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The impact of volcanism on trace metal biogeochemistry in the Southern Ocean 

By 

Thomas M Holmes 

Abstract 

Iron (Fe) is now recognised as a limiting, or co-limiting, micronutrient for biological production 

in the ocean. Areas of the ocean that are high in the macronutrients nitrogen (N) and 

phosphorous (P) but low in chlorophyll producing organisms are known as HNLC regions and 

cover approximately one third of the world’s oceans, the largest of which is the Southern Ocean 

(SO). When coupled with the inhibition of nitrogen fixation by microbes under low Fe 

conditions in low-latitude regions, this means that Fe regulates biological productivity in as much 

as half the world’s oceans. As such, Fe plays a key role in biogeochemical cycling and the 

drawdown of carbon from the atmosphere.  

Sources of Fe to the SO include resuspension of coastal and shallow sediments, glacial and 

iceberg melt, seasonal sea ice retreat, island wakes, vertical diffusive flux, interaction between 

bathymetry and currents, dust deposition and hydrothermal inputs. Hydrothermal inputs, in 

particular, have gained increasing recognition in recent years as a previously overlooked source 

of Fe to the deep ocean that may potentially affect surface productivity in some ocean basins. 

Furthermore, shallow hydrothermal vents and subaerial volcanic islands, while less common than 

deep mid-ocean ridge vents, may supply Fe directly to the surface mixed layer. This dissertation 

explores the impact of both hydrothermal and subaerial aspects of volcanism on Fe 

biogeochemistry in the SO. 

First, the impact of hydrothermalism on Fe cycling in the SO is explored through an extensive 

compilation of global hydrothermal studies and hydrothermal Fe measurements. This review 
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highlights a dearth of hydrothermal studies conducted in the SO, with only 72 of the 631 vents 

discovered located south of 30° at the time of writing. A total of 31 of the 72 SO vents are 

located in the upper 2000 m of the water column, with 16 located in the upper 1000 m, 

increasing the probability of hydrothermal Fe reaching surface waters transported in upwelling 

SO meridional circulation. However, with only a small fraction of the ~20,000 km of tectonic 

plate boundaries located in the SO surveyed to date, many more observations at hydrothermal 

vent sites and further investigation of Fe transport mechanisms are required in order to constrain 

the impact of hydrothermalism on the SO and global ocean Fe cycles. 

Within the Indian sector of the SO lies an oasis of relatively Fe rich waters overlaying the 

Kerguelen Plateau. At the southern part of the central Kerguelen plateau is an active volcanic 

hotspot, hosting two subaerial volcanically active islands, Heard and McDonald (HIMI), the 

former of which is largely covered by glaciers. Waters in the region are subject to an intense 

mixing regime, caused by shallow bathymetry and the location of the plateau in the path of 

strong currents associated with the polar front. Fed by the Fe rich waters formed on the plateau, 

a phytoplankton bloom on the order of thousands of square kilometres forms in the lee of the 

plateau annually each summer. Few studies to date have focused on HIMI due to its extreme 

isolation. As such, the role of HIMI in the region’s biogeochemical cycling is relatively unknown. 

In order to examine the impact of these subaerial volcanoes on biogeochemical cycling in the 

area, dissolved iron (DFe) and macronutrient (NO3
-, PO4

3- and Si) data from waters surrounding 

HIMI was collected on the RV Investigator during the Heard Earth-Ocean-Biosphere 

Interactions (HEOBI) voyage (GEOTRACES process study GIpr05) in January to February 

2016. Results show that DFe availability drives macronutrient uptake on the plateau. In late 

summer the majority of the plateau to the north of HIMI contains a deficit of DFe relative to 

macronutrients with respect to phytoplankton requirements, although dissolution of particulate 

Fe is expected to fulfil at least some of the Fe demand. Comparison of Fe:N and Fe:P drawdown 
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ratios with the Redfield ratio indicate that recycling of Fe decreases near HIMI, indicating that Fe 

limitation is alleviated close to the islands. Comparison with data from the only previous study in 

the area shows that DFe distribution varies between years due to the complex oceanographic 

conditions on the plateau, with greatest variability observed over the rough bathymetry and 

strongly tidally influenced region closest to HIMI. Together these data highlight the central role 

of Fe and the complexity of biogeochemical cycling in the HIMI region of the Kerguelen 

plateau. 

Finally, processes supplying DFe around HIMI are further constrained by examining the DFe 

redox speciation and hydrogen peroxide (H2O2) chemistry in the region, analysed during the 

HEOBI voyage. Dissolved iron(II) (DFe(II)) is the reduced, short lived, potentially more 

bioavailable oxidation state of Fe in the ocean. Concentrations of DFe(II) in the surface ocean 

are inversely correlated to the concentration of reactive oxygen species such as H2O2, which 

decrease DFe(II) half-life. Surface DFe(II) concentrations at the open ocean reference station 

were very low (<0.09 nmol L-1), while stations near HIMI showed elevated concentrations over 

the entire water column (mean 0.24 nmol L-1 and 0.36 nmol L-1, respectively). At Heard Island, 

the greatest DFe(II) concentrations (max 0.57 nmol L-1) were detected north of the island, and 

an inverse correlation of DFe(II) concentrations with salinity suggest the origin is from a marine-

terminating glacier on the island. At McDonald Islands, the greatest DFe(II) concentrations (1.01 

nmol L-1) were detected east of the island which, based on water column profiles from five 

targeted stations and observed excess 3He concentrations, appears likely to originate from 

shallow diffuse hydrothermalism. DFe(II):DFe(total) ratios at the sites of high DFe(II) 

concentrations at Heard and McDonald Islands (25% and 37%, respectively) adds further 

evidence that strong, but different sources of reduced Fe exist at each of the islands. 

Furthermore, lack of correlation with H2O2 and irradiance data suggest that over the plateau near 

HIMI, DFe(II) concentrations are more strongly governed by strong DFe(II) sources rather than 

by H2O2 and irradiance. 
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The findings presented in this thesis highlight the importance and sparse knowledge of the 

impact of hydrothermalism to Fe cycling in the SO, and significantly improve understanding of 

how the subaerial HIMI volcanoes influence biogeochemical cycling at a biological and volcanic 

hotspot in the SO. 
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Chapter 1 

1 Introduction 

The ocean contains roughly 60 times more carbon than the atmosphere and exerts a dominant 

control on atmospheric carbon dioxide (CO2) concentrations (Sarmiento and Gruber, 2006). 

Through photosynthesis, marine phytoplankton consume roughly an equal amount of CO2 

annually as terrestrial photosynthetic organisms (Field, 1998). This drives drawdown of CO2 

from the atmosphere into the surface ocean and subsequently converts carbon into particulate 

form, some of which sinks and is sequestered within deep ocean water or sediments (Sarmiento 

and Gruber, 2006). Phytoplankton, like terrestrial plants, require nutrients (e.g. nitrate, 

phosphorous, silicate and trace elements), sunlight and carbon to survive. 

The trace element iron (Fe) is now recognised as a key limiting micronutrient, regulating primary 

productivity in as much as half the world’s oceans (Moore et al., 2009, 2001). Areas of the ocean 

that are high in the macronutrients nitrogen (N) and phosphorous (P) but low in chlorophyll 

producing organisms are known as high-nutrient low-chlorophyll (HNLC) regions. Given that 

Fe plays such an important role in phytoplankton productivity and distribution in the ocean, Fe 

observations and knowledge of the processes governing Fe distribution are still relatively sparse 

in comparison to macronutrient observations. This is mostly due to the difficulties involved in 

sampling the picomolar (10-12 mole L-1) to nanomolar (10-9 mole L-1) concentrations present in 

low-Fe seawater while keeping samples free from Fe contamination, which is abundant on the 

ships from which samples are taken. The development of trace-metal-clean sampling techniques 

(Cutter et al., 2017) and analytical methods with sufficiently low detection limits (Worsfold et al., 

2014), coupled with the internationally collaborative sampling program GEOTRACES (Schlitzer 

et al., 2018) and inter-laboratory calibration efforts (Johnson et al., 2007) has allowed a recent 
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rapid expansion of Fe observations and insights into processes controlling the distribution of Fe 

in the ocean (Mawji et al., 2015; Schlitzer et al., 2018; Tagliabue et al., 2017). 

Though great progress has been made in resolving the ocean Fe cycle in the last 30 years, many 

questions remain unresolved, including the distribution and cycling of Fe in remote regions of 

the Southern Ocean (Tagliabue et al., 2017). The Southern Ocean is of particular importance, in 

terms of biogeochemical cycling and CO2 drawdown, as this region of the ocean is responsible 

for 20 – 25% of global ocean CO2 uptake, while representing only 10% of the total area of the 

ocean (Takahashi et al., 2002). It is also the largest HNLC region (Boyd et al., 2012). Therefore, 

understanding the biogeochemistry of the Southern Ocean is vital to understanding our current 

climate system and accurately predicting future climate scenarios.  

Iron in the ocean is redox sensitive and is found in two forms, Fe(II), the reduced form that is 

highly soluble but highly unstable in oxygenated waters, and Fe(III), the oxidised form that is 

stable in oxygenated waters but highly insoluble, and which precipitates out of solution (Millero 

et al., 1995). The low concentration of Fe found in much of the ocean is largely due to the low 

solubility of Fe(III) in oxygenated waters, coupled with biological demand for the essential 

nutrient (Boyd and Ellwood, 2010; Tagliabue et al., 2017). However, dissolved Fe(III) (DFe) is 

found in higher concentrations in the ocean than predicted by thermodynamic considerations 

due to stabilisation by organic complexing molecules, known as ligands (Gledhill and Buck, 

2012), which are actively produced by microbes and passively by organic matter. Dissolved Fe 

concentrations are greatest near sources such as mid-ocean ridge hydrothermal vents and 

continental margins (Figure 1.1). 

Sources of Fe to the ocean include resuspension of coastal and shallow sediments (Blain et al., 

2007; Johnson et al., 1999; Moore and Braucher, 2008; Pollard et al., 2009; Tagliabue et al., 

2009), glacial and iceberg melt (Hawkings et al., 2018; Hopwood et al., 2014; Smith et al., 2007), 

seasonal sea ice retreat  (Lannuzel et al., 2008; Schallenberg et al., 2016; Sedwick and DiTullio, 
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1997; van der Merwe et al., 2011), island wakes (Blain et al., 2007, 2001; Doty and Oguri, 1956), 

vertical diffusive flux (Boyd et al., 2005; Law et al., 2003), interaction between bathymetry and 

currents (Sokolov and Rintoul, 2007), dust deposition (Duce and Tindale, 1991; Gaiero et al.,  

 

Figure 1.1. Three dimensional GEOTRACES scene of DFe concentrations in the Atlantic Ocean. The 
greatest DFe concentrations are found over the mid-ocean ridges from hydrothermal input and near 
continental shelves from sedimentary, dust and riverine input. Concentrations are lowest in the Southern 
Ocean. Courtesy of Schlitzer, Reiner, eGEOTRACES - Electronic Atlas of GEOTRACES Sections and 
Animated 3D Scenes, http://www.egeotraces.org, 2018. Data contributors are cited in figure. 

2003; Tagliabue et al., 2009; Winton et al., 2015) and hydrothermal inputs (Hawkes et al., 2013; 

Klunder et al., 2011; Mackey et al., 2002). Major processes of the ocean Fe cycle are shown in 

Figure 1.2.  Hydrothermal inputs, in particular, have gained increasing recognition in recent years 

as a previously overlooked source of Fe to the deep ocean that may potentially affect surface 

productivity in some regions of the ocean (Holmes et al., 2017). Furthermore, shallow 

hydrothermal vents, while less common than mid-ocean ridge vents, may supply Fe directly to 

the surface mixed layer (defined as the oceanic surface layer within which salinity, temperature 
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and density are almost vertically uniform; e.g. de Boyer Montégut et al., 2004). Subaerial volcanic 

islands are also sources of Fe, potentially through multiple processes including shallow 

hydrothermalism (Fitzsimons et al., 1997; Kleint et al., 2017), sediments (Charette et al., 2007), 

volcanic ash and dust (Olgun et al., 2011) and island mass effects (Blain et al., 2001). 

 

Figure 1.2. Schematic of major processes in the ocean iron cycle, with the Atlantic Ocean used as example 
(Figure from Tagliabue et al., 2017). 

Heard and McDonald Islands (HIMI) are volcanically active subaerial islands (Figure 1.3.) 

located on the central Kerguelen Plateau in the Indian sector of the Southern Ocean (Figure 

1.4.). Glacier-covered Heard Island is highly active and has erupted regularly in recent times 

(Duncan et al., 2016); most recently observed in January 2016, during the research voyage used 

to collect data for this study (Figure 3; Coffin, 2016). Unglaciated McDonald Islands is a 

relatively new island (Quilty and Wheller, 2000) and is also recently active, almost doubling in 

size around 1997 (Stephenson et al., 2005). The northern Kerguelen plateau is relatively shallow 

(Beaman and O’Brien, 2011) and lies in the path of strong currents associated with the Antarctic 

Circumpolar Current. The north of the northern plateau lies in the path of strong currents 

associated with the Polar Front and the central plateau lies in the path of strong currents 

associated with the Fawn Trough (Figure 1.4.). In the midst of the HNLC Southern Ocean, a 
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large phytoplankton plume forms over the plateau to the north of HIMI and in the lee of the 

plateau on the order of thousands of square kilometres (Blain et al., 2007). This bloom is fed by 

Fe derived from the plateau (Blain et al., 2008; Bowie et al., 2015); however, the sources of Fe 

require further investigation and prior to this research there have been no studies directly 

focusing on the biogeochemical cycling of Fe around HIMI. 

 

Figure 1.3. a. Mawson Peak, Heard Island, eruption observed during the HEOBI voyage. Photo courtesy 
of Pete Harmsen. b. McDonald Islands, as observed during the HEOBI voyage. Photo courtesy of 
Richard Arculus. c. Heard and McDonald Islands. Bathymetric isobaths are shown at every 100 m depth. 

Based on the high primary productivity observed in previous in situ and satellite studies of the 

region just to the north of HIMI (Blain et al., 2008; Bowie et al., 2015; Mongin et al., 2008) we 

hypothesise in this thesis that supply of Fe from volcanic activity at HIMI is an important source 

of bioavailable Fe to the northern region of the Kerguelen Plateau. In January – February 2016 

samples were collected during the Heard Earth-Ocean-Biosphere Interactions (HEOBI) voyage 
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to test this hypothesis. Data collected during this voyage aboard the Australian CSIRO research 

vessel Investigator, in conjunction with a global compilation of hydrothermal Fe data, is used in 

this thesis to investigate the role that volcanism plays in Fe biogeochemical cycling at the basin 

scale in the Southern Ocean, at the regional scale at the central Kerguelen Plateau and at the local 

scale around Heard and McDonald Islands. 

 

Figure 1.4. Northern Kerguelen Plateau. Location of the plateau is shown in top inset. Bathymetric 
isobaths are shown, with seabed <200 m depth shaded dark grey, <500 m shaded lighter grey and <1000 
m shaded lightest grey. Major currents are shown in light blue arrows, adapted from Park et al., (2014). 

The impact of volcanism on Fe biogeochemistry in the Southern Ocean is addressed by first 

broadly examining the impact of hydrothermalism on Fe cycling in the Southern Ocean through 
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an extensive compilation of hydrothermal end-member Fe measurements and literature review in 

chapter 2 (manuscript published in Marine and Freshwater Research, 2017). The focus is then 

drawn to the volcanically active HIMI region, a biological hotspot in the Indian sector of the 

Southern Ocean. Laboratory and shipboard methods used for the biogeochemical investigation 

of HIMI are presented in chapter 3. Dissolved Fe and macronutrient data collected during 

HEOBI from the HIMI region and further north and east on the plateau is utilised to examine 

how DFe availability influences nutrient drawdown in the region in chapter 4 (manuscript 

submitted to Marine Chemistry, 2018). The focus is then drawn in closer to HIMI, and the 

distribution and processes of Fe redox speciation are examined at each of the islands to gain 

insight into Fe supply mechanisms around these unique hotspot volcanoes in chapter 5 

(manuscript in preparation for Earth and Planetary Science Letters, 2018). Finally, chapter 6 

summarises the broad conclusions of this work and outlines some recommended directions for 

future research. 
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2.1 Abstract 

This review aims to bring into focus the current understanding of hydrothermal systems and 

plume dynamics, tracers of hydrothermalism and the contribution of iron from hydrothermal 

vents to the global oceanic iron budget. The review then explores hydrothermal effect on surface 

ocean productivity. It is now well documented that scarcity of iron limits the production of 

chlorophyll-producing organisms in many regions of the ocean that are high in macronutrients. 

However, it is only recently that hydrothermal inputs have gained recognition as a source of Fe 

to the deep oceans that may potentially affect surface ocean productivity in some regions. A 

compilation of iron measurements from hydrothermal vents reveals that although hydrothermal 

studies measuring iron have increased significantly in recent years, there is still a dearth of data 

below 40°S. New analytical approaches for tracing iron sources, coupled with increasing 

sampling coverage of the oceans, is quickly improving knowledge of the effect of hydrothermal 

sources on biogeochemical cycles, a vital component in predicting future climate scenarios. 

2.2 Introduction 

The role of iron (Fe) as a limiting nutrient in regions of the oceans has been widely recognised 

since the publication of a seminal paper by oceanographer John Martin (1990), although the 

notion was first suggested in the 1930s (Ruud 1930; Gran 1931; Hart 1934). It is now well 

documented that the scarcity of this micronutrient limits the growth of chlorophyll-producing 

organisms in regions of the ocean that are high in macronutrients. These areas, covering 

approximately one-third of the ocean surface (Boyd et al. 2007), are known as high-nutrient, low-

chlorophyll (HNLC) regions, where the growth of CO2-consuming organisms, and thus potential 

CO2 sequestration from the atmosphere, is inhibited by low Fe concentrations (Martin et al. 

1990; de Baar et al. 2005; Boyd et al. 2007). Links between iron and nitrogen fixation by 

microbes in low-latitude regions of the oceans have also been demonstrated, which, together 
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with HNLC waters, may mean that Fe regulates biological productivity in as much as half the 

world’s oceans (Moore et al. 2001, 2009). 

Quantifying the relative importance and effect of different sources of Fe to the ocean will aid in 

predicting the response of biological productivity to future changing climate and oceanic 

conditions. Sources of Fe include resuspension of coastal and shallow sediments, glacial and 

iceberg melt, seasonal sea ice retreat, eddy-sediment interactions, island wakes, vertical diffusive 

flux, interaction between bathymetry and currents, dust deposition close to continents and 

discrete hydrothermal vent sources (Boyd and Ellwood 2010; Tagliabue et al. 2017; Figure 2.1). 

Hydrothermal inputs, in particular, have gained increasing recognition in recent years as a 

previously overlooked source of Fe to the deep oceans that may potentially affect surface 

productivity in some regions of the world’s oceans (Tagliabue et al. 2010; Carazzo et al. 2013; 

Conway and John 2014; Fitzsimmons et al. 2014; Hawkes et al. 2014; Resing et al. 2015; Sander 

and Koschinsky 2016)

 

Figure 2.1 Schematic representation of the oceanic dissolved (D) Fe cycle in the Southern Ocean, 
including the range of estimates (in parentheses) of the total annual inputs of DFe (×109 g) of each of the 
source mechanisms to the overall Southern Ocean Fe budget (south of 35°S). The hydrothermal 
contribution is modelled by Tagliabue et al. (2010) from a compilation of 20 hydrothermal 3He and DFe 
measurements. (Figure courtesy of Bernadette Proemse; adapted from Tagliabue et al. (2010)) 

Increasing hydrothermal observations, coupled with growing understanding of the complex 

mechanisms that stabilise dissolved Fe (DFe) in the ocean (see below), mean our understanding 
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of the importance of hydrothermal inputs to the global iron budget is evolving rapidly. In a 

recent review, German and Seyfried (2014) provide a comprehensive overview of hydrothermal 

systems with a focus on geological processes, including sub-seafloor hydrothermalism and 

formation of metalliferous sediments, as well as an overview of hydrothermal plume dynamics. 

