van den Berg fitting, and the 

bottom right the Scatchard fitting. 
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more straightforward to use, which is why it has been more widely applied (see Table 1 in Caprara et 

al., 2016). Each AL requires specific attention from preparing the solution to interpreting data.  

SA and DHN solutions are easily prepared by dilution in Milli-Q water. They are stored acidified to 

avoid their progressive oxidation over time. In the case of DHN, the oxidation happens in the order of 

minutes at room temperature which drastically constrains its use (Sanvito and Monticelli, 2020). On the 

other hand, the preparation of TAC and NN is restricted by the need to dissolve them in methanol 

(MeOH). MeOH requires a purification step by triple distillation to avoid Fe contamination. Also, 

MeOH is a volatile solvent of low surface tension. Therefore, the concentration of TAC and NN 

solutions can vary in time, and the pipetting can be less accurate because of leaching from the pipette 

tip. 

It is essential to know exactly the stoichiometry of Fe3+ complexation by artificial ligands to estimate 

[L] and log KFeL
cond. It is also essential to be sure that the electroactive complex is the major FeAL chelate 

formed. If not, the natural ligands would be competing for Fe with other species than the detectable one 

and both [L] and log KFeL
cond would be overestimated. In the case of SA, it has been shown that the high 

concentration used in the first applications (Buck et al., 2007; Rue and Bruland, 1995) were favouring 

the formation of a non-electroactive complex Fe(SA)2 over time (Abualhaija and van den Berg, 2014). 

The presence of both species FeTAC and FeTAC2 has been observed in previous work (Croot and 

Johansson, 2000) but the FeTAC complex did not interfere with the determination of [L] and log KFeL
cond. 

No interfering complexes has been referenced for NN and DHN. 

Together with the stoichiometry of the artificial ligand-complex formed, AL comcentration and β1 

define the analytical window D or αFe’AL (Section 2.2.1.; Ardiningsih et al., 2021). The term D comes 

from the fact that the binding ligands present are very diverse, so it is unlikely that the AL is competing 

with all of them at a single concentration. Indeed, if FeL are strong and at low concentration, the 

competition only happens on the few first aliquots (or not at all), which is not enough to allow their 

determination (Apte et al., 1988). In the meantime, a detection window too high will outcompete weak 

ligands. The importance of D was illustrated by van den Berg (1995) who observed decreasing [L] and 
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increasing Kcond with increasing detection window with the ligand NN. Tests on the CLE-ACSV 

method shown that the natural ligand detected have log αFe’L values encompassed by log D ± 1 (Apte et 

al., 1988; van den Berg et al., 1990) up to log D ± 2 (Gerringa et al., 2014), while measured log KFeL
cond 

generally encompass a range of 2 to 4 units. 

The choice in the AL used drives to different CLE-ACSV outputs. Two classes of ligand are often 

detected using SA while only one is detected with TAC and NN (Ardiningsih et al., 2021; Buck et al., 

2012). More recently, thorough comparison of SA, TAC and NN showed a strong lack of agreement in 

the resulting [L] and log KFeL
cond (Ardiningsih et al., 2021; Gerringa et al., 2021). It has been suggested 

that the implementation of multiple detection window (MDW) could help resolve the differences 

observed between methods (Pižeta et al., 2015). MDW consists of performing several titrations at 

different AL concentrations (therefore, different D), and has been shown to reveal the presence of 

different ligand classes (e.g. Bundy et al., 2014; Mahmood et al., 2015; Wells et al., 2013), but it is not 

a common approach due the number of aliquots involved, implicating longer analysis time, harder data 

interpretation, and larger volume requirement of the sample.  

Table 2.1. Specificities of the ALs in use for the investigation of FeL by CLE-ACSV. 

Ligand SA TAC DHN NN 

References Abualhaija and 

van den Berg, 

2014; Buck et al., 

2007; Rue and 

Bruland, 1995 

Croot et al., 2004; 

Croot and 

Johansson, 2000; 

Laglera et al., 2011 

Laglera et al., 

2011; Sanvito and 

Monticelli, 2020; 

van den Berg, 

2006 

Aldrich and van 

den Berg, 1998; 

Boye et al., 2001; 

Gledhill and van 

den Berg, 1994 

Dissolution Acidified Milli-Q 

MeOH 

Acidified Milli-Q MeOH MeOH 

Compound 

chemistry 

 

 

 

 

Electroactive 

Fe chelate 

FeSA Fe(TAC)2 FeDHN Fe(NN)3 

Interfering Fe 

chelate 

Fe(SA)2 None None None 
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Other 

interfering 

chelates 

Refractory HS in 

bottom samples? 

HS? HS? HS or glutathione-

like in Southern 

Ocean water 

Catalysis Dissolved O2 None Dissolved O2 Hydrogen peroxide 

(1.7mM) with 5 

ppm SDS 

None 

pH (buffer) 8.18 (borate) 8.0 (EPPS) 8.0 (HEPPS) 6.9 (PIPES) 

8.1 (Tris, HEPPS) 

Identified 

interfering 

buffer 

None None Borate None 

Detection 

windows as 

log αFeAL 

1.2 for 5 µM 

1.8 for 27.5 µM 

1.9 for 25 µM 

2.4 for 10 µM 2.7 for 0.5 µM 

3.2 for 1 µM 

4.0 for 5 µM 

4.2 for 10 µM 

1.5 for 1 µM 

2.4 for 2 µM 

4.0 for 7 µM 

4.3 for 8.7 µM 

5.0 for 15 µM 

Voltammetric 

method 

Differential pulse 

Adsorption/step 

potential: 0V/6mV 

Modulation/interval 

time: 0.004 s/0.1 s 

Modulation 

amplitude: 50 mV 

Linear sweep wave 

Adsorption/step 

potential: -0.4 V/2 mV 

Scan rate: 10.12 V/s 

Square-wave 

Adsorption/step 

potential: -0.4 V/5mV 

Scan rate: 50 mV/s 

Frequency: 10 Hz 

Sampled-DC mode 

Adsorption potential:  

-0.05 V 

Scan rate: 50 mV/s 

Linear sweep wave 

Adsorption/step 

potential: -0.15 V/4 mV 

Scan rate: 40 mV/s 

Maximum 

deposition 

time used 

600 s 600 s 30 s 300 s 

 

2.4. Assumption and consideration 

The CLE-ACSV theory relies on several assumptions and requires technical considerations which have 

not evolved much over the last decade (Gerringa et al., 2014; Omanović et al., 2015; Pižeta et al., 2015). 

One should bear in mind these limitations while applying the method and interpreting the data. 
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2.4.1. Sample preparation 

Up to date, most systems require a volume of 10 mL per aliquots. Counting a duplicate for the initial 

point of the titration, and a minimum requirement of 10 aliquots, a total of 12 aliquots is advised 

(Gledhill and Buck, 2012), with the minimum volume requirement being of 120 mL. Some applications 

include up to 3 conditionings of the vials, increasing further the volume requirement for CLE-ACSV 

application (i.e. Abualhaija and van den Berg, 2014; Croot and Johansson, 2000; Gerringa et al., 2021). 

This is a limiting factor when it comes to share the precious water collected in the field. However, 

solutions are emerging to limit the amount of water needed. Recently, a CLE-ACSV set up to perform 

analysis in volume as low as 0.5 mL as been proposed (Sanvito et al., 2019; Sanvito and Monticelli, 

2020). 

The CLE-ACSV method relies on the dynamic competitive equilibrium between FeL and AL toward 

the metal of interest. This equilibrium is dependent on the temperature and pH of the sample, 

concentration of the ligands and concentration of the cations competing for the binding-sites of the 

ligands (including non-metallic salts; Abualhaija et al., 2015; Louis et al., 2009; Raspor et al., 1980). 

The kinetic (e.g. time dependence) of the equilibrium is a limiting aspect of the CLE-ACSV and a 

subject of contention. As an extreme example, a historical conflict happened in 2005 about the validity 

of the CLE-ACSV approach, with Town and van Leeuwen (2005) stating that the method measures an 

artefact of hydroxide complexation, motivating answers from the community to state the veracity of the 

existence of organic complexation (Hunter, 2005) and to explicitly re-explain further the theory behind 

CLE-ACSV (van den Berg, 2005). Another good example of discord about the kinetic of the chemical 

equilibrium is the equilibration time use for the investigation of copper (Cu) speciation with the ligand 

SA, with a minimum equilibration time of the sample established to be either 2 hours (h; Louis et al., 

2009), 1 h (Abualhaija et al., 2015) or 15 min (Buck et al., 2012). With regard to Fe, the two 

equilibration procedures applied with SA are still debated. Abualhaija and van den Berg (2014) showed 

that overnight equilibration is necessary when SA is added at the same time as DFe, while Rue and 

Bruland (1995) applied the sequential equilibration method, letting FeL equilibrate with the DFe added 

during 2 h before spiking with SA, leaving equilibrate with FeL for 15 min before analysis. It has been 
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suggested that a shorter equilibration time could lead to an overestimation of the sensitivity, and so of 

[L] and log KFeL
cond, as weak FeL would not have the time to fully equilibrate. To our knowledge, the 

comparison of these two equilibration procedures has not been published. 

2.4.2. Chemical and constant assumptions  

The calculation presented in Section 2.2 to determine complexometric variables relies on several 

assumptions. These assumptions have been thoroughly described by Gerringa et al. (2014) and Pižeta 

et al. (2015). Firstly, the equilibrium between FeL and FeAL assumes an equivalence between binding 

sites, which has been shown to not explain fully the Fe complexation in the seawater system (Hiemstra 

and van Riemsdijk, 2006). Indeed, in view of the hypothesised continuum of the DOM in size and 

binding sites strength (Altmann and Buffle, 1988), it is unlikely that a 1:1 model represents adequately 

DFe partitioning between ligands. This is the reason why [L] is expressed as nmol equivalent of Fe 

added per litre (nMeqFe). Because both [L] and log KFeL
cond are determined by the fitting of a single 

equation, the stoichiometry of the binding sites impacts log KFeL
cond as well. Secondly, the ability of the 

AL to compete with all FeL is not ensured. This can be due to the AL used, defining D, which has been 

shown in the case of NN to outcompete HS (Laglera et al., 2011), and thus underestimate [L] and log 

KFeL
cond. In contrast, it is likely that some of the DFe is complexed in an irreversible way, prohibiting the 

competition with the AL. If the DFe is not accessible to the AL and is not corrected from the DFe used 

to fit the titration data, it would result in an overestimation of the [L] and log KFeL
cond. This phenomenon 

has been highlighted in hydrothermal samples (Kleint et al., 2016), where the DFe is known to be 

present at high concentration under inorganic and colloidal forms. The consideration of DFe lability in 

the determination of [L] and log KFeL
cond is a limiting aspect of the method, specifically in sample showing 

high DFe concentrations with high proportion of inaccessible inorganic and colloidal DFe such as in 

coastal and hydrothermal environments. Finally, potential competition with other trace metals for the 

FeL binding sites can impact the determination of [L] and log KFeL
cond (Abualhaija et al., 2015; Gerringa 

et al., 2014). Indeed, in the case of an increasing (or decreasing) concentration of a competing element 

with depth, the calculation considering the metal of interest would results in a decrease (or increase) in 
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[L], which is true with regard to the metal of interest but not a complete view of the reality. Therefore, 

it is still essential to consider multidisciplinary approaches while investigating trace metal 

biogeochemical cycles. 

2.4.3. Laboratory vs in situ conditions 

Fe speciation is known to be influenced by thermodynamic conditions (temperature), ionic strength 

(salinity) and pH of the matrix, with log KFeL
cond  and probably [L] being conditional to these parameters. 

The impact of changes of these parameters on the inorganic Fe speciation has been documented by 

thorough experimental and modelling work (Millero et al., 2009): temperature increase and decrease of 

pH and [CO3
2-] (i.e. warming and acidification, respectively) will lead to the increase in Fe solubility 

and stability of the Fe2+ and so of the Fe’ pool, while the concentrations of carbonated and oxy-

hydroxide Fe will decrease. However, little is known about temperature and pH changes on Fe organic 

speciation.  

In view of the diversity of temperature observed in the ocean (from -2 °C to 30 °C), it would be tedious 

and time consuming to control and match in-situ values. Instead, the AL calibration and FeL titrations 

are performed at room temperature. Because all measurements are performed the same way, results can 

still be compared, despite the fact that this could lead to a shift in log KFeL
cond and [L] proportional to the 

gap between the laboratory and in-situ temperature. However, from modelling work that combines all 

the knowledge about chemical equilibrium as known in seawater, the temperature effect is expected to 

be negligible (Hiemstra and van Riemsdijk, 2006). Experimental work concluded that the shift could 

be potentially quantified and corrected (Hassler et al., 2013). More recent modelling work, however, 

are showing that the evaluation of changes in Fe speciation with temperature or pH is still unclear (Zhu 

et al., 2021). 

The pH of the sample is a critical aspect of the speciation of trace metals and Fe. Surface waters have 

an average pH of 8.1, however, the pH of deep ocean and oxygen minimum zone (OMZ) is much lower, 

(as low as 7.8 and 7.5 from the GLODAPv2.2019 database, in the South Atlantic Southern Ocean and 

in the Pacific OMZ, respectively). Therefore, [H+] varies significantly in the ocean. It plays on Fe 
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inorganic speciation by defining its solubility (Liu and Millero, 2002), which can be easily corrected 

for in view of the knowledge of trace metal inorganic speciation (Millero, 2001; Millero et al., 2009). 

The impact of pH changes and of the H+ concentration on the Fe organic speciation is, however, unclear 

(Millero et al., 2009). The structural and chemical diversity of the DOM implies that the functional 

groups able to bind Fe can be differently impacted by the pH. The acid/base properties of the DOM are 

rather complicated to investigate notably because the concentration methods used are potentially 

selective on the fraction of the DOM they are able to isolate, but the results highlight the need to consider 

DOM protonation to evaluate its ability to bind DFe (Lodeiro et al., 2020). It has been suggested that 

Fe bioavailability would decrease with pH and ocean acidification, potentially because of an increase 

in log KFeL
cond (Shi et al., 2010). Some authors have attempted to verify this hypothesis by CLE-ACSV 

using NN at different pH, but these studies could not confidently conclude on the consequences of pH 

changes on Fe organic speciation because of the limited sensitivity of the method (Avendaño et al., 

2016; Gledhill et al., 2015). While NN can be used at various pH values but lacks sensitivity, the 

application using other AL have not been adapted to pH lower than 8.0 (Table 2.1). The development 

of CLE-ACSV methods focusing on the pH range from 8.0 to 8.2 was motivated by the need to ensure 

the good representation of Fe organic speciation where its bioavailability matters the most, so in surface 

waters where primary production happens. Also, the sensitivity of most ALs decreases quickly with 

decreasing pH (i.e. (Laglera et al., 2016). Therefore, the impact of the pH adjustment for deep water 

samples is still to be assessed and can be partly responsible of the lack of accuracy in global Fe cycling 

modelling (Tagliabue et al., 2016). 

The pH of the samples analysed by CLE-ACSV is fixed by the addition of a buffer. The buffering 

requirement is a controversial step for two reasons. First, the buffers commonly used are organics and 

have Fe binding properties (Gupta et al., 2013; Welch et al., 2002), potentially overestimating the ability 

of the DOM to bind DFe. This could be responsible for an overestimation of [L] and log KFeL
cond. 

Inorganic buffers can also be used, with the supplementary advantage that they can be ensured free of 

organic surfactants by UV-irradiation. However, the inorganic ligands matching the natural pH range 

have a lower buffering power than organic buffers. It was recently shown that the AL DHN could be 
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used unbuffered, providing satisfactory results in oxygenated and carbonated seawater samples (Sanvito 

and Monticelli, 2021). During ACSV measurement in the absence of strong buffering, the pH changes 

in the diffusion layer of the WE during the stripping step, and has been estimated to reach a pH value 

of 9 by the production of hydroxides from oxygen reduction (HO-; Laglera et al., 2016). The pH change 

experienced by the sample is, therefore, restrained to few hundreds of µm close to the electrodes, and 

the natural pH of the sample is poorly impacted. The absence of buffering would be more representative 

of the in-situ conditions for deep water samples, as it would not impact the protonation of the DOM, its 

ability to bind with Fe, and the competition for binding sites between metals. 

2.5. Aims of the PhD thesis 

The CLE-ACSV approach and the methods based on it, despite being the most used tools to investigate 

FeL in seawater, is still controversial even after 40 years of development. Advances have been made to 

standardise sample collection and handling (GEOTRACES) and data interpretation, however, there is 

still room for improvement. This thesis aims to reduce the divergence between CLE-ACSV applications 

by proposing methodological development, detailed application of the methods, and by proposing a 

standardised interpretation procedure to further standardise data interpretation and limit user 

subjectivity. 

Firstly, Chapter 3 is devoted to the development of an original method using the AL NN in presence of 

air. The development also includes optimisation of the experimental set up in terms of volume, 

sensitivity and pH, and an experimental approach proposed to investigate the impact of pH on the 

organic speciation of DFe. Chapter 4 presents a new procedure and tools specifically developed to limit 

the impact of the analyst on the interpretation of titration data. Specific aspects regarding the use of the 

AL SA are also presented, notably a conditioning procedure that solves the issue of the systematic signal 

decrease experienced by Gerringa et al. (2021), together with optimisation and comparison of the 

previously published SA applications. Finally, Chapter 5 presents the application of the optimised SA 

method and interpretation procedure in seawater samples collected in the Western South Tropical 

Pacific. The FeL characteristics data are compared to electrochemical and fluorescent determination of 
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HS to constrain FeL composition and DFe distribution. The summary of my findings, future of the CLE-

ACSV and further perspectives are concluding this thesis. 
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Note for the reader 

 

The following Chapter is in final stage of preparation for publication and is nearly ready for submission 

to the journal Analytical Letters. This might explain repetitions regarding the description of the 

methodological context and of the scientific background. This paper is co-authored by D. Omanović 

and C.M.G. van den Berg, and the supervisory team of this Thesis. 

 

 

To be submitted as: Mahieu, L., Whitby, H., Omanović, D., van den Berg, C.M.G., Salaün, P.: Catalytic 

enhancement of the reduction current of iron bound to 1-nitroso-2-napthol (FeNN3) in seawater by 

adsorptive cathodic stripping voltammetry unbuffered and with low volume requirement.   
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Chapter 3 

3. Catalytic enhancement of the reduction current of iron 

bound to 1-nitroso-2-napthol (FeNN3) in seawater by 

adsorptive cathodic stripping voltammetry unbuffered 

and with low volume requirement 

Abstract 

Iron (Fe) concentrations and speciation in seawater can be investigated by adsorptive cathodic stripping 

voltammetry (ACSV) using an artificial ligand added to the sample. For Fe organic speciation, which 

is pH dependent, the pH flexibility of the ligand 1-nitroso-2-napthol (NN) is of specific interest to 

investigate the impact of natural pH gradient and ocean acidification as opposed to other commonly 

used artificial ligands, only calibrated at a single pH value. However, the existing NN method, nitrogen 

purged and not catalysed, lacks sensitivity for such purpose. In this Chapter, the potential to enhance 

the ACSV reduction signal of Fe bound to NN (FeNN3) by dissolved oxygen (O2; NN-air method) has 

been explored. The NN-Air method has optimal sensitivity in unbuffered conditions, with an increase 

more than 10-fold the sensitivity experienced in deoxygenated conditions. The application of the 

method for the determination of dissolved iron (DFe) concentration and iron organic speciation was 

restricted by the presence of an interfering compound, identified as another NN-chelated trace metal, 

that is reduced at the same potential as Fe and undergoes the same catalytic process. Despite this 

limitation, all aspects for the application of the NN-Air method have been solved hereafter, as well as 

the procedure to verify the presence of such interference. If ensured as free of this interference, the high 

sensitivity of the NN-Air method could allow the investigation of iron organic speciation at natural 

seawater pH. Additionally, the determination of DFe in deoxygenated conditions suggested that Fe 
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organic speciation could be investigated in unbuffered conditions with NN. We also present further 

modifications to the original method allowing the measurement to be performed in volumes as low as 

0.5 mL and present a novel way to calibrate NN solutions using its optical properties and to prepare 

them in Milli-Q water instead of methanol.  

3.1. Introduction 

The oceanic chemistry of trace metals have been thoroughly investigated in recent years because of 

their essential role in phytoplankton growth (de Baar et al., 2017; Morel and Price, 2003). Most attention 

has been given to iron (Fe), specifically to its dissolved fraction (DFe; practically defined by the porosity 

of the filters of 0.2 or 0.45 µm) because it limits phytoplankton growth across 40% of the global ocean 

(Moore et al., 2013), particularly in High Nutrient, Low Chlorophyll (HNLC) regions (e.g. Martin et 

al., 1990). DFe has also been shown to be responsible for taxonomic adaptation of living organisms 

such as prochlorococcus (Hogle et al., 2021). Fe limitation is notably due to its poor solubility in oxic 

seawater and, therefore, low DFe concentrations. DFe in seawater is mostly found under the ionic form 

Fe3+ and at much lower concentration Fe2+ (Liu and Millero, 2002). The poor solubility of Fe is 

compensated by its complexation by organic Fe-binding ligands. The organically-complexed Fe is 

thought to represent 99% of the DFe found in seawater (Gledhill and van den Berg, 1994; van den Berg, 

1995). The critical role of Fe and other trace metals in phytoplankton development and carbon cycling 

have motivated their investigation worldwide notably through the program GEOTRACES 

(www.geotraces.org). Such community efforts are key to constrain critical oceanic processes and future 

feedbacks of the global system in the context of ocean warming and acidification (Gattuso et al., 2015; 

Hoffmann et al., 2012; Hutchins and Boyd, 2016; Stockdale et al., 2016). Despite remarkable progress 

in reporting trace metal distribution and dynamics over the global ocean (e.g. Cloete et al., 2021; Ho et 

al., 2018; Roshan and DeVries, 2021), their organic speciation is still poorly resolved. In the case of Fe, 

20,000 DFe data points were compiled by Tagliabue et al. (2016), while only 1,732 organic speciation 

data points could be compiled for the period 1995-2015 (Caprara et al., 2016) despite its major role in 

defining Fe solubility and bioavailability (Kuma et al., 1996). This difference is explained by the 

analytical difficulties met while measuring organic speciation. 

http://www.geotraces.org/
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Four main approaches are currently used to quantify DFe in seawater: inductively coupled plasma mass 

spectrometry (ICP-MS; Wu et al., 2007), spectrophotometry (Lohan et al., 2006), chemiluminescence 

(Obata et al., 1993), and voltammetry (Obata and van den Berg, 2001). The voltammetric methods 

developed to investigate Fe were reviewed by Laglera and Monticelli (2017). The most sensitive 

voltammetric methods are based on adsorptive cathodic stripping voltammetry (ACSV). The ACSV 

method relies on the complexation of labile DFe present in the sample by an added ligand (AL) forming 

an electroactive FeAL complex. Samples are classically acidified to release Fe from organic complexes. 

The FeAL complex is concentrated at the surface of a mercury drop electrode (MDE) by application of 

a potential near 0 V, and the reduction current (in nanoamperes, nA) of the complexed Fe3+ into Fe2+ is 

measured during the stripping step, where the potential is scanned cathodically, from positive to more 

negative potential. DFe concentration (in nmol.L-1) is retrieved by performing at least two known 

standard additions of DFe and by determining the intersection of the linear regression obtained. The 

ACSV method is not widely used despite its high sensitivity allowing the quantification of the sub-

nanomolar DFe typically found in open ocean waters. The low number of application is notably 

explained by: 1- the use of mercury as a working electrode, rising environmental concerns; 2- by the 

difficulties met to release DFe from the organic matrix, leading to potential under-estimation DFe; 3- 

by the issues related to blank and contamination with the use of several chemicals, and 4- by the time 

involved to process the samples. The blank contamination is mostly due to the addition of a buffer the 

sample to reach the pH value of optimal sensitivity, and potentially by the acidification/alkalinisation 

step to release DFe from the organic matrix. The neutralisation of the organic matrix can also performed 

by UV-irradiation of the sample (Buck et al., 2007), which requires specific equipment and do not set 

free from the acification of the sample, as DFe would otherwise precipitate (Liu and Millero, 2002). 

Despite progresses to overcome the limitations related to the blank offset, organic matrix, and analysis 

time recently developed for the AL dihydroxynaphthalene (DHN; Caprara et al., 2015; Laglera et al., 

2016), the ACSV methods have rarely been used for the determination of DFe. 

The limitations encountered for the determination of DFe by ACSV are also experienced while 

investigating Fe organic speciation. The most established approach to investigate Fe organic speciation 
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is the Competitive Ligand Equilibration followed by ACSV (CLE-ACSV). This method allows titration 

of the organic Fe-binding ligand in terms of concentration and binding strength of the detected ligand 

bulk conditional to the temperature, salinity and pH of the sample during analysis. The theory of this 

approach was detailed by van den Berg (1982) in the case of the titration of a natural organic copper 

complex against manganese oxides. More recently, instead of competition against manganese oxides, 

the addition of artificial ligands forming an electroactive complex with the metal of interest is preferred. 

The competition between the natural ligands and the added one is evaluated against a gradient of 

concentration of the metal of interest and requires the sample to be at chemical equilibrium, meaning 

that temperature and pH must be stable, and enough time allowed to the natural ligands and the AL to 

compete for the metal of interest, so as to reach thermodynamic equilibrium (Gerringa et al., 2014; Rue 

and Bruland, 1995; van den Berg, 1982; Wu and Luther, 1995). The ALs currently in use are the same 

as those used to determine DFe concentration. They are DHN (Caprara et al., 2015; Laglera et al., 2016; 

Sanvito and Monticelli, 2021, 2020; van den Berg, 2006), salycilaldoxime (SA; Abualhaija and van den 

Berg, 2014; Buck et al., 2007; Rue and Bruland, 1995), 2-(2-Thiazolylazo)-p-cresol (TAC; Croot and 

Johansson, 2000), and 1-nitroso-2-naphtol (NN; Aldrich and van den Berg, 1998; Gledhill and van den 

Berg, 1994; van den Berg, 1995). They all suffer from specific limitations reported in the references 

mentioned above and in Chapter 2.  

The CLE-ACSV approach requires a chemical equilibrium in term of temperature and pH. To perform 

organic speciation titration at room temperature instead of in-situ is thought to have little impact on the 

titration results (Hiemstra and van Riemsdijk, 2006) or can be easily corrected (Hassler et al., 2013). 

