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Thesis Abstract 

The Southern Ocean is the largest region where major nutrients such as nitrate, silicate and 

phosphate are present in excess, yet the crucial micronutrient element iron (Fe) is scarce. It is 

well established that the Southern Ocean is key in exporting carbon to greater depths through 

biomass production by phytoplankton, but Fe is metabolically required for photosynthesis. 

Changes in uptake of carbon and heat to the ocean will impact ocean acidification and ocean 

warming. These anthropogenically linked processes are projected to lead to a drop in ocean pH 

by 0.2 units and an increase in the ocean’s temperature by 2°C by the end of the century and 

are already known to have tremendous ecological impacts on the ocean’s flora and fauna. 

However, little is known about how changes in ocean temperature and pH could alter the 

nutrient composition in future oceans.  

Regarding nutrients, this work focuses on the dissolved (d) element Fe. It is essential for 

photosynthesis, but also a limiting element in the Southern Ocean due to limiting sources 

leading to low availability. Iron exists in two redox states in seawater. While the species dFe(III) 

is stable in seawater and occurs in relatively higher concentrations, its redox partner dFe(II) is 

tied to several physico-chemical processes impacting its oxidation time and overall presence. 

The importance of dFe(II) also lies with its accessibility for phytoplankton in its reduced 

oxidative state. The overall aim of this study was to investigate changes in concentration, 

speciation, and availability of the ‘more’ bioavailable, rapidly oxidizing Fe species dFe(II) 

under a changing Southern Ocean scenario.  

Chapter 2 addressed the redox behaviour of dFe(II) and dFe(III), where several questions were 

explored for further experimental planning. The main question was how the coastal and open 

ocean systems differ in their dFe(II) concentrations and how ocean acidification and ocean 

warming impact Fe redox chemistry in both systems. I therefore performed controlled 

acidification and temperature alteration experiments in coastal and open ocean water taken from 

the Tasmanian coast and the Southern Ocean. This large dataset enabled us to project for future 

ocean dFe(II) concentrations and oxidation rates. I observed that a reduction in ocean pH by 

0.2 units doubles the dFe(II) oxidation time in the open ocean and tripled in coastal water 

through model-based experiments. In contrast to these high impacts from pH, an increase in 

temperature by 1°C accelerated the oxidation by ~ 1.1 times (13% in coastal water and 8% in 

open ocean water). Therefore, realistic changes in temperature are likely to have small impacts 

on the oxidation of dFe(II) in both water systems compared to the proposed changes in pH.  
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For phytoplankton, these results pose contradicting outcomes, and studies display mixed results 

once parameters such as ocean warming, and acidification are combined. An increase in 

temperature might lead to less or no growth once a certain temperature threshold is crossed. 

Similarly, a decrease in pH is also thought to impact phytoplankton physiology. It also depends 

on the severity of acidification and the phytoplankton species itself. Ocean warming could 

reduce phytoplankton growth, despite increased Fe availability due to higher solubility in 

warmer water. Regarding ocean acidification, on the other hand, dFe(II) could become available 

for an extended time, therefore enabling further uptake of dFe(II) by phytoplankton for that 

time. When comparing mixed effects of ocean acidification and warming, a reduction in pH 

might have a greater impact on the dFe(II) oxidation than just temperature. Temperature 

changes, however, might be a greater concern in the near future before ocean acidification 

becomes relevant.  

Due to this projection of temperature being a more imminent concern, I targeted the limiting 

element Fe in its less investigated form dFe(II). I observed how temperature alone impacts 

growth of two Southern Ocean phytoplankton species. I therefore ran an dFe(II)-enrichment 

incubation experiment in Chapter 3 with differing temperatures (3°C, 5°C, and 7°C) in coastal 

and open ocean water from the Southern Ocean using the well-studied haptophyte Phaeocystis 

antarctica and the diatom Fragilariopsis cylindrus. These enrichment experiments with altered 

temperatures overall confirmed that phytoplankton growth was elevated once 5 nM dFe(II) 

were added. In other words, freely available dFe(II) was present, almost regardless of the 

temperature increase from 3°C to 7°C. This could implicate that an increase in temperature has 

beneficial effects on growth in the case of higher concentrations of freely available dFe(II). 

However, these values of future dFe(II) concentrations and oxidation rates under acidified and 

warmer scenarios are only laboratory-based projections, to better understand the dFe(II) 

presence and demand by phytoplankton species in a future Southern Ocean.  

In Chapter 4, a one-month field study onboard the RV Investigator was conducted east of the 

Australian continent along the East Australian Current (EAC) into nutrient-rich but Fe poor 

water in the Southern Ocean. I observed the overall distribution of dFe(II) and hydrogen 

peroxide in this understudied region. The findings suggest that dFe(II) concentrations are very 

low in the observed area of the open Southern Ocean (< 0.1 nM) compared to coastal waters (> 

0.5 nM), likely driven by differences in terrestrial Fe inputs. Hydrogen peroxide was generally 

higher in the southern stations within the upper 200 m (~60 nM) while the dFe(II) : dFe ratios 

are 10 % higher than reported for previous Southern Ocean studies. High biological activity in 
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the upper water extending to the frontal mixing zone where the two major currents meet (EAC 

and STF), may further have led to the observed low dFe concentrations and high H2O2 

concentrations. Occasional higher dFe(II) peaks found in this area in surface water may be the 

result of several external sources such as rain or vertical transport from seamounts but also due 

to biological or physico-chemical impacts such as photochemical reduction or uptake by 

phytoplankton.  

Overall, the work in this study advances our understanding of the coupled effects of the climate 

change parameters ocean acidification and ocean warming on the dFe(II) oxidation, with 

implications for its availability to phytoplankton and overall sources in the region east and 

south-east of Tasmania in coastal and open ocean water. The experimental approaches taken 

suggest a higher impact of ocean acidification compared to ocean warming and a potential 

benefit for phytoplankton species preferring dFe(II).  
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Chapter 1:  Introduction 

1.1 The Southern Ocean 

The Southern Ocean (SO) is the largest High Nutrient-Low Chlorophyll (HNLC) area (Figure 

1.1; a) in the world (Boyd et al., 2004, Okin et al., 2011). Other major HNLC areas are the 

Northeast Subarctic Pacific (b) and the Equatorial Pacific (c). The SO is defined by high 

concentrations of macronutrients such as nitrate (NO3
-) and phosphate (PO4

3-) all year round. 

At the same time, the vital nutrient for microbial growth - iron (Fe) - is limited in that area 

(Martin and Fitzwater, 1988, Martin et al., 1990, Gran, 1931). The importance of the SO lies in 

its size and ability to store carbon (C), which makes it the most critical area for uptake of 

anthropogenic carbon dioxide (CO2) (Sarmiento et al., 1998, Gloor et al., 2003). While the SO 

only makes up about 20% of the Earth’s oceans, it can take up to 40% of atmospheric CO2 

(Takahashi et al., 2002, IPCC, 2014, Gruber et al., 2019).  

Figure 1.1 Map of the annual mean surface NO3
- based on the World Ocean Atlas 2001 

(Conkright et al., 2002, Sarmiento, 2013). The three major HNLC areas are annotated: The 

Southern Ocean (a), Northeast Subarctic Pacific (b) and the  Equatorial Pacific (c). 

a 

b 

c 
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1.2 The oceanic carbon pumps 

Nutrients are essential for life on earth. In biology, they mostly serve metabolic and enzymatic 

processes to build and maintain the functions within a cell (see section 1.5).  One can distinguish 

them into macro-nutrients, for example, NO3
-, C and silicate (SiO4

2-) and micro-nutrient such 

as Fe or zinc (Zn) (Lohan and Tagliabue, 2018). While the availability of many nutrients is 

subject to redistribution by currents and upwelling systems, others are a matter of seasonality, 

distance to their sources, light, temperature, and pH. Nutrients in the ocean not only influence 

ecological processes (Birkeland, 2015, Moore et al., 2013) but also impact one another (Moore 

et al., 2001, Gonzalez et al., 2010) and furthermore the oceanic carbon pumps (Falkowski et 

al., 2000).  

The ocean carbon pumps play an important biochemical role on earth, depleting the surface 

oceans of CO2. The pump consists of the physical pump (also solubility pump) and biological 

pumps consisting of the carbonate pump, the soft tissue carbon pump (BCP, also called organic 

or biological pumps) and the microbial carbon pump (MCP) (Legendre et al., 2015). The 

physical pump transports CO2 from the atmosphere into the ocean's surface, called the solubility 

pump (Figure 1.2). As a result, gas and heat are constantly exchanging (Volk and Hoffert, 2013, 

Jiao et al., 2010). This pump is highly influenced by sea surface temperature, and therefore, 

uptake of CO2 is higher at high latitudes because cold water can hold more gas, whereas, at low 

latitudes, where the water is warmer, less CO2 is taken up. This is also intensified by strong 

winds and waves (Raven and Falkowski, 1999). As a result, when those cold waters in high 

latitudes come back up to the surface in upwelling systems, they hold a greater amount of CO2 

compared to the atmosphere. Hence, they release CO2 to reach equilibrium (Watson and Liss, 

1998, Zeebe and Wolf-Gladrow, 2001). The BCP (Figure 1.2, middle) is started by 

phytoplanktonic photosynthesis, where C is assimilated, and a small percentage is transported 

to depth through sinking of dead cells, faecal pellets etc. (Passow and Carlson, 2012, Raven 

and Falkowski, 1999). Most organisms on earth store and fix C simply by growth; hence they 

also contribute to the storage of C (Duarte and Cebrian, 1996). The carbonate pump is also part 

(Figure 1.2, right) of the biological pumps and acts by releasing CO2 from calcification and 

creating a flux of calcium carbonate (CaCO3) within the aphotic zone. While the above pumps 

maintain a vertical gradient of carbon between the surface and deep waters, the recently 

described MCP (not displayed) maintains a gradient between short and long lived dissolved 
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organic carbon (> 100 years) (Legendre et al., 2015).  

 

 

Phytoplankton growth, accounts for approximately 40% of the global C-fixation (Falkowski, 

1997), which is what makes them important. Furthermore, calcifies as corals, molluscs, and 

some phytoplankton are dependent on sufficient carbonate ions to form their exoskeletons and 

shells. During this process, they also fix additional C. Calcifying organisms are affected  by a 

decrease in pH, which leads to the dissolution of their outer structures and shells (Ries et al., 

2009). There will be a flux of CO2 from the ocean to the atmosphere if the partial (p) pressure 

of CO2 from seawater is larger than the pCo2 in the air; a process called the carbonate counter 

pump (Figure 1.2, right) (Rost and Riebesell, 2004, IPCC, 2007).  

Ever since the industrial revolution, the oceans have been facing several climate change-related 

issues. Previously mentioned CO2 accumulation in the oceans and the atmosphere have led to 

an increase in temperature due to what is known as the greenhouse effect. This temperature 

increase (see section 1.4.5) has already led to an increase in temperature in the SO by 0.2 °C, 

Figure 1.2 The Oceans’ Carbon Pumps: solubility/physical pump (left) and the biological 

pumps (right) exports carbon into deeper water. The Solubility pump is a physical process 

driven by absorption leading to heat and gas exchanges. The biological pump consists of the 

organic carbon pump and the soft tissue carbon pump (BCP). (Figure is drawn and modified 

after Oscar Schofield, Rutgers University). 
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reaching down to 700 m depth (Bindoff and Rintoul, 2011). Due to its size and role in global 

overturning circulation, the SO is regarded as a global thermal regulator and can buffer for 

relatively sudden changes in temperature (Takahashi et al., 2002). While this buffering capacity 

for temperature changes is in jeopardy, accumulations of CO2 are also leading to a decrease in 

pH (see section  1.4.2) with adverse outcomes for biology (e.g. Shi et al., 2010, Hoffmann et 

al., 2012, Taucher et al., 2015, Britton et al., 2016, Millero et al., 2009). Both parameters, 

temperature increase and a decrease in pH, impact biology and the chemical composition and 

speciation of nutrients such as Fe in seawater with feedbacks on the ecological dynamic of 

marine ecosystems (e.g. Laws et al., 2000, Riebesell et al., 2007).  

 

1.3 The limiting micronutrient iron 

Nutrients are essential for plants (Uchida, 2000, Imran and Gurmani, 2011) and life on earth. 

Macronutrients such as NO3
- (Wheeler, 1983, Maldonado and Price, 2000), PO4

3- (Arrigo et al., 

1999, Kuffner and Paul, 2001, Harvey, 1940) or SiO4
2- (Tréguer and Jacques, 1992) mainly 

serve in metabolic and enzymatic processes. Micro-nutrients such as Fe however play an 

essential role during nitrogen fixation (Price et al., 1991), photosynthesis, and respiration (see 

section 1.5; Raven et al., 1999). As described in the next sections (1.3.1 to 1.3.4), Fe in the 

ocean has many sources and comes in several forms and species. Concerning current climate 

change stressors, I will further elaborate on how Fe is impacted and how this may negatively 

affect ecosystem processes (Van de Waal and Litchman, 2020, Millero et al., 2009).  

 

1.3.1 Sinks and sources of iron 

The groundwork for a modern understanding of the ocean Fe cycle was laid when John Martin 

(1990) postulated that low concentrations of Fe limit phytoplankton growth in the SO. Many 

small and large-scale studies followed, exploring the fertilising effect of Fe for phytoplankton 

(e.g. Langmann et al., 2010, Duggen et al., 2007, Bowie et al., 2001, Peeken et al., 2006, Boyd 

et al., 2000, Blain et al., 2008). Although Fe is the fourth most abundant element on the earths 

crust, its concentration in SO surface waters is low (< 0.3 nM; Boyd and Ellwood, 2010). This 

mainly results from the low solubility of Fe in the modern, oxygenated ocean and a lack of 

sources within observed regions of the SO. Major Fe sources (see Figure 1.3) are linked to the 

proximity of continental margins such as sediment resuspension (Bowman and McCuaig, 2003, 
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Hawkings et al., 2016, Johnson et al., 1999) and river runoff (Chase et al., 2007, Hodson et al., 

2017). Hydrothermal vents may also add to the Fe pool but are linked to plate boundaries rather 

than to continental margins (Ardyna et al., 2019). Aeolian sources contribute to the Fe budget 

through aerosols (Strzelec et al., 2020, Perron et al., 2020), dust (Bowie et al., 2009, Gabric et 

al., 2016), particles from bushfires (Ito et al., 2020) or ash from volcanic eruptions (Achterberg 

et al., 2013). Closer to the Antarctic continent, melting sea ice also delivers a substantial amount 

of Fe into the ocean in spring (Sedwick and DiTullio, 1997, Lannuzel et al., 2007, Schallenberg 

et al., 2016). Internal processes within the water column such as vertical and lateral transport, 

remineralisation (Maldonado et al., 2016, Tagliabue et al., 2017, Boyd et al., 2017), and 

biological scavenging (Boyd et al., 2015) alter the Fe distributions and concentration. 

Moreover, biological uptake and chemical removal make up the Fe sink (Tagliabue et al., 2017), 

removing it from the cyclic process. Seasonally linked upwelling and deep mixing processes 

(Hutchins et al., 1999a, Thuróczy et al., 2012, Arrigo et al., 2015, Schallenberg et al., 2018), as 

well as photochemical reduction (Miller et al., 1995, Barbeau et al., 2001), can increase 

available Fe at the ocean surface (Figure 1.3). Further details on the photochemical Fe cycle 

can be found in Figure 1.9. 

 



Chapter 1 
6 

  

 

 

1.3.2 Iron concentrations and half-lives 

Surface (0 to ~250 m depth) concentrations of Fe in the SO are exceptionally low, with values 

below 0.3 nM in the open ocean (Boyd and Ellwood, 2010) and increasing concentrations 

towards sediments and coasts (1.1 – 1.5 nM), including subantarctic islands such as Heard 

Island or McDonald Island in the Indian sector of the SO (Holmes et al., 2019). Iron resides 

within the upper water column from approximately 18 to 300 days (Jickells and Spokes, 2001, 

Jickells et al., 2016) with increasing half-lives in deep water from 70-200 years (Ussher et al., 

2004). The short half-life in surface water is linked to rapid uptake and removal through 

biological processes by phytoplankton (Johnson et al., 1997, Hutchins et al., 1993) or other 

physico-chemical processes. In deeper SO waters from 200 to 1000 m depth (Figure 1.4, a and 

b), the Fe concentrations can increase up to 0.4 nM (Bowie et al., 2009, Lannuzel et al., 2011), 

due to lower consumption of primary producers and bacterial remineralisation of sinking 

particles. Closer to the sediments, it can be much higher with > 25 nM (König et al., 1999).  

Figure 1.3 External supply of Fe comes from hydrothermal vents, sediments, river runoff, 

aerosol deposition and sea ice melting. Internal processes include biological uptake and sinking 

particles, while the whole cycle is enhanced by reducing reactions from dFe(III) to dFe(II). 

The surface is supplied with Fe via upwelling and deep mixing processes.  

Image source combined after de Baar and de Jong (2001) and Tagliabue et al. (2017). 
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However, the concentration and speciation largely determine Fe availability and therefore drive 

phytoplankton growth, which will be explored in each of the following chapters. 

 

1.3.3 Iron fractionation and sizes  

Different forms of Fe are characterised by particle size fractionation derived from biological or 

physico-chemical complexation (Gledhill and Buck, 2012). These sizes (Figure 1.5) determine 

the availability of Fe for phytoplankton uptake at the cell surface (Sunda and Huntsman, 1995, 

Shaked and Lis, 2012). Commonly identified forms of Fe are the particulate form, representing 

particles larger than 0.4 µm, and the dissolved (d) form (< 0.4 µm).  

In coastal areas, Fe occurs in high concentrations (> 1 nM) compared to the open ocean (0.05-

1 nM) (Boyd et al., 2000). Dissolved Fe and trace metals can be further divided into soluble Fe 

(< 0.02 µm) and colloidal Fe (0.02 µm – 0.2 µm) (Fitzsimmons and Boyle, 2014). Particulates 

consist of biogenic, lithogenic and detrital particles at sizes of  > 0.2 µm (Price and Morel, 

1998).  

 

b) 

Figure 1.4 Left (a): Transect from the SAZ (Subantarctic Zone) Sense voyage 2006/2007, 

overlayed over satellite chlorophyll-a imagery. Right (b): vertical profile of Fe from 0 to 

1000 m from station P2 at the Polar Front (PF). Circles denote dissolved Fe (< 0.2 µm), green 

squares particulate Fe (> 1.0 µm) (Bowie et al., 2009). 

a) 
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1.3.4 Dissolved Fe(II) and dFe(III) 

During the past decades of oceanic Fe-research, two Fe redox states have been identified as 

important: dFe(III) and dFe(II) (Figure 1.3 & Figure 1.9). Dissolved Fe(III) is more commonly 

measured in experimental fieldwork (e.g., Bowie et al., 2001, Boyd et al., 2000, Maldonado et 

al., 2001, Strzepek et al., 2019) due to its greater stability at the current oceanic pH of ~8.1, 

which makes it easier to analyse.  

A less commonly studied species is dFe(II), a highly reactive and reduced species with short 

half-lives of minutes to hours in the modern oxygenated ocean (Millero et al., 1987). During 

the Archean and Proterozoic eon however, the oceans were anoxic and therefore the dFe(II) 

concentrations were thermodynamically stable (Planavsky et al., 2011). Today, its 

concentrations are often a magnitude lower (picomolar) than its redox partner dFe(III) (Bowie 

et al., 2002). Dissolved Fe(II) is considered an important Fe species because, during its 

oxidation, it is in an unbound state and therefore potentially easily accessible to phytoplankton 

(Shaked and Lis, 2012). However, its half-life in the ocean and its availability to phytoplankton 

is subject to several physico-chemical parameters such as ultraviolet (UV) light, ligands, and 

Figure 1.5 Schematic of trace metal fractionation after Raiswell and Canfield (2012).  
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hydrogen peroxide (H2O2) concentrations (Figure 1.9), pH and temperature. These affect the 

dFe(II)'s oxidation rate, concentrations, and Fe speciation in the ocean and will be discussed 

over the next few paragraphs.  

 

1.4 Iron biochemistry & parameters influencing the dFe(II) 

and dFe(III) redox couple   

The oxidation of dFe(II) is often displayed as half-life time (t½). This t½ is the time for the 

respective concentration to reach half of its initial concentration. It is complex to predict 

oxidation reactions in natural waters as they depend on multiple parameters such as oxygen 

(O2) and H2O2 concentrations (Millero and Sotolongo, 1989, Millero et al., 1987), temperature 

(Millero et al., 1987, Millero et al., 1995), pH (Millero et al., 2009), light (Miller et al., 1995) 

and biological uptake and/or complexation (Marschner et al., 1986, Sunda and Huntsman, 1995, 

Shaked and Lis, 2012).  

 

1.4.1 Kinetics of dFe(II) with oxygen & hydrogen peroxide  

Amongst others, the main drivers of dFe(II) oxidation in surface water are O2 and H2O2 (Millero 

and Sotolongo, 1989). A higher concentration of O2 or H2O2 leads to a faster oxidation rate, 

thus a shorter dFe(II) half-life (equations 2-5) in water when these components are present. This 

leads to decreased dFe(II), more of the stable dFe(III) and other products such as superoxide 

(O.
2

-), hydroxide (OH-) and its neutral hydroxyl radical OH.. This process follows a pseudo 

first-order rate with respect to the concentration of dFe(II) and the dissolved O2 concentration 

and is often expressed by the apparent oxidation rate constant k app (eq. 1) (Davison and Seed, 

1983, Santana-Casiano et al., 2005).  

−𝑑𝐹𝑒(𝐼𝐼)

𝑑𝑡
= 𝑘[𝐹𝑒(𝐼𝐼))] (𝑂2)                       (1) 

The most cited and accepted reactions describing the oxidation process of dFe(II) with oxygen 

(O2) in natural waters were defined by Haber and Weiss (1932) in the reactions 2-5 below.  

𝐹𝑒(𝐼𝐼) + 𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂2
.−                        (2) 
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𝐹𝑒(𝐼𝐼) + 𝑂2
.−  

2𝐻+
→   𝐹𝑒(𝐼𝐼𝐼) + 𝐻2𝑂2               (3) 

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻
. +  𝑂𝐻−  (4) 

𝐹𝑒(𝐼𝐼) + 𝑂𝐻. → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻−                    (5) 

 

Hydrogen peroxide (eq. 4) acts as both a reductant and as an oxidant in water (Winterbourn, 

1995). Under natural conditions in seawater with a pH of 8.1, dFe(II) generally oxidizes within 

minutes when sufficient O2 or H2O2 is present (Santana-Casiano et al., 2005, González-Dávila 

et al., 2006). For this case, and as described by González-Dávila et al. (2006), this means that a 

higher concentration of H2O2 leads to faster oxidation of dFe(II) (Figure 1.6).  

For future oceans, it is hypothesised that O2 concentrations will decrease as a result of 

increasing sea surface temperatures leading to a higher stratification and less mixing (Pörtner 

et al., 2019). Although the changes in O2 are predicted to be small (3.9% decrease) by the end 

of the century (Pörtner et al., 2019), a retardation of dFe(II) oxidation time may occur when 

other factors are excluded, ultimately leading to extended half-lives for dFe(II). 

 

1.4.2 Ocean acidification, pH changes & its effects on iron 

Ocean acidification (OA) is induced by an uptake of anthropogenic CO2 from the atmosphere 

Figure 1.6 Modelled oxidation of dFe(II) in saline water (S = 36.24) at pH 8.17 at O2 

concentrations of 210 µM and varying H2O2 concentrations from 50 to 728 nM (González-

Dávila et al., 2006). 
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from burning fossil fuels (Doney et al., 2009, Orr et al., 2005). The following equations define 

OA:   

𝐶𝑂2 + 𝐻2𝑂 → 𝐻2𝐶𝑂3 → 𝐻
+ + 𝐻𝐶𝑂3−   (6) 

𝐶𝑎2+ + 2𝐻𝐶𝑂3− → 𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂  (7) 

 

When CO2 reacts with seawater (H2O), carbonic acid (H2CO3) forms. This acid dissociates into 

hydrogen ions (H+) and bicarbonate ions (HCO3-; eq. 6). As a result, there is an increase 

in H2CO3, HCO3 and H+ ions, whereby an increase in H+ reduces pH, and the ocean becomes 

more acidic as a result (Orr et al., 2005, Feely et al., 2004). In the reverse reaction, carbonate 

ions (CO3
2-) decrease, and calcium carbonate (CaCO3) dissolves (eq. 7). These 2 reactions 

impact the structural build-up of calcifying species (Guinotte and Fabry, 2008, Doney et al., 

2009, Hallegraeff, 2010). 

The ocean currently has a pH of ~8.1 and it is predicted to drop by 0.072 to 0.108 units by 2050 

and might have decreased by another 0.315 units by 2100 (RCP 8.5, high emission scenario; 

Pörtner et al., 2019). A reduction of surface pH by 0.1 units is equivalent to an increase of 30% 

of the hydrogen ions (Raven et al., 2005) in the water. As a result, a lowered pH leads to 

speciation changes of metals and more freely available metals (Millero, 1996, Millero et al., 

2009, Hoffmann et al., 2012). The species of interest, dFe(II), becomes more stable and stays 

in solution longer at lower pH (Millero et al., 2009). In terms of its t½, Figure 1.7, a) displays 

that a pH decrease of seawater leads to an increase of the dFe(II) half-life (Millero et al., 2009). 

Concerning future oceans, it is also suggested that the percentage concentrations of dFe(II) are 

increasing with respect to other Fe species, when other factors such as temperature increase are 

not considered (Millero et al., 2009, Millero et al., 1995). This means that there will be an 

overall increase in the dFe(II) concentration with ongoing acidification (Figure 1.7, b). A 

decrease in pH also leads to an increase in its dissolved and more stable form of dFe(III) (Liu 

and Millero, 2002, Millero et al., 1995), which could lead to extended availability of the 

unbound dFe(II) species to phytoplankton.  
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1.4.3 Ocean acidification & its effects on biology 

Regarding biology, carbonate ions (CO3
2−) are an essential building material of structures such 

as seashells, coral skeletons, and shells of calcifying phytoplankton (Riebesell et al., 2000, 

Fabry et al., 2008, Gattuso et al., 1999). A decrease in CO3
2− complicates building and 

maintaining skeletons or other calcium carbonate-containing structures (Sabine and Feely, 

2007, Doney et al., 2009). However, pH is also important in respect to growth of most plants 

since it affects the uptake mechanisms for Fe. While some terrestrial plants have developed 

systems to access Fe via acidification (e.g., the common soybean, Lindsay and Schwab (1982)), 

the uptake of Fe under future scenarios for non-rooting ‘drifting’ plants like phytoplankton is 

still a topic of debate. In a mesocosm study, Breitbarth et al. (2010) found that OA may lead to 

an enhanced Fe-bioavailability because of an increased fraction of dFe and higher dFe(II) 

concentrations. Due to a decreased pH, these fractions stay dissolved longer and are therefore 

better available for phytoplankton. Further, they support the idea of an increase in C export due 

to increased primary production. In another study, Shi et al. (2010) target Fe availability from 

a different angle: They did not assume that OA increases bioavailable Fe through a decreased 

pH. Instead, they proposed that OA increases the Fe stress for phytoplankton by upregulating 

processes requiring additional energy and Fe. Their results reveal that uptake of Fe by three 

different diatom species and one calcifying species was enhanced due to pH decreases, which 

Figure 1.7 (a) The modelled dependance of the t½ of dFe(II) to pH (Millero et al., 2009) and 

(b) the modelled pH dependent speciation of dFe(II) in seawater resulting in fractionation 

changes (Millero et al., 1995). 

a) b) 
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is not a physiological response of the organism itself. Therefore, it is suggested that OA may 

not only affect the marine biota on a physiological level but also alter the nutrient speciation 

and its availability to phytoplankton (Millero et al., 2009, Hoffmann et al., 2012).  

 

1.4.4 Temperature, ocean warming & its effects on iron 

Ocean warming has been an ongoing concern over the past 50 years (Levitus et al., 2000, 

Gleckler et al., 2016) and is increasing with the steady rise of greenhouse gas emissions. 

Observations of loss in polar sea ice, glacier retreat and a sea-level rise (Rignot et al., 2011) are 

caused by this increase in greenhouse gases, which in turn are warming up the ocean (Hansen, 

1998, Levitus et al., 2000). In the past 100 years, global temperatures have increased by an 

average of 0.85°C (Change, 2018). Data collected exclusively from the upper 1000 m of the 

SO revealed an increase of 0.1˚C to 0.2˚C since the 1960s (Gille, 2002, Domingues et al., 2008). 

This increased temperature leads to a shorter time for ice sheets to grow over winter, changes 

the length of seasons (Steele et al., 2008) and leads to more extreme weather events like storms 

(Timmermann et al., 1999). From a physico-chemical point of view, there will be more 

stratification in the SO, which could slow the oceans' circulation, leading to less mixing of the 

water bodies (Toggweiler and Russell, 2008). This will further result in lower O2 concentrations 

and shifts of nutrient composition in surface waters (Keeling et al., 2010).  

Together with O2 and pH, temperature is a key parameter affecting dFe(II) oxidation. At warmer 

temperatures, the kinetics of oxidation for dFe(II) increase while at lower temperatures, they 

are retarded. This means that at warmer temperatures, the oxidation happens faster (Figure 1.8), 

thus the t½ is shorter (Millero et al., 1987, Millero et al., 1995). For the redox partner dFe(III), 

the solubility increases with a lower pH and a lower temperature (Liu and Millero, 2002). 

Therefore, there is more dFe(III) in solution in colder waters with a lower pH.  
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1.4.5 Temperature & ocean warming & its effects on biology 

Despite the uncertainty of the actual value for a global temperature increase, an increase will 

likely affect the availability and composition of nutrients for marine organisms (Van de Waal 

and Litchman, 2020). Temperature is also arguably the most critical parameter impacting 

phytoplankton species, leading to changes in physiology and migration processes (Kucera and 

Malmgren, 1998) and changes in growth or community structure shifts (Vilchis et al., 2005). 

Consequently, the species diversity of phytoplankton linked to specific ecological niches are at 

stake (Portner, 2008). An increase in temperature might also have physiological effects on the 

cell size. Sommer and Lewandowska (2011) found a tendency of phytoplankton to develop 

smaller cells with a higher density in warmer waters. A combination of changes in nutrient 

composition and changes in seawater properties (pH and temperature) could therefore result in 

combined impacts on phytoplankton physiology and ecology (see e.g.Petrou et al. (2016) and 

Chapter 2).  

 

Figure 1.8 The oxidation rate constant k for dFe(II) in seawater at salinity of 35 as a function 

of pH (Millero et al., 1987).  
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1.4.6 Impact of light for iron  

Light is an important energy source for photosynthesis, but it also affects the dFe(II) to dFe(III) 

redox couple (e.g.Emmenegger et al., 2001, Croot and Heller, 2012). While dFe(II) is often 

unbound, 99% of dFe(III) is complexed by ligands (Gledhill and Buck, 2012), molecules that 

bind with and surround a central metal atom. Once sunlight is absorbed by such an Fe-ligand 

complex produced by phytoplankton (Fe(III)L), it splits into the ligand and the now freely 

available Fe species dFe(III). The dFe(III) released by a ligand through photoreduction can 

either be taken up by bacteria or phytoplankton or be reduced to dFe(II). This ‘free’ dFe(II) is 

transported into the phytoplankton cell or re-oxidised to dFe(III) by the processes described 

above. From there, dFe(III) can either form another Fe ligand again or aggregate into particulate 

form and sink (Barbeau et al., 2001).  

This photochemical cycle (Figure 1.9) enhances cellular Fe uptake by increasing the 

concentration of bioavailable Fe (dFe(II) and dFe(III)) for phytoplankton during daytime 

(Johnson et al., 1994). Hereby, light intensity and wavelength should be considered. Rich and 

Morel (1990) showed that dFe(III) is reduced faster under higher light intensities. This reductive 

process of Fe occurs at wavelengths below 560 nm. A study by Rijkenberg et al. (2005) revealed 

that UVB produces most of the dFe(II) followed by UVA and VIS (visible light, 400-700 nm). 

For phytoplankton however, increased light intensity could lead to photo-inhibition if exposed 

for extended periods (Powles, 1984) or photodamage in the case of high UV light (Smith et al., 

1992). This conflict between cell damage and recycling of Fe through light adds one more layer 

of complexity to ocean Fe cycling.  

The reduction of Fe to dFe(II) through light happens daily in surface water. Phytoplankton 

productivity in the SO is regulated by Fe, light and temperature and the mixed layer depth 

(Sunda and Huntsman, 1997). A lack of natural light in winter in the SO leads to less reduction 

of Fe through less phytoplankton uptake (Emmenegger et al., 1998, Emmenegger et al., 2001), 

resulting in light limiting conditions during that time. However, most SO phytoplankton species 

can grow under low light and Fe conditions, including the SO species Phaeocystis antarctica. 
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This species has shown the ability to shrink or decrease their chlorophyll concentrations upon 

limiting conditions and maintain their growth (Luxem et al., 2017, Trick et al., 1983).  

 

 

1.5 Importance of iron for phytoplankton 

Phytoplankton growth accounts for approximately 40% of global C-fixation, which helps to 

regulate the earth’s temperature (Falkowski, 1997). It is also vital for the ocean ecosystem as 

they form the base of the food chain. Iron has a crucial role within biosynthetic processes in 

plants such as phytoplankton, most notably in the reactions undertaken during photosynthesis 

and respiration. The redox partners dFe(II) and dFe(III) have allowed plants to develop various 

strategies for energy storage (Aisen and Listowsky, 1980), transfer mechanisms for O2 (Cairo 

et al., 2006) and other biosynthetic processes. 