The present review provides a summary of hydrothermal processes and methods for identifying 

plumes in oceanographic studies and expands on German and Seyfried’s (2014) summary of 

processes affecting the dispersion of plumes into the ocean. Current knowledge of the 

contribution of Fe from hydrothermal vents to the global oceanic Fe budget and surface ocean 

productivity is brought into focus, including a discussion of hydrothermal Fe in the Southern 

Ocean and a global compilation of Fe measurements from hydrothermal vents (see Table S1, 

available as Supplementary Material to this paper). The data presented in Table S1 were compiled 

using the InterRidge Vents Database (Beaulieu 2015) to identify known vents, followed by an 

extensive search of scientific journal databases to identify studies that had measured Fe for each 

vent. At the time of writing, Table S1 was current with the latest data recorded in the InterRidge 

database. This review also aims to highlight key areas requiring further investigation in order to 

fully define the role of hydrothermal Fe in ocean biogeochemistry. 

2.3 Hydrothermal vents: occurrence and geological settings 

Close to sites of hydrothermal activity, fractures in the sea floor allow ocean water to infiltrate 

the Earth’s crust (Lister 1972; Edmond et al. 1982; Von Damm 1995). In regions where hot, 

upwelling mantle rises close to the seafloor, seawater reaching hot lithospheric substrate (basaltic 

rock, ultramafic rock or magmatic fluid) is heated and returns to the seafloor, where it is released 

through hydrothermal vents, either as high-temperature fluids (i.e. ‘black smokers’ or ‘white 

smokers’) or as more diffuse, lower-temperature fluids that mix with ambient seawater intrusions 

upon ascent (Kadko et al. 1995; Von Damm 1995; German and Seyfried 2014; Figure 2.2). High-
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temperature fluids not yet diluted with abyssal seawater are known as end-member fluids, which, 

upon mixing with ambient seawater, become known as hydrothermal plumes. 

 

Figure 2.2 Schematic of a hydrothermal system showing abyssal seawater percolating through fractures in 
the sea floor to the reaction zone. In the reaction zone, seawater is super heated by hot lithospheric 
substrate (superheated rock or magmatic fluid), where it becomes buoyant and rapidly returns to the sea 
floor to be ejected through a focused vent structure (‘smoker’) or percolating through more fractures, 
diluting with seawater and being released as diffuse hydrothermal fluid. Areas around high-temperature 
vents and where diffuse flow escapes the sea floor commonly host rich hydrothermally fed ecosystems. 
High-temperature fluid rapidly rises to a point of neutral buoyancy, where it spreads laterally along density 
gradients. Close to the vent, particles rapidly precipitate and settle to the sea floor (near field), whereas in 
the neutrally buoyant plume particles also aggregate and settle to the sea floor at increasing distance (far 
field). The scale in the top left corner shows a representation of the spatial scales of tracers discussed in 
the text, namely Helium-3 (3He), manganese (Mn), methane (CH4), radon-222 (222Rn), radium-224 (224Ra) 
and particle concentration (Δc; giving light absorbance anomalies). 

Hydrothermal vents exist in many geological settings containing shoaled mantle sources, 

including on mid-ocean ridges (plate spreading), back-arc spreading centres and volcanic arcs 

(plate subduction) and hotspots (intraplate; Figure 2.3, 2.4; Beaulieu et al. 2013; German and 

Seyfried, 2014). Mid-ocean ridges have historically been the most studied, although arc volcanoes 

and back-arc spreading centres have steadily been drawing more attention in recent years (Baker 

and German 2004; Beaulieu et al. 2013). Total vents described in the InterRidge Vents Database 

(Beaulieu 2015), median depths, median maximum fluid temperatures and end-member DFe 
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concentrations are presented in Table 2-1 and Figure 2.4. Because these vents only represent 

what has been discovered to date, these statistics may include sampling biases. 

 

Figure 2.3 Map of hydrothermal vent locations. Dots indicate vents either visually confirmed or inferred 
from plume observations. Triangles indicate studies measuring Fe in hydrothermal fluids as listed in Table 
S1. Mid-ocean ridges (solid black line), trenches (dotted line) and transform faults (dashed line) are also 
shown. Vent data are from the InterRidge database (http://vents-data.interridge.org/ventfields, accessed 
5 April 2017). Plate boundaries are from University of Texas PLATES project shapefiles (Coffin et al. 
1998). 

Table 2-1 Overview of hydrothermal vent characteristics based on end-member vent fluid observations. 
Depth and temperature measurements are taken from the InterRidge Vents Database (Beaulieu 2015). 
See Table S1 for the full compilation of end-member and non-end-member Fe observations. No end-
member dissolved (d) Fe data were available for intraplate or ‘other’ volcanos. The ‘other’ geological 
category includes coastal faults and offshore extensions of above-water level geothermal systems 

Geological setting Total 

number 

(%) of 

vents 

described 

Median 

depth 

(m) 

Median 

maximum 

temperature 

(°C) 

Number of 

measurements 

Median DFe 

(µmol kg–1) 

Number of 

measurements 

Arc volcano 143 (23) 600 133 45 19 22 

Back-arc spreading 

centre 

122 (19) 2000 297 34 261 50 

Mid-ocean ridge 350 (55) 2621 328 80 1720 173 

Intraplate volcano 7 (~1) 420 35 5 – – 

Other 10 (~2) 12.5 85 7 – – 

 

Only a decade ago, the total known active vent fields numbered ~280 (Baker and German 2004), 

whereas today 631 active (visually observed) or inferred active (based on water column 
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indicators, such as chemical anomalies) vent sites have been documented globally (Beaulieu 2015; 

Figure 2.3). Baker and German (2004) estimated the total global number of hydrothermal vent 

fields at divergent plate boundaries (i.e. mid-ocean ridges and back-arc spreading centres) to be 

around 1000 based on their calculated ratio of vent frequency to ridge spreading rate (for a 

discussion of ridge spreading rates, see below). The most recent estimate by Beaulieu et al. (2015) 

has increased this number to around 1300 vent sites. 

 

Figure 2.4 Schematic representation of the geological settings of hydrothermal vents, with ranges and 
median depths of vents discovered to date in each setting. 

Although the number of discovered vents has more than doubled in the past decade, there is no 

question that many more have yet to be discovered. Only one-third of the ~60 000 km of mid-

ocean ridges has been surveyed to date (Beaulieu et al. 2015). As of 2011, 57% of the ~6900 km 

of intraoceanic arcs had been systematically surveyed for hydrothermal vents (de Ronde 2011), 

and most of the ~14 800 km of other non-continental arcs were yet to undergo detailed 
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examination (Baker et al. 2008; Lupton et al. 2011). For example, studies measuring 

hydrothermal Fe have only been undertaken at a small subset of discovered vents (Figure 2.5a). 

Observations in certain key regions of the oceans remain sparse. Large regions of the Arctic and 

Southern oceans (e.g. the South Pacific, South-east Indian Ridge and Kerguelen-Heard Island 

hot spot regions) remain under-surveyed. Further observations of hydrothermal vents at slow-

spreading ridges (discussed below), further analysis of Fe from hydrothermal vents at high 

latitudes (Figure 2.5b) and further study of the effects of diffuse flow systems on long-range Fe 

flux are required in order to account for discrepancies in Fe emissions shown in recent models 

(see below; Tagliabue et al. 2010, 2012; Saito et al. 2013; German et al. 2015). 

 

Figure 2.5 Number of studies measuring hydrothermal Fe at unique vent sites by (a) year and (b) latitude 
(compiled from Table S1). 

2.3.1 Vent fluid composition 

Hydrothermal vent fluid composition varies from one hydrothermal vent to the next (Von 

Damm 1995), and may also vary temporally on time scales from minutes to years (Massoth et al. 

1994; German and Seyfried 2014). There are few common vent fluid characteristics to enable 
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categorisation based on vent type or location; however, they may be loosely categorised by 

temperature and geological setting (German and Seyfried 2014). Black or white ‘smoker’ 

chimneys emit undiluted high temperature fluids (may exceed 400°C; Koschinsky et al. 2008) 

that generally contain high concentrations of metals (Figure 2.6; Sander and Koschinsky 2011). 

These vents are generally observed along ridge axes at mid-ocean plate boundaries, but have also 

been observed off-axis (e.g. on ridge flanks; for a diagram of on and off axis vents, see Figure 

2.4; Von Damm and Lilley 2004; Haase et al. 2009). In contrast, low-temperature vents emit 

fluids less than 50°C that have either undergone mixing with cool seawater before emission from 

the vent or have only circulated through cooler parts of the oceanic crust. These vents generally 

emit fluids containing low metal concentrations (Figure 2.6), but exhibit higher biological activity 

(German and Seyfried 2014; German et al. 2015) and are found both on- and off-axis (Von 

Damm and Lilley 2004; Schmidt et al. 2011). Both high- and low-temperature vents are also 

observed on island arc chains (Massoth et al. 2003; de Ronde 2011). Median vent fluid 

temperatures taken from the InterRidge Vents Database (Beaulieu 2015) are given in Table 2-1. 

 

Figure 2.6 Dissolved (d) and total dissolvable (TD) Fe concentrations plotted against temperature at 
unique vent sites (compiled from Table S1). 

The chemistry of hydrothermal fluids is controlled by seawater interactions with minerals 

contained within the rock substrate at high temperature and pressure, and thus vent fluid 

chemical composition varies widely with vent type and site-specific geochemical characteristics 
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(Von Damm 1990; Shock 1992). Phase separation is common in hydrothermal systems and is 

one of the processes responsible for much of the fluid chemistry variability observed (German 

and Seyfried 2014; de Ronde and Stucker 2015). Phase separation is the separation of seawater 

into higher and lower chlorinity phases. This occurs when seawater reaches a critical point of 

pressure–temperature conditions and may involve boiling or condensing processes depending on 

the pressure and temperature reached in the system (German and Seyfried 2014). Hydrothermal 

fluid components (such as Fe) may be more concentrated in one of the phases or trapped 

subsurface (de Ronde and Stucker 2015). Phase separation is covered extensively in recent 

reviews (see German and Seyfried 2014; de Ronde and Stucker 2015) and so will not be 

discussed further here. 

Notably, dissolved Mn and Fe concentrations at the vent source may be a million-fold higher 

than surrounding waters (e.g. Baker et al. 1995; Von Damm 1995; Bruland et al. 2014). Figure 2.7 

summarises the element composition of hydrothermal vent fluids. 

 

Figure 2.7 Periodic table of elements enriched in end-member hydrothermal fluids, elements depleted in 
end-member hydrothermal fluids and elements enriched in some end-member vent fluids and depleted in 
other end-member vent fluids all in relation to seawater Cl concentration to enable for true measure of 
gain or loss. Adapted from German and Seyfried (2014). 
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2.4 Hydrothermal Plumes 

Hydrothermal plumes transfer fluids emitted from hydrothermal vents into the global oceans 

where they are dispersed. At the vent opening, end-member fluids rise rapidly because their 

temperature may range between ~2°C (diffuse vent) to >400°C (undiluted or ‘smoker’ vent; 

Figure 2.2) above ambient deep ocean temperatures (Von Damm 1995). This stage is known as 

the buoyant plume, where fluids undergo dilution by a factor of 104–105 (Lupton et al. 1985; 

Elderfield and Schultz 1996). Dilution occurs by way of turbulent eddies, formed by friction at 

the boundary between swiftly rising buoyant fluid and ambient ocean water (Lupton 1995). 

These eddies entrap surrounding ambient ocean water and transport it into the plume, often 

referred to as ‘entrainment’. 

On leaving the vent orifice, hot vent fluids mix with seawater, forming an anhydrite (CaSO4) 

framework upon which sulfide minerals precipitate forming chimney structures (German and 

Seyfried 2014). As vent fluid escapes these chimneys, the plume rises and entrains ambient 

seawater, precipitating metal sulfides and sulfates as a result of oxidation (Figure 2.2; Lilley et al. 

1995). Some elements are scavenged by these particles upon mixing with ambient seawater, 

effectively turning hydrothermal plumes into sinks for oceanic phosphate, V, Cr, As, Be, Y, Th, 

Pa and rare earth elements (REE), among others (German et al. 1991; Lilley et al. 1995; 

Elderfield and Schultz 1996; German and Seyfried 2014). 

In the space of tens to hundreds of metres, these fluids reach a point of neutral buoyancy, the 

stage at which the plume ceases vertical ascent and commences lateral dispersion (Baker and 

Massoth 1987; Speer and Rona 1989). Lateral dispersion has been shown to reach distances of 

tens to thousands of kilometres based on temperature (Reid 1982; Baker and Massoth 1987), 3He 

(Lupton and Craig 1981; Lupton 1996; Fitzsimmons et al. 2014) and dissolved Mn (DMn) and 

DFe anomalies (Resing et al. 2015), allowing for far-field dispersal of some hydrothermal fluid 

end-member components. 
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It has become apparent that this distal transport may not only apply to ‘conservative’ tracers, 

such as 3He, but also to other chemical constituents, such as Fe, that were originally thought to 

quickly precipitate out of plumes close to the vent site (Fitzsimmons et al. 2014; Resing et al. 

2015). This review shows that these species may be preserved within plumes at above-ambient 

concentrations through certain mechanisms (e.g. complexation) for great distances (see below). 

As discussed below, recent studies emphasise the importance of understanding the local 

geological and topographic setting, deep-water temperature and salinity and local and regional 

current regimes, as well as the ability to model these processes on local scales in order to 

understand the transport and dispersion of hydrothermal plumes (Wu et al. 2011; Saito et al. 

2013; Conway and John 2014; Fitzsimmons et al. 2014; Resing et al. 2015). 

2.4.1 Methods for identifying hydrothermal plumes 

The physical and chemical properties of fluids emanating from hydrothermal vents vary 

significantly from typical oceanic water properties and may be used as tracers of hydrothermal 

activity. These tracers exhibit varying degrees of reactivity, with their lifetime in the plume 

ranging from hours and days (e.g. Ra) to ~1000 years (i.e. 3He; Clarke et al. 1969; Kadko et al. 

1990; Farley et al. 1995). In the context of this discussion, ‘conservative’ refers to conservation 

of a tracer through time. 

With the exception of 3He, water column residence times of hydrothermal tracers have been 

shown to vary depending on vent and ambient seawater chemistry. However, the residence time 

of various passive tracers can been generalised as: light transmission < 224Ra < 222Rn < CH4 < 

Mn < 3He (Figure 2.2; Kadko et al. 1990). This sequence has proven useful while surveying fast-

spreading ridges, because background levels of conservative tracers such as 3He may be elevated 

because of multiple hydrothermal vents in the region, which can confound efforts to locate 

discrete hydrothermal sources. The non-conservative tracers (e.g. Ra) that have a shorter 
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residence time in the plume have very low background levels, giving a greater signal-to-noise 

ratio (Lupton 1995), ultimately making detection less problematic. Each of these tracers may be 

used individually to identify hydrothermal plumes, or may be used as part of a suite of tracers to 

provide valuable information on geological settings, plume chemistry, age and provenance 

(Jenkins 2014). Importantly in the context of this discussion, these tracers also provide clues as 

to whether Fe in the ocean may come from a hydrothermal origin. 

2.4.1.1 Hydrographic tracers 

Salinity, temperature and density anomalies relative to ambient seawater are telling indicators of 

hydrothermal emissions. Potential temperature has been used as a conservative tracer in plume 

studies (Reid 1982). However, as discussed below, the use of these parameters as hydrothermal 

plume tracers may be complicated by ocean basin hydrographic differences, such as in the 

Atlantic, where hydrothermal plumes can be cooler and less saline than ambient conditions. 

Hence, most hydrothermal plume studies in the Atlantic have instead used optical or chemical 

tracers to identify hydrothermal plumes (Baker et al. 1995). 

Transmissometers or nephelometers, commonly deployed with CTD (conductivity, temperature 

and depth) packages, measure light absorbance or particle reflectance within a water sample and 

are both methods of optically measuring suspended particulates. Optical anomalies are a non-

conservative tracer of hydrothermal plumes because transmissometers or nephelometers are 

more sensitive to larger organic particles found in the near-field plume as opposed to the fine 

metallic particles often associated with plumes further from the vent source. This tracer is more 

sensitive and less complicated to interpret than temperature and salinity anomalies, and thus 

provides an effective near-field tracer (Baker et al. 1995). 

2.4.1.2 Helium 

Helium derived from deep crustal or primordial gases, which degas at hydrothermal sites, is 

easily distinguishable from atmospheric or radioactive decay sources in the deep ocean because it 
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has a distinct isotopic ratio, enriched in 3He in relation to 4He (Lupton and Craig 1981; Belviso et 

al. 1987; Lupton 1998; German and Seyfried 2014). 3He is also inert and thus conserved in the 

ocean (German and Seyfried 2014), making it an excellent dilution tracer of hydrothermal 

plumes. As discussed below, low 3He:heat ratio signatures in the water column are a 

distinguishing feature of event plumes (Baker et al. 2011). Ratios of chemical constituents in 

hydrothermal plumes may be compared to 3He in order to estimate rates of oxidation or 

scavenging (e.g. CH4 : 
3He, Mn : 3He and DFe : 3He) and fluxes from individual vents or at a 

global scale (Baker et al. 1989; Jean-Baptiste et al. 1991; Boyle and Jenkins 2008; German et al. 

2010; Fitzsimmons et al. 2014). 

2.4.1.3 Radon and Radium 

Radon-222 (222Rn) is enriched in hydrothermal fluids as a product of decay from radium (Ra), 

which is supplied to the hydrothermal system by high temperature alteration of basalt (Dymond 

et al. 1983; Kadko and Moore 1988; Rudnicki and Elderfield 1993). The ratio of 222Rn to 3He 

(both of which are chemically inert) in a hydrothermal plume provides a useful tool for 

determining the age of a plume and may also be used to determine rates of uptake or removal of 

non-conservative chemical constituents (e.g. H2, CH4 and Mn) and particles (Kadko et al. 1990). 

Ra is released into hydrothermal fluids as seawater interacts with basalt at high temperatures and 

low pH (Dymond et al. 1983; Kadko and Moore 1988). The concentration of Ra in the 

hydrothermal fluids is dependent on the fluid residence time, circulation depth and composition 

of the host rock (Dymond et al. 1983; Kadko and Moore 1988). Ra has several isotopes, some of 

which have relatively short half-lives (e.g. 223Ra t½ = 11.4 days; 224Ra: t½ = 3.66 days), whereas 

others are longer lived (e.g. 228Ra: t½ = 5.75 years). Kipp et al. (2017) have recently used 223Ra 

and 224Ra isotopes to successfully determine plume ages of neutrally buoyant plumes from sites 

on the East Pacific Rise (EPR) and Mid Atlantic Ridge (MAR) of ~1 month and ~2 days 

respectively, and were then able to use 228Ra to identify plumes of different origins further afield 
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from the EPR and to estimate the residence time of hydrothermal DFe within the plume (9.3–14 

years). 