On the other hand, the required pH buffering impacts Fe solubility (Bondietti et al., 1993; Liu and 

Millero, 2002) as well as natural ligand binding capacity (Avendaño et al., 2016; Gledhill et al., 2015; 

Zhu et al., 2021). To date, the impact of buffering the sample pH, irrespective of its original value, on 

Fe organic speciation is not clearly known (Avendaño et al., 2016; Gledhill et al., 2015) because the 

only ligand to be calibrated at different pH values, NN (Gledhill and van den Berg, 1994; van den Berg, 

1995), shows limited sensitivity due to the absence of catalysis.  
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We present in this Chapter the exploratory work toward the use of NN under similar catalytic signal 

enhancement as SA and DHN using atmospheric oxygen (O2), and the reasons of why this NN-air 

method is not applicable for the determination of neither DFe nor Fe organic speciation in the actual 

state of the method development. Despite this unfortunate conclusion, we present our electrochemical 

apparatus inspired by Sanvito et al. (2019) and Sanvito and Monticelli (2020) suitable for the use of NN 

in volume as low as 0.5 mL, as well as the preparation and control of NN solution in Milli-Q water 

calibrated by spectrophotometry. 

3.2. Method 

3.2.1. Voltammetric apparatus and procedure 

The voltammetric apparatus was composed of a 663 VA stand (Metrohm) installed in a laminar flow 

hood (Class 100) and equipped with a multi-mode electrode (MME, Metrohm) as MDE. The choice of 

the reference and auxiliary electrodes were investigated in this study to optimise sensitivity and volume 

requirement. The conditions used with the initial system (Figure 3.1a) and miniaturized system (Figure 

3.1b) are compiled in Table 3.1. For both systems, a glassy carbon counter electrode was placed in a 

glass bridge filled with either UV-irradiated seawater or 3M KCl cleaned with manganese oxides. No 

difference on sensitivity and no Fe diffusion were observed with any of these 2 electrolyte solutions. 

 

Figure 3.1. Electrode and cell as a) initially used and b) optimised in this study, with 

1) the auxiliary electrode, 2a) Teflon stirrer, 2b)  home-made stirrer with a vibrator, 

3) SMDE, 4a) Ag/AgCl electrode in a glass bridge and 4b) silver wire. The numbers 

in blue represent the range of volume of sample for each set-up. The solid grey part 

represents the cell holder. 
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The three electrodes were controlled with a potentiostat/galvanostat Type III (µAutolab) controlled by 

the software NOVA 2.5 (MetrohmTM). MME and stirring device were controlled by an Autolab IME 

663 (MetrohmTM) interface, whereas the mercury drop size and stirrer speed were selected on the 663 

VA stand and optimized at the respective values of 1 and 6. The electric supply to the home-made stirrer 

was regulated with a 1.5 V control box plugged on the Autolab IME 663. 

Table 3.1. Voltammetric set up and procedure of the classic NN method and proposed NN-Air approach to 

investigate Fe in seawater. 

 Classic set up (Aldrich and van den 

Berg, 1998; Gledhill and van den 

Berg, 1994; van den Berg, 1995) 

Compact set up (this study) 

Sample volume 10 mL 0.5 – 3 mL 

Stirring Teflon stirrer 

(MetrohmTM) 

Home-made stirrer with vibrator  

(3 V, 11500 ± 2000 rpm, 

JinLong MachineryTM) 

Reference electrode Silver - silver chloride electrode 

(Ag/AgCl ; Metrohm) with double 

bridge (3 mol.L-1 KCl) 

1.5 mm diameter silver wire  

(K.A. RasmussenTM) 

Catalysis Hydrogen peroxide (1.7 mmol.L-1) 

with 5 ppm SDS 

No catalysis for speciation 

Atmospheric dissolved oxygen 

pH (buffer) 6.9 (PIPES) 

8.1 (Tris, HEPPS) 

Unbuffered or 7.5 – 8.2 (POPSO, 

HEPPS, PIPES, borate) 

Voltammetric 

method 

Sampled-DC mode 

Adsorption potential: -0.05 V 

Scan rate: 50 mV/s 

Linear sweep wave 

Adsorption/step potential: -0.15 V/4 mV 

Scan rate: 40 mV/s 

Square wave 

Adsorption/step potential: -0.3 V/5 mV 

Scan rate: 50 mV/s 

 

Range of deposition 

time 

300 s 60 s to 300 s 

(function of pH) 

Interferences HS or glutathione-like  

in Southern Ocean water? 

HS or glutathione-like  

in Southern Ocean water? 

Other metal (unidentified) 
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3.2.2. Determination of DFe in test waters 

In this study, the determination of DFe was attempted in Milli-Q water (Millipore, 18.2 M), in 

certified reference material (CRM; NASS-6 and NASS-7, National Research Council of Canada) 

diluted in Milli-Q, in natural seawater and in UV-irradiated seawater. The natural and UV-irradiated 

seawater were collected during the Southern oCean seAsonaL Experiment (https://scale.org.za/; 

16/11/2019, 41°3S/09°4E, mix of waters sampled from 1300 to 2000 m). The test water was first 

sampled in an acid cleaned 50 L carboy (Nalgene) and subsampled in acid cleaned 500 mL HDPE 

bottles (Nalgene) and stored at room temperature. The water was UV-irradiated for 1 hour in quartz 

tubes in a home-made system made with 125W mercury light bulb placed in a PVC and TeflonTM 

structure (http://pcwww.liv.ac.uk/~sn35/Site/UV_digestion_apparatus.html). The seawater samples 

must be acidified to avoid DFe adsorption and flocculation while UV-irradiating for the elimination of 

the organic matrix. The pH was brought to a value < 2 with 25 µL of a 50 % HCl solution (20 %, trace 

metal grade, Fisher Scientific) for 10 mL of sample. The pH was brought back to a value of around 8.1 

by addition of 15 µL of a 50 % ammonia (NH4OH; 29% LaporteTM) for 10 mL of sample. 

3.2.3. Reagents  

Milli-Q water was supplied by a system combining an Elix 5 (MilliporeTM) linked to a 30 L polyethylene 

tank (Millipore) and a A10 Advantage Milli-Q (MilliporeTM) providing the reference conductance value 

of 18.2 MΩ. Polypropylene tubes (Fisher Scientific SterilinTM 30 mL) used as reagent containers were 

cleaned by soaking in 0.6 M acid bath (HCl laboratory reagent grade 32 %, FisherScientific) for at least 

2 weeks and thoroughly rinsed with Milli-Q 5 to 10 times. For laboratory use, LDPE and HDPE bottles 

of various volumes (NalgeneTM) underwent a similar process but with a previous 1 week soaking in a 

detergent (DeconTM) bath before first use. When required, contamination was checked against CRM 

NASS-6 and NASS-7 (National Research Council Canada) diluted 17 times in Milli-Q to simplify the 

pH adjustment, optimize the sensitivity, and check for contamination at the subnanomolar level. For 

sample collection, HDPE NalgeneTM bottles were cleaned following the classic process of 1 week in 

https://scale.org.za/
http://pcwww.liv.ac.uk/~sn35/Site/UV_digestion_apparatus.html
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detergent bath, 1 week in 1 M HCl bath, 1 week in 0.1 HCl bath with thorough Milli-Q rinsing at the 

end of each step. 

NN (98 %, Acros Organics; 95 %, Sigma Aldrich) solutions were prepared in Milli-Q because of the 

unsatisfactory level of contamination of tested methanol (MeOH; Laboratory reagent grade, HPLC 

gradient grade, and Primar-Trace analysis grade, Fisher Scientific; ChromasolTM for HPLC ≥ 99.9 %, 

Sigma Aldrich). Further details, including verification of the NN concentration in Milli-Q, are provided 

in section 3.3.1. DFe solutions were prepared by dilution of a DFe standard (1g.L-1, BDHTM) and 

acidified to pH 2 (NBS scale) with 18 µL of a 50 % HCl (20 %, trace metal grade, Fisher Scientific). 

The pH meter (827 pH Lab, MetrohmTM) was calibrated with buffer solutions of pH 4.0, 7.0 and 9.18 

(SpecpureTM NIST traceable, Alfa Aesar). 

To adjust the pH for buffers (Table 3.2) and seawater samples, HCl (20 %, trace metal grade, Fisher 

Scientific), NH4OH (29% LaporteTM) and 1 mol.L-1 sodium hydroxide (NaOH; Analytical reagent 

grade, Fisher Scientific) were used. NaOH and buffers were cleaned twice by addition of 100 µmol.L-1 

manganese oxide, vigorously shaken, and left overnight before filtration through 0.45 µm syringe filters 

(Millex HA, MilliporeTM) performed with a peristaltic pump (Rainin Dynamax RP-1). Filters and tubing 

(TeflonTM and AltecTM in PVC, respectively) were previously cleaned by passing 1 L of 0.6 mol.L-1 HCl 

(laboratory reagent grade 32 %, FisherScientific) and 0.5 L of Milli-Q water and then kept clean by 

passing 200 mL of 0.6 mol.L-1 HCl and Milli-Q water before use. 

Table 3.2. Buffer used in this study. 

Buffer name CAS 
Buffering 

range 
pKa (25C) Provider Reference specificity 

Boric acid 10043-35-3 8.2 - 10.1 9.2 Fisher Scientific Analytical reagent grade 

HEPPS / EPPS 16052-06-5 7.3 - 8.7 8.0 Merck > 99% 

PIPES 100037-69-2 6.1 - 7.5 6.8 Acros Organics Sesquisodium salt, 97% 

POPSO 68189-43-5 7.2 - 8.5 7.8 Sigma-Aldrich ≥ 99% 
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The buffer tested (Table 3.2) in this study were prepared by dilution in Milli-Q to a final concentration 

of 1 mol.L-1 except for POPSO (Sigma Aldrich) which was prepared at 0.25 mol.L-1 in 0.40 mol.L-1 

NaOH to reach a pH value of 8.1 when diluted to 10 mmol.L-1 in seawater. A pH value of 7.8 is reached 

if the POPSO solution is prepared in 0.35 M NaOH. The pH of the buffers was decreasing due to 

manganese oxide cleaning. The consumption of hydroxides ions by the formation of manganese and 

trace metals precipitate needed to be corrected with 1 nmol.L-1 NaOH. The final concentration of any 

of the buffers added in the samples was 10 mmol.L-1. NN was added to always reach a concentration of 

20 µmol.L-1 (Aldrich and van den Berg, 1998). 

3.3. Results and discussion 

3.3.1. Spectrophotometric determination of the NN stock 

concentration 

NN is classically dissolved in MeOH because of the relation between solubility and solvent polarity 

observed for the napthol group (Yun and Choi, 2000). Several high purity grades MeOH were purchased 

(see Section 3.2.3), but they were all contained unacceptable Fe concentrations (in the range of nmol.L-

1) and so, were found unsuitable for Fe investigation. To avoid the issues related to MeOH 

contamination, NN solubilisation was attempted in Milli-Q water (NN-MQ). The spreadsheet 

developed to calibrate the concentration of NN-MQ solutions is freely available (Annex 1). The 

dissolved NN concentration in Milli-Q water is fixed by its (poor) solubility. NN is a coloured 

compound used for the detection of trace metals by spectrophotometry, notably Fe3+, Co2+, Ni2+, and 

Cu2+ (detection limits of 430 nmol.L-1 for Fe3+; Yun and Choi, 2000), however, at neutral pH, the 

absorbance signal is proportional to the free NN concentration (Yun and Choi, 2000). This means that 

the spectrophotometric calibration of NN partially dissolved in clean Milli-Q can be calibrated with NN 

fully dissolved in MeOH, even if the latter contains nanomolar traces of Fe. The Beer-Lambert’s law 

relates the absorbance to a specific concentration through an extinction coefficient. To be able to 

calculate NN concentration in Milli-Q from the calibration obtained in MeOH, we had to check for 

changes in extinction coefficient in these solvents. To free the calibration from potential solvent effects, 
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the standard of known NN concentration prepared in MeOH (NN-MeOH references) where diluted 

from 10 to 1000-fold with Milli-Q in the spectrophotometric cell when analysed by spectrophotometry 

(DR 3900, Lange, HACH). For NN-MeOH references, the volume of the solution was calculated 

according to the dilution with Milli-Q and density of MeOH. The calibration curve was performed with 

two different standards measured over a period of 5 weeks (n = 34). The absence of drift from the 

spectrophotometer and stability of the NN-MeOH references in time are attested by the linearity of the 

calibration curve in time. To define the concentration of the NN solution diluted in Milli-Q, 0.5 mL of 

the NN solution are placed in the spectrophotometric cell and diluted with Milli-Q in 2 to 5 steps. As 

for the NN-MeOH references, the absorbance values are recorded for each dilution factor, and 

controlled by weighing. From the accurate weighing of the solution at the different levels of dilution 

for which the absorbance is measured (Figure 3.2), the concentration of the solution is recalculated. The 

calculation performed at each level of dilution are averaged to provide a final value for the day of the 

calibration, and the standard deviation calculated to provide an error on the determination of the 

concentration. 

 

 

Figure 3.2. Calibration curve (black line) of the 

spectrophotometric determination from two diluted NN-

MeOH standards over 5 weeks (light grey dots), and an 

example of the calibration of a NN-MQ solution with 3 

dilutions (black dots). 
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The concentration of the NN-MQ solutions ranged from 0.3 to 0.5 mmol.L-1 for a minimum of 4 mg of 

NN in 50 mL of Milli-Q. The relative variability on the determination of NN concentration,  defined as 

the relative standard deviation of the concentrations calculated at the 3 different levels of dilution, was 

never higher than 5%. The relative error on the concentration of the ligand solution is comparable to 

the error on common preparation in MeOH, which is dependent on the accuracy of the weighing of the 

ligand, accuracy of successive dilutions, accuracy of the pipetting (limited for MeOH), and solvent 

evaporation in time. The advantage of the spectrophotometric calibration is that a daily control of the 

NN concentration can be performed within a few minutes. This approach is also much more accurate 

for the preparation of NN solution of low concentration. The initial method for the determination of Fe 

organic speciation using NN (Gledhill and van den Berg, 1994) used solutions at 10 and 20 mmol.L-1, 

for which it is complicated to pipette low volumes to reach low concentration in the sample. The high 

NN concentration in the samples have been shown to limit the detection of humic substances and thus 

underestimate the total ligand concentration (Laglera et al., 2011). This was attributed to the detection 

window (D), product of the side-reaction coefficient of the added ligand and of its concentration (D = 

[AL]n * βFeAL), being too high and outcompeting part of the humic substances (Laglera et al., 2011). 

The use of a lower D is limited while diluting NN in MeOH because of the risk of propagating an error 

by successive dilutions, and because the addition of larger volume of MeOH could impact the sample. 

Our procedure to prepare NN-MQ solutions around 50-fold less concentrated than the classically used 

standards prepared in MeOH would be beneficial to explore the impact of lower D values on the 

detection of humic substances by CLE-ACSV. 

3.3.2. O2 catalysis and oxygenation of the sample 

The catalytic process of the reduction of Fe complexed with an added ligand in the presence of O2 has 

been previously described for SA (Abualhaija and van den Berg, 2014) and the mechanism reinterpreted 

when applied to DHN (Laglera et al., 2016). When stripping the potential cathodically, O2 is first 

reduced to H2O2 and the Fe3+ bound to the AL is reduced into Fe2+ at the Hg surface. The newly formed 

H2O2 oxidises Fe2+ back into Fe3+ which can be chelated again by the AL and immediately reduced to 

Fe2+, creating this catalytic effect. The dissociation of H2O2 is common in biotic systems and known as 
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the Fenton reaction (Fenton, 1894). The regeneration and chelation process are much faster than the 

stripping and catalytically enhance the Fe3+ reduction signal, lowering the limit of detection. 

To allow drop formation, the MME needs to be connected to a gas supply through the VA 663 Stand. 

The system is built so that the supplied gas is continuously flowing at the surface of the sample. This 

gas blanketing is useful to ensure good deoxygenation of the sample when required (e.g. Croot and 

Johansson, 2000; Gledhill and van den Berg, 1994; Pernet-Coudrier et al., 2013; Sukekava et al., 2018; 

van den Berg, 1995; Whitby and van den Berg, 2015), but is problematic if the voltammetric method 

requires the O2 naturally present in the sample as the catalyst (e.g. Abualhaija and van den Berg, 2014; 

Caprara et al., 2015; Laglera et al., 2016; Sanvito et al., 2019; Sanvito and Monticelli, 2021, 2020).  

Table 3.3. Reproducibility of the mercury drop formation and oxygenation of the sample as shown by the 

stability of the H2O2 reduction current peak. 

Time (min) 2 4 6 8 10 12 14 16 18 
Standard 

deviation 

Average Relative 

variability 

H2O2 reduction 

current (nA) 
133.7 133.2 133.1 132.5 133.0 133.1 132.4 133.8 133.5 0.5 133.2 0.4 % 

 

The blanketing nitrogen flow can be stopped by tightening a screw located on the left side of the VA 

663 Stand. However, the tightening of this screw was reported to disturb the mercury drop formation 

and the MME cartridge had to be connected on pressurised air (Abualhaija and van den Berg, 2014), 

leading to a high rate of mercury oxidation and electrochemical noise associated to mercury oxide 

compounds. In our case, the gas blanketing control by tightness of the screw did not impact the drop 

formation and drop size were found to be reproducible, as seen by the stability of the H2O2 reduction 

signal (Table 3.3). The MME cartridge was thus connected to nitrogen, the left screw tightened to 

prevent any blanketing. To ensure constant O2 concentration, we used a small aquarium pump (HD-

603, HDOM) placed in the laminar flow, as has been previously reported (Sanvito et al., 2019). 

3.3.3. Voltammetric system adjustment for the NN-Air method 

When measuring the FeNN3 reduction signal in the presence of air repetitively in the same solution, a 

decrease of the Fe signal was always observed, irrespective of the nature of the auxiliary electrodes 
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being used (platinum rod (Figure 3.3), glassy carbon rod or iridium wire). This interference was 

observed in Milli-Q, seawater and UV-irradiated seawater. However, when using a glass bridge with 

the platinum electrode, the signal was stable, and signal loss could be partly recovered (Figure 3.3), 

suggesting that the interfering compound(s) is/are produced at the auxiliary electrode and that they are 

kinetically unstable.   

 

In the case of glassy carbon rod and iridium wire as auxiliary electrode, the initial peak is stable but the 

peak current does not increase with Fe additions (results not shown). We do not have an explanation 

for the latter. If an analysis was carried out in a fresh sample with the glass bridge at the auxiliary 

electrode but in the same cell just after experiencing the interference, the interference was persisting, 

suggesting strong adsorption of the interfering agent on cell walls and/or electrodes. Removal of the 

interference was only obtained by overnight 0.6 M HCl rinse. The fact that the glass bridge avoids such 

interferences attests to electrochemical production at the auxiliary electrode.  

There are no interferences observed in the traditional NN method purged with N2 in the presence of 

H2O2 or KBrO3 as oxidant with the auxiliary electrode in direct contact with the sample (Aldrich and 

van den Berg, 1998; Gledhill and van den Berg, 1994). This suggests implication of O2 or a reduction 

by-product such as the superoxide anion (O2
-·) produced at the working electrode and having a short 

life-time in aqueous solutions (Hayyan et al., 2016). In our experiment, the species at the highest 

Figure 3.3. FeNN3 reduction current with (open 

circle) and without (filled circle) glass bridge at the 

auxiliary platinum electrode in CRM NASS-6 

diluted in Milli-Q, 2.5 min between each scan. 
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concentrations are the AL, added buffer and carbonates, but interference was also observed in 

unbuffered solution. The implication of carbonates alone is excluded as this phenomenon is not 

observed with other organic ligands used in unpurged samples. We can conclude that the interference 

produced directly or indirectly at the auxiliary electrode is specific to the system NN/O2, with potential 

implication of carbonates from the dissolution of CO2. The implication of other trace metals complexed 

by NN is not excluded either (Yun and Choi, 2000). This interference is avoided by the isolation of the 

auxiliary electrode by a glass bridge, which was always used thereafter. 

3.3.4. Comparison between oxygenated and deoxygenated sample 

Progressive deoxygenation and decarbonation by N2 flow over an UV-irradiated and unbuffered 

seawater sample has been recorded (Figure 3.4) to show the impact of the presence of O2 and carbonates 

on the voltammogram. The oxygenated sample shows O2 reduction peak (0.00 V to -0.38 V), followed 

by the catalysed FeNN3 reduction peak (-0.40 V to -0.60 V; centred at -0.52 V) which is located on the 

anodic side of a broad H2O2 reduction peak (-0.38 V to -1.40 V; centred at -0.90 V). The reduction of 

vanadium bound to AL such as the DHN has also been identified at -0.90 V (Obata and van den Berg, 

2001). It is known to be catalytically reduced following the same process as the FeNN3 complex (Obata 

and van den Berg, 2001). It was also referenced at -0.90 V with the AL catechol (van den Berg and 

Huang, 1984). NN is known to bind with vanadium too (Yun and Choi, 2000), therefore, it is plausible 

that the vanadium-NN complex is reduced at -0.90 V, although this was not tested. The relatively high 

current centred at -0.90 V remaining after deoxygenation could also be partially explained by remaining 

O2 traces in the sample, which was deoxygenated by nitrogen flow above the sample and not bubbled. 

The small bump located at -1.00 V was not identified (Figure 3.4). Sample deoxygenation reveals the 

free AL peak (here, NN) at -0.15 V, similar to methods with other ALs, notably DHN (Sanvito, 2021). 

In the absence (or close to absence) of O2 and carbonates, the FeNN3 reduction peak intensity is 

decreased by a factor of at least 10 and anodically shifted to -0.40 V.  
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3.3.5. Comparison between compact and classic set up 

In this section, the previously used cell for 5 mL of sample (Gourain, 2020) and the compact set up used 

with a volume as low as 0.5 mL were compared. The reduction of the sample volume using a silver 

wire as reference electrode (Figure 3.1; Sanvito et al., 2019; Sanvito and Monticelli, 2020) was 

attempted for the NN-Air method (Figure 3.5). The need of a glass bridge at the auxiliary electrode 

strongly limited the available volume for other electrodes and stirrer, and the Teflon stirrer used with 

our 5 mL cell (already slightly smaller diameter that classic MethromTM stirrers; Gourain, 2020) did not 

fit, pressing for the development of a home-made stirrer. A direct comparison of the sensitivity obtained 

with our classic and miniaturised system (Table 3.1) has been performed simultaneously on 2 different 

systems (Figure 3.5) and confirmed on a single system (results not shown). Both set ups showed similar 

sensitivity in unbuffered UV-irradiated seawater Figure 3.5). The sensitivity was as high as 25 

nA/(nmol.L-1.min) in the CRM NASS-6 diluted in Milli-Q and 20 µM of NN added, attesting of the 

impact of the salinity on the sensitivity of the NN-Air method (result not shown). The sensitivity with 

the miniaturised system did not show significant variation in the range of 0.5 mL to 2.5 mL sample 

volume. The similar sensitivity values indicate optimal stirring from both set ups.  

Figure 3.4. Selected voltammograms of deoxygenation experiment of a UV-

irradiated seawater sample at natural pH and spiked with 5 nmol.L-1 of DFe for 

30 s deposition. The highest and lowest voltammograms (black lines) 

correspond to the scan number 1 and 29 and higher and lower O2, respectively. 

The deoxygenation steps (grey lines) correspond, from higher to lower, to the 

scans number 2, 5, 10, 15, and 21.  
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Interestingly, both set ups have been found to be very sensitive to the presence of mercury oxides in the 

cartridge of the SMDE (result not shown). Optimal results were ensured by regular (every 10 days) 

filtration of the mercury by pipetting. Even if regular filtering of the mercury could be seen as tedious, 

a 5 min cleaning procedure of the MME during which the capillary is left untouched has been defined, 

ensuring maximum sensitivity and absence of impurity. The mercury was filtered after vigorous shaking 

of the MME to unstick mercury oxides from walls and connections. The needle was cleaned by simply 

screwing it off, wiping it gently, and screwing it back in with the exact same tightness. The absence of 

manipulation of the capillary is believed to increase the capillary lifetime. 

3.3.6. Impact of buffers and pH on Fe-NN3 signal in presence of O2  

Buffered UV-seawater has been progressively alkalinised with NaOH (Analytical reagent grade, Fisher 

Scientific) cleaned with MnO2, or with NH4OH (29% LaporteTM), and acidified with HCl (20 %, trace 

metal grade, Fisher Scientific) to quantify the pH impact on the catalysis of the FeNN3 reduction peak 

(Figure 3.6a). pH was controlled by direct measurement through immersion of the pH sensor in the 

sample. Absence of contamination through the immersion of the pH sensor was checked by reversibility 

Figure 3.5. FeNN3 reduction peak in unbuffered 

irradiated seawater with the compact (1.5 mL of sample, 

home-made stirrer with vibrator and a Ag wire as 

reference electrode; red) and classic (5mL of sample, a 

TeflonTM stirrer and a Ag/AgCl reference electrode; 

black) systems. The difference in sensitivity is explained 

by the cleanliness of the mercury. 
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of the acidification/alkalinisation, and by acquisition of voltammogram between pH control without 

acid/alkaline addition. 

The deoxygenated UV-seawater buffered with POPSO (10 mmol.L-1) showed minimum value of 3 nA 

at pH 7.5 and maximum of 5 nA at pH 8.8 (Figure 3.6a), slightly decreasing at higher pH as shown for 

DHN by Laglera et al. (2016). Unlike these authors, we did not observe an increase in the half width of 

the peak proportional to the peak decrease (Laglera et al., 2016). From 7.7 to 8.2, the FeNN3 peak was 

shouldered by the peak of the vanadium complexed by NN. Careful data treatment using ECDSoft 

(available online at https://sites.google.com/site/daromasoft) deconvolution tool attested that the FeNN3 

peak height was not impacted by the presence of the vanadium peak. The FeNN3 peak potential (Figure 

3.6b) varied from -0.44 V at pH 7.5 to -0.49 V at pH 9.0, with a slope of -33 mV/pH units. This linear 

shift in potential can be due to the variation of the protonation of NN.  