Chlorophyll (Figure 1.10) is the primary green photoreceptor pigment in plants and most algae 

(Burke et al., 1993). It absorbs sunlight to generate energy via carbohydrates from CO2 and 

water and has magnesium (Mg) as a central metal atom. Heme, another Fe-containing pigment 

in plants, helps with the assimilation of nitrogen (Hogle et al., 2014). It contains an Fe atom in 

the centre, similar to chlorophyll. Heme synthesises cytochromes (redox-active proteins), which 

function as electron transfer agents, especially during respiration (Römheld and Marschner, 

1991). These cytochromes pass on an electron from one Fe species to another (dFe(III) to 

Figure 1.9 Photochemical cycle of Fe modified after (Turner and Hunter, 2001). 
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dFe(II)) in the NADH-Co enzyme Q reductase. In short, Fe is essential for the electron transport 

chain in photosynthesis. A lack of Fe inhibits the pigment synthesis in photosynthesis, which 

becomes visible when cells or leaves turn yellow (Brown, 1956).  

 

1.5.1 Bioavailability and uptake 

The majority of dFe(III) (> 99%) is organically bound by ligands (Gledhill and Buck, 2012), 

which keep Fe in solution and enhance its availability to phytoplankton for extended times 

relative to unbound Fe (Thuróczy et al., 2012). For dFe(II), no determination for ligands was 

established so far. Bioavailability is defined as the degree to which a particular nutrient can be 

accessed and utilised by an organism (Shaked and Lis, 2012), in this case, phytoplankton. The 

availability of Fe is influenced by its chemical forms (see 1.3.3), cycling (see section 1.3.1 and 

Figure 1.9) and uptake mechanisms by phytoplankton (Barbeau et al., 2001, Hutchins et al., 

1999b, Strzepek et al., 2011). 

For successful Fe acquisition, Fe has to pass through the cell membrane into the cytoplasm. 

One out of two major uptake mechanism theories suggests a ternary Fe-complex with a chelator 

and an Fe transporter (Figure 1.11), resulting in direct metal uptake (Mies et al., 2006, 

Harrington and Crumbliss, 2009). A second theory suggests an initial reduction of Fe and 

release from its ligand by photochemical activity (Maldonado et al., 2005, Turner and Hunter, 

2001, Hunter and Boyd, 2007) or uptake through reductive release of dFe(II) from an Fe-

organic ligand complex directly at the cell surface (Maldonado and Price, 2001, Yeala et al., 

2005, Morel et al., 2008, Shaked and Lis, 2012, Shi et al., 2010).  

Figure 1.10 Chemical structure of photo pigment Chl-a with a porphyrin ring and a central 

magnesium atom; Scheer (1991). 
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While the actual uptake mechanisms are still under investigation, it is also thought that each 

phytoplankton species has a well-adapted uptake strategy. This again depends on the 

concentration of Fe, its form, particle size and environmental conditions (pH, temperature etc.; 

Hudson et al., 1990) with potential for environmental links. Sunda and Huntsman (1995) report 

that open ocean species grew smaller to increase their surface area or grew slower for a reduced 

Fe requirement (e.g. Thalasiosira oceanica) compared to their coastal relatives (e.g. T. 

weissflogii) to overcome Fe limitation. A study by Hassler and Twiss (2006) implies taxonomic 

differences where large diatoms have a weaker diffusive Fe supply than small cyanobacteria. 

Another suggested factor is that phytoplankton species excrete organic compounds interacting 

with Fe (Boye et al., 2001, Rijkenberg et al., 2008, Hassler et al., 2015). Phytoplankton is also 

known to compete for available Fe and potentially also sequester it from other species through 

the use of ligands (Völker and Wolf-Gladrow, 1999).  

 

 

Figure 1.11 Iron uptake by siderophore exchange, after Braun et al. (1998) and Wilhelm 

(1995): Low intracellular Fe induces the synthesis of transporters such as siderophores and 

Fe-siderophore uptake at the outer cell membrane. Once the siderophore is outside the cell, 

it chelates and solubilizes Fe and iron hydroxide (FeOH3). The siderophore is transported 

(FeT) into the cell, where Fe is released, and an Fe protein (FeE) is synthesized. The free 

siderophore is then transported back outside the cell. Fe(OH)3 is complexed by a siderophore, 

which enables transport into the cell where Fe is synthesized and the siderophore leaves the 

cell again.  
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1.6 Present knowledge gaps and aims  

To summarize, a decrease in O2 is likely to retard the dFe(II) oxidation, whereas an increase in 

temperature enhances dFe(II) oxidation (Millero et al., 1987, González-Davila et al., 2005). A 

lower pH will result in the dissolution of complex Fe structures; thus, there will be a higher 

solubility for dFe(II) and dFe(III) and a retardation of the dFe(II) oxidation (Millero et al., 

2009). Future oceans are likely to observe shifts in Fe-demand by phytoplankton due to altered 

availability from these changes in physical parameters (Fung et al., 2000, van der Merwe et al., 

2019). Phytoplankton additionally produces O2 and organic material such as ligands, 

influencing the Fe cycle. The interaction of all these parameters makes it difficult to predict for 

altered dFe(II) oxidation rates, bioavailability, and overall concentrations of Fe in potential 

future ocean scenarios.  

At present, no detailed study with extended run-time lengths of dFe(II) oxidation has been 

conducted, comparing coastal and open ocean systems under different climate change 

scenarios. Therefore, my primary goal for Chapter 2 was to explore dFe(II) oxidation during 

perturbations of pH, temperature and altered light schemes. Since coastal and open ocean water 

differ hugely in seawater chemistry, Fe sources and impacts by global climate change 

parameters were investigated for coastal and open ocean water. Therefore, I modified a flow 

injection analysis (FIA) system to observe the dFe(II) oxidation times in coastal and open ocean 

water at altered temperatures and shifting pH. Dissolved Fe(II) oxidations during dark, light 

and after UV exposure were observed. This experiment enabled us to compare the oxidation 

rate of dFe(II) in these two environments with implications for Fe bio-availabilities for SO 

phytoplankton species. Furthermore, a modelling approach was applied, to project for dFe(II) 

concentrations and half-lives times with temperature increases between 1-2°C and pH decreases 

by 0.2 units, as suggested by the scientific community (see 1.4.2 and 1.4.4).  

This dFe(II) oxidation behaviour investigation laid the groundwork for the follow-up ‘biotic’ 

chapter (Chapter 3). The third chapter looks at the impacts of temperature, dFe(III), and freely 

available dFe(II) on phytoplankton growth. I therefore compared the growth of two common 

SO species Phaeocystis antarctica and Fragilariopsis cylindrus in open and coastal ocean water 

at 3°C, 5°C and 7°C. I observed growth changes in those species based on temperature changes 

in the distinct two environments. I also looked at how additions of dFe(II) would impact growth 
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of each species at each temperature in both water types. Through this approach, I could compare 

the growth of these two species and potential benefits from Fe additions.  

Chapter 4 comprises of data collected during a voyage from the East Australian Current (EAC) 

into the Subantarctic Zone (SAZ) to the southeast of Australia. Samples were collected on the 

RV Investigator in 2018 to examine dFe(II) and H2O2 concentrations along the chosen transect. 

This was done to compare the Fe rich area east of the Australian main continent with the low 

Fe area in the SO and to look for potential processes and external sources of dFe(II) from the 

surface to greater depths in early spring. This study adds to the sparse data available on dFe(II) 

distributions and supply within the open and coastal oceans east and south of Australia. I also 

collected and analysed dFe(II) data during a rain event and from sediment porewater from 

4000 m depth to directly measure sources of dFe(II) in the region. This chapter ties into the 

thesis as an additional input on dFe(II) sources and distribution.  

The final chapter of this thesis summarises the main outcomes and interprets how my findings 

add to the current understanding of this topic. It further highlights questions that need further 

research in the future. A complete list of tasks regarding methodology for each chapter is given 

in Appendix D.  
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Abstract 

The Southern Ocean is essential for marine biogeochemical cycles and global air-sea carbon 

dioxide fluxes. While this region is rich in nitrogen and phosphorus, primary production is often 

limited by iron (Fe) which is vital for various cell functions. Of the two redox species of 

dissolved (d) Fe available for phytoplankton uptake [dFe(II) and dFe(III)], dFe(III) is 

thermodynamically favoured in oxygenated oceans. Dissolved Fe(II), on the other hand, is more 

accessible to phytoplankton. Yet, the oxidation rate of dFe(II), and thus its half-life, is 

dependent on several parameters such as pH and temperature. Therefore, ocean acidification 

and global warming will modify half-life times dramatically in the future oceans. A projected 

increase in the sea surface temperature by 1°C promotes the oxidation of dFe(II), shortening its 

half-life, whereas a shift from pH 8.1 to 7.9 extends its half-life. This study presents data 

obtained during laboratory-controlled experiments observing the oxidation of dFe(II). 

Further examinations were done for differing light regimes and differences in filtered vs. 

unfiltered samples. For the parameters of interest (temperature and pH), the results demonstrate 

an extended half-life of dFe(II) in future ocean scenarios under acidified conditions and a 

varying half-life time when exposed to three different temperatures (5°C, 10°C, 15°C), which 

were chosen to facilitate observations during the experiment. Using this experimental procedure 

in combination with modelled oxidation rates, we show that the dFe(II) half-life is shortened 

by an increase in temperature by just 1°C and extended by a pH decrease of 0.2 units in coastal 

and oligotrophic Southern Ocean waters, with an overall net increase in dFe(II) half-life due to 

the pH decrease. The results further revealed that acidification and an increase in temperature 

will be crucial for the availability of dFe(II) to phytoplankton and thus for ocean productivity.  

 

Keywords: dFe(II), ocean acidification, temperature increase, Southern Ocean 
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2.1 Introduction 

The Southern Ocean (SO) is defined by high nutrient concentrations combined with low 

chlorophyll contents, also called a High Nutrient – Low Chlorophyll (HNLC) area. This has the 

result that there is low phytoplankton abundance, despite sufficient macronutrient supply linked 

to scarce amounts of iron (Fe) (Martin et al., 1994, Boyd et al., 2000). Phytoplankton is crucial 

as it forms the base of the food chain and plays a leading role in carbon (C) sequestration by 

converting carbon dioxide (CO2) into organic biomass through photosynthesis (Riebesell et al., 

1993), followed by exporting it to the deep ocean floor (Ducklow et al., 2001, Schlitzer, 2002, 

Smetacek et al., 2012). One known factor limiting primary production in the open SO is the 

lack of Fe (Martin, 1990). This essential element is used during photosynthesis, respiration, and 

nitrogen-fixing processes by phytoplankton (Geider and La Roche, 1994). Major sources of Fe 

in the SO (Figure 2.1) are atmospheric deposition, continental runoff, shelf sediments, 

hydrothermal vents, and cryospheric sources closer to polar regions (de Baar and de Jong, 2001, 

Blain and Tagliabue, 2016). Oceanic Fe concentrations are usually lower at the surface due to 

phytoplankton uptake, which contributes to the Fe sink. Low Fe concentrations are especially 

found in remote areas of the SO (< 0.3 nM).  

Figure 2.1 Schematic of processes in the cycling of surface dissolved Fe. Abbreviations: FeLS, 

Fe complexed by strong ligand; FeLW, Fe complexed by weak ligand; dFe(II), sum of all 

dFe(II) species; Fe’, sum of all inorganic dFe(III) species; hv (photon flux); O2, CO2 and H2O2. 

Schematic modified for the SO after Croot and Heller (2012). 
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Oceanic Fe chemistry has been of interest for the scientific community for the past 40 years for 

many reasons, with the major reason being that Fe could potentially be used to fertilise the 

ocean, promoting phytoplankton growth and thus absorbing CO2 from the atmosphere (e.g. 

Landry et al., 2000, Boyd et al., 2000, Blain et al., 2007). Another aspect that started to emerge 

is the idea that in areas of low Fe concentrations, multiple forms of Fe could be important for 

phytoplankton, depending on the Fe sources, fractionation and particle size, redox state and 

complexation (Hutchins et al., 1999, van der Merwe et al., 2019). In this study, the focus was 

on the thermodynamically stable dissolved Fe (III) [dFe(III)] and its reduced partner dissolved 

(d) Fe(II). This redox couple is relevant because phytoplankton can use both through differing 

uptake mechanisms (Lis et al., 2015). Another advantage is that both can be analysed by highly 

developed, inexpensive methods (e.g. Bowie et al., 1998, King et al., 1995, Hansard and 

Landing, 2009, Stookey, 1970).   

Dissolved Fe(III) is most often found in a complexed form. At the same time, dFe(II) is thought 

to be more easily accessible for phytoplankton as it is unbound and therefore freely 

available (Strzepek et al., 2011, Lis et al., 2015). However, dFe(II) is a reactive species under 

current natural oceanic conditions (e.g. pH 8.1, oxic) and therefore oxidised back to dFe(III) 

rapidly within minutes to hours (Millero et al., 1987) above the oxygenated ferricline. This 

oxidative process is strongly affected by several parameters of chemical, physical or biological 

origin (Figure 2.1).  

First, the overall concentration of Fe(III) within seawater impacts the concentration and 

oxidation of dFe(II). This means if there is substantial Fe present to begin with (e.g., above 1 

nM), the redox process can be retarded (Roy and Wells, 2011, Santana-González et al., 2018). 

Secondly, light and specifically ultraviolet (UV) light increases the reactivity of Fe, thus 

photoreduces Fe(III) in the surface and thus decreases the oxidation time (Johnson et al., 1994). 

As a third parameter, an increased concentration of hydrogen peroxide (H2O2) together with 

oxygen (O2) has been proven to decrease the half-life time (t½) of dFe(II) immensely (Haber 

and Weiss, 1932, Emmenegger et al., 2001). Additionally, it has been shown that ligands, 

nutrients and chromophoric dissolved material (CDOM) with interlinked biotic activity in the 

upper photic zones alter the speciation of freely available Fe (Fe’) (Roy and Wells, 2011, 

Gonzalez et al., 2010, Kuma and Matsunaga, 1995). While these parameters are of natural 
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origin, anthropogenic perturbations such as ocean acidification (OA) and ocean warming are 

becoming more significant in respect to dFe(II) oxidation.  

Ocean acidification is defined by a decrease in pH in the ocean due to CO2 uptake from fossil 

fuel burning (Doney et al., 2009). This excess CO2 is emitted into the atmosphere, which 

dissolves into the ocean, leading to a lower pH in the seawater, making it more acidic. While 

OA is often linked to calcifying organisms, it is rarely thought to affect the nutrient 

compositions in the ocean. In the case of dFe(II), it has been shown in laboratory experiments 

to have a t½ of only a few minutes at its current pH of ~8.1 (Millero et al., 1987). A modelled 

decline of pH by 0.77 until the year 2300 in surface ocean water as suggested by Caldeira and 

Wickett (2003), could increase the persistence of dFe(II). An extension of the t½ could mean 

that phytoplankton species preferring dFe(II) are in favour of a decreased pH, while others 

might be disadvantaged (Breitbarth et al., 2010a). Dissolved Fe(III) on the other hand, occurs 

in greater concentrations in seawater than dFe(II) due to its thermodynamical stability (Millero, 

1998). Regarding OA, a decreased pH means that dFe(III) stays in solution and is less 

complexed in an acidic matrix (Millero et al., 1995). Both OA-linked processes suggest higher 

Fe availability, promoting microbiological productivity. Temperature, however, is also often a 

key driver for physiological processes (Pörtner, 2002). Therefore, a suggested increase in the 

seawater surface temperature of 1.5 to 2°C by 2100  (IPCC, 2014, Bindoff et al., 2019) could 

accelerate the oxidation of dFe(II) but as a result have negative effects for microbiological 

growth (Samperio-Ramos et al., 2016).  

It is not yet fully understood whether OA or ocean warming will have a more significant impact 

on the t½ of dFe(II) in the ocean and to which extent this impacts availability to phytoplankton. 

Understanding the impact of the coupled processes OA and ocean warming on the Fe redox 

cycle is crucial for interpreting how ecological processes will impact future coastal and open 

oceans. Coastal oceans tend to be rich in microbiological activity due to high nutrient and trace-

metal concentrations, while the open SO covers a larger area but is scarce in phytoplankton due 

to Fe limitations. Therefore, both settings must be considered in assessing OA and warming 

impacts on microbes and the dFe(II) oxidation. 

Since there will likely be lower pH and higher temperatures in the future, in this study I explored 

two different matrices from coastal and open ocean regarding the dFe(II) oxidation behaviour 

with implications for future climate scenarios. I used a modified direct flow injection analysis 
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(FIA) technique within a custom-made tank setup for temperature and CO2 control to address 

the current and future dFe(II) oxidation scenarios. I further addressed impacts on dFe(II) 

oxidations by considering macronutrients, ligands, trace metals and CDOM together with UV-

light-dark and filtered and unfiltered treatments for open and coastal water.  

My first hypothesis (1) was that a potentially Fe-limited water matrix from the open SO would 

have short oxidation times of dFe(II) due to less impact by parameters potentially extending it 

(e.g. ligands, CDOM, macronutrients (Gonzalez et al., 2010, Millero et al., 1987)). In contrast, 

nutrient-rich coastal water would have increased the oxidation times. My second objective (2) 

was to observe and determine the influence of combined temperature and pH on dFe(II) 

oxidation. Thirdly (3), I addressed several other parameters for dFe(II) oxidations in open and 

coastal water oxidations such as CDOM, ligands and other trace metals. Last but not least (4), 

I employed calculations after Millero et al. (1987) and Santana-González et al. (2018) to 

compare the theoretical findings with the laboratory observations and look for ways to improve 

models. 

2.2 Material and Methods 

2.2.1  Cleaning and sample handling 

All bottles (low density polyethylene (LDPE), Nalgene), carboys (high density polyethylene 

(HDPE), Nalgene) and other materials were initially cleaned in a 2 % Decon bath for two days 

and acid cleaned in 6 M hydrochloric acid (HCl; in-house distilled acid using a Savillex 

perfluoroalkoxy-polymer still, DST-1000) for one week, followed by thorough rinses with 

ultra-pure water (UPW, Barnstead, 18.2 MΩ). Each bottle was preconditioned by double rinsing 

with the seawater also used for the experiments. The sample seawater was filled into the bottles 

gravimetrically. Filtered (0.2 µm) macronutrient samples were sampled into 15 mL 

(polypropylene) vials before the experiments and frozen at -80°C immediately. Similarly, 

samples for the analysis of dFe(III) were taken at the beginning of the experiment (additionally 

acid cleaned in 1 M HCl for one month 10 mL polycarbonate (PC) vials, 0.2 µm filtered, 

following the GEOTRACES sampling protocol from Cutter et al. (2017)) and acidified to pH 

1.8 directly, using ultrapure HCl (Baseline, Seastar). To reduce airborne contamination, all 

experimental work was carried out under a ISO class-5 laminar flow bench. All reagents were 

prepared under an ISO class-5 laminar flow hood (LMFH) in an ISO class-6 clean air 

laboratory. All chemicals were of trace metal grade unless stated otherwise. 
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2.2.2  Seawater collection  

Two pre-cleaned 25 L carboys (Nalgene) were manually filled with coastal surface water from 

the east coast of Tasmania (Kingston Beach, 42° 98’S, 147° 32’E), collected from the jetty 

directly in February 2017 and 0.2 µm filtered (Acropak, Pall) under clean conditions and is 

further referred to as ‘coastal seawater’. Two 25 L carboys of 0.2 µm filtered surface seawater 

were collected in 2016 on RV Investigator during the GEOTRACES Process study (‘HEOBI – 

Heard Earth-Ocean Biosphere Interactions’), using a trace metal rosette at an open-ocean 

reference station, approximately 100 km to the south of Heard Island and off the Kerguelen 

plateau (van der Merwe et al., 2019, Holmes et al., 2020) in HNLC waters (54º 10’S, 73º 40’E) 

between 48 and 83 m depths, referred to hereafter as ‘open ocean water’. Both water types were 

stored in the dark at 4˚C for at least one month before use.  

 

2.2.3  Analysis of dFe(II)  

Dissolved Fe(II) stock and standard solutions 

Dissolved Fe(II) stock solutions were prepared monthly in UPW using ferrous ammonium 

Fe(II) sulphate hexahydrate (Sigma-Aldrich) in 0.1 M HCl (Seastar, Baseline). An intermediate 

50 µM dFe(II) standard was prepared monthly from this stock in 0.05 M HCl (Seastar, 

Baseline). Working solutions of 1 µM and 100 nM were prepared daily via serial dilution from 

this intermediate stock in UPW. All dFe(II) stock solutions contained sodium sulphite (Na2SO3, 

0.01 mM final conc.) as a reducing agent and were kept in the fridge in the dark when not in 

use.  

Luminol 

A 0.75 mM luminol (Sigma) solution was prepared in large batches of 2 L (HDPE, opaque, 

Nalgene), containing 3.2 mM sodium carbonate (Na2CO3, Merck) to facilitate dissolution and 

buffering of luminol. The reagent was adjusted to pH ~10 with 40 mL concentrated ammonium 

hydroxide (NH4OH, Seastar, Baseline) and 11 mL distilled HCl (Seastar, Baseline). The 

luminol solution was prepared at least two days before use in opaque bottles to ensure optimal 

reactivity. 
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Calibrations 

Calibrations for dFe(II) were completed daily before the experiments. Low Fe seawater was 

used for the calibration, kept at the same temperature as the experimental water. This calibration 

seawater was acidified to 0.4 mM with HCl, which retarded the dFe(II) oxidation but minimally 

decreased the pH (0.01 ± 0.01, n=10). To delay the oxidation for the calibration further, 75 µL 

of a 0.04 M Na2SO3 (Sigma) stock were added to the calibration matrix.  To obtain a calibration 

curve, addition steps for dFe(II) of 1 nM, 2.5 nM, and 5 nM were used. The detection limit, 

defined as the analyte concentration equivalent to three times the standard deviation of the blank 

(Bowie et al., 2004), was 0.017 nM (n = 42).  

 

Dissolved Fe(II) instrumentation   

A direct (non-column) method, similar to that described by Croot and Laan (2002) and 

Schallenberg et al. (2015), was used to obtain continuous measurements for dFe(II) oxidation 

(Figure 2.2). This method incorporates a flexible PVC tube (yellow-blue, 1.52 mm i.d., Choice 

Analytical) clamped into a peristaltic pump (Gilson, Inc, MINIPULS 3, France) at the end of 

the setup. One new feature was to pull the solutions instead of pushing them through the system. 

Using this newly modified method, the pump pulled the mixed luminol and seawater at a flow 

rate of 4.5 mL/min and allowed us to keep the black PVC tubing (1/16” Global FIA, INC) as 

short as possible and therein prevent warming of the sample. The actual outflow was measured 

gravimetrically (4.37 ± 0.26 mL/min, n = 12). The reagents were constantly pulled into a 

mirrored spiral flow cell (Tygon™ tubing, i.d. 0.7 mm) placed above a photon multiplying tube 

(PMT, Hamamatsu 8259, Japan), inside a custom-made light-proof box. The PMT gave ten 

readings per second, recorded continuously on a laptop running LabVIEW 6.1 (National 

Instruments). The output was then processed using MATLAB (Version 2018, 9), which slightly 

smoothened the output by averaging 100 points.  
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Figure 2.2 Flow injection analysis for dFe(II) sampling from a temperature cooled tank 

system, placed inside an ISO class-5 laminar flow hood (LMFH): Luminol or ultrapure 

water(UPW), switched by a 3-port valve, and a sample are pulled from the bottles placed in 

the cooled tanks located inside a LMFH. Once the reagent and the sample are mixed in the 

y-piece, they are drawn into a mirrored coil and detected through a photon multiplying tube 

(PMT). The pH-electrode and buffers were kept at the same temperature as the experimental 

bottles. 

Figure 2.3 Schematic for one of the two custom-made acrylic tanks (inlet and outlet not shown). 



Chapter 2 
44 

  

Temperature control 

Custom-made acrylic tanks were integrated into the setup to store reagents and sample bottles 

(Figure 2.3) at a constant temperature. They were placed into an ISO class-5 LMFH and 

connected to an immersion heater circulator (Ratek TH8000) and a cooler (Ratek RC1). The 

inbuilt pump of the water bath was set to a pump rate of 14 L per minute, which ensured a 

complete exchange of water in both tanks within one minute. The temperature was set to 5.00 

± 0.50˚C, 10.00 ± 0.7˚C and 15 ± 0.3˚C (n=14). This temperature range was used because they 

fall into the range of the natural surface seawater around the Tasmanian coast. While an 

approach to use lower temperatures 0-5°C would have been beneficial for cold water such as 

the SO, the luminol reactivity was highly decreased at low temperatures, and changes in 

temperature or pH were difficult to observe. Additionally, having steps of 5°C from 5°C to 

15°C enabled us to observe the kinetics under almost natural temperature conditions, while this 

was problematic when just elevating the temperature by, for example, 1°C. Using this system, 

the temperature could be accurately controlled, and the samples were kept free from 

contamination.  

 

Procedure and timing 

The two temperature-controlled tanks (Figure 2.3) held up to six bottles. Three slots were used 

to cool sample replicates. Two slots were used to cool the luminol and UPW-wash bottles and 

to ensure the temperature would not be altered during the mixing of reagent and sample. The 

last slot was used to store the plastic bagged pH electrode (Hach, HQ40C, probe PHC10101), 

the respective calibration buffers and a 60 mL LDPE bottle with seawater to measure 

temperature before the analysis. The pH probe was also kept in the cooled conditions with the 

buffers to calibrate for pH at the same temperature as the samples and reagents. All bottles were 

placed into the tanks for at least 4 hours before the experiment to ensure the targeted 

temperature was reached. After calibration of the dFe(II) setup, a 20-second UPW wash cycle 

was initiated, after which a three-port valve (Part no. 075T3MP12-32, Biochem Inc, Boonton, 

NJ) switched to the sample line. These 20 seconds were sufficient to spike, cap and gently mix 

the sample with 5 nM dFe(II) inside acid washed bottles (Nalgene, LDPE).  
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Setup for artificial light, dark (control) and UV light 

To determine whether light impacted the photochemical cycle of dFe(II), the samples were 

exposed to artificial light or kept in the dark, which was considered the control. For the dark 

experiments, the LMFH was covered, and the lights in the laboratory were turned off. The 

samples and the calibration water were kept in the dark before analysis for 24 hours for lit and 

darkened conditions. To test for the effect of artificial light, a lamp (F18T8/840, 600mm, 4000 

kelvin, cool white, Crompton, Australia) was placed above the water tanks inside the LMFH. 

Fluorescent light (550 nm - 600 nm) with 200 ± 10 µmol quanta m- 2 s- 1 was measured in 

seawater filled LDPE bottles inside the tanks by a spherical quantum sensor (Li-193, Li-Cor). 

The dFe(II) oxidation rate was measured for at least 20 to 30 minutes for each sample during 

darkened and light temperature experiments (see Figure 2.5). To observe whether UV light 

affected the dFe(II) oxidation rate constant, a two-time 15-minute UV treatment was carried 

out in acid cleaned quartz bottles using 2 UV-light tubes, with an output of 30 mW s cm-2 each 

(Atlantic Ultraviolet, NY, USA). Afterwards, the water was stored in the dark at the same 

temperature as the experimental set up for 24 hours to ensure enough time had passed for the 

water to cool again.  

 

Setup of CO2 experiments & adjustments 

The CO2 experiments (Figure 2.4) were all done in PC bottles (Nalgene) to overcome CO2 

outgassing, as suggested in the ‘Guide to best practice for OA research and data reporting’ by  

Riebesell et al. (2011). A 1:10 filtered (0.2 µm PTFE, Choice Analytical, Australia) mix of CO2 

(Food quality, BOC, Australia) and air controlled by an electrical air pump (ACO-9610, Hailea) 

was delivered to the water using non-permeable LDPE tubing (1/8” ID x 1/4’OD, Tygon). Two 

litre PC bottles of seawater were then directly bubbled to adjust the seawater pH to 6, 7, 7.5 and 

7.9, respectively, using a custom-made lid connected to the gas mixture in a simplified version 

of Hoffmann et al. (2013). The pH stayed constant in the 2 L bottles even with headspace and 

stayed constant for at least three following days (± 0.3, n = 5). The lid had two ports for the 

CO2 distribution (inlet and outlet). To prepare samples for dFe(II) oxidation, 300 mL of the pre-

bubbled seawater was gently filled gravimetrically into PC bottles before a 5 nM dFe(II) spike.  
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Open ocean water was bubbled to pH 6 and 7.5, while the third point was kept natural at 8.1. 

In coastal water, the pH was adjusted to 7.5, 7.9 and 8.1 (natural). Each pH treatment was 

further combined with temperatures of 5°C, 10°C, 15°C to observe the oxidation of dFe(II) 

(Figure 2.4 and Table 2.1 for an overview). All CO2 linked experiments were performed under 

artificial light as described above.  

 

2.2.4 Analysis of sub-parameters 

pH, dissolved oxygen, temperature, and salinity  

Temperature and pH (NBS scale) were both measured with an electrode (PHC10101), using a 

pH meter (Hach HQ40C). The pH probe was calibrated daily by three-point measurements 

Dissolved oxygen (DO) was measured with the same instrument using another probe 

(LDO10101) which was calibrated monthly. Salinity was measured with a portable 

refractometer (Imbros, Australia). To avoid contamination for dFe(II), 25 mL were subsampled 

into a cooled LDPE vessel, from which the measurements of pH and DO were taken once 

immediately before the experiment.  

Macronutrients  

The 0.2 µm filtered samples for macronutrients were frozen at -80˚C in 15 mL PC vials and 

stored until analysis. Macronutrient (Ammonia (NH4+), phosphate (PO4
3-), nitrate (NO3

-), 

Figure 2.4 Filtered CO2 from a cylinder and filtered O2 from a pump get mixed together. This 

mix is used to bubble seawater to a pH of 6, 7, 7.5 and 7.9 through a lid with one inlet and one 

outlet port.  
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silicate (SiO4
2-)) analyses were done within 12 months from the sampling in the laboratory, 

using a 4 channel LACHAT Quick-Chem 8500 auto analyser following the Quick-

Chemmethods by Diamond (2008a), Diamond (2008b) and Liao (2008).  

Dissolved Fe(III) analysis  

EAs a background and to check for contamination of dFe(III), analyses with pH 1.8 acidified 

samples were done a week after the oxidation experiment. No re-analysis of the samples after 

six months as suggested was performed. A flow injection approach with an in-line 

preconcentration onto a 8-hydroxiquinoline (8-HQ) resin was used (Obata et al., 1993; De Jong 

et al. (1998). In short, during the dFe(III) determination, Fe was eluted in 0.3 M HCl (Seastar, 

Baseline), which mixed with 0.1 mM luminol (Sigma)/0.3mM TETA (Sigma), 0.2 M NH4+ 

(Seastar, Baseline) and 0.1 M H2O2 (Sigma), causing a luminescent reaction before it was 

detected on a photon multiplying head (PMT, Hamamatsu). A dFe(III) stock (Sigma) was 

prepared monthly. Calibrations were done before analysis in low Fe seawater, which was 

acidified to pH 1.8. The acidification of calibration and sample water was done at least 24 hours 

prior to analysis.  

SF-ICP-MS analysis 

Samples for dissolved trace metals from open and coastal water were taken in 125 mL LDPE 

bottles (Nalgene; 0.2 µm filtered, Millex, GP), acidified with distilled HCl to pH 1.8, and stored 

for a month. An offline configuration of a seaFAST S2 pico (ESI, Elemental Scientific, USA) 

multi-element extraction system was used with a Nobias Chelate-PA1 column, followed by 

analysis on a sector field inductively coupled plasma mass spectrometer (SF-ICP-MS, Element 

2 Thermo Fisher Scientific, Inc.; Wuttig et al., 2019). Using this approach, a preconcentration 

factor of 53.33 was obtained. The detection limit for Fe was determined as three times the 

average of the blank concentration. Mixed multi-element standards were used for SF-ICP-MS 

tuning and calibrations (MISA Solutions, 100 μg, VHG Labs, USA; solution 6 containing Fe 

amongst others (Wuttig et al., 2019). In-house seawater collected during a voyage in the SO 

was used as an internal standard during SF-ICP-MS analysis. It was added in-line to standards 

and samples via the elution acid at a final concentration of 10 µg/L. 



Chapter 2 
48 

  

Chromophoric dissolved organic matter (CDOM) analysis 

The open and coastal seawater CDOM samples were 0.2 µm filtered using a 10 mL Teflon 

syringe and were frozen until the analysis. For detecting CDOM, a 10 cm liquid waveguide 

capillary cell (LWCC, LWCC-2100 World Precision Instruments, Sarasota, Fl, USA) and an 

Ocean Optics USB4000 UV-VIS spectrophotometer in combination with an Ocean Optics DT-

Mini-2-GS light sources similar to Heller et al. (2016) were used. In short, to measure the 

absorbance, the first 10 mL of sample were discarded, and the following sample volume was 

injected directly into the LWCC. This was done relative to UPW and corrected for the refractive 

index of seawater (Nelson et al., 2007). The obtained optical spectra were converted to an 

absorption coefficient (m-1) using a CDOM (λ) = 2.303 λ/l, whereby 2.303 converts decadal 

logarithmic absorbance to the base of e, and l is the effective optical pathlength of the 

waveguide. The CDOM absorbance spectra measured here ranged between the wavelength (λ) 

of280 to 800 nm.  