2.4.1.4 Manganese 

Mn in hydrothermal end-member fluids ranges from 4 to 7100 µmol kg–1 (total dissolvable Mn 

(TDMn); Table S1), whereas background levels in the deep ocean are observed in the nano- to 

picomolar range (Martin et al. 1985; Bruland et al. 2014). Although redox active, abiotic 

manganese oxidation is kinetically inhibited in seawater (Cowen et al. 1998; German and Seyfried 

2014), its oxidation is controlled predominantly by bacterial processes in the non-buoyant plume 

(Cowen et al. 1986, 1990; Cowen and Hui Li 1991). The oxidation rate of Mn is slow relative to 

the rate of plume dispersal (Cowen et al. 1990, 1998). Hence, Mn may persist in greater 

concentrations than Fe in hydrothermal plumes (at least in the range of hundreds of kilometres). 

This enables its use as an effective although non-conservative tracer for hydrothermal emissions. 

Ratios of Fe : Mn and Cl : Mn in hydrothermal fluids have also been used to trace magma 

intrusions in hydrothermal systems (Pester et al. 2014). In the basin-scale EPR plume, Resing et 

al. (2015) traced Fe further than Mn, highlighting the complexity of hydrothermal plume 

chemistry. Indeed, the relationship between integrated Mn and 3He presented by Resing et al. 

(2015, fig. 3d), showing a slight non-linearity, suggests Mn may behave non-conservatively in 

distal hydrothermal plumes, contrary to earlier conclusions. 

Enhancing its suitability as a tracer, Mn may be measured while at sea with relative ease and 

precision using flow injection analysis (FIA), based on chemiluminescence or colourimetry 

reactions catalysed by Mn (Chapin et al. 1991; von Langen et al. 1997; Chase et al. 2005; Middag 

et al. 2011). In addition, several in situ Mn detection methods have been developed that have 

proven effective as real-time hydrothermal plume detectors. These devices are all based on 

automated FIA methods. Examples include the submersible chemical analyser (Scanner; Coale et 
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al. 1991; Chin et al. 1994), the zero-angle photon spectrometer (ZAPS; Klinkhammer 1994) and 

the geochemical anomaly monitoring system (GAMOS; Okamura et al. 2001; Gamo et al. 2015). 

2.4.1.5 Methane 

Methane (CH4) is released from both high- and low-temperature vents through various organic 

and inorganic processes, such as thermal breakdown of complex hydrocarbons (>100°C), 

biological production (<120°C) and serpentinisation (hydration and metamorphic 

transformation) of ultramafic rocks (Welhan 1988; Lilley et al. 1995; Charlou et al. 1998; Love et 

al. 2008). Background ocean concentrations of CH4 are <5 nmol kg–1, whereas concentrations in 

vent fluids have been measured in the micromole per kilogram to millimole per kilogram range 

(Von Damm 1995; Charlou et al. 2002; German and Seyfried 2014). These characteristics make 

CH4 a valuable tracer of hydrothermal fluids. 

The ability to analyse CH4 at sea makes this gas especially useful as a tracer of hydrothermal 

activity. However, the varying nature of CH4 concentrations at different vent sites, coupled with 

varying residence times depending on local conditions, means that CH4 may only prove a useful 

hydrothermal tracer in some cases. There have been some instances of CH4 detection in the 

absence of both 3He and Mn (Horibe et al. 1986; Belviso et al. 1987; Jean-Baptiste et al. 1990), 

indicating a source of CH4 unrelated to hydrothermal venting. Conversely, the absence of CH4 

does not necessarily preclude hydrothermal activity and may provide clues to site-specific 

geological setting, sub-seafloor hydrology and plume dynamics. 

2.4.2 Dispersion of hydrothermal plumes 

2.4.2.1 Geological setting 

The geological and topographic setting in which a hydrothermal vent is located has a major 

effect on plume dispersion. At slow (20–55 mm year–1)-spreading and ultra-slow (<20 mm year   

–1)-spreading ridges such as the Mid-Atlantic, South-west Indian, Central Indian and Gakkel 



Chapter 2 

 

58 
 

ridges, rift valley walls are often 1–3 km high, far above average neutrally buoyant plume height, 

constraining lateral advection of plumes along ridge axis trajectories. At faster-spreading ridges 

(>55 mm year–1), such as the EPR, South-east Indian Ridge, Chile Ridge and Juan de Fuca Ridge, 

neutrally buoyant plumes often rise above the ~100 m ridge walls, allowing off-axis dispersion to 

occur more readily (Chen and Morgan 1990; Baker et al. 1995; German and Seyfried 2014). 

Hydrothermal plumes from vents at shallower depths are more likely to be dispersed by surface-

generated eddies and deep winter surface mixed layers (Adams et al. 2011; Hawkes et al. 2014). 

Volcanic arc hydrothermal vents are often found at much shallower depths than those of mid-

ocean ridges (the median depth of vents discovered at volcanic arcs to date is 600 m; Beaulieu 

2015), which may lead to greater dispersion of hydrothermal plumes to surface waters (de Ronde 

et al. 2001; Massoth et al. 2003; Hawkes et al. 2014). However, some vents in these settings are 

located within confining calderas, limiting plume dispersion (Hawkes et al. 2014). Although the 

depth of hot spot-related hydrothermal vents discovered to date ranges considerably (50–4800 

m, median 420 m; Beaulieu 2015), these vents may also be found at depths conducive to 

dispersion into the surface mixed layer. Dispersion of hydrothermal plumes into the surface 

mixed layer is also of great interest in the context of directly affecting surface biological 

productivity through, for example, stimulation of phytoplankton growth by essential nutrients 

and micronutrients in the hydrothermal plume, as discussed below. 

2.4.2.2 Deep water temperature and salinity 

Temperature and salinity differences in the world’s oceans affect the dispersion of hydrothermal 

plumes. The Pacific Ocean’s deep waters are warmer and saltier than its overlying waters 

(Lupton et al. 1985; Broecker 1991; Lupton 1995; Marshall and Speer 2012). This means that 

hydrothermal plumes in this ocean are saltier and warmer than surrounding water as they rise. 

The salinity increases the density, whereas the elevated temperature decreases the density of the 

plume, somewhat offsetting each effect (Lupton et al. 1985). Hence, buoyant plumes in the deep 
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Pacific reach neutral buoyancy (when plume density equals ambient density) while the plume is 

still warmer and saltier than surrounding water (Lupton 1995). 

In the Atlantic Ocean, where deep waters are colder and fresher than overlying waters, 

hydrothermal plumes are both warmer and less saline than surrounding waters on ascent (Speer 

and Rona 1989). This means plumes in the Atlantic ascend higher than those in the Pacific 

before reaching a point of neutral buoyancy. These differing oceanic water column properties, 

together with the hydrothermal vent source heat flux, determine the height above the vent at 

which the neutrally buoyant plume is found in different ocean basins (Table 2-2; Speer and Rona 

1989; Rudnicki and Elderfield 1993; Carazzo et al. 2013). The depth of the hydrothermal vent 

coupled with the height of neutrally buoyant plume emplacement controls which isopycnal 

(constant density) gradient the plume will disperse along, and thus affects plume dispersal to the 

greater ocean (Bennett et al. 2008). 

Table 2-2 Hydrothermal plume rise heights observed in different ocean basins 

Ocean basin Plume height (m) References  

Pacific 200–400 Baker (1994), Feely et al. (1994), Lupton et al. (1985) 

Atlantic 300–700 Jean-Baptiste et al. (1991), Langmuir et al. (1997), Speer and Rona (1989) 

Indian 100–400 Ray et al. (2012), Rudnicki and German (2002), Scheirer et al. (1998) 

Arctic 300–600 Baker et al. (2004), Stranne et al. (2010) 

Southern 100–500 Baker et al. (2004), Hawkes et al. (2013), Tyler (2011) 

 

2.4.2.3 Local and regional current regimes 

In the deep ocean at the basin scale, mid-ocean ridges exert strong control on circulation, with 

currents flowing in the direction of ridges for hundreds of kilometres (Speer et al. 2003). These 

along-axis currents are broken up by across-axis currents, generated from surface wind stress and 

thermohaline forcing (heat and salinity gradients), which leave the ridge and flow into the interior 

of ocean basins dispersing hydrothermal plumes away from mid-ocean ridges (Speer et al. 2003). 

A recent study of hydrothermal vent community larval dispersal mechanisms has shown that 

basin-scale currents also disperse hydrothermal plumes from arc and back-arc volcano settings in 
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the western Pacific (Mitarai et al. 2016). Not only are hydrothermal fluids advected by these deep 

currents, but in certain regions of the mid-ocean ridge the buoyancy flux caused by 

hydrothermalism may even drive oceanic circulation and thus aid in the dispersion of plumes 

(Stommel 1982; Joyce and Speer 1987; Hautala and Riser 1989; Speer 1989; Helfrich and Speer 

1995; Adcroft et al. 2001). Another recent study on the northern EPR demonstrated that 

surface-generated mesoscale eddies may, in fact, reach sufficient depths to affect the dispersal of 

hydrothermal plumes at mid-ocean ridges (2350 m at the study site; Adams et al. 2011). 

There are several means by which hydrothermal fluids may escape the confines of slow-

spreading ridges with large rift valleys, such as the MAR, where currents generally drive 

hydrothermal plumes along-axis within the rift valley (German et al. 2010). Fracture zones allow 

fluids confined within the rift valley to escape in some locations, such as near the equator at the 

Romanche and Chain fracture zones on the MAR (Mercier and Speer 1998). Turbulence 

generated by uneven topography and narrow passages along the MAR have been shown to drive 

upward mixing, allowing overflow of rift valley-confined waters and increasing mixing rates 

throughout the water column above the MAR (Polzin et al. 1997; Ledwell et al. 2000; St Laurent 

and Thurnherr 2007). Dissolved Fe data from the 2010 North Atlantic zonal GEOTRACES 

cruise (GA03) suggest that hydrothermal Fe must escape the MAR rift valley for transport 

hundreds of kilometres to the west (Conway and John 2014; Fitzsimmons et al. 2015; Hatta et al. 

2015). Finally, event plumes may also allow escape of hydrothermal plumes above confining rift 

valley walls, as discussed in the following section. 

2.4.2.4 Event plumes 

In addition to the ‘chronic’ plumes (i.e. hydrothermal venting that occurs over time scales in the 

range of 10–10 000 years) discussed above, large ‘event’ plumes have been observed to occur 

sporadically at both plate boundary and intraplate hydrothermal settings (Baker et al. 1987, 2012; 

Kadko et al. 1995; German and Lin 2004). Between 1986 and 2012, evidence of 22 eruption 
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events were reported (Baker et al. 2012). Some examples include the first discovery of a 

‘megaplume’ at the Juan de Fuca ridge (Baker et al. 1987), ‘EP96A’ at Gorda Ridge (Kelley et al. 

1998) and ‘EP08A-H’ at the Northeast Lau Spreading Centre (Baker et al. 2011). These plumes 

persist in the water column for 0.5–2 years on average (Carazzo et al. 2013) and are associated 

with massive heat fluxes and greater-than-average metal concentrations (Massoth et al. 1994). As 

a consequence of these large heat fluxes, metal-enriched hydrothermal emissions can rise up to 

1000 m above the sea floor before reaching neutral buoyancy (Baker et al. 1987, 1989; Massoth 

et al. 1994). Lupton (1995) argued that event plumes are probably not a significant source of 

hydrothermal input based on lack of observed 3He anomalies at event plume depths. Koski et al. 

(2003) also argued that event plumes are not a significant source of hydrothermal input based on 

observations that an event plume at the Co-Axial vent field, North Pacific Ocean, contributed 

less than 10% of the total (chronic and event) heat and chemical flux at this site over its 3-year 

lifespan (Baker et al. 1998). However, Carazzo et al. (2013) recently conducted a study suggesting 

that internal layering within event plumes driven by the differential diffusion of heat and small 

mineral precipitates extends the longevity of plumes in the water column, greatly enhancing 

probability of distal transport. The extreme plume buoyancy and chemical fluxes associated with 

event plumes means their potential to affect ocean chemistry warrants further study (Baker et al. 

2012). 

2.5 Iron in hydrothermal plumes 

Early studies of end-member hydrothermal vent fluids inferred that all Fe rapidly formed Fe 

oxide and Fe sulfide precipitates, which then quickly settled to the sea floor (e.g. Mottl and 

McConachy 1990; German et al. 1991; Rudnicki and Elderfield 1993), rendering Fe contribution 

from hydrothermal sources insufficient to provide a significant contribution to the oceanic DFe 

budget. More recently, the ‘leaky vent hypothesis’ (Toner et al. 2012) has gained momentum, 

with work showing that Fe in more stable forms, such as nanoparticulate minerals and Fe 
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complexed by organic ligands, has a water column residence half-life (i.e. the time it takes for 

half the Fe-rich nanoparticles or Fe–ligand complexes to undergo oxidative dissolution or 

aggregation and precipitate out of the plume) long enough to greatly increase the probability of 

reaching surface waters (Field and Sherrell 2000; Wu et al. 2011; Carazzo et al. 2013; 

Fitzsimmons et al. 2014). Such findings have led to a paradigm shift in our understanding of 

hydrothermal Fe input to the global oceanic Fe budget, with studies tending towards greater 

estimates of hydrothermal contribution in more recent years (Tagliabue et al. 2010; Sander and 

Koschinsky 2011; Carazzo et al. 2013; Resing et al. 2015), as discussed below. 

Concentrations of Fe in hydrothermal vent fluids vary widely depending on geological setting, 

temperature and pressure, among other factors (Von Damm 1995; Table 2-1; Table S1). Iron 

concentrations of end-member fluids are often generalised as enriched by 106 : 1, or greater, over 

open ocean concentrations (Von Damm and Bischoff 1987; Chin et al. 1994; Sharma et al. 2001; 

Sands et al. 2012; German and Seyfried 2014), with observed concentration ranges from <2 to 

26 000 µM at mid-ocean ridges (e.g. Rudnicki and Elderfield 1993; Elderfield and Schultz 1996; 

Douville et al. 2002; Gallant and Von Damm 2006; Table 2-1; Figure 2.6, 2.8, 2.9a; Table S1). 

Note that Fe concentrations may be reported as total dissolvable Fe (TDFe; measured using 

unfiltered acidified samples giving dissolved plus dissolvable particles) or as DFe (measured 

using samples filtered through 0.2- or 0.4-µm filters). 

An analysis of variance (ANOVA) of end-member Fe data from Table S1 found a significant 

difference between DFe concentrations from different geological settings (P < 0.001; Figure 

2.9a). A Games–Howell post hoc test revealed that DFe concentrations measured in arc volcano 

settings (n = 22) are significantly lower than concentrations in back-arc spreading centre (P < 

0.001; n = 50) or mid-ocean ridge (P < 0.001; n = 173) settings. There were no significant 

differences between back-arc spreading centre and mid-ocean ridge settings. The lower DFe 

concentrations in arc volcano settings is consistent with their cooler temperatures (Table 2-1), 
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Figure 2.8 Reported vent fluid end-member concentrations of (a) total dissolvable Fe (µmol kg–1) and (b) 
dissolved Fe (µmol kg–1). Only measurements taken directly at the vent orifice and calculated back to 
undiluted vent fluid (end-member) data are shown. Where multiple measurements have been collected at 
a single hydrothermal site, mean values are shown. (Data compiled in Table S1.) 

 which is often a characteristic of more diffuse, lower-concentration vent fluid (de Ronde and 

Stucker 2015). TDFe showed no significant differences between geological settings. However, it 

must be noted that this analysis is based on very different group sizes of TDFe observations (n 

= 13, 45 and 125 for arc, back-arc and mid-ocean ridge settings respectively). 

There is also a significant difference between end-member DFe concentrations at different mid-

ocean ridge spreading rate categories (P < 0.001; Figure 2.9b). A Games–Howell post hoc test 

revealed that end-member DFe concentrations measured at slow-spreading rate ridges are 

significantly lower than at fast-spreading rate ridges (P < 0.001), but not significantly lower than 

at intermediate-spreading rate ridges. End-member DFe concentrations at intermediate- and fast-

spreading rate ridges are also not significantly different from each other. There were not enough 



Chapter 2 

 

64 
 

 

Figure 2.9 (a) Mean (±s.e.m.) dissolved Fe (DFe) and total dissolvable Fe (TDFe) end-member 
concentrations of unique hydrothermal vent sites by geological setting. Columns with different letters 
differ significantly (P < 0.05). For arc volcano, back-arc spreading centre, mid-ocean ridge and other 
settings n = 8, 17, 38 and 1 respectively. (b) Mean (±s.e.m.) DFe and TDFe end-member concentrations 
of unique hydrothermal vent sites by spreading rate category. For ultraslow, slow, intermediate, fast and 
superfast ridges n = 5, 134, 113, 120 and 26 respectively. (Compiled from Table S1. Error bars show 
standard error of mean.) 

end-member measurements at ultraslow- or superfast-spreading ridges to perform statistical 

analyses. TDFe also showed a statistically significant difference between spreading rate categories 

(P < 0.001). A Games–Howell post hoc test revealed that end-member TDFe concentrations 

measured at superfast-spreading rate ridges are significantly higher than at intermediate (P < 

0.05) and ultraslow (P < 0.001) ridges, but not significantly higher than at slow-spreading ridges. 

Concentrations at intermediate ridges are significantly higher than at ultraslow ridges (P < 0.001), 

but not significantly different to slow-spreading ridges. Concentrations at slow ridges are 

significantly higher than at ultraslow ridges (P < 0.05). 

These results are consistent with observations that at intermediate- to ultrafast-spreading ridges 

hydrothermal activity is observed to increase with spreading rate (the ‘magmatic budget 

hypothesis’; Baker and German 2004). More recent observations at slow-spreading ridges show a 

departure from this trend, with more frequent hydrothermal activity discovered than expected 

(Saito et al. 2013). This departure from the expected trend has been attributed to tectonic 
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processes controlling a large proportion of hydrothermal activity at slow-spreading ridges, in 

contrast with the predominantly magmatic processes observed at faster-spreading ridges (Rona et 

al. 2010; Saito et al. 2013; Beaulieu et al. 2015; German et al. 2016). It should be noted that there 

is a lack of end-member Fe data for fast- (n = 3; from one site) and ultraslow-spreading ridges (n 

= 4; from one site), which may have skewed the data for these tectonic settings. The remainder 

of this section examines how some of this Fe may be stabilised and thus distributed into the 

wider ocean. 

2.5.1 Stabilisation of hydrothermal iron 

There is a growing list of studies showing evidence of stabilisation of hydrothermal Fe over long 

distances in the ocean (Wu et al. 2011; Nishioka et al. 2013; Conway and John 2014; 

Fitzsimmons et al. 2014; Hatta et al. 2015; Resing et al. 2015; Sedwick et al. 2015; Sander and 

Koschinsky 2016), which may eventually lead to revisions of estimated hydrothermal plume Fe 

lifetime, with potential ramifications for our understanding of Fe biogeochemical cycling. The 

furthest distance from source at which elevated DFe has been detected within a hydrothermal 

plume to date is estimated at ~6000 km (Fitzsimmons et al. 2014), with several other studies also 

identifying hydrothermal Fe plumes in the range of thousands of kilometres (e.g. Wu et al. 2011; 

Saito et al. 2013; Resing et al. 2015). Conway and John (2014) recently tracked sources of DFe 

using stable Fe isotope ratios (δ56Fe) in the North Atlantic Ocean and traced hydrothermally 

derived Fe transported laterally ~1000 km to the west of the Trans-Atlantic Geotraverse (TAG) 

hydrothermal field. Stabilisation of dissolved and particulate Fe has been attributed to 

complexation by organic ligands, nanoparticulate processes and DFe(II) oxidation kinetic 

processes, as discussed in detail in the following sections. 
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2.5.1.1 Organic ligands 

Over 99% of dissolved Fe in the ocean is bound in ligand complexes (Gledhill and van den Berg 

1994; Rue and Bruland 1995; Tian et al. 2006; Ibisanmi et al. 2011). In non-buoyant 

hydrothermal plumes, 4–8% of DFe may be complexed by Fe-binding ligands (Bennett et al. 