The experiments performed in oxygenated conditions with either POPSO and PIPES as buffer (10 

mmol.L-1) and alkalinised with either NaOH or NH3 showed minimal peak height between pH 7.5 and 

8.0 (Figure 3.6a). From pH 8, the sensitivity increased linearly with pH until reaching its maxima 

(around 70 nA) at pH 9.0. For pH above 9.0, the peak height decreases and the peak widened similarly 

to the FeDHN reduction peak (Laglera et al., 2016). The fact that this phenomenon is common to DHN 

and NN implies that the widening of the peak might be due to a variation in the catalytic process and is 

not specific to the AL used. FeNN3 peak potential (Figure 3.6b) shows similar shift behaviour for all 

oxygenated experiment from around -0.50 V at pH 7.5 to around -0.62 V at pH 9.0, with an averaged 

slope of -90 mV/pH units. The factor 2 between the regression of oxygenated and deoxygenated samples 

attests to a change of the protonation of NN and to a change in the number of electrons involved in the 

reduction process, related to the catalytic loop involving O2 (Walczak et al., 1997).  

In contrast to the difference between oxygenated and deoxygenated samples, the potential shift observed 

as a function of the solution pH is very similar in oxygenated samples buffered with POPSO or PIPES.  

The pH difference between POPSO and PIPES at similar relative peak height is never more than 0.2. 

Although POPSO and PIPES do not buffer efficiently in the pH range 8 to 9 (Table 3.2), the natural 

https://sites.google.com/site/daromasoft
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buffering capacity of the carbonate system acts a similar way in both solutions, probably explaining 

why the trends with pH in sensitivity and peak potentials are so similar between these two buffers.  

 

Figure 3.6. a) Relative peak height for each experiment and b) 

potential of the FeNN3 reduction peak in function of the pH 

successively alkalinised (filled symbols) and acidified (empty 

symbols) in UV-irradiated seawater enriched with 5 nmol.L-1 Fe for 

60 s deposition. The experiment was performed on samples 

oxygenated and alkalinised with NH3 while buffered with PIPES 

(circles) and POPSO (triangles), with NaOH with POPSO (squares) 

and on deoxygenated sample with NH3 and POPSO (diamonds). 
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In the case of the NN-Air method, the Fenton reaction driving the catalytic reduction of FeNN3 

complexes at the mercury drop surface is dependent on the pH, therefore, of the proton and hydroxide 

concentrations present in the diffusion layer. It has been previously shown that in unbuffered sample, 

the pH of the diffusion layer reaches a value near 9 (Laglera et al., 2016), corresponding to the optimal 

sensitivity of the NN-Air method. Therefore, the optimal application of the NN-Air method corresponds 

to unbuffered conditions, and which has been shown to be suitable for the investigation of Fe organic 

speciation using the artificial ligand DHN (Sanvito and Monticelli, 2020). As the pH of the sample is 

thought to not be impacted by the processes at play in the diffusion layer of the working electrode 

(Laglera et al., 2016; Sanvito and Monticelli, 2020), and that the NN-Air method in unbuffered 

conditions and oxygenated results in a more than 10-fold increase in sensitivity compared to the initial 

buffered and deoxygeaned NN method, the NN-Air method seems suitable to investigate the impact of 

natural pH gradient and ocean acidification on Fe organic speciation.   

3.3.7. The NN-Air limitation: peak height vs deposition time 

Standard additions of DFe were performed in oxygenated and deoxygenated UV-irradiated seawater 

containing 20 µmol.L-1 of NN and unbuffered, and the FeNN3 peak height was measured in triplicate at 

different deposition times before each Fe addition (Figure 3.7). Two scans were recorded for each 

deposition time and each DFe addition. Linear regression was used to defined the initial DFe 

concentration (intersection of the horizontal axis) and the sensitivity (slope of the regression). For a 

peak corresponding to a single reduction process, the sensitivity is supposed to be proportional to the 

deposition time, and the DFe concentration should remain constant. In the deoxygenated sample (Figure 

3.7a), the sensitivity was proportional to the deposition time, provided similar DFe concentration 

ranging from 1.39 nmol.L-1 to 1.65 nmol.L-1 (standard deviation (σ) = 0.13 nmol.L-1, n = 4) and similar 

normalised sensitivity ranging from 0.40 nA/(nmol.L-1.min) to 0.51 nA/(nmol.L-1.min) (σ = 0.05 

nA/(nmol.L-1.min), n = 4). In the oxygenated samples, DFe increased with the deposition time applied, 

ranging from 1.45 nmol.L-1 with 30 s deposition to 3.27 nmol.L-1 with 180 s deposition. The sensitivity 

normalised to the deposition time was relatively stable, ranging from 5.39 nA/(nmol.L-1.min) to 7.18 

nA/(nmol.L-1.min) (σ = 0.37 nA/(nmol.L-1.min), n = 4). The consistency of the sensitivity values attests 
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that the DFe overestimation was dependent of an issue with the initial peak not proportionally increasing 

with the deposition time. 

 

Our results suggest that another element is being reduced at the same potential that the FeNN3 complex. 

The seawater sample was UV-irradiated, meaning there was no dissolved organic matter in the sample 

(except for the added NN). The experiment has been reproduced in unbuffered UV-irradiated seawater, 

as well as in diluted CRM NASS-6 in Milli-Q, and with different NN available in the laboratory. All 

tests showed the same DFe overestimation with deposition time. The presence of an interfering organic 

compound as observed in natural seawater sampled in the Southern Ocean (Boye et al., 2001) or the 

specific implication of humic substances as suggested with other ALs (i.e. Buck et al., 2018; Laglera et 

al., 2011) was unlikely as it was observed in Milli-Q and UV-irradiated seawater. Moreover, such 

interfering organic compounds are usually observable on the voltammograms, while in our case the 

peak attributed to FeNN3 was not showing any shouldering. Therefore, the overestimation of DFe with 

the deposition time in oxygenated samples was attributed to the catalytic enhancement of the reduction 

of another trace metal, which, unfortunately, could not be identified. However, the test presented here 

can be easily reproduced by other laboratories to verify the applicability of the methodology detailed in 

this work. 

Figure 3.7. FeNN3 reduction peak height in function of the DFe added in UV-irradiated seawater containing 20 

µmol.L-1 of NN and unbuffered to evaluate the proportionality of the reduction signal with the deposition time 

applied in a) a deoxygenated sample, and b) an oxygenated sample. Three scans were recorded for each deposition 

time and DFe addition, and the two closest retained. 
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3.3.8. Suggestions for future work investigating the impact of pH 

on Fe organic speciation 

The need for quantifying the impact of ocean acidification on Fe organic speciation is indubitable to 

predict ocean primary production and carbon storage in the future. On the same level of interest, the 

influence of natural pH gradient is yet to be determined in deep waters and oxygen minimum zones at 

their in-situ pH values, lower than surface waters at which samples are classically buffered at. The use 

of NN in oxygenated conditions and not spiked with an added buffer is suggesting a way to answer 

these critical questions on Fe organic speciation. If the absence of overestimation of the initial peak in 

oxygenated conditions is confirmed by performing a similar experiment as in Section 3.3.7, the pH of 

the sample could be controlled by the CO2 dissolved in the sample. This was already suggested for the 

AL DHN. However, specific care must be taken to ensure pH stability during the equilibration and 

analysis of the sample.  

Regarding the analysis of the sample, previous works showed that the change of pH at the working 

electrode during the acquisition of the voltammogram (about 9; Laglera et al., 2016) is not impacting 

the result obtained on ligand titration using the AL DHN (Sanvito and Monticelli, 2021). This is because 

a limited amount of sample is concerned by the pH change happening in the diffusion layer of the 

working electrode (from a few µm to nm around the electrode; Laglera et al., 2016), and for a limited 

amount of time compared to the overnight equilibration of the sample (the time required to record the 

scan is around 20 s in our case). Despite the encouraging results obtained for DHN, the similarity of the 

values obtained by titration of the ligands with and without an added buffer must to be verified to 

validate the NN-Air method. 

The regulation of the pH through the amount of CO2 dissolved in the sample requires the control of the 

atmospheric CO2 pressure (pCO2) during the equilibration of the sample. To do so, we suggest to isolate 

the aliquots in a chamber fed with compressed air and CO2. The pH should be checked before and after 

equilibration, and we suggest to place an extra aliquot of the sample in the chamber for this purpose, to 

not risk the contamination of an aliquot used for the CLE-ACSV titration. Preliminary work should 
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focus in comparing results obtained at pH values such as 7.0 in as a worst-case scenario of ocean 

acidification, 7.5 as in OMZ, 7.8 as in bottom waters, and 8.1 as in surface waters.  

3.4. Conclusion 

In this study, several ways to improve the investigation of the DFe speciation by ACSV using the AL 

NN have been explored. We presented a novel way to calibrate the NN solution prepared in Milli-Q 

using its optical properties, and a voltammetric set up allowing the use of volumes of sample as low as 

0.5 mL. Despite the limitation experienced in terms of overestimation of the DFe concentration with 

the deposition time, the catalytic enhancement of the FeNN3 reduction current by the presence of O2 in 

the sample has been shown as a potential way to enhance the sensitivity of the method by at least 10-

fold. The NN-Air method may be of critical interest to investigate the impact of pH on the organic 

speciation of Fe, which so far suffered from the limited sensitivity of the method (Avendaño et al., 

2016; Gledhill et al., 2015). This application could also ease the investigation of samples showing 

higher iron-binding ligand concentration than DFe concentrations requiring the use of reverse titration 

(Hawkes et al., 2013a). However, further work must focus on clarifying the issue related to the 

overestimation of the FeNN3 reduction peak with the deposition time that has been attributed to the 

catalytic reduction of an interfering metal. The tests performed in this study can be easily reproduced 

in other work to attest of the validity of the application of the NN-Air method, potentially allowing to 

explore the impact of pH on organic speciation of Fe by controlling the pCO2 pressure of the sample. 

The application of such methodology would provide results of better comparability to previous 

investigation of the impact of ocean acidification already performed under controlled pCO2 (e.g. 

Hoffmann et al., 2013; Shi et al., 2010) and would help projecting the impact of ocean acidification on 

marine ecosystems (Hoffmann et al., 2012).  
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The following Chapter is in final stage of preparation for publication and is nearly ready for submission 

to the journal Frontiers in Marine Sciences. This might explain repetitions regarding the description of 

the methodological context and of the scientific background. This paper is co-authored by D. Omanović, 

and the supervisory team of this Thesis. 
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cathodic stripping voltammetry.   
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Chapter 4 

4. Conditioning, equilibration, voltammetric, and data 

treatment procedures for iron speciation in seawater 

using salicylaldoxime by cathodic stripping 

voltammetry 

Abstract 

The method of competitive ligand exchange followed by adsorptive cathodic stripping voltammetry 

(CLE-ACSV) for the determination of dissolved iron (DFe) organic speciation parameters (conditional 

total ligand concentration ([L]) and conditional stability constant (log KFeL,Fe′
cond )) in seawater is currently 

only used by a few laboratories. One likely explanation is the set of experimental challenges that a new 

analyst must face, from conditioning of the tubes, stability of the voltammetric signal or fitting of the 

titration to name a few. Here, we present a set of observations and recommendations with the aim to 

facilitate the implementation of such methodology. Firstly, we detail our optimised conditioning 

procedures for the voltammetric cell and for titration tubes that ensure a stable ACSV signal when using 

the added ligand salicylaldoxime (SA); we also present a set of experimental development procedures 

that significantly decrease the analytical time of the voltammetric analysis. Secondly, we propose a 

step-by-step procedure for the fitting of titration data. It aims to limit user subjectivity on the titration 

results, and relies in the combined use of the software ProMCC and of a spreadsheet specifically 

developed for independent statistically-driven selection of the titration data and determination of the 

quality flag of the titration.  The reproducibility of the proposed methodology has been evaluated on 20 

duplicates (39 titrations). The accuracy of our CLE-ACSV application was estimated at 20% of the 

mean [L] (in our case, ± 0.5 nmoleq.Fe-1) and at ± 0.2 in term of log KFeL,Fe′
cond , corresponding to 20% of 
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the estimated range cover by a single detection window. Finally, the sequential addition of DFe and SA 

followed by a short equilibration time was compared with overnight equilibration after simultaneous 

addition of DFe and SA on 24 samples (48 titrations). Contrary to previous assumptions, we did not 

observe systematic overestimation of [L] and log KFeL
cond of the sequential procedure. Instead, a rather 

large range of differences was observed across samples for Δ[L] (from -2.3 to 3.1 nmoleqFe.L-1, mean 

of 0.6 ± 1.5 nmoleqFe.L-1) and Δlog KFeL,Fe′
cond  (from -0.7 to 0.6, mean of -0.2 ± 0.4). This is calling for 

further investigation of the equilibration time procedure on the CLE-ACSV results obtained. 

 Introduction 

A fraction of the dissolved organic matter (DOM) is able to bind iron (Fe) and enhance its dissolution 

in seawater above the theoretical solubility limit (Liu and Millero, 2002). This complexation maintains 

Fe in the dissolved phase (DFe, defined by the porosity of the filter used of 0.2 or 0.45 µm), increasing 

its residence time in the water column and thus potential bioavailability. It is thought that more than 

99% of DFe is found bound to the fraction of the DOM called Fe-binding ligands (FeL; Gledhill and 

van den Berg, 1994), however, there is still much to learn about their composition and biogeochemical 

cycling (Gledhill and Buck, 2012; Hassler et al., 2017). Multiple studies have focused on some aspects 

of the organic iron ligand pool, from acid-base properties (Lodeiro et al., 2020; Wang et al., 2021) to 

photodegradation (Barbeau et al., 2001; Hassler et al., 2019), or transformation through remineralisation 

(Bressac et al., 2019; Whitby et al., 2020a). A considerable number of methods based on 

electrochemistry have been developed to investigate and identify FeL groups. So far, studies helped to 

define the ability of exopolymeric substances to bind Fe (Hassler et al., 2015, 2011; Norman et al., 

2015), and to identify the essential role of the electroactive fraction of humic-like substances (eHS), 

thought to control DFe distribution in open-ocean deep waters (Whitby et al., 2020b). Despite 

progresses in the characterisation of DOM and specific FeL, the links between DOM, FeL and DFe 

distribution are not fully resolved (e.g. Fourrier et al., 2022).  
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 The CLE-ACSV approach 

The competitive ligand exchange followed by adsorptive cathodic stripping voltammetry (CLE-ACSV) 

is classically used to investigate the complexing parameters of the FeL fraction. Namely, it allows the 

determination of the conditional total ligand concentration ([L]) and the conditional stability constant 

(expressed as a logarithmic value, log KFeL
cond). The CLE-ACSV approach has been thoroughly explained 

previously (e.g. Abualhaija and van den Berg, 2014; Gerringa et al., 2014; Gledhill and van den Berg, 

1994; Pižeta et al., 2015; Rue and Bruland, 1995; Chapter 2). Briefly, its principle is based on the 

competition for Fe complexation between the natural FeL and an added ligand (AL) of well-

characterised ability to bind Fe. This competition is carried out in several aliquots of the sample at 

increasing DFe concentration for a certain amount of time, ideally until a chemical equilibrium is 

reached between AL, FeL and DFe. Then, for each aliquot, the FeAL complex is quantified by ACSV 

on a mercury drop electrode (MDE). The measurement consists of an accumulation step, where FeAL 

adsorbs on the mercury surface, before a stripping step, where adsorbed and bound Fe3+ is reduced to 

Fe2+. By plotting the intensity of the FeAL reduction peak against total DFe, a titration curve is obtained 

(total DFe being the sum of naturally present and added DFe). At high DFe, natural FeL are saturated 

and the FeAL signal is linear and proportional to DFe additions while at low DFe, FeL and AL are 

competing for DFe. There are several methods that can be used to obtain [L] and log KFeL
cond from the 

titration curve (Pižeta et al., 2015), but those based on the Langmuir isotherm are the most commonly 

used, greatly facilitated by user-friendly software such as ProMCC (Omanović et al., 2015). This 

software treats the titration curve simultaneously by the Scatchard transformation (Scatchard, 1949), 

the Ružić/van den Berg linearization (Ružić, 1982; van den Berg, 1982), and the Langmuir/Gerringa 

transformation (Gerringa et al., 2014, 1995) and provides the user with the accuracy of the fitting for 

each datapoint. There is currently no consensus on an optimised procedure to be used  for the estimation 

of titration accuracy despite the common use of the software ProMCC. 
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 Added ligand and detection window 

There are currently four AL in use to study DFe organic speciation in marine systems: 1-nitroso-2-

naphtol (NN; Gledhill and van den Berg, 1994; van den Berg, 1995), 2-(2-thiazolylazo)-p-cresol (TAC; 

Croot and Johansson, 2000), dihydroxynaphthalene (DHN; Sanvito and Monticelli, 2020; van den Berg, 

2006)), and salicylaldoxime (SA; Abualhaija and van den Berg, 2014; Buck et al., 2007; Rue and 

Bruland, 1995). They all suffer from specific limitations. NN can be used at different pH but suffers 

from sensitivity issues limiting its use (Avendaño et al., 2016; Gledhill et al., 2015), despite potential 

for catalytic enhancement of its sensitivity in the presence of oxygen (Chapter 3). It also does not 

compete with part of the HS, resulting in underestimation of [L] (Ardiningsih et al., 2021; Laglera et 

al., 2011) similarly to the added ligan TAC (Laglera et al., 2011), while previous studies suggested an 

overestimation of [L] with SA (Gerringa et al., 2021; Slagter et al., 2019). DHN is not as widely used 

because of its relatively quick oxidation by oxygen which occurs within the time scale of the 

equilibration step (Sanvito and Monticelli, 2020).  

SA has been used at the basin scale (Buck et al., 2018, 2015), in hydrothermal systems (Kleint et al., 

2016), and seems to not suffer from interference with HS (Abualhaija and van den Berg, 2014). There 

are, however, doubts regarding its chemistry and the optimum experimental conditions for use. 

Abualhaija and van den Berg (2014) suggested that a non-electroactive FeSA2 complex slowly formed 

during the overnight equilibration step when using SA concentrations in the range of 25 µmol.L-1; they 

thus advised to use a low SA concentration (5 µmol.L-1). Their equilibration procedure consisted of first 

adding DFe to the aliquot and left to equilibrate with the natural ligands for at least 10 min and not more 

than 2 hours, followed by addition of 5 µmol.L-1 SA and an overnight equilibration time (i.e. from 6h 

to 16h). On the other hand, Rue and Bruland (1995) and Buck et al. (2007) reported a shorter sequential 

equilibration procedure: DFe was first added and left to equilibrate with natural ligands for a minimum 

of 2 h; a relatively high SA concentration (27.5 µmol.L-1 or 25 µmol.L-1) was then added and left to 

equilibrate for a minimum of 15 min before voltammetric analysis was made.  It is currently unclear 

what the differences of these 2 equilibration procedures may have on [L] and log KFeL,Fe′
cond  (Gerringa et 

al., 2021).  
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Another potential source of divergence between methods is related to the complexing ability of the AL. 

The AL concentration ([AL]) and its conditional stability constant (KFeAL,Fe′
cond  or βFeAL,Fe′

cond ) defines the 

detection window of the titration (D = [AL]n*βFeAL,Fe′
cond ), often expressed as a logarithmic value (log D; 

Table 1).  The range of D for which an AL is able to compete with FeL has been estimated to range 

between 1 to 2 orders of magnitude above and below D (Apte et al., 1988; Laglera et al., 2013; Laglera 

and Filella, 2015; Miller and Bruland, 1997; van den Berg and Donat, 1992). In the case of SA, higher 

[L] than those obtained with TAC or NN are systematically observed (Ardiningsih et al., 2021; Buck et 

al., 2016; Slagter et al., 2019), possibly due to those latter ligands being unsensitive to a fraction of 

weaker complexing HS (Ardiningsih et al., 2021; Boye et al., 2001; Gerringa et al., 2021; Laglera et 

al., 2011; van den Berg, 2006), in agreement with their higher detection window. 

Table 4.1. Typical AL concentrations and corresponding detection windows (log D) for the different ALs in use 

to investigate FeL by CLE-ACSV. n, 𝐾𝐹𝑒𝐴𝐿,𝐹𝑒′
𝑐𝑜𝑛𝑑  or 𝛽𝐹𝑒𝐴𝐿,𝐹𝑒′

𝑐𝑜𝑛𝑑  used for the calculation of D were taken in the 

references. 

AL Concentration 

(µmol.L-1) 

D Reference 

NN 2 2.4 van den Berg (1995) 

7 4 

8.7 4.3 

15 5 

TAC 10 2.4 Croot and Johansson (2000) 

SA 5 1.2 Abualhaija and van den Berg (2014) 

25 1.9 Buck et al. (2007) 

DHN 0.5 2.7 Sanvito and Monticelli (2020) 

1 3.2 

5 4 

10 4.2 

 

Although the FeSA signal has been reported to be stable in the presence of oxygen (Abualhaija and van 

den Berg, 2014), a decreasing signal has been reported by several authors (Gerringa et al., 2021; 

Ardiningsih et al., 2021; Buck et al., 2007; Rue and Bruland, 1995). This instability  may have various 
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causes, ranging from progressive deoxygenation of the sample, adsorption onto the voltammetric cell 

or kinetically slow formation of electro-inactive FeSA2 complexes (Abualhaija and van den Berg, 

2014). The need for specific conditioning of the voltammetric cells and sample vessels prior to the use 

of SA has recently been put forward (Gerringa et al., 2021 and associated community comment), and 

is yet to be addressed.  

 Sample preparation and technical limitations 

The quality and reliability of ligand titration results is also dependent on the preparation of the analysis. 

It is recommended to titrate ligands with two aliquots of the natural sample (without any metal added) 

and at least 8 aliquots with metal addition of the metal (Garnier et al., 2004; Gledhill and Buck, 2012; 

Omanović et al., 2015; Sander et al., 2011). Analysing two aliquots without added metal helps ensuring 

the validity of the initial point by conditioning the voltammetric cell and resolving any carried-over 

from previous measurement. The concentration range for DFe additions is typically dictated by the 

amount of DFe in the sample or adjusted to the amount of FeL detected (Gledhill and Buck, 2012). The 

fitting of the titration heavily depends on the sensitivity of the method in that considered sample. It is 

given by the slope of the peak intensity versus added DFe when all natural FeL are saturated by DFe. 

In ProMCC, the sensitivity can be defined by considering the slope drawn by the last aliquots of the 

titration (i.e. assuming that all natural ligands are saturated; Omanović et al., 2015). In that case, it is 

recommended to use at least the 3 last aliquots with an optimum of 5 (Omanović et al., 2015; Pižeta et 

al., 2015). Alternatively, the sensitivity can also be fitted, meaning that instead of assuming FeL 

saturation in the last aliquots, the sensitivity is optimised by iteration to limit the fitting error on the 

whole titration (Omanović et al., 2015). Accurate determination of the sensitivity is still a challenge of 

the CLE-ACSV approach (Gerringa et al., 2014, 1995; Omanović et al., 2015; Pižeta et al., 2015). So 

far, there is no common best practice for its definition, and it is recommended to verify the robustness 

of the different approaches applicable for each CLE-ACSV application. The fitting of the data is more 

challenging when more than one class of FeL is detected. In some cases, and mostly with the AL SA, 

the shape of the titration suggests the presence of two distinct classes of FeL, whose complexing 

parameters can be quantified (Buck et al., 2015; Gledhill and Buck, 2012; Ibisanmi et al., 2011). The 
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main issue regarding the fitting of the titration data for more than one class of FeL is the accuracy on 

each class detected, which depends on the number of aliquots prepared. Common practice consists of 

limiting the number of aliquots to optimise the experimental time, impacting the resolution of the 

titration and potentially the number of FeL classes detected (Buck et al., 2012). The results can also be 

impacted by subjectivity of the analyst while interpreting the titration data. Comparison effort on the 

interpretation of CLE-ACSV titrations revealed discrepancies that were explained by the choices of the 

analyst on the selection of the titration datapoints (Pižeta et al., 2015), justifying the development of 

systematic approach for analysing titration data, which should result in better reproducibility between 

laboratories. 

In this work, we revisit some of the limiting factors that prevent a wider use and comparability of the 

SA method for DFe organic speciation. We propose an optimised methodology that spans the 

conditioning of the aliquot tubes (Metal Free, LabconTM), the optimisation of voltammetric parameters 

for the detection of the electroactive FeSA complex, and recommendations for data treatment for 

voltammograms and FeL titrations. We present a procedure for an easy, quick and reliable measurement 

of the peak-height using the freely available software ECDSoft (available online at 

https://sites.google.com/site/daromasoft). We also developed a procedure aiming to offer a more 

systematic approach for the treatment of titration data to limit the impact of the analyst’s subjectivity. 

Based on the use of the software ProMCC (available online at https://sites.google.com/site/daromasoft) 

with a home-made spreadsheet, the procedure uses a statistical selection of titration datapoints, and 

automatically produces quality flags for the titration data. Finally, we estimated the reproducibility of 

the sequential addition of Fe and SA applied for short equilibration time (Buck et al., 2007; Rue and 

Bruland, 1995), and present here a comparison of the speciation parameters ([L] and log KFeL,Fe′
cond ) 

obtained by sequential and short equilibration with overnight equilibration, for which Fe and SA are 

added simultaneously (Abualhaija and van den Berg, 2014).   

 

 

https://sites.google.com/site/daromasoft
https://sites.google.com/site/daromasoft
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 Method 

This works is focusing on technical specificities related to the application of the CLE-ACSV method 

using SA. For the theoretical aspect of the method, please refer to previous work (e.g. Abualhaija and 

van den Berg, 2014; Gerringa et al., 2014; Gledhill and van den Berg, 1994; Pižeta et al., 2015; Rue 

and Bruland, 1995; Chapter 2). 

 Apparatus 

The apparatus used in this study is the same as in Chapter 3. Two voltammetric systems were each 

composed of a 663 VA stand (MetrohmTM) installed in a laminar flow hood (class-100), supplied with 

nitrogen and equipped with a multi-mode electrode (MME, MetrohmTM) used as mercury drop electrode 

(MDE), a glassy carbon counter electrode and a silver/silver chloride reference electrode. For each 

system, a potentiostat/galvanostat µAutolab III and an IME663 were controlled by the software NOVA 

2.5 (MetrohmTM), allowing automatic formation of the drop (size 3) and stirring of the solution through 

home-made vibrating devices. The home-made stirring device consisted of a small (6 mm diameter, 12 

mm long) vibration motor (1.5 V, 10200 rpm, JinLong Machinery, China) connected to a melted pipette 

with the flat-tip penetrating the solution. This vibrating device optimises the sensitivity and 

reproducibility of the analysis (Chapter 2), in a similar way as when directly connected to the working 

electrode (Chapman and van den Berg, 2007). 