 

2.2.5  Calculations & modelling  

To calculate oxidation rates, the highest dFe(II) concentration from the continuous FIA-dFe(II) 

measurements was used as a starting point ([dFe(II)]). The concentration from the time (dt), 

where half of the amount had oxidised, was used as the endpoint [dFe(II)] to obtain the t½ 

value. To calculate the decay constant k’, equation 1 was used (e.g. González-Davila et al., 

2005) . 

 

 

From that, O2 data for the temperature experiments was integrated using equation 2 to derive 

kapp, an apparent constant of the decay rate. 

𝑑𝐹𝑒(𝐼𝐼)

𝑑𝑡
= −𝑘𝑎𝑝𝑝,𝑂2[𝐹𝑒(𝐼𝐼)][𝑂2]       (2) 

𝑑[𝐹𝑒(𝐼𝐼)]

𝑑𝑡
= −𝑘′[𝐹𝑒(𝐼𝐼)]                       (1) 
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By using equation 3, the t½ was obtained, which was compared to the experimental 

observations with results using equation 1. 

A slightly modified equation suggested recently by Santana-González et al. (2018) was used to 

also calculate k’ (equation 4) by using physico-chemical parameters temperature (T), pH and 

salinity (S). Therefore, ionic strength (I) was obtained following the calculation presented in 

Millero et al. (1987).  

From that, equation 3 was reapplied to obtain the t½, compared to the observations here. During 

the temperature experiments, the oxidation rate until after the 2nd t½ had passed was observed. 

During the CO2 experiments, however, the oxidation was so slow at low pH that the sample 

volume was used up before the 1st t½ was fully recorded. Therefore, initial concentrations 

combined with the concentration at a set time for each replicate were used and integrated into 

equation 1. A Pearson correlation approach was used to gain insight into which parameter 

(temperature or OA) has a stronger effect in each environment (coastal or open ocean). The 

entire t½ from each sample was observed, including filtered and unfiltered water with the dark, 

light and UV treatments and the complete set from the CO2
 experiments. For the statistical 

analysis, SPSS (Version 27) was used (see Supplementary tables 1-9). 

 

2.2.6  Experimental overview  

The kinetic oxidation experiments were carried out under three different conditions: (1) dark 

(control), (2) light, and (3) UV treatment. All three treatments were performed on open and 

coastal waters at 5°C, 10°C and 15°C (Table 2.1). Coastal water was used in its filtered stage; 

open ocean water was tested filtered (0.2 µm) and unfiltered. Once the oxidation experiments 

for temperature were completed, the CO2 experiments were started. For this, coastal water at 

10°C and 15°C was used, which was acidified to pH 7.5, 7.9 and 8.1 and open ocean water at 

5°C, 10°C and 15°C was used acidified to pH 6, 7 and 8.1. Afterwards, the calculations as 

outlined in section 2.2.5 were applied.  

𝑡1/2 =  
𝑙𝑛2

𝑘′
                  (3) 

𝑘′(𝑚𝑖𝑛−1) = 𝐼 − 0.0004𝑇 + 0.0003𝑇2 + 0.0389𝑝𝐻 − 0.0287𝑆      (4) 
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Table 2.1 Overview of experimental treatments from temperature and CO2 experiments in 

coastal and open ocean water. 

 

 

 

 

 

 

2.2.7 Methodological caveats 

The current guide to best practices for ocean CO2 measurements Riebesell et al. (2011) suggest 

diffusive bubbling of CO2 via silicone tubing while using living organisms. We found that the 

bubbling with diffusive tubes is slowed immensely in 5˚C water (2 - 3 hours) compared to 39 

minutes at 10˚C. An explanation for the slowed time of bubbling may lie in the reduction of the 

pore sizes from the silicone tubes in colder conditions (verbal conversation with Stacy 

Deppeler). Since the experiments in Chapter 2 are abiotic, a direct bubbling approach was 

applied for all treatments during the CO2 experiments.  

Another approach that could be improved, is having a uniform O2 concentration at the start of 

the experiment. Unlike Roy & Wells (2011) and Gonzalez et al. (2010), the samples were not 

aerated initially. Therefore, the O2 concentrations were measured but not controlled. This 

resulted in differing O2 concentrations between samples. To overcome this, dissolved oxygen 

DO measurements were integrated into the calculations.   

During the CO2 experiments, it was expected that a lower pH would retard the oxidation times 

compared to samples with natural pH. The 300 mL of the dFe(II)-spiked samples were used up 

rapidly during the continuous approach, and eventually, the sample was used up. Therefore, 

only part of the 1st t½ could be logged for some samples. This became a greater issue at low pH 

with extended run-time lengths. To overcome this issue, the obtained parameters from these 

specific experiments were applied to a theoretical calculation (equation 2 in section 2.2.5) to 

obtain the 1st t½ of open ocean water. To overcome this during the experimental run in coastal 

water, where the oxidation times were even longer, pausing the otherwise continuous inline 

 Coastal Open ocean water 

Temperature experiment 

• pH – unchanged (natural, 8.04) 

• Temperature: 5°C, 10°C, 15°C 

• Filtered (0.2 µm) 

• Dark, light, UV treatment 

• pH – unchanged (natural, 8.01)  

• Temperature: 5°C, 10°C, 15°C 

• Filtered (0.2 µm) and unfiltered 

• Dark, light, UV treatment 

CO2 experiment 
• pH 8.1, 7.9, 7.5 

• Temperature: 10°C, 15°C 

• Filtered (0.2 µm) 

• pH 8.1, 7, 6 

• Temperature: 5°C, 10°C, 15°C 

• Filtered (0.2 µm) 
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measurement for 10-15 minutes several times helped with extending the observation time, 

despite the low volume of only 300 mL (see Figure 2.6, a & b). Dissolved Fe(II) oxidation 

sample points were obtained through this later approach, which was sufficient for receiving an 

oxidation rate.  

 

2.3 Results  

2.3.1 Temperature Experiments 

Impact of temperature on the dFe(II) oxidation: first half-lives   

The t½ is the time that passes for a certain analyte, in this case dFe(II), to reduce to half of its 

initial value. The 2nd t½ life follows the 1st t½ and defines when only 25% of the initial value is 

left.  

Coastal water 

As expected, dFe(II) had the slowest oxidation rate at the coldest temperature (5°C), increasing 

with temperature to 15°C (Figure 2.5 and the correlating input parameters, k, kapp and t½  in 

Table 2.2). This was also true for the 1st t½ in the control of filtered coastal water in the dark: 

A spike of 5 nM dFe(II) took longest to decay at 5˚C (Figure 2.5 a, blue data points, 41 ± 8 

min), followed by 10˚C (Figure 2.5 a, yellow datapoints, 21 ± 3 min) and was fastest at 15˚C 

(Figure 2.5 a, red datapoints, 20.33 ± 4.15 min). The t½ during artificial light exposure in 

coastal water (Figure 2.5 b) was slightly faster with 33 ± 5 min at 5°C, 14 ± 4 min at 10°C and 

15 ± 3 min at 15°C. ExWhile the dark and the light treatment were not significantly different 

from each other (Tukey’s HSD test for multiple comparison; p = 0.145, see Supplementary 

Table 1 and Figure 2.5 a and b), the treatment with UV light Figure 2.5 c) was significantly 

different to the light treatment (p = 0.001) with a t½ of 2.3 ± 0.0 min at 5°C, 1.1 ± 0.1 min at 

10°C and 1.34 ± 0.5 at 15°C. As described in Table 2.2, salinity and I vary between coastal and 

open ocean seawater. While coastal ocean water has a salinity of 35.51 with an I of 0.73, open 

ocean water has 35.81 and an I of 0.74.  

Open ocean water 

Oxidation times were generally 25 % faster in ocean water compared to coastal water. The 

unfiltered open ocean water followed similar oxidation trends to the coastal water, with the 
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slowest oxidation at 5°C and fastest at 15°C (Figure 2.5 d-f). It took 8 ± 2 min at 5°C, 10 ± 3 

min at 10°C and 4 ± 0.5 min at 15°C for 5 nM dFe(II) to reach half its concentration in the dark 

(Figure 2.5 d). These dark treatment results were not significantly different from the light (7 

min at 5°C, 9 ± 3 at 10°C and 2 ± 0.5 at 15°C) treatment (p = 0.894, Supplementary Table 2 

and Figure 2.5 e). There was a significant difference when comparing the oxidation of dark 

and UV treatment (p = 0.044) and also significantly different when comparing light and UV (p 

= 0.004, Supplementary Table 2, Figure 2.5, and Table 2.2) in open ocean water. In open 

ocean water, the oxidation in filtered vs. unfiltered water was significantly different (p < 0.001, 

ANOVA, Supplementary Table 3, Figure 2.5).   

A significant difference in the 1st t½ was detected between dark and light in the filtered water 

(p < 0.001) and between light and UV (p < 0.001). Dark and UV light, however, were non 

significantly different (Supplementary Table 4). A faster oxidation in the filtered open ocean 

water compared to the unfiltered samples was observed. No significant difference in the 

oxidation rate was detected (p = 0.11) between dark and light treatments in the unfiltered open 

ocean water. In contrast, light and dark treatments were significantly different to UV (p = 0.011 

and 0.010 respectively, Supplementary Table 5). The UV treatment increased the short-term 

variability and signal to noise ratio of the oxidation reaction (Figure 2.5 g-I). 
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Figure 2.5 Oxidation curves of dFe(II) over time (minutes) at natural pH at temperatures of 15˚C (red), 10˚C (yellow) and 5˚C (blue) in 0.2 µm 

filtered coastal water (a-c), filtered open ocean water (d-f), and unfiltered open ocean water (g-h). sw = seawater. Thick datapoints denote 

replicate averages (n=3), transparent datapoints in the respective colours display the standard deviation for the three replicates. For each water 

type, dark (a, d, g), light (b, e, h) and UV (c, f, i) treatments were applied. 
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 Table 2.2 Temperature based dFe(II) oxidations in coastal and open ocean water for 0.2 µm filtered (f.) and unfiltered (unf.) treatments. A dark 

(control, grey), light (yellow) and a UV treatment (purple) was considered at 5°C (blue), 10°C (orange) and 15°C (red). In the left columns are the 

general parameters temperature (T), pH, salinity (S), dissolved oxygen (DO) and ionic strength (I), followed by the 1st and 2nd t½, with t½, k’ and 

Log Kapp reported from each experiment. The calculated values for t½ and k’ are also shown.  

 

a) Observed or measured values from the experiment  
b) k’ values derived from equation1 

c) Kapp values derived from integrating measured O2 concentrations (equation 2) 

d) Based on the modified calculation from Santana-González et al. (2018): k’ (min-1) = I – 0.0004T + 0.0003T2 + 0.0389pH – 0.0287S, their equation (7).  
‘-‘     no values could be derived due to either fast oxidation or insufficient sample volume 

  1st  t½ 2nd  t½  Calculated values 

   T  pH    S   DO  I t½ (a)   k’(b) Log kapp (c)   t½ (a)   k’ (b) Log kapp (c) t½ (d)      k’ (d) 

 (°C)   (mg/L)  (min)   (min -1) (M -1 min -1)   (min)   (min -1) (M -1 min -1) (min -1)     (min -1) 

O
p

en
 O

ce
an

 (
f.

) 

D
a
rk

 

  

5.66   ± 0.49 8.01 ± 0.01 35.81 10.78 ± 0.26 0.74 8.12  ± 1.98 0.062 ± 0.016 2.25 ± 0.09  8.04   ± 1.49 0.061± 0.01 2.25±0.06 21.58 ± 0.99 0.031 ± 0.001  

10.03 ± 0.28 7.96 ± 0.01 35.81 9.72   ± 0.01 0.74 10.4 ± 3.23 0.048 ± 0.013 2.19 ± 0.12 12.19 ± 1.73 0.04  ± 0.006 2.12±0.06 11.43 ± 0.53 0.058 ± 0.002 

15.8   ± 0.87 7.77 ± 0.01 35.81 9.42   ± 0.17 0.74 4.03   ± 0.47 0.116 ± 0.011 2.59 ± 0.04 4.21   ± 1.82 0.12  ±0.043 2.58±0.16 8.06   ± 0.68 0.083 ± 0.008 

L
ig

h
t 

  

5.66   ± 0.57 7.90 ± 0.01 35.81 9.71   ± 0.13 0.74 7.24   ± 0.13 0.065 ± 0.001 2.33 ± 0.05 9.37   ± 1.66 0.051 ± 0.008 2.22±0.07 25.19 ± 1.13 0.027 ± 0.001 

10.87 ± 0.63 7.89 ± 0.02 35.81 9.75   ± 0.14 0.74 9.07   ± 3.05 0.056 ± 0.017 2.25 ± 0.13 9.58   ± 1.55 0.049 ± 0.008 2.2±0.06 13.37 ± 1.51 0.051 ± 0.005 

15.23 ± 0.47 7.95 ± 0.09 35.81 9.56   ± 0.59 0.74 2.37   ± 0.46 0.18   ± 0.026 2.77 ± 0.07 3.09   ±  0.91 0.16   ± 0.041 2.72±0.11 9.19   ± 1.46  0.073 ± 0.009 

U
V

 

  

5.23    ± 0.17 7.93 ± 0.04 35.81 10.34 ± 0.23 0.74 9.01   ± 1.19 0.054 ± 0.006 2.22 ± 0.06 - - - 22.57 ± 0.78 0.030 ± 0.001 

10.15  ± 0.77 7.87 ± 0.01 35.81 9.14   ± 0.20 0.74 3.46   ± 3.33 0.087 ± 0.015 2.48 ± 0.06 7.16  ±  0.64 0.044 ± 0.002 2.19±0.01 10.09 ± 1.84 0.045 ± 0.040 

15.63  ± 0.11 7.79 ± 0.01 35.81 9.83   ± 0.10 0.74 4.05   ± 0.66 0.116 ± 0.02 2.57 ± 0.07 6.29  ± 1.53 0.105 ± 0.049 2.50±0.20 8.148 ± 0.09  0.082 ± 0.001 

O
p

en
 O

ce
an

 (
u
n

f.
) 

D
a
rk

 

 

5.32   ± 0.00 7.71 ± 0.01 35.81 10.74 ± 0.36 0.74 62.57  ± 1.41 0.009 ± 0.001 1.46 ± 0.06 - - - 32.02 ± 0.83 0.021 ± 0.001 

11.23 ± 0.51 7.67 ± 0.05 35.81 9.70   ± 0.54 0.74 38.00  ± 9.63 0.013 ± 0.003 1.64 ± 0.13 - - - 15.33 ± 0.51 0.044 ± 0.002 

15.80 ± 0.50 7.72 ± 0.07 35.81 9.92   ± 0.16 0.74 20.39  ± 3.18 0.024 ± 0.004 1.89 ± 0.07 25.04 ± 7.67 0.02   ±  0.006 1.81±0.13 8.20   ± 0.88 0.081 ± 0.007 

L
ig

h
t 

 

5.60   ±  0.00 7.66 ± 0.13 35.81 10.04 ± 0.23 0.74 43.58  ± 7.42 0.011 ± 0.002 1.56 ± 0.08 - - - 41.16 ± 9.40 0.002 ± 0.005 

10.16 ± 0.05 7.91 ± 0.03 35.81 9.71   ± 0.13 0.74 51.05  ± 9.16 0.009 ± 0.001 1.51 ± 0.08 - - - 14.36 ± 0.43 0.047 ± 0.001 

15.30 ± 0.50 7.73 ± 0.08 35.81 9.83   ± 0.13 0.74 26.38  ± 8.10 0.019 ± 0.005 1.79 ± 0.13 - - - 8.2   ± 0.54 0.082 ± 0.008 

U
V

 

  

5.15   ± 0.40 7.63 ± 0.08 35.81 9.48   ± 0.07 0.74 18.27  ± 6.60 0.029 ± 0.01 1.97 ± 0.16 31.18  ± 2.14 0.015 ± 0.001 1.72±0.03 43.49 ± 6.40 0.016 ± 0.002 

10.40 ± 0.14 7.65 ± 0.08 35.81 9.88   ± 0.05 0.74 8.58    ± 7.82 0.036 ± 0.003 2.07 ± 0.03 21.17  ± 1.86 0.016 ± 0.005 1.71±0.14 15.34 ± 0.79  0.045 ± 0.002 

15.07 ± 0.15 7.75 ± 0.01 35.81 10.76 ± 0.05 0.74 13.12  ± 9.00 0.025 ± 0.006 1.87 ± 0.11 - - - 8.09   ± 0.00 0.084 ± 0.000 

C
o
as

ta
l 

O
ce

an
 (

f.
) 

D
a
rk

 

 

4.95   ± 0.45 8.04 ± 0.02 35.51 8.24   ± 0.71 0.73 41.03  ± 7.82 0.012 ± 0.002 1.68 ± 0.11 48.02  ± 7.39 0.01   ± 0.001 1.60±0.10 20.57 ± 0.57 0.033 ± 0.001 
10.35 ± 0.15 7.99 ± 0.07 35.51 8.69   ± 0.12 0.73 21.22  ± 2.93 0.023 ± 0.003 1.93 ± 0.05 19.35  ± 1.09 0.025 ± 0.001 1.96±0.02 13.20 ± 0.86 0.051 ± 0.003 

15.03 ± 0.04 8.00 ± 0.01 35.51 9.48   ± 0.30 0.73 20.33  ± 4.15 0.024 ± 0.005 1.91 ± 0.1 17.57  ± 1.86 0.027 ± 0.002 1.96±0.05 7.33   ± 0.03 0.087 ± 0.001 

L
ig

h
t 

 

4.96   ± 0.05 7.89 ± 0.10 35.51 8.32   ± 0.25 0.73 33.12  ± 5.27 0.015 ± 0.002 1.76 ± 0.08 38.32  ± 5.5 0.013 ± 0.002 1.69±0.06 25.53 ± 1.55 0.027 ± 0.004 
10.00 ± 0.34 8.08 ± 0.00 35.51 9.04   ± 0.55 0.73 15.40  ± 4.33 0.032 ± 0.008 2.05 ± 0.10 34.13  ± 0.2 0.014 ± 0.001 1.71±0.02 12.23 ± 0.03 0.055 ± 0.000 

14.98 ± 0.43 8.07 ± 0.06 35.51 8.67   ± 0.29 0.73 15.22  ± 2.64 0.032 ± 0.005 2.07 ± 0.07 19.13  ± 0.72 0.025 ± 0.001 1.97±0.02  7.42  ± 0.13 0.090 ± 0.003 

U
V

 

   

5.00   ± 0.11 8.01 ± 0.02 35.51 8.69   ± 0.62 0.73 2.28    ± 0.01 0.178 ± 0.001 2.81 ± 0.03 2.14    ± 0.05 0.208 ± 0.008 2.88±0.04 21.49 ± 0.62 0.032 ± 0.001 
10.02 ± 0.23 7.91 ± 0.19 35.51 9.30   ± 0.21 0.73 1.13    ± 0.05 0.359 ± 0.026 3.09 ± 0.03 1.06    ± 0.09 0.429 ± 0.053 3.16±0.05 14.21 ± 1.96 0.048 ± 0.008 

15.05 ± 0.12 7.96 ± 0.02 35.51 9.95   ± 0.59 0.73 1.39    ± 0.53 0.278 ± 0.064 2.94 ± 0.08 1.14    ± 0.11 0.362 ± 0.052 3.06±0.05 8.04   ± 0.01    0.085 ± 0.000 
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Impact of temperature on the dFe(II) oxidation: 2nd half-lives   

Coastal water 

In the case of sufficient water, the 2nd t½ curves were also observed (Table 2.2 and Figure 2.5). 

The 2nd t½ of dFe(II) when comparing temperature for the filtered coastal water also followed 

the trend of 5°C being the slowest, increasing with temperature. This was true for all treatments 

(dark, light UV; see Table 2.2). A post hoc test did not reveal significant differences between 

the dark and the light treatment (p = 0.904) for the 2nd t½. In contrast, UV light did display 

significant differences (p = 0.01) in coastal water to light and the dark treatment 

(Supplementary Table 6). 

Open ocean water  

The filtered open ocean water also displayed a similar trend for the 2nd t½ compared to the 1st 

t½. The oxidation at 10°C here was still slightly slower than the one at 5°C. However, all 

treatments had similar trends from the 1st and the 2nd t½ and were non-significant for the light 

treatments (Supplementary Table 7). Fewer results for 2nd t½ were observed in unfiltered open 

ocean water due to retarded oxidation rates in unfiltered water, resulting insufficient sample 

volume (see Table 2.2). Therefore, no statistical observation based on measurements could be 

performed. 

 

2.3.2 CO2 Experiment 

Half-life times in open ocean water 

In the open ocean water at 5°C, the 1st t½ was 24 ± 1.5 min at and unchanged, natural pH (pH 

8.1) and increased to 208 ± 123 min at pH 6 (Table 2.3). At 10°C, the 1st t½ lasted 15 ± 1 min 

at pH 8.1; 85 ± 8 min at pH 7; and 258 ± 17 min at pH 6. At 15°C, the oxidation was 5 to 20 

times faster with a 1st t½ of 9 ± 2 min at natural pH; 51 ± 15 min at pH 7; and 111 ± 15 min at 

pH 6. The difference of the 1st t½ between pH 6 and 7 was non-significant, while the difference 

in pH 6 to pH 8.1 and 7 to 8.1 was significant (Supplementary Table 8) and is also displayed 

in Figure 2.6. 
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Half-life times in coastal water 

In coastal water, the oxidation at 10°C had times ranging from 4 ± 2 min at natural pH to 28 ± 3 

min at the lowest pH of 7.5 (Table 2.3). At 15°C, this time was reduced to 1.7 ± 1.01 min for 

the oxidation of dFe(II) at the natural pH of 8.1, which increased to 73 ± 8 min at the lowest 

pH (pH 7). Statistically speaking, pH 7.5 to 7.8 were not significant, while all other relations 

were significant (Supplementary Table 9). This is also summarised in Figure 2.6. The 

uncertainties for t1/2 (Table 2.3) increase 10 to 15-fold when comparing calculated values of 

pH 8.1 to pH 6. These major changes come from small differences in the actual temperature or 

pH for each replicate.  

Table 2.3 Oxidation of dFe(II) at altering pH via CO2 manipulation and varying temperatures 

of 5°C (blue), 10°C (orange) and 15°C (red). Measured parameters include temperature (T°C), 

pH, salinity (S) and ionic strength (I). Calculated values of k’ and t½ are also included.   

 Treatments  General parameters  Calculated values a) 

 T (°C) * pH*    T (°C)**    pH**   S   I   k’  (min -1) t½ (min -1) 

           
           

O
p

en
 O

ce
an

, 
fi

lt
er

ed
 

5
°C

 8.1  5.83 ± 0.40 8.09 ± 0.08 35.81 0.74  0.029 ± 0.001   23.71 ±     1.51 
7  6.13 ± 0.80 7.15 ± 0.10 35.81 0.74  0.004 ± 0.000 149.63 ±     9.86 
6  5.96 ± 0.15 6.00 ± 0.00 35.81 0.74  0.002 ± 0.002 208.10 ± 123.05 

          

1
0
°C

 8.1  10.80 ± 0.00 8.04 ± 0.01 35.81 0.74  0.047 ± 0.003  14.57  ±   0.93 
7  10.70 ± 0.01 6.82 ± 0.15 35.81 0.74  0.008 ± 0.001  85.07  ±   7.92 
6  10.20 ± 0.02 6.12 ± 0.14 35.81 0.74  0.002 ± 0.001 258.44 ± 16.91 

          

1
5
°C

 8.1  15.06 ± 0.05 8.00 ± 0.04 35.81 0.74  0.083 ± 0.022   8.73   ±   2.13 
7  15.10 ± 0.01 7.06 ± 0.07 35.81 0.74  0.014 ± 0.004 50.75   ± 13.48 
6  15.40 ± 0.34 5.98 ± 0.03 35.81 0.74  0.006 ± 0.001 110.7   ± 15.09 

           

C
o
as

ta
l,

 f
il

te
re

d
 

          

1
0
°C

 8.1  10.00 ± 0.01 8.19 ± 0.00 35.51 0.73  0.247 ± 0.178   3.70   ±    1.90 
7.9  10.10 ± 0.17 7.83 ± 0.02 35.51 0.73  0.025 ± 0.005 27.69   ±    6.61 
7.5  10.00 ± 0.09 7.56 ± 0.03 35.51 0.73  0.025 ± 0.002 27.90   ±    2.93 

          

1
5
°C

 8.1  15.16 ± 0.20 8.20 ± 0.01 35.51 0.73  0.504 ± 0.227 1.68     ±    1.01 
7.9  15.00 ± 0.07 7.87 ± 0.02 35.51 0.73  0.030 ± 0.004 22.85   ±    3.59 
7.5  15.26 ± 0.46 7.48 ± 0.01 35.51 0.73  0.009 ± 0.000 73.35   ±    7.52 

          

a) These values were calculated by using equation (1) 
*       Experimentally pre-defined values 

**     Actual value (measured) 
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Figure 2.6 Filtered (0.2) dFe(II) oxidation under varying pH in coastal water at 10°C and 15°C (a & b) and in open ocean water at 5°C, 

10°C and 15°C (c, d, & e). Panels f, g and h display enlarged data from the oxidation in open ocean water. Thick datapoints represent 

averaged values (n = 3), transparent datapoints represent the standard deviation (n = 3). 
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2.3.3 Comparison of actual observations vs. calculated values  

Data obtained from the temperature experiments were used to compare it to results obtained by 

using equation 4 (Table 2.4), introduced by Santana-González et al. (2018). The results from 

using equation 4 can be found in the right hand two columns in Table 2.2 (footnote d). The 

statistical results using a paired t-test revealed significant differences between the observed 

values (1st t½ in Table 2.2) and the calculated values of 1st t½ and k’ of open ocean water (p < 

0.001, n = 27, Supplementary Table 8) and coastal water (p < 0.001; n = 18, Supplementary 

Table 9). The 1st t½ varied by at least 5 min for all treatments and temperatures for the 

calculations compared to the observed values. Modelled values below a certain threshold of pH 

and temperature could not be obtained. 

  

Table 2.4 Modelled approach of CO2 experiment: Input parameters were obtained from 

observations T, (°C), pH, salinity and ionic strength (I) from Table 2.2) from which k’ and t½ 

were calculated using equation 4. ‘-‘ denotes that no value was derived through the calculation. 

 Input parameters  Output parameters 
 T pH Salinity Ionic  k' t½ 
 (°C)   Strength  (min -1) (min -1) 
        
        

C
o
as

ta
l 

w
at

er
, 

0
.2

 µ
M

 f
il

te
re

d
 

5
°C

 

8.1 35.81 0.74  0.035 19.81 
7.9 35.81 0.74  0.027 25.47 
7.5 35.81 0.74  0.012 59.49 
7 35.81 0.74  - - 
6 35.81 0.74  - - 

       

1
0
°C

 

8.1 35.81 0.74  0.055 12.49 
7.9 35.81 0.74  0.048 14.53 
7.5 35.81 0.74  0.032 21.56 
7 35.81 0.74  0.013 54.58 
6 35.81 0.74  - - 

       

1
5
°C

 

8.1 35.81 0.74  0.091 7.62 
7.9 35.81 0.74  0.083 8.33 
7.5 35.81 0.74  0.068 10.25 

 7 35.81 0.74  0.048 14.38 
 6 35.81 0.74  0.009 74.53 
                

O
p

en
 O

ce
an

 w
at

er
, 

 0
.2

 µ
M

 f
il

te
re

d
` 

5
°C

 

8.1 35.51 0.73  0.033 21.13 
7.9 35.51 0.73  0.025 27.69 
7.5 35.51 0.73  0.009 73.20 
7 35.51 0.73  - - 
6 35.51 0.73  - - 

       

1
0
°C

 

8.1 35.51 0.73  0.053 13.00 
7.9 35.51 0.73  0.46 15.22 
7.5 35.51 0.73  0.030 23.13 
7 35.51 0.73  0.011 65.89 
6 35.51 0.73  - - 

       

1
5
°C

 

8.1 35.51 0.73  0.089 7.80 
7.9 35.51 0.73  0.810 8.55 
7.5 35.51 0.73  0.065 10.59 

 7 35.51 0.73  0.046 15.06 
 6 35.51 0.73  0.007 97.36 
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2.4 Discussion 

A distinct aim of this study was to obtain further insights into the longevity and availability of 

dFe(II) in a more acidic, warmer SO. While calculations and coherent kinetic relationships of 

dFe(II) have been described (Millero et al., 1987, Santana-Casiano et al., 2006, Shaked, 2008, 

Gonzalez et al., 2010, Breitbarth et al., 2010b, Hopwood et al., 2018), actual experiments lack 

runtime lengths to observe complete trends. Experiments also often lack background analysis 

of the used natural seawater such as nutrients, Fe(III) ligand data, macronutrients etc. to exclude 

potential interferences from these components. Collecting as much information on the seawater 

composition combined with running the oxidation experiments at extended lengths allowed to 

compare the oxidation curves of dFe(II) in oligotrophic and eutrophic SO water as a means to 

improve the understanding of the dFe(II) kinetics in future oceans.  

Besides those effects from background parameters, there are several controlling factors for 

dFe(II) oxidation, including temperature, pH, light and nutrients, which were used to compare 

measurements and calculations.  

 

2.4.1 Role of temperature for the dFe(II) oxidation in open and coastal 

water in combination with trace metals, ligands, and nutrients 

Temperature is often the main driver for oxidation. In the mentioned setup, the temperature was 

kept constant at 5°C, 10°C and 15°C for the coastal and the open ocean water, respectively. The 

observed oxidations in this study were faster at 15°C than at 5°C. This follows the same trend 

as the calculated decay rate k’. The k’ increased in all cases with an increase of temperature and 

was previously reported in numerous studies (Santana-González et al., 2018, Millero et al., 

1987, Millero and Izaguirre, 1989). While the trend of the oxidations was the same within each 

water type, filtered open ocean water vs. filtered coastal water were very different. The decay 

in open ocean water was four to five times faster than in coastal water. This contrasts with the 

oxidation rate in the unfiltered water, which was retarded two to three-fold comparatively 

(Figure 2.5 and Table 2.1). A potential reason can be found in the contrasting seawater 

compounds such as trace metals, ligands, or nutrients, elaborated below (Johnson et al., 1999, 

Martin and Gordon, 1988, Wu and Luther III, 1996). 
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2.4.2 Trace metals 

Some trace metals such as Fe or copper (Cu) are observed in higher concentrations in coastal 

waters due to proximity to landmass and a greater variety of sources (Bruland and Lohan, 2003, 

Johnson et al., 1999). In this specific case, the concentrations of Cu were found to be five times 

higher in the coastal water and eight times higher for Zinc (Zn) than in open ocean samples 

(Table 2.5). While both Cu and Zn are toxic for phytoplankton above a certain threshold (Wells 

et al., 1995), no correlation of Zn for impacting dFe(II) oxidation is known. Studies with Cu 

however, have shown that Cu(I) behaves similarly to dFe(II) species by oxidising slower at 

colder temperatures (Sharma and Millero, 1988). More importantly, it has also been shown that 

the presence of Cu(II) increases the dFe(II) oxidation rates especially when exposed to UV light 

shortening the t½ of dFe(II) (Sharma and Millero, 1989, Pérez-Almeida et al., 2019). 

 

Table 2.5 Trace metal concentrations for open and coastal seawater obtained through ICP-MS 

analysis (n = 1).  

Seawater type 

 Fe 

(nM) 

Cu 

(nM) 

Zn 

(nM) 

Cd 

(nM) 

Pb 

(nM) 

Ti 

(nM) 

V 

(nM) 

Mn 

(nM) 

Co 

(nM) 

Ni 

(nM) 

Ga 

(nM) 

Coastal   1.15 9.64 72.05 0.23 0.35 0.07 31.20 0.89 0.04 4.89 0.05 

Open Ocean   0.96 1.94 8.74 0.73 0.03 0.15 34.2 0.25 0.03 6.47 0.03 

 

Another factor impacting the overall decay rate is the initial concentration of Fe in seawater 

(Table 2.5). Several dFe(II) addition experiments showed that the starting concentration of Fe 

influences the oxidation rate of dFe(II), leading to retarded oxidation of dFe(II) in cases of high 

Fe concentrations (Santana-González et al., 2018, Roy and Wells, 2011). In this case, the 

starting concentrations of Fe were relatively low to begin with but also only differed minimally 

between open (0.96 nM, Table 2.5) and coastal water (1.15 nM). While these high open ocean 

concentrations may be the result of contamination during filtration or handling other samples, 

an interference of the starting Fe concentrations is therefore unlikely to impact the oxidation 

curves.  
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2.4.3 Ligands 

The oxidation of dFe(II) is expected to be faster at higher temperatures (Millero et al., 1987, 

Hopwood et al., 2018). For the observations of the temperature experiments in open ocean 

water, however, we observed during multiple experiments (light and dark treatment) that 

dFe(II) at 10°C oxidised slower or at a similar pace as at 5°C.  

By measuring ligand concentrations, we found that open ocean water had 6.15 nM ligands and 

therein a ratio of ligand: dFe of 6.39. To explain these oxidation time similarities between 

temperature treatments (10°C being as slow as 5°C), looking at ligand modelling as described 

by Völker and Tagliabue (2015) helped the observations. They set one model in their study to 

a uniform stability constant for ligands with changing temperatures, while another model varies 

once temperature changes. Their modelled results indicate that a temperature dependant ligand 

system can bind Fe easier in colder water. In contrast, these results indicate a stable constant 

regarding temperature when considering 5°C and 10°C in coastal water. Generally, it is 

suggested that the ligand stability constant for Fe is higher at warmer temperatures, which might 

lead to reduced scavenging in warmer water such as 15°C warm surface water (Völker and 

Tagliabue, 2015). 