2008; Sander and Koschinsky 2011; Hawkes et al. 2013; Fitzsimmons et al. 2017). In high-

temperature end-member vent fluids, complex organics are broken down and it is unlikely this 

fluid is the source of ligands in buoyant or non-buoyant plumes (Shock and Schulte 1998). 

Studies have pointed towards low-temperature diffuse vent fluids in the vicinity of high-

temperature vents as a major source of organic ligands, or of organic carbon that may react with 

high-temperature vent fluid constituents to produce ligands (Lang et al. 2006; Bennett et al. 2008; 

Toner et al. 2009; Hawkes et al. 2013). Hawkes et al. (2013) showed that these ligands are most 

likely of the L2 category bond strength (thought to be the more bioavailable form; Boyd et al. 

2010; Poorvin et al. 2011; Gledhill and Buck 2012) in concentrations ranging from 2 to 18 nM 

within the neutrally buoyant plume, and calculated at up to 260 nM in ‘near-vent’ fluids. Mean 

background concentrations of ligands in this region of the deep Southern Ocean are reported at 

around 1 nM (Caprara et al. 2016). Diffuse hydrothermal systems, as a major contributor of 

ligands to buoyant hydrothermal plumes, have also been implicated as an important source of 

stabilised Fe to hydrothermal plumes in recent modelling and observational studies (German et 

al. 2015; Kleint et al. 2016). 

Background concentrations of ligands in the deep ocean (often referred to as the ‘ligand soup’) 

are produced by bacterial remineralisation of sinking biogenic particles (Boyd et al. 2010; Gledhill 

and Buck 2012) and may also be entrained into the buoyant plume on ascent. There is some 

question as to whether higher concentrations (10 – 100 nM) of ligands too weak to be detected 

by widely used cathodic stripping voltammetry techniques exist in deep ocean water (Hawkes et 

al. 2013), which may contribute to entrained ligands within buoyant hydrothermal plumes. 
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Plume-dwelling microbes have also been suggested as a source of Fe-complexing ligands (Dick 

et al. 2013; Hawkes et al. 2013; Li et al. 2014); however, this mechanism has yet to be proven. 

Importantly, ligand concentrations likely play a greater role than end-member trace metal 

concentrations in governing persistence and transport in the ocean (Resing et al. 2015; Völker 

and Tagliabue 2015). 

2.5.1.2 Nanoparticles 

Nanoparticulate minerals are solids ranging in size from a few nanometres to 200 nm in diameter 

(Yücel et al. 2011; Gartman et al. 2014). These particles are thought to form within hydrothermal 

fluid before discharge at the sea floor (Yücel et al. 2011). All minerals enter a nanoparticulate 

stage during formation, and although this stage is often transitionary, in certain systems the rate 

of ion production is far higher than the rate of ion or particle aggregation, allowing nanoparticles 

to exist in relative equilibrium (Hochella et al. 2008; Mullaugh and Luther 2011). The 

mechanisms by which these nanoparticles are stabilised are still an area of discovery, because 

nanoparticles behave unexpectedly compared with larger particles in relation to surface area and 

oxidation state (Hochella et al. 2008; Yücel et al. 2011; Gartman et al. 2014). 

Nanoparticles can account for a significant fraction of the Fe within the operationally defined 

dissolved size class (<0.2 µm) in hydrothermal fluids (Yücel et al. 2011; Gartman et al. 2014). 

Nanopyrite was observed to compose 5–25% of the DFe at the Rainbow, TAG and Snakepit 

hydrothermal sites (Gartman et al. 2014), and nanoparticulate oxyhydroxide particles have been 

implicated as a significant component of DFe from the southern EPR (Fitzsimmons et al. 2017). 

Iron has predominantly been described as existing as a nanoparticulate in oxyhydroxide or pyrite 

(FeS2) form, but has recently been found to exist in several other nanoparticulate forms, such as 

silicates and chalcopyrite (CuFeS2; Gartman et al. 2014; Fitzsimmons et al. 2017). Although the 

complex physical and chemical processes involved in nanoparticle behaviour in the environment 

are currently under investigation, it has been shown that these particles may also persist for great 
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distances from hydrothermal sources (Yücel et al. 2011; Gartman et al. 2014). For example, 

Gartman (2013) showed that at a deep-water oxygen concentration of ~200 µM and temperature 

of 2°C, the half-life of pyrite nanoparticles is ~200 days. At an upwelling rate of 2.2 m day–1 

(Kadko and Johns 2011), these nanoparticles would travel ~1.3 km vertically in three half lives, 

and ~3 km in seven half lives, lending credibility to the possibility of hydrothermally derived Fe 

nanoparticles reaching surface waters (Gartman et al. 2014). By the same token, based on average 

lateral ocean currents over the EPR of ~5 cm s–1, and a maximum measured rate of ~15 cm s–1 

(Adams et al. 2011), pyrite nanoparticles could travel ~2600–6000 km in three to seven half lives 

or, at the maximum current, ~7800–18 200 km in three to seven half lives. 

In addition to the stabilisation of Fe by formation of nanoparticulates and organic complexes as 

separate processes, some recent studies have focused on the interaction between these two 

processes (Toner et al. 2009; Fitzsimmons et al. 2017). It is now becoming clearer that 

nanoparticulates and organic ligands may work in concert, because inorganic nanoparticles 

eventually undergo oxidative dissolution and are subsequently stabilised by ligand complexation 

(Yücel et al. 2011; Fitzsimmons et al. 2014). In proximity to a vent source, colloidal (0.02–0.4 

µm) Fe is often the dominant fraction, whereas the further Fe travels from a vent source, the 

higher the likelihood that Fe will exist within the soluble (<0.02 µm) fraction, tending towards a 

50 : 50 ratio of soluble to colloidal size fractions (Fitzsimmons et al. 2014). Both nanoparticulate 

(inorganic) and complexed (organic) Fe may be found in either of these fractions, and organics 

have also been found covering the surface of some nanoparticulates, further stabilising them 

(Hochella et al. 2008; Toner et al. 2009; Sander and Koschinsky 2011; Yücel et al. 2011; Gartman 

et al. 2014). Fitzsimmons et al. (2017) have recently provided further evidence of these 

interactions tracing nanoparticulate–ligand exchanges in the hydrothermal plume extending over 

4000 km from the EPR. 
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2.5.1.3 Fe(II) oxidation times influenced by ocean chemistry 

Iron, in the form of Fe(II), is often the most abundant component in high-temperature end-

member fluids, with maximum concentrations found up to millimolar ranges (Von Damm 1995). 

The majority of Fe(II) in hydrothermal fluids is quickly oxidized upon mixing with ambient 

seawater (German et al. 1991; Rudnicki and Elderfield 1993). Fe(II) may even oxidise below the 

seafloor, resulting in Fe(III) emissions from some plumes and vast FeS deposits below the 

seafloor in some regions (German et al. 2016). Varying properties of seawater in different ocean 

basins and regions affect the longevity of Fe in plumes. Fe(II) lifetimes in low-oxygen waters, 

such as those found in the South Pacific, are among the longest, potentially enhancing distal 

transport (Field and Sherrell 2000; Fitzsimmons et al. 2014). Inter-basin differences in pH and 

O2 levels, as well as local currents affecting plume dilution, have been shown to affect Fe 

particulate and dissolved phase distribution in hydrothermal plumes to a greater extent than 

variations in vent fluid composition (Field and Sherrell 2000). Reported Fe(II) oxidation half-

lives vary from 2.1 min in some areas of the Atlantic (Rudnicki and Elderfield 1993; Sedwick et 

al. 2015) to as long as 32–42 h in some areas of the Pacific (Chin et al. 1994). Binding of Fe(II) 

by organic ligands and incorporation into nanoparticulates has also been shown to increase 

Fe(II) oxidation time scales (Toner et al. 2009; Gartman et al. 2014). Field and Sherrell (2000) 

reported that an oxidation half-life of 3.3 h was long enough for Fe(III) colloid production and 

aggregation to occur in the neutrally buoyant plume where vent fluid is relatively dilute (as 

opposed to the buoyant plume, where vent fluid is highly concentrated), thus reducing the 

aggregation of particulates and increasing the likelihood of Fe persisting in suspended form. 

2.5.2 Iron isotopes 

Iron stable isotope analysis compares isotopic ratios of 56Fe/54Fe or 57Fe/54Fe (Dauphas and 

Rouxel 2006; Johnson et al. 2008). These isotopes are quantified in per mille (‰) deviation 

relative to a standard reference, which, in this context, is bulk silicate earth (Dauphas and Rouxel 
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2006; Bennett et al. 2009). Different sources of Fe produce unique isotope signatures, which can 

be traced throughout the water column (Conway and John 2014; German and Seyfried 2014). 

Processes within hydrothermal systems that affect Fe isotope ratios include biological and abiotic 

redox processes with either kinetic or equilibrium fractionation effects (Rouxel et al. 2008; 

Lough et al. 2017). 

Initial isotope studies observed Fe isotope signatures of end-member vent fluids that were lighter 

compared with igneous rocks, falling in the range of –0.67 to –0.09‰ (Rouxel et al. 2004, 2008; 

Dauphas and Rouxel 2006; Bennett et al. 2009; German and Seyfried 2014). Isotopically heavy 

(from +0.1 to +1.7‰; Ellwood et al. 2015; Fitzsimmons et al. 2016) and very light (–1.35‰; 

Conway and John 2014) δ56Fe signatures have now been observed in hydrothermal plumes, 

highlighting the diversity of hydrothermal processes involved in fractionation. Increasing δ56Fe 

observations in different hydrothermal settings and within different stages of hydrothermal 

systems and plumes in recent years have further defined the processes giving rise to various 

isotopic signatures (Rouxel et al. 2008, 2016; Lough et al. 2017). 

Mechanisms identified leading to Fe fractionation in subsurface hydrothermal systems include 

the formation of chimney structures (increase in fluid δ56Fe values if the chimney structure is 

pyrite, but little effect if the structure is chalcopyrite; Rouxel et al. 2008); sub-surface mixing of 

unaltered seawater with hydrothermal fluids causing sulfide precipitation (increase in fluid δ56Fe 

values) or basalt alteration and partial Fe oxidation (both decrease fluid δ56Fe values; Rouxel et al. 

2008). Once hydrothermal fluid leaves the vent, processes that lead to further Fe fractionation 

include precipitation of sulfide in the first tens of metres (increase in fluid δ56Fe; Mottl and 

McConachy 1990; Bennett et al. 2009; Rouxel et al. 2016; Lough et al. 2017), followed by Fe 

oxyhydroxide formation in the first hundreds of metres (decrease in fluid δ56Fe; Severmann et al. 

2004; Lough et al. 2017), formation of pyrite nanoparticles (decrease in fluid δ56Fe because these 

isotopically light particles fall within the operationally defined 0.4-µm dissolved fraction; 
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Fitzsimmons et al. 2016; Lough et al. 2017) and binding with organic ligands (increase in fluid 

δ56Fe; Dideriksen et al. 2008; Morgan et al. 2010; Fitzsimmons et al. 2016). 

The ratio of Fe to sulfide, determined by the geological setting of a hydrothermal system, has a 

marked effect on the δ56Fe signature, because the formation of sulfide particles and the 

formation of oxyhydroxide particles exert opposing controls on the isotopic signature of the 

hydrothermal fluid (Rouxel et al. 2016; Lough et al. 2017). In geological settings that produce low 

sulfide concentrations, such as ultramafic-hosted systems, Fe precipitates primarily as Fe 

oxyhydroxides in the buoyant plume, shifting dissolved δ56Fe towards light values (Severmann et 

al. 2004). In basaltic-hosted hydrothermal systems that have much higher sulfide concentrations, 

the opposite effect is observed (Fitzsimmons et al. 2016). The rate of oxidation of Fe(II) in 

hydrothermal fluid also exerts an effect on fractionation. If precipitation is rapid, the dissolved 

phase can be driven towards heavier δ56Fe values, whereas if precipitation proceeds at a slower 

rate dissolved phase δ56Fe will be lighter (Fitzsimmons et al. 2016). Because Fe(II) oxidation rate 

varies by ocean basin, as discussed above, Fe fractionation in the non-buoyant plume depends 

on the abyssal seawater properties in addition to hydrothermal system geological setting. 

Although there is a need to further constrain processes affecting Fe isotope fractionation in 

distal hydrothermal plumes, δ56Fe signatures have proven to be a valuable tool for investigating 

hydrothermal processes and should prove valuable in tracing hydrothermal plumes in future 

investigations (Fitzsimmons et al. 2016; Rouxel et al. 2016; Lough et al. 2017). 

2.6 Biogeochemical contribution of hydrothermal iron in the ocean 

2.6.1 Effect of hydrothermalism on the global iron budget 

Hydrothermal Fe, assumed to be a quasi-constant source, may act to buffer the world’s oceans 

against fluctuations of other major sources of Fe, such as ice melt, dust and sediments, over 



Chapter 2 

 

72 
 

longer time scales (Tagliabue et al. 2010). A large portion of deep-ocean Fe is contributed by 

hydrothermal activity at mid-ocean ridges throughout the world’s oceans (estimates range from 5 

to 75%; Tagliabue et al. 2010; Carazzo et al. 2013; Saito et al. 2013; Conway and John 2014), with 

more effect in some ocean basins (such as the Pacific) than others (Tagliabue et al. 2014c). 

In the past two decades, several models have been developed attempting to define the 

biogeochemical cycle of Fe in the ocean (Johnson et al. 1997; Archer and Johnson 2000; Moore 

et al. 2001; Parekh 2004; Weber et al. 2005; Aumont and Bopp 2006; Moore and Braucher 2008). 

Aeolian inputs of Fe (i.e. dust) were initially given the most attention by modelling studies until 

the importance of sedimentary sources was recognised (Tagliabue et al. 2009). The first global 

model to incorporate Fe from hydrothermal sources did not emerge until 2010, in response to 

growing evidence of stable hydrothermal Fe (Tagliabue et al. 2010). 

Prior to the global model of Tagliabue et al. (2010), Bennett et al. (2008) postulated that 11–22% 

of the global deep-ocean DFe budget may originate from hydrothermal sources. This estimate 

was based on their calculations that ~4% of the total Fe released from one vent site was 

stabilised by Fe-complexing ligands (assuming that the concentrations found at the studied vent 

site were representative of all hydrothermal systems). Tagliabue et al. (2010) used the results 

obtained by Bennett et al. (2008) and observations of DFe : 3He ratios coupled with observed 

relationships between spreading rate and 3He flux to calculate a global annual hydrothermal Fe 

flux of 9 × 108 mol. This flux was input into a state-of-the-art biogeochemical–ocean circulation 

model (NEMO-PISCES) to assess the effect of the hydrothermal flux on world ocean 

biogeochemistry. The model showed that the biogeochemical response to hydrothermal DFe 

input is greatest in the Southern Ocean, and that observations of DFe in the Southern Ocean 

could only be replicated with a hydrothermal flux of Fe included in the model. In addition, 

Tagliabue et al. (2010) found that surface DFe is only weakly modified by hydrothermalism, 

whereas deep waters are affected to a much greater degree, particularly in the Southern Ocean. 
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The contribution of hydrothermalism to total Southern Ocean carbon export was found to be 5–

15%, with a contribution to some regions of the Southern Ocean of up to 30%. 

Hawkes et al. (2013) used reverse titration–competitive ligand exchange–adsorptive cathodic 

stripping voltammetry to show that 30% of the DFe in a hydrothermal plume in the Southern 

Ocean was stabilised by organic ligands. Extrapolating from this finding, the authors put forward 

that ~7.5% of total Fe within hydrothermal vent fluids is stabilised, but refrained from equating 

that figure to a fraction of the global budget, noting that hydrothermal fluids vary in Fe 

composition by up to five orders of magnitude. Subsequently, Carazzo et al. (2013) used 

laboratory experiments and observations of event plumes over different ocean ridges to develop 

a model suggesting that with the addition of ‘particle diffusive convection’ of nanoparticles in 

certain types of hydrothermal plumes (a process of thermal layering, prolonging large ‘event’ 

plumes for extended periods of time), Fe from hydrothermal vents may contribute up to 75% of 

the global deep-ocean DFe budget. 

However, it is important to note that although Fe flux estimates and models have significantly 

improved our understanding of hydrothermally derived Fe in the global biogeochemical cycle, 

there are still uncertainties that may affect the modelled effect of hydrothermal Fe on the global 

oceanic Fe budget. For example, Fe : 3He ratios on slow-spreading ridges have been observed 80-

fold higher than those used to constrain current hydrothermal flux models (Saito et al. 2013). 

The effect of this discrepancy between current biogeochemical models and real processes is still 

under investigation (Tagliabue and Resing 2016). Another factor, suggested by Baker et al. (1993) 

over two decades ago, is that based on the differences of chemical fluxes between vents of high 

temperature and diffuse low temperature emanations, global Fe flux estimates may vary by a 

factor of 20. German et al. (2015) show evidence that adds support to the importance of diffuse 

sources of DFe and ligands. Tagliabue et al. (2014a) noted that uncertainties in the Fe-binding 

ligand pool may significantly affect model outputs, with variations in modelled ligand 
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concentrations affecting Fe-mediated changes to atmospheric CO2 by up to 25%. A recent study 

modelling Fe-binding ligands in a three-dimensional biogeochemical ocean model has further 

constrained ligand processes in global oceans and more accurately reproduces Fe distribution 

compared with previous models that assume a uniform ligand distribution (Völker and Tagliabue 

2015). Although producing more accurate oceanic Fe profiles overall, the model still produced 

some inconsistencies with observations in certain ocean regions, highlighting the complexity of 

Fe–ligand systems and a need to refine global models further. Resing et al. (2015) used their 

observations of a hydrothermal Fe plume from the southern EPR, coupled with the latest global 

model used by Völker and Tagliabue (2015), to estimate a mean (± s.d.) global DFe 

hydrothermal flux of 4 ± 1 Gmol year–1. This estimate is fourfold higher than previous estimates 

and translates to ~15–30% of modelled export production south of the Polar Front. Most 

recently, Fitzsimmons et al. (2017) provided evidence that within the plume Resing et al. (2015) 

studied, both dissolved and particulate Fe sink in relation to 3He, crossing isopycnals. These new 

results may need to be incorporated into existing models to accurately predict distal transport of 

hydrothermal Fe. 

2.6.2 Hydrothermal vents as a source of iron in the Southern Ocean 

The Southern Ocean is a region of great importance in controlling the global air–sea balance of 

CO2 (Martin et al. 1990; Richardson 2008; Tagliabue et al. 2012, 2014a). Therefore, 

understanding supply mechanisms of Fe to the Southern Ocean is pivotal to understanding the 

global carbon cycle (Boyd et al. 2012). Upwelling carries excess macronutrients to surface waters 

of the Southern Ocean (de Baar et al. 1995; Tagliabue et al. 2012, 2014b), which contains the 

largest unused nutrient inventory of any ocean (Boyd et al. 2012). 