Voltammetric measurements were carried out in oxygenated solution in custom made TeflonTM cells 

allowing the user to perform analyses in 5 mL of samples (Gourain, 2020; Chapter 2). Working at low 

volumes and under oxygenated conditions (as opposed to under a nitrogen blanket) required 

adjustments to the typical set up, which are detailed in Chapter 2. Both the counter and reference 

electrodes were placed in glass bridges filled with 3M KCl solution previously cleaned of organics 

(through UV radiation in quartz tube for 6h) and cleaned of metals with overnight equilibration with 

manganese oxides (Yokoi and van den Berg, 1998). To avoid progressive deoxygenation of the sample, 

the nitrogen blanket gas flow was stopped by tightening the screw on the left side of the 663 VA stand 

and a small aquarium pump (HD-603, HDOMTM), placed inside the laminar flow hood, was used to 
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blow a small stream of air above the water sample, ensuring constant dissolved oxygen concentration 

(Sanvito et al., 2019; Sanvito et al., 2020; Chapter 2).  

Working under oxygenated conditions can increase the speed at which the mercury is oxidised. 

Oxidation can cause increased noise in the voltammetric scans obtained, affecting titration data. To 

mitigate this, the needle was cleaned daily by simply screwing it off, wiping it gently, and screwing it 

back in with the exact same tightness. The mercury was filtered weekly after vigorous shaking of the 

MDE cartridge to unstick mercury oxides from the walls and connections, without touching the fitting 

of the capillary. More regular cleaning was preferred and were observed to be easier, faster and overall 

better for the capillary rather than a less frequent cleaning, which often required complete dismantling 

of the cartridge to remove the higher mercury oxide content.  

 Voltammetric procedure 

The procedure is adjusted from (Abualhaija and van den Berg, 2014) and (Buck et al., 2007) using the 

software NOVA 2.5 (MetrohmTM). Three new drops were formed prior to the analysis by DP-ACSV 

(Differential Pulse Adsorptive Cathodic Stripping Voltammetry) using the following parameters: 

deposition at -0.05 V (optimisation presented hereafter) for 30 s to 3 min (depending on the sampling 

depth of the sample), 3 s of equilibration (no stirring), stripping from -0.25 to -0.6 V with a 6 mV step, 

50 mV amplitude, 35 ms pulse time and 200 ms interval time. The solution was vibrated during the 

deposition time and stagnant during the stripping step. 

 Reagent preparation 

The preparation of the SA solution is adjusted from Abualhaija and van den Berg (2014). SA (SA; 98% 

Acros OrganicsTM) stock solution of 20 mL at 0.1 mol.L-1 was prepared in Milli-Q water (Millipore, 

18.2 M) only once and stored in the fridge at pH < 1 (adjusted with 260 µL of 20 % of Trace Metal 

Grade HCl, FisherSchentificTM; Abualhaija and van den Berg, 2014). From this stock solution, a 

solution of 20 mL at 5 mmol.L-1 was prepared when necessary (around once a month) by dilution of 1 

mL of the stock solution with Milli-Q and kept refrigerated at pH 2. Gentle heating of the stock solution 

(between 30 and 35 °C) was necessary to prevent the presence of a secondary phase before the 
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preparation of the SA solution at 5 mmol.L-1, which was prepared 24 hrs prior to use to ensure stability 

and homogeneity. A batch of 250 mL of a 1 mol.L-1 borate buffer (boric acid, analytical reagent grade, 

Fisher ScientificTM)  in 0.4 mol.L-1 ammonia (NH4OH; 29% LaporteTM) was prepared as necessary and 

left to equilibrate for three days prior to use. After three days, the pH obtained in seawater samples 

spiked with 25 µmol.L-1 of SA and 10 mmol.L-1 of the buffer was 8.18 ± 0.03. 

Two Fe standards at pH 2 were prepared weekly and one monthly from a Fe stock solution at 1000 ppm 

(17.9 mmol.L-1; BDHTM). 10 mL of the monthly standard at 50 µmol.L-1 Fe were prepared by weighing 

10 g of Milli-Q and spiking it with 15 µL of Trace Metal Grade HCl and 28 µL of Fe at 1000 ppm. The 

first weekly standard was prepared by weighing 10 g of Milli-Q spiked with 15 µL of Trace Metal 

Grade HCl and 5.6 µL of Fe at 1000 ppm for a final Fe concentration of 10 µmol.L-1. 20 mL of the 

second weekly standard at 2 µmol.L-1 Fe was prepared by weighing 16 mL of Milli-Q, spiked with 10 

µL of Trace Metal Grade HCl and 4 mL of the standard at 10 µmol.L-1. This latter standard was used 

to prepare the titrations.  

 Sample preparation 

Most FeL titrations were obtained using the sequential equilibration procedure (Buck et al., 2018, 2015, 

2007; Rue and Bruland, 1995), but an overnight equilibration procedure using the same SA 

concentration was also used for comparison purposes. The sequential equilibration consists of spiking 

seawater aliquots with 10 mmol.L-1 of borate buffer and Fe, leaving to equilibrate for at least 2 h, add 

25 µmol.L-1 of SA (D = 79; log D =1.9; Buck et al., 2007) and wait a minimum of 15 min prior to the 

start of the analysis. The overnight equilibration procedure here consists of adding borate, Fe and SA 

successively and leaving the mixture to equilibrate overnight (minimum of 8 h). A specific set of tubes 

were prepared for each equilibration procedure. The sets were composed of 16 tubes with DFe additions 

ranging from 0 to 15 nmol.L-1 (Table 1). Prior to preparation, samples were left to thaw overnight in 

the dark at room temperature. If duplicates were analysed within a few days, they were kept in the 

fridge. If more time was needed before the second analysis, they were frozen back at -20 °C. The 

samples analysed in this study were sampled in the Western Tropical South Pacific in 2019 during the 
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cruise GPpr14 (TONGA cruise; Guieu and Bonnet, 2019). For complementary information regarding 

DFe and FeL sampling and results please refer to Tilliette et al. (2022) and Chapter 5. 

 Peak height extraction from voltammetric measurements 

The treatment applied for the data presented in this work consisted of the conversion of the initial 

voltammograms into second derivative scans, prior to automated peak height determination, completed 

by manual peak determination when necessary. This treatment was performed using the freely available 

ECDSoft (available online at https://sites.google.com/site/daromasoft) following a procedure detailed 

in Annex 2. The use of the peak height of the second derivative peak instead of the peak height or peak 

area of the raw scan is favoured in case of curvature of the baseline under the peak (Cobelo-García et 

al., 2014; Salaün et al., 2007). For example, if the baseline is approximated by a 3rd polynomial, the 2nd 

derivative will transform it to a linear one, avoiding manual and user dependent choice of the baseline 

(Omanovic et al., 2010). However, it is crucial that the half-width of the second derivative peak is 

unchanged for the treated dataset (e.g. complexometric titration). In our case, the half-width of the FeSA 

peak was not changing with the addition of Fe, suggesting that the second derivative can be used for 

quantification purposes. Before the conversion of the scans into second derivative using the Savitzky-

Golay method, the number of data points was increased by a factor of 3 by simple linear interpolation 

between two adjacent points and the scan was smoothed using a factor 10 for the Savitzky-Golay 

method. The increase of data points is beneficial when the number of points defining the peak is 

relatively low (due to larger voltage scan step, 6 mV in our case). These steps are performed using the 

tab ‘Process’ in ECDSoft. The smoothing and data point increase did not impact the peak height values 

compared to their determination on initial voltammograms (results not shown), but eased the automated 

voltammogram handling by the software, which experienced less peak height determination failure.  

 Result and discussion 

 Conditioning procedure for cell and tubes 

In the case of SA, a systematic decrease of the FeSA reduction peak was recently highlighted despite 

overnight conditioning of the cell with UV-irradiated seawater spiked with SA repeated five 

https://sites.google.com/site/daromasoft
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consecutive times before analysis (Gerringa et al., 2021). We also observed a strong decrease of the 

signal with time in the voltammetric cell in the absence of conditioning (Figure 1b). We hypothesised 

that, in the case of the AL SA, either Fe, SA or FeSAx complexes can be scavenged from the solution 

by adsorption onto cell walls and electrodes. To minimise such adsorption, we developed a procedure 

to saturate the adsorption sites with a high amount of Fe (based on Gerringa et al., 2021 and associated 

discussions within the community). Figure 1 presents the difference in stability of the signal in a 

voltammetric cell with (Figure 4.1a) and without (Figure 4.1b) conditioning. The conditioning 

procedure consisted of leaving overnight (at least 8 h) a buffered seawater sample spiked with 25 

µmol.L-1 of SA and 100 nmol.L-1 Fe in the cell. The cell was then rinsed three times with Milli-Q water 

before measuring in a new buffered seawater sample containing 25 µmol.L-1 of SA but no added Fe 

(Figure 4.1a). A high initial FeSA peak was observed, suggesting that the three Milli-Q rinses did not 

efficiently remove precipitated excess Fe. The initial signal was stable over 5 scans, and DFe additions 

of 4 nmol.L-1 performed in the same sample showed a stable signal. A lack of linearity was observed 

between the peak heights of with the DFe additions. This can be explained by the presence of natural 

organic ligands in the sample, which will impact the total Fe concentration calculated, and thus impede 

efforts to determine whether the conditioning step results in overall contamination of sample. Following 

the three Milli-Q rinses and the analysis of a buffered seawater sample containing 25 µmol.L-1 SA, the 

next sample was not contaminated (Figure 4.2). The stability of the FeSA peak in subsequent scans was 

similar if the conditioning solution was spiked or not with 25 µmol.L-1 of SA, suggesting that the 

conditioning was only dependent on the saturation of the binding sites for Fe in the PTFE voltammetric 

cell.  

The optimal conditioning procedure for the PTFE voltammetric cell consisted of leaving overnight a 

seawater sample spiked with 10 mmol.L-1 of borate buffer and 100 to 300 nmol.L-1 of Fe, to clean the 

cell from potential carried-over DFe with a seawater sample containing 10 mmol.L-1 of borate buffer 

and 25 µmol.L-1 of SA for 10 min, and, finally, to rinse it 3 times with Milli-Q. Following this procedure, 

the signal was stable over weeks of analysis if the cell is only rinsed with Milli-Q or seawater sample 
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(Figure 4.1a) and not with acid (Figure 4.1b). During the analysis of a sample, the cell is not rinsed 

between the aliquots. When not used, the cell is kept filled with Milli-Q.  

 

Similar to the voltammetric cell, a specific methodology was empirically developed to condition the 

tubes (Metal Free, LabconTM) used to prepare the aliquots of the samples. The best results in terms of 

reproducibility of the titrations and absence of outlier aliquots were obtained with a two-step procedure. 

Firstly, the tubes are left for one week with a buffered seawater sample spiked with 25 µmol.L-1 of SA, 

and DFe concentration ranging from 50 nmol.L-1 to 10-fold the DFe that was used to titrate the ligands 

(e.g. step 1 in Table 4.1). Secondly, after rinsing each tube 3 times with Milli-Q, they were left with a 

buffered seawater sample with 25 µmol.L-1 of SA and with the corresponding DFe additions chosen for 

the titration (e.g. step 2 in Table 4.1). This second equilibration step lasted for at least two days. Then, 

titrations can be prepared and left to equilibrate following the chosen procedure (e.g. sequential or 

overnight). For most set of tubes, several titrations were needed to obtain reproducible results. The tubes 

were rinsed three time with Milli-Q water between each sample, or filled with Milli-Q and stored at 

room temperature in the dark when not in use. Attempts to condition the tubes with lower DFe 

concentrations resulted in the lower FeSA signal in our reference seawater, and the curvature shown in 

Figure 4.2 was missed due to the emergence of a quantifiable peak  at too high DFe additions. Because 

Figure 4.1. Stability of the FeSA reduction signal in a buffered open-ocean seawater sample 

containing 25 µmol.L-1 after a) overnight conditioning with 100 nmol.L-1 of and b) deconditioning 

of the cell by 15 min rinse with 0.5 mol.L-1 HCl. 5 scans were recorded if the peak was stable, or 

until the signal reached 0 nA if unstable. For each DFe addition, the first voltammogram recorded 

are darkest and become paler with time (90 s between voltammograms with 60 s deposition time). 

a) b) 
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using a longer deposition time did not resolve the issue, we concluded that the loss of signal was not 

explained by lower sensitivity but by adsorption onto the tube walls. Faster conditioning of the tubes 

was also attempted in the absence of SA, but resulted in persistent Fe release from the tube evidenced 

by a strong FeSA signal in aliquots of low DFe addition and linearity of the titration, suggesting a lack 

of stability of the conditioning. We recommend using bulk open ocean seawater available at a sufficient 

volume both to condition all set of tubes and the cell, and also as a reference seawater to check the 

conditioning. Ideally, the type of water used for conditioning and as a reference is collected in the same 

area that the samples, to have similar DFe and FeL concentrations. 

Table 4.2. DFe concentrations in nmol.L-1 to be added in 5 mL of seawater sample with 25 µM of SA and 10 mM 

of borate buffer for conditioning of Metal Free (LabconTM) tubes and ligand titration as used in this study. Note 

that recommendations are different for voltammetric cells. 

DFe 

to be used 

in the tube 

0 0 0.8 1.6 2.5 3 3.5 4 4.5 5 6 7 8 10 12 15 

DFe for  

step 1 
50 50 50 50 50 50 50 50 50 50 60 70 80 100 120 150 

DFe for 

step 2 
0 0 0.8 1.6 2.5 3 3.5 4 4.5 5 6 7 8 10 12 15 

 

The difference in the conditioning process between the PTFE voltammetric cell and the Metal Free 

LabconTM tubes is possibly explained by the different material used, each material having specific 

adsorption properties (Gerringa et al., 2021). The strength of the adsorption could vary from one 

material to another, and therefore, the adsorbed compounds could be more or less labile. But this is not 

enough to explain fully our results. Previous authors experienced strong signal decrease with the use of 

SA, but not with TAC, although similar materials were used (Gerringa et al., 2021). This implies that 

the conditioning process is specific to SA. The processes at play are unclear but our observations suggest 

the saturation of adsorption sites for DFe for the PTFE cell, and the formation of inert FeSAx species 

that saturate active adsorption sites of the tubes, preventing further adsorption of Fe while being 

sufficiently inert to not be redissolved into the low Fe sample solutions. The application of the 

conditioning procedures established above for the voltammetric cell and the tubes leads to very 
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reproducible scans in the same open ocean water as used for the conditioning (Figure 4.2). The high 

FeSA peak height measured for the first aliquot analysed, one of the two without DFe added, is 

explained by the carried-over DFe of the last aliquot of a previous sample. It suggested that in case of 

quick emergence of the FeSA reduction current peak, a third initial point should be implemented to 

ensure the good quality of the initial duplicate measured. In our application, most titrations show the 

emergence of the FeSA signal from 2 nmol.L-1 to 5 nmol.L-1 of DFe added, meaning that the multiple 

analysis of an aliquot giving no signal is not necessary. 

 

 Effect of the deposition potential 

The impact of the deposition potential on the FeSA reduction current was investigated in a buffered 

seawater sample containing 25 µmol.L-1 of SA (Figure 4.3). The experiment was performed several 

times, twice starting at -0.10 V up to +0.06 V, and twice starting at +0.06 V down to -0.10 V. Increments 

were of 0.02 V. By applying a deposition potential of 0.05 V, the sensitivity of the method is increased 

Figure 4.2. Titration of the open ocean seawater used for 

voltammetric cell and tubes conditioning with 25 µmol.L-1 of 

SA and buffered at 8.18 with 10 mmol.L-1 of borate. 

Duplicates were recorded with a deposition time and potential 

of 60 s and 0.05 V, respectively. The sample was equilibrated 

following the sequential procedure equilibration. The black 

empty dots represent the data selected to determine [L] and 

log 𝐾𝐹𝑒𝐿,𝐹𝑒′
𝑐𝑜𝑛𝑑  (procedure detailed hereafter). Grey dashed dots 

represent the discarded data, corresponding to carry-over Fe 

in the cell from previous analysis at the start of the titration, 

and saturation of the working electrode with the last aliquot. 
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by around 3-fold and 1.8-fold compared to the previously applied values of -0.05 V (Rue and Bruland, 

1995) and 0 V used by (Abualhaija and van den Berg, 2014; Buck et al., 2007). A deposition potential 

above 0 V was previously attempted (Buck et al., 2007) but resulted in a progressive decrease of the 

signal. In our case, the signal is stable and we attribute this stability to the use of a glass bridge that 

might prevent any reductive side-reactions at the counter electrode (Chapter 3), although the hypothesis 

was not tested. The sensitivity of the SA method is known to decrease with the sample’s depth (Buck 

et al., 2018, 2015, 2007; Rue and Bruland, 1995). These authors observed an overall lower sensitivity 

in deep samples collected in the Pacific compared to the Atlantic, and attributed this change to the 

composition or structure of the DOM with the aging of water masses (Buck et al., 2018). The sensitivity 

loss is generally compensated by the deposition time used, ranging from 90 s to 600 s in Pacific Ocean 

samples (Buck et al., 2018). The deposition time required in our study with a deposition potential of 

0.05 V ranged from 45 s in surface samples to 120 s in deep samples collected in the Western Tropical 

South Pacific. It is well known that the adsorption of organic compounds can lower the sensitivity of 

the ACSV method of Fe detection (e.g. Yokoi and van den Berg, 1992). Our results suggest that a higher 

deposition potential limits the adsorption of negatively charged refractory DOM at the mercury 

electrode. Higher deposition potentials than +0.07 V were not tested to avoid extensive oxidation of the 

mercury electrode and a deposition potential of +0.05 V was chosen, which allowed analysis of a 

complete titration of 16 aliquots with triplicate voltammograms in less than 1 h even for deep samples 

showing lower sensitivity (e.g. Buck et al., 2018, 2007; Cabanes et al., 2020). 
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 Procedure for the interpretation of ligand titrations 

Despite the development of software to ease and facilitate the interpretation of ligand titrations (e.g. 

Omanović et al., 2015), the impact of choices made by the analyst during the interpretation can impact 

the results and limit the comparability of datasets (Pižeta et al., 2015). The result is notably impacted 

by the choice of the mathematical treatment used to retrieve the log KFeL,Fe′
cond  of the natural ligand, by 

the definition of the sensitivity of the method (e.g. Omanović et al., 2015) and by the data selection of 

the analyst (Buck et al., 2012). We propose a procedure to treat titration data in a systematic way to 

statistically and automatically exclude potential outliers without bias or subjectivity, and to model 

ligand characteristics using simultaneously the most common fittings currently in use (Gerringa et al., 

2014; Ružić, 1982; Scatchard, 1949; van den Berg, 1982).  

The first step was to assess how to best define the sensitivity of the measurement. The optimisation of 

the definition of the sensitivity should be tested for every dataset. We suggest to perform duplicates 

analyses of several samples and to compare them as in Table 4.3. In this work, we compared the use of 

the peak heights from the three last linear aliquots with the mathematical fit proposed in ProMCC. To 

do so, replicate titrations were fitted using both definitions, the differences between duplicates in [L] 

Figure 4.3. Reduction current of the FeSA peak 

after 45 s deposition as a function of the 

deposition potential applied in a seawater sample 

buffered to pH 8.18 containing 25µmol.L-1 of SA. 

Previously published values (-0.05 V and 0.00 V) 

and the one selected in this study (0.05 V) are 

noted. 
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(Δ[L]) and in log KFeL,Fe′
cond  (Δlog KFeL,Fe′

cond ) were determined, and the standard deviations of the Δ[L] and 

Δlog KFeL,Fe′
cond  obtained with each mode compared. Then, the dispersion was calculated, relative to the 

mean value. For [L], the standard deviation was divided by the mean [L] of the titrations, while for log 

KFeL,Fe′
cond , the standard deviation was divided by the acknowledged range of values covered by a single 

detection window (2; Apte et al., 1988; Gerringa et al., 2014). The most consistent results were obtained 

by defining the sensitivity with the 3 last aliquots of the titration, with 22% of dispersion for Δ[L], 

against 46% for the mathematical fitting. Differences for Δlog KFeL,Fe′
cond  were in comparison negligible. 

The definition of the sensitivity with the 3 last aliquots has been implemented in our procedure. Despite 

recommendations from Gerringa et al. (2014) to use 4 aliquots, our results showed that in our case the 

accuracy was not impacted by the use of 3 or 4 aliquots (results not shown). The options offered by the 

software ProMCC of linear or logarithmic fitting of the sensitivity did not limit the dispersion of the 

calculated [L] (results not shown). 

Table 4.3. Differences in [L] and log KFeL,Fe′
cond  on duplicate analyses due to the definition of the sensitivity during 

titration data fitting. The dispersion corresponds to the standard deviation divided by the mean [L] for Δ[L], and 

by the acknowledged range covered by a single detection window for Δlog KFeL,Fe′
cond  (2; Apte et al., 1988; 

Gerringa et al., 2014). 

Definition of 

the sensitivity 
With the 3 last aliquots Fitted by ProMCC 

Sample label 
Δ[L] 

(nmoleqFe.L-1) 
Δlog KFeL,Fe′

cond  
Δ[L] 

(nmoleqFe.L-1) 
Δlog KFeL,Fe′

cond  

ST6-21 0.0 0.3 -0.7 0.1 

ST6-20 3.0 -0.5 8.1 -0.3 

ST6-11 0.5 0.0 0.6 0.0 

ST6-7 -0.6 -0.5 3.6 -0.6 

ST6-5 0.5 -0.3 2.4 -0.3 

ST6-3 -1.7 0.0 -2.2 -0.1 

ST2-7 0.0 -0.2 3.2 -0.3 

ST7-17 0.0 0.1 0.7 0.0 

ST7-17_2 -0.8 -0.1 -1.5 0.0 

Standard 

deviation 
1.3 0.3 3.2 0.2 

Dispersion 22% 14% 46% 11% 
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The procedure developed for the interpretation of ligand titration relies on the combined use of ProMCC 

and of the spreadsheet specifically prepared to keep track of the fitting performed and define the quality 

flag of the titration (Figure 4; Annex 3 and 4). A step-by-step description of the procedure is detailed 

in Annex 3 and included within the spreadsheet (Annex 4). 

 

Briefly, the user first needs to enter analysis information as requested and add the titration data to both 

the spreadsheet and ProMCC. From ProMCC, a pre-selection is made, based on the visual presence of 

carry-over Fe (high values for the first aliquot) or saturation at the end of the titration (flattening of the 

curve; Figure 4.2). A first fitting is then performed, with the result being added to the results list and 

the titration data saved in the spreadsheet. Following this, the graphical error of the titration presented 

as relative percentage difference (RPDi) calculated in ProMCC is used: data points with an RPDi higher 

than 50% are discarded, in order of decreasing RPDi values. The RPDi values for all data from all 

aliquots are considered, because this step aims to discard voltammograms of poor quality, not to 

evaluate the validity of an aliquot. Following this process, if all voltammograms of an aliquot have an 

issue (e.g. due to contamination or problem during the preparation), they will be discarded anyway. 

Following each data deletion step, the ‘Complete Complexation Fitting Model’ fit is applied in 

Figure 4.4. Diagram describing the procedure developed for the interpretation of ligand titration data, with n 

corresponding to the number of voltammograms recorded for each aliquot. RPDi is the Relative Percentage 

Difference. 



128 

 

ProMCC. The number of data points to be discarded for each fitting corresponds to the number of 

voltammogram recorded per aliquot (e.g. 3 points can be discarded if triplicates were recorded, 2 points 

if duplicates, etc…). The data deletion and fitting steps are reproduced until all data show an RPDi < 

50%. The result of each fitting and the used data must be saved in the spreadsheet for traceability of the 

treatment process. The RPDi used to define the validity of the data is automatically calculated in 

ProMCC, and, therefore, the data selection is not impacted by the analyst.  

 Automated determination of the quality flag within the spreadsheet 

A quality flag (QF) system was implemented to rapidly visualise the confidence in the results with 

values ranging from 1 to 4, 1 being highly confident. The motive for such QF are that the values of [L] 

and log KFeL,Fe′
cond  obtained through the data fitting is dependent on the quality of the titration data, which 

is not always clearly stated by authors. Additionally, to our knowledge, there is no open access tools to 

keep track of the choices made when fitting titration data (e.g. how many data points were discarded, 

which ones, how was the sensitivity defined, etc…). This motivated the development of a spreadsheet 

combining the record of the metadata of the analysis, the record of the titration data, and the 

visualisation of the whole and selected complexometric data. The spreadsheet is meant to be used in 

tandem with ProMCC. This spreadsheet (Annex 4) is perfectible and is open to user’s suggestions. 

The QF value is based on three aspects. The first relates to the number of fittings performed during the 

data selection procedure to reach a RPDi below 50% for all data points, with the QF being equal to the 

number of fittings performed. The second, automated, relies on the errors on [L] and log KFeL,Fe′
cond , and 

the averaged error given by ProMCC. For [L], an error of ± 0.5 nmoleqFe.L-1 is accepted. This value 

corresponds to ± 10% of the averaged [L] observed in our analyses. It should be systematically 

determined for each individual dataset. For log KFeL,Fe′
cond , an error of ± 0.2 is accepted, corresponding to 

± 10% of the range of 2 unit of log KFeL,Fe′
cond  covered by an analytical window (Apte et al., 1988; Gerringa 

et al., 2014). Therefore, the limit of the criteria on the average error calculated by ProMCC as root-

mean-square error (RMSE) is 20% (to correspond to ± 10%). If two of the tests performed on [L], log 
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KFeL,Fe′
cond  and average error are successful, the QF value previously defined by the number of fittings 

performed to reach RPDi < 50% is lowered by one (meaning the confidence is increased).  

The third aspect defining the QF relies on the convergence of the fittings. Indeed, successive fittings 

can lower the error on the parameters, but the parameter can show similar results in terms of [L] and 

log KFeL,Fe′
cond  despite data points having been discarded. Therefore, the appropriate QF to be retained for 

the titration should correspond to the first fitting reaching the value that will be saved for the titration. 