A medical study by Arsenault et al. (2007) tried to incite a temperature-dependent ligand-

receptor contact point, which are supposedly specifically designed to retard dFe(II) oxidation 

within a temperature threshold. While the results leave many unanswered questions regarding 

the oxidation time, if ligands act similarly in a marine system, this could mean that Fe is kept 

longer in solution longer within a specific temperature range, which could explain our 

observations and thus Fe is kept from binding to larger complexes. Other studies suggest that 

dFe(II) oxidation rates can be balanced, accelerated, or retarded under aerobic conditions in the 

presence of organic species since they can act as a ligand but also as a source of H2O2 (Theis 

and Singer, 1974, Santana-González et al., 2019). In this case, a five-fold higher concentration 

of CDOM (see Table 2.6) in coastal water compared to open ocean water was found. These 

high concentrations in coastal water may further explain the retarded oxidation times compared 

to the open ocean water in general. Additionally, they may also hold the answer for similar 

oxidation times in filtered open ocean water at 10°C and 5°C (dark & light) because these 

concentrations of CDOM may act as a source of ligands that are most effective at complexing 

within a certain temperature range.  



Chapter 2 
62 

  

Table 2.6 Chromophoric dissolved organic matter (CDOM) concentrations for open and coastal 

water (n = 1). 

Seawater type  CDOM (m-1) 

Coastal   1.1515 

Open Ocean   0.2303 

* Measurements and calculations are based on Andrew et al. (2013) using a 10 cm liquid wavelength capillary cell. 

 

2.4.4 Nutrients  

A study by Gonzalez et al. (2010) describes the impacts of macronutrients such as NO3
-, PO4

3- 

and SiO4
2-, where the dFe(II) oxidation rate was increased upon adding these nutrients. Their 

findings further indicate that SiO4
2- was the nutrient with the most significant impact on the 

oxidation rate. The measured macronutrient concentrations (Table 2.7) resemble conditions for 

oligotrophic surface waters for coastal and open ocean water and were very low compared to 

previous studies in the region, such as Bowie et al. (2009) or Lannuzel et al. (2011). 

Furthermore, Gonzalez et al. (2010) used concentrations of 10 to 2000 µmol for their additions 

which is substantially higher than the values observed here (Table 2.7). It is unlikely that 

macronutrients at those relatively low concentrations influence the t½; further laboratory 

experiments would be required for confirmation.  

 

Table 2.7 Nutrient concentrations in coastal and open ocean water (n = 1).  

Seawater type 

 NO3
- 

(µmol) 

PO4
3- 

(µmol) 

SiO4
2- 

(µmol) 

NH4+ 

(µmol) 

Coastal   1.51 0.15 -* 1.57 

Open Ocean   23.57 1.73 60.92 1.94 

* Values were below the detection limit 

 

 

2.4.5 Role of UV and visible light for the dFe(II) oxidation in open and 

coastal water  

When comparing the dFe(II) oxidation rates in the control (dark) setup to the visible light setup 

in open ocean and coastal water, no significant differences were found (p = 0.894 in open ocean 

water; p = 0.145 in coastal water; Supplementary Table 1 and Supplementary Table 2). This 



Chapter 2 
63 

  

was similarly described by Rijkenberg et al. (2005), where visible light (400 – 700 nM) had the 

least effect on dFe(II) oxidation. However, the findings after the UV treatment showed that the 

oxidation rate in coastal water was ten times faster and also significantly different to the 

treatment with visible light (p = 0.001 in coastal water and 0.004 in open ocean water; 

Supplementary Table 1 and Supplementary Table 2 ). A potential reason may be that the 

UV exposure destroyed certain complexing ligands with the effect that they could not bind Fe 

any longer, leading to faster oxidation times (Gledhill and van den Berg, 1994, Pérez-Almeida 

et al., 2019). Another effect could have been the development of H2O2 during UV exposure 

(Millero and Sotolongo, 1989).  

In open ocean water, the dFe(II) oxidation after the UV treatment happened at almost the same 

rate as under visible light conditions. This may be explained due to generally stronger binding 

ligands in open ocean water (Maldonado and Price, 1999). Additionally, it is also likely that 

there was less organic material such as CDOM (see Table 2.6) in the open ocean water. In the 

former case, it might have been that the ligands in the open ocean were not affected in the same 

way by a UV based degradation as coastal ligands, as shown by Rijkenberg et al. (2006). Higher 

spikes of a greater magnitude in dFe(II) concentrations after the UV treatment were recorded. 

These higher fluctuations could result from H2O2 production during UV radiation, which would 

have increased the dFe(II) oxidation rate as reported earlier (Millero and Sotolongo, 1989, 

Santana-Casiano et al., 2006). 

 

2.4.6 Filtered vs. non-filtered open ocean water 

The overall trend for effect of temperature on oxidation rate was the same in the filtered vs. 

non-filtered open ocean seawater, with the fastest oxidation rates again at 15°C and the lowest 

at 5°C. However, the overall t½ of dFe(II) in the filtered water was seven times shorter than in 

the unfiltered water. Roy and Wells (2011) also compared filtered and unfiltered open ocean 

water from the subarctic Pacific Ocean but found little difference in the oxidation rate. For 

example, at 5 minutes, their calculated decay rate constant log kox was 2.44 in the filtered sample 

and 2.42 in the unfiltered samples. This is substantially different from the findings here, with a 

log kapp of 2.25 in the filtered seawater and 1.46 in the unfiltered seawater. These values may 

result from removed CDOM due to filtration and other particles leading to different compounds 
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in the sample water after filtration, which may not have been present in the water samples 

analysed by (Roy and Wells, 2011).  

2.4.7 Role of pH in combination with temperature on the oxidation rate 

of dFe(II) in coastal and open ocean water 

While temperature increased the oxidation rate of dFe(II), decreasing pH retarded oxidation 

during the acidification experiment in both mentioned water types. A Pearson’s correlation 

between pH and temperature (see Figure 2.7) was computed to assess the relationship between 

pH and t½ and temperature and t½, respectively. For this test, the measured values of the 1st t½ 

were used, including all dark, light and UV-light, filtered and unfiltered treatments and the CO2 

treatments (see Table 2.3 and Table 2.4).  

The results of the linear and Pearson correlations (Figure 2.7) suggest that pH in both water 

types had a greater impact on the t½ compared to temperature. In open ocean water, the Pearson 

correlation coefficient had a strong significant negative correlation (r = -0.80, p = 0.001, n = 

78). Coastal water also had a strong significant negative correlation for pH (r = -0.669, p = 

0.001, n = 45). On the other hand, temperature showed weak correlations in both water types 

but was also negatively correlated. Therefore, we suggest that pH is the stronger driver for 

dFe(II) oxidation in the study region, considering various parameters as described above.  
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Figure 2.7 Scatterplots with Pearson correlation comparison of measured values from open (A, B) and coastal (C, D) seawater for temperature 

and t½ (A, C) and pH and t½ (B, D). In open ocean water dark (black), light (blue), UV (green), filtered, unfiltered (cyan) and CO2 (red) treatments 

are considered. In coastal water no values for unfiltered water were assessed. The black line displays the linear fit for all values in each plot 

including the R2. The correlation coefficient r and its p-value and respective sample numbers n are also shown. P – values are significant at 0.01 

level (2-tailed) and are marked with **. 
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2.4.8 Modelling and suggestions for future models 

A continuously running, column-free setup allowed to trace dFe(II) oxidation in open and 

coastal water based on extended run-time lengths. A calculation suggested by Santana-

González et al. (2018) (here equation 4) was utilised to compare whether the observations match 

the calculated data. Ionic strength, temperature, pH and salinity from Table 2.2 and Table 2.3 

were used to compute k’. These values were then further applied to calculate the t½ using 

equation 3. A second scatter plot was generated from those, and the Pearson correlation between 

the measured pH and temperature and their corresponding t½ were computed (see Figure 2.8).  

Results show that the correlation trend for pH is also strong and significant in open (r = -0.394, 

p = 0.002, n = 62) and coastal water (r = -0.749, p = 0.002, n = 39) and temperature is also 

negative and significantly linked (open ocean r = -0.718, p = 0.001, n = 62; coastal ocean r = -

0.357, p = 0.026, n = 39). Results using equation 4 however, do not compare to the observed 

natural values in some cases. For instance, filtered vs. unfiltered treatments displayed similar 

results when calculated using equation 4, while these results are significantly different to the 

measured values. Also, the data for dark, light, UV etc., are very similar from coastal to the 

open ocean water when modelled. This suggests that the calculation may be a good approach 

but does not take parameters such as particulates, CDOM, ligands or nutrients into 

consideration. For future approaches, incorporating these parameters for a realistic reflection 

of seawater conditions would be ideal. 
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Figure 2.8 Scatterplots with Pearson correlation comparison of modelled values from open (A, B) and coastal (C, D) seawater for temperature 

and t½ (A, C) and pH and t½ (B, D). In open ocean water dark (black), light (blue), UV (green), filtered, unfiltered (cyan) and CO2 (red) treatments 

are considered whereas in coastal water no values for unfiltered water were assessed. The black line displays the linear fitting for all values in 

each plot including the respective R2. The correlation coefficient r and its p-value and respective sample numbers n are also given below the 

legend. P – values are significant at 0.05 level (2-tailed) and are marked with * or ** for p = 0.01. 
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2.4.9 Results for the oxidation of dFe(II) at realistic values of pH and 

temperature 

Since neither a temperature increase from 5°C to 15°C nor the pH decline from 8.1 to 6 is 

realistic under future climate change scenarios. Intermediate values for a temperature increase 

by 1°C and a pH decline of 0.2 units were chosen. This was based on the data obtained during 

the CO2 experiment (Table 2.3). A change in temperature by 1°C in temperature and 0.2 for 

pH is also well within the proposed changes of sea surface temperature increase, and pH 

decrease suggested in model RCP8.5 by the latest ocean related IPCC report (Bindoff et al., 

2019). By plotting the data (Table 2.3), the data for these realistic values were interpolated 

from measured data points (Table 2.8) for each temperature and targeted pH, as displayed in 

Figure 2.9. 

Table 2.8 Summary of read out data obtained by using data from Table 2.3.  

 pH Temperature (°C) t½ (min) 

Coastal water 8.1 

 

 

5 

10 

15 

9.56 

3.7 

1.68 

 8 

 

 

5 

10 

15 

21.4 

15.8 

11.7 

 7.9 

 

 

5 

10 

15 

34.1 

27.9 

22.9 

    

Open ocean water 8.1 5 

10 

15 

23.7 

14.6 

8.73 

 8 5 

10 

15 

35.4 

20.6 

12.5 

 7.9 5 

10 

15 

49.6 

26.3 

18.3 

    

 

Once all three variables from Table 2.8 were plotted, a line was fitted, which was exponential 

for all data, except coastal ocean pH 7.9, which was polynomial (see Figure 2.9). The obtained 

functions were then used to calculate oxidation rates at temperatures between 0°C and 15°C. A 

complete list of the t½ from pH 8.1, 8 and 7.9 for the calculation input and output parameters 

with further detail can be found in Supplementary Table 10. 
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These functions allowed for approximations of the t½ based on the sampled seawater. The 

oxidation of dFe(II) is two minutes faster for open ocean water (see Figure 2.10, ‘Open ocean’) 

when the temperature was raised by 1°C from 5°C to 6°C, but overall retarded by ~ 23 minutes 

once the pH was lowered from 8.1 to 7.9. In the coastal water, an increase by 1°C from 5°C to 

6°C shortened the t½ by ~1 minute but increased it by 26 minutes when the pH was lowered to 

7.9 (see Figure 2.10, ‘Coastal ocean’). In summary, when considering realistic values, dFe(II) 

oxidations are more influenced by a change in pH than a temperature change.  
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Figure 2.9 Coastal (a) and open ocean water (c) oxidation rates based on Table 2.8 are 

displayed in the two left figures. Through these three points in a) and c), an exponential or 

polynominal function was obtained. This was applied and displayed in b (open ocean) and 

d (coastal).  
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2.5 Conclusion  

This study suggests that the dFe(II) oxidation in coastal areas is retarded due to higher 

concentrations of ligands and other trace elements than in the open ocean, as proposed in my 

first hypothesis. The second hypothesis dealt with whether pH or temperature changes will have 

a more significant impact on the dFe(II) oxidation. The findings indicate that a change in pH 

by 0.2 units will more significantly impact the oxidation of dFe(II) compared to impacts due to 

temperature changes for changes of 2°C and 0.2 units, respectively. Similar experiments were 

performed using filtered and unfiltered seawater and differing light schemes, to test the third 

hypothesis. The results revealed that filtered vs. unfiltered open ocean water was significantly 

different. Due to potentially removing larger particles and altering the oxygen concentration 

through filtration, it can be suggested that future studies should use unfiltered samples 

throughout if possible. This approach would also resemble natural conditions. Differences 

between light and UV exposure were observed and compared to the dark control. It was found 

that artificial light does not impact oxidation substantially. However, UV light led to a shortened 

t½ in both tested environments (70% less in open ocean water, 10 % less and elevated spikes 

in open ocean water), suggesting that organic matter plays some role in stabilising dFe(II). To 

Figure 2.10 Summary of the oxidation of dFe(II) with an increase of 1°C and a decrease in pH 

by 0.2 units (right) based on measured values (Supplementary Table 10). 
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test hypothesis four, experimentally assessed data was compared to oxidation calculations 

developed in previous studies. The calculated results do not compare to the measurements, and 

an adjustment to incorporate other parameters might be necessary for future modelled 

approaches.  

Overall, it can be concluded that changes in pH will have a greater impact in coastal areas on 

the dFe(II) oxidation rates in future climate scenarios, which could result in impacts of dFe(II) 

availability to phytoplankton. Extended half-lives for dFe(II) could theoretically make dFe(II) 

more accessible with likely benefits for certain phytoplankton species, which will be further 

discussed in Chapter 3. 

 

2.6 Suggested improvements    

 

Several steps would have been required to improve the FIA method after its modification for 

this chapter. For one, dimethylglyoxime (DMG) would have been added to my luminol solution 

when analysing for dFe(II), in order to exclude potential Co(II) interferences. Ideally, one 

would consider the observation of nanopyrite, which is a large portion of the dissolved Fe pool, 

which was not done here.  

As for the larger setup, it would have been ideal to monitor temperature continuously, monitor 

& adjust O2 continuously and adjust the pH to keep it constant. Through this, it would have 

been possible to compare oxidation rates in coastal and open water better. Also, a TRIS buffer 

instead of an NBS buffer would have been the better choice.  

When considering UV treated water, it was brought to my attention that waiting for a minimum 

of 30 days is required for the sample to be in the dark in order for the ROS and created H2O2 to 

degenerate completely. In that respect, adding a H2O2-FIA system would have at this early stage 

would have helped as well.  

As a last point, the choices of acidifying the pH of my two water samples (coastal and open 

ocean) were either 6, 7 and 8.1 or 7, 7.5 and 8.1. Ideally, these would have had the same pH, 

but I was limited with low Fe seawater, so I continued and thought of a way to calculate for 

more representative values of 7 and 7.5.  
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Abstract 

Iron (Fe) is a vital yet limiting element for phytoplankton growth in the Southern Ocean. 

Phytoplankton utilises Fe for essential processes such as the transport chain reaction during 

photosynthesis. Low concentrations of Fe limit primary production in large regions of the ocean 

and impact phytoplankton community structures. This has further implications for carbon 

export as phytoplankton converts atmospheric carbon dioxide into organic carbon and exports 

it to greater depths. This study investigated the impacts of temperature (3°C, 5°C and 7°C) and 

Fe(II) additions on growth of two Southern Ocean phytoplankton species Fragilariopsis 

cylindrus and Phaeocystis antarctica in coastal and open ocean water.  

The growth rates for P. antarctica were significantly higher in the incubations with added iron 

compared to the ones without added iron in both waters (coastal and open ocean) at all 

temperatures tested. An increase in temperature from 3°C to 5°C did not significantly affect 

growth of this species, however a further increase to 7°C significantly increased the growth 

rates compared to the respective treatments at lower temperatures. For F. cylindrus, growth 

rates were also higher in the incubations with Fe(II) added, but the difference was only 

significant in the incubations at 7°C in both waters. Temperature did not affect the growth rate 

of F. cylindrus except for a significant decrease in coastal waters without iron added at 7°C.  

Keywords: Fragilariopsis cylindrus, Iron, Ocean Warming, Phaeocystis antarctica, Southern 

Ocean  
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3.1 Introduction 

The Southern Ocean (SO) contributes ~ 33 % of global carbon (C) export from the atmosphere 

to the deep ocean (Arrigo et al., 1999, Schlitzer, 2002). It is characterised by its richness in 

macronutrients such as nitrate (NO3
-) and phosphate (PO4

3-) and its growth limiting iron (Fe) 

concentrations, leading to the definition of a High Nutrient Low Chlorophyll area (HNLC). 

Concentrations of Fe in the SO are usually < 1 nM (Sedwick et al., 1997, Bowie et al., 2002) 

and can range from 0.7 nM in deeper waters (Boye et al., 2001) to < 0.2 nM in surface open 

ocean water (Schallenberg et al., 2018). In contrast, coastal areas, which extend from 

landmasses to the continental shelf, may be rich in Fe due to higher flux from a greater variety 

of sources (e.g. atmospheric supply, sea ice melt or sediment leaching (Tagliabue et al., 2017)). 

Iron is crucial for phytoplankton growth in the oceans due to its essential role in photosynthesis 

and respiration. Phytoplankton growth is controlled by Fe bioavailability, which is especially 

low in the SO (Martin et al., 1990). Most of the Fe in seawater is bound to strong ligands (L), 

which aids in keeping Fe from forming particles and sinking to depth, therefore allowing a more 

consistent supply of Fe to phytoplankton (Hunter and Boyd, 2007, Maldonado and Price, 1999, 

Shaked and Lis, 2012). 

The uptake of Fe by phytoplankton is described as a two-step process of Fe reduction from 

dFe(III) to Fe(II) followed by transport across the cell membrane (Maldonado and Price, 2001). 

This can be further distinguished into the use of transporter compounds like siderophores, the 

use of Fe(II) transporters which carry Fe(II) across the membrane through oxidation, and a third 

option in which dFe(III) is initially reduced to Fe(II) at the cell surface before it can be 

transported into the cell via transporters using oxidation (Morel et al., 2008, Yeala et al., 2005, 

Salmon et al., 2006).  

Iron is not available for phytoplankton in all chemical forms. Dissolved Fe (dFe) is often 

considered a proxy for the ‘bioavailable’ form (Hassler and Schoemann, 2009, Trimborn et al., 

2017a, Lis et al., 2015, Shi et al., 2010, Kuma and Matsunaga, 1995, Rich and Morel, 1990, 

Shaked and Lis, 2012). Of the two main Fe redox species (dFe(II) and dFe(III)), dFe(III) is 

generally more thermodynamically stable in seawater at its current pH of ~ 8.1. In contrast, 

dFe(II) is transitory due to its rapid oxidation to dFe(III), which makes it challenging to measure 

(Croot and Laan, 2002, Bowie et al., 2002, King et al., 1995, Hansard and Landing, 2009). 
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Besides this, it is assumed that freely available dFe(II) is the favoured Fe species used by 

phytoplankton, reflected in its preferred form during uptake described above.   

The oxidation rate of dFe(II), and therefore the period it is available to phytoplankton, is linked 

to parameters such as oxygen (O2) and hydrogen peroxide (H2O2) concentrations, temperature 

and pH (equations 1 - 4; Millero et al., 1987, Millero and Sotolongo, 1989, Millero and 

Izaguirre, 1989, Moffett and Zika, 1987, Haber and Weiss, 1932). In seawater, most Fe exists 

in the oxidized form dFe(III) when there is O2 present (Noffke et al., 2012). In contrast, dFe(II) 

occurs in sub-nanomolar ranges, which is equal to only 4-13% of the Fe in open ocean surface 

waters (Bowie et al., 2002) but can be much higher in coastal areas (>1 nM) due to leaching 

from sediments (Kuma et al., 1992). 

𝐹𝑒(𝐼𝐼) + 𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂2
   −          (1) 

𝐹𝑒(𝐼𝐼) + 𝑂2
   − → 2𝐻+  →  𝐹𝑒(𝐼𝐼𝐼) + 𝐻2𝑂2       (2)  

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻
∙ + 𝑂𝐻−       (3) 

𝐹𝑒(𝐼𝐼) + 𝑂𝐻∙ → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻−       (4) 

To summarise, seawater temperature and pH have direct impacts on Fe chemistry and Fe 

bioavailability. For this study however, the focus was temperature, as there remain important 

unanswered questions around temperature impacts on SO phytoplankton species.   

Seawater temperatures have already increased by 0.85°C since the industrial revolution due to 

the enhanced emission of greenhouse gases into the atmosphere and are predicted to rise a 

further 1.5 – 3°C by the end of the century (Bindoff et al., 2019). This significant increase will 

impact many marine organisms, including phytoplankton. Each species of these single-celled 

organisms has its own thermal tolerance window (Pörtner, 2002, Boyd, 2019). Ocean warming 

will directly impact species composition (Lacour et al., 2017; Noiri et al., 2005), extending to 

different ocean environments such as the coastal and open ocean.  

Here, the growth of two SO phytoplankton species in open ocean and coastal seawater were 

compared to see if a change in temperature affects growth under the two assumptions that 

growth itself is affected by temperature (1), and there is less Fe available in the form of dFe(II) 

upon increasing temperatures due to increased oxidation rates (2). Therefore, two important SO 
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species, Phaeocystis antarctica and Fragilariopsis cylindrus at 3°C, 5°C and 7°C, were 

cultured for two weeks in Fe-rich coastal water and Fe-poor open ocean water (Figure 3.1).  

Antarctic phytoplankton increases its photosynthetic rates over a wide range of temperatures (- 

0.8°C to 7°C; Neori and Holm-Hansen, 1982). However, these rates are not transferable to 

growth rates and the increase in photosynthetic activity also only holds true when species are 

acclimated slowly and enough time for adaptation is given. In this study, growth rates were 

observed and how these changed from the starting temperature of 3°C, to which the species 

were acclimated. The temperatures were then increased to 5°C and 7°C, without a slow 

adjustment of temperature. Phaeocystis antarctica is known to have its best growth performance 

between 5°C and 6°C (Boyd, 2019, Andrew et al., 2019). The optimum temperature for 

Fragilariopsis cylindrus is 5°C (Fiala and Oriol, 1990) unless acclimated for an extended time 

(3 months or longer; e.g. Mock and Hoch, 2005). During these experiments, the cultures were 

only acclimated for 5 days. However, this was not deemed as detrimental to the experiments as 

they intended to look at the combined effects of temperature and dFe(II) addition between the 

two environments.  

Figure 3.1 Experimental hypothesis for coastal and open ocean water from the SO, showing 

respective Fe concentrations and resulting primary production. 
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In open ocean water, it is expected that an increase in temperature would lead to a decrease in 

growth for both species because of a combination of a direct negative effect of warmer 

temperatures crossing outside the optimal thermal window, combined with lower dFe(II) 

availability, in the already low Fe waters. It was further expected that dFe(II) additions in this 

water would reduce the negative effect of increasing temperatures on growth. In contrast, it was 

expected that there would be less impact on growth from increased temperatures in coastal water 

due to high Fe concentrations, and therefore also no further enhancement of growth upon the 

addition of freely available dFe(II).  

This experiment provides an insight into phytoplankton dFe(II) utilization and changes to Fe 

speciation under future ocean warming scenarios, with implications for community assemblages 

in a warmer SO.   

 

3.2 Methods 

3.2.1 Experimental overview 

Fragilariopsis cylindrus and Phaeocystis antarctica were grown in coastal and in open ocean 

seawater under differing temperature and Fe conditions in 28 mL polycarbonate (PC) screw-

capped vials (Thermo Fisher). This closed small-vessel system allowed us to measure growth 

rates without opening the sample vials during the experiment and limit Fe contamination. This 

was enabled due to the perfect fit of these vials into the Turner instrument (Model 10-AU), 

measuring in vivo chlorophyll-a (Chl-a) fluorescence (Designs Model 10-AU, also see section 

3.3.2). Another advantage of this closed system is, that the overall Fe concentrations were not 

altered, allowing us to observe the Fe addition effect directly. After inoculating 600 µL of either 

P. antarctica or F. cylindrus cultures into the vials, they were placed into a rack in a cold room 

at 3.2 ± 0.6 °C for 16 days and in two temperature blocks for 5°C ± 0.5°C and 7°C ± 0.5°C 

(n = 5), respectively (see Figure 3.2). To three vials from each treatment, 5 nM dFe(II) was 

added while the remaining three were incubated in the unaltered coastal and open ocean water.  
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Figure 3.2 Experimental overview: Growth rate experiment at 3°C (left), 5°C (middle) and 7°C 

(right) for Phaeocystis cylindrus (blue) and Fragilariopsis cylindrus (green); with and without 

an addition (+) of 5 nM dFe(II) in coastal (shaded in yellow) and open ocean water (shaded in 

red).   

 

3.2.2 Cleaning 

All processing and sampling was carried out under an ISO class-5 laminar airflow hood in a 

3°C cold room. Trace metal clean protocols (Cutter et al., 2017) were used to prevent trace 

metal contamination. This included initial 2% Decon baths, followed by thorough rinses with 

ultra-high pure water (UHP, Barnstead, 18.2 MΩ). After washing all equipment in a 6 M 

hydrochloric acid (HCl; in-house distilled acid using a Savillex perfluoroalkoxy-polymer (PFA) 

still, DST-1000) bath for one month, everything was rinsed seven times with UHP water. Three 

initial preconditioning rinsing steps were done with the respective seawater used for the 

experiments for each vial. The pipette tips were sterile microwaved for five minutes in UHP 

water to prevent bacterial contamination for further culture work. This was followed by three 

HCl acid (distilled) and seven UHP water rinses.  

 

 



Chapter 3 
86 

  

3.2.3 Seawater  

The coastal seawater was collected from Kingston beach (Kingston seawater, KISW, 42° 98’S, 

147° 32’E directly from the jetty), Tasmania in January 2018. An acid cleaned 400 µm mesh 

was used to prefilter any large grazers and particles before 0.2 µm filtration (PALL, Acropak 

200) under an ISO class-5 laminar flow hood into a trace metal clean carboy (Nalgene, 20 L, 

low density polyethylene (LDPE)). The open ocean water was collected along the SR3-

GEOTRACES voyage in the SO on board of the RV Investigator in January/February 2018, 

using a trace metal rosette as described in Holmes et al. (2019) at an open ocean station (55.93° 

S, 140.41°’E, from between 100 and 700 m depths). The open ocean water was 0.2 µm filtered 

(PALL, Acropak 200) directly on board. Both water types were stored for aging in large 

containers (Nalgene, 20 L, LDPE) in the dark at 4˚C for at least a month prior to the experiments 

to ensure the complete oxidation of dFe(II), which usually happens within minutes to hours 

(Millero et al., 1987).  

3.2.4 Study organisms 

The haptophyte Phaeocystis antarctica and the diatom Fragilariopsis cylindrus were collected 

and isolated from Antarctic pack ice (Davis station, East Antarctica) in 2015. Both cultures 

were grown under cool white fluorescent light (50 µmol photon m-2 s-1, 12:12 D/L cycle, 

Osram) at 2°C ± 1°C prior to the experiment. Phaeocystis antarctica was cultured in L1 

(Guillard and Hargraves, 1993) medium, while the diatom F. cylindrus was kept in Aquil 

(Morel et al., 1979; Price et al., 1989) medium before they were inoculated into two distinct 

seawaters (coastal and open ocean). Both species were washed in either coastal or open ocean 

seawater three times to reduce the amount of ethylenediaminetetraacetic acid (EDTA) left from 

either L1 or Aquil. The final residual concentrations of EDTA for the experiments using P. 

antarctica was calculated to be 0.8 nM and 0.7 nM for F. cylindrus, respectively.  

 

3.2.5 Temperature, pH and salinity 

The seawater temperatures in the rack and the temperature block were measured daily using a 

built-in pH meter probe (Hach HQ40D, probe no. PHC10101). The seawater's salinity and pH 

were measured initially at 20°C using a conductivity probe (Orion 013005MD, Thermo 

scientific) and the same pH meter.  
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3.2.6 Macronutrients   

Before the experiment, samples from coastal and open ocean water were filtered through a 

0.2 µm syringe filter (PES, Millex GP) into PC vials (15 mL) and frozen at -80˚C until analysis. 

PO4
3-, NO3

- and silicate (SiO4
2-) concentrations were measured within 12 months of sampling, 

using a 4 channel LACHAT Quick-Chem 8500 auto analyzer, following the Quick-Chem-

methods by Diamond (2008a), Diamond (2008b) and Liao (2008).  

3.2.7 Trace elements 

Samples for dissolved trace metals (cadmium (Cd), cobalt (Co), copper (Cu), Fe, gallium (Ga), 

manganese (Mn), nickel (Ni), lead (Pb), titanium (Ti), vanadium (V), and zinc (Zn)) were taken 

in 125 mL LDPE bottles (Nalgene; 0.2 µm filtered, Millex, GP), acidified with distilled HCl to 

pH 1.8 and stored for a month. The dissolved trace metal concentrations were determined using 

an offline combination of a seaFAST S2 pico (ESI, Elemental Scientific, USA) multi-element 

extraction system with a Nobias Chelate-PA1 column, followed by analysis on a sector field 

inductively coupled plasma mass spectrometer (SF-ICPMS, Element 2 Thermo Fisher 

Scientific, Inc.; Wuttig et al., 2019). The preconcentration factor 53.33 was achieved by 

preconcentrating 40 mL of inline buffered sample onto a Nobias PA1 column. Afterwards, the 

column was eluted with 750 µL of 1.7 M distilled nitric acid (HNO3). The data was blank 

corrected by subtracting three acidified (2%, HCl) UHP water blanks treated the same way as 

the samples. The blank was corrected by subtracting one blank from acidified UPW water. The 

detection limit for Fe was three times (Σ) of the blank. Mixed multi-element standards were 

used for SF-ICP-MS tuning and calibrations (MISA Solutions, 100 μg, VHG Labs, USA; 

solutions 1 and 6 (Wuttig et al., 2019). In-house seawater collected during a voyage in the SO 

was used as an internal standard during SF-ICP-MS analysis. This in house seawater was added 

to standards and samples via the elution acid to obtain a final concentration of 10 µg/L. 

 

3.2.8 Voltammetry  

A voltammetric technique for the determination of Fe binding organic ligand concentration in 

two oceanic water types (Competitive Ligand Exchange-Adsorptive Cathodic Stripping 

voltammetry, CLW-AdCSV) was applied. The system (757 VA Computrace, Metrohm, 

Switzerland) is characterized by a hanging mercury drop electrode, a glassy carbon counter 
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electrode, and a silver/silver chloride reference electrode (provided with an inner electrode 

submerged in a 3 M KCl solution, Metrohm) which acts as bridge electrolyte. A 2-(2 

Tiazolylazo)-p-cresol (TAC) solution was used as the competing ligand (Croot and Johansson, 

2000). A buffered seawater solution was mixed using 100 µL of a 1 M stock EPPS buffer 

solution added to 20 mL seawater. Additions of Fe were made from a 10 mM Fe(III) stock in 

1% Q-HCl ranging from 0 to 20.4 nM. After equilibrating for 3 hours, 100 µl of a 0.01 M TAC 

solution was added into each Teflon vessel. After overnight equilibration, all vessels were 

analysed following procedures outlined in Croot and Johansson (2000). 

Data (dFe concentrations and relative peak height (intensity, nA)) were measured using the 

software ProMCC (Omanović et al., 2015). The values of α’Fe’TAC2 and K’Fe’TAC2 were obtained 

from seawater salinity (Croot and Johansson, 2000). The Langmuir/Gerringa  (Gerringa et al., 

1995) and Ruzic/van den Berg (Ružić, 1982, Van den Berg, 1982) methods were used for the 

simultaneous calculations of total concentration and conditional stability constants to determine 

the natural Fe-binding organic ligand fraction. DFe values derived from earlier SF-ICP-MS 

analysis were used for the calculations. Ancillary parameters were further calculated: The 

excess ligand concentration (L’) is calculated as the difference between L and dFe 

concentrations. The inorganic Fe concentration (Fe’) was calculated according to equation 5. 

 

𝐾′𝐹𝑒′𝐿(𝐹𝑒
′)2 + (1 + 𝐾′𝐹𝑒′𝐿(𝐿)) − 𝐾

′
𝐹𝑒′𝐿(𝑑𝐹𝑒)(𝐹𝑒

′) − (𝑑𝐹𝑒) = 0      (5) 

 

The concentration of organically-bound Fe, expressed as percentage, was calculated 

as %FeL = 100 ([dFe]-[Fe’])/[dFe]. The side reaction coefficient for Fe complexation with the 

natural ligand (log α′Fe′L) was obtained as the logarithmic sum between K′Fe’L and L.  

 

3.2.9 Growth rates  

Growth rates were derived by using in vivo Chl-a fluorescence (Turner Designs Model 10-AU). 

The 28 mL vials were dark-adapted for 10 minutes and cooled on ice during the time of 

measurement. The specific growth rates (µ; d−1) were calculated from linear regressions of each 

replica of the Ln in vivo fluorescence or cell counts versus time (t) for exponentially growing 

cultures, where N0 and N1 are the densities at the beginning and end of an exponential growth 

phase (equation 6).  