Upwelling also delivers deep-ocean Fe to the surface in the Southern Ocean (Figure 2.10a; 

Tagliabue et al. 2012; Resing et al. 2015). These deep waters are enriched in Fe (~0.5–0.7 nM) by 
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both remineralisation and hydrothermalism. The InterRidge Vents Database (Beaulieu 2015) 

cites 72 hydrothermal vent sites that have been discovered south of 30°S to date (Figure 2.10a, 

b). Thirty-one of the 72 vents are located in the upper 2000 m of the water column, with 16 

located in the upper 1000 m (Figure 2.10a), greatly increasing the probability of hydrothermal Fe 

reaching the surface mixed layer, as discussed earlier. 

The network of ridges, back-arc spreading centres, arc volcanoes and transform faults south of 

30°S cover a linear distance of ~20 000 km, large regions of which have not yet been surveyed 

for hydrothermal activity. The Kerguelen–Heard hot spot is also a region of active volcanism 

that has the potential for hydrothermal activity (Coffin et al. 1986; Ramsay et al. 1986; Weis et al. 

2002; Figure 2.10b). It is within reason to assume that areas of hydrothermal activity are yet to be 

discovered along these ridges and hot spots. In support of this assumption, hydrothermal activity 

was recently confirmed on the KR1 and KR2 segments of the Australian–Antarctic Ridge south 

of New Zealand between 59 and 63°S (Hahm et al. 2015). 

2.6.3 Moving forward: determining the effect of hydrothermalism on surface 

ocean productivity 

Although the overall contribution of discrete sources of hydrothermal Fe to the Southern and 

global oceans remains to be seen, the effect of hydrothermalism on the overall deep oceanic Fe 

budget may affect productivity in regions of the ocean where upwelling of deep waters occurs. 

Direct links between hydrothermalism and surface ocean biological productivity are rare in the 

published literature. This highlights the difficulty of tracing hydrothermal inputs. However, 

emerging techniques, such as δ56Fe isotope analysis and advanced modelling efforts, may provide 

new insights. Just as the effect of hydrothermal Fe on a global scale is an area of research in 

relative infancy, the effect of hydrothermal Fe on surface biogeochemistry at regional scales 

requires further investigation. Examples of regions where such links have been suggested include 
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Figure 2.10 . (a) Schematic of meridional overturning circulation, depicting upwelling and downwelling 
ocean cells in the Southern Ocean. Dots indicate latitudes and depths of hydrothermal vents in the 
Southern Ocean (vent data from the InterRidge database; http://vents-data.interridge.org/ventfields, 
accessed 5 April 2017). The southern boundary of the Antarctic Circumpolar Current (SB), southern 
ACC front (SACCF), Polar Front (PF), Subantarctic Front (SAF), Subtropical Front (STF), Subantarctic 
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Mode Water (SAMW), Antarctic Intermediate Water (AAIW), Antarctic Bottom Water (AABW) and the 
Upper and Lower Circumpolar Deep Water (UCDW and LCDW respectively) are shown. Modified from 
(Speer et al. 2000) and (Trull et al. 2001). Note that the locations of the water parcels are approximate and 
vary at different longitudes around Antarctica. (b) South polar orthographic view of the Southern Ocean 
showing hydrothermal vents discovered (dots) and Fe studies at hydrothermal sites (triangles) with shaded 
bathymetry. Mid-ocean ridges (solid black line), trenches (dotted line) and transform faults (dashed line) 
are also shown along with the SAF, PF and SACCF. Main topographic features are also labelled. Adapted 
from Marshall and Speer (2012). 

the equatorial Pacific (Wells et al. 1999; Mackey et al. 2002), the South-west Pacific arc volcanoes 

(Massoth et al. 2007; Boyle and Jenkins 2008) and the Southern Ocean (Hawkes et al. 2013, 

2014). In addition, Hawkes et al. (2014) suggested that shallow hydrothermal sources, such as 

those often found in island arc chains, supply Fe directly to the surface. Hawkes et al. (2014) also 

suggested that a significant portion of this Fe is present in bioavailable colloidal particles, 

increasing their relative effect on fertilisation. Discovering such links between hydrothermal 

systems and surface ocean productivity is important, because this information could affect 

current Fe cycle models. 

Key areas of research requiring further investigation in order to better constrain the role of 

hydrothermal Fe on global export production are: 

• further observations at hydrothermal vents, in hydrothermal plumes and at ocean basin scales 

using analytical techniques that unequivocally trace hydrothermally derived Fe 

• quantification of the fraction of DFe in ligand-bound versus nanoparticulate form in distal 

hydrothermal plumes and the bioavailable contribution of these fractions 

• the global distribution of ligands in the ocean and how that may change under changing 

environmental conditions 

• the relationship between 3He and Fe at different ridge spreading rates and geological settings 

• the mechanics of Fe-containing nanoparticles in hydrothermal plumes and their interaction 

with ligands and particles. 
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As these areas of research are addressed, modelling estimates of global flux and effects on the 

surface mixed layer will continue to evolve (Gartman et al. 2014; Tagliabue et al. 2010, 2014c). 

Recent models, such as those designed by Völker and Tagliabue (2015) and Resing et al. (2015), 

coupled with an increasing database of oceanic observations made through programs such as 

GEOTRACES and the release of the second GEOTRACES Intermediate Data Product in 2017 

are key to further defining the processes controlling Fe concentrations and thus biogeochemical 

cycling in the world’s oceans. 
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2.8 Appendix 

Table S1, a global compilation of Fe measurements from hydrothermal vents, created for this 

chapter can be found at: http://www.publish.csiro.au/mf/acc/MF16335/MF16335_AC.zip 
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Chapter 3 

3 Methodology 

The following chapters consider data generated from samples collected during the Heard Earth-

Ocean-Biosphere Interactions (HEOBI) voyage on the Australian Marine National Facility 

research vessel Investigator to the remote Heard and McDonald Islands region of the Southern 

Ocean (January 8th to February 27th 2016). Avoiding contamination of samples that contain 

minute concentrations of Fe, while on-board a ship made almost entirely of Fe-containing metals 

and producing exhaust fumes extremely high in labile Fe, poses many challenges to trace metal 

scientists and is part of the reason why this field of research is so difficult and relatively young. 

This chapter presents methodology for the sampling and analysis of Fe in collected seawater 

samples, both on-board and in the laboratory. 

3.1 Locating sampling stations 

The HEOBI voyage was in large part an exploratory voyage, with a major focus to locate 

hydrothermal activity – a proposed source of Fe to the region. For this reason, the majority of 

sampling stations (21 of 36 trace metal stations) were located based on potential signs of 

hydrothermal activity. The tracers used to identify hydrothermal activity were bathymetric 

features, plumes of bubbles emanating from the seafloor, and on-board analysis of dissolved Fe 

(DFe) and dissolved Fe(II) (DFe(II); explained in further detail below). Two reference sites were 

sampled to the west and south of Heard Island (Figure 3.1). Station 11, ~80 km to the west of 

McDonald Islands, was expected to be located in HNLC waters, but observed shipboard 

underway fluorescence and chlorophyll biomass was relatively high (up to 2.1 mg m-3 Chla in 

upper 200 m; Wojtasiewicz et al., in prep.). Station 18, ~100 km to the south of Heard Island, 

was located in waters more representative of HNLC conditions (max 0.81 mg m-3 Chla in upper 
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200 m; Wojtasiewicz et al., in prep.). The remainder of the sampling stations were located on two 

northeast-southwest transects, which repeated transects ‘B’ and ‘C’ of the previous Kerguelen 

Ocean and Plateau Compared Study voyage (KEOPS-1, 2005), allowing for comparison of off-

plateau and on-plateau conditions, and over time. 

 

Figure 3.1 Sampling area with station locations. Heard and McDonald Islands are shown zoomed in inset. 
Transect B (blue) follows Kerguelen Ocean and Plateau Compared Study (KEOPS-1) transect B. 
Transect C (orange) follows the first 150 km of KEOPS-1 transect C. Heard Island (yellow) and 
McDonald Islands (purple) station locations were selected based on bathymetric features (Watson et al., 
2016) and acoustic flares detected by shipboard echosounder (Spain et al., 2018). Reference stations 
(green) were located to the west and south of HIMI. Station 11 had higher than expected Fe and chl-a 
concentrations, but station 18 was located in HNLC waters. 

The HIMI region of the Kerguelen Plateau is characterised by numerous sea knolls (Beaman and 

O’Brien, 2011), interpreted as volcanic edifices, and previously unmapped knolls were discovered 

near both Heard and McDonald Islands (Figure 3.2; Coffin, 2016). The water column around 
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HIMI was very well mixed due to shallow bathymetry, strong wind-mixing events that reached to 

the sea floor, and tidal currents. As such, initial approaches used in the search for 

hydrothermalism were seafloor bathymetric mapping and marking acoustic ‘flares’ acquired by an 

on-board multi-frequency echosounder. 

 

Figure 3.2. Sea knolls surrounding McDonald Islands, mapped using high resolution ship-board multi-
beam sonar. Image courtesy of S. Watson, E. Spain and Marine National Facility, CSIRO. 

Over 200 Acoustic anomalies, or ‘flares’, emanating from the seafloor were detected around 

HIMI, indicative of bubbles rising from the seafloor (Figure 3.3; Spain et al., 2018). Bubbles 

were confirmed to be emanating from the seafloor at several sites through direct observation by 

deep tow camera (Spain et al., 2018). Once sampling sites were located, a trace metal rosette was 

deployed and samples taken for DFe and DFe(II) were analysed in near real-time on-board as 

another potential tracer for hydrothermalism. Based on the results of these on-board analyses, 

one site at McDonald Islands (station TMR 12) and one site at Heard Island (station TMR 23) 

were revisited for further sampling. At each of these sites five further stations were sampled in a 

‘crosshair’ pattern in an attempt to delineate the source of the elevated DFe and DFe(II) signals. 
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Figure 3.3. Example of acoustic anomalies (‘flares’) emanating from the seafloor during HEOBI, detected 
by ship-board multi-frequency echosounder. Image courtesy of E. Spain and the Marine National Facility, 
CSIRO. 

3.2 Sampling 

Once potential sites had been identified, samples were collected following protocols which have 

been developed over the last 30 years of trace metal research, designed to minimise the risk of 

contamination (Cutter et al., 2014). At each of the stations a standard conductivity-temperature-

depth (CTD) rosette was initially deployed. Trace metal sample depths were chosen based on 

water masses identified using profiles collected by the CTD-mounted sensor package. In the 

absence of well-defined water masses, such as in well mixed waters near HIMI, sample depths 

were spaced across the water column with greater sample density near the surface and bottom of 

the profile, as these depths generally show the steepest gradients in trace metal concentrations. 

Water for trace metal samples was collected using twelve, 12 L, Teflon-coated, Niskin-X bottles 

with external Teflon-coated spring closing mechanisms, specifically designed and modified for 

trace metal sampling. The Niskin-X bottles were mounted on a polyurethane powder-coated 

aluminium rosette frame (TMR, Sea-Bird Scientific) with programmable autonomous firing 

mechanism, also designed specifically for trace metal sampling (Figure 3.4). The TMR was 
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deployed using a Dyneema (polyethylene) line to minimise chance of contamination in the water 

column. The chosen depths were pre-programmed on the TMR, based on water column CTD 

profiles measured on the traditional CTD rosette. Once retrieved back on deck, Niskin bottles 

were transported as quickly as possible into a containerised trace metal clean laboratory, also 

located on the working deck, to minimise likelihood of contamination through airborne 

particulates. 

 

Figure 3.4. Deploying the trace metal clean rosette (TMR), with Heard Island seen in the background. 
Photo courtesy of Pete Harmsen. 

The trace metal clean containerised laboratory is a modified shipping container, in which all 

surfaces are either plastic or sealed so that no metal is exposed. The container is under positive 

pressure supplied from an air conditioner via ISO 5 HEPA filters. The positive pressure inside 

the clean lab also minimises incoming unfiltered air when entering the container. There is an 

ante-room at the entrance of the container with plastic flaps to minimise incoming outside air 

and has a space to change into clean room attire: plastic Tyvek over suits and foam laboratory 
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shoes (Crocs; Figure 3.5). All equipment and sample handling was conducted wearing ultraclean 

nitrile gloves (cleanroom, Ansell). Niskin bottles were mounted in the trace metal clean container 

directly under the filtered air source during subsampling. 

Subsamples were taken for DFe, DFe(II) and hydrogen peroxide (H2O2), which were analysed 

on-board using flow injection analysis chemiluminescence techniques (FIA-CL). Samples were 

collected in acid cleaned, low-density polyethylene (LDPE; DFe) or high-density polyethylene 

(HDPE; DFe(II) and H2O2), double bagged and transported to a second trace metal clean 

analysis container directly after sampling. Separate subsamples were also taken for a suite of trace 

metals, including DFe, for later land-based SeaFAST-ICP-MS analysis (Wuttig et al., 2019). The 

second trace metal clean container was a modified shipping container, similar to that already 

described. Within this container separate FIA-CL systems were set up for DFe, DFe(II) and 

H2O2 analysis. The DFe FIA-CL system, as the instrument most prone to possible 

contamination, was located directly under the ISO 5 HEPA filtered air source and partitioned off 

with plastic sheets to minimise risk of sample or reagent contamination by airborne particles. 

3.3 Analysis 

3.3.1 On-board FIA systems 

The basic principle for each of the FIA-CL systems is the catalytic oxidation of luminol (5-

Amino-2,3-dihydrophthalazine-1,4-dione) by the analyte under consideration (i.e. DFe, DFe(II) 

or H2O2). This reaction causes chemiluminescence, which is detected by a photomultiplier tube. 

The reaction is pH sensitive and maximum sensitivity is reached at slightly different pH for each 

of the three methods. The reagents used in each method buffer the solution, ensuring the correct 

pH range. DFe and DFe(II) systems both included solid phase extraction columns (8- 

hydroxyquinoline, hereafter 8HQ) to concentrate the analyte. Analyte adsorption to these 
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Figure 3.5. A/Prof. Zanna Chase and Manon Tonnard subsampling from the Niskin bottles in the trace 
metal clean container. Photo courtesy of Pete Harmsen. 

columns is also pH sensitive, and so require buffering to the desired pH before 

preconcentration, followed by elution with HCl and then final reaction of analyte with luminol. 

Reagents and samples are pumped by peristaltic pumps through acid-cleaned Teflon tubing, 

while actuated solenoid valves are used to divert sample through preconcentration columns and 

inject sample into the flow stream. 

DFe samples were analysed using an FIA-CL method adapted from de Jong et al., (1998) and 

Obata et al., (1993). This method relies on the preconcentration of DFe onto 8HQ immobilised 

on a vinyl copolymer resin and packed into a column, followed by elution off the column with 

0.3 M distilled HCl (made from SeaStar Chemicals, Instrument Quality and tested for purity by 

ICP-MS prior to the voyage). The sample was buffered in-line to pH 3.5 – 4.0 with 0.2 M acetic 

acid/ammonia buffer (both SeaStar Chemicals, Baseline) for optimal column extraction 

efficiency. Eluted DFe was then injected into the flow stream, consisting of 0.2 mM luminol 
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(Sigma-Aldrich, HPLC grade), 0.5 M ammonia (SeaStar Chemicals, Baseline) and 0.1 M H2O2 

(SeaStar Chemicals, Baseline), giving an optimal reaction pH of 9.3 – 9.5. The oxidation of 

luminol by DFe is catalysed by H2O2. This reaction is highly temperature sensitive, so the 

laboratory was tightly temperature controlled at ~25°C and reaction line was placed in a water 

bath at ~30°C, before reaching the detector (Figure 3.6). 

Results were verified through regular analysis of characterised in-house seawater standards as 

well as periodic analysis of SAFe intercalibration standards. Mean DFe concentrations for SAFe 

seawater reference material ‘S’ were found to be 0.12 ± 0.04 nM (n = 8). These values lie within 

one standard deviation of the community consensus concentration of 0.095 ± 0.008 nM for 

SAFe ‘S’ (GEOTRACES, 2016). Blanks were obtained through analysis of characterised in-

house low Fe seawater, acidified with HCl (Seastar Chemicals, Baseline). The detection limit of 

the DFe FIA-CL instrument was defined as the analyte concentration equivalent to three times 

the standard deviation of the blank peak (n=3; Bowie et al., 2004). During the HEOBI cruise the 

limit of detection was calculated each day and ranged from 0.02 to 0.20 nM with a mean of 0.09 

nM (n = 20). 

 

Figure 3.6. Schematic of the DFe FIA-CL system. Taken from de Jong et al., (1998). 
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Dissolved Fe(II) samples were analysed using an FIA-CL method adapted from the method of 

Bowie et al., (2005, 2002) and recently described by Sedwick et al., (2015). This method relies on 

the preconcentration of DFe(II) onto an 8HQ resin column, followed by elution with 0.06 M 

HCl (made from SeaStar Chemicals, Instrument Quality and tested for purity by ICP-MS prior to 

the voyage) before reaction with luminol (0.01 M, Sigma-Aldrich, HPLC grade). The sample is 

buffered in-line to pH 5.5 with a 0.4 M acetic acid/ammonia buffer (both SeaStar Chemicals, 

Baseline) for optimal column extraction efficiency. Iron(II) is then carried from the holding loop 

with 0.06 M HCl (made from SeaStar Chemicals, Instrument Quality and tested for purity by 

ICP-MS prior to the voyage) into the light-proof detector box where reaction with luminol takes 

place directly in front of the detector window at pH 10.2 (Figure 3.7). 

The blank solution used for the DFe(II) FIA analysis consisted of low Fe seawater collected 

during the cruise, aged so that any Fe(II) in the solution had oxidised. Triplicate blank 

measurements were taken both before and after each analysis run. Analysis times were recorded 

for each sample. In instances where instrument signal drift was noted between the initial and 

final blank measurements, a blank value was calculated for each sample via linear interpolation.  

The detection limit of the DFe(II) FIA-CL instrument was defined as the analyte concentration 

equivalent to three times the standard deviation of the blank peak (n=3) (Bowie et al., 2004). 

During the HEOBI voyage the detection limit was calculated each day and ranged from 0.02 to 

0.16 nmol L-1 with a mean of 0.06 nmol L-1 (n = 17). 

H2O2 samples were analysed using an FIA-CL method adapted from the method of Yuan and 

Shiller (1999). This method utilises cobalt to catalyse the oxidation of luminol by H2O2. This 

method requires no preconcentration, with sample being injected directly into a flow stream of 

mixed reagent for reaction with luminol at pH 10.15 (Figure 3.8). The mixed reagent solution 

consists of 0.576 g luminol (Sigma-Aldrich, HPLC grade) in 1000 mL of 0.1 M sodium carbonate 
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Figure 3.7. Schematic of the DFe(II) FIA-CL system. Taken from (Bowie et al., 1998). 

solution (Merck, Suprapur). The pH is adjusted with 2 M HCl (made from SeaStar Chemicals, 

Instrument Quality and tested for purity by ICP-MS prior to the voyage) and spiked with 

Cobalt(II) (Sigma-Aldrich, AAS standard) to 60 µM. Each seawater sample was analysed at least 

four times with a typical precision of 3 – 5% through the concentration range 0.5 – 75 nmol L-1 

and a typical detection limit (3σ) of 0.6 nmol L-1. 

 

Figure 3.8. Schematic of the H2O2 FIA-CL system. Taken from Yuan and Shiller, (1999). 