An automated verification was implemented to check the convergence of [L] and log KFeL,Fe′
cond  along 

successive fittings and data selection. The QF is lowered by one if the values change by less than 20% 

of the method accuracy, so by 0.1 nmoleqFe.L-1 for [L] and by 0.04 for log KFeL,Fe′
cond . The rules to define 

the QF based on the error and on the convergence of the fittings are not cumulative, meaning that the 

QF cannot be lowered by more than one level. 

 Reproducibility of ligand titrations 

The reproducibility of ligand titration and data treatment using 25 µmol.L-1 of SA and a sequential 

equilibration procedure was compared on 39 samples run in duplicate. Results are presented in Table 

4.4 and ordered along their sampling depth, from shallowest to deepest. The samples were randomly 

chosen within a set collected in the Western South Tropical Pacific in 2019 (Guieu and Bonnet, 2019) 

to cover a large range of biogeochemical conditions (e.g. DFe from 0.18 nmol.L-1 to 1.09 nmol.L-1; 

Tillette et al., 2022; Chapter 5). Therefore, the evaluation of the titration uncertainty on [L] and log 

KFeL,Fe′
cond  can be used as reference boundaries for other open ocean studies considering a single class of 

ligand and using a similar procedure as ours. 

The average uncertainty of [L] determination was ± 0.6 nmoleqFe.L-1, roughly corresponding to ± 10% 

of the average [L] value of 5.1 nmoleqFe.L-1. The average uncertainty in Δlog KFeL,Fe′
cond  was of ± 0.2, 

corresponding to ± 10% of the lower range of 2 units of log KFeL,Fe′
cond  covered by a single detection 

window (Apte et al., 1988; Gerringa et al., 2014). The duplicate analyses presented above have shown 

Δ[L] ranging from 0.0 to 3.0 nmoleqFe.L-1 and Δlog KFeL,Fe′
cond  ranging from 0.0 to 0.9. There was no 
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correlation for Δ[L] and Δlog KFeL,Fe′
cond  with either the QF, DFe concentration, depth, location, or time 

between replicates (ranging from a few hours up to three weeks). Overall, the standard deviation of 

Δ[L] and Δlog KFeL,Fe′
cond  values was of 1.1 (i.e. ± 0.6) nmoleqFe.L-1 and 0.4 (e.g. ± 0.2), respectively, 

meaning that the difference between the replicates is statistically within the uncertainty of the parameter 

determination for [L] of 0.6 nmoleqFe.L-1 and for log KFeL,Fe′
cond  of 0.2, respectively. The difference 

between replicates, or the difference between the titrations, can originate from technical issues from the 

voltammetric systems, sample preparation and/or sample thawing as well as other unidentified sources 

of uncertainty.  

Table 4.4. FeL characteristics of duplicate samples from the Western South Tropical Pacific prepared following 

the sequential equilibration procedure. The QF is defined as in Section 4.3.4. 

Sample label Depth (m) [L] 

(nmoleqFe.L-1) 

log 

KFeL,Fe′
cond  

QF Δ[L] 

(nmoleqFe.L-1) 
Δlog KFeL,Fe′

cond  

ST6-23 25 4.8 ± 0.5 11.8 ± 0.4 1 0.2 -0.1 

4.7 ± 0.4 11.9 ± 0.2 2 
       

ST4-23 39 4.5 ± 0.7 11.4 ± 0.2 2 -0.3 0.1 

4.8 ± 0.5 11.3 ± 0.2 1 
       

ST7-23 40 5.2 ± 0.4 12.0 ± 0.1 1 0.4 0.5 

4.8 ± 0.6 11.5 ± 0.2 3 
       

ST6-21 55 5.2 ± 0.5 11.9 ± 0.2 1 0.0 0.3 

5.3 ± 0.9 11.6 ± 0.2 3 
       

ST6-20 62 7.6 ± 1.6 11.3 ± 0.3 1 3.0 -0.5 

4.7 ± 0.6 11.8 ± 0.2 2 
       

ST4-20 102 6.2 ± 0.9 11.5 ± 0.2 2 1.3 -0.4 

4.9 ± 0.4 11.9 ± 0.2 3 
       

ST4-19 120 5.7 ± 0.7 11.7 ± 0.2 1 2.0 -0.2 

3.7 ± 0.6 11.9 ± 1.0 1 
       

ST4-17 200 5.1 ± 0.5 11.9 ± 0.2 3 -0.6 0.1 

5.7 ± 0.6 11.8 ± 0.2 3 
       

ST7-19 200 4.7 ± 0.8 11.3 ± 0.2 3 -0.3 -0.9 

5.0 ± 0.4 12.2 ± 0.2 1 

ST6-11 300 4.9 ± 0.6 11.8 ± 0.2 3 0.5 0.0 

4.4 ± 0.4 11.8 ± 0.2 2 
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ST7-17 350 4.0 ± 0.8 11.4 ± 0.3 3 0.0 0.1 

4.0 ± 0.6 11.3 ± 0.2 2 
       

ST7-17 350 4.0 ± 0.8 11.4 ± 0.3 3 -0.8 -0.1 

4.8 ± 0.6 11.5 ± 0.2 2 
       

ST6-7 490 6.2 ± 1.3 11.1 ± 0.3 4 -0.6 -0.5 

6.8 ± 0.7 11.7 ± 0.1 2 
       

ST6-5 640 5.7 ± 0.5 11.7 ± 0.1 2 0.5 -0.3 

5.2 ± 0.5 12.0 ± 0.2 3 
       

ST10-T3-7 647 5.8 ± 0.7 10.7 ± 0.1 1 0.3 -0.9 

5.5 ± 0.6 11.6 ± 0.2 1 

ST7-15 670 4.8 ± 0.6 11.7 ± 0.2 2 1.9 -0.4 

2.9 ± 0.4 12.1 ± 0.5 3 
       

ST6-3 800 4.6 ± 0.6 11.3 ± 0.2 1 -1.7 0.0 

6.3 ± 1.1 11.3 ± 0.2 2 
       

ST7-13 1050 3.8 ± 0.5 11.8 ± 0.3 2 0.7 0.1 

3.1 ± 0.4 11.8 ± 0.3 2 
       

ST7-13 1050 3.8 ± 0.5 11.8 ± 0.3 2 0.6 0.4 

3.2 ± 0.5 11.5 ± 0.3 1 
  

 
    

ST2-7 1800 9.3 ± 1.0 11.5 ± 0.2 1 0.0 -0.2 

9.3 ± 0.9 11.7 ± 0.2 3 

   Mean ± standard deviation: -0.2 ± 0.4 0.2 ± 0.1 

 

The Δ[L] of 80% of the data are within ± 10% of the mean [L] value (e.g. ± 0.5 nmoleqFe.L-1 here), 

and 75% of the Δlog KFeL,Fe′
cond  are within ± 10% of the 2 units range of log KFeL,Fe′

cond  covered by a single 

detection window (e.g. ± 0.2). We conclude that the ligand titrations are accurate at ± 10% for [L] and 

at ± 0.2 for log KFeL,Fe′
cond . These intervals can be used to detect outliers in datasets, considering the 

relative homogeneity of water masses in the open ocean. Specific care must be taken when considering 

samples suspected to be biologically dynamic such as surface, coastal, or incubation samples, as our 

study might not cover the entirety of the biogeochemical conditions that can be encountered in marine 

systems. We suggest to perform the analysis of multiple replicates within the acquisition of a dataset to 
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constrain the uncertainty of the values obtained and ease the comparison of such datasets. Currently, 

replicates of titrations and determination of these uncertainties are seldomly reported. 

 Comparison of equilibration procedure 

Sequential and overnight equilibration procedures were compared on 24 samples (Table 4.5) collected 

in the Western South Tropical Pacific in 2019 (Guieu and Bonnet, 2019), different that the one used for 

duplicate analyses (Table 4.4) because of the volume of sample available. The samples are listed along 

the sampling depth (Table 4.5) and it is apparent that a higher deposition time had to be used for deeper 

samples, in line with previous studies (e.g. Buck et al., 2018). The deposition time requirement is also 

on average 1.6-fold lower with the sequential equilibration than with the overnight equilibration. This 

could be related to the slow formation kinetic of the electro-inactive FeSA2 complex (Abualhaija and 

van den Berg, 2014), and therefore decrease in the detectable FeSA concentration in the sample with 

time. If this is the case, the calibration of the overnight procedure with 25 uM SA should be carried out 

rather than using the stability constant determined through the sequential procedure. However, the 

βFeSA calibrated by Abualhaija and van den Berg (2014)  and the βFeSA2
 calibrated by Buck et al. (2007) 

result in αFeSA of 123 and in αFeSA2
 of 79 for 25 µmol.L-1 of SA. This leads to a shift of 0.2 in log 

KFeL,Fe′
cond , which is still within the uncertainty of the analysis (Section 4.3.5). The slow formation of an 

electro-inactive FeSA2 complex is a problem that can be avoided by using a lower SA concentration 

(e.g. 5 µmol.L-1) while still keeping a long equilibration time, as recommended previously (Abualhaija 

and van den Berg, 2014; Gerringa et al., 2021).   
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Table 4.5. Comparison of the sequential and overnight equilibration procedure on FeL characteristics. The determination of the QF is detailed in Section 4.3.4. 

Sample 

label 

Depth (m) Equilibration [L] 

(nmoleqFe-1) 
log KFeL,Fe′

cond  QF Deposition 

time (s) 

Δ[L] 

(nmoleqFe.L-1) 
Δlog KFeL,Fe′

cond  Deposition 

time ratio 

ST10-T3-

23 

15 Sequential 8.8 ± 0.7 11.9 ± 0.2 1 20 -0.1 -0.3 1.5 

Overnight 8.7 ± 0.6 11.6 ± 0.1 1 30 
          

ST10-T3-

21 

35 Sequential 5.2 ± 0.3 12.0 ± 0.2 1 20 0.2 0.0 1.5 

Overnight 5.4 ± 0.4 12.0 ± 0.2 1 30 
          

ST2-23 35 Sequential 3.1 ± 0.4 11.3 ± 0.2 1 45 3.1 0.1 2 

Overnight 6.2 ± 0.8 11.4 ± 0.2 2 90 
          

ST4-23 39 Sequential 4.5 ± 0.7 11.4 ± 0.2 2 45 0.2 -0.1 2 

Overnight 4.7 ± 0.6 11.3 ± 0.2 3 90 
          

ST2-21 73 Sequential 2.8 ± 0.4 11.3 ± 0.2 1 45 0.8 0.1 2 

Overnight 3.6 ± 0.7 11.4 ± 0.3 1 90 
          

ST10-T3-

17 

75 Sequential 5.8 ± 0.5 11.7 ± 0.2 1 30 2.6 -0.2 1 

Overnight 8.4 ± 0.7 11.5 ± 0.1 2 30 
          

ST4-20 102 Sequential 4.9 ± 0.4 11.9 ± 0.2 2 45 -2.2 0.3 2 

Overnight 2.7 ± 0.5 12.2 ± 0.5 3 90 
          

ST2-19 105 Sequential 5.0 ± 1.1 11.1 ± 0.3 2 45 1.2 0.2 1.3 

Overnight 6.2 ± 1.0 11.3 ± 0.2 2 60 
          

ST2-17 151 Sequential 3.7 ± 0.4 11.9 ± 0.2 3 35 3.1 -0.4 1.7 

Overnight 6.8 ± 1.2 11.5 ± 0.2 2 60 
          

ST10-T3-

12 

187 Sequential 3.9 ± 0.4 11.9 ± 0.2 1 30 2.3 -0.3 1 

Overnight 6.2 ± 0.7 11.6 ± 0.2 1 30 
          

ST2-15 303 Sequential 5.4 ± 0.8 11.5 ± 0.2 1 45 0.5 -0.6 2 

Overnight 5.9 ± 2.0 10.9 ± 0.3 4 90 
          

ST10-T3-9 389 Sequential 5.7 ± 0.9 11.4 ± 0.2 3 25 0.3 -0.2 1.6 

Overnight 6.0 ± 0.9 11.2 ± 0.2 1 40 

1
3

3
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ST10-T3-8 510 Sequential 5.3 ± 0.6 11.8 ± 0.2 1 25 0.0 -0.5 1.6 

Overnight 5.3 ± 0.8 11.3 ± 0.2 1 40 
          

ST2-13 550 Sequential 6.9 ± 2.2 10.5 ± 0.2 3 35 0.3 0.6 1.7 

Overnight 7.2 ± 1.1 11.1 ± 0.2 1 60 
          

ST10-T3-7 647 Sequential 5.8 ± 0.7 10.7 ± 0.1 1 30 -0.1 0.4 1.7 

Overnight 5.7 ± 0.9 11.1 ± 0.2 2 50 
          

ST10-T3-1 701 Sequential 5.3 ± 0.5 12.0 ± 0.2 1 30 0.6 -0.7 1.7 

Overnight 5.9 ± 0.9 11.3 ± 0.2 3 50 
          

ST2-11 797 Sequential 5.2 ± 0.6 11.7 ± 0.2 2 45 2.2 -0.5 1.3 

Overnight 7.4 ± 1.4 11.2 ± 0.3 2 60 
          

ST8-15 800 Sequential 4.2 ± 0.8 11.4 ± 0.4 2 45 0.6 -0.7 2 

Overnight 4.8 ± 1.5 10.7 ± 0.3 2 90 
          

ST8-13 1089 Sequential 3.7 ± 0.4 11.8 ± 0.2 1 45 2.5 -0.7 2 

Overnight 6.2 ± 1.2 11.1 ± 0.3 1 90 
          

ST2-9 1200 Sequential 8.1 ± 0.9 11.2 ± 0.2 1 45 -2.2 0.3 1.3 

Overnight 5.9 ± 0.6 11.5 ± 0.2 1 60 
          

ST2-7 1800 Sequential 9.3 ± 1.0 11.5 ± 0.2 3 80 -2.3 0.5 1.5 

Overnight 7.0 ± 1.9 11.0 ± 0.2 1 120 
          

ST8-11 1899 Sequential 5.3 ± 0.6 11.5 ± 0.2 2 60 0.5 0.0 1 

Overnight 5.8 ± 0.6 11.5 ± 0.2 1 60 
          

ST8-10 2400 Sequential 5.7 ± 0.5 11.3 ± 0.1 1 45 -0.2 0.0 1.3 

Overnight 5.5 ± 0.8 11.3 ± 0.2 2 60 
          

ST2-1 3446 Sequential 5.2 ± 0.6 11.7 ± 0.2 2 120 -0.6 -0.4 1.3 

Overnight 4.6 ± 0.7 11.3 ± 0.3 1 150 

    Mean ± standard deviation: 0.6 ± 1.5 -0.2 ± 0.4 1.6 ± 0.3 

1
3
4
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It has been suggested that a shorter equilibration time could overestimate [L] and log KFeL,Fe′
cond  as some 

dissociation kinetic of complexes of Fe and natural ligands could be too slow (Gerringa et al., 2021, 

2014). Here, it was decided to use the same SA concentration of 25 µmol.L-1 for sequential and 

overnight equilibration to state the impact of the equilibration time on derived complexation parameters. 

The samples have been randomly selected across a wide range of depth and trophic regimes to verify if 

the two equilibration procedures are converging or not, depending on the biogeochemical conditions 

and, potentially, on the ligand pool composition. ST8 was sampled in the oligotrophic South Pacific 

Gyre, ST10-T3 and ST4 in the Lau Basin, hotspot of diazotrophic activity (Bonnet et al., 2017), with 

ST10-T3 in the Eastern Lau Basin and subject to surface and bottom DFe enrichment (Tilliette et al., 

2022). ST2 was sampled in the Melanesian Basin in which strong thiol concentrations have been 

measured at several depths (Portlock et al., in prep.). In this dataset, 13 comparisons out of 24 are 

showing a Δ[L] within ± 10% of the mean value, and 9 out of 24 comparisons show a Δlog KFeL,Fe′
cond  

within ± 0.2 (54% and 38% of the 24 comparisons performed, respectively). None of the comparison 

performed at ST2 show converging values of both Δ[L] and Δlog KFeL,Fe′
cond , which could be related to 

specificities of the DOM. It does strongly suggest that the composition of the DOM can impact the 

equilibration kinetics of the sample. 

The absence of pattern for the increase or decrease of [L] and log KFeL,Fe′
cond  between the two equilibration 

procedures questions the establishment of the steady-state equilibrium of the partitioning of Fe between 

natural and added ligands in some samples. In view of our results, it is not possible to recommend one 

of the procedures over the other, even if the sequential procedure requires lower deposition time and, 

therefore, requires less time for the analysis of the samples. It is, as well, the one minimising the 

formation of FeSA2, which is thought to be a limiting factor of the method at higher equilibration time 

(Gerringa et al., 2021). With this comparison, we also state that differences with other methods using 

overnight equilibration cannot be attributed only to the lack of equilibrium using sequential 

equilibration as stated in latest comparison studies (e.g. with TAC; Ardiningsih et al., 2021; Gerringa 

et al., 2021). However, our results suggest further investigation of the impact of the equilibration 

procedure on the results obtained by CLE-ACSV using SA. 
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 Conclusion 

We present in this paper a suite of recommendations that will hopefully improve and ease the use of SA 

as an artificial ligand to investigate DFe speciation by CLE-ACSV. The conditioning, voltammetric and 

voltammogram treatment procedures should help users to apply the SA method, while the titration 

fitting procedure should improve comparison of results between laboratories. The titration fitting 

spreadsheet and procedure are, however, perfectible in ways that will only be revealed by more 

comparative studies and collaborative work. The automated definition of the QF implemented in this 

work could have a limited applicability with regards to the reproducibility and accuracy of other 

methods. However, this can be easily overcome and adjusted. We believe that the use of such tools and 

procedures is a necessity to reach better data quality, reduce subjective bias, and improve data 

comparison between laboratories, ultimately improving our understanding of the organic speciation of 

trace metals in the ocean. The interpretation procedure developed to lower the impact of the subjectivity 

of the analyst can be used for the interpretation of organic speciation data regarding any metal and 

application specificities such as number of aliquots and voltammogram recorded, as long as care is 

taken to prove the validity of the application as presented here. Essential aspects for the validation of 

the procedure include tests on the definition of the sensitivity, and estimation of the application 

uncertainty by estimation of the reproducibility. Our comparison of equilibration procedures (sequential 

versus overnight) did not show a systematic shift in [L] and log KFeL,Fe′
cond  but a rather spread range of 

differences across samples. The impact of the equilibration time on the CLE-ACSV results obtained 

should be explored further in future studies, notably on reference compounds such as siderophores and 

humic-like material to better constrain the limits of the two equilibration methods currently in use and 

the exchange kinetic between the natural binding ligands and the added SA. The equilibration kinetic 

for DFe against SA could be a way to discriminate different kind of ligands or binding-sites in natural 

samples. Such experiment has already been tested but on the time scale of hours to days (Croot and 

Heller, 2012; Witter and Luther, 1998; Wu and Luther, 1995), notably limited regarding the analysis 

time. Our optimised SA method with lower analysis time could allow the investigation of the 

equilibration kinetic in the time scale minutes to hours, opening a way to further explore this field. 
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Note for the reader 

 

The following Chapter is in final stage of preparation for publication and is nearly ready for submission 

to the journal Frontiers in the Research Topic ‘Hydrothermal and submarine volcanic activity: Impacts 

on ocean chemistry and plankton dynamics’. This might explain repetitions regarding the description 

of the methodological context and of the scientific background. 

 

 

To be submitted as: Mahieu, L., Whitby, H., Dulaquais, G., Tilliette, C., Guigue, C., Tedetti, M., 

Lefevre, D., Fourrier, Bressac, M., P., Sarthou, G., Bonnet, S., Guieu, C., Salaün, P.: Iron-binding by 

dissolved organic matter in the Western Tropical South Pacific (GEOTRACES cruise GPpr14).  
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Chapter 5 

5. Iron-binding by dissolved organic matter in the 

Western Tropical South Pacific (GEOTRACES cruise 

GPpr14) 

Abstract 

Iron (Fe) is essential for phytoplankton growth, but its scarcity in seawater limits primary production. 

The solubility enhancement of dissolved Fe (DFe) by complexation with a specific fraction of the 

dissolved organic matter (DOM) called Fe-binding ligands partly sustains primary production, but the 

Fe-binding ligands composition is poorly constrained. This is due to the DOM diversity, heterogeneity 

in Fe-binding ligand composition and distribution, and limited number of available data, hampering our 

understanding of the Fe cycling and subsequently on nitrogen and carbon cycling. Here, we present the 

conditional concentrations ([L]) and binding-strengths (log KFeL,Fe′
cond ) of Fe-binding ligands on 103 

samples collected in the Western Tropical South Pacific Ocean (WTSP) during the GEOTRACES 

TONGA cruise (GPpr14), area subject to intense Fe inputs from hydrothermal activity, fueling one of 

the most intense diazotrophic activity worldwide. Ligands were analyzed by competitive ligand 

exchange followed by adsorptive cathodic stripping voltammetry (CLE-ACSV) using salicylaldoxime 

at 25 µmol.L-1. We found a mean [L] of 5.2 ± 1.2 nmoleqFe.L-1 (n = 103), in large excess compared to 

DFe ([L]ex = 4.6 ± 1.1 nmoleqFe.L-1). The large unsaturation of the Fe-binding ligands suggested the 

predominance of precipitation processes of the hydrothermally sourced DFe over stabilization by Fe-

binding ligands. Nevertheless, [L] and DFe were positively correlated, meaning the [L] partly explained 

DFe distribution. 84% of the samples were falling in the class of intermediate strength L2 class (mean 

log KFeL,Fe′
cond  of 11.6 ± 0.4, n = 103). As the L2 class is often considered as mostly composed of humic-

like substances (HS-like), our Fe-binding ligands data were compared to electrochemical and 
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fluorescent determination of HS-like. The electroactive fraction of HS-like (eHS) explained 20 to 40% 

of the [L] in surface waters, and 8 to 18% in deep waters. eHS was not positively correlated to DFe, 

contrasting with other oceanic regions. The Fe-binding ability of the HS-like fluorescent DOM (FDOM) 

could not be estimated, but the latter showed positive correlation with DFe and with the apparent oxygen 

use (AOU), proxy of the microbial mineralization of the DOM. Enhanced HS-like FDOM content in 

deep waters suggested hydrothermal influence on this fraction in the WTSP. Unusual relationship 

between tryptophan-like FDOM and [L] was also suggesting variability in the biological defense 

mechanisms developed to neutralize hydrothermally sourced toxic metals. Our study highlighted the 

interest to further compare electrochemical and fluorescence analyses of the Fe-binding ability of the 

DOM to constrain DFe distribution, biological processes and Fe-binding ligands composition. 

5.1. Introduction 

Iron (Fe) is an essential element for phytoplankton because of its role in multiple metabolic processes 

(Twining and Baines, 2013). It is in such a high demand that its availability limits primary production 

across around 40% of the ocean (Moore et al., 2013). Fe scarcity is also explained by its very low 

solubility in seawater (Liu and Millero, 2002). Fe is quickly hydrolysed and exported as oxyhydroxide 

aggregates in oxygenated conditions (Liu and Millero, 2002), and as Fe-sulphide (mostly pyrite) in 

more anoxic environments such as hydrothermal vents (Rickard and Luther, 2007). However, despite 

its low solubility and inorganic scavenging, the Fe concentration found in the dissolved fraction (DFe; 

defined by the filter of 0.2 µm or 0.45 µm pore size) is higher than what is expected from its inorganic 

speciation (Liu and Millero, 2002). This is partly explained by extensive complexation of DFe by a 

fraction of the dissolved organic matter (DOM), known as Fe-binding ligands, enhancing Fe solubility, 

and increasing its residence time in surface waters and bioavailability to phytoplankton. It is generally 

accepted that most DFe (> 99%) is complexed to organic ligands (Gledhill and Buck, 2012). Knowledge 

of the nature and cycling of these ligands is required to understand and predict Fe distributions and 

bioavailability, but obtaining this information is challenging. Characterisation of the Fe complexing 

fraction is difficult because of the sheer diversity of DOM (Dittmar et al., 2021; Mentges et al., 2017) 

and the relatively low abundance of Fe-binding compounds. The bioavailability of DFe complexed by 
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the wide variety of Fe-binding ligands present in seawater is also difficult to evaluate (Shaked et al., 

2020; Shi et al., 2010). Various methods enable measurement of the major individual Fe-binding ligand 

groups, namely siderophores (Boiteau and Repeta, 2022; Bundy et al., 2018), humic-like substances 

(HS; Laglera et al., 2007; Pernet-Coudrier et al., 2013; Sukekava et al., 2018; Whitby and van den Berg, 

2015), and exopolymeric substances (EPS; Hassler et al., 2015, 2011; Norman et al., 2015). Those 

methods, however, have a limited resolution because of the diversity encountered within each group. 

The identification issue posed by the DOM diversity and by the specific complexing ability of each 

compound is partly overcome by the Competitive Ligand Exchange (CLE) approach, based on the 

competition between the natural Fe-binding ligands and an added competitive ligand at increasing DFe 

concentrations. The titration of the natural Fe-binding ligands is indirectly followed by the 

quantification of the electroactive complex formed by the competitive ligand and DFe, by adsorptive 

cathodic stripping voltammetry (ACSV). This approach allows the determination of the maximum 

amount of DFe that can be complexed by the natural DOM present within a sample, defined as the Fe-

binding ligand concentration ([L]), and the averaged conditional stability constant (log KFeL,Fe′
cond ) of the 

Fe-binding complexes within the detection window. The log KFeL,Fe′
cond  values obtained by CLE-ACSV 

are commonly divided into classes, with L1 corresponding to stronger ligands (log KFeL,Fe′
cond  > 12), L2 to 

intermediate ligands (>10 log KFeL,Fe′
cond  <12) and L3 to weaker ligands (log KFeL,Fe′

cond  < 10; Gledhill and 

Buck, 2012). These classes roughly correspond to the three major types of ligand identified in the 

environment, with siderophores falling into the L1 class, HS falling into L2, and EPS into L3 (Hassler et 

al., 2017), although classes can overlap and remain a simplistic view of the Fe organic speciation. The 

binding ability of the DOM is rather a continuum of log KFeL,Fe′
cond  values that a specific value as 

determined by CLE-ACSV (Gledhill and Buck, 2012). The log KFeL,Fe′
cond  determined by CLE-ACSV is 

an average value of all the titrated ligands, and it is not well understood how the log KFeL,Fe′
cond  of each 

compound is weighted during the titration of the Fe-binding ligands mixture. This has been shown to 

be of importance notably with the L1 class, as a log KFeL,Fe′
cond  > 12 could be over-interpreted as 

corresponding to siderophore compounds, when siderophore concentrations (e.g. Bundy et al., 2018; 
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Mawji et al., 2008) are generally orders of magnitude lower than the L1 class detected by CLE-ACSV 

(e.g. Buck et al., 2018). Whilst being mindful of limitations, this classification remains a helpful way 

to interpret Fe-binding ligand data and to compare studies.  