Chapter 3 
89 

  

𝐿𝑛 𝑁1 =  𝐿𝑛 𝑁0 +  𝜇(𝑡1 − 𝑡0)    (6) 

Irradiance was 50 ± 5 µmol photons m-2s-1, measured with a 4π quantum sensor (model 

QSL2100, Biospherical Instruments) in a 12:12 Dark/Light cycle. 

 

3.2.10 Statistical analysis 

All statistical analyses were conducted using IBM SPSS (version 27). ANOVAs were used to 

assess the impacts of different Fe sources on the growth rate (natural vs. additions of 5 nM 

dFe(II)) and the impact of temperature between the different environments. For specific 

information on each temperature and natural or dFe(II) additions, a pairwise comparison of 

variables was undertaken using a Tukey post hoc test derived from a MANOVA. All testing 

was done at the 95% confidence level and is summarised in Supplementary table 11. 

 

3.3 Results  

3.3.1 Seawater  

Salinity in coastal seawater was 35.5 ± 0.05 and 36.2 ± 0.04 for open ocean water. At 20°C, pH 

in coastal water was 8.01 ± 0.0 and 7.9 ± 0.0 in open ocean water  (Table 3.1). The nutrient 

concentrations in the open ocean seawater were 19.6 µM for NO3
- and 1.3 µM for PO4

3-. This 

corresponds to a nitrogen (N) : phosphate (P) ratio of 15.2:1, which is close to the Redfield ratio 

of 16:1. The coastal concentrations for NO3
- were 0.37 µM and 0.32 µM for PO4

3- (ratio: 1.15:1). 

Silicate concentrations were 22.5 µM in open ocean water. No values of SiO4
2- were assessed 

for coastal waters. High ammonia (NH4
+) values were measured in the open ocean water (3.06 

µM) compared to 0.25 µM in the coastal water. Except for Cd, V and Ni, all trace metals 

analysed were higher in the coastal water when compared to the open ocean water. This is 

especially accentuated for Fe, Mn, Pb, and Zn (Table 3.1). 
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Table 3.1 Salinity (n = 3), pH (n = 3), dissolved trace metal and nutrient composition of surface 

(0 -15 m) coastal and open ocean water. 

  Coastal ocean Open ocean Ratio 

Salinity   35.50 ± 0.05 36.2 ± 0.04 1:1 

pH    8.01 ± 0.00 7.90 ± 0.01 1:1 

Tracemetals  Cd   0.18   0.90 0.2:1 

(nM/L, n = 1) Co   0.11   0.04 2.9:1 

 Cu   6.45   1.31 5:1 

 Fe 12.18   0.15 81.2:1 

 

 

 Ga   0.05   0.01 10.8:1 

 Mn   6.20   0.29 34.2:1 

 Ni   3.53   7.26 0.5:1 

 Pb   0.87   0.01 79:1 

 Ti   0.20   0.03 6.6:1 

 V 35.10 33.70 1:1 

 Zn 41.85   4.91 8.5:1 

dFe(II) 

addition (nM)* 

Fe2+ *   5.00   5.00 1:1 

Macronutrients  

(µM, n =1) 

NO3
-   0.37 19.64 0.02:1 

 PO4
3-   0.32   1.29 0.25:1 

 SiO4
2- - 22.47 - 

 NH4+    3.06   0.25 12.25:1 

     
* 5 nM ammonium Fe(II) sulphate hexahydrate [(NH4)2Fe(SO4)2·6H2O] was added to the +Fe treatment  

 

 

 

3.3.2 Growth rates 

Growth response to different temperatures and dFe(II) in coastal and open ocean 

water 

Phaeocystis antarctica had its highest growth rates in coastal water at 7°C (0.31 ± 0.01; n = 3) 

when no Fe was added (Figure 3.3). This is significantly higher compared to growth at 3°C 

(0.26 ± 0.01, n = 3; p = 0.05) but not significantly different from growth at 5°C (0.25 ± 0.02, n 

= 3; p = 0.679) (Supplementary Table 11). In open ocean water without the addition of Fe, P. 

antarctica grew best at 7°C (0.29 ± 0.04) which was not significantly different to growth at 3°C 

(0.24 ± 0.01, n = 3; p = 0.164) but significantly different to growth at 5°C (0.18 ± 0.01, n = 3, 

p = 0.005, Figure 3.3). The highest growth rates of F. cylindrus in coastal water without Fe 

added was found at 3°C (0.20 ± 0.03, n = 3), which did not differ significantly from 5°C (0.20 

± 0.03, n = 3; p = 0.99) and decreased significantly to 0.05 ± 0.06 when incubated at 7°C 

compared to 3°C (p = 0.010). In open ocean water without Fe added, F. cylindrus also grew 

best at 3°C (0.25 ± 0.02, n = 3) and did not change significantly when grown at 5°C and 7°C 

(0.22 ± 0.02 and 0.22 ± 0.04, respectively). For P. antarctica, the growth rates in coastal water 

at 3°C and 5°C with the dFe(II) addition were the same at 0.31 ± 0.02. However, there was a 
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significant increase from 3°C to 7°C with rates of 0.43 ± 0.04 (n = 3; p = 0.040) in coastal 

water. In open ocean waters, the growth improved even more with the addition of dFe(II) at 

7°C (0.48 ± 0.04), which was significantly higher compared to the growth rates at 3°C (0.33 ± 

0.03, p = 0.005) but not significantly different when comparing growth between 3°C and 5°C  

(0.35 ± 0.02, p = 0.775).  

 

  Coastal water      Open ocean water 

 

 

Figure 3.3 Specific growth rate (µ, d-1) of Phaeocystis antarctica (a, b) and Fragilariopsis 

cylindrus (c, d) grown in coastal (a, c) and open ocean (b, d) water, with the addition (dark 

colour) and without the addition (light colour) of 5 nM dFe(II). Error bars are standard 

deviation, n = 3, p-values derived through one-way ANOVAs (Supplementary Table 11) 

comparing for with and without dFe(II) additions are given above the respective bars.  

p = 0.010 

p = 0.762 

p = 0.021 

p = 0.079 

p = 0.045 

p = 0.012 

p = 0.008 p = 0.001 

p = 0.065 

p = 0.006 

p = 0.729 p = 0.027 
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Fragilariopsis cylindrus also grew better when 5 nM dFe(II) was added. Its growth in coastal 

water displayed a steady but non-significant increase from 3°C (0.21 ± 0.09) to 5°C (0.27 ± 

0.04, n = 3; p = 0.665), and was also non-significant from 5 to 7°C (0.29 ± 0.07, p = 0.910). In 

open ocean water, a slight non-significant decline in growth from 3°C (0.27 ± 0.02) to 5°C 

(0.25 ± 0.1, n = 3, p = 0.654) was observed with a significant increase again when incubated at 

7°C (0.31 ± 0.02) and compared to growth at 5°C (p = 0.019).  

Combined impacts of temperature and Fe additions on growth 

In coastal water, P. antarctica grew significantly better when Fe was added (ANOVAs at 3°C 

with p = 0.010, p = 0.021 at 5°C and p = 0.045 at 7°C (Figure 3.3). In open ocean, the significant 

difference of growth when Fe was added at 3°C was p = 0.008, p = 0.001 at 5°C and p = 0.006 

at 7°C. In contrast to this, F. cylindrus only had significant differences in coastal water upon 

the Fe addition at 7°C (p = 0.012) while the Fe additions at 3°C and 5°C were non-significant 

(p = 0.762 and p = 0.079). In open ocean water, F. cylindrus showed similar trends where 

additions at 7°C were significant (p = 0.027) and non-significant at 3°C (p = 0.729) and at 5°C 

(p = 0.065).  

A two-way ANOVA for the combined treatments revealed that for P. antarctica there was no 

significant interaction between Fe additions and temperature on growth in coastal water 

(p = 0.269), whereas the interaction of Fe addition and temperature changes had a significant 

interactive impact on growth in open ocean water (p = 0.029). For F. cylindrus, the combined 

treatments of Fe additions and temperature increases were significant for growth in both water 

types (open (p = 0.025) and coastal water (p = 0.013)).  

 

3.3.3 Iron-binding organic ligands 

The dFe concentrations in open ocean water were low at 0.15 nM. In comparison, the coastal 

water had concentrations of 12.18 nM. The ligand start concentrations (L) for open ocean water 

were 19.30 ± 1.1 nM and 15.0 ± 0.5 nM for coastal water. The ligand to Fe (L/dFe) ratio was 

very high for the open ocean water with 128.67 but low for coastal water with 1.29. The binding 

strength value logK’Fe’L for open water was 11.21 ± 0.05 and 11.86 ± 0.08 for coastal water. 

The freely available Fe’ was 0.05 pM in open ocean water and 4.72 pM in coastal water. For 

both samples, > 99% of dFe was complexed by organic ligands. The logα’Fe’L, the side reaction 
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coefficient (Gerringa et al., 2014) revealed a lower reactivity for open ocean water with 3.49 

and a higher reactivity (4.06) for coastal water.  

 

Table 3.2 Dissolved (d) Fe is the concentration of Fe, L (nM) is the ligand concentration in the 

respective seawater samples, LogK’Fe’L is the ligand-binding strength or complexation capacity, 

L’ the freely available ligand, L/dFe displays the ratio of ligand to dFe concentrations, Fe’ (pM) 

the freely available Fe, %FeL is the percentage concentration of dFe organically complexed, 

and logα'Fe’L is a parameter describing the reactivity for new binding capacities.  

 dFe (nM) L (nM) logK'Fe’L L’(nM) L/dFe Fe' (pM) %FeL logα'Fe’L 

Open ocean 0.15 19.30 ± 1.1 11. 21 ± 0.05 19.15 128.67 0.05 99.97 3.49 

Coastal water 12.18 15.70 ± 0.5 11.86 ± 0.08 3.52 1.29 4.72 99.96 4.06 

 

3.4 Discussion 

3.4.1 Growth rates 

For more than thirty years, it has been known that temperature is a major factor influencing 

growth for phytoplankton and their metabolic processes (Raven and Geider, 1988). For an 

extended period, research looked at Fe and temperature and their impacts on phytoplankton 

individually. With John Martin’s Fe hypothesis (Martin, 1990) and ongoing observations of 

temperature increases due to anthropogenic impacts, the need for combined experiments was 

recognized. Rose et al. (2009) revealed that the combination of Fe and temperature in 

phytoplankton do not have merely additive effects but are much greater than when looking at 

temperature and Fe individually. They further observed synergistic effects on abundance, 

physiology and nutrient drawdown once the parameters were combined. Recently, Boyd (2019) 

showed that many SO species have a temperature range with functional performance curves. 

Future studies should also combine Fe and temperature treatments to improve our 

understanding of how phytoplankton physiological processes will change under future ocean 

conditions. Here, the reduced form of Fe (dFe(II)) is combined with two distinct environments 

from the SO. The main aim was to investigate how changing seawater temperature affects Fe 

bioavailability and thus the growth of two representative phytoplankton species of the SO in 

open ocean and coastal waters (Kropuenske et al., 2009). This research has important 

implications for phytoplankton species composition under future global climate change 

conditions and further contributes to this field of research by examining Fe supply changes with 
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increasing temperature. Therefore, it is hypothesized that increasing temperature in open ocean 

water would lead to decreased phytoplankton growth and that growth would be enhanced once 

dFe(II) was added. In coastal water, it was assumed there would be fewer impacts on growth 

from temperature due to high Fe concentrations and a small to no effect upon the addition of 

dFe(II).  

This hypothesis is not supported by findings for P. antarctica. In this study in open ocean water 

without the addition of dFe(II), a decrease in growth was found from 3°C to 5°C, but an increase 

of growth was observed again once the temperatures were elevated to 7°C. Similar trends in 

coastal water were found where P. antarctica without the addition of Fe also grew slightly less 

at 5°C compared to 3°C but had an increase in growth again at 7°C and grew evidently better 

once dFe(II) was added. The growth of F. cylindrus followed the hypothesis partially: Growth 

in open ocean water declined once the temperature was increased. However, an addition of 

dFe(II) led to the predicted increase in growth from 0.02 to 0.2 µ d-1. In coastal water, a strong 

decrease in growth of F. cylindrus was found with increasing temperature at 7°C. Here, the 

addition of dFe(II) led to a 3-fold increase in growth at 7°C.  

Phaeocystis antarctica is a bloom-forming and highly abundant primnesiophyte in the SO. Its 

thermal window ranges from -1°C to +8 °C with its optimum growth around 6°C to 7°C, which 

makes it quite an adaptive organism (Alderkamp et al., 2012, Kennedy et al., 2012, Boyd, 

2019). Many studies have been performed under controlled conditions using artificial seawater 

such as Aquil (e.g. Strzepek et al., 2019) combined with trace metal clean handling (Cutter et 

al., 2017). Despite the differences in media, the growth here compares with such studies (Luxem 

et al., 2017, Andrew et al., 2019, Strzepek et al., 2019). When Fe was added at 2°C and 3°C, 

respectively, a 2-fold increase of growth was observed for P. antarctica (Strzepek et al., 2019, 

Alderkamp et al., 2012). While this two-fold increase was not found in this study, an 

improvement when dFe(II) was added was also observed.  

Based on the findings and documented growth within its thermal window of - 1°C to + 8°C, it 

can be concluded that P. antarctica is able to overcome temperature changes at least in coastal 

waters due to sufficiently available Fe. However, in open ocean water, P. antarctica did not 

grow as well, regardless of the dFe(II) addition. Repeating the study at temperatures higher than 

7°C might be beneficial but may also exceed the expected temperature changes within the 

foreseen future. 
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Growth values for P. antarctica compared well to what was reported earlier. At 3°C, growth 

rates of 0.33 µd-1 in high Fe and 0.15 µd-1 in low Fe conditions were reported (Strzepek et al., 

2019), whereas our results of growth at 3°C are between 0.26 ± 0.01 (low Fe) and 0.32 ± 0.02 

µd-1 (dFe(II) addition). An explanation for varying growth may be that no vitamins or other 

trace metals were added to open ocean water in this study, in contrast to e.g. Trimborn et al. 

(2017b), in which they also used natural Antarctic seawater with a salinity of 33.2 but added a 

trace metal and vitamin cocktail.  

Fragilariopsis cylindrus is also a common diatom from the SO. Pančić et al. (2015) report 

growth rates at temperatures of 1°C (0.69 ± 0.00 µd-1  to 0.22 ± 0.00 µd-1), 5°C (0.72 ± 0.01 µd-

1  to 0.20 ± 0.01 µd-1) and 8°C (0.90 ± 0.00 µd-1 to 0.41± 0.00 µd-1) for several different strains 

of F. cylindrus in artificial seawater. The growth rates obtained in this study lie within these 

windows for both water types. Alderkamp et al. (2012) report growth rates of 0.05 µd-1 in Fe-

limited conditions (1 nM Fe)  and 0.16 µd-1 in Fe replete (1 µM Fe) culture at 2°C. These results 

do not compare to our findings for open or coastal water as the growth rates observed in this 

study were always higher (e.g., open ocean water 3°C: - Fe: 0.25 ± 0.02 µd-1, + Fe: 0.27 ± 0.02 

µd-1; coastal water 3°C: - Fe: 0.20 ± 0.03 µd-1, + Fe: 0.21 ± 0.09 µd- 1), independent of the Fe 

addition. This was especially noticeable in open ocean water, where we suggest that F. 

cylindrus was likely adapted to low Fe concentrations. Although Fe concentrations were low 

(dFe:0.150 nM, Table 3.1) they still had a boosting effect upon the 5 nM dFe(II) addition. 

Interestingly, F. cylindrus did not grow well (0.05 ± 0.06 µd-1) in coastal water at 7°C when no 

additional Fe was added. Since it can also grow at 7°C, further physiological investigations are 

required to explain its low growth in these conditions. One potential factor for decreased growth 

in open ocean could be toxicity of Cu or other metals there (Chu et al., 2019). In future oceans, 

the results presented here  could mean that F. cylindrus may be outcompeted by other species 

at increased temperatures, with unknown ecosystem impacts and unknown impacts on the C 

sequestration capacity of the SO.  

 

3.4.2 Iron binding organic ligands 

Both water types had high concentrations of Fe(III) ligands (Table 3.2), which bound most of 

the Fe(III) (> 99%). Therefore, it is questionable how much Fe(II) is bound. However, an 
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addition of 5 nM dFe(II) may have created an dFe(II) ‘saturated’ condition, meaning that there 

was more dFe(II) than unbound ligands in both water types. This boost of dFe(II) could have 

led to an increase in growth in both water types, despite an increase in temperature. 

Furthermore, a higher dFe(II) to ligand concentrations (‘saturation’) could have slowed the 

oxidation process of dFe(II), as suggested by Roy et al. (2008).  

The ratio of ligands to the overall Fe concentration may also have been an important factor in 

the availability of dFe(II) and therefore the resulting growth: The open ocean sample had a very 

high ligand to Fe ratio (128:1), whereas the ratio in coastal water was lower at 1.29:1, implying 

that less Fe was available in open ocean water (0.15 nM in open ocean vs. 12.18 nM in coastal 

water). This may be linked to differences in physical or biological parameters such as salinity 

and pH (e.g., Buck, 2007, Genovese et al., 2022), which define the side reaction coefficient 

logα’Fe’L. Our logα’Fe’L was 3.49 in open ocean water and 4.06 in coastal water. That could mean 

that, the open ocean water had low concentrations of Fe and high, but potentially unused or less 

reactive ligands compared to coastal water, where there was a balanced ratio and the reactivity 

was higher. These inert ligands in open ocean water might result from little ligand to Fe 

concentrations and could further lead to greater bioavailability of Fe for phytoplankton. In 

coastal water on the other hand, both the Fe concentrations and Fe-ligand concentrations were 

high and more reactive compared to open ocean water. The addition of 5 nM dFe(II) in both 

water types may therefore have led to facilitated growth. Additionally, the binding strength of 

ligands comes into play: open ocean water had a slightly lower binding strength (11.21 ± 0.05) 

compared to the coastal water (11.86 ± 0.08), which facilitated availability in open ocean water 

compared to coastal water. See Figure 3.4 for a visual summary. 

Many SO phytoplankton studies use cold water species with a temperature-based optimum for 

growth at temperatures between 0°C and 5°C. Phaeocystis antarctica and F. cylindrus were 

chosen based on their greater temperature range combined with the parameters Fe and 

temperature. Future studies are encouraged to look at entire communities, including Fe or other 

nutrient effects, to provide better insight into species composition changes from warming 

effects. Another suggestion for future studies is to measure dFe(II) throughout the experiment, 

which was impossible in this instance due to limited seawater volumes. 
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3.5 Conclusions 

The findings show that dFe(II) additions resulted in a direct biological response but may have 

had the underlying effect that all ligands were bound to Fe, leaving the added dFe(II) ‘ready to 

use’ and freely available for phytoplankton. Temperature led to a great difference in growth for 

Phaeocystis antarctica. This could not be related to the effects of an accelerated oxidation of 

dFe(II) from increased temperature. However, the addition of 5 nM dFe(II), may have led to 

increased growth. For Fragilariopsis cylindrus, no increased growth was observed at higher 

temperatures with implications for a shift in species composition due to being outcompeted, 

especially in coastal systems, where increased temperature had a negative effect on growth. For 

the SO, changes in the phytoplankton composition have unknown consequences with further 

unknown implications for carbon cycling and future scenarios. Using a greater range of 

temperatures in combination with dFe(II) measurements, a wider range of SO phytoplankton 

species, and multiple natural-seawater background analyses to define the composition better in 

future studies may offer new insights into nutrient and ligand complexing processes in 

combination with in-situ ocean observations of ecological processes. This would help to better 

Figure 3.4 Visual summary of Fe : Ligand ratio and their states in coastal and open ocean 

water.  
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understand and outline effects of iron on phytoplankton growth and their ability to sequester 

carbon. 
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Abstract 

Iron (Fe) is one of the most important elements involved in the photosynthetic processes of 

marine-based plants such as phytoplankton. However, it is scarce in the Southern Ocean (SO). 

Its dissolved (d) form (Fe(II)) is a rapidly oxidising iron-species, considered easily available to 

primary producers. A major current linked to the SO is the East Australian Current (EAC) which 

flows south along the eastern Australian mainland. It is thought to transport Fe-rich water from 

the north into Fe poor High Nutrient Low Chlorophyll waters in the SO with the potential to 

induce phytoplankton blooms.  

This study compares 12 stations from two transects for dFe(II) and hydrogen peroxide (H2O2) 

concentrations collected on a north-to-south transect along the EAC and an east-west transect 

in the northern subantarctic zone, south of Tasmania (~155°E and 40°S) in early spring. By 

using dFe(II) and H2O2, additional sources of Fe linked to several parameters that affect its 

oxidation were defined. Dissolved Fe(II) concentrations were highest (0.5 nM) at the surface 

of transit station (TS) 8. It was also high (> 0.3 nM) at the surface and depths below 1000 m in 

the most southern station (process station 1). At greater depths, dFe(II) concentrations were 

higher (> 0.2 nM) close to seamounts such as the South Tasman Rise or deep-sea sediments, 

while it was below 0.2 nM otherwise. Hydrogen peroxide was overall higher at greater depths 

of southern stations (~15 nM) compared to stations north of 40°S (< 15 nM) and was highest in 

the upper 200 m (~ 60 nM) in the mixing zone. The dFe(II): dFe ratios presented here are 10 % 

higher than what was reported for previous Southern Ocean studies further away from the 

Australian mainland. High concentrations of primary production in the surface waters down to 

the frontal mixing zone could be the reason for low dFe concentrations and high H2O2 

concentrations. Occasional local higher peaks of dFe(II) may have come from aerosols or other 

external sources such as rain or vertical transport from the seamount.  

 

Keywords: Fe(II), H2O2, Southern Ocean, East Australian Current, external Fe sources 
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4.1 Introduction 

The Southern Ocean (SO) is the largest High Nutrient Low Chlorophyll (HNLC) area of the 

oceans, where phytoplankton growth is limited due to low concentrations of iron (Fe) (Martin, 

1990). This region is also one of the largest areas where primary production drives the 

biological pump and carbon dioxide (CO2) is taken up by phytoplankton from the atmosphere 

resulting in carbon (C) export to greater depths (Sarmiento and Orr, 1991, Smetacek et al., 2012, 

Ducklow et al., 2001). However, changes in pH from ocean acidification (OA) and ocean 

warming are thought to have major impacts on calcifying SO species, which could impact this 

pump (McNeil and Matear, 2008, Trimborn et al., 2017, Hoppe et al., 2013). 

Many of the laboratory Fe incubation experiments previously conducted used the more 

thermodynamically stable, oxidized state of Fe, dFe(III) (e.g. Hutchins and Boyd, 2016, 

Strzepek et al., 2019, Andrew et al., 2019). This is Fe's most common and stable redox state 

form in the oxygenated ocean, which facilitates its analytical assay under aerobic conditions 

(Bowie et al., 1998). However, its reduced redox partner dissolved (d) Fe(II) is more soluble 

and energetically active due to its unbound state (Millero et al., 1987). Therefore, it is thought 

to be more easily accessible to phytoplankton (Shaked and Lis, 2012, Yeala et al., 2005). 

Concentrations of dFe(III) in the open-ocean are very low (typically 0.1-1.0 nM) (Lannuzel et 

al., 2011), with dFe(II) representing only a small fraction of that (pico to nanomolar; e.g. Bowie 

et al., 1998).  

Several sources and processes are known to influence dFe(II) concentrations in surface ocean 

waters, such as photoreduction of dFe(III), atmospheric input from wet and dry deposition, (e.g. 

sandstorms or rain; Kieber et al., 2001a, Perron et al., 2020, Gabric et al., 2016). Other input of 

Fe includes river runoff and benthic flux (de Jong et al., 2012, Chase et al., 2007) with 

decreasing concentrations away from continents and towards open ocean waters. These water 

masses often contain low dFe(II) (< 0.2 nM) concentrations due to distance from sources (Duce 

and Tindale, 1991, Bowie et al., 2009, Perron et al., 2020, Tagliabue et al., 2017). Deeper 

waters, on the other hand, are often characterized by lower (<0.1 nM) concentrations (Holmes 

et al., 2019, Schallenberg et al., 2016) increasing again near ocean sediments (Laufer et al., 

2016, Azzoni et al., 2005, Coleman et al., 1993).   

The availability of dFe(II) to phytoplankton is time-limited, as it oxidises within minutes in 

surface waters (Millero et al., 1987). This oxidative process underlies several biological and 
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physico-chemical parameters. Phytoplankton cells, for instance, reduce dFe(III) to dFe(II) for 

facilitated uptake (Yeala et al., 2005, Morel et al., 2008). Parameters such as pH, temperature, 

oxygen (O2), and hydrogen peroxide (H2O2) influence the oxidation rate of dFe(II). Decreasing 

seawater pH retards the oxidation of dFe(II) while increasing temperature speeds up oxidation 

rate (Millero et al., 1987).  

𝐹𝑒(𝐼𝐼) + 𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂2
   −          (1) 

𝐹𝑒(𝐼𝐼) + 𝑂2
   − → 2𝐻+  →  𝐹𝑒(𝐼𝐼𝐼) + 𝐻2𝑂2       (2)  

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻
∙ + 𝑂𝐻−       (3) 

𝐹𝑒(𝐼𝐼) + 𝑂𝐻∙ → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻−       (4) 

As per equations 1-4 (Haber and Weiss, 1932), O2 and H2O2 act as both oxidising and reducing 

agents, with the most important oxidant depending on H2O2 and dFe(II) concentrations (Millero 

and Sotolongo, 1989, Santana-Casiano et al., 2006). In seawater, H2O2 concentrations are 

mainly produced by biological activity and seawater exposure to sunlight, but external sources 

such as rainwater can also increase concentrations locally (Sharma and Millero, 1989, Kieber 

et al., 2001a). Because H2O2 is also produced through photooxidation of dissolved organic 

matter, it can act as an oxidant or reductant for the dFe(II) oxidation in regions with strong 

sources of dissolved organic matter (Moffett and Zika, 1987).  

The study location is set where the East Australian current (EAC) meets the most northern part 

of the Antarctic Circumpolar Current (ACC), called the Sub-Tropical Front (STF), south of 

Tasmania, Australia (Figure 4.1). The EAC is a westward flowing eddy-dominated current 

system (Oke et al., 2019). Driven by westerly winds, the ACC is the major current of the SO 

flowing eastward around the Antarctic continent, marking rapid changes in temperature and 

salinity along latitudinal boundaries (Rintoul et al., 2001). In contrast, the EAC delivers warm, 

saline water from the north, where it mixes with the colder water from the STF (Tracey et al., 

2006, Belkin and Gordon, 1996, Morrow et al., 2004, Phillips and Rintoul, 2002). The 

importance of the EAC lies within the removal of heat from the tropics in the north into the 

mid-latitude atmosphere (Roemmich et al., 2007). 

This study is part of a 28-day voyage (IN2018-V04; GEOTRACES Process Study GPpr13) 

onboard the RV Investigator from 11th of September to 8th October 2018, starting and ending in 
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Hobart, Australia. This voyage aimed to examine the external Fe sources and distribution in the 

southern extension of the EAC and the STF. Due to the character and potential importance of 

dFe(II) for phytoplankton, depth profiles from 12 stations for dFe(II) and H2O2 were sampled 

and analysed onboard. A comparison of the distribution of dFe(II) and H2O2 was made through 

the contrasting biogeochemistry of EAC waters with HNLC waters located south of Tasmania. 

The motivation was to better understand contemporary processes impacting Fe bioavailability 

in this oceanographically important region and how these two different regions (EAC and SO 

incl. HNLC) may change under future changing climate scenarios. Through observations from 

satellite data, potential dFe(II) impacts on phytoplankton growth at this time of the year (early 

spring) were targeted. 

The dFe(II) and H2O2 concentrations from rainwater at one station were also analysed together 

with dFe(II) concentrations from sediment porewater collected during the same voyage. Using 

this data, we gain insight into the external sources and impacts of dFe(II) on biogeochemistry 

in this region.  

 

4.2 Methods 

4.2.1 Oceanographic setting 

The STF runs from west to east along the southern coast of Australia into the south Tasman Sea 

(Figure 4.1). It is a dynamic frontal boundary separating cooler, fresher SO surface waters from 

the warmer, saltier waters of the EAC. The STF is further defined by sea surface temperatures 

(SST) ranging from 12°C to 16°C in summer, and 7°C to 12°C in winter and by its salinity  

(Belkin and Gordon, 1996, Rintoul et al., 1997). The STF merges with the EAC south of 

Tasmania, a highly dynamic system in the Southwestern Pacific. The EAC has a relatively weak 

southward flow between 18° and 35°S of 25 to 37 Sverdrup (Sv), which is greater in summer 

(Ridgway and Godfrey, 1997). The EAC is further associated with large mesoscale eddies 

meandering away from the east coast of Australia (Bowen et al., 2005, Mata et al., 2006). It has 

an SST of at least 18°C all year round in the north (around 35°S) from where warm and nutrient-

poor, but Fe-rich water is transported southwards (Ridgway and Hill, 2009).  
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4.2.2 Study area  

 

Figure 4.1 Inset: The locations of the East Australian Current (EAC, orange) and the Sub-

Tropical Front (STF, blue) with respect to the Australian continent. Main: the 12 sampling 

stations and 2 transects (E-W and N-S) sampled during IN2018-V04 on the R/V Investigator 

during September and October 2018. PS = Process station; TS = Transit station. The colour 

bar indicates depth. 
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From Hobart, the voyage headed north along the EAC via transit stations (TS) 5, 6, 7, 8 and 9 

(34.92°S, 152.27 E) before heading south via station TS 4, process station (PS) 3, TS 3, and TS 

2. Transit station 5 is close to the Bass Strait and therefore shallow, with a bottom depth of 

1674 m (Figure 4.1 for bathymetry). Although TS 6 and 9 are closer to the continental margin, 

their bottom depths are 4667 m and 4866 m, similar to the other stations from the N-S transect. 

These stations form the north-south transect (N-S, coloured in orange, Figure 4.1) run 1280 km 

along the eastern Australian coastline with depths down to 4500 m. The voyage then headed 

west (south of Tasmania) via stations PS 2, TS 1, and PS 1 located within currents associated 

with the ACC (Figure 4.1). This forms the east-west transect (E-W, blue, Figure 4.1), 

extending 900 km from PS 2 to PS 1 south of Tasmania into HNLC water. Process station 1 

and PS 2 have bottom depths of 4551 m and 4546 m, respectively. In contrast, TS 1 is shallow 

(2614 m bottom depth) compared to the other two stations (Supplementary Table 14) due to 

the South Tasman Rise indicated in Figure 4.1 and Figure 4.2, c.  

 

4.2.3 Sample collection and preparation 

Water column 

All trace metal sampling and analytical procedures followed internationally accepted trace 

metal clean protocols as recommended by the GEOTRACES program (Cutter et al., 2017). At 

each of the 12 stations sampled, a polyurethane powder-coated aluminium rosette (TMR, 

Seabird) fitted with 12 acid-cleaned externally sprung Teflon-coated Niskin bottles (12 L) was 

deployed attached to a Dyneema rope, collecting water sampled from 1250 m to surface. At TS 

5, 7, 3, 2, 1, and PS 3, an additional deep cast to 4500 m depth was taken. Once the Niskin 

bottles were retrieved, they were transferred into a trace metal clean container on deck for 

subsampling under ISO class-5 HEPA clean conditions following GEOTRACES guidelines 

(Cutter et al., 2017). Due to rapid oxidation, the surface samples for dFe(II) were collected first 

and analysed directly. All dFe(II) samples were filtered through acid-washed filters (Acropak, 

0.2 µm), while samples for H2O2 were analysed without filtration. Both samples for dFe(II) and 

H2O2 were subsampled into acid cleaned (10% hydrochloric acid (HCl)) 125 mL dark (low-

light transmittance), high-density polyethylene bottles (Nalgene) without any headspace. Prior, 

these bottles were thoroughly rinsed with ultra-high purity water (UHP, Mili-Q, Merck) and 
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conditioned with low Fe seawater rinses. Once the samples for dFe(II) and H2O2 were collected, 

they were double bagged on ice until analysis.  

 

Rainwater  

The overall rainwater volumes (mm) were recorded using two RM Young Rain Gauge sensors 

(type 50202) mounted to the foremast port and starboard of the ship. Rainwater was collected 

once during a rain event at TS 4 via a Teflon funnel, mounted at an elevated position at the 

ship's bow. Before sampling, the funnel was acid cleaned and covered twice in plastic. A 

subsample of the rainwater (pH 6.5, salinity 0-1) was filtered (0.2 µm acid-washed Millex filter) 

and analysed for dFe(II) within one hour after the rainfall.  

 

Sediment 

The sediment samples were collected via a KC Multicorer provided by the Marine National 

Facility (MNF) close to PS 3 at 3349 m depth (40.17° S; 153.30° E). Once the core was 

recovered, 2.5 mL subsamples of seawater for dFe(II) analysis were taken from several depths 

of this core and seawater respectively (see Table 4.1). These were 25 cm above the undisturbed 

seabed (watercollumn), 1 cm above the seabed, and approximately every 1 cm until 10 cm depth 

of the core (porewater samples). Each sample was centrifuged without a headspace and 0.2 µm 

filtered (Millex). Once the samples were centrifuged, they were kept in 2.5 mL centrifuge tubes 

without a headspace, in the dark on ice and were analysed 16 hours later. No calculations to 

project for the concentrations directly after sampling were considered here.  