3.3.2 Laboratory based analysis 

DFe samples were also analysed on-shore using a Sector Field Inductively Coupled Plasma Mass 

Spectrometer (SF-ICP-MS; Element 2 Thermo Fisher Scientific, Inc.) at the Central Science 

Laboratory (CSL), University of Tasmania. This instrument provides enhanced sensitivity with 

increased spectral resolution allowing elements of low atomic mass to be analysed interference 
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free (Townsend, 2000). Prior to analysis, samples were preconcentrated using a SeaFAST S2 pico 

(ESI, Elemental Scientific, USA) automated flow injection system with a Nobias Chelate-PA1 

column. A detailed methodology and comparison between the SeaFAST-ICP-MS dataset and the 

FIA dataset is presented in Wuttig et al., (2019). 

Data were blank-corrected by subtracting an average of at least three acidified ultra-high purity 

water (UHP) blanks that were treated in the same manner as the seawater samples. The DFe 

detection limit was calculated as 3x the standard deviation of the acidified UHP blank. Daily 

detection limits ranged from 0.006 to 0.062 nmol kg-1, with a median of 0.022 nmol kg-1 (n=11). 

SAFe ‘D1’ and ‘S’, and GEOTRACES ‘GD’ community consensus samples were analysed in 

parallel with field samples and measured at 0.68 ± 0.04, 0.083 ± 0.020 and 1.02 ± 0.01 nmol kg-1 

(n = 9, 5 and 6) respectively, in good agreement with consensus values (0.67 ± 0.04, 0.093 ± 

0.008 and 1.00 ± 0.1). 

 

Figure 3.9. DFe analysed by SeaFAST-ICP-MS vs DFe analysed by FIA-CL. 

Analyses performed for this thesis utilise the latter (SeaFAST-ICP-MS) dataset, as extensive 

method testing and validation was conducted in a separate study for this instrument (Wuttig et 

al., 2019). However, for analytical surety, the two Fe concentration datasets were compared and 

found to be in very close agreement (R2 = 0.95, paired t-test, p >0.05, n = 244), demonstrating 
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the reliability of the analyses performed, and attesting to the quality of the sample collection and 

handling procedures undertaken during the voyage (Figure 3.9). 
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4.1 Abstract 

At the southern part of the northern Kerguelen Plateau (Southern Ocean) is an active volcanic 

hotspot, hosting volcanically active Heard Island and McDonald Islands (HIMI), the former of 

which is largely covered by glaciers. While offshore waters are persistently iron (Fe) limited, 

typical of the broader Southern Ocean, near shore waters over the Kerguelen plateau show 

variability in Fe distributions and support a high biomass of phytoplankton during austral spring-

summer.  This study investigates dissolved Fe (DFe) and macronutrient distributions in waters 

surrounding HIMI during the Heard Earth-Ocean-Biosphere Interactions (HEOBI) voyage in 

January-February 2016. Comparison of surface DFe with macronutrient concentrations shows 

that the majority of the plateau is Fe limited in late summer and, based on comparison with 

previous voyages, also Fe limited in different years and earlier in the bloom season. The 

distribution of DFe drawdown from estimated winter inventories to observed late summer 

inventories shows that DFe availability drives macronutrient uptake on the plateau. The 

drawdown of silicic acid decreases relative to nitrate drawdown in proximity to HIMI, in 

agreement with classical diatom nutrient uptake behaviour under iron replete conditions. 

Comparison of Fe:nitrate and Fe:phosphate drawdown ratios with expected uptake 

stoichiometry suggest that recycling of Fe increases with distance from Fe sources on the 

plateau. Lastly, comparison with data from previous voyages shows that DFe distribution varies 

inter-annually due to complex oceanographic conditions on the plateau, with greatest variability 

observed over the rough bathymetry and strongly tidally influenced region closest to HIMI. 

Together these data highlight the central role of Fe in driving nutrient uptake and stoichiometry 

in the HIMI region of the Kerguelen Plateau. 
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4.2 Introduction 

Iron (Fe) is now recognised as a key limiting, or co-limiting, micronutrient for biological 

production in large parts of the ocean (Martin, 1990; Martin et al., 1990; Moore et al., 2013, 2009, 

2001). When coupled with the inhibition of nitrogen fixation by microbes under low Fe 

conditions in low-latitude regions, Fe regulates biological productivity in as much as half the 

world’s oceans (Moore et al., 2009, 2001). As such, Fe plays a key role in biogeochemical cycling 

and the drawdown of carbon from the atmosphere (Boyd et al., 2007; Boyd and Ellwood, 2010; 

Tagliabue et al., 2014). Areas of the ocean that are high in the macronutrients nitrogen (N) and 

phosphorous (P) but low in chlorophyll-producing organisms are known as high-nutrient, low-

chlorophyll (HNLC) regions and cover approximately one third of the world’s oceans (Boyd et 

al., 2007). The Southern Ocean (SO) is the largest of these HNLC regions (Boyd et al., 2012). 

Both artificial and natural Fe fertilisation produce large phytoplankton blooms in HNLC regions 

(e.g. Boyd et al., 2007; Morris and Charette, 2013). Islands in the SO naturally fertilise HNLC 

waters (Tyrrell et al., 2005) by supplying macro and micro-nutrients to waters typically depleted 

in Fe and silicic acid (Si; e.g. Blain et al., 2001). These island nutrient sources produce plumes of 

elevated phytoplankton biomass, such as the one formed over and downstream of the Kerguelen 

Plateau in the Indian sector of the SO in spring and early summer (Blain et al., 2007). 

The Kerguelen plateau is shallow, is located directly in the path of strong currents associated 

with the Polar Front (Figure 4.1; Park et al., 2014) and hosts two active subaerial volcanic islands, 

Heard and McDonald Islands (HIMI). The shallow bathymetry of the plateau (<500 m at the 

HIMI Shoal) is characterised by many seamounts and ridges, which strongly constrain the two 

major currents (Park et al., 2008a). The Fawn Trough Current sweeps south of HIMI and 

follows the plateau bathymetry, then splits on the eastern side of the plateau where part of the 

flow heads in a NW direction to join the second major current, associated with the Polar Front, 

which sweeps just to the south of Kerguelen Islands (Park et al., 2014). These currents constrain 
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the shape and extent of the annual phytoplankton plume (Maraldi et al., 2009; Mongin et al., 

2009). 

 

Figure 4.1 Schematic of the general circulation of the central to northern Kerguelen Plateau, with the 
polar front depicted in red and Fawn Trough Current in blue. Thin black arrows are subsurface western 
boundary currents (WBC). Purple dots are stations from KEOPS-1 voyage. Reproduced with permission 
from Park et al. (2008a). 

Each summer, when photosynthesis is no longer light-limited, an Fe-fuelled phytoplankton 

plume covering thousands of square kilometres forms over and downstream of the Kerguelen 

Plateau (Blain et al., 2007). Previous studies conducted as part of the Kerguelen Ocean and 

Plateau Compared Study voyages (KEOPS-1, 19th January to 13th February 2005; KEOPS-2, 7th 

October to 30th November 2011) have attempted to characterise nutrient and dissolved Fe (DFe) 

sources and drawdown in the plume region between HIMI and Kerguelen Islands, which lies 

~400 km to the north of HIMI (e.g. Blain et al., 2008a; Dehairs et al., 2015; Mosseri et al., 2008; 

Quéroué et al., 2015). These studies found that the bloom persisted even with surface waters 

both on and off the plateau containing low concentrations of DFe (0.090 ± 0.034 nmol L-1; Blain 

et al., 2007), close to values known to be metabolically limiting for many phytoplankton (Blain et 

al., 2008a, 2007; Quéroué et al., 2015; Timmermans et al., 2001). This indicates that a continuous 

supply of Fe from the plateau along with efficient recycling of Fe within the mixed layer must 

sustain the bloom above the plateau during the growing season. A sediment supply of Fe to 
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bottom waters above the plateau, coupled with enhanced vertical mixing and deep winter mixing 

were cited as the main sources (Blain et al., 2008a, 2007; Bowie et al., 2015) with an additional 

DFe supply from particle dissolution required to reconcile calculated phytoplankton Fe demand 

(Blain et al., 2007; Bowie et al., 2015; van der Merwe et al., 2015). Previous studies also suggest 

that some of the iron supply must be sourced from further south on the plateau (Bowie et al., 

2015; van der Merwe et al., 2015), with HIMI as a likely candidate (Bown et al., 2012). However, 

lack of data collected in the HIMI region has so far precluded definitive confirmation of HIMI 

as a major source. 

Based on the high primary productivity observed in previous in situ and satellite studies of the 

region between HIMI and Kerguelen Islands (Blain et al., 2008a; Bowie et al., 2015; Mongin et 

al., 2008), we hypothesise in this study that supply of DFe from HIMI, and the plateau just to 

the north of HIMI, leads to greater drawdown of nutrients in the region, compared to 

surrounding SO waters. Here we report DFe, and macronutrient data collected during the Heard 

Earth-Ocean-Biosphere Interactions (HEOBI) voyage to the HIMI region in the austral summer 

of 2016. The distribution of DFe in relation to the estimated seasonal drawdown of 

macronutrients in this region of the Kerguelen Plateau is interpreted, in order to provide insight 

into biogeochemical cycling of key elements in this biological hotspot within the SO. 

4.3 Methods 

4.3.1 Sample collection 

Sampling and shipboard analyses were carried out aboard R/V Investigator during the HEOBI 

voyage (GEOTRACES process study GIpr05) from January 8th to February 27th 2016 around 

Heard and McDonald Islands on the Kerguelen Plateau in the Indian sector of the SO. Thirty-

six stations were successfully sampled for DFe in the study region, using a trace metal clean 
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rosette (TMR; Figure 4.2). The same locations were also occupied by conventional CTD casts, 

along with an additional thirteen conventional CTD only stations (not shown). Trace metal clean 

rosette deployments typically occurred within thirty minutes after conventional CTD retrieval. 

Sample stations were divided into 5 regions, Transect B, Transect C, Heard Island, McDonald 

Islands and reference stations. Transect B and Transect C are both oriented in a northeast-

southwest direction. Transect B extends from off the plateau to a point on the plateau midway 

between Heard and Kerguelen Islands, broadly following the KEOPS-1 ‘B’ transect (Figure 4.2; 

Blain et al., 2008a). Transect C extends from Heard Island towards Gunnari Ridge, along the 

same trajectory as the previous KEOPS-1 ‘C’ transect (Figure 4.2; Blain et al., 2008a), though not 

reaching as far to the northeast as the previous transect, which extended off the plateau into 

waters >3500 m deep. Sampling station locations in the HIMI region were selected based on 

bathymetric features (Watson et al., 2016) and acoustic flare signals (indicators of bubbles rising 

from the sea floor) detected with shipboard echosounders (Spain et al., 2018) deemed indicative 

of potential hydrothermal activity. Two reference sites were sampled to the west and south of 

Heard Island. Station 11, ~80 km to the west of McDonald Islands, was expected to be located 

in HNLC waters, but observed shipboard underway fluorescence and chlorophyll biomass was 

relatively high (up to 2.1 mg m-3 Chla in upper 200 m; Wojtasiewicz et al., in prep.). Station 18, 

~100 km to the south of Heard Island, was located in waters more representative of HNLC 

conditions (max 0.81 mg m-3 Chla in upper 200 m; Wojtasiewicz et al., in prep.). 

Briefly, all water column samples were collected in 12 L, externally sprung, acid cleaned Niskin 

bottles (Ocean Test Equipment) modified for trace metal sampling, following well established 

trace metal sampling procedures (Bowie and Lohan, 2009; Cutter et al., 2014). These were 

deployed using the Australian Marine National Facility trace metal clean autonomous trace metal 

rosette (TMR) equipped with a Seabird CTD unit and attached to a Dyneema line. Once 

recovered, the Niskin bottles were rapidly transferred into a trace metal clean containerised 

laboratory for sub-sampling and sample processing. All sample manipulation and analysis was 
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conducted following GEOTRACES guidelines (Cutter et al., 2014) under ISO 5 HEPA filtered 

air within the containerised clean room. Dissolved iron samples were filtered through acid-

washed Pall Acropak Supor capsule filters (0.2 µm), collected in acid-cleaned low-density 

polyethylene (LDPE) sample bottles and acidified immediately to pH 1.8 with 2 ‰ (v/v) 

ultrapure hydrochloric acid (Seastar Baseline), before double bagging in clean plastic bags and 

storage in the dark for subsequent laboratory-based analysis. 

 

Figure 4.2 Sampling area with station locations. Heard and McDonald Islands are shown zoomed in inset. 
Transect B (blue) follows Kerguelen Ocean and Plateau Compared Study (KEOPS-1) transect B. 
Transect C (orange) follows the first 150 km of KEOPS-1 transect C. Square markers and grey station 
numbers show which KEOPS-1 stations were reoccupied. Heard Island (yellow) and McDonald Islands 
(purple) station locations were selected based on bathymetric features (Watson et al., 2016) and acoustic 
flares detected by shipboard echosounder (Spain et al., 2018). Reference stations (green) were located to 
the west and south of HIMI. Station 11 had higher than expected Fe and chl-a concentrations, but station 
18 was located in HNLC waters. 
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4.3.2 Dissolved iron analysis 

Dissolved Fe concentrations were determined using a seaFAST S2 pico (ESI, Elemental 

Scientific, USA) flow injection system with a Nobias Chelate-PA1 column (hereafter seaFAST), 

followed by analysis on a sector field inductively coupled plasma mass spectrometer (SF-ICP-

MS, Element 2 Thermo Fisher Scientific, Inc.). Briefly, a seaFAST pre-concentration factor of 

40 was used for this work and DFe was preconcentrated from 30 mL of sample onto a Nobias 

PA1 column followed by elution off the column in 750 L of 1.7 M distilled HNO3. Matrix-

matched standards (internal standards) were gravimetrically prepared by adding DFe standard to 

aged and acidified Southern Ocean surface seawater and then processed using the same method 

as for samples. Multi-element standards over the same final concentration range as the internal 

standards were analysed directly on the SF-ICP-MS without pre-concentration on the seaFAST 

(external standards) to calculate recoveries off the column. A detailed methodology is described 

in Wuttig et al. (2019). 

Data were blank-corrected by subtracting an average of at least three acidified ultra-high purity 

water (UHP) blanks that were treated in the same manner as the seawater samples. The DFe 

detection limit was calculated as 3x the standard deviation of the acidified UHP blank. Daily 

detection limits ranged from 0.006 to 0.062 nmol kg-1, with a median of 0.022 nmol kg-1 (n=11). 

SAFe ‘D1’ and ‘S’, and GEOTRACES ‘GD’ community consensus samples were analysed in 

parallel with field samples and measured at 0.68 ± 0.04, 0.083 ± 0.020 and 1.02 ± 0.01 nmol kg-1 

(n = 9, 5 and 6) respectively, in good agreement with consensus values (0.67 ± 0.04, 0.093 ± 

0.008 and 1.00 ± 0.1). 

To aid with strategic planning during the voyage, on-board near real-time analysis of DFe was 

also conducted on the full sample set, using flow injection analysis with luminol 

chemiluminescence detection (FIA-CL) and in-line preconcentration onto an 8-hydroxyquinoline 

(8-HQ) resin, adapted from the methods of de Jong et al., (1998) and Obata et al., (1993). 
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Excellent agreement between the two analytical methods was observed, with no significant 

difference between the sample sets (paired t-test, p > 0.05, R2 = 0.95, n = 244; full data 

comparison in Wuttig et al., 2019). All figures and data discussed in this study utilise results from 

the laboratory-based seaFAST/SF-ICP-MS analyses. Dissolved Fe results for each sample are 

presented in appendix Table 4-1 and surface DFe and nutrient data for each station are 

presented in appendix Table 4-2. Nutrient data are available from the CSIRO data trawler 

website (https://www.cmar.csiro.au/data/trawler/survey_details.cfm?survey=IN2016_V01) and 

Fe data will be made available at the GEOTRACES International Data Assembly Centre 

(GDAC). 

4.3.3 Fe* calculations 

The Fe* tracer is based on the N* concept (Gruber and Sarmiento, 1997) and aids in 

determining which nutrient is most likely to be limiting, based on assumed consumption ratios. 

It is defined as the concentration of DFe minus the expected biological Fe consumption based 

on biological consumption of all ambient phosphate (PO4
3-) (Fe*(P); equation 1) or NO3

- 

(Fe*(N); equation 2) (Bowie et al., 2009; Parekh et al., 2005; Rijkenberg et al., 2014):  

𝐹𝑒∗(𝑃) = [𝐷𝐹𝑒] − ((
𝐹𝑒

𝑃
) 𝑎𝑙𝑔𝑎𝑙 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑖𝑜 × [𝑃𝑂4]) (1) 

𝐹𝑒∗(𝑁) = [𝐷𝐹𝑒] − ((
𝐹𝑒

𝑁
) 𝑎𝑙𝑔𝑎𝑙 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑖𝑜 × [𝑁𝑂3]) (2) 

We calculated Fe* for all samples using the global average Fe/P algal uptake ratio of 0.47 

(Parekh et al., 2005) or Fe/N algal uptake ratio of 0.039, derived from an assumed fixed 

stoichiometry based on the Redfield ratio of P:N = 1:12 (Anderson and Sarmiento, 1994; Parekh 

et al., 2005). Positive Fe* values indicate that DFe concentrations are theoretically sufficient to 

completely consume PO4
3- or NO3

- (i.e. a macronutrient limited system). Negative Fe* indicates 

insufficient DFe to completely consume PO4
3- or NO3

- (i.e. primary productivity is potentially Fe 

limited). 
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4.3.4 Macronutrients and CTD data 

Temperature and salinity data were taken from Sea-Bird Electronics SBE3T and SBE4C sensors 

respectively, which were mounted on the primary CTD rosette. Nutrient samples were collected 

using the standard CTD rosette. Concentrations of NOx (NO3
- and NO2

-), NO2
-, SiO4

- and PO4
3- 

were analysed on-board using a SEAL AA3 HR AutoAnalyzer (Rees et al., 2018). Mixed layer 

depths (MLD) were calculated with the gsw_mlp package of the Gibbs-SeaWater (GSW) 

Oceanographic Toolbox (McDougall and Barker, 2011) using continuously measured CTD 

profile data. This package calculates the MLD based on a threshold method, defined as the depth 

where a change in density of 0.03 kg m-3 or change in temperature of 0.2 °C from a surface 

reference value is reached, as described in de Boyer Montégut et al. (2004). 

Nutrient drawdown over the season was estimated by subtracting the summer nutrient inventory 

from the winter inventory over the depth range from surface to the depth of the temperature 

minimum (Tmin; e.g. Sweeney et al., 2000; Trull et al., 2015). To calculate the winter nutrient 

inventory, the concentration of each nutrient (DFe, NO3
-, PO4

3- and Si) at the winter water 

(WW) Tmin were multiplied by the depth of the Tmin. To calculate the summer inventory, nutrient 

concentrations observed on the voyage were integrated to the depth of Tmin. Integration was 

calculated using the trapezoidal numerical integration method. Continuously measured CTD 

profiles were used to estimate accurate Tmin depths. The fraction of winter nutrient 

concentrations drawn down at each station was calculated by dividing the summer nutrient 

drawdown by the winter nutrient inventory. Drawdown could only be calculated at eight stations 

(stations 5 – 9, Transect B; stations 33 and 34, Transect C; 11 and 18, and Reference stations) 

due to the absence of a WW layer in the shallow and well-mixed stations near to HIMI (Figure 

4.3b,g and 4.12). In order to investigate the effect of Fe inputs on drawdown at shallower 

stations closer to HIMI and where no WW layer was observed during the voyage, we used the 

average WW nutrient concentrations at the average WW depth (203 m) to calculate drawdown at 
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those stations. Where the station bottom depth was shallower than the average WW depth, the 

bottom depth was used as the WW depth for integrations. 