The classification of binding strength presented by Gledhill and Buck (2012) has been used to compare 

the first basin scale datasets on Fe-binding ligand characteristic from samples collected in the West 

Atlantic (Gerringa et al., 2015), in the North Atlantic (Buck et al., 2015) and in the Tropical Pacific 

(Buck et al., 2018). Despite a general trend of decreasing log KFeL,Fe′
cond  and increasing [L] with depth and 

water mass aging (Buck et al., 2018, 2015; Gerringa et al., 2015), L1 has been shown to correlate with 

increasing DFe concentration at hydrothermal vents (Buck et al., 2018, 2015). L1 ligands were also 

observed in hydrothermal fluid samples collected at the New Hebrides Island arc in the Western 

Tropical South Pacific (WTSP) with concentrations reaching the micromolar range for [L] and DFe 

(Kleint et al., 2016). These authors also detected weaker L3 ligands in several WTSP hydrothermal 

samples (Kleint et al., 2016), while intermediate L2 ligands have been observed in hydrothermal plumes 

in the Southern Ocean (Hawkes et al., 2013). In hydrothermal fluids, concentrations of DFe and [L] can 

vary from the nanomolar (e.g. Hawkes et al., 2013; Resing et al., 2015; Tilliette et al., 2022) to 

micromolar range (e.g. Kleint et al., 2016) depending on the initial fluid chemistry, which is 

geographically diverse and variable over time (Kleint et al., 2019). The free ionic Fe2+ initially found in 

hot and acidic hydrothermal fluid (Kleint et al., 2017) is quickly oxidised and scavenged during mixing 

with seawater by the formation of Fe-sulphides and Fe-oxyhydroxide minerals (Millero et al., 1987), 

but it can also be adsorbed on organic matrixes (Toner et al., 2009) or stabilised by Fe-binding ligands 

(Kleint et al., 2017; Sander and Koschinsky, 2011; Santana-Casiano et al., 2022). The inorganic 

transport of DFe as Fe-sulphide nanoparticles and colloidal Fe-oxyhydroxide has also been observed 

(Yücel et al., 2021, 2011), and the accessibility of these fractions by Fe-binding ligands, even if strongly 

suggested in recent studies (e.g. Kleint et al., 2016), is yet to be attested. The variable interplay between 

the inorganic and organic processes impacting the amount of DFe sourced by hydrothermal activity is 

an essential aspect to constrain the global DFe distribution as it could account for an estimated 9% of 

the deep-ocean DFe budget (Sander and Koschinsky, 2011). 
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At the Tonga volcanic arc in the WTSP, the subduction of the Pacific Plate under the Australian Plate 

is responsible for intense volcanic activity and high density of submarine volcanoes (German et al., 

2006). This submarine hydrothermal activity has been shown to fuel the area with DFe, with up to 70 

nmol.L-1 of DFe measured within the photic layer (Guieu et al., 2018). In addition, the highest rates of 

nitrogen fixation ever observed have been measured in the Lau Basin, potentially making it one of the 

main sources of nitrogen for the global ocean (Bonnet et al., 2018, 2017). The co-occurrence of aeolian 

and submarine volcanism with intense diazotrophic activity motivated the GEOTRACES process cruise 

GPpr14 (TONGA cruise; Guieu and Bonnet, 2019), which crossed the Melanesian basin, the Lau basin, 

and the western part of the South Pacific gyre (Figure 5.1) between October 31st and December 5th 2019. 

The cruise immediately followed a strong volcanic eruption which occurred in October 2019 and 

resulted in the emergence of a new island called Late’iki in the Lau basin (Plank et al., 2020). The 

particularity of the Late’iki island is that due its weak geological structure, oceanic erosion made it 

disappear less than two months after it emerged (Yeo et al., 2022), within the timeframe of the TONGA 

cruise, potentially impacting the biological activity and DFe cycling in the area. 

The TONGA transect was the opportunity to quantify for the first time [L] and log KFeL,Fe′
cond  at the basin 

scale to explore the relation between Fe-binding ligands and DFe distributions in the area. In addition 

to our Fe-binding ligands characterization, several complementary analyses targeting specific fraction 

of the DOM were conducted notably regarding HS-like material. They are of specific interest as they 

have been estimated to represent around 50% of the DOM (Zigah et al., 2017) and partially able to bind 

with Fe. The diversity of the HS-like material is responsible for various properties, notably in term of 

electroactivity and photoreactivity, the latter in terms of absorbance and fluorescence. It has been shown 

that electroactive HS (eHS) are able to control Fe solubility in various natural waters (e.g. Dulaquais et 

al., 2018; Fourrier et al., 2022; Laglera et al., 2019; Sukekava et al., 2018; Whitby et al., 2020). 

Similarly, the HS-like fluorescent component of the DOM (FDOM) is suspected to play a role on DFe 

distributions as shown by its distribution and quenching experiments (Hioki et al., 2014; Jia et al., 2021; 

Ohno et al., 2008; Tani et al., 2003). The complementarity and/or overlapping of these two different 
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operationally-defined fractions of HS is, however, not well constrained as few comparisons have been 

made between eHS and HS-like FDOM. 

We present here the results obtained for Fe-binding ligand characteristics during this transect using the 

same competitive ligand method that was used in both the Equatorial Pacific (that covered the eastern 

part of the South Pacific gyre; Buck et al., 2018) and in the North Atlantic (Buck et al., 2015). We relate 

the distribution observed in [L] and log KFeL,Fe′
cond  to other parameters such as DFe, apparent oxygen 

utilization (AOU) and dissolved organic carbon (DOC) in an attempt to identify the processes impacting 

Fe-binding ligands and their importance to DFe distribution in the WTSP. To further constrain the 

composition of the Fe-binding ligand pool, the fate of the eHS and HS-like FDOM is also discussed, as 

well as the unusual coincidences of high [L] and tryptophan-like FDOM.  

5.2. Material and methods 

5.2.1. Sampling strategy during the TONGA cruise 

Samples were collected during the TONGA French GEOTRACES process study in the western tropical 

south Pacific (WTSP; GPpr14). The cruise transect consisted of 12 main stations between the 

Melanesian basin and the South Pacific gyre (Figure 5.1), with additional stations focussed around two 

known volcanic sites, ST5 and ST10. ST5 was not investigated in this study and will not be discussed. 

ST10 (stations ST10-T1, T2 and T3) shown in red was situated in the Eastern Lau basin on the Tonga 

arc, approximately 30 km south west of the Late’iki island. Two stations in the Melanesian basin on the 

western side of the transect (ST2 and ST3, in green) were sampled to evaluate the impact of diazotrophy 

and hydrothermal activity on surrounding waters (Tilliette et al., 2022). The Western Lau basin was 

sampled at ST4, ST11 and ST12, shown in orange. Three further sampling stations (ST6, ST7 and ST8, 

in blue) were in the oligotrophic South Pacific gyre, with ST6 on the East of the Tonga arc but on the 

western side of the Tonga trench, where water exchanges between the South Pacific gyre and the Lau 

basin is thought to be limited by the topography (Talley et al., 2011). Further data are available for 

complementary parameters and stations (e.g. Dulaquais et al., in prep.; Tedetti et al., in prep.; Tilliette 

et al., 2022). 
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5.2.2. Sample collection and storage  

The seawater samples for DFe and Fe-binding ligand analyses were collected using GO-FLO bottles 

mounted on a Trace Metal Clean Rosette (TMR; General Oceanics Inc., Model 1,018 Intelligent 

Rosette) transferred into a trace metal clean container (class-100) and pressurised with 0.2 μm-filtered 

nitrogen (Air Liquide™) for sub-sampling. Dissolved fractions for the analysis of DFe and Fe-binding 

ligands were sampled through 0.45 µm acid-cleaned polyethersulfone filters (Supor™). For DFe, the 

cleaning procedure of the bottles used for seawater collection, sample storage, handling and analyses 

are detailed in Tilliette et al. (2022).  

For Fe-binding ligands, 250 mL low-density polyethylene (LDPE) Nalgene™ bottles were left to soak 

for one week in a 2% surfactant bath (DeconTM), one week in a 1 mol.L-1 HCl bath (laboratory reagent 

grade 32 %, FisherScientificTM) and one week in a 0.1 mol.L-1 HCl bath (laboratory reagent grade 32 

%, FisherScientificTM), before being left to dry under a laminar flow hood (Class-100) and double-

bagged. Between each step, the bottles were rinsed 5-times with Milli-Q water (resistivity > 18.2 

MΩ.cm). The samples were collected after rinsing the bottles 3 times with around 20 mL of filtered 

sample and frozen to -20 °C immediately after sampling. Samples were defrosted in the dark at room 

temperature and swirled before analysis. 

Figure 5.1. Map of sampling station of the TONGA cruise (GPpr14) for which FeL characteristics have been 

measured. The colour of the stations corresponds to the region (coloured labels on the map). Geographic features 

(in black) such as the main islands, the Tonga trench and the location of the Late’iki islands are also noted. 
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The seawater samples for O2 and DOC analyses as well as DOM fluorescence and absorption 

measurements were collected in glass bottles from a classical rosette equipped with twenty-four 12 L 

Niskin bottles. The samples were immediately filtered under low vacuum (< 50 mmHg) through 25-

mm glass fibre filters (GF/F, size pore: ~0.7 μm, Whatmann) using glass filtration apparatus. For DOC 

analyses, filtered samples were transferred into 10-mL glass ampoules. Samples were acidified with 20 

μL of sulphuric acid (H2SO4, 95-98%, Sigma-Aldrich), then the ampoules were flame sealed and stored 

in the dark at 4 °C before analysis. For DOM fluorescence and absorption measurements, filtered 

samples were transferred into 100 mL amber glass bottles with clean Teflon-lined caps and stored at  

-20 °C in the dark before analysis. Before use, all glassware was left to soak for 24 h in a 1 mol.L-1 HCl 

bath, rinsed thoroughly with Milli-Q water, then combusted at 450 °C for 6 h, and finally rinsed three 

times with the respective sample before filling. GF/F filters were also combusted before use.  

5.2.3. Analyses 

Detailed description of the analysis and distributions of DFe (Tilliette et al., 2022) and eHS (Dulaquais, 

in prep.) can be found in the respective papers. 

5.2.3.1. O2 and AOU 

Dissolved oxygen concentration (O2) was measured following the Winkler method (Winkler, 1888) 

modified by Carpenter (1965) and Carrit and Carpenter (1966), with potentiometric endpoint detection 

using a Titrino 716 DMS (MetrohmTM; Oudot et al., 1988). For sampling, reagent preparation and 

analysis, the recommendations from Langdon (2010) were carefully followed. The thiosulfate solution 

was calibrated by titrating it against a potassium iodate certified standard solution of 0.0100 N (CSK 

standard solution; WAKO™). The reproducibility, expressed as the standard deviation of replicates 

samples was 0.8 µmol kg−1 (n = 15, mean = 195.4 µmol kg−1). Apparent Oxygen Utilisation (AOU, in 

μmol.kg–1) was calculated from the difference between oxygen solubility concentration (at P = 0 dbar) 

estimated with the Benson and Krause coefficients (Garcia and Gordon, 1992) and in-situ O2. 

5.2.3.2. DOC 
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DOC concentrations were measured in two ampoule replicates on a Shimadzu TOC-V analyser 

according to Sohrin and Sempéré (2005) and Fourrier et al. (2022). Before injection, the GF/F-filtered 

and acidified samples were bubbled for 2 min with CO2-free air to purge inorganic carbon. The accuracy 

and system blank of the instrument were determined by the analysis of certified water references (batch 

19, lot #03–19, Hansell Laboratory, Miami, USA). The nominal precision of the analysis procedure was 

within 2%. 

5.2.3.3. FDOM 

The GF/F-filtered samples were left to return to room temperature (20°C) in the dark before transferring 

into to a 1 cm suprasil quartz cuvette (170-2600 nm; HELLMA) for fluorescence measurements on a 

Hitachi F-7000 spectrofluorometer. Excitation-emission matrices (EEMs) were conducted over an 

excitation wavelength (λEx) range of 200-500 nm with a 5-nm step, and an emission wavelength (λEm) 

range of 280-550 nm with a 2-nm step, with a scan speed of 1200 nm min-1 and slit widths of 5 nm 

(Dupouy et al., 2020; Martias et al., 2018; Tedetti et al., 2012; 2020). EEMs were blank-corrected, 

Raman-normalized and converted into quinine sulphate unit (QSU), where 1 QSU corresponds to the 

fluorescence of 1 μg.L-1 quinine sulfate in 0.05 mol.L-1 of sulfuric acid at λEx/λEm of 350/450 nm. EEMs 

were then treated with parallel factor analysis (PARAFAC) executed using the DOMFluortoolbox v1.6 

273 (Stedmon and Bro, 2008) running under Matlab 7.10.0 for the identification of the main fluorescent 

components present in the EEM dataset. Three fluorescent components were identified: one tryptophan-

like (λEx1, λEx2/λEm: 230, 300/340 nm), one tyrosine-like (λEx1, λEx2/λEm: 225, 275/304 nm) and one HS-

like (λEx1, λEx2/λEm : 235, 315/436 nm). Tryptophan-like and tyrosine-like were not specifically adressed 

in this study and are presented elsewhere (Tedetti et al., in prep.). 

5.2.3.4. Iron-binding ligands  

The theory of the CLE-ACSV approach can be found elsewhere (e.g. Abualhaija and van den Berg, 

2014; Gerringa et al., 2014; Gledhill and van den Berg, 1994; Pižeta et al., 2015; Rue and Bruland, 

1995; Chapter 2). We used the added ligand salycilaldoxime (SA; 98% Acros OrganicsTM) at 25 µmol.L-

1 using the side reaction coefficient (βFeSA2
) of 11.1 (Buck et al., 2018, 2015, 2007) leading to a 
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detection window (D) of 79 (Buck et al., 2007), following the procedure described in Chapter 4. A 

borate buffer (boric acid, analytical reagent grade, Fisher ScientificTM) at 1 mol.L-1 in 0.35 mol.L-1 of 

ammonia (NH4OH; 29% LaporteTM), was used at 10 mmol.L-1 for a final pH of 8.2 in the sample 

(Abualhaija and van den Berg, 2014; Buck et al., 2018, 2015, 2007; Rue and Bruland, 1995; Chapter 

4). The following equilibration procedure was applied: natural ligands were left to equilibrate with 

increasing levels of DFe additions in the presence of the buffer for a minimum of 2 h, with SA added 

at least 15min before the start of the analysis. The titrations were performed with 16 aliquots, with DFe 

additions of 0, 0, 0.75, 1.5, 2.25, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 10, 12 and 15 nmol.L-1. The DFe additions 

were adjusted from Buck et al. (2018) after preliminary tests showed emergence of the FeSA reduction 

current around 3 nmol.L-1 of DFe added (nmoleqFe.L-1).  

The same apparatus as described in Chapter 4 of this Thesis was used. Briefly, two voltammetric 

systems were used, each composed of a 663 VA stand (MetrohmTM) installed in a laminar flow hood 

(class-100), supplied with nitrogen and equipped with a mercury drop electrode (MDE, MetrohmTM) as 

single-use working electrode. For both systems, a glassy carbon counter electrode and a silver/silver 

chloride reference electrode were each placed in glass bridges filled with UV-irradiated 3M KCl cleaned 

with manganese oxides (Yokoi and van den Berg, 1992). The three electrodes were controlled with a 

potentiostat/galvanostat Type III (µAutolab) monitored by the software NOVA 2.5 (MetrohmTM). 

Measurements were carried out in custom-made Teflon cells allowing analyses in 5 mL aliquots 

(Gourain, 2020; Chapter 3, 4). Due to the smaller cell, a home-made vibrating device was designed to 

replace the standard stirring system. It consisted of a 150 Hz small vibrating rotor connected to a paddle 

plastic tip immersed in the solution (Chapter 3, 4). The HMDE and home-made stirring devices were 

controlled by an Autolab IME 663 (Metrohm) interface, whereas the mercury drop size was selected on 

the 663 VA stand and optimized at the value of 3. During the voltammetric measurement, the sample 

was kept oxygenated by a constant air-flow at the surface of the sample through an aquarium pump 

(Sanvito et al., 2019; Sanvito and Monticelli, 2020; Chapter 3, 4). In addition, the nitrogen gas flow 

above the sample was stopped by tightening the screw on the right side of the 663 VA stand (Chapter 

3, 4). Further details of the experimental set up, method validation and the conditioning procedure of 
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cells and tubes (Trace Metal Free, LabconTM) used to prepare aliquots of the samples are described in 

Chapter 4. 

The preconcentration of the FeSA complex on the MDE was performed by applying a potential of 0.05 

V for a duration ranging from 20s to 120s. Then, the home-made stirrer was stopped for 3s and the 

stripping was performed from -0.25 V until -0.6 V by differential pulse (steps: -0.006 V; modulation 

amplitude: 0.05 V; modulation time 0.035s; interval time 0.2s). The second derivative of the FeSA 

reduction peak height was determined using the software ECDSOFT following the procedure described 

in Chapter 4 (Annex 2). Fitting of the titration was performed using the software ProMCC with the 

complete complexation fitting model. A step-by-step procedure for quality control of the data aiming 

to limit the subjectivity of the analyst during the interpretation of the titrations has been developed and 

is described in Chapter 4 (Annex 3, 4). The software ECDSoft and ProMCC are freely available online 

(https://sites.google.com/site/daromasoft). 

5.2.4. Statistical treatment 

The variables considered in this study were not following a normal distribution, and were inter-

dependent and non-linear, calling for the application of a non-parametric method. The Spearman rank 

correlation analysis (ρ; Spearman, 1904) was used here as it has been previously used for the 

investigation of Fe-binding ligands and fluorescence of the DOM (e.g. Genovese et al., 2018; Heller et 

al., 2013). It is adapted to monotonic relationship between variables and is not limited to linear 

relationships. The calculation was performed using the function ‘scipy.stats.spearmanr’ in Python 

(version 3.9). The Spearman correlation matrix was prepared with the entire dataset, and ρ were 

considered significant for p < 0.0001 and indicated in bold in Table 1. It was decided to not differentiate 

the mixed layer and the deeper waters as the dataset for the mixed layer was not large enough to 

established significant relationships. The comparison of the matrix from the whole dataset and from a 

reduced dataset excluding the mixed layer slightly impacted the correlations related to DFe and Fe-

binding ligand characteristics (focus of this study) by less than 0.1 and did not impact the significance 

of the correlations, except for EHSthat did not show any correlation in the reduced dataset. It was, 

https://sites.google.com/site/daromasoft
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therefore, not necessary to discard any part of the dataset. For Spearman test, strong correlation 

corresponds to absolute ρ above 0.9, moderate correlation to ρ between 0.7 and 0.9, moderate 

correlation to ρ between 0.5 and 0.3, and absence of correlation to ρ below 0.3. We considered the 

correlation to be significant for p < 0.0001, at least one order of magnitude lower than in other studies 

discussing Spearman correlation matrixes including Fe-binding ligands data to ensure a strong level of 

confidence in the interpretation of the dataset (e.g. Genovese et al., 2018; Heller et al., 2013).   

5.3. Results 

5.3.1. Hydrography 

 

The water mass composition and circulation have been thoroughly described by Tilliette et al. (2022). 

Briefly, O2 fluctuation appeared to better describe the water masses than the physical variables related 

to seawater density classically used (such as potential density anomaly (σ0); Figures 5.2). During the 

TONGA transect, surface waters were characterised by high O2 due to primary production and 

atmospheric exchange enhanced by physical mixing in the mixed layer, which ranged from 70 to 140 

O2 (µmol.L-1) 

σ0 (kg.m-3) 

T (°C) 

S 

Figure 5.2. Profile of σ0 (full line, square), O2 (full line, diamond), T 

(temperature, dot line, square), and S (salinity, dot line, diamond) at ST7 with 

the water mass separations applied in this study. The WSPCW, not present at 

ST7, is also mentioned to not omit any water mass investigated in this work.  
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m deep during the cruise. The water mass below the mixed layer corresponds to the Subtropical Under 

Water (STUW) in the South Pacific gyre, and to the Western South Pacific Central Water (WSPCW) 

in the Melanesian and Lau basins. Both STUW and WSPCW are characterised around 200 m by a 

maximum of salinity (S) and minimum of O2, the latter being due to the mineralisation of the organic 

matter. Below these two water masses in the three basins is the Antarctic Intermediate Water (AAIW), 

which showed at around 650 m a S minimum and an O2 maximum also corresponding to the thermocline 

(Kawabe and Fujio, 2010; Talley et al., 2011). Below the AAIW, salinity increases and temperature 

decreases. The O2 is below 150 µmol.L-1 and is characteristic of the Pacific Deep Water (PDW) 

originating from the upwelling of Antarctic Bottom Water (AABW) in the middle of the Pacific, mixing 

with the O2 depleted waters from the Pacific Minimum Oxygen Zone and with the deep waters from 

the oxygen minimum zone off Chile in the Eastern South Pacific (Silva et al., 2009). AAIW and PDW 

are supposedly reaching the Lau and  Melanesian basins from a branch of the South Pacific gyre flowing 

from the North of the Lau basin (Summers and Watling, 2021), as the water is flowing south-westward 

in the area (Tilliette et al., 2022). However, the circulation in and between the Lau and the Melanesian 

basins is more variable, as the currents are relatively weak in the Lau basin (Wang et al., 2022) and 

currents flowing northeast have been observed in the Melanesian basin (Komaki and Kawabe, 2007). 

In the South Pacific gyre, deeper than 3500 m, O2 increases to around 190 µmol.L-1 due to the intrusion 

of Lower Circumpolar Deep Water (LCDW) from the southeast (Kawabe and Fujio, 2010). O2 

concentration ranged from 121 µmol.kg-1 in the PDW of the Western Lau basin, to 211 µmol.kg-1 in the 

AAIW of the South Pacific gyre (Figure 5.3a). 

5.3.2. DOC 

The distribution and range of DOC concentrations measured in this study are typical to what was 

previously reported in the Tropical South Pacific (e.g. Buck et al., 2018; Fourrier et al., 2022). DOC 

concentrations ranged from 36 to 80 µmol.L-1, with the highest values observed in the mixed layer and 

related to biological activity, ranging from 60 to 80 µmol.L-1. DOC concentration were decreasing with 

depth due microbial mineralization to reach typical deep water values, ranging from 35 to 45 µmol.L-1 

in the PDW (and LCDW at ST7 and ST8). Typical deep values were reached within the 
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STUW/WSPCW in line with the microbial consumption of O2 at most stations (Figure 2, 3), except at 

ST3, ST4 and ST7, were the gradient of concentration is reaching as deep as 1000 m. 

 

5.3.3. FDOM 

The tryptophan-like FDOM component (λEx1, λEx2/λEm: 230, 300/340 nm) is indicative of the presence 

of protein-like compounds, principal component of organisms and precursor of HS-like material 

(Hedges, 1988). Tryptophan-like FDOM showed low values in most samples from the Lau Basin and 

the South Pacific gyre, in line with previously reported values in coastal and open-ocean systems (< 1.5 

QSU; Figure 5.4a; Catalá et al., 2016; Yamashita and Tanoue, 2004, 2003). Several stations showed 

Figure 5.3. Top 600 m and full depth distribution of a) O2 and b) DOC 

concentrations for the Tonga cruise (GEOTRACES GPpr14). The 

approximative water mass boundaries are defined by O2 (see Figure 5.2). 

The section is separated in 4 segments with, from left to right, the 

Melanesian basin (ST2 and ST3), the Western Lau basin (ST12, ST4, 

ST11), the Eastern Lau basin (ST10-T1, ST10-T2, ST10-T3) and the 

South Pacific gyre (ST6, ST7, ST8). See Figure 5.1 for more details on 

the sampling locations. 
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abnormally high values, notably ST3 and ST6 with tryptophan-like FDOM content up to 8.6 and 7.6 

QSU, respectively, and coincided to HS-like FDOM content increase. 

The HS-like fluorescent component identified here (λEx1, λEx2/λEm: 235, 315/436 nm) referred to as peaks 

A + M/C (Coble, 2007, 1996; Hudson et al., 2007) or component 3 (Ishii and Boyer, 2012) in different 

DOM fluorophore classifications has been reported in various coastal and marine environments 

(Ferretto et al., 2017; Tedetti et al., 2020). HS-like fluorescence intensity ranged from 0.7 QSU in the 

mixed layer of the Western Lau Basin to 4.1 QSU in the PDW of the Melanesian Basin (Figure 5.4b). 

HS-like fluorescence systematically increased with depth, characteristic of photobleaching in the photic 

layer and increasing aromaticity with mineralisation (Heller et al., 2013; Nelson et al., 2010; Yamashita 

et al., 2017). The depth profiles of DOC (higher values in surface waters, lower at depth) and HS-like 

fluorescence intensity (lower values in surface waters, higher at depth) along the transect are commonly 

observed and have been reported for the Atlantic and North Pacific oceans (Cao et al., 2020; Omori et 

al., 2010; Stedmon and Álvarez-Salgado, 2011; Yamashita et al., 2017) and in the South Pacific gyre at 

our sampling location, at ST8 (Fourrier et al., 2022). The higher content observed in the deep waters at 

ST2, ST3, ST4, ST10-T1, ST10-T2, and ST6 were suggesting either benthic or hydrothermal sources 

of HS-like FDOM. The higher HS-like FDOM content observed at ST8 compared to ST7 was not 

coupled to an increase in DOC, suggesting different composition of the DOM between these two 

stations. 