 

4.2.4 Analysis 

Dissolved Fe(II) in the water column 

The analysis of dFe(II) was started 20-30 minutes after collection. Due to the analysis time of 

800 s (~13 min) for one run (including 3 technical replicates), it took us approximately 2.7 

hours (~160 minutes) to measure all samples starting from surface to bottom. A 

chemiluminescence based Flow Injection Analysis (CL-FIA) system was used with a 

preconcentration step using an 8-hydroxy quinoline column (Bowie et al., 2002, Bowie et al., 
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2005, Sedwick et al., 2015, Holmes et al., 2019). No dimethylglyoxime (DMG) to prevent 

Co(II) interference was used. A 0.02 M stock solution of Fe(II) ammonium sulphate 

hexahydrate was prepared in 0.1 M HCl, which was kept under dark and cold conditions for the 

duration of the voyage. Serial dilutions of 200 µM and 200 nM were prepared in UHP water for 

daily calibrations. All dFe(II) standard solutions were spiked with sodium sulphite (Na2SO3), 

acting as a reducing and stabilizing agent. To keep the calibration matrix similar to the sampled 

water, low dFe(II) deep-water was used, collected the day before, kept on ice in the dark without 

a headspace. The calibration seawater was buffered to a pH of 6.4 with ammonium acetate 

during the flow injection procedure. Aged seawater was run three times before and after the 

sample run to correct for instrumental drift over time. The aged seawater was collected in the 

SO between Tasmania and Antarctica in February 2018 during the GEOTRACES SR3 voyage. 

It was aged in the dark and kept in the cold for more than six months before use. The limit of 

detection (LOD) was defined as three times the standard deviation of the blank peak (n=3) 

(Bowie et al., 2004). During this voyage, the LOD was determined for each TMR cast and 

ranged from 0.02 to 0.18 nM with a mean of 0.06 nM (n = 18).  

 

Dissolved Fe(II) in rainwater 

To dilute the high concentrations of dFe(II) in rainwater and to obtain values for pH and salinity 

closer to sea surface values (necessary for the chemiluminescent Flow Injection Analysis (CL-

FIA) method, see below), the filtered rainwater was mixed with low dFe(II) seawater from the 

previous cast from TS 5 (0.08 nM  Fe, measured 24 hours prior). The calibration was also done 

in water collected from the cast of TS 5 to mix and dilute with the rainwater. A 1:1 mixture of 

sea to rainwater was used for the dilution, resulting in a pH of 7.48 and a salinity of 18, and a 

3:1 mixture, resulting in a pH of 7.73 and a salinity of 34. The initial pH and salinity of the low 

dFe(II) seawater were 7.83 ± 0.03 (n = 3) and 36, respectively. For the analysis of H2O2, a 50-

x dilution in aged low Fe and low H2O2 seawater was used. The measurement was performed 

as stated in the ‘Dissolved Fe(II) in the water column’ section above.  
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Dissolved Fe(II) in sediments 

Dilutions from 1:60 to 1:6 were done empirically with seawater samples (Supplementary 

Table 12). The seawater used for dilutions was previously collected from the deepest cast at 

the same station (0.24 nM of dFe(II) 24 hours prior to the sediment analysis) and kept at 

approximately 3°C prior to use, to resemble temperatures close to the ocean floor. Once the 

samples were diluted, they were analysed immediately (CL-FIA) as described above. No time 

correction was considered for further data processing to account for the time loss between the 

core sampling/centrifugation until actual analysis.  

 

Hydrogen peroxide  

Unfiltered samples for the measurement of H2O2 were analysed within 30 minutes post sample 

collection, starting with the surface samples and ending with the deepest. A flow injection 

system based on the approach by Yuan and Shiller (1999) was used. This method also uses the 

chemiluminescent reagent luminol, which catalyses H2O2 in the presence of cobalt (Co2+). 

Calibration standards were prepared weekly by serial dilution from a 30% stock solution 

(Seastar Baseline) and were determined by spectrophotometric measurements using a 10 cm 

Liquid Waveguide Capillary Flow Cell (LWCC, World Precision Instruments, Ɛ = 40.9 M cm-

1; Hwang and Dasgupta, 1985). Each sample was analysed 4-5 times with a 3-5% precision and 

a concentration ranging from 0.5 nM to 55 nM. The LOD here was 0.5 nM (n = 18), defined as 

three times the standard deviation of the blank peak.  

 

Dissolved Fe 

Samples for the analysis of dissolved Fe (dFe) were also collected from the TMR as described 

in 4.2.3 and methods and data were published in Barret et al., 2021. All bottles used for this 

trace metal sampling were cleaned for one week in 1% w/w nitric acid (HNO3) and filled with 

0.1% w/w HNO3 until use. After thorough rinsing with UHP, the seawater was filtered (0.2 µm, 

Acropak) into 250 mL low-density polyethylene bottles, acidified to pH < 1.8 using distilled 

HNO3 and stored until analysis at the Australian National University (ANU) facilities. The 

samples were preconcentrated, and the seawater matrix was removed offline using an 

automated preconcentration system (Ellwood et al., 2018). Afterwards, the samples were spiked 
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with isotopes (57Fe, 206Pb, 65Cu, 61Ni, 67Zn) and buffered to pH 5 with an ammonium acetate 

buffer. The samples were analysed via isotope dilution inductively coupled plasma mass 

spectrometry (ICP-MS, Thermo Scientific). See Barrett et al. (2021) for detailed methods. 

Hydrographic data and Chlorophyll-a 

At all 12 stations, the Conductivity-Temperature-Depth (CTD) rosette was also deployed to 

assess hydrochemistry parameters. Samples for salinity and O2 were analysed from water 

samples collected using the CTD Niskin bottles and through rosette mounted Sea-Bird 

Electronics sensors SBE3T, SBE4C, SBE9plus, and SBE43, respectively (see Holmes et al., 

2019 for more detail). Macronutrients (nitrate (NO3
-), silicate (SiO4

2-), and phosphate (PO4
3-)) 

were determined onboard using a SEAL AA3 HR AutoAnalyzer (Rees et al., 2019). Samples 

for chlorophyll-a (Chl-a), collected from CTD casts, were assessed with an acetone extraction 

method (Wright et al., 2005) using a Turner Designs model 10-AU fluorometer on board (see 

suppl. Table 2). Neutral density (γn) and the apparent oxygen utilisation (AOU, µM) were 

calculated using Ocean Data View (ODV; Schlitzer, 2015).  

 

4.3 Results 

4.3.1 Hydrography 

Along the two transects (N-S & E-W), the distribution of temperature, salinity, and oxygen 

displays a typical gradual change in the upper 500 m from north to south (Figure 4.2 & Figure 

4.3 Depth profiles of temperature (°C; green), salinity (orange) and O2 (µM; purple) for stations 

TS 9 to TS 2 (N-S transect) and stations PS 2 to PS 1 (E-W transect)). The temperature-salinity 

sections and profiles show a warm and saline layer in the northern stations (N-S transect) and 

a colder, less saline surface layer in the southern subantarctic waters (E-W transect, Figure 4.2 

and Figure 4.3). Temperature (Figure 4.2, a) was highest in the north at stations 7, 8, and 9, 

with values between 18°C and 19.3°C in the upper 200 m. In the southern stations between 

46°S and 47°S, the SST was found to be between 9.4°C (PS 1, 40 m depth) and 9.1°C (TS 1, 

15 m deep). A higher SST of 12°C characterized PS 2 (45.4°S) within the first 100 m, which 

may be due to the mixing of the EAC and STF currents. The southern stations (E-W; PS 1, PS 

2, TS 1) had a temperature of 9°C from surface to 500 m depth and decreased to 4°C below 
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1500 m. Salinity (Figure 4.2, b) was highest in the surface (0-200 m) water masses in the 

northern stations (TS 4 to TS 9), with values from 35.44 to 35.76. In the stations south of 40°S 

(PS 3 to PS 1), salinity was between 34.64 and 35.42 in the upper 200 m. A water mass with 

homogenously low salinities of ~ 34.2 to 34.5 between 700 and 1000 m depth was found. This 

stretched laterally throughout the sampling transect. This water mass was defined as the 

minimum-salinity Pacific Antarctic Intermediate Water just above the actual Antarctic 

intermediate water (AAIW), which originates in the thick surface layer of the Subantarctic 

Mode Water (SAMW) in the southeast Pacific (Talley, 2011). Below 2000 m, salinity was more 

homogeneous (34.44 to 34.60) without a north-south gradient. Oxygen concentrations in the 

surface also followed a north-south gradient with increasing concentrations towards the pole 

(Figure 4.2, c and Figure 4.3). These concentrations ranged between ~230 µM in the upper 

200 m in the north to ~280 µM in the southern stations. Oxygen concentrations decreased from 

the surface layer to ~ 1500 m and increased from 175 µM at 1500 m depth to 200 µM at depths 

below 4000 m. Between 1000 and 2000 m depth, a water mass band stretching from north to 

south matching the descriptions for Upper Circumpolar Deep Water (UCDW; Figure 4.2, c) 

with Lower Circumpolar Deep Water (LCDW) beneath it (Rintoul et al., 2001, Orsi et al., 1999) 

was found. Considering the profiles of all stations (Figure 4.3), they all show lower O2 

concentrations at depths between 1000 and 2000 m with a salinity minimum above it. As 

described earlier (Oke et al., 2019) and based on findings by Barrett et al., 2021, an anticyclonic 

eddy at 31-34°S (TS 7 and 8) was defined and linked to low concentrations of dFe and  the 

anomalously deep mixed layer (> 200 m vs. 125 m in other locations, also see macronutrient 

sections in Fig. 4.2). 
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Figure 4.2 Temperature (a), salinity (b) and oxygen (c) along transects N-S and E-W from 0 

to 5000 m. The colour bar indicates concentrations, black dots indicate sampling depths for 

each station, including neutral density contours (γn; kg m-2, white lines). Antarctic Intermediate 

Water (AAIW, b) and Subantarctic Mode water (SAMW, c) was defined in the surface and 

followed by upper (U) and lower (L) Circumpolar Deep Water (CDW) below. Below section 

(c) the northern Subantarctic Front (SAF) is displayed followed by the northern Subantarctic 

Zone (SAZ-N) and the Subtropical Front (STF). This figure also outlines the Subtropical Zone 

(STZ) and the Tasman Front (TF), followed by the East Australian Current (EAC). The red 

rectangle displayed in a) indicates the position of a cyclonic eddy observed during this voyage. 

SAZ - N STZ 

STF SAF TF 

EAC 

c) 

a) 

b) 
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Figure 4.3 Depth profiles of temperature (°C; green), salinity (orange) and O2 (µM; purple) 

for stations TS 9 to TS 2 (N-S transect) and stations PS 2 to PS 1 (E-W transect). 
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4.3.2 Macronutrients  

 

 

  

Figure 4.4 Macronutrient concentrations in the water column along the transects E-W and N-

S: a) NO3
-, (b) PO4

3- and c) SiO4
2- including neutral density contours (γn; kg m-2, white lines). 

 

b) 

a) 

c) 
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Sampled NO3
- values (Figure 4.4 a and Figure 4.5 for all stations) ranged between 0 and 35 µM 

in the upper 1000 m, with the highest values between 1000 m and 2000 m. Phosphate (Figure 

4.4, b) had concentrations of 0.5 µM in surface waters, with concentrations increasing to 2.5 

µM below 1000 m in the LDCW layer. Silicate values (Figure 4.4, c) were lower in the first 

1000 m and increased to 125 µM at depths below 3000 m. All three nutrients were significantly 

correlated (Pearson correlation r ≥ 0.84, n = 185) for all stations (see Figure 4.5). 

 

Figure 4.5 Depth profiles of macronutrients NO3
- (µM, green), PO4

3- (µM, orange) and 

SiO4
2- (µM,  purple) for all stations. Stations TS 9 to TS 2 are summarised as the N-S transect 

and stations PS 2 to PS 1 as the E-W transect. 
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4.3.3 Chlorophyll-a 

Figure 4.6 Chl-a concentrations (µg) along both transects in the upper 200 m of the water 

column. White lines denote neutral density contours (γn; kg m-2). 

 

Chlorophyll-a (Figure 4.6) was found to be highest in the upper 100 m close to the Bass Straight 

and the Australian main continent. The highest values from the first 70 m of stations TS 4, TS 

5 and TS 6 were 2.6 ± 0.32, 3.2 ± 4.1 and 1 ± 0.81 µg respectively. The average at the other 

stations in the upper 70 m were 0.5 ± 0.01 (TS 9), 1.07 ± 0.2 (TS 8), 0.54 ± 0.08 (TS 7), 1.26 ± 

0.43 (PS 3), 1.18 ± 0.02 (TS 3), 0.36 ± 0.02 (TS 2), 0.368 ± 0.02 (PS 2), 0.05 ± 0.01 (TS 1) and 

0.054 ± 0.01 (PS 1; also see Supplementary Table 13).  

 

4.3.4 Dissolved Fe(II) distribution 

Overall, the dFe(II) concentrations (Supplementary Table 13) varied greatly, with the highest 

concentrations in the upper 500 m east of the most northern Stations (TS 7 and 8) with peaks 

between 0.4 nM and 0.5 nM (Figure 4.7, a). The highest overall concentration was found at 

500 m depth at TS 4 with a value of 0.53 nM. Concentrations from the southern stations (PS 1, 

TS 1, PS 2) were generally lower, with concentrations peaking at 0.30 nM at the surface. At 

depths below 500 m, concentrations were below 0.2 nM except for PS 1, PS 3, TS 4, TS 7 and 

TS 9, where the highest concentrations ranged from 0.2 to 0.34 nM.  
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a) 

Figure 4.7 Dissolved Fe(II) concentrations (nM) along the transect into depths in the upper 500 

m (a) and below 4000 m (b) with neutral density contours (γn; kg m-2, white lines). The colour 

bar indicates concentrations of dFe(II), black dots display stations labelled at the top. The full 

data set can be found in Supplementary Table 13. The red rectangle displayed in a) indicates 

the position of a cyclonic eddy observed during this voyage. 
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4.3.5 Dissolved iron distributions 

  

Figure 4.8 DFe (nM) following N-S and E-W transects of (a) concentration from surface to 

500 m depth, and (b) concentration from surface to below 4000 m with neutral density cont s 

(γn; kg m-2, white lines). DFe values presented were used from Barrett et al., (2021). 

dFe (nM) 

dFe (nM) 

a) 

b) 
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DFe (nM), as described for this voyage by Barrett et al., (2021), was lowest in surface waters 

at all stations, with concentrations below 0.5 nM (Figure 4.8 and Figure 4.9). In comparison, 

concentrations increased to 1.5 nM closer to the South Tasman Rise at PS 2 and increased closer 

to the landmass at TS 6 and TS 7. When comparing profiles of dFe(II) and dFe (Figure 4.9), 

most stations show surface maxima of dFe(II) with decreasing concentrations at greater depths, 

except for PS 1, where high dFe(II) concentrations are likely due to proximity to the South 

Tasman Rise. DFe, on the other hand, often had low concentrations in the surface 200 m with 

increasing values below the photic zone, which explains why the ratio of dFe(II) to dFe is often 

higher in the upper 200 m. 
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Figure 4.9 Concentrations of dFe(II) (nM, green) and dFe (nM, orange) and the ratio of dFe(II) 

to dFe (blue) for all 12 stations. Stations TS 9 to TS 2 (N-S transect) is followed by stations PS 

2 to PS 1 (E-W transect). The dFe data was used from Barrett et al., (2021).  

dFe (nM) dFe(II):dFe (%) 
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4.3.6 Dissolved H2O2 distribution 

Surface concentrations decreased gradually from south to north, where the concentration ranged 

between 11.4 nM and 27.9 nM for TS 5, TS 6, TS 7, TS 8, and TS 9. Dissolved H2O2 

concentrations were highest at the southern stations PS 1, TS1, PS 2, TS 3, and PS 3 with a 

peak concentration at TS 2 (55.72 nM at 15 m, (Figure 4.10, a)). At depths below 500 m (Figure 

4.10, b), concentrations ranged from 0 to 20 nM. The concentration below 500 m was more 

homogenous at the northern stations, ranging from 0 nM to 10 nM. Higher concentrations in 

the first 100 m at TS 2 (46 ± 2.9 nM) were observed. Figure 4.10 visualises combined 

concentrations of dFe(II) and H2O2 with O2 concentrations. Concentrations of H2O2 and dFe(II) 

(Figure 4.11) were not correlated for all sampling stations (r = 0.021, p = 0.78, n = 179, see 

Supplementary Table 14) while H2O2 and O2 had a moderate and significant correlation (r = 

0.660, p < 0.01, n = 110).  

Figure 4.10 Dissolved H2O2 concentrations (nM) along the transect in the upper 500 m (a) and 

below 4000 m (b) with neutral density contours (γn; kg m-2, white lines). Colour bar indicates 

concentrations of H2O2 (nM), black dots display stations, labelled at the top. The full data set 

can be found in the appendix. 

b) 

a) 
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Figure 4.11 Deep profiles from surface to below 4000 m. Samples taken for dFe(II) (green), 

H2O2 (orange) and O2 (blue) in the N-S transect (TS 9 to TS 2) following the E-W transect 

(PS 2 to PS 1). The full data set is displayed in the appendix (Supplementary Table 13).  
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4.3.7 Rainwater and sediment pore water 

 

The concentration of dFe(II) for the sampled rainwater was 30.2 ± 0.3 nM (n = 3) when using 

a 1:1 dilution (see method section) and 37.4 ± 0.5 nM (n = 3) for the 1:3 dilution. A value of 

3.2 nM (n = 1) for H2O2 in the analysed rainwater was measured. The dFe(II) concentrations in 

sediment 16 hours post collection were highest at 1 cm depth with 823 nM, followed by a 

concentration of 645 nM at 25 cm above the sediment floor. Below the sediment surface, the 

concentrations followed an irregular pattern (see Table 4.1) ranging from 822.8 ± 13.7 nM at 

1 cm depth to 354.3 ± 5.6 nM at 10 cm depth.   

 

 

 

 

Table 4.1 Left: Concentrations of dFe(II) 16 hours after collection from 25 cm above the 

seafloor, followed by concentrations below the surface from approximately -1 cm to - 10 cm. 

Each concentration was analysed 3 times (n = 3). Right: Figure of the measured concentrations 

of dFe(II) nM. 
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4.4 Discussion  

4.4.1 Dissolved Fe(II), H2O2 and dFe concentrations in the Southern 

Ocean 

The concentrations of H2O2 in the upper 500 m of the northern stations of the EAC voyage 

ranged from 20 to 30 nM and were up to 60 nM in the south. Conversely, the highest values of 

dFe(II) were in the surface layers of the northern stations (TS 4 and TS 8, up to 0. 4 to 0.5 nM) 

and lower in the southern stations (> 0.2 nM). Although there is little data describing dFe(II) 

concentrations in the Tasman Sea, the data compares well to other findings from the SO. The 

observed dFe(II) values are higher (0.01 nM - 0.10 nM; Schallenberg et al., 2016, Sarthou et 

al., 2011) or comparable (0.1 nM - 0.5 nM; Holmes et al., 2020) to other data found close to 

continents or islands in the SO. The relatively high dFe(II) values in the upper 200 m of PS 1 

(0.18 ± 0.0) and TS 3 (0.17 ± 0.1) may reflect dry or wet deposition from the continents, 

photochemical reduction paired with impacts from organic matter and phytoplankton activity 

especially at PS 1 and TS 3 (see sections below and Obernosterer et al, 2001, Perron et al., 

2020). At TS 7 and 8, we suggest a high dFe(II) concentration due to the anticyclonic eddy 

there (Figure 4.7, b) (Oke et al., 2019 and Barrett et al., 2021), delivering nutrient rich water 

from the core of the EAC (Oke and Middleton, 2000). These high nutrients were further 

associated with high Chl-a concentrations due transport of nutrients from the EAC into western 

Tasmanian water (Tilburg et al; Everett et al., 2012). The dFe(II) values of TS 1 and PS 3 

between 500 and 1000 m depth lie within the AAIW. They may be higher (> 0.2 nM) due to 

remineralisation at those depths, especially when considering the AOU rate, which is highest at 

1000 m depth (Figure 4.12) (Sedwick et al., 2015). 
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Similar to Holmes et al. (2020), the two variables dFe(II) and H2O2 are not correlated (r = 0.021, 

p = 0.78, n = 179; Pearson correlation Supplementary Table 15) in this study. However, both 

display significant positively correlated trends for temperature and salinity combined with a 

negative correlation for depth (see Figure 4.13). This also indicates facilitated oxidation of 

dFe(II) when the concentrations of H2O2 are high due to potential interactive processes (Croot 

et al., 2019, Millero and Sotolongo, 1989). Furthermore, when comparing dFe and H2O2 

(Figure 4.13), they show similar patterns in the upper 1500 m with significant correlations for 

all stations (r = -0.574; p < 0.001, n = 178; Pearson correlation Supplementary Table 15). This 

correlation of H2O2 and dFe combined with dFe(II) and H2O2 not being correlated may be due 

Figure 4.12 Apparent oxygen utilisation in the upper 500 m (a) and 5000 m (b). White lines 

in a) denote Chl-a contours. White lines in b) denote neutral density contours (γn; kg m-2) 

a) 

 

b) 
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to a combination biological and chemical interactions. While H2O2 is known to be a reactive 

oxygen species (ROS), it also has the ability to reduce and oxidise dFe(II) (Hansel and Diaz, 

2021). Therefore, it seems that in southern surface water, where H2O2 is high and dFe is low, 

dFe(II) was higher in PS 1 (~0.2 nM) due to reducing processes and/or interferences of H2O2.  

 

Several studies describe values for dFe ranging from 0.2 to 0.6 nM for areas in the open SO 

(Bowie et al., 2009, Lannuzel et al., 2011, Sarthou et al., 2011). This does not compare well to 

the findings from this study which range from ~0.2 nM to ~1.6 nM (Supplementary Table 13) 

(Barrett et al., 2021), likely due to the proximity to continental margins in this study region. 

However, a study by Santana-González et al. (2018) presents dFe(II) transect data from the 

North Atlantic between Greenland and the United Kingdom, which also shows data close or 

above 1 nM closer to the continental margins.  

Regarding the ratios of dFe(II): dFe, the dFe(II) concentrations were between 1 and 40% of the 

dFe concentrations for most stations. Exceptionally high ratios close to 50% were found in the 

upper 300 m at TS 1, TS 3 and TS 8 (see Figure 4.9 and Supplementary Table 13). These 

ratios can vary due to different concentrations linked to depth related parameters such as 

biological and photo reductive processes, which happen in the surface. Similar ratios were 

displayed in Sedwick et al. (2020) for the North Atlantic (5-50%), while Holmes et al. (2020) 

only report ratios of up to 35 % for an area around Heard and McDonald Islands. These ratios 

Figure 4.13 DFe (nM) with H2O2 contours (white lines) for the upper 1500 m.  

dFe (nM) 
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are relatively low compared to some of the ratios found in this study (e.g. TS 3, 48%) but we 

could not see a clear pattern regarding our ratios related to depth, sources or proximity to 

landmass.  

 

4.4.2 Impact of physico-chemical parameters for the H2O2 and dFe(II) 

concentration 

Dissolved Fe(II) is often highest (> 0.2 nM) in surface waters despite its rapid oxidation due to 

several impacting parameters such as photo-reductive processes and impacts from ROS such as 

H2O2. The first influencing parameters highlighted here are based on depth/pressure, 

temperature and salinity, followed by the impact of macronutrients, other trace metals, Chl-a, 

PAR and O2.  

 

Depth, pressure, salinity and temperature 

Although pressure/depth influences the activity coefficients in seawater compounds (Millero, 

1979), it has not been shown experimentally how depth/pressure impacts the concentrations of 

H2O2 or dFe(II) in situ at depths below the surface. Overall, one would expect lower dFe(II) 

concentrations at high temperatures due to rapid oxidation (Millero et al., 1987, González-

Davila et al., 2005). However, in the northern surface samples (~20°C), the highest dFe(II) 

concentrations (0.5 nM at TS 4, 0.4 nM at TS 8) from this dataset were observed. Apart from 

that, the trend of less dFe(II) in warmer water and more dFe(II) in cold water holds true. 

Although depth and temperature are highly correlated in this study (r = -0.829, p < 0.001, n = 

155; Supplementary Table 15), one can suggest that the high concentrations of dFe(II) at 

station TS 1 in the surface layer are likely results of external sources such as aerosol-based 

mineral dust (verbal communication with M. Perron) and other inputs from the continent. Also, 

the area of TS 7 was subject to an anticyclonic eddy, as described by Barrett et al. (2021). These 

upwelling water masses transported from the north through the EAC often contain high macro 

nutrient and Fe concentrations which may explain high dFe and dFe(II) concentrations.  

At greater depths below 1000 m, however, temperatures below 5°C and high dFe(II) 

concentrations (> 0.2 nM) at TS 4, 5 and 6 and PS 1 (Figure 4.7) were observed. While the 
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major explanation for these concentrations is likely proximity to landmasses and seamounts, a 

retarded oxidation from slower kinetics at 5°C (Millero et al., 1987) combined with low O2 

concentrations could also be considered to have led to extended half-lives of dFe(II) there. For 

PS 1, high dFe values also could have led to higher values of dFe(II) from 2000 m to 3500 m 

depth in combination with lowered oxidation rates due to colder water with lower O2 

concentrations such as the UCDW. 

While it is known that shifts in salinity alter the ionic strength and the linked oxidation of dFe(II) 

(Millero, 1989), the differences from north to south presented here are likely too small to reveal 

an impact due to changed salinity. Therefore, impacts due to shifts in salinity can be excluded 

when comparing surface water from the north (N-S transect) to the south (E-W transect) where 

salinity was higher in the north (surface salinity of TS 7, TS 8, and TS 9: 35.75 ± 0.01) and 

lower in the southern stations (surface salinity of PS 1, TS 1, and PS 2: 34.79 ± 0.33). This 

range in salinity only led to a small change in ionic strength, I (north: I = 0.739, south I = 0.718), 

revealing that salinity had an insignificant impact on the dFe(II) oxidation rate (Millero, 1985, 

Millero and Izaguirre, 1989).  

On the contrary, higher O2 concentrations in the upper 1000 m of the southern stations (transect 

E-W: 262.4 ± 22.7 µM) compared to northern stations (N-S: 223.3 ± 25.01 µM) could have led 

to accelerated oxidation of dFe(II) (Millero et al., 1987). Additionally, decreasing temperatures 

(N-S: 12.78°C ± 4.36 vs. E-W: 9.33 ± 1.5) in the south could have retarded the oxidation of 

dFe(II) (Millero et al., 1987), which might explain the higher concentrations observed at the 

surface of PS 1.  

 

Macronutrient impacts 

It has been shown that high concentrations of Si can extend the half-life of dFe(II) (Gonzalez 

et al., 2010). Silicate concentrations were low in surface waters (1.78 ± 0.71 µM) and overall, 

no correlations were found for dFe(II) with SiO4
2- (r = -0.17, p = 0.02, n = 184) or any other 

macronutrients (see Supplementary Table 15) throughout the voyage. Therefore, SiO4
2- can 

be excluded as a major contributor to dFe(II) oxidation and thus half-lives in surface layers.  
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Other Sources: Distance to landmass & photosynthetic activity 

Considering that the longest distance between a station and the mainland or seamount 

respectively (PS 3 and TS 1) is 500 km, one would expect that the continental input of dFe(II) 

is the most important source for the observations in the upper 250 m. However, no significant 

correlations between dFe(II) or dFe to distance from landmass/seamount were observed (see 

Supplementary Table 15). Conversely, for H2O2 there was a moderate but significant 

correlation with distance to landmass/seamount (r = 0.463, p < 0.001, n = 64, also 

Supplementary Table 15).  

When comparing photosynthetic active radiation (PAR) with H2O2, dFe(II) and dFe, a weak 

but significant correlation for H2O2 (r = 0.265, p < 0.001 n = 179), a weak negative but 

significant correlation with dFe (-0.155, p = 0.039, n = 179),  and no correlation for dFe(II) was 

found (see Supplementary Table 15). These low r values, however, speak for a high variance 

in this data set, related to other factors. Furthermore, the southern transect (E-W) had high H2O2 

concentrations in the upper 250 m correlated with a high PAR, less dFe and similar 

concentrations of dFe(II) with low Chl-a concentrations, in comparison to the northern transect 

(N-S) (Table 4.2). Higher H2O2 concentrations with lower dFe concentrations were found in 

the south, with overall similar values for dFe(II), with high Chl-a vs. lower PAR values. This 

indicates an area in the south (E-W transect) with high primary production, and consequently 

low dFe values. The high concentrations of H2O2 may also be linked to high concentrations of 

organic matter, which could be directly related to the production of H2O2 through the 

photochemical reduction and oxidation of organic matter in this area (Heller et al., 2016, Wuttig 

et al., 2013, Price et al., 1992). High Chl-a concentrations at TS 4 and TS 5 and high 

phytoplankton biomass might bias the section average, but the overall Chl-a concentration is 

still found to be higher in this section (0.77 µM N-S vs. 0.11 µM E-W). While PAR values fall 

in range with previous findings for the southern transect (Cheah et al., 2013), the relevance of 

biology and proximity to landmass cannot be linked to the overall dFe(II) concentrations.   
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Table 4.2 Summary of N-S and E-W data for the main parameters H2O2, dFe, dFe(II) and the 

biological parameters PAR and Chl-a for from 0 to 250 m depth. 

Transect H2O2 (nM) dFe (nM) dFe(II) (nM) Chl-a (µM) PAR (µE) 

N-S 20.28 ± 14.14 0.44 ± 0.22 0.16 ± 0.2 0.93 ± 1.33 15.49 ± 65.12 

E-W 28.45 ± 8.23 0.35 ± 0.14 0.17 ± 0.06 0.11 ± 0.13 31.27 ± 47.57  

 

Phytoplankton consumes dFe(II), leading to low dFe(II) concentrations, but is also known to 

recycle dFe(II), maintaining low surface dFe(II) concentrations (Gonzalez et al., 2014, 

Samperio-Ramos et al., 2018). Dissolved Fe(II) sampling was undertaken in spring 

(September/October) when nutrients are well mixed, but primary production is still 

low/starting. Hence, dFe concentrations were expected to be relatively high in surface waters 

(0.35 ± 0.14 nM, upper 250 m, see Table 2) and non-limiting (Ryan-Keogh et al., 2018) in the 

E-W transect, which contradicts our findings. For the northern transect (N-S), it seems that 

sources and processes other than biology played a key role in the dFe(II) distribution.  

Comparing apparent oxygen utilisation (AOU, see Figure 4.12, a) in the first 500 m with Chl-

a gives a correlation of r = -0.470, p = 0.21, n = 21 (Suppl. Table 15), which more accurately 

describes the overall biological processes: the upper 500 m are low in AOU, due to high primary 

productivity compared to water masses below 500 m, where the AOU increases. Because of a 

low r and a p value not close to being significant, we suspect that other processes must be 

involved as well. The high Chl-a concentrations at TS 4, 5 and 6 can also be linked to 

exceptionally low values of AOU. These concentrations at TS 4, 5 and 6, however, are very 

likely induced from high dFe(II) linked to ligands, which is transported into this area via the 

Bass Strait (Figure 4.14) and has a slower oxidation time due to low O2 concentrations, likely 

due to high organic matter and high O2 consumption there. 

The high dFe(II) observed in surface waters at PS 1, might be explained by fewer biological 

processes and colder temperatures. Further, this may also explain the high dFe(II) values at TS 

7, 8 and 9 in the upper layer. These high dFe(II) concentrations are very likely due to input from 

the Australian mainland with stabilising organic matter or ligands and are not fully utilised as 

there is little to no primary production at these stations (Figure 4.14). The correlation of AOU 

to dFe(II) is negative and significant (r = -0.228, p = 0.014, n = 116, Supplementary Table 
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15). This trend contrasts with the observed dFe here (r = 0.693, p < 0.001, n = 110, Suppl. 

Table 15), but matches findings for the Indian ocean (Nishioka et al., 2013) and the North 

Atlantic (Fitzsimmons et al., 2013) 

 

 

Other external sources 

While seasonality can be invoked to explain high surface dFe(II) concentrations due to less 

uptake, dust originating from the Australian mainland and deposited over the Tasman Sea also 

occurs in the austral spring and summer (Gabric et al., 2016, Ekström et al., 2004) leading to 

elevated concentrations. In addition, the current movement from September 12th to September 

22nd displayed eddies for the surface water at TS 7, 8 and 9, (Figure 4.15), where high dFe(II) 

concentrations were found. These eddies could upwell waters from greater depths (Oke et al., 

2019), which can contain high dFe and also dFe(II) concentrations (Uchida et al., 2019, Laglera 

et al., 2020).  

Figure 4.14 Chl-a concentrations averaged over the time of the voyage. (NOAA, VIIRS; 

Wang et al., 2017). 
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4.4.3 Dissolved Fe(II) from rain and sediment pore water sources 

The measured rainwater dFe(II) concentrations of 37 nM were within the values described by 

previous studies conducted closer to the coast or directly on land (25 - 45 nM; Zhuang et al., 

1995, Willey et al., 2000, Kieber et al., 2001b). Kieber et al. (2001b) suggested that 

approximately one-quarter of the total rainwater Fe-flux is found as dFe, half of which is 

available in the form of dFe(II). As shown in Figure 4.16, several rain events were registered 

during the time of the voyage. Major events with volumes higher than 10000 mm were observed 

at TS 7, TS 4, TS 3 and PS 2. For TS 4, where we collected the rainwater and analysed it for 

dFe(II), no extraordinarily high volumes of rain were recorded. For TS 7, the observed high 

dFe(II) concentrations are too deep (200 m) to link it to a rain event at that site. 

 

  

Figure 4.15 Current movement and speed from the surface (0-5m) from 12th of September 

(left) to 22nd of September (right) 2018.   