4.4 Results 

4.4.1 Regional Circulation 

The HIMI region of the Kerguelen Plateau is characterised by a complex ocean circulation 

system, as observed during the HEOBI voyage and previous studies (Figure 4.1; Park et al., 

2008b, 2008a; van Wijk et al., 2010). The circulation observed during HEOBI generally matched 

that encountered during KEOPS-1 (Park et al., 2008a). Slow mean currents were observed over 

the shallow plateau (~6 cm s-1; R. Roberston, Pers. Comm.) flowing in a generally northeast 

direction, but these were influenced by strong (15 – 50 cm s-1) tidal currents depending on depth. 

A strong north to north-eastward current (40 – 50 cm s-1) was present at the edge of the eastern 

flank of the plateau on both transects, following bathymetry. A subsurface cold-water tongue 

present at stations 33 and 34 on Transect C was also observed during KEOPS-1 (Park et al., 

2008a) (Figure 4.3g). Below the WW off-plateau, Upper Circumpolar Deep Water (UCDW), 

Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water (AABW) water masses 

were identified. A cyclonic warm core eddy, which was associated with a strong southward 

current (R. Robertson, Pers. Comm.) and lower surface NO3
- concentrations, affected the water 

column at station 4 of Transect B (Figure 4.3b). Temperature – salinity diagrams for all stations 

in each region are presented in appendix Figure 4.10. 

4.4.2 Iron and macronutrients along Transects B and C 

Transect B surface water DFe concentrations on and off the plateau were low and not 

significantly different (t-test, p > 0.05), with off-plateau and on-plateau mean mixed layer DFe 

concentrations of 0.11 ± 0.09 nmol L-1 and 0.08 ± 0.05 nmol L-1 (n = 13 and 16), respectively.  
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Figure 4.3 a. Transect B DFe concentration b. Transect B temperature c. Transect B nitrate d. Transect 
B phosphate e. Transect B Si f. Transect C DFe concentrations g. Transect C temperature h. Transect C 
nitrate i. Transect C phosphate and j. Transect C Si. Neutral density (γn) surfaces (white lines, calculated 
from continuous CTD data) have been overlaid on a, b, f and g. Water masses identified from T-S 
diagrams are annotated on the temperature transects b and g as follows: cyclonic warm core eddy (Eddy), 
Antarctic Surface Water (AASW), Winter Water (WW), Upper Circumpolar Deep Water (UCDW), Lower 
Circumpolar Deep Water (LCDW), Antarctic Bottom Water (AABW) and Shelf Water (SHW). Note that 
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temperature and depth scales differ between transects. Black dots represent sample locations. Station 
numbers for TMR deployments are shown above the top axis. 

Concentrations of DFe increased with depth at all stations both on and off the plateau. The 

greatest concentration observed on transect B (0.77 nmol L-1) was located approximately midway 

across the plateau at station 9, ~40 m above the seafloor (Figure 4.3a and 4.4a). 

All Transect C stations were located above the plateau. The three most easterly stations (32, 33 

and 34) had deep mixed layers, shoaling towards the east (285, 254 and 245 m, respectively). 

Surface DFe concentrations at the three easterly stations were low (mean upper 50 m, 0.24 nmol 

L-1) relative to westerly stations (mean upper 50 m, 0.73 nmol L-1), increasing with depth (Figures 

Figure 4.3f and 4.4b). Water masses at stations 33 and 34 were similar to those observed above 

the plateau on Transect B. Station 32 was located above a shallow ridge (305 m depth) and had a 

similar temperature-salinity profile to stations closer to Heard Island (Figure 4.10). Mixed layer 

DFe increased towards Heard Island with concentrations of 0.41, 0.73 and 1.2 nmol L-1 at 

stations 31, 35 and 30, respectively. Water column DFe profiles became increasingly 

homogenised towards Heard Island (Figure 4.3f). 

Transect B mean NO3
- concentrations in the upper 50 m ranged from 19.2 to 27.0 µmol L-1 

(Figure 4.3c and 4.4a). Stations 5 to 9 decreased in surface concentrations from east to west. 

Station 4, at the east of the transect, was located in the middle of a cyclonic warm core eddy 

(Figure 4.3b; R. Roberston, Pers. Comm.) and exhibited the lowest NO3
- surface concentrations 

on the transect (19.2 µmol L-1). Station 5, just east of the shelf break, exhibited the highest NO3
- 

concentration (27.0 µmol L-1). Station 10, located further to the west on the plateau, was slightly 

higher in surface NO3
- concentrations than station 9 (21.5 and 20.7 µmol L-1, respectively). 

Nitrate concentrations increased with depth at all stations on Transect B, with off-plateau 

stations (stations 4-6) reaching maximum concentrations of around 35 µmol L-1 in UCDW, then 

decreasing to 31 µmol L-1 in LCDW before increasing slightly again in AABW (mean 33 µmol   

L-1). 



Chapter 4 

 

134 
 

Surface PO4
3- distributions over Transect B were similar to observed NO3

- distributions, with 

concentrations from station 5 decreasing in a westward direction (with the exception of station 7 

which was 0.03 µmol L-1 higher than station 6; Figure 4.3d and 4.4a). Mean PO4
3- concentrations 

in the upper 50 m ranged between 1.30 and 1.83 nmol L-1, with the lowest mean concentrations 

observed at stations 10 and 4 (1.30 and 1.34 µmol L-1, respectively) and the highest mean 

concentration observed at station 5 (1.83 µmol L-1). As with NO3
-, PO4

3- concentrations 

increased with depth, with off-plateau stations reaching maxima in UCDW, decreasing in the 

LCDW and increasing again in AABW (mean 2.41, 2.13 and 2.31 µmol L-1, respectively). 

Mean Si concentrations in the upper 50 m ranged from 0.8 to 5.6 µmol L-1, with the exception of 

station 5, which had a much higher mean concentration (28.8 µmol L-1), indicating upwelling was 

occurring at this station, close to the steep rise of the plateau (Figure 4.3e and 4.4a). Stations 6 

and 7, on the plateau slope, had higher surface Si (4.0 and 5.6 µmol L-1, respectively) than 

stations 9 and 10 on the plateau (1.6 and 2.3 µmol L-1, respectively). Silicic acid concentrations 

increased with depth both on and off plateau, with concentrations reaching 130 µmol L-1 in 

AABW at off plateau stations, decreasing from east to west with 52.5 µmol L-1 at the bottom 

depth above the plateau at station 10.  

Across Transect C, surface water NO3
- concentrations were relatively constant in comparison to 

Transect B, ranging from 24.7 to 25.7 µmol L-1 mean in the upper 50 m (Figure 4.3h and 4.4b). 

Below the pycnocline, NO3
-
 concentrations at deeper easterly stations increased with depth, 

reaching maxima in UCDW (35.5 and 37.0 µmol L-1 at stations 33 and 34, respectively) before 

decreasing slightly with depth to around 35 µmol L-1 at both stations (Figure 4.4b). Phosphate 

concentrations along Transect C ranged from 1.61 to 1.87 µmol L-1 in the upper 50 m, increasing 

towards Heard Island (Figure 4.3i and 4.4b). Phosphate concentrations also increased with depth 

past the pycnocline, becoming more homogenised over the water column towards Heard Island 

and reaching maxima in UCDW (2.40 and 2.50 µmol L-1 at stations 33 and 34, respectively). 
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Mean Si concentrations in the upper 50 m ranged from 3.9 – 6.1 µmol L-1 at stations 31 – 34, 

increasing to 10.9 µmol L-1 and 11.65 µmol L-1 at the two stations closest to Heard Island 

(stations 35 and 30, respectively). Like the other macronutrients, Si increased with depth below 

the pycnocline to a maximum of 84.3 in UCDW at station 34 and became more homogenised 

with surface concentrations towards HIMI as bottom depths decreased. 

4.4.3 Heard and McDonald Islands 

Waters surrounding HIMI were well mixed throughout the water column, with generally 

homogenous DFe, macronutrient, temperature and salinity profiles (Figure 4.4c, d). Depths were 

shallow, ranging from 56 to 216 m (mean 134 m). Mean DFe concentrations in the upper 50 m 

were greater around HIMI than elsewhere in the study region, with a mean of 1.34 nmol   L-1 

(Figures 4.3f and 4.4c,d). The mean NO3
-, PO4

3- and Si concentrations in the upper 50m at 

stations around HIMI (Figures 4.3h,i,j and 4.4c,d) were 24.9, 1.85 and 11.6 µmol L-1, respectively. 

4.4.4 Reference stations 

Low surface DFe concentrations were observed at both reference stations (mean 0.12 nmol L-1 

in the mixed layer at both stations 11 and 18). At station 11, CTD data showed evidence of an 

intrusion of warmer, saltier water at 120 – 210 m (R. Robertson, Pers. Comm.). Winter water 

DFe concentrations were low at both stations (0.22 and 0.04 nmol L-1 at stations 11 and 18, 

respectively). Below the WW, DFe concentrations increased to maxima of 0.65 nmol L-1 (at 690 

m depth) at station 11 and 0.41 nmol L-1 (at 295 m depth) at station 18, before decreasing with 

depth at both stations (Figure 4.4e). Mean NO3
-, PO4

3- and Si concentrations in the upper 50m 

were 24.6, 1.55 and 0.9 µmol L-1, respectively at station 11, and 25.8, 1.76 and 12.7 µmol L-1, 

respectively at station 18 (Figure 4.4e). As previously mentioned, station 11 was not a true 

HNLC reference station, with relatively high Chla (max 2.1 mg m-3 in upper 200 m; Wojtasiewicz 

et al., in prep.). 
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Figure 4.4 Profiles of DFe, NO3
-, PO4

3- and Si for a. Transect B, b. Transect C, c. Heard Island, d. 
McDonald Islands and e. Reference stations. Stations are colour coded and shown in legends on the right 
hand side of each region. 
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4.4.5 Fe* 

Calculations of Fe* with respect to NO3
-show, at least qualitatively, that the majority of the study 

region on the Kerguelen Plateau was limited by DFe in late summer, except for waters directly 

surrounding HIMI (Figure 4.5). Results were similar for Fe* calculated with respect to PO4
3- 

(data not shown). 

 

Figure 4.5 Mean Fe* in the upper 50m at each station sampled during HEOBI (circles), KEOPS-1 
(diamonds) and KEOPS-2 (squares) voyages. Here, Fe* has been calculated with respect to N (Fe*(N) = 
[DFe] – ((Fe/N) algal uptake ratio x [NO3-])), due to better data availability. The (Fe/N) algal uptake 
ratio = 0.039 mmol/mol and was calculated from the updated Redfield ratio (P:N = 1:12 in the upper 
3000m) (Anderson and Sarmiento, 1994). Waters are iron limited over most of the sampled area of the 
plateau, with the exception of stations directly surrounding Heard and McDonald Islands, and Kerguelen 
Islands. Bathymetric isobaths are shown, with seabed <200 m depth shaded dark grey, <500 m shaded 
lighter grey and <1000 m shaded lightest grey. 
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4.4.6 Nutrient Drawdown 

Calculated drawdown was negative for DFe (i.e. higher surface than WW concentrations) at two 

stations (34 and 18), which were excluded from further analysis (Figure 4.6b; see Figure 4.2 for 

station locations). Station 11 showed the greatest DFe drawdown of all eight stations. Station 33, 

the only station on Transect C where a positive DFe drawdown was calculated, and station 9, 

with the largest DFe concentrations from the plateau on Transect B (Figure 4.6b), showed 

greater DFe drawdown relative to stations further east on Transect B. Fractions of winter DFe 

stock utilised over the season were highest at stations 6 and 7 (Transect B), followed by 

reference station 11 (Figure 4.6c). Station 5 (Transect B) showed the lowest utilisation, followed 

by station 33 (Transect C). 

The greatest drawdown for NO3
- and Si was calculated at stations 11 and 9, followed by 6, with 

drawdown at reference station 18 the lowest (Figure 4.6a). Drawdowns calculated at the rest of 

the stations (5, 7, 33 and 34) were somewhat similar, ranging from 680 – 540 mmol m-2 (NO3
-) 

and 2960 – 2520 mmol m-2 (Si) with station 33 the maximum for both. The distribution of PO4
3- 

drawdown was slightly different, with the greatest calculated at station 11, followed by stations 6 

and 9 with drawdown at reference station 18 again the lowest (Figure 4.6b). Phosphate 

drawdown calculated at stations 5, 7, 33 and 34 was again similar, ranging from 44 – 50 mmol m-

2. Fractional drawdown was greatest at station 9 followed by 11 and 6 for NO3
-and Si, while 

PO4
3- fractional drawdown was greatest at station 6, closely followed by station 9 then 11. 

Fractional drawdown was lowest at stations 18 and 5 for NO3
-, PO4

3- and Si. At the remaining 

stations (7, 33 and 34), fractional drawdown ranged from 10 – 11%, 10 – 13% and 44 – 55% for 

NO3
-, PO4

3- and Si, respectively (Figure 4.6c). 
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Figure 4.6 a. Drawdown of NO3
-, Si, PO4

3- and DFe at each station that had a WW temperature 
minimum (Tmin), calculated by multiplying the DFe concentration at the Tmin by the depth of the Tmin to 
get the winter DFe inventory and integrated observed DFe concentrations to the depth of Tmin for the 
summer inventory. We then subtracted the summer inventory from the winter inventory b. Drawdown of 
PO4

3- and DFe at each station. c. Fraction of winter nutrient drawn down at each station ((winter – 
summer)/winter). Lines under station numbers indicate region, Transect B (blue), Transect C (orange) 
and reference stations (green). 

4.5 Discussion 

The impact of Fe availability on uptake of macronutrients, such as N and Si, by primary 

producers is well documented (Boyd et al., 2007; de Baar et al., 2005; Martin et al., 1990), but is 

not well constrained in the oceanographically and biologically complex HIMI region of the 
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Kerguelen Plateau. In order to interpret the impact of DFe distribution on the drawdown and 

cycling of macronutrients in this region, we (i) compare our results to the previous KEOPS-1 

(January-February 2005) and KEOPS-2 (October-November 2011) voyages to explore inter-

annual and inter-seasonal variability of DFe distribution in the region; (ii) use the tracer Fe* to 

investigate which areas of the northern Kerguelen Plateau might be Fe limited; (iii) explore the 

distribution of DFe drawdown in the study area; (iv) determine the influence of DFe availability 

on nutrient drawdown; (v) examine indicators of Fe recycling; and (vi) determine the influence of 

DFe availability on nutrient recycling by comparing nutrient drawdown ratios with expected 

uptake ratios. 

4.5.1 Comparison of dissolved iron distributions between studies 

To comprehensively explore how DFe impacts cycling of macronutrients in the study region, the 

variability of DFe concentrations between different voyages is first analysed. The KEOPS-1 

voyage took place in 2005, 11 years prior to HEOBI. Both voyages took place during the 

summer season (January-February). Stations from the KEOPS-1 study which were reoccupied 

during HEOBI are shown in Figure 4.2. Comparison of stations occupied during both KEOPS-

1 and HEOBI reveals that DFe concentrations were lower overall during KEOPS-1 (Figure 4.7). 

Considering HEOBI samples were measured using two independent methods, which showed 

excellent agreement (and of which one was a similar FIA-CL method to that used during 

KEOPS-1; Blain et al., 2008a; Wuttig et al., 2019), this variation is unlikely to be of an analytical 

nature. Instead, it may be due to differences in biological and physical processes between years, 

especially considering the dynamic oceanographic nature of the region (Park et al., 2008b, 

2008a). Dissolved Fe concentrations at stations 6-10 (Transect B) were generally similar in 

surface waters before diverging with depth, while stations 31 and 33 (Transect C) differed 

between occupations over the entire water column (Figure 4.7a.). Calculating DFe inventories 

for each profile by integrating over the water column (for the depth range covered by samples 
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from both voyages), with errors propagated from the analytical error associated with each 

measurement (see caption to Figure 4.7), also shows a clear difference between the two voyages, 

well outside associated analytical uncertainties (Figure 4.7b.). 

 

Figure 4.7 a. Dissolved Fe profiles at stations sampled during the KEOPS-1 voyage (orange) and revisited 
during HEOBI (blue). Station numbers are shown in the top right corner of each profile for both 
HEOBI (bold) and KEOPS-1 (bracketed) voyages. Stations 6-10 are located on Transect B and 31-32 on 
Transect C (see Figure 4.2). Error bars on the HEOBI ICP-MS data indicate instrumental precision for 
the dataset, based on the SD of in-house low-Fe seawater, analysed in triplicate during most analytical 
sequences (n = 25). Data obtained using ICP-MS and onboard FIA showed excellent agreement (paired t-
test, p > 0.05, R2 = 0.95, n = 244; Wuttig et al., in review). Error bars on the KEOPS-1 FIA data are one 
SD of replicate measurements for each sample (n=3). b. Dissolved Fe inventories at each of the revisited 
stations from HEOBI and KEOPS-1, calculated by integrating DFe over the water column for the depth 
range covered by samples from both voyages. Error bars are propagated from the error of each data point 
on each profile. 

The observed variation in profiles may be explained by considering regional current regimes, 

bathymetric features and phytoplankton bloom development at these stations. Profiles from 

both voyages are more similar in surface waters over the plateau on Transect B, where currents 

are slow (Park et al., 2008a; R. Robertson, pers. comm.) and biomass is high annually over 

summer (Mongin et al., 2008), keeping DFe at low and more homogeneous concentrations. 

Internal tides and vertical mixing (Park et al., 2008b) influence deeper waters over Transect B, 

which may explain differences observed between KEOPS-1 and HEOBI Fe concentrations at 
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depth. Stations 31 and 33 were located on either side of a shallow ridge, with strong northward 

currents, which fluctuated with time and were most likely tidally influenced (R. Robertson, pers. 

comm). Highly variable currents have been observed in this area previously (van Wijk et al., 

2010) and comparing high resolution satellite mean daily sea surface temperature averaged over 

January to February between 2005 and 2016 adds further evidence to the variability of ocean 

currents in the region, with colder surface waters extending further north during KEOPS-1 in 

2005 (Figure 4.11). These fluctuating currents, coupled with shallow bathymetric features, are 

likely to have influenced the supply of DFe through vertical mixing or lateral transport, and 

hence the variability in DFe concentrations observed at these locations. To summarise, 

comparison between HEOBI and KEOPS-1 data indicates that DFe concentrations may vary 

inter-annually in the HIMI region due to the complex oceanographic conditions, which likely 

influences the utilisation of other nutrients in the region, as shown below.  

4.5.2 Fe* 

The concept of Fe* has been used in previous studies to indicate whether primary productivity in 

surface waters may be limited by DFe concentrations (e.g. Blain et al., 2008b; Bowie et al., 2009; 

Parekh et al., 2005). While the Fe* concept includes caveats, mainly because cellular Fe:PO4
3-, 

Fe:NO3
- and Fe:C uptake ratios are not constant across all environments (Blain et al., 2008b; Ho 

et al., 2003; Sunda and Huntsman, 1995; Twining et al., 2004), we explore variability of Fe* 

between seasons and years using data from HEOBI, KEOPS-1 and KEOPS-2 voyages, as an 

indicator of Fe limitation. 