159 

 

 

Figure 5.4. Top 600 m and full depth distribution of a) tryptophan-like 

FDOM, b) HS-like FDOM and b) eHS for the TONGA cruise 

(GEOTRACES GPpr14). The approximative water mass boundaries are 

defined by O2 (see Figure 2). The section is separated in four segments 

with, from left to right, the Melanesian basin (ST2 and ST3), the Western 

Lau basin (ST12, ST4, ST11), the Eastern Lau basin (ST10-T1, ST10-T2, 

ST10-T3) and the South Pacific gyre (ST6, ST7, ST8). See Figure 1 for 

more details on the sampling locations. 

a. Tryptophan-like FDOM (QSU) 

b. HS-like FDOM (QSU) 

c. eHS (µeqSRFA.L-1) 
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5.3.4. eHS 

Details on the distribution, sources and sinks of eHS in the area are fully described elsewhere (Dulaquais 

et al., in prep.; Portlock et al., in prep.); Fe-eHS are shown here (Figure 5.4c) for comparison with Fe-

binding ligands and HS-like FDOM. For the dataset considered in this work, eHS concentrations ranged 

from 10 to 163 µgeqSRFA.L-1 with a mean value of 43 ± 35 µgeqSRFA.L-1 (n = 106; Figure 5.5b). The 

highest values were observed in the mixed layer at all stations. Comparatively high eHS concentrations 

were detected through the entire water column of the oligotrophic ST8 in the South Pacific gyre. 

5.3.5. DFe 

DFe distribution has been thoroughly described elsewhere (Tilliette et al., 2022). For the dataset 

considered in this work, DFe concentrations ranged from 0.13 nmol.L-1 in the mixed layer of the 

Western Lau basin to 3.13 nmol.L-1 in the mixed layer of the Eastern Lau basin (Figure 5.5a). Higher 

DFe concentrations up to 50 nmol.L-1 were observed in samples from station 5 (Tilliette et al., 2022), 

however we do not have data for Fe-binding ligand characteristics for those samples. The Melanesian 

basin and the South Pacific gyre showed DFe depletion in surface waters due to biological uptake, and 

an increase at depth with mineralisation in the range of previously reported open-ocean values (e.g. 

Resing et al., 2015; Tagliabue et al., 2012; Tonnard et al., 2020). The Western Lau basin showed similar 

DFe depletion in subsurface waters with the exception of a strong enhancement in the WSPCW at 

Station 11. Another strong DFe was enhancement observed in the mixed layer of the Eastern Lau basin, 

the highest values of the transect, attesting of to a source of DFe of hydrothermal origin (Benavides et 

al., 2022; Tilliette et al., 2022). Deep waters of the Eastern and Western Lau basin showed signs of DFe 

enrichment, related to mineralisation, benthic fluxes and/or hydrothermal activity, in the concentration 

range of previously reported values for similar bottom enrichment related to hydrothermal and shelf 

input (e.g. Klunder et al., 2012, 2011; Resing et al., 2015; Tonnard et al., 2020).  
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Figure 5.5. Top 600 m and full depth distribution of a) DFe, b) [L] and c) 

log 𝐾𝐹𝑒𝐿,𝐹𝑒′
𝑐𝑜𝑛𝑑  for the Tonga cruise (GEOTRACES GPpr14). The 

approximative water mass boundaries are defined by O2 (see Figure 5.2). 

The section is separated in 4 segments with, from left to right, the 

Melanesian basin (ST2 and ST3), the Western Lau basin (ST12, ST4, 

ST11), the Eastern Lau basin (ST10-T1, ST10-T2, ST10-T3) and the 

South Pacific gyre (ST6, ST7, ST8). See Figure 5.1 for more details on 

the sampling locations. 
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5.3.6. Iron-binding ligands 

A single class of Fe-binding ligand was detected in all samples, with a mean [L] of 5.2 ± 1.2 nMeqFe.L-

1 and mean log KFeL,Fe′
cond  of 11.6 ± 0.4 (n = 103 samples; Figure 5.5b and Figure 5.5c, respectively). Log 

KFeL,Fe′
cond  ranged from 10.5 in the AAIW of the Menalesian basin to 12.7 in the PDW of the Western Lau 

basin, encompassing the 3 ligand classes defined by Gledhill and Buck (2012).  84% of our samples fell 

in the L2 class, 13% in the L1 class, and 4% in the L3 class. [L] ranged from 2.8 ± 0.4 nmoleqFe.L-1 in 

the mixed layer of the Melanesian Basin to 9.3 ± 1.0 nMeqFe.L-1 in the PDW of the Melanesian basin. 

Values of [L] reaching around 9.0 nmoleqFe.L-1 were observed at two other locations, in the AAIW 

above the Tonga ridge in the South Pacific gyre (ST6) and in the mixed layer in the Lau basin (ST10-

T3). At ST2 and ST6, higher [L] coincided with tryptophan-like and (in a lower extent) with HS-like 

FDOM (Figure 5.4a, b). In all samples, [L] was in large excess compared to DFe, with excess ligand 

([L]ex) ranging from 2.6 to 8.6 nmoleqFe.L-1 and a mean [Lex] of 4.6 ± 1.1 nmoleqFe.L-1 (n = 103).  

 

Figure 5.6. Box and Whiskers plot of a) [L] and b) log KFeL,Fe′
cond  split by the regions and 

water masses. The mean values of the entire dataset are represented (black dot line). Please 

refer to Figure 2 regarding the acronyms of the water masses. 
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The mixed layer showed lower [L] and log KFeL,Fe′
cond  in the Melanesian basin than in other regions, 

suggesting lower production of Fe-binding ligands (Figure 5.6). The Western Lau basin showed 

relatively higher [L] in the STUW/WSPCW than other regions, potentially due to higher 

remineralization of sinking particles. The Western Lau basin also showed lower [L] in the AAIW than 

other regions, suggesting stronger Fe-binding ligand scavenging compared to other regions. Overall, 

the distribution of [L] and log KFeL,Fe′
cond  was relatively homogenous regionally, except for the increase 

in [L] and decrease in log KFeL,Fe′
cond  along water mass deepness in the Melanesian basin and South Pacific 

gyre, respectively.  

5.4. Discussion 

5.4.1. [L] and log 𝐊𝐅𝐞𝐋,𝐅𝐞′
𝐜𝐨𝐧𝐝  distribution in the WTSP 

Contrasting with previous studies using similar CLE-ACSV application in other regions, we found even 

distribution of high [L] along basins and water masses, most of them falling in the L2 class (84%). In 

comparison, in the Eastern and Central TSP, L1 class ligands were detected in 54%, L2 in 62%, and L3 

in 23% of the samples (Buck et al., 2018). These authors found that L1 ligands were generally in excess 

compared to DFe in the first 1000 m, while excess L2 and L3 increased in deeper water. This distribution 

traduced the biological production of strong L1 in upper waters, and the loss and saturation of these L1 

ligands with mineralization of the dissolved and organic material, responsible for increasing DFe and 

weaker ligands L2 and L3. In our study, a decrease in log KFeL,Fe′
cond  with depth was observable in the 

South Pacific gyre (Figure 6), but without change of ligand class, and no change in log KFeL,Fe′
cond  were 

found in the Melanesian and Lau basins. The predominance of L2 all along the water column, including 

surface waters, suggested that the mineralization was the main driver of the Fe-binding characteristics 

of the DOM.  

A single ligand class was determined for all the titration performed in WTSP samples, as opposite to 

other studies using the same added ligand at the same concentration (e.g. Buck et al., 2018, 2015). This 

phenomenon could partly be explained by the large [L] being titrated. It is acknowledged that the 
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heterogeneity of the DOM composition is responsible for a continuum of log KFeL,Fe′
cond  across the diverse 

compounds present in a seawater sample (Gledhill and Buck, 2012; Town and Filella, 2000). This is a 

well-known limitation of the CLE-ACSV approach, which provides an average log KFeL,Fe′
cond  of the 

ligand pool. The presence of a large amount of [L], presumably proportional to the diversity in log 

KFeL,Fe′
cond , could therefore dilute and mask distinctive ligand classes. 

In the WTSP, the difference between the relatively high [L] and low DFe was responsible for large [L]ex 

compared to previous studies, even in the western part of the South Pacific gyre. In the Eastern and 

Central TSP, the [L]ex was of 1.86 ± 1.05 nmoleqFe.L-1 (n = 548; Buck et al., 2018), more than twice 

lower that what was measured in the WTSP and South Pacific gyre. The difference between the Eastern 

and Central TSP and the western part of the South Pacific gyre in term of [L]ex and ligand classes 

suggested different biogeochemical processes driving the Fe-binding ligand cycling. The same 

analytical method was employed between these two studies, and the oligotrophy of the South Pacific 

gyre is highly contrasted with the Lau basin (Guieu et al., 2018). It would be of interest to analyze 

samples from a section crossing the Lau basin, and the whole the South Pacific gyre to evaluate the 

changes in biogeochemical regimes. A latitudinal transect in the Pacific included a sampling location 

near the Tonga trench but with a different analytical method and found [L]ex of 0.31 ± 0.40 nmoleqFe.L-

1 (n = 46) falling in the L1 class (Kondo et al., 2012), more than ten-fold lower than our values. They 

found excess of ligands in surface waters and excess of DFe in deep waters, contrasting with our large 

[L]ex presumably due to the analytical method employed. Kondo et al. (2012) employed TAC, as added 

ligand, used at a higher detection window and, therefore, focusing on fewer Fe-binding ligands of higher 

log KFeL,Fe′
cond . TAC is also known as interfering with the detection of HS-like material of riverine origin 

(Laglera et al., 2011), missing a fraction of ligands falling in the L2 class. The detection of lower [L] 

than DFe using TAC could, therefore, be due to the missed HS fraction.  

The difference in [L] and [L]ex
 between the use of SA and TAC could also be impacted by colloidal 

material. Colloidal material is operationally defined between 0.02 and 0.2 µm, and is composed of 

inorganic, organic, and combined material. In this study, the use of SA at 25 µmol.L-1 results in a much 
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lower detection window than the use of TAC. The absorption of the Fe added to titrate organic ligands 

onto inorganic and organic colloids is therefore more plausible (Kondo et al., 2021), and would results 

in an over estimation of [L] and [L]ex. The importance of the colloidal fraction on the [L] determination 

was shown in the Western Subarctic Pacific using SA (Kondo et al., 2021), where the [L] of the colloidal 

fraction could represent as much as 75% of the total [L] in subsurface samples. The mechanisms at play 

are still not fully understood, but flocculation and precipitation of the colloidal fraction could be an 

important sink of DFe in the WTSP. It would be of great interest to measure Fe and [L] in the soluble 

fraction to define the potential of the colloidal fraction to scavenge DFe in the WTSP. 

5.4.2. Control on Fe-binding ligand distribution and DFe 

stabilization 

Despite the strong [L]ex and the apparent homogeneity of Fe-binding characteristics, weak but 

significant correlation was found between [L] and DFe (Table 1). Interestingly, either of [L] nor log 

KFeL,Fe′
cond  were correlated to AOU or DOC. The strong correlation observed between AOU and DOC is 

typical of the microbial mineralization of dissolved and particulate material with depth (Nelson et al., 

2010), while log KFeL,Fe′
cond  values suggested mineralization to mainly drive Fe-binding ligand 

characteristics. The homogeneity of Fe-binding ligand characteristics could be explained by the physic 

of the area. Tilliette et al. (2022) attributed the depletion of DFe in surface waters to their low residence 

time compared to deep waters. We suggest that quicker removal than production of [L] in surface waters 

and production by mineralization in deep waters were balancing each other and explained the 

homogeneity of Fe-binding ligand characteristic in the WTSP. This hypothesis is complementary to the 

suggestion of intense production of Fe-binding ligands by the abnormally large [L]ex and homogenous 

log KFeL,Fe′
cond . 
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Table 5.1. Table of the Spearman rank correlation (ρ) of investigated parameters for the Tonga transect. Blue 

corresponds to negative correlation, red to positive correlation, and white to absence of correlation. The intensity 

of the color is proportional to the stren-gth of the correlation. Bold values correspond to p < 0.0001 (higher level 

of confidence compared to studies discussing Spearman correlation matrixes and including Fe-binding ligands 

data, e.g. Genovese et al., 2018; Heller et al., 2013). 
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DOC  

(µmol.L-1) 
-0.93 
n = 169 

      

DFe  

(µmol.L-1) 
0.52 

n = 238 

-0.55 
n = 159 

     

[L] 

(nmoleqFe.L-1) 
0.20 

n = 103 

-0.18 
n = 70 

0.40 
n = 103 

    

log KFeL,Fe′
cond  -0.18 

n = 103 
0.18 
n = 70 

-0.08 
n = 103 

-0.22 
n = 103 

   

eHS 

(µgeqSRFA.L-1) 
-0.47 
n = 120 

0.48 
n = 83 

-0.23 
n = 119 

-0.04 
n = 94 

0.11 
n = 94 

  

HS-like  

FDOM (QSU) 
0.67 

n = 130 
-0.72 
n = 130 

0.43 
n = 122 

0.17 
n = 56 

-0.13 
n = 56 

-0.25 
n = 67 

 

Tryptohan-like  

FDOM (QSU) 
-0.03 
n = 91 

0.05 
n = 91 

-0.18 
n = 88 

0.02 
n = 42 

0.08 
n = 42 

0.21 
n = 46 

0.26 
n = 91 

 

The correlations of eHS with DFe, DOC, and AOU were somehow lower than previously reported in 

other regions (Dulaquais et al., 2018; Fourrier et al., 2022; Whitby et al., 2020b), while a weak but 

significant correlation was found between DFe and HS-like FDOM. DFe and HS-like FDOM were also 

correlated to AOU and DOC, but their distribution cannot be simply attributed to mineralization in the 

WTSP. Even if the moderate correlation between HS-like FDOM and AOU demonstrated the 

production of HS-like FDOM with mineralization of sinking particles (Nelson et al., 2010), HS-like 

FDOM and DOC are usually not correlated. This is due to the stability of the HS-like FDOM content 

compared to DOC depletion in deep waters (Nelson et al., 2010 and references within). Here, the high 

negative correlation between HS-like FDOM and DOC suggested the occurrence of specific processes 

responsible for increased HS-like FDOM content in deep and bottom waters. Further work should aim 

at defining if these processes are associated to the hydrothermal activity of the area. The potential for 

hydrothermal activity to impact the eHS fraction is also yet to be addressed.   
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5.4.3. Humic contribution to the Fe-binding ligand pool 

Similar to previous studies in this region, we found L2 ligands to dominate the water column (Buck et 

al., 2018; Cabanes et al., 2020). The L2 ligand class is often considered to be humic-like (Gledhill and 

Buck, 2012; Hassler et al., 2017) and our averaged log KFeL,Fe′
cond  corresponded to log KFeL,Fe′

cond  values 

reported for Suwannee River humic-acid standards (SRHA; 11.1-11.6; Abualhaija et al., 2015; 

Abualhaija and van den Berg, 2014; Laglera and van den Berg, 2009). Around half of DOM is 

composed of HS-like material (Zigah et al., 2017), and around 5% can act as Fe-binding HS (Dulaquais 

et al., 2018; Laglera and van den Berg, 2009). DFe has been shown to correlate with eHS (Dulaquais et 

al., 2018; Whitby et al., 2020b) and Fe solubility has been shown to correlate with AOU and humic-

like fluorescence (Cao et al., 2020; Hioki et al., 2014; Tani et al., 2003; Yamashita et al., 2017). The 

electroactive and fluorescent properties of HS have been thoroughly investigated in the samples from 

ST8 in the oligotrophic subtropical gyre (Fourrier et al., 2022). These authors observed similar HS 

properties in terms of Fe-eHS concentrations, Fe-binding properties, and fluorescence as previously 

reported in the Pacific Ocean (Fourrier et al., 2022 and references therein). However, the importance of 

the HS-like contribution to the Fe-binding DOM in waters impacted by diazotrophy and 

hydrothermalism is currently unknown. The Fe-binding ability determined for humic and fulvic 

standards by Laglera and van den Berg (2009), updated by Sukekava et al. (2018), allows an estimation 

of the amount of Fe that can be bound by the eHS. Most studies use the Fe-binding ability of the IHSS 

fulvic acid (FA) standard, as it is considered the most representative of marine HS (Cabanes et al., 2020; 

Dulaquais et al., 2018; Whitby et al., 2020a). A higher Fe binding capacity based instead on the Fe-

binding ability of the humic acid standard (HA) has been previously used as an upper limit of eHS Fe-

binding ability in marine systems (Laglera and van den Berg, 2009; Whitby et al., 2020b). We included 

here the results obtained with the two conversion factors and compared them to [L] and DFe 

concentrations (Table 5.2).  
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Table 5.2. Mean values of DFe, extremum ability of eHS to bind DFe, and [L] for the mixed layer and 

deeper waters.       

Considered 

data 

DFe 

(nmol.L-1) 

Minimum  

Fe-eHS 

(nmoleqFe.L-1) 

Maximum 

Fe-eHS 

(nmoleqFe.L-1) 

[L] 

(nmoleqFe.L-1) 

Mixed  

layer 

0.45 ± 0.50 

n = 60 

1.3 ± 0.7 

n = 31 

2.5 ± 1.3 

n = 31 

5.3 ± 1.4 

n = 24 

Deeper  

waters 

0.51 ± 0.30 

n = 178 

0.5 ± 0.3 

n = 75 

0.9 ± 0.6 

n = 75 

5.2 ± 1.1 

n =79 

Note. Upper and lower estimates of Fe-binding equivalent concentrations for EHSwere calculated using 

16.4 nmo[L].mgFA-1 from Sukekava et al. (2018; minimum Fe-eHS), and 32.0 nmo[L].mgHA-1 from 

Laglera and van den Berg (2009; maximum Fe-eHS). 

With regards to the eHS transects, we decided to separate the mixed layer, where eHS maximum and 

HS-like FDOM minimum were observed, and deeper waters, depleted in eHS and with higher HS-like 

FDOM content (Figure 5). The Fe-binding potential of the whole ligand pool (e.g. [L]) was explained 

by eHS from 20 to 40% in surface waters and from 8 to 18% in deep waters (Table 2). Both [L] and 

eHS were in excess compared to DFe in all samples investigated in our study. More information on 

eHS saturation can be found in Dulaquais et al. (in prep.). In contradiction to the eHS unsaturation in 

the deep waters of the WTSP, hydrothermal transformation of the DOM was recently shown to promote 

the formation of HA in sediments (Sarma et al., 2018), previously suggested as having a higher Fe-

binding potential than FA. It was shown that the unsaturation of eHS could be proportional to the aging 

of the inorganic fraction of Fe under the form of oxyhydroxides (Dulaquais et al., in prep.), however, 

the hydrothermal activity of the area and potential relation with the abundance of HS-like FDOM 

suggested a complementary explanation. Hydrothermally derived HS, showing FA characteristics, have 

been shown able to bind Fe2+ (Aquilina et al., 2015), while the electrochemical determination of the Fe 

bound to eHS is specific to Fe3+. The distinct distributions of eHS and HS-like FDOM suggested 

different fractions of HS are detected with each operationally-defined method, which could have 

specificities toward specific ionic form of Fe the are able to bind. It would be of major interest to 

estimate the HS-like FDOM ability to stabilize Fe2+ and Fe3+ through quenching experiments to define 
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its role in the dispersion of hydrothermally sourced DFe, specifically in cases where DFe is transported 

over long distances. However, here, DFe was relatively quickly scavenged from the water column 

(Tilliette et al., 2022), and the Fe-binding ligands including eHS were largely unsaturated (Dulaquais 

et al., in prep.; this study), attesting of the predominance of removal processes in the Fe cycle in the 

WTSP.  

5.4.4. Interpretation of [L] enhancements 

Several samples showed substantial increase in [L] along the transect. We compared the profiles of [L] 

with complementary variables owing to explain these higher values and understand their implication 

for carbon and Fe cycling in the WTSP (Figure 7). Enhanced [L] were observed at ST2, ST6 and ST10-

T3 (Figure 7a, b, and c, respectively). At ST2, [L] variations were somehow coinciding with tryptophan-

like FDOM variations. The correlation between [L] and the abnormally high tryptophan-like FDOM 

content observed in surface and deep waters at ST2 could not be depicted further because of the 

mismatch in analysis depths and the lack of resolution comparatively to the variability observed, 

pressing for better resolution and coordination of the analyses in future work. Tryptophan-like FDOM 

is produced  by phytoplankton, such as diatoms and cyanobacteria (Henderson et al., 2008), and form 

weak complexes with Fe2+ (Limson et al., 1998). It was recently shown that significant increase of 

tryptophan-like FDOM could be related to the presence of sinking photosynthetic colonies of 

cyanobacterium Trichodesmium and other diazotrophs in the Eastern Lau basin, able to fix nitrogen 

even in waters as deep as 1000 m (Benavides et al., 2022). However, very low density of Trichodesmium 

were observed in the Melanesian basin (Lory et al., 2022), while very high concentration of thiols was 

observed along the entire water column at ST2 (Portlock et al., this issue). Thiols are sulphur-containing 

compounds able to bind toxic metals such as copper, and their production as detoxifying agents has 

been shown during incubation experiments performed during the Tonga cruise (Tilliette et al., in press.). 

This suggests that the enhanced [L] and tryptophan-like FDOM were related to the biological activity 

associated to the toxicity of hydrothermal fluids. There was no discernable impact of [L] and 

tryptophan-like FDOM enhancement on either DFe, HS content, log KFeL,Fe′
cond , nor DOC. 
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Stronger relationship between [L] and tryptophan-like FDOM content emerged at ST6 where analysis 

depth were closer than at ST2. On the other hand, tryptophan-like FDOM, [L] and log KFeL,Fe′
cond  showed 

contrasted relationship between surface and deep waters (Figure 7b). The tryptophan-like FDOM 

content showed a smaller range of variability in the surface waters of ST6 (1.0 to 2.8 QSU) compared 

Figure 5.7. Profiles with depth at a) ST2, b) ST6, and c) ST10-T3. The profiles are showing (from left to right) DFe, 

tryptophan-like FDOM (dotted line, open circles), HS-like FDOM (full line, open circles), eHS (full line, full circles, bottom 

axis), [L], log 𝐾𝐹𝑒𝐿,𝐹𝑒′
𝑐𝑜𝑛𝑑 , AOU (open circles), and DOC (full circles, bottom axis). 

DFe (µmol.L-1) Tryptophan-like (QSU) 

HS-like (QSU) 

eHS (µgSRFA.L-1) 

log KFeL,Fe′
cond  AOU (µmol.L-1) 

DOC (µmol.L-1) 
 

[L] (nmoleqFe.L-1) 

c) 

a) 

b) 
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to deep waters (0.7 to 7.6 QSU), of similar range that the variability observed at ST2 (0.1 to 6.8 QSU). 

In surface waters, the variations in log KFeL,Fe′
cond  were inversely proportional to [L] and tryptophan-like 

FDOM, which were covarying. In deep waters, log KFeL,Fe′
cond , [L] and tryptophan-like FDOM were all 

covarying, with extensive increase of the tryptophan-like FDOM. FDOM measurements are not 

compounds specific; several compounds can be excited and emit at similar wavelength, but with 

different fluorescent abilities. Therefore, the emission quantified can be compound dependent and not 

quantitative. The contrast between surface and deep waters covariation between [L] and tryptophan-

like FDOM suggested the implication of different compounds in the tryptophan-like FDOM identified. 

Surface tryptophan-like FDOM seemed to contribute to the Fe-binding ligand pool in term of binding-

sites and impacted more sensitively [L] than in deep waters, and with regards to log KFeL,Fe′
cond , seemed 

to fell in the L2 class or below. Deep tryptophan-like FDOM were showing lower contribution to [L], 

but these compounds had comparatively higher log KFeL,Fe′
cond . The reason for [L] and tryptophan-like 

FDOM enhancement remain uncertain at this location, but could be related to benthic processes, sinking 

diazotroph colonies, or hydrothermal activity. The implication of the latter was suggested by the range 

of variability experienced by the tryptophan-like FDOM, similar to ST2, despite the absence of thiol 

enhancement (Portlock et al., this issue). Interestingly, DFe seemed to covary with eHS in surface 

waters and with HS-like FDOM in deep waters at ST6. 

Table 5.3. Values in surface sample (depth < 20 m) with distance to the hydrothermal site. 

 ST10-T3 – 2 km ST10-T2 – 8 km ST10-T1 – 15 km 

DFe (nmol.L-1) 3.20 1.52 0.38 

[L] (nmoleqFe.L-1) 8.8 ± 0.7 4.7 ± 0.9 4.2 ± 0.6 

log KFeL,Fe′
cond  11.9 ± 0.2 11.4 ± 0.3 11.8 ± 0.2 

eHS (µgSRFA.L-1) 79 163 86 

HS-like FDOM (QSU) 1.3 2.1 1.8 

Tryptophan-like FDOM (QSU) 0.6 1.5 1.3 
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A relatively strong DFe enhancement of hydrothermal origin was observed in the mixed layer at ST10-

T3, coinciding with enhanced [L] (Figure 7c; Tilliette et al., 2022). This station was part of a distal 

transect performed at a hydrothermal site, were repeated casts were performed at 2 km (ST10-T3), 8 

km (ST10-T2) and 15 km (ST10-T1). Surface waters showed a DFe gradient decreasing linearly with 

distance to the hydrothermal source, while [L] was high only at the closest station to the vent (Table 3). 

[L] was the only variable showing positive covariation with DFe along the distal transect, and no 

significant differences in log 𝐾𝐹𝑒𝐿,𝐹𝑒′
𝑐𝑜𝑛𝑑  were observed between the stations, which fell into the L2 class. 