Source: http://oceancurrent.imos.org.au/news/20181023/OM_af00_AuFiji_tp3l1p2.mp4  

http://oceancurrent.imos.org.au/news/20181023/OM_af00_AuFiji_tp3l1p2.mp4


Chapter 4 
137 

  

 

Sediments are a major source of dFe(II) in coastal and deep waters (König et al., 1999, Croot 

et al., 2019). Coastal sediments often host bacteria that oxidise dFe(II) to dFe (Coleman et al., 

1993, Rozan et al., 2002, Croot et al., 2019). Deep water sediments are often described as 

having a brown-green colour change (Lyle, 1983), which is linked to a reduction of dFe(III) 

into dFe(II). This oxidation horizon was described to be below 20 cm in the study by König et 

al. (1999). Since dFe(II) samples were only collected from the first 10 cm in this study, it is 

likely that this brown-green boundary was not crossed but that biological perturbation and 

geochemical impacts were observed. The decline of dFe(II) in the first 10 cm into the sediment 

might therefore be linked to Fe-reducing sulphate bacteria within these layers (Coleman et al., 

1993, Azzoni et al., 2005). But a redox change from dFe(II) to Fe(III), resulting in lower 

concentrations of dFe(II), is more likely to have happened here during the time of sampling and 

analysis, when the sediment was exposed to atmospheric O2 and temperatures. High values of 

dFe(II) in the sediments at PS 3 (3426 m depth) compare well with data from a study at 4000 

m depth off the Peruvian coast (König et al., 1999). The dFe(II) concentrations were observed 

in the same range over the complete sediment profile (0-1 µM). This data also compares to the 

shape of the profile described by König et al. (1999).  Regarding the impact of sediment for the 

samples, high concentrations in the upper few cm of the sediment (~800 nM) are observed with 

Figure 4.16 Rainwater data (mm) during the time of the voyage. The plot was generated using 

the averaged data (port and starboard) for the iso surface mode from ODV (Schlitzer, 2015).  
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higher values within the first 25 cm of the water column above the sediment (~600 nM) 

explaining the higher dFe(II) observed at depths as seen in PS 1 and TS 4. Low concentrations 

of dFe(II) were found in the deep-water column water of TS 6, where one would expect 

sediments and the seamount to impact the dFe(II) concentrations. The sample at this station 

might have been taken too far away from the seamount to observe impacts from the sediments 

or seamounts.  

4.4.4 Ocean acidification and temperature impacts on dFe(II) 

Due to anthropogenic impacts, warmer and more acidic conditions are predicted for future 

oceans. While this can have both positive effects and negative impacts for different organisms 

(e.g. Shi et al., 2010, Campbell et al., 2014, Britton et al., 2016, Hurd et al., 2018), it is still 

debated how OA and ocean warming will influence the overall nutritional composition of the 

ocean. For dFe(II), it is well established that dFe(II) oxidation kinetics are accelerated under 

warmer conditions (Millero et al., 1987). Therefore, an increase in the surface temperature by 

2°C, as suggested for the end of the century (Change, 2018), would lead to faster dFe(II) 

oxidation rates. However, an increase in temperature also brings a decrease in the O2 

concentration (Keeling et al., 2010), which retards dFe(II) oxidation (Millero et al., 1987, 

González-Dávila et al., 2006). Additionally, a lowering in pH caused by OA, would retard the 

oxidative process from dFe(II) to dFe(III) (Millero et al., 2009).  

However, as described in Chapter 2, a decrease in pH by 0.2 units has a stronger impact on 

dFe(II) concentrations than the projected temperature changes of 2°C. This holds true for 

coastal and open ocean water despite its compositional differences. Since the 0.2 units in pH 

change will have the strongest effect in coastal areas, the dFe(II) concentrations there might be 

higher due to slower oxidation rate but also due to more efficient leaching processes from 

riverine inputs, sediments and other continental sources.  

At depths below 1000 m, a decrease in O2 is likely to keep the dFe(II) concentrations more 

stable, which can already be seen at changes in concentrations of 10 µM (King et al., 1995). 

However, a timespan of 300-500 years are required for the upper 1000 m of the ocean to acidify 

by 0.2 (Caldeira & Wickett, 2003). Warmer water is also expected to slow the current 

movement and circulation processes, leading to stronger stratification and less mixing between 

the water masses (Dong et al., 2019). Overall, this might result in less mixing from mid and 
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deeper layers to the surface, leaving the airborne sources such as dust as the primary sources of 

Fe in surface waters of the open SO. 

An elevated temperature and a lowered pH will likely cause a higher overall solubility of Fe in 

the water column (Millero, 1998) from sources such as sediments or continental margins. That 

is why the overall concentration of Fe might be higher in future coastal oceans compared to the 

concentrations today. Naturally, not only Fe becomes more soluble but also copper and other 

metals that are toxic to phytoplankton and other species above a certain level, which could lead 

to negative impacts on growth. Furthermore, phytoplankton can only withstand changes in pH 

and temperature until a a certain threshold is reached. Therefore, it cannot be said if the 

adaptation time for phytoplankton is sufficiently long to physiologically adjust to those new 

conditions from warming or lowered pH to actually benefit from a Fe-rich ocean.  

By using equations 1 and 2 (Millero et al., 1987, Millero and Izaguirre, 1989), a simplified 

model (see Table 4.3) was applied to compare current oxidation rates and concentrations of 

dFe(II) with future conditions comparing warmer water (TS 7) to colder water (PS 1). 

Therefore, the oxidation rate k’ and half-life time (t½) was calculated, using ionic strength I, 

temperature and pH. While salinity was kept constant, pH and temperature values measured 

during the voyage were used to represent current conditions.  

𝑘′(𝑚𝑖𝑛−1) = 𝐼 − 0.0004𝑇 + 0.0003𝑇2 + 0.0389𝑝𝐻 − 0.0287𝑆    (1)   

While the overall t½ of TS 7 is half the time calculated compared to PS 1 in the south (~5 vs. 

~10 minutes; Table 4.3) the increase of 2°C in temperature lead to a 15.2 % faster oxidation 

rate in warmer conditions such as TS 7 (~20°C) and a 16.75 % faster oxidation in cold water 

such as for PS 1 (~10°C). On the other hand, a decrease in pH by 0.2 units leads to an extended 

t½ by 0.006% (warm water, TS 7) and a 0.013 % (cold water, PS 1). When combining an 

increase of 2°C and a decrease of 0.2 in pH, a 14.77% faster oxidation was observed in warmer 

water from TS 7 and a 15.82% faster oxidation in colder water (PS 1). This simple model does 

not incorporate changes in O2 or organic matter due to OA or OW. The results show that an 

increase in temperature by 2°C led to a faster oxidation rate of dFe(II), while a decrease in pH 

by 0.2 units might extend oxidation times which is insignificant compared to a temperature 

increase of 2°C. These modelled data contradict the experimental findings due to their use of 

𝑡1/2 =  
𝑙𝑛2

𝑘′
    (2) 

 

Figure 4.15 Rainwater 

data (mm) during the time 

of the voyage. The plot 

was generated using the 

averaged data (port and 

starboard) for the iso 

surface mode from ODV 

(Schlitzer, 

2015).𝑡1/2 =  
𝑙𝑛2

𝑘′
   

 (2) 

 

Figure 4.16 Schematic 

summary of the key 

findings of the for the 

V04_2018 voyage. 
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inorganic seawater, shown in chapter two. This is why it would be important to observe further 

continuous dFe(II) oxidation experiments rather than modelling them. 
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Table 4.3 Comparison of TS 7 and PS 1 for modelled dFe(II) changes, based on pH, temperature, and salinity. 

Station Condition depth 

(m) 

pH Temp 

(°C) 

Salinity Ionic 

strength 

k' t½  

(min) 

changes in 

time (%) 

change compared to 'todays' 

values (%) 

TS 7 V04_2018 (today) 15.00 8.09 19.31 35.750 0.7387 0.1315 5.16 100 0 
 

2°C warmer 

 

8.09 21.31 35.750 0.7387 0.1551 4.27 84.8 15.20 
 

0.2 units more acidic 

 

8.07 19.31 35.750 0.7387 0.1307 5.18 100.60 -00.60 
 

+2°C warmer & 0.2 units more acidic 

 

8.07 21.31 35.750 0.7387 0.1543 4.29 85.23 14.77 
           

PS 1 V04_2018 (today) 15.00 8.09 9.50 34.650 0.7151 0.0587 11.49 100 0 
 

2°C warmer 

 

8.09 11.50 34.650 0.7151 0.0705 9.50 83.25 16.75 
 

0.2 units more acidic 

 

8.07 9.50 34.650 0.7151 0.0579 11.58 101.34 -01.34 

 2°C warmer & 0.2 units more acidic  8.07 11.50 34.650 0.7151 0.0697 9.57 84.18 15.82 
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4.5 Conclusions 

 

In the presented study, the dFe(II) concentrations are generally higher when the temperatures 

are lower and that the dFe(II): dFe ratios are 10 % higher than reported by previous Southern 

Ocean studies. However, dFe(II) concentrations in the upwelling eddy at TS 7 in the north of 

the study region were quite high. At the surface, dFe(II) concentrations are higher where 

airborne sources were stronger, while at the deeper sampling stations, proximity to landmasses 

and seamount are more dominant. Although temperature is a strong impacting factor on dFe(II) 

kinetics, it is not the only key driver for sources in this region, but it is a combination of external 

sources and biochemical processes.   

Hydrogen peroxide is negatively correlated to dFe(II), especially in the surface layers. This 

could result from high primary production (high AOU, high Chl-a) in the N-S transect 

compared to the frontal mixing zone at the start of the E-W transect. This is also strengthened 

by a high negative correlation of H2O2 with dFe (r = -0.574, p < 0.001, n = 178; Supplementary 

Table 15), which is further linked to higher activity by primary producers and other kinetically 

linked processes in the surface area of the northern stations, whereas the concentrations of 

dFe(II) are low (see Figure 4.17). In future oceans, airborne and land-based sources might 

become more important due to increased solubility and elevated kinetic activity due to higher 

temperatures and a lowered pH. Dissolved Fe(II) in surface waters is likely higher due to those 

Figure 4.17 Schematic summary of the key findings of the for the V04_2018 voyage. 
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increased source pools but might be less available to phytoplankton due to faster oxidation 

rates.  
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Chapter 5:  General Discussion and Conclusion 

 

5.1 Summary and aims of this work 

Climate change parameters ocean acidification (OA) and ocean warming are becoming more 

of a concern day by day. Numerous published studies display results of these two parameters 

impacting flora and fauna in marine systems. However, only little is known about how OA and 

warming might impact nutrient composition in future oceans. Nutrients are key for 

phytoplankton growth in seawater and especially iron (Fe) is considered an important element 

for photosynthesising organisms. In the past, a focus has been on the stable Fe species Fe(III). 

Less studies have examined the rapidly oxidising species Fe(II).  

In this thesis, I have therefore investigated the presence, availability, and oxidation of dissolved 

(d) Fe(II) in the Southern Ocean (SO). It is thought to be the more bioavailable form of Fe, 

meaning dFe(II) is more easily available to phytoplankton in this oxidative, unbound state. The 

interplay of oxidation and reduction between dFe(II) and dFe(III) are highly governed by 

changes in pH and temperature coming from ocean acidification and warming. The location of 

this study, the SO, is a large region rich in macronutrients but low in the micronutrient Fe. The 

SO plays an important role in carbon (C) export. Hence, studying the impact of OA and 

warming on the dFe(II) oxidation with respect to bioavailability in an Fe-limited area like the 

SO, was the aim for this study.  

Dissolved Fe(II) is a transient species due to its reduced character and, therefore, very 

challenging to work with. For one, the oxidation is influenced by the oxygen (O2) and hydrogen 

peroxide (H2O2) concentrations in the water column. Secondly, pH and temperature alter the 

oxidation time. Third, other parameters such as depth (pressure), salinity, excess nutrients, 

ultraviolet (UV) light, ligands and other biological parameters can impact this redox reaction 

from dFe(II) to dFe(III). However, Fe is generally scarce in the open SO, and the concentrations 

of dFe(II) lie in the pico-molar range. For that reason, and due to the many potential influencing 

factors to consider, the impact of ocean acidification and warming on dFe(II) may be 

underestimated.  
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In my first data chapter (see Chapter 2 and Figure 5.1 for summarising outcomes), I used a 

purely chemical approach, investigating the changes of the oxidation behaviour due to altered 

pH, temperature, and light conditions in coastal and open ocean water. These two distinctive 

water types were chosen to record differences in dFe(II) oxidation, which are potentially linked 

to the water composition of each.  

I found that the dFe(II) oxidation is overall much slower in coastal water from the coast (here 

the Tasmanian coast) compared to open ocean water from the SO (Figure 5.2 a). Also, UV 

light had a greater impact on the oxidation in coastal water compared to open ocean water. I 

found that it is most likely that a higher concentration in ligands, organic material and biology 

led to a faster oxidation in coastal areas.  

When observing the first climate change linked parameter temperature, I found that an increase 

by 1°C only impacted the oxidation rate minimally in coastal waters and also had little impact 

in open ocean water (see Figure 5.2 b). Based on my findings, the dFe(II) half-lives are halved 

in coastal and open ocean water starting at temperature increases of 5°C and more, which 

exceeds the worst-case scenario of the IPCC (Change, 2018) for future ocean temperatures. 

Additionally, it should be considered that  1°C warmer water could also lead to enhanced 

Figure 5.1 Summary of key findings for the dFe(II) oxidation from chapter 2 comparing 

coastal and open ocean seawater.  
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leaching of Fe from the sediments (de Jong et al., 2013), which would likely impact coastal 

areas more than the open ocean.  

When looking at the decrease in pH, my results had a greater impact on the oxidation rate then 

a change of 2°C (see Figure 5.2 c). The acidification experiments led to a doubling of the half-

life in open ocean water and a three-fold increase in coastal water. This could mean that even 

though the water may be more acidic in both environments, it provides a Fe-enriched milieu 

due to extended times of ‘freely’ available dFe(II) (Yeala et al., 2005, Shaked and Lis, 2012). 

Besides the already proven resilience or growth-stimulating effects of OA for cold water 

phytoplankton species (Hoppe et al., 2013, Trimborn et al., 2017, Hoppe et al., 2017), easily 

available Fe might be an additional benefit for phytoplankton.  

Figure 5.2  Dissolved Fe(II) oxidations comparing coastal and open ocean water (a), impacts 

of a temperature increase by 5°C (b) and comparing pH decreases by 0.2 units (c). (a) and 

(b) are based on the measured findings of Table 2.2 from Chapter 2 and (c) is based on 

modelled values presented in Table 2.4. 
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My outcomes from Chapter 2 show how important the combination of several factors for 

predicting dFe(II) oxidation in the ocean are. Up until now, there are no studies displaying how 

much an increase in 1°C combined with a change in pH of 0.2 and, for example, UV light 

influences dFe(II) oxidation. Therefore, I included UV into my thesis to observe its impacts on 

dFe(II) oxidation, knowing that UV impacts/destroys ligands and organic matter. My findings 

indicated that excessive UV light had a large impact on coastal water (high concentrations in 

organic matter), leading to rapid oxidation. The oxidation time was more than halved when 

exposed to UV and extended waiting times (min 30 days) before the observations would have 

increased the strength of this dataset. On the other hand, in open ocean water it had almost no 

impact on the oxidation rate. This could be due to less reactive oxygen species in open ocean 

water compared to coastal water impacting the dFe(II) oxidation. While the UV exposure of 

our samples was likely highly above any expected future UV radiation, UV could become an 

increasingly important parameter affecting oxidation in future oceans due to the reasons below. 

Ocean warming in open ocean water is thought to induce stratification and shoaling of the upper 

water layers (Toggweiler and Russell, 2008), hindering the redistribution of nutrients from 

deeper water masses to surface waters (Dong et al., 2019). Fewer nutrients in surface waters 

could further lead to less primary production and, therefore, less turbidity in the surface layer, 

enabling more UV light to penetrate deeper into the ocean. For Fe, a higher UV exposure would 

lead to an acceleration of the Fe-cycle, especially in the open ocean (Rijkenberg et al., 2005). 

In the coastal areas, impacts from UV radiation is already quite intense as it is combined with 

high diel fluctuations in temperature and other parameters such as organic matter. When this is 

further combined with H2O2 concentrations (reducing or oxidising dFe(II)) (Millero and 

Sotolongo, 1989), it adds a high degree of complexity, making it difficult to project for future 

coastal dFe(II) circumstances.  

Another factor to consider when looking at the dFe(II) oxidation is the concentration of oxygen 

(O2). Higher O2 concentrations lead to faster oxidation, lower concentrations to retarded 

oxidation (Millero et al., 1987)). It is predicted that oceanic O2 concentrations will decrease due 

to increased stratification (Keeling et al., 2010). While the changes in the O2 concentrations are 

thought to be small (4%) (Pörtner et al., 2019), this could still have an impact on dFe(II) 

concentrations and their half-lives (extended) in open ocean water. Predictions for the impact 
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on dFe(II) and overall O2 concentrations in coastal water are equally complex as predicting 

impacts by UV light exposure. Therefore, developing a model and including additional 

parameters such as organic matter and ligands might facilitate our interpretations.   

In my third chapter, I addressed temperature combined with dFe(II) fertilising effects on 

phytoplankton using incubation experiments. I chose two common and frequently used SO 

species, Fragilariopsis cylindrus – a diatom, and Phaeocystis antarctica – a haptophyte.  Both 

are bloom-forming and found in coastal and open ocean environments of the SO (Kropuenske 

et al., 2009), presenting differing characteristics towards growth and Fe demand. Fragilariopsis 

cylindrus is a member of the diatom family, which helps to regulate the silicate (SiO4
2-) cycle 

in the SO, while P. antarctica has a significantly higher capacity for carbon dioxide (CO2) 

drawdown (Alderkamp et al., 2012). I chose to run an experiment using three different 

temperatures (3°C, 5°C, and 7°C) based on the thermal optimum for these two species.  Also, 

an increase from 3°C or 5°C to 5°C or 7° respectively, is well within the predicted increase for 

our future oceans (Change, 2018). 

My results displayed an overall decrease in growth for the temperature-sensitive diatom 

F. cylindrus in both environments. The growth of F. cylindrus was inferior in coastal water 

compared to open ocean water. When 5 nM of dFe(II) was added though, the growth was 

significantly improved for coastal and open ocean water. While a better growth in open ocean 

water could be a result from increased SiO4
2- (22 µM, no data for coastal water), it is also likely 

that higher toxicity from other trace elements such as copper (Cu) retarded growth (Pascal et 

al., 2010, Lombardi and Maldonado, 2011, Chu et al., 2019). In the case of P. antarctica, a 

decreased growth was also observed when no dFe(II) was added but overall, their growth 

interestingly improved with increasing temperatures.  

This difference between the two species highlights how their success in growth depends on the 

water characteristics, nutrient availability, and tolerance to temperature. While temperature 

might be a physiologically limiting parameter for the diatom, it seems beneficial for the 

haptophyte in this study (Arrigo et al., 2010, Alderkamp et al., 2012). This difference in the 

thermal window (see section 3.2.4) and their likely differing adaptation capacity to temperature 

might be the downfall for many species such as F. cylindrus (Thomas et al., 2012, Boyd, 2019). 
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However, elevated growth for both species was observed when dFe(II) was added, even at 

relatively high temperatures of 7°C. Considering that there might be higher dFe(II) 

concentrations in the future, this might be beneficial for both species. On the other hand, many 

other species might not be able to cope with high temperatures, despite sufficient Fe available.  

The half-life time (t½) defines the time for half of the initial concentration to oxidise. To put 

the t½ into perspective, I applied a model to project for oxidative trends under a warmer 

scenario. In coastal water, there were generally higher concentrations of nutrients and trace 

elements such as Fe to begin with (Figure 5.3). An increase in temperature from 3°C to 7°C 

would have reduced the t½ at pH 8.1 (current) from 13 minutes to 6.5 minutes (modelled data, 

see Supplementary Table 11). This model, however, does not account for other parameters 

such as depth/pressure or organic material. Therefore, I suggest that the actual time that dFe(II) 

was present could have been much longer and was subject to ligand binding complexes, as seen 

in our experiments in Chapter 2 (Figure 2.5). In this case, not only the elevated initial Fe 

concentration but also the addition of 5 nM dFe(II) were beneficial for our two model species. 

In open ocean water, which we defined as high in nutrients and low in Fe to begin with, an 

increase by 5°C would theoretically decrease the t½ by 30% at pH 8 (from 40 to 29 minutes; 

Figure 5.3 Summary of findings for chapter 3.  
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modelled data, see Supplementary Table 11). That could mean that the overall time that 

dFe(II) was available to phytoplankton was sufficient to boost their growth despite probably 

lacking other nutrients.  

In my final chapter, I looked at the concentrations of dFe(II) and H2O2 from a voyage along the 

east coast of the Australian continent into water from the SO. I aimed to assess sources and 

concentrations of dFe(II) and H2O2 in these areas and put it into context with future ocean 

scenarios. My findings revealed low concentrations of dFe(II) (< 0.2 nM) in most areas below 

1000 m depth. Some exceptions were observed closer to seamounts or sediments. In the surface 

layer, however, multiple parameters influenced the dFe(II) concentrations and oxidation 

leading to concentrations above 0.2 nM. Sources explaining these higher concentrations up to 

0.5 nM in the northern regions were likely due to biological parameters, input from continental 

margins and eddy based deep mixed layers. In the south, I only found higher concentrations 

close to process station (PS) 1, which was likely due to proximity to the South Tasman Rise.  

Considering that most models for the dFe(II) oxidation do not account for other parameters 

such as changes in O2 and organic matter, it is very likely that the oxidation and overall 

availability is stronger impacted by temperature changes in colder areas of the SO than by pH. 

Modelled results from this study display (Table 4.3) that temperature plays the dominant role 

for the dFe(II) oxidation with a t½ of 5.2 min in the north (19°C, Transit Station (TS) 7) and an 

even faster t½ when the temperature is increased to 21°C (4.3 min). In a southern station (PS 

1), where the temperature was 9.5°C, I modelled a t½ of 11.5 minutes. When combining a 2°C 

increase in temperature with a decrease in 0.2 units in pH, the oxidation at the northern station 

at TS 7 displayed changes of 14.7 % relative to the values today. In PS 1, I found combined 

changes of 15.8 %. Overall, it remains to improve models in order to interpret better for the 

dFe(II) oxidation and availability.  

 

5.2 Future recommendations 

The demand for green chemistry to answer climate change related questions is on the rise. 

Therefore, this is a promising field of work. This thesis is rooted in several major research fields 
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like ocean acidification, ocean warming, Fe and dFe(II) oxidation and impacts on 

phytoplankton. It is difficult to combine and interpret each aspect by itself, not to speak of them 

combined. I observed several issues linked to methodological differences of the dFe(II) 

assessments between research groups from different institutes and countries, but also found 

room for improvement when combining OA, warming and dFe(II) oxidations. Furthermore, 

there is hardly any real data when considering dFe(II) uptake by phytoplankton and a huge need 

for multi-stressor studies in the experimental but also the modelling field, which I would like 

to address here. 

In the case of Fe, the task to experimentally observe oxidative processes, is often far greater 

than observing it in its stable form. For dFe(II) measurements, this is true for field observations 

but also for experiments carried out in laboratories. There are several methods developed to 

analyse for dFe(II) (Stookey, 1970, King et al., 1995, Bowie et al., 2002, Landing and Hansard 

2009) and each method has its strength, differing (amongst others) in their execution, range of 

measurements and environmental application. This is likely cause and effect for why there is 

no generalised method for the dFe(II) analysis. As an example, methods are adjusted for 

different environments e.g., when measuring dFe(II) in sediments vs. open ocean, whereby one 

needs to be aware of the higher concentration in marine sediments compared to very low 

concentrations in the open ocean, which might either be undetectable or max out the 

measurement. While defining standard protocols for improved comparability between studies 

will remain difficult, it would however be useful to introduce a procedure for a standardised 

preparation of dFe(II) standards to generalise the starting point/concentration for each method. 

Currently, methods differ hugely in preparation and the time that the stock solution is 

considered valid, which could be standardised. Secondly, when only looking at oceanographic 

work, a standardised method to account for the time lost due to sampling in greater depth until 

the sample is analysed would also be helpful. Currently it is not clear how depth/pressure 

impacts the dFe(II) concentration and how to resolve that issue. Having a standardised method 

(either ignoring it or agreeing on applying a calculation) would resolve that issue.  

Regarding primary producers, we know that phytoplankton can directly utilise dFe(II). An 

attempt to assess short-term extracellular dFe(II) production was made (Strzepek et al., 2011).  

As far as I know, this is one of only few studies that made and attempt to actually look into the 

concentration of dFe(II) during uptake. While I am aware that dFe(II) is not the only element, 
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but part of large elemental orchestra, having a method for an in-line long term observations of 

uptake or production of dFe(II) by phytoplankton would be recommended. Through this, one 

could combine the actual uptake, production, and oxidation of dFe(II). This could also be 

transferred onto other oxidising trace elements such as Cu and might also facilitate ligand 

studies in the Fe-Cu field.  

A more general recommendation is concerning multi-stressor studies in our future oceans. 

Many studies focus on one or maybe two parameters linked to either chemical or biological 

processes. Ocean acidification and temperature-based studies often have a major interest for 

biologists in coastal areas with calcifying organisms such as corals or mammals (e.g., whales), 

due to a rather simple economic justification of the study (e.g., world heritage, recreational 

habitat etc.). In the case of nutrients like dFe(II), environmental scientists often face the 

challenge to link their concern to one of the hot topics mentioned above, in order to sell their 

story. Nutrients and their concentrations however are crucial for life and should therefore pose 

a high priority. The little output of publications combining trace-metals, future parameters, and 

organisms, highlights the difficulty of combining these fields, but it is clear that a combination 

of ideas and knowledge could be put to use through combining parameters, creating multi-

stressors over extended times in maybe differing ecosystems (open vs. coastal water).  

Another way to combine knowledge and collected data is to use models. Several parameters 

such as O2, H2O2, temperature and salinity are already incorporated into most dFe(II) oxidation 

functions (Millero et al., 1987, Millero and Sotolongo, 1989). More thought, however, needs to 

be given into how to incorporate pressure/depth, UV light, organic material, ligands and uptake 

to create more realistic models. Therefore, collecting more background data would help to 

improve models and link them better to the role of OA and temperature for dFe(II) oxidation 

and project for future scenarios. I observed a major difference in my experimental observations 

compared to the modelling that I did not base on my experimental data but on published 

equations. This was especially true for the coastal water, where I could not integrate high 

CDOM, high UV or ligands in the models. I personally consider this as an important gap to 

close, as coasts are areas with a great importance due to high biodiversity in fauna and flora 

with major implications for human interactions. Considering a tool that contains more of the 

mentioned parameters might really help to project for future outcomes and therein hopefully 

protect coastal but also other ecosystems.  
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5.3 Conclusion 

 

Both, the chemical and the biotic aspects of this work have left me with a series of challenging 

and unfortunately unsolved questions. For example, I intended to answer how much dFe(II) is 

taken up by phytoplankton and how it varies between species and what exact role ligands play 

hereby. While I was time limited, my work will help to better understand current and future 

oxidation processes of dFe(II) and are a part of the puzzle in working towards exploring the 

uptake of dFe(II) by the two SO species P. antarctica and F. cylindrus. This work further adds 

to a deeper understanding of the dFe(II) presence and cycling in the SO and closer to the 

Australian continent, which can also be incorporated into modelling work. 
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Appendix A 

 

 

Supplementary data for Chapter 2 

 

Supplementary Table 1 Tukey’s HSD post hoc test comparing the light treatments in coastal 

water for the 1st t½. 

Supplementary Table 2 Tukey’s HSD post hoc test comparing the light treatments in open 

ocean water for the 1st t½. 
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Supplementary Table 4 Tukey’s HSD post hoc test comparing filtered light 

treatments in open ocean water for the 1st t½. 

Supplementary Table 3 ANOVA for the 1st t½ in open ocean water comparing filtered vs. 

unfiltered conditions. 
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Supplementary Table 6 Tukey’s HSD post hoc test comparing filtered light treatments in 

coastal ocean water for the 2nd t½. 

 

 

Supplementary Table 5 Tukey’s HSD post hoc test comparing unfiltered light treatments in 

open ocean water for the 1st t½. 
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Supplementary Table 7 Tukey’s HSD post hoc test comparing filtered coastal water for all 

light treatments in the 1st and 2nd t½. 

Supplementary Table 8 Tukey’s HSD post hoc test comparing open ocean pH in the 1st t½ 

during the CO2 experiment.  
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Supplementary Table 9 Tukey’s HSD post hoc test comparing coastal ocean pH in the 1st t½ 

during the CO2 experiment. 
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Supplementary Table 10 Calculated t½ for coastal and open ocean water at pH 8.1 and 7.9 for 

temperature range from 0°C to 20°C.  
 

Open ocean water  Coastal water 

 pH 8.1 pH 8 pH 7.9  pH 8.1 pH 8 pH 7.9 

Temp (C°) t½   

(min-1) 

t½   

(min-1) 

t½   

(min-1) 

 
t½   

(min-1) 

t½   

(min-1) 

t½   

(min-1) 

        

0 39.24 59.16 87.46 
 

22.21 28.93 41.64 

0.2 38.46 57.94 85.65 
 

21.45 28.58 41.31 

0.4 37.70 56.75 83.86 
 

20.71 28.24 40.98 

0.6 36.95 55.58 82.10 
 

20.00 27.91 40.65 

0.8 36.22 54.44 80.36 
 

19.32 27.57 40.33 

1 35.50 53.32 78.64 
 

18.66 27.24 40.01 

1.2 34.80 52.22 76.95 
 

18.02 26.92 39.69 

1.4 34.11 51.14 75.28 
 

17.41 26.60 39.37 

1.6 33.44 50.09 73.64 
 

16.81 26.28 39.06 

1.8 32.78 49.06 72.02 
 

16.23 25.97 38.75 

2 32.13 48.05 70.42 
 

15.68 25.66 38.44 

2.2 31.49 47.06 68.85 
 

15.14 25.35 38.13 

2.4 30.87 46.09 67.30 
 

14.63 25.05 37.83 

2.6 30.26 45.14 65.78 
 

14.13 24.75 37.53 

2.8 29.66 44.21 64.28 
 

13.64 24.45 37.23 

3 29.07 43.30 62.81 
 

13.18 24.16 36.93 

3.2 28.49 42.41 61.36 
 

12.72 23.87 36.64 

3.4 27.93 41.54 59.93 
 

12.29 23.59 36.34 

3.6 27.38 40.68 58.53 
 

11.87 23.31 36.05 

3.8 26.83 39.85 57.15 
 

11.46 23.03 35.77 

4 26.30 39.03 55.79 
 

11.07 22.76 35.48 

4.2 25.78 38.22 54.46 
 

10.69 22.48 35.20 

4.4 25.27 37.44 53.16 
 

10.33 22.22 34.92 

4.6 24.77 36.67 51.87 
 

9.97 21.95 34.64 

4.8 24.28 35.91 50.61 
 

9.63 21.69 34.36 

5 23.80 35.17 49.38 
 

9.30 21.43 34.09 

5.2 23.33 34.45 48.17 
 

8.99 21.17 33.82 

5.4 22.87 33.74 46.98 
 

8.68 20.92 33.55 

5.6 22.41 33.04 45.82 
 

8.38 20.67 33.28 

5.8 21.97 32.36 44.68 
 

8.09 20.43 33.02 

6 21.53 31.70 43.57 
 

7.82 20.18 32.75 

6.2 21.11 31.04 42.48 
 

7.55 19.94 32.49 

6.4 20.69 30.41 41.41 
 

7.29 19.70 32.23 

6.6 20.28 29.78 40.37 
 

7.04 19.47 31.98 

6.8 19.88 29.17 39.35 
 

6.80 19.24 31.72 

7 19.49 28.57 38.36 
 

6.57 19.01 31.47 

7.2 19.10 27.98 37.39 
 

6.34 18.78 31.22 

7.4 18.72 27.40 36.44 
 

6.13 18.56 30.97 

7.6 18.35 26.84 35.52 
 

5.92 18.33 30.72 

7.8 17.99 26.29 34.62 
 

5.72 18.12 30.48 

8 17.63 25.74 33.75 
 

5.52 17.90 30.24 

8.2 17.28 25.21 32.90 
 

5.33 17.69 30.00 

8.4 16.94 24.70 32.08 
 

5.15 17.48 29.76 

8.6 16.60 24.19 31.28 
 

4.97 17.27 29.52 

8.8 16.28 23.69 30.50 
 

4.80 17.06 29.28 

9 15.95 23.20 29.74 
 

4.64 16.86 29.05 

9.2 15.64 22.72 29.02 
 

4.48 16.66 28.82 

9.4 15.33 22.26 28.31 
 

4.33 16.46 28.59 

9.6 15.02 21.80 27.63 
 

4.18 16.26 28.36 

9.8 14.73 21.35 26.97 
 

4.04 16.07 28.14 

10 14.44 20.91 26.34 
 

3.90 15.88 27.91 

10.2 14.15 20.48 25.73 
 

3.76 15.69 27.69 
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Open ocean water  Coastal water 

 pH 8.1 pH 8 pH 7.9  pH 8.1 pH 8 pH 7.9 

Temp (C°) t½   

(min-1) 

t½   

(min-1) 

t½   

(min-1) 

 
t½   

(min-1) 

t½   

(min-1) 

t½   

(min-1) 

10.4 13.87 20.06 25.15 
 

3.64 15.50 27.47 

10.6 13.59 19.65 24.59 
 

3.51 15.31 27.25 

10.8 13.33 19.24 24.05 
 

3.39 15.13 27.03 

11 13.06 18.84 23.54 
 

3.28 14.95 26.82 

11.2 12.80 18.46 23.05 
 

3.16 14.77 26.60 

11.4 12.55 18.08 22.58 
 

3.05 14.60 26.39 

11.6 12.30 17.70 22.14 
 

2.95 14.42 26.18 

11.8 12.06 17.34 21.73 
 

2.85 14.25 25.97 

12 11.82 16.98 21.34 
 

2.75 14.08 25.77 

12.2 11.58 16.63 20.97 
 

2.66 13.91 25.56 

12.4 11.36 16.29 20.62 
 

2.57 13.75 25.36 

12.6 11.13 15.96 20.30 
 

2.48 13.58 25.15 

12.8 10.91 15.63 20.01 
 

2.39 13.42 24.95 

13 10.69 15.31 19.74 
 

2.31 13.26 24.76 

13.2 10.48 14.99 19.49 
 

2.23 13.10 24.56 

13.4 10.27 14.68 19.26 
 

2.16 12.95 24.36 

13.6 10.07 14.38 19.06 
 

2.08 12.79 24.17 

13.8 9.87 14.08 18.89 
 

2.01 12.64 23.98 

14 9.68 13.79 18.74 
 

1.94 12.49 23.78 

14.2 9.48 13.51 18.61 
 

1.88 12.34 23.60 

14.4 9.30 13.23 18.51 
 

1.81 12.19 23.41 

14.6 9.11 12.96 18.43 
 

1.75 12.05 23.22 

14.8 8.93 12.69 18.37 
 

1.69 11.90 23.04 

15 8.76 12.43 18.34 
 

1.63 11.76 22.85 
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Appendix B 

 

Supplementary data for Chapter 3 

Supplementary Table 11 Summary of the p-values from the statistical analysis. Significant 

values are shown in bold. 
What is compared/assumption Test type P-value 
Highest growth rates when no Fe was added for P. antarctica in coastal water Post Hoc  3°C to 5°C: 0.679 

3°C to 7°C: 0.006 

5°C to 7°C: 0.003 

Highest growth rates when no Fe was added for P. antarctica in open ocean water Post Hoc 3°C to 5°C: 0.048 

3°C to 7°C: 0.164 

5°C to 7°C: 0.005 

Highest growth rates when no Fe was added for F. cylindrus in coastal water Post Hoc 3°C to 5°C: 0.99 

3°C to 7°C: 0.010 

5°C to 7°C: 0.010 

Highest growth rates when no Fe was added for F. cylindrus in open ocean water Post Hoc 3°C to 5°C: 0.379 
3°C to 7°C: 0.269 

5°C to 7°C: 0.955 

Highest growth rates of P. antarctica when Fe was added to coastal water  Post Hoc 3°C to 5°C: 0.99 

3°C to 7°C: 0.04 

5°C to 7°C: 0.04 

Highest growth rates of P. antarctica when Fe was added to open ocean water Post Hoc 3°C to 5°C: 0.775 

3°C to 7°C: 0.005 

5°C to 7°C: 0.011 

Highest growth rates of F. cylindrus when Fe was added to coastal water Post Hoc 3°C to 5°C: 0.665 
3°C to 7°C: 0.442 

5°C to 7°C: 0.910 

Highest growth rates of F. cylindrus when Fe was added to open ocean water Post Hoc 3°C to 5°C: 0.654 

3°C to 7°C: 0.057 

5°C to 7°C: 0.019 

Growth difference when Fe was added for P. antarctica in coastal water  ANOVA 3°C: 0.010 
5°C: 0.021 

7°C: 0.045 

Growth difference when Fe was added for P. antarctica in open ocean water ANOVA 3°C: 0.008 
5°C: 0.001 

7°C: 0.006 

Growth difference when Fe was added for F. cylindrus in coastal water ANOVA 3°C: 0.762 
5°C: 0.079 

7°C: 0.012 

Growth difference when Fe was added for F. cylindrus in open ocean water ANOVA 3°C: 0.729 

5°C: 0.065 
7°C: 0.027 

Interactions between Fe addition and temperature in coastal water for P. antarctica 2-way 

ANOVA 

0.269 

Interactions between Fe addition and temperature in open ocean water for P. 
antarctica 

2-way 
ANOVA 

0.029 

Interactions between Fe addition and temperature in coastal water for F. cylindrus 2-way 

ANOVA 

0.013 

Interactions between Fe addition and temperature in open ocean water for F. cylindrus 2-way 

ANOVA 

0.025 
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Appendix C 

 

 

Supplementary data for Chapter 4 

 

 

Supplementary Table 12 Depth (cm), salinity, pH, temperature, and dilution factors for the 

analysis of sediment samples. 

 

Depth (cm) Salinity pH Temperature, °C Dilution 

  25 35 7.53 3 x 60 

  1 35 7.28 3 x 60 

- 1 32 7.6 3 x 60 

- 2 No data No data No Data x 10 

- 3 32 7.58 3 x 20 

- 4 32 7.63 3 x 20 

- 5 32 7.76 3 x 20 

- 6 34 7.6 3 x 10 

- 7 33.5 7.6 3 x 6 

- 8 33 7.72 3 x 6 

- 9 32 7.72 3 x 6 
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Supplementary Table 13 Location, depth, CTD and nutrient data (NO3
-, PO4

3-, SiO4
2-, NH4+) with Chl-a together with the data of dFe(II), dFe 

(tot) and H2O2 from V04_2018.  

Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

TS 9 -34.18 152.28 15 19.10 
  

0.98 0.19 0.60 0.03 0.52 27.85 0.03 0.22 13.70 

  
  

40 19.11 
  

0.97 0.19 0.70 0.03 0.49 20.07 0.03 0.29 10.24 

Bottom depth: 4866 m 70 19.11 
  

1.00 0.18 0.60 0.05 0.49 22.67 0.03 0.45 6.60 

  
  

100 19.11 35.74 230.81 1.65 0.22 0.70 0.04 
 

16.01 0.03 0.45 6.68 

  
  

150 18.66 
  

2.33 0.25 0.80 0.00 0.15 10.83 0.03 0.61 4.89 

  
  

200 18.39 
  

2.52 0.27 0.90 0.00 0.15 12.44 0.03 0.22 13.62 

  
  

250 
   

5.95 0.49 1.70 0.00 
 

5.93 0.03 0.50 5.97 

  
  

300 16.25 35.49 202.63 7.60 0.60 2.40 0.00 0.01 6.94 0.03 0.91 3.31 

  
  

500 12.11 35.05 212.18 14.64 1.04 5.20 0.00 
 

6.58 0.03 0.63 4.75 

  
  

750 9.00 
  

22.92 1.57 11.90 0.00 
 

6.09 0.03 1.00 3.00 

  
  

1000 6.14 
  

28.31 1.94 26.70 0.00 
 

6.52 0.03 0.66 4.54 

  
  

1250 4.22 35.05 174.00 32.53 2.26 55.00 0.00 
 

5.54 0.03 0.84 3.58 

  
  

1500 3.35 34.55 159.71 34.99 2.46 81.00 -0.01 
 

6.66 0.08 0.92 9.02 

  
  

1756 2.75 34.61 159.17 35.46 2.50 94.40 -0.01 
 

6.11 0.05 1.15 4.00 

  
  

2000 2.39 34.66 168.06 34.64 2.44 95.50 -0.01 
 

4.54 0.10 0.90 10.70 

  
  

2250 2.17 34.69 177.13 33.84 2.37 95.60 -0.01 
 

5.49 0.05 0.75 6.11 

  
  

2500 2.01 34.71 183.24 33.31 2.33 98.60 -0.01 
 

4.39 0.05 0.82 5.61 

  
  

2750 1.81 34.72 189.59 33.02 2.32 102.20 -0.01 
 

5.13 0.05 0.92 4.98 

  
  

3000 1.61 34.72 193.34 33.04 2.32 107.20 -0.01 
 

3.85 0.05 0.72 6.41 

  
  

3250 
   

33.12 2.33 112.30 -0.01 
 

4.26 0.05 1.07 4.27 

  
  

3500 1.30 34.72 199.14 33.29 2.34 116.10 -0.01 
 

4.85 0.05 1.11 4.14 

  
  

3750 
   

33.40 2.34 118.20 -0.01 
 

3.56 0.05 0.68 6.72 

  
  

4000 1.20 34.72 201.20 33.43 2.36 119.40 0.01 
 

3.71 0.05 0.77 5.95 

TS 8 -34.40 154.33 15 19.33 35.75 229.33 4.57 0.44 2.00 0.09 1.21 22.32 
 

0.43  

  
  

40 19.33 
  

1.73 0.26 0.80 0.15 
 

14.25 
 

0.47  
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Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

Bottom depth: 4871 m 70 19.33 
  

3.20 0.36 1.10 0.17 0.94 8.42 0.02 0.49 3.56 

  
  

100 19.33 35.75 228.62 5.82 0.50 1.80 0.01 0.07 6.84 
 

0.76 
 

  
  

250 
   

11.99 0.89 3.80 0.00 
 

6.71 0.10 0.92 11.03 

  
  

300 17.26 
  

14.43 1.04 4.70 0.00 
 

6.61 0.39 0.83 47.30 

  
  

500 12.03 35.10 213.17 21.39 1.48 9.20 0.00 
 

6.45 0.12 0.82 14.15 

  
  

750 9.58 34.77 
 

28.88 1.99 29.00 0.10 
 

6.52 
 

0.73 
 

  
  

1000 6.55 34.46 199.86 32.57 2.28 52.20 0.01 
 

6.06 0.16 1.02 15.61 

  
  

1500 3.61 34.53 163.46 35.35 2.49 91.00 0.00 
 

7.02 0.08 1.14 6.60 

  
  

1750 2.93 34.59 158.50 34.88 2.48 95.70 0.00 
 

5.96 0.08 1.21 6.24 

  
  

2000 2.52 34.64 166.54 33.86 2.39 94.30 0.00 
 

6.53 0.08 1.05 7.18 

  
  

2250 2.28 34.68 174.49 33.15 2.33 96.00 0.00 
 

6.37 0.08 0.75 10.10 

  
  

2500 2.09 34.71 183.38 32.77 2.31 100.00 0.00 
 

6.13 0.08 0.71 10.61 

  
  

2750 1.88 34.72 189.01 32.81 2.32 105.60 0.00 
 

6.68 0.08 0.73 10.30 

  
  

3000 1.70 34.73 192.94 32.88 2.32 111.00 0.00 
 

5.80 0.08 1.34 5.63 

  
  

3250 
   

0.00 
    

6.30 0.08 1.55 4.87 

  
  

3500 1.35 34.72 199.14 33.00 2.33 115.10 0.00 
 

6.28 0.08 0.85 8.84 

  
  

3750 
   

0.00 
    

5.81 0.11 0.67 16.08 

TS 7 -35.57 152.52 15 19.31 
  

0.98 0.19 0.70 0.01 0.64 19.77 
 

0.18  

  
  

40 19.32 
  

0.98 0.19 0.70 0.01 0.51 20.63 
 

0.30  

Bottom depth: 4852 m 70 19.33 
  

0.98 0.19 0.70 0.01 0.48 16.09 
 

0.37  

  
  

100 19.33 35.75 229.02 1.00 0.18 0.70 0.01 
  

0.10 
  

  
  

150 19.33 
  

1.11 0.19 0.70 0.01 0.29 15.00  0.18  

  
  

250 
   

4.62 0.40 1.40 0.00 0.02 1.62  0.50  

  
  

300 17.33 35.59 207.00 5.92 0.48 1.90 0.00 
 

3.40  0.42  

  
  

500 11.92 35.05 207.50 13.75 0.98 4.90 0.00 
 

1.79 0.25 0.60 40.76 

  
  

750 8.49 34.61 208.61 20.32 1.40 9.50 0.00 
 

0.96 0.33 0.78 42.68 

  
  

1000 6.46 
  

27.70 1.90 24.10 0.00 
 

0.00 
 

0.67  

  
  

1250 4.45 34.47 178.33 32.06 2.23 49.40 0.00 
 

0.00 0.17 0.77 22.73 
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Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

TS 6 -37.23 150.54 15 17.64 
  

1.55 0.25 1.10 0.06 1.55 11.37 0.03 0.49 6.14 

  
  

40 14.06 
  

2.21 0.29 1.30 0.14 1.37 6.30 0.03 0.23 13.30 

Bottom depth: 4667 m 70 13.84 
  

4.60 0.43 1.80 0.00 0.06 6.83 0.03 0.17 17.61 

  
  

100 13.63 35.44 250.15 8.30 0.65 2.80 0.00 0.03 6.84 0.03 0.22 13.94 

  
  

150 13.58 
  

8.74 0.67 3.00 0.00 0.02 27.85 0.03 0.27 10.93 

  
  

200 13.56 
  

10.76 0.80 3.70 0.00 0.02 23.11 0.03 0.44 6.83 

  
  

250 
   

15.50 1.09 5.60 0.00 
 

4.75 0.03 1.07 2.79 

  
  

300 13.52 35.44 251.80 17.32 1.20 6.50 0.00 
 

3.80 0.03 0.81 3.72 

  
  

500 10.50 34.90 226.43 23.50 1.61 12.80 0.00 
 

4.81 0.03 0.32 9.40 

  
  

750 6.90 34.48 200.39 28.47 1.95 27.30 0.00 
 

5.25 0.03 0.47 6.39 

  
  

1000 5.13 34.44 187.89 31.98 2.21 49.50 0.00 
 

4.89 0.03 0.43 6.91 

  
  

1500 2.79 34.60 160.74 35.42 2.49 90.20 0.01 
 

2.61 0.19 1.23 15.09 

  
  

1756 2.56 34.63 163.73 35.01 2.46 94.20 0.00 
 

4.75 0.08 0.87 8.83 

  
  

2000 2.31 34.67 172.17 34.24 2.40 94.60 0.09 
 

3.26 0.17 0.92 18.56 

  
  

2250 2.12 34.70 181.15 33.39 2.34 94.80 0.00 
 

2.88 0.06 1.28 5.05 

  
  

2500 1.95 34.72 186.95 32.95 2.31 97.80 0.00 
 

5.14 0.02 1.17 1.48 

  
  

2750 1.79 34.72 190.61 32.84 2.30 102.80 0.01 
 

1.73 0.02 1.17 1.48 

  
  

3000 1.63 34.73 194.50 32.81 2.29 107.00 0.00 
 

1.94 0.02 1.32 1.31 

  
  

3500 1.31 34.72 200.35 33.07 2.33 115.60 0.00 
 

3.02 0.02 1.25 1.38 

  
  

4000 1.17 34.72 202.14 33.40 2.34 120.20 0.15 
 

2.75 0.02 1.40 1.23 

  
  

4500 1.15 34.71 203.74 33.33 2.34 122.10 0.00 
 

2.71 0.02 0.87 2.00 

  
  

4600 1.13 34.71 205.75 33.33 2.34 121.80 0.00 
  

0.02 
  

TS 5 -39.09 149.05 40 14.06 
  

3.70 0.39 1.50 0.06 7.89 34.27 0.03 0.48 5.30 

  
  

70 13.84 
  

6.08 0.54 2.10 0.01 1.49 15.97 0.02 0.45 3.81 

Bottom depth: 1674 m 100 13.63 35.44 250.15 6.42 0.55 2.20 0.00 0.14 14.43 0.07 0.59 11.73 

  
  

150 13.58 
  

6.55 0.56 2.30 0.00 0.09 12.97 0.08 0.56 14.75 

  
  

200 13.56 
  

6.33 0.55 2.20 0.00 0.16 9.49 0.08 0.48 15.88 

  
  

250 
   

6.41 0.55 2.20 0.00 
 

1.24 0.08 0.68 12.10  
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Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

  
  

300 13.52 35.44 251.80 6.45 0.56 2.20 0.00 
 

1.32 0.12 0.60 20.10 

  
  

500 10.50 34.90 226.43 17.71 1.25 6.40 0.00 
 

1.64 0.04 0.90 4.21 

  
  

750 6.90 34.48 200.39 25.93 1.79 18.50 0.00 
 

2.04 0.06 0.87 7.27 

  
  

1000 5.13 34.44 187.89 30.81 2.16 41.20 0.00 
 

2.45 0.07 1.00 6.98 

  
  

1250 3.93 34.50 171.77 34.29 2.43 72.90 0.00 
 

2.85 0.06 0.80 7.13 

TS 4 -39.47 150.59 15 14.33 
  

3.93 0.41 1.60 0.28 3.00 28.01 0.13 0.35 36.54 

  
  

40 14.33 
  

4.09 0.41 1.60 0.09 2.51 24.51 0.07 0.42 17.74 

Bottom depth: 6475 m 70 14.18 
  

4.58 0.45 1.80 0.13 2.39 4.61  0.32  

  
  

100 14.09 35.49 256.89 5.19 0.49 1.90 0.10 1.91 18.46  0.38  

  
  

150 13.77 
  

6.63 0.56 2.20 0.00 0.18 10.15 0.13 0.51 25.25 

  
  

200 12.92 
  

10.32 0.78 3.30 0.00 0.05 6.81 0.06 0.76 7.26 

  
  

250 
   

11.71 0.87 3.90 0.00 
 

5.06 0.06 1.14 5.67 

  
  

300 11.24 
  

13.69 1.00 4.70 0.00 
 

4.58 0.39 1.07 36.44 

  
  

500 8.66 34.63 216.07 21.00 1.46 9.60 0.00 
 

4.94 0.53 1.16 45.65 

  
  

750 6.46 34.46 198.38 27.64 1.91 23.30 0.00 
 

5.09 0.24 0.94 25.54 

  
  

1000 4.77 34.45 183.33 31.76 2.22 46.30 0.00 
 

5.23 0.31 1.04 29.54 

  
  

1250 3.66 34.52 166.36 35.39 2.51 89.00 0.00 
 

3.81 0.30 0.86 34.20 

  
  

1756 2.54 34.64 164.89 34.90 2.44 93.40 0.01 
  

0.17 
  

  
  

2000 2.29 34.68 173.87 34.04 2.38 93.20 0.00 
 

2.54 0.14 0.95 14.31 

  
  

2250 2.11 34.71 182.08 33.11 2.32 94.30 0.01 
  

0.12 
  

  
  

2500 1.94 34.72 187.44 32.72 2.29 98.20 0.00 
  

0.14 
  

  
  

2750 1.79 34.73 191.33 32.61 2.28 102.70 -0.01 
 

1.31 0.12 1.13 10.76 

  
  

3000 1.63 34.73 194.54 32.56 2.28 106.60 0.00 
 

3.27 0.12 0.98 12.43 

  
  

3250 
   

32.82 2.30 111.80 0.00 
 

3.40 0.12 1.18 10.29 

  
  

3500 1.29 34.72 200.71 32.98 2.31 115.60 -0.01 
 

0.24 0.12 0.74 16.43 

  
  

3750 
   

33.14 2.33 118.00 -0.01 
 

0.13 0.12 0.67 18.23 

  
  

4000 1.16 34.72 202.54 33.21 2.34 119.70 -0.01 
 

1.54 0.16 1.08 14.47 

PS 3 -40.25 153.22 15 14.01 
  

6.01 0.44 1.80 0.04 1.61 51.92 0.11 0.35 29.99 
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Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

  
  

40 13.99 
  

4.70 0.45 1.90 0.04 1.39 46.63 0.07 0.33 21.54 

Bottom depth: 3426 m 100 13.62 35.42 250.15 17.02 0.54 2.20 0.03 0.78 18.84 0.02 0.39 4.40 

  
  

200 12.90 
  

14.12 0.59 2.30 0.13 0.47 25.88 0.02 0.29 5.90 

  
  

250 
   

6.88 0.63 2.30 0.00 
 

16.15 0.06 0.66 8.92 

  
  

300 12.40 35.23 256.00 7.68 0.66 2.40 0.00 0.10 14.50 0.02 0.49 3.51 

  
  

500 9.22 34.68 229.20 8.18 1.28 6.40 0.00 
 

11.65 0.29 0.76 38.89 

  
  

750 6.79 34.48 199.50 18.44 1.76 16.90 0.00 
 

11.05 0.29 0.74 39.55 

  
  

1000 4.74 34.44 185.17 25.62 2.11 35.10 0.00 
 

6.87 0.34 0.81 42.12 

  
  

1250 3.73 34.49 171.90 30.47 2.38 62.90 0.00 
 

8.28 0.02 0.76 3.08 

TS 3 -42.03 152.60 15 12.70 
  

6.46 0.58 2.10 0.01 1.20 55.72 0.32 0.67 48.23 

  
  

40 12.74 
  

6.46 0.58 2.00 0.01 1.16 39.22 
 

0.32 
 

Bottom depth: 4709 m 70 12.70 35.26 268.59 6.47 0.58 2.10 0.02 1.21 37.47 0.12 0.55 21.92 

  
  

100 12.70 35.27 264.88 6.50 0.59 2.10 0.02 1.21 41.68 
 

0.20 
 

  
  

150 12.64 35.26 260.87 7.15 0.62 2.20 0.00 0.19 24.70 0.12 0.33 36.33 

  
  

200 12.39 35.20 255.42 8.47 0.69 2.40 0.00 
 

18.10 0.12 0.33 36.33 

  
  

250 
   

8.67 0.70 2.40 0.00 
 

17.73 
 

0.22  

  
  

300 11.52 35.04 247.96 11.64 0.87 3.40 0.00 0.02 13.84 0.12 0.59 20.38 

  
  

500 8.98 34.64 232.82 19.72 1.38 7.30 0.00 
 

12.87 0.12 1.21 10.02 

  
  

750 7.24 34.49 205.75 26.59 1.83 18.90 0.00 
 

11.69 0.12 1.26 9.63 

  
  

1000 5.39 34.43 193.29 30.84 2.14 38.20 0.00 
 

10.44 0.12 0.96 12.64 

  
  

1250 3.93 34.47 175.70 33.73 2.36 60.60 0.00 
 

10.66 0.12 1.02 11.93 

TS 2 -43.51 153.34 15 12.14 
  

7.40 0.63 2.10 0.04 0.39 44.18 0.08 0.20 37.15 

  
  

40 12.14 
  

7.38 0.63 2.10 0.04 0.35 49.80 0.09 0.34 25.60 

Bottom depth: 4714 m 70 12.14 
  

7.37 0.63 2.10 0.03 0.36 45.96 
 

0.30  

  
  

750 8.24 34.55 223.53 22.56 1.57 10.50 0.00 0.14 20.60 0.08 0.48 15.80 

  
  

1000 5.95 34.41 202.85 28.43 1.97 23.90 0.00 
 

22.42 0.08 0.56 13.45 

PS 2 -45.47 153.32 15 12.13 35.18 266.85 11.11 0.86 2.80 0.00 0.39 30.57 0.12 0.31 37.84 

  
  

40 
   

11.15 0.86 2.80 0.00 0.35 29.08 0.12 0.45 27.40 



Appendix 
178 

  

Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

Bottom depth: 4546 m 70 
   

11.15 0.86 2.80 0.00 0.36 27.80 0.14 0.48 29.23 

  
  

100 12.15 35.19 264.39 11.17 0.86 2.80 0.00 0.14 27.43 0.04 0.26 16.13 

  
  

750 8.24 34.55 223.53 13.03 0.97 4.40 0.00 
 

22.63 0.06 0.52 10.69 

  
  

1500 3.56 34.51 168.19 35.04 2.45 78.00 0.00 
 

12.91 0.06 0.95 6.47 

  
  

2000 2.50 34.64 170.69 33.28 2.31 83.30 0.00 
 

12.66 0.04 0.86 4.94 

  
  

2500 2.09 34.71 184.36 32.02 2.23 92.40 0.00 
 

13.19 0.04 1.05 4.04 

  
  

3000 1.76 34.73 193.70 32.27 2.25 105.80 0.00 
 

12.91 0.04 1.25 3.39 

  
  

3500 1.40 34.73 199.59 32.80 2.29 116.60 0.00 
 

12.19 0.04 0.96 4.42 

  
  

4000 1.19 34.72 202.72 33.04 2.31 121.30 0.00 
 

13.24 0.04 1.45 2.92 

  
  

4500 1.13 34.71 205.44 33.02 2.31 123.30 0.00 
 

13.97 0.04 1.38 3.08 

TS 1 -46.20 148.06 15 9.13 34.56 286.81 13.52 1.01 2.80 0.00 0.05 47.74 
 

0.24  

  
  

40 
   

13.52 1.02 2.70 0.00 0.05 31.63  0.15  

Bottom depth: 2614 m 70 
   

13.51 1.02 2.70 0.00 
 

30.65  0.30  

  
  

100 9.14 34.57 285.70 13.49 1.02 2.80 0.00 0.03 22.62  0.16  

  
  

150 
   

13.40 1.02 2.80 0.00 
 

43.67 0.17 0.35 47.36 

  
  

200 
   

13.31 1.01 2.80 0.00 0.02 37.52 
 

0.16 
 

  
  

250 
   

14.79 1.09 3.60 0.00 
 

20.63 0.17 0.55 29.93 

  
  

300 9.11 34.60 266.85 15.74 1.14 4.00 0.00 0.02 19.14 0.17 0.41 39.96 

  
  

500 8.70 34.59 257.78 18.43 1.32 5.80 0.00 
 

16.67 
 

0.34 
 

  
  

750 6.35 34.40 214.33 25.89 1.79 17.10 0.00 
 

12.36 0.17 1.04 15.93 

  
  

1000 
   

30.41 2.11 31.00 0.00 
 

15.68 0.28 0.88 31.37 

  
  

1250 3.53 34.48 175.07 34.20 2.41 63.70 0.00 
 

14.58 0.17 0.86 19.15 

PS 1 -47.03 141.52 15 
   

12.60 0.98 2.60 0.01 0.04 27.99  0.54 56.32 

  
  

40 9.44 34.65 282.48 12.62 0.98 2.60 0.00 0.06 23.16  0.33  

Bottom depth: 4866 m 70 
   

12.59 0.97 2.60 0.00 
 

24.17  0.33  

  
  

100 9.45 34.65 282.08 12.50 0.97 2.60 0.00 
 

21.59 0.21 0.52 40.27 

  
  

150 
   

12.46 0.97 2.60 0.01 0.04 
 

0.19 
  

  
  

200 9.44 34.64 282.03 12.60 0.98 2.60 0.01 0.03 19.03 0.16 0.52 30.80 
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Station  

  

Latitude 

  

Longitude 

  

Depth 

(m) 

Temperature 

(C°) 

Salinity 

  

O2 

(µM ) 

NO3- 

(µM) 

PO4
3- 

(µM) 

SiO4
2- 

(µM) 

NH4+ 

(µM) 

Chl-a 

(µg) 

H2O2 

(nM) 

dFe(II)  

(nM) 

dFe 

(nM) 

Ratio %  

  
  

250 
   

12.63 0.97 2.60 0.00 
 

18.46 0.09 0.39 22.51 

  
  

300 9.27 34.66 259.12 15.87 1.14 4.30 0.00 0.02 7.78 0.04 0.34 10.55 

  
  

500 8.75 34.59 264.71 17.20 1.23 4.90 0.00 
 

6.68 0.03 0.71 4.25 

  
  

750 
   

25.36 1.75 14.80 0.00 
 

6.02 0.03 0.67 4.46 

  
  

1000 
   

30.56 2.12 30.00 0.00 
 

4.94 0.03 0.58 5.19 

  
  

1250 3.82 34.41 189.94 33.85 2.35 53.50 0.00 
 

5.65 0.03 0.72 4.16 

  
  

1500 3.16 34.48 178.06 35.00 2.45 73.00 0.00 
 

6.33 0.30 0.70 42.36 

  
  

1750 2.57 34.63 174.76 34.50 2.42 80.80 0.00 
 

6.90 0.29 0.83 34.85 

  
  

2000 2.42 34.68 178.56 33.25 2.34 84.30 0.00 
 

4.98 0.30 0.79 38.27 

  
  

2250 
   

33.23 2.34 92.60 0.00 
 

7.19 0.24 0.77 30.93 

  
  

2500 2.08 34.73 182.40 32.99 2.33 99.60 0.00 
 

6.36 0.22 0.83 26.09 

  
  

2750 
   

32.96 2.32 105.20 0.00 
 

6.05 0.24 
  

  
  

3000 1.77 34.73 190.17 32.88 2.31 108.50 0.00 
  

0.22 0.79 27.60 

  
  

3500 1.49 34.73 199.14 32.72 2.30 113.90 0.00 
 

7.36 0.23 0.71 32.69 

  
  

3750 
   

32.80 2.30 116.50 0.00 
 

6.11 0.30 0.91 32.46 

  
  

4000 1.28 34.72 204.10 32.87 2.30 119.60 0.00 
 

8.96 0.28 1.18 23.41 
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Supplementary Table 14 Pearson correlations matrix for all data. 
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*. Correlation is significant at the 0.05 level (2-tailed). 

Supplementary Table 15 Correlations of proximity to landmass and/or seamounts for the first 

250 m of dFe(II), H2O2 and dFe.  
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Appendix D 

 

 

Acknowledgements & tasks performed for methods in this thesis 

 

 

Supplementary Table 16 People & tasks thankfully performed, listed by chapters 

Chapter Description Task Name 

    

1 Literature Review No analytical work was done for 

this chapter 

 

  Writing & editing  Helene Aflenzer, 

Delphine Lannuzel, 

Pier van der Merwe, 

Kathrin Wuttig, 

Andrew Bowie 

    

2 Fe(II) oxidation 

rates  

Cleaning & vessel preparations Helene Aflenzer 

  Sampling of open ocean seawater 

during ‘HEOBI’ 

Thomas Holmes, Pier 

van der Merwe, 

Manon Tonnard, 

Lavenia Ratnarajah 

  Sampling of coastal seawater Helene Aflenzer 

  Designing and building the 

cooling unit for dFe(II)  

Pier van der Merwe & 

Helene Aflenzer 
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Chapter Description Task Name 

  Modifying the overall dFe(II)-

FIA system 

Kathrin Wuttig, Pier 

van der Merwe & 

Helene Aflenzer 

  dFe(II) & dFe(III) analysis Helene Aflenzer 

  CO2 installation & bubbling Helene Aflenzer 

  pH, O2, temperature & salinity Helene Aflenzer 

  Macronutrient analysis Catriona Hurd & Nils 

Jansen 

  SF-ICP-MS analysis & 

preparations 

Ashley Townsend, 

Kathrin Wuttig, 

Melanie Gault 

Ringold, Pauline 

Latour 

  CDOM analysis Kathrin Wuttig & 

Helene Aflenzer 

  Experimental conductions  Helene Aflenzer 

  Plotting & statistics Helene Aflenzer with 

the initial help of Pier 

van der Merwe 

  Writing & editing Helene Aflenzer, Pier 

van der Merwe, 

Kathrin Wuttig, 

Andrew Bowie 
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Chapter Description Task Name 

3 Biological chapter Cleaning & vessel preparations Helene Aflenzer 

  Sampling of open ocean seawater 

during ‘SR3’ 

Pauline Latour, Pier 

van der Merwe, 

Melanie Gault-

Ringold, Thomas 

Holmes, Christine 

Weldrick & Matt 

Corkill 

  Sampling of coastal seawater Helene Aflenzer 

  Study organisms Provided by Andrew 

McMinn & Fraser 

Kennedy 

  Temperature, pH and salinity Helene Aflenzer 

  Macronutrients Catriona Hurd & 

Damon Britton 

  Trace elements Ashley Townsend, 

Kathrin Wuttig, 

Melanie Gault 

Ringold, Pauline 

Latour, Pier van der 

Merwe 

  Voltammetry  Cristina Genovese  & 

Helene Aflenzer 

  Growth rates Helene Aflenzer 

  Statistical analysis, plotting & 

experimental conduct 

Helene Aflenzer 
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Chapter Description Task Name 

  Writing & editing Helene Aflenzer, 

Robert Strzepek 

(comments), Linn 

Hoffmann, Kathrin 

Wuttig, Thomas 

Holmes, Andrew 

Bowie 

    

4 EAC Chapter Preparation of collection vessels Helene Aflenzer & 

Pauline Latour 

  Collection of TM free water 

column samples 

Rob Gruen, Sarah 

Andrew, Pamela 

Barrett, Michael 

Ellwood, Pauline 

Latour 

  Collection of seawater for 

hydrochemistry 

CSIRO & MNF staff 

  Analysis of hydrochemistry  CSIRO 

  Macronutrients CSIRO 

    

  Chlorophyll-a Rob Grun, Prayna 

Maharaj Riteshma 

Devi and Sarah 

Andrew 

  dFe(II) & dFe(III) analysis Helene Aflenzer 

  H2O2 analysis Pauline Latour 
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  Rainwater collection Helene Aflenzer & 

Pauline Latour  

  Sediment pore water collection Rob Grun, Prayna 

Maharaj Riteshma 

Devi and Sarah 

Andrew.  Thank you to 

April Abott, Dave 

Janssen, Hannah 

Kumar, Hannah 

Wilson, and Annabel 

Payne 

    

  dFe(II) Sample preparation from 

sediment core 

Dave Janssen 

  Plotting & illustrating Helene Aflenzer & 

Thomas Holmes 

  Writing & editing Helene Aflenzer, Pier 

van der Merwe 

(comments), Thomas 

Holmes, Kathrin 

Wuttig, Pauline 

Latour, Andrew Bowie 

5 Synopsis Plotting & summarizing  Helene Aflenzer 

  Writing & editing  Helene Aflenzer, 

Delphine Lannuzel, 

Pier van der Merwe, 
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