This [L] enhancement was contrasting with the observations from ST2 and ST6 in its ability to stabilize 

DFe, and to not show covariation with tryptophan-like FDOM. This specificity could be partly related 

to the abundance of colonial diazotrophs observed in the Lau basin and (Benavides et al., 2022; Lory et 

al., 2022). Strong tryptophan-like FDOM signal were measured in diazotroph cultures corresponding 

to the species present at this location (Benavides et al., 2022), suggesting that there was no tryptophan-

like FDOM diffusing from the diazotroph colonies responsible for enhanced [L] or that the FDOM was 

subject to photobleaching/light attenuation. In absence of diffusion of tryptophan-like FDOM from 

diazotroph colonies, and in view of the absence of specific HS signature, we must consider other 

candidates to explain the enhanced [L] in response to hydrothermally sourced toxic metals, such as the 

production of specialized metal binding compounds. Our results could suggest the production by 

diazotroph of metal binding ligands comparable to siderophores (Bundy et al., 2018) or to domoic acid 

(Pan et al., 1998). The identification of these compounds using recent analytical developments (Boiteau 

and Repeta, 2022; Bundy et al., 2018) would lead to a better understanding of the defense mechanisms 

and Fe acquisition strategies of the hydrothermally fueled diazotrophs flourishment observed in the 

WTSP. Overall, the processes at play at the three locations showing local [L] enhancement are calling 

for further investigation in the area and development of laboratory-based experiments, notably 

regarding the entanglement between tryptophan-like FDOM and [L] variations, if owing to explain 

carbon and Fe cycling in hydrothermal systems. 
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5.4.5. Future and perspective for Fe-binding ligands detection 

5.4.5.1. In hydrothermal waters 

The comparison of our results with previous studies on hydrothermal systems shows possibilities to 

refine the methodological approach to constrain the identification and quantification of Fe-binding 

ligands by CLE-ACSV in future work. The different CLE-ACSV methodologies are showing 

discrepancies in terms of [L] and/or log KFeL,Fe′
cond  (Ardiningsih et al., 2021; Buck et al., 2012; Gerringa 

et al., 2021), and even if it can be complicated to disentangle the natural variability of the Fe-binding 

ligand characteristics from the technically induced differences, it is essential to compare the dataset 

obtained to better understand these technical differences and the Fe-binding ligand cycle.  

Fe-binding ligands have been previously investigated in hydrothermal fluids sourced in the Melanesian 

basin with (Kleint et al., 2016) and in the Lau basin (Wang et al., 2022) by CLE-ACSV, but following 

different approaches. Kleint et al. (2016) used SA at 100 µmol.L-1 for a single aliquot equilibrated 

overnight, with, the following day, five DFe spikes equilibrating for ten minutes each. Wang et al. 

(2022) used 1-nitroso-2-naphtol (NN) following the reverse titration approach (RT-CLE-ACSV) 

consisting of titrating hydrothermal fluids with NN additions instead of DFe additions (Hawkes et al., 

2013a). The importance of the added ligand used and of its concentration has been previously addressed 

for the detection of HS-like ligands by Laglera et al. (2011). The authors concluded that the added 

ligand SA was best suited for detection of HS by CLE-ACSV, and that NN outcompeted HS in the 

concentration range required for optimal sensitivity. Despite the need of further studies, we hypothesize      

that the added ligands and their detection window could explain the [Lex] when using SA in 

hydrothermal plumes (Kleint et al., 2016; this study), and the excess of DFe when using NN (Hawkes 

et al., 2013b; Wang et al., 2022, 2019). The NN additions being relatively high with the RT-CLE-ACSV 

approach (higher than the concentrations that outcompeted HS in classic CLE-ACSV methods; Hawkes 

et al., 2013a), the contribution of HS-like ligands to the Fe-binding ligand pool could be missed. This, 

however, contradicts with the log KFeL,Fe′
cond  determined with NN by RT-CLE-ACSV, which are usually 
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lower than those determined with SA in hydrothermal plumes (e.g. Hawkes et al., 2013b; Kleint et al., 

2016; Wang et al., 2022, 2019).  

More systematic comparison of the different approaches in place is needed to identify the reason of the 

diverging results observed. We also strongly suggest to titrate HS-like and tryptophan-like FDOM with 

Fe2+ and Fe3+ as well. Such quenching experiment would allow the determination of the amount and 

speciation of DFe that can be bond to these fractions, to be compared to the to the amount bond by eHS 

(Dulaquais et al., this issue) and by the whole pool of Fe-binding ligands (this study). 

5.4.5.2. Deposition potential with depth and by basins 

In this study, during the treatment of the voltammograms recorded by ACSV, a shift in the reduction 

potential of the Fe-added ligand complex was observed. The reduction potential ranged from -413 mV 

to -445 mV within the first 200 m (mixed layer and most of the STUW/WSPCW), decreasing further 

with depth down to 1200 m to reach a stable mean value of -473 mV from 1200 m to the bottom (Figure 

8a). The first 200 m correspond to well oxygenated waters, and the decrease in reduction potential 

started occurring in the bottom sample of the STUW/WSPCW where O2 started decreasing, 

characteristic of mineralization.  

The reduction of the metal complexed by the added ligands during ACSV analysis happens at a specific 

potential following the Nernst equation (Nernst, 1889). The value of this potential is driven by i) the 

conditions of temperature, pH, and salinity, and ii) the activity of the redox species, which, in the case 

of a metal-ligand complex, can be translated to its binding strength. Here, the temperature in the 

laboratory was controlled, the pH fixed by the addition of a buffer, and no correlation was found 

between the reduction potential and the salinity. The CLE-ACSV method using SA takes advantage of 

a catalytic loop involving the reduction of the dissolved O2 present in the sample, re-oxidizing the Fe2+ 

back into Fe3+, enhancing the signal (Laglera et al., 2016; Mahieu, 2023). The link between the 

efficiency of the catalytic loop and the O2 concentration was shown to impact the reduction potential 

with the added ligand NN (Mahieu, 2023), but in the present work, the O2 concentration was kept stable 

by a constant flow of air above the sample (Mahieu, 2023). It was shown for HS that a decrease in pH 
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led to a decrease in the strength of the Fe-HS complexes, through an increase in the reduction potential 

(Laglera et al., 2007). Following this theory, the Fe-added ligand complex was more easily reduced in 

surface waters than in the deep waters. However, here, the pH was fixed by buffering.  

The change in reduction potential could be related to the characteristics of the DOM. Fe-binding ligands 

are known to limit Fe3+ hydrolysis and to enhance Fe solubility, and studies have shown the potential 

of the DOM to enhance or slow down Fe oxidoreduction kinetics (Rijkenberg et al., 2006; Rose and 

Waite, 2003; Santana-Casiano et al., 2022), potentially enhancing or slowing down the catalytic process 

benefiting the ACSV measurement. The remineralization of DOM has been shown to impact the 

sensitivity of CLE-ACSV using SA, showing decreasing sensitivity with depth, attributed to the 

mineralization of the DOM (Buck et al., 2018, 2015, 2007; Mahieu 2023) and the production of 

surfactant compounds adsorbing on the working electrode (van den Berg and Huang, 1984; van den 

Berg et al., 1991). However, the effect of DOM composition on the reduction potential and the 

sensitivity is yet to be fully addressed. At the moment, we can conclude that the fresh DOM produced 

in (sub)surface waters show lower surfactant content and higher reduction potential than the DOM in 

deep waters. 

 

Figure 8. Reduction potential (E) of the Fe-added ligand peak with depth for a) the entire 

water column and b) 200 m. 
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Interestingly, the reduction potential showed regional differences in the well oxygenated first 200 m 

depth (Figure 8b). The Western Lau basin showed a reduction potential of -426 mV ± 5 mV (n = 12), 

the Eastern Lau basin of -427 mV ± 5 mV (n = 11), the South Pacific gyre of -433 ± 5 mV (n = 11), and 

the Melanesian basin of -439 mV ± 5 mV (n = 9). Based on our hypothesis, the Lau basin and its intense 

diazotrophic activity seemed to produce DOM facilitating the ACSV measurement, while the 

Melanesian basin and its depletion of [L] in surface waters was the least facilitating. The South Pacific 

gyre fell in between, and we hypothesize the oligotrophic South Pacific gyre to be a reference of neutral 

impact on the reduction process and potential. Our conclusions are limited with regard of the lack of 

complementary information to confirm our hypothesis and compare this novel data. These results, 

however, suggest it would be beneficial to include the reduction potential of the peak within Fe-binding 

ligand datasets, as it could lead to a new understanding of the DOM properties if constrained by 

laboratory experiments. We recommend measuring the reduction potential in UV-irradiated seawater 

spiked with SA and different compounds known to either facilitate or slow down the oxidation of Fe2+ 

(e.g. bipyridyl, gallic acid) and DOM reference materials such as for HS and siderophores. Ideally, this 

information could be compared with Fe oxidation kinetic data, or with other methods of characterization 

of the DOM targeting specific chemical functions. 

5.4.5.3. An unexplored role of iron-sulphides in volcanic arc systems 

Compared to mid-ocean ridges, volcanic arcs are characterised by higher CO2, SO2 and H2S 

enrichments, responsible for higher DFe removal by formation of Fe-oxyhydroxides and Fe-sulphide. 

Such gas enrichment and DFe removal have been observed at several locations along the Tonga-

Kermadec volcanic arc (de Ronde et al., 2007; Kleint et al., 2022; Massoth et al., 2003; Neuholz et al., 

2020; Resing et al., 2011). The role of Fe-sulphide formation in the Fe cycle has long been considered 

as a sink of hydrothermal DFe only, but recent work highlighted that the soluble (< 0.02 µm) and 

dissolved fractions contain nanoparticulate and colloidal Fe-sulphide that could only be retrieved with 

nitric acid treatment. Therefore, the usual method of acidifying the sample with HCl before DFe analysis 

could be responsible for the underestimation of hydrothermal DFe fluxes (Yücel et al., 2021). This 

potential underestimation of the DFe could propagate as far as the hydrothermal influence can be 
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observed, and calls for the definition of a specific DFe fraction. The difference between the DFe 

determined by solubilisation by HCl and nitric acid could allow the determination of a dissolved Fe-

sulphide fraction, pushing forward the understanding of hydrothermal Fe speciation.  

The definition of the DFe fraction is of major importance in the determination of [L] and log KFeL,Fe′
cond  

as DFe is implicitly incorporated in the calculation of these values. Some Fe-binding ligands are able 

to irreversibly bind DFe, and the crystalline structure of some Fe-oxyhydroxides is able to sterically 

isolate Fe from the added ligand (Kraemer et al., 2005). It is very plausible that the acidification of the 

samples for dissolved trace metal analysis with HCl is able to dissociate complexes that are inert at 

seawater pH and to dissolve Fe-hydroxide crystalline structure (Liu and Millero, 2002). While seawater 

collected for Fe-binding ligands analysis is not acidified, using DFe concentrations from acidified 

samples could over-estimate the amount of DFe the added ligand is competing for, changing the 

apparent Fe organic speciation values obtained ([L] and log KFeL,Fe′
cond ). This effect has been observed in 

hydrothermal plumes by Kleint et al. (2016) by comparing the DFe values obtained by acidifying the 

samples with values of the labile Fe fraction that the added ligand was able to retrieve at natural pH. 

They showed that up to 90% of DFe was non-labile in the buoyant plume, but this value was down to 

15% in the non-buoyant plume. It is worth noting that the hydrothermal fluids investigated by Kleint et 

al (2016) had DFe concentrations in the range of µmol.L-1 so the overestimation of DFe had a 

considerable impact on [L] and log KFeL,Fe′
cond  calculations. Overall, in the transect presented here, 

hydrothermal fluids were very diluted, and 90% of DFe concentrations were < 1 nmol.L-1, which 

represents 20% of the average [L] measured for our dataset, thus the error related to the potential 

overestimation of DFe in our samples is likely negligible. Nevertheless, whether sulphides, 

oxyhydroxides and other small particulate material that can pass through the filter, and are thus classed 

as dissolved by the traditional operational definition, should be considered as contributors to the ligand 

pool, is worth further consideration. 

The definition of an Fe-sulphide fraction could be valuable not only to constrain the hydrothermal Fe 

speciation (Yücel et al., 2021) but the carbon cycle as well, as it can be a driver of the sulfurization of 

the DOM (Ma et al., 2022). Abiotic sulfurization (i.e. creation of sulphur-bonds) of the DOM by 
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hydrothermal sulphides was attested in the Eastern Mediterranean (Gomez-Saez et al., 2016). These 

authors showed that the sulfurization process consisted of the replacement of an oxygen atom by a 

sulphur atom in the molecule experiencing this process (Gomez-Saez et al., 2016). The sulfurization of 

organic matter is well known to contribute to its stabilization in soil and sediments (Sinninghe Damsté 

et al., 1989; Sinninghe Damsté and De Leeuw, 1990), but its role in seawater is still to be assessed 

(Dittmar, 2015). Abiotic and microbial sulfurization of organic matter has been shown on lipids and 

exopolymeric substances in sinking marine particles (Raven et al., 2021a, 2021b) as well as in algal 

material (Kok et al., 2000), suggesting the potential for sulfurization of Fe-binding ligands. In addition 

to the modification of Fe-binding ligands, the link between DOM, S and C cycles within the process of 

sulfurization is even tighter as it directly involves Fe-oxyhydroxides and Fe-sulphides through multiple 

and understudied processes. Indeed, the sulfurization process can lead to the conversion of Fe-

oxyhydroxides into Fe-sulphides (Raven et al., 2021a) with unknown consequences on Fe distribution 

in hydrothermal systems. On the other hand, the oxidation of Fe-sulphides can lead to sulfurization of 

the DOM (Ma et al., 2022). The gradients in oxygen and sulphur concentration associated with 

hydrothermal fluids could lead to specific interplays between organic and inorganic Fe speciation, but 

the impact of sulfurization on the electroactivity, fluorescence, and Fe-binding ability of the DOM is 

yet to be investigated. With regards to the potential co-occurrence of organic matter sulfurization at 

hydrothermal system and in sinking diazotroph colonies, the Western South Tropical Pacific could be 

an ideal location to address these questions. 

5.5. Conclusion 

The comparison of the Fe-binding ligand characteristics ([L] and log  KFeL,Fe′
cond ) with HS determined by 

both fluorescence and voltammetry helped to constrain the processes impacting the DOM 

characteristics in the WTSP, although highlighted further questions. Our results suggested that the 

hydrothermal activities firstly identified in the Lau basin was also impacting the Melanesian basin, and 

potentially the western part of the South Pacific gyre, extending the biogeochemical implications of the 

processes at play in the area. Our data suggested DOM mineralization lead to relatively homogenous 
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distribution of the Fe-binding ligands in terms of [L] and log KFeL,Fe′
cond , while the influence of 

hydrothermal activity lead to enhanced HS-like FDOM content. [L] and HS-like FDOM seemed to be 

independently correlated to DFe, encouraging further implementation of fluorescence analysis while 

investigating Fe-binding ligands and its role in DFe distribution. Additional encouragement toward such 

practice lied on the comparison of tryptophan-like FDOM, [L] and log KFeL,Fe′
cond  distribution at stations 

showing [L] maximal values. While tryptophan-like FDOM has been previously shown to bind with 

Fe2+, CLE-ACSV focuses on Fe3+ and, therefore, our results suggest potential binding of Fe3+ with 

tryptophan-like compounds as well. It would be of great interest to implement quenching experiments 

to estimate the amount of DFe that can be complexed by the FDOM fractions and to compare with the 

amount determined by voltammetry for eHS and the overall [L]. Notably, such comparison could help 

identify the apparent defense mechanisms to hydrothermally fueled toxic metals. The WTSP could be 

of specific interest to address this question, with regards of the diversity of the processes highlighted in 

this study, regionally and along profiles. 
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6. Conclusion 

The understanding of the marine Fe cycle is an essential step to explain primary production and carbon 

fixation. The fate of the organic speciation of Fe gained increasing interest over the last decades, 

however, its investigation is still hampered by the technical difficulties inherent to the characterisation 

of the fraction of the DOM able to bind with Fe. These Fe-binding ligands can be titrated using the 

CLE-ACSV approach, an electrochemical technic providing an estimation of the ligand concentration 

and binding strength, but to date, the CLE-ACSV technique suffers from limitations. In this Thesis, I 

targeted several methodological limitations of the CLE-ACSV technique, aiming to improve CLE-

ACSV application and data interpretation.  If adopted by the community, these developments will lead 

to improved comparability between CLE-ACSV studies and a greater confidence in Fe-ligand data. 

Ultimately, the accumulation and integration of these results into multi-approach studies combining 

lab-based and modelling works would provide a more holistic constraint on the global Fe cycle.  

6.1. Summary of my findings 

The limiting aspects regarding the use of the ligand NN to investigate DFe were addressed in Chapter 

3. I showed that the recorded signal can be enhanced by at least 10-fold by oxygen catalysis compared 

to deoxygenated conditions, and that optimal enhancement is reached in absence of buffering of the 

sample. This is solving at once the issue related to fixing the pH, impacting DFe speciation, and to the 

lack of sensitivity of the deoxygenated method, limiting the investigation of the pH impact on Fe organic 

speciation. An unfortunate limitation of our application is the presence of an interfering signal in 

oxygenated samples, limiting the use of the NN-Air method in the present conditions. However, the 

procedure to verify the presence of this interference is simple and can be easily verified by other users. 

If ensured free of interference, my method development could help constrain the fate of natural pH 

gradient and of ocean acidification on Fe organic speciation. My development regarding the preparation 

of the NN solution in Milli-Q water would also allow facilitate the use of lower detection window for 

to accurately titrate humic-substances. The performance of such analysis in unbuffered samples and in 
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volume as low as 0.5 mL as presented from my apparatus development is shown to be possible for 

deoxygenated samples, and can be verified in oxygenated conditions for enhanced sensitivity.   

The Chapter 4 can be seen as an attempt to develop a ‘toolbox’ to facilitate the implementation of CLE-

ACSV analysis using SA for new users. I presented detailed procedure for faster conditioning, analysis, 

and data extraction, that I can help new users to implement my updated SA method. I also performed 

replicate analyses to constrain the accuracy of its application. Most importantly, I have developed a step 

by step procedure for statistically-driven interpretation of the titration curves based on the freely 

available software ProMCC and home-made spreadsheet (Annex 4). In addition to facilitate the 

interpretation of the data for non-familiar users, it helps keeping track of the interpretation performed, 

and lowers the impact of the analyst’s subjectivity. The procedure was successfully applied in Chapter 

4 and 5, and by other analysts (L. Artigue and K. Buck, pers. comm.). It is a step forward toward better 

comparability of complexometric titration data. The procedure is, however, still perfectible, and users 

should reach out to discuss the validity of its use in specific application.  

The application of the development regarding the use of SA was performed on samples collected in the 

Western Tropical South Pacific, hotspot of diazotrophic and hydrothermal activity. On the 103 titrations 

performed, 84% had a log KFeL,Fe′
cond  falling into the L2 ligand class, characteristic of humic-substances. 

In fact, 20 to 40% of the Fe-binding ligand concentrations measured in surface waters (mean of 5.2 ± 

1.2 nmoleqFe.L-1) were explained by electroactive humic-substances, more concentrated in the mixed 

layer. Electroactive substances only explained 8 to 18% of the Fe-binding ligands measured in deep 

waters. The fluorescence of humic-substances showed a distribution inverse to electroactive humic-

substances, suggesting a shift from electroactive in surface waters to fluorescent in deep waters. The 

comparison of my data with electroactivity and fluorescence of humic substances helped to constrain 

the role of humic-substances in the composition of the DOM able to bond with Fe in waters impacted 

by intense diazotrophic and hydrothermal activity, and calls for more comparison of these 

complementary datasets in future works.  
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6.2. Future and perspectives 

To date, the fate of pH on Fe organic speciation is not empirically resolved. Modelling approaches have 

been developed to predict the fractionation between organic and inorganic phases of Fe, but the lack of 

empirical constraint on the DOM binding-sites and, therefore, of their sensitivity to changes in 

protonation at different pH is still limiting the outputs of these models. CLE-ACSV titrations provide 

data that is conditional to the temperature and pH during the measurement, which are typically 

performed at room temperature controlled by addition of a buffer to a pH of around 8. However, it is 

still unclear how this data should be interpreted in the context of samples taken from very different 

natural conditions, particularly with relation to pH. Previous work exploring the impact of pH on CLE-

ACSV titrations to estimate the fate of ocean acidification on Fe speciation were limited by the lack of 

sensitivity of the added ligand NN in the absence of catalytic enhancement of the signal (Avendaño et 

al., 2016; Gledhill et al., 2015; Zhu et al., 2021b, 2021a). The recent method development to perform 

catalysed CLE-ACSV titrations in unpurged and unbuffered solutions as presented by Sanvito and 

Monticelli (2021) for DHN and in Chapter 3 for NN could improve the characterisation of the pH impact 

on Fe-binding ligands properties. This is of specific interest for global biogeochemical modelling. 

Despite progress in integrating Fe-binding ligands into the models aiming to reproduce DFe distribution 

(Boyd and Tagliabue, 2015; Tagliabue and Vöelker, 2011; Vöelker and Tagliabue, 2015; Völker and 

Ye, 2022), to date the impact of pH on Fe-binding ability of the DOM has been difficult to implement, 

as there is no suitable CLE-ACSV data available. The experimental procedure suggested in Chapter 3 

could help obtaning this essential data. 

The characterisation of Fe-binding ligand characteristics by CLE-ACSV can provide additional 

constraints on the Fe cycle. The isotopy of Fe helps to constrain its sources and internal cycling (König 

et al., 2021) but specific processes are still poorly constrained. Notably, the isotopic signature of 

hydrothermally sourced DFe is not optimally constrained in biogeochemical models. This is presumably 

due to lack of knowledge about the interplay between dissolved and particulate fractions (König et al., 

2021), itself limited by the number of observations regarding highly dynamic and variable hydrothermal 

systems. The determination of the isotopic fraction of DFe is notably limited by the heaviness of the 
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procedure (Ellwood et al., 2020), that could possibly be avoided by the characterisation of tracer of Fe 

isotopic fractionation in hydrothermal fluids. A linear relationship was recently shown between 

hydrothermal DFe isotopic signature and Fe-binding ligand (Wang et al., 2022), suggesting that the Fe-

binding ligand titrations could provide valuable information regarding the DFe isotopic fractionation 

processes in hydrothermal fluids. Technical requirements are lighter for CLE-ACSV titrations, that are 

performed with cheaper equipment, could be performed at sea, and with much lower sample volume 

requirement (generally 250 mL for CLE-ACSV, 2 L for the determination of the isotopic fraction). The 

required sample volume can even be lowered in view of the technical progresses in CLE-ACSV 

(Sanvito and Monticelli, 2020; Chapter 3, 4). It would take some effort to verify the possibility for Fe-

binding ligand strength to proxy the Fe isotopic weight in hydrothermal fluid, but this is a good example 

of the potential for Fe-binding ligand titration data to address gaps in our knowledge of the Fe cycle. 

The production and comparison of data from multiple analytical procedures is a widely acknowledge 

need in oceanography to understand the complex machinery driving biogeochemical cycles. The 

correlation of DFe with Fe-binding ligand characteristics and complementary analyses presented in 

Chapter 5 highlighted the potential to describe DFe distribution from the combination of the CLE-

ACSV, looking at the whole bulk of ligands, with methods targeting specific Fe-binding ligand 

fractions. I strongly suggest to explore further the potential of the comparison of Fe-binding ligands 

characteristic defined by CLE-ACSV with fluorescence analysis. Future studies should incorporate 

quenching experiments that could allow the quantification of the amount of DFe that can be bond to 

fluorescent fraction (Esteves da Silva et al., 1998). It would be of interest to compare the concentrations 

of DFe that can be bond by the different fractions analysed by fluorescence and voltammetry and to 

compare them with the ability of the whole bulk of Fe-binding ligands determined by CLE-ACSV.  

Together with multiple approaches to characterise Fe organic speciation, the consideration of the 

inorganic side is also needed in further investigation. A convincing proof of that need was presented by 

(Croot and Heller, 2012) who highlighted the dynamics intricacies between the organic and inorganic 

phases of iron with electrochemical approaches. These authors compared the CLE-ACSV approach 

based on the assumption of thermodynamic equilibrium of the sample (Chapter 2) with a kinetic 
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approach, quantifying the association and dissociation constants of the natural Fe-binding ligands 

against the added ligand TAC. The results of this study showed that Fe solubility progressively 

decreases with time. Their interpretation of the process at play was that organically bound Fe to weak 

ligands was progressively removed from the dissolved phase by formation of Fe-oxyhydroxide 

aggregates within hours (Croot and Heller, 2012). However, even if Fe-oxyhydroxides are less reactive 

with aging, they can be solubilised by Fe-binding ligands while freshly formed (Kraemer et al., 2005). 

It is of specific interest to consider the balance between Fe organic binding to weak ligands and Fe-

oxyhydroxides reactivity in further work aiming to evaluate the processes controlling the dynamic and 

unstable Fe cycle in-situ. With that regard, a kinetic approach seems to better suit this purpose than the 

CLE-ACSV. To date, kinetic approaches have limited time resolution due to technical limitations. I 

suggest to apply the recent progresses regarding the analysis time presented in Chapter 3 and Chapter 

4 to perform kinetic experiments at the minute to hour scale. Tests on individual and mixture of 

reference compounds would help to define the optimal added ligand concentration for which the 

dissociation of natural Fe-binding ligand complexes will be resolved enough to distinguish different 

ligand classes or binding-sites. This is calling for rapid development of kinetic analysis for their future 

integration to collaborative multi-approach studies in the field. 

To conclude, my work draws a path to reach the objectives listed above. The NN-Air method could be 

successfully applied in future work, the procedures I have developed are allowing better comparability 

between laboratories, and my updated SA application is a promising tool to investigate exchange 

kinetics of natural Fe-binding ligands. The currently applied methods allow the comparison of Fe-

binding ligand data obtained by CLE-ACSV with analyses targeting more specific fraction of the DOM 

and help disentangling the processes driving DFe distribution, attesting of the interest to keep 

performing CLE-ACSV analysis. I believe laboratory and in-situ incubation experiments focusing on 

relating Fe solubility with DOM aging and mineralization (traced with fluorescence and voltammetry) 

will be an essential step if owing to better understand the global distribution of Fe.  
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7. Annexs 

The protocol and procedures developed in this work were developed and are owned by L. Mahieu. Any 

publicable use of them must refer to this Thesis. 

 

Regarding the nature of the annexs (mostly Excel spreadsheets), they were made freely available 

following the link below: 

https://www.dropbox.com/sh/o0zvyjnn1qn0460/AAA8QpdTomualGBbgrjcLZJ4a?dl=0 

 

 

 

Annex 1: Optical calibration of NN-MQ solutions 

Annex 2: Data handling with the ECDSoft 

Annex 3: Protocol for the interpretation of ligand titration 

Annex 4: Spreadsheet for the interpretation of ligand titration 

Annex 5: Link for video tutorial for the interpretation of ligand titration 

 

 

 

 

 

https://www.dropbox.com/sh/o0zvyjnn1qn0460/AAA8QpdTomualGBbgrjcLZJ4a?dl=0


 200 

 

 

 

 