Our Fe* calculations indicate that there was insufficient DFe to support full consumption of the 

available N and P during the HEOBI voyage, except for waters directly surrounding HIMI 

(Figure 4.5). Comparison of our Fe* results with those calculated for the KEOPS-1 and 

KEOPS-2 voyages indicates that the majority of surface waters on the northern plateau between 
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HIMI and Kerguelen Islands, as well as waters downstream of the plateau, are Fe limited both 

inter-annually and inter-seasonally with the exception of waters in direct proximity to HIMI and 

Kerguelen Islands (Figure 4.5). Iron budgets constructed for both KEOPS-1 (Blain et al., 2008a) 

and KEOPS-2 (Bowie et al., 2015) revealed that the DFe supply from the plateau (predominantly 

by winter mixing and vertical eddy diffusivity increased by large internal tides; Park et al., 2008b) 

was insufficient to meet the phytoplankton demand. This could only be met by invoking a 

dissolution of 2% - 2.5% of the particulate Fe (pFe) pool (Blain et al., 2007; Bowie et al., 2015). 

Since these Fe* calculations only take into account DFe, it’s possible that the pFe pool over the 

plateau may influence the Fe limitation status of phytoplankton (van der Merwe et al., 2015). 

Indeed, results from HEOBI show that Heard Island is a strong source of labile pFe (discussed 

in more detail in van der Merwe et al., in prep.). While dissolution of pFe, and biological 

recycling of Fe (explored in more detail below) might alleviate some of the Fe limitation 

suggested by the Fe* calculations, we note that surface water DFe concentrations across 

Transect B and the four easterly stations of Transect C were close to values known to be growth 

rate limiting for some SO phytoplankton species (Blain et al., 2002; Timmermans et al., 2001). 

Furthermore, Fe limitation in regions of relatively high Fe supply has been demonstrated 

previously (Hutchins et al., 1998). In summary, Fe* calculations indicate that over much of the 

northern Kerguelen Plateau in mid to late summer, Fe is the ultimate limiting nutrient. 

4.5.3 Dissolved iron drawdown distribution 

Dissolved Fe drawdown calculations provide further support for the dominant role of Fe 

availability in shaping productivity in this region. Drawdown results indicate that areas of greater 

DFe supply on the plateau are associated with greater overall DFe drawdown (Figure 4.6b). 

Comparing DFe drawdown to winter DFe stocks gives a reasonably linear relationship for both 

HEOBI and KEOPS-1 data (Figure 4.8a). Stations with greater DFe supply, as indicated by a 

larger winter inventory of DFe, had a greater seasonal DFe drawdown. This indicates that Fe 
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concentration is the strongest limiting factor in the region, with phytoplankton drawing down 

DFe in proportion to its availability at the start of the growing season; if another environmental 

factor strongly influenced phytoplankton productivity, DFe drawdown should appear relatively 

constant, regardless of winter stocks. 

The fraction of winter DFe stock drawn down, from winter water concentrations to those 

observed during the voyage in late summer, gives an indication of how much of the winter DFe 

reserves biota have utilised over the growing season. This varied from 9 to 57% (Figure 4.6c). 

The lowest fractional drawdown was calculated at station 5. However, this analysis assumes that 

vertical and lateral mixing in the WW and surface layers are small (Hoppe et al., 2017; Hoppema 

et al., 2000; Jennings et al., 1984). The very high surface Si concentrations indicate that upwelling 

affected surface waters at station 5, giving a smaller calculated drawdown for Fe. There was less 

utilisation of the winter stock at stations 9 (Transect B) and 33 (Transect C) compared to stations 

6 and 7 (Transect B) off the plateau (Figure 4.6c). The lower fractional drawdown calculated at 

these stations is probably influenced by lateral or vertical supply of DFe from plateau sediments 

and HIMI.  

Alternatively, or in addition, lower fractional drawdown at station 33 could be the result of a 

lateral intrusion of a relatively low DFe subsurface water mass. Dissolved Fe concentrations at 

Transect B stations increase between the surface and 100 m depth by a mean of 0.02 nmol L-1 

while at station 33 the concentration decreases by 0.08 nmol L-1 (Figure 4.4). As further evidence 

for intrusion of a subsurface water mass, stations 34 and 18, which lie within the same circulation 

trajectory (Figure 4.1; Park et al., 2008a, 2014), also exhibit negative drawdown and show similar 

temperature-salinity profiles (Figure 4.10). Park et al. (2008a, 2014) showed that 

surface/subsurface currents sweep south of HIMI towards the east before turning northwest, 

closely following bathymetry before joining the Polar Front, which agrees with shipboard ADCP 

data (R. Robertson, Pers. Comm.) and temperature profiles (Figure 4.3g). The presence of this 
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lower DFe subsurface water mass drove WW DFe concentrations down at stations 18, 33 and 

34, thus affecting drawdown calculations. 

The large drawdown calculated for reference station 11 was also unexpected, as the station is 

located furthest to the west, off the plateau (Figure 4.2). The temperature-salinity profile reveals 

a thick intrusion of warmer water from 120 – 210 m depth at this station, just above the winter 

water layer. This suggests that an intrusion of DFe-enriched water from the plateau may have 

caused this anomaly, though lack of ADCP data from HEOBI precludes a definitive answer. 

4.5.4 Influence of DFe availability on seasonal drawdown of nutrients in the 

region 

To determine whether regions with higher Fe consumption show greater use of available macro-

nutrients, we compared Fe drawdown with fractional drawdown of N and fractional drawdown 

of Si (Figure 4.8b,c). Both fractional N and fractional Si drawdown give a positive linear 

relationship with Fe drawdown for stations on Transect B, with the fraction of N and Si drawn 

down from winter stock concentrations increasing with increasing Fe drawdown (Figure 4.8b,c), 

indicating that Fe availability dictates the amount of macronutrients utilised. Fractional 

drawdown data from KEOPS-1 is more scattered, possibly indicating that plankton DFe 

utilisation, DFe supply or plateau currents differed during this year, again highlighting the 

dynamic nature of the region. Station 33 (Transect C) is offset from Transect B stations, with 

comparatively high DFe drawdown but lower fractional N and Si drawdown. This is due to a 

deeper mixed layer and temperature minimum at this station (see Table 4-2) compared with 

Transect B stations, resulting in a greater summer mixed layer N and Si inventory, which reduces 

the calculated drawdown. The relationship between fractional nutrient drawdown and Fe 

drawdown is consistent with Fe availability driving nutrient uptake. 
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Figure 4.8 Dissolved Fe drawdown versus a. winter DFe stock b. fraction of N drawn down from winter 
stock c. fraction of Si drawn down from winter stock for stations where drawdown could be calculated 
from HEOBI (blue circles) and KEOPS-1 (orange squares) data and d. Quotient of Fe:N (purple) and 
Fe:P (blue) drawdown ratios to Redfield uptake ratios (RC ratio) versus winter DFe stock; see text for 
details. Dashed lines show linear regressions, with R2 values annotated. Linear regressions in b and c are 
not shown for KEOPS-1 due to the spread of data and for HEOBI data only include stations from 
Transect B (5 – 9) as Transect C station (33) is clearly affected by different processes (discussed in text). 
Station numbers are annotated. 

Plotting the distribution of Si:N drawdown using inferred WW depths and nutrient 

concentrations (see methods) shows that in close proximity to HIMI, Si uptake decreases relative 

to NO3
- (Figure 4.9). This is likely a result of diatom nutrient uptake behaviour. Bottle 

enrichment experiments (Hutchins and Bruland, 1998; Takeda, 1998) and observations in HNLC 

waters (e.g. Brzezinski et al., 2003) have shown that Fe-stressed diatoms alter their nutrient 
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uptake ratios, increasing Si:C and Si:NO3
- uptake, while diatoms growing under Fe replete 

conditions follow expected Redfield ratios close to 0.13 and 1, respectively (Brzezinski, 1985). 

The Si:N drawdown distribution observed in the HEOBI study area fits well with classical 

diatom nutrient uptake behaviour under Fe replete conditions, with ratios closer to 1 nearer to 

sediment sources above the plateau and around HIMI. 

 

Figure 4.9 Si:N drawdown at each station sampled during HEOBI. Stations which had a defined WW 
layer, where drawdown could be calculated are circled in black. Drawdown at all other stations was 
calculated by using the average WW nutrient concentrations at the average WW depth (203 m). Where the 
station bottom depth was shallower than the average WW depth, the bottom depth was used instead as 
the WW depth for integrations. 

4.5.5 Nutrient recycling 

Biotic recycling of Fe has been identified as an important mechanism for retaining Fe in ocean 

surface waters (Boyd et al., 2017; Hutchins et al., 1993). While it has been shown that Fe 
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recycling is especially important for maintaining primary productivity in HNLC waters (Boyd et 

al., 2005), regeneration of Fe has also been demonstrated over the Kerguelen Plateau (Bowie et 

al., 2015; Sarthou et al., 2008). Iron budgets constructed from previous voyages found that 

regenerated Fe over the plateau played an increasingly important role in sustaining 

phytoplankton Fe requirements, with early season recycled Fe accounting for <8% of new 

supply (KEOPS2; Bowie et al., 2015) increasing to 42-61% of total Fe demand towards the end 

of the summer season (KEOPS1; Sarthou et al., 2008). As HEOBI also occurred during the end 

of the summer season, Fe recycling is further investigated here to determine its impact on 

observed nutrient drawdown ratios. 

As an indicator of nutrient recycling during HEOBI, ratios of DFe drawdown to N and P 

drawdown were calculated and compared to expected phytoplankton uptake ratios. The expected 

Fe:P and Fe:N uptake ratios are 0.47 and 0.039 mmol:mol respectively (Anderson and 

Sarmiento, 1994; Parekh et al., 2005), as used for our Fe* calculations. However, mean calculated 

drawdown ratios of Fe:P and Fe:N were 0.21 and 0.014 respectively. It is unlikely these lower 

ratios reflect lower phytoplankton Fe requirements over the plateau, given the constant Fe 

supply (Blain et al., 2007), and considering Fe requirements of diatoms (the major contributor to 

phytoplankton biomass observed in the region previously (Obernosterer et al., 2008)) are 

demonstrated to be higher in regions of higher Fe supply than in HNLC waters (Twining and 

Baines, 2013). More likely, the low Fe:N and Fe:P drawdown ratios reflect greater recycling of 

DFe than of N and P. The same calculations cannot be relied upon for Si, due to the variable Si 

requirements of diatoms, depending on availability of Fe (Brzezinski et al., 2003). However, as 

suggested by Mosseri et al. (2008), low Si recycling can be inferred from the relatively large 

fractional drawdown for Si (median 50%) compared to N and P (Figure 4.6). This is consistent 

with previous studies in the region, which have found that in late summer, during the decline of 

the bloom, recycling of Si is low (Closset et al., 2014; Mosseri et al., 2008). 
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4.5.6 Influence of DFe availability on recycled nutrient uptake 

To further investigate whether DFe availability influences nutrient recycling in the region, we 

calculated a Redfield comparison (RC) ratio as per equations 3 and 4: 

𝑅𝐶 𝑟𝑎𝑡𝑖𝑜(𝑁) =
(𝐹𝑒𝐷𝐷: 𝑁𝐷𝐷)

𝑅𝑒𝑑𝑓𝑖𝑒𝑙𝑑 𝑢𝑝𝑡𝑎𝑘𝑒(𝐹𝑒: 𝑁)
(3) 

𝑅𝐶 𝑟𝑎𝑡𝑖𝑜(𝑃) =
(𝐹𝑒𝐷𝐷: 𝑃𝐷𝐷)

𝑅𝑒𝑑𝑓𝑖𝑒𝑙𝑑 𝑢𝑝𝑡𝑎𝑘𝑒(𝐹𝑒: 𝑃)
(4) 

Where FeDD is DFe drawdown, NDD and PDD are NO3
- and PO4

3- drawdown, respectively, and 

Redfield uptake (Fe:N and Fe:P) are expected Redfield uptake ratios of 0.039 and 0.47 mmol:mol 

(Anderson and Sarmiento, 1994; Parekh et al., 2005). It must be noted here that lateral inputs of 

‘new’ DFe from the plateau over the growing season may have influenced calculated drawdown. 

Thus, our RC ratio does not allow for quantitative analysis of recycling, but rather provides a 

relative indication of recycling in the region. 

Comparison of the RC ratio between stations shows that Fe:N and Fe:P drawdown ratios 

diverge away from the Redfield ratio, becoming smaller with decreasing winter DFe stock 

(Figure 4.8d). The RC ratio can reflect either a change in the uptake ratio of Fe:N (or Fe:P) or a 

change in the relative recycling of Fe:N (or Fe:P). The observed changes in drawdown ratio with 

Fe availability could thus be caused by greater Fe uptake by diatoms in regions of higher Fe 

supply, as mentioned above. While this interpretation is possible, we note that all of the Fe:N 

and Fe:P uptake ratios are lower than the expected Redfield uptake ratios, even close to HIMI 

where iron supply is large. This indicates Fe recycling is occurring, and we therefore suspect Fe 

recycling is the dominant influence on observed RC ratios in this region. Interpreted in this light, 

the RC ratio trend shows that further from DFe sources on the plateau, less of the DFe present 

in surface waters at the start of the growing season is drawn down relative to NO3
- or PO4

3-, 

indicating greater relative recycling of DFe with decreasing DFe availability. 
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Studies have shown that Fe regeneration plays an important role in sustaining biological 

productivity in areas of low DFe supply (Boyd et al., 2005), with less importance in regions of 

greater DFe supply, such as the Kerguelen Plateau (Bowie et al., 2015; Boyd et al., 2017; Sarthou 

et al., 2008), although we note the previously mentioned seasonality. Our results indicate that Fe 

recycling does play a role in biological productivity in the region, with increasing recycling with 

distance from areas of DFe supply. Station 33, the station closest to HIMI of the stations where 

drawdown could be calculated, has Fe:N and Fe:P drawdown ratios nearest to Redfield ratios. 

This indicates that less Fe recycling occurred close to HIMI. These results build on previous 

findings in the region and indicate that production and uptake of regenerated DFe become 

important processes with distance from DFe sources on the Kerguelen Plateau between HIMI 

and Kerguelen Islands. 

4.6 Conclusions 

We show that supply of DFe from HIMI, and the plateau just to the north of HIMI, leads to 

greater drawdown of nutrients in the region, compared to stations off the plateau. Dissolved Fe 

availability drives macronutrient uptake on the plateau, and Fe recycling off the plateau. In direct 

proximity to HIMI, Si:N drawdown ratios are lower, following classic diatom nutrient utilisation 

behaviour under Fe replete conditions (Takeda, 1998). These results highlight the importance of 

HIMI in contributing to the biogeochemical cycling and the annual phytoplankton bloom in the 

region. 

The majority of the northern plateau between HIMI and Kerguelen Islands, as well as waters 

downstream of the plateau, are Fe limited, according to Fe* calculations, both inter-annually and 

inter-seasonally with the exception of waters in direct proximity to HIMI and Kerguelen Islands. 

These findings confirm previous studies indicating that DFe supply over the plateau is 

insufficient to supply phytoplankton needs without invoking a particle dissolution and/or Fe 
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recycling fraction (Blain et al., 2008a; Bowie et al., 2015). Although previous studies have 

suggested that Fe supply on the plateau is sufficient with the addition of particle dissolution 

(Blain et al., 2008a; Bowie et al., 2015), Fe limitation is likely a spectrum rather than a binary 

system (e.g. Hutchins et al., 1998), and our results show that phytoplankton still suffer from 

some Fe limitation on the plateau, indicated both by negative Fe* and recycling of Fe occurring 

to some degree both on and off the plateau.  

Finally, comparison between HEOBI and KEOPS-1 data indicates that DFe distribution varies 

inter-annually due to the complex oceanographic conditions in the HIMI region, with less 

variability observed in surface waters over the plateau to the north of HIMI, where currents are 

more sluggish and biomass is higher, than observed deep in the water column over the plateau or 

over complex bathymetry to the east of HIMI. 
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4.8 Appendix 

 

Figure 4.10 Absolute salinity (SA) – Conservative Temperature (Θ) diagrams for stations within each 
region and with water masses and potential density isobars overlain. (a) Transect B (b) Transect C (c) 
Heard Island (d) McDonald Islands (e) Reference stations. Identified water masses are the cyclonic warm 
core eddy (Eddy), Antarctic Surface Water (AASW), Winter Water (WW), Upper Circumpolar Deep 
Water (UCDW), Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water (AABW). 
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Figure 4.11 Mean daily sea surface temperature (SST) averaged over January to February for both 2016 
(HEOBI) and 2005 (KEOPS-1). Countours showing SST from 1.5 – 2.5°C (red), 2.5 – 3°C (purple) and 3 
– 3.5°C (black) have been added for clarity. This SST data was obtained from the Group for High 
Resolution Sea Surface Temperature analysis (NASA, 2002; GHRSST v4.1 Multiscale Ultrahigh 
Resolution L4 analysis, see http://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa. nodc:GHRSST-MUR-
JPL-L4-GLOB). The data was accessed using the libraries raadtools (Sumner, 2016) and roc (Sumner, 
2017) for the freely available R software (R Core Team, 2016).

Table 4-1 Dissolved Fe data for all samples at each station occupied during the HEOBI voyage, analysed 
by SF-ICP-MS 

Sample name Station Bottle Depth 
(m) 

SeaFAST date DFe 
(nmol L-1) 

26_HEOBI_st2_12_40x 2 12 13.9 20160801 0.17 

25_HEOBI_st2_11_40x 2 11 28.6 20160801 0.09 

24_HEOBI_st2_10_40x 2 10 49.0 20160801 0.05 

23_HEOBI_st2_9_40x 2 9 68.7 20160801 0.26 

22_HEOBI_st2_8_40x 2 8 98.5 20160801 0.07 

21_HEOBI_st2_7_40x 2 7 148.3 20160801 0.11 

20_HEOBI_st2_6_40x 2 6 198.4 20160801 0.18 

19_HEOBI_st2_5_40x 2 5 298.3 20160801 0.28 

18_HEOBI_st2_4_40x 2 4 498.0 20160801 0.43 

17_HEOBI_st2_3_40x 2 3 697.8 20160801 0.46 

16_HEOBI_st2_2_40x 2 2 998.7 20160801 0.56 

15_HEOBI_st2_1_40x 2 1 1598.5 20160801 0.62 

38_HEOBI_st4_12_40x 4 12 13.8 20160801 0.14 

37_HEOBI_st4_11_40x 4 11 28.6 20160801 0.10 

36_HEOBI_st4_10_40x 4 10 68.3 20160801 0.25 
35_HEOBI_st4_9_40x 4 9 97.1 20160801 0.09 
34_HEOBI_st4_8_40x 4 8 196.7 20160801 0.12 
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Sample name Station Bottle Depth 
(m) 

SeaFAST date DFe 
(nmol L-1) 

33_HEOBI_st4_7_40x 4 7 295.7 20160801 0.21 
19_HEOBI_4_6 4 6 492.6 20161206 0.35 
18_HEOBI_4_5 4 5 590.6 20161206 0.33 

30_HEOBI_st4_4_40x 4 4 987.0 20160801 0.51 
29_HEOBI_st4_3_40x 4 3 1971.3 20160801 0.44 
28_HEOBI_st4_2_40x 4 2 2950.8 20160801 0.55 
27_HEOBI_st4_1_40x 4 1 3317.0 20160801 0.53 

50_HEOBI_st5_12_40x 5 12 13.6 20160801 NaN 
49_HEOBI_st5_11_40x 5 11 28.0 20160801 0.08 
48_HEOBI_st5_10_40x 5 10 68.4 20160801 0.07 
47_HEOBI_st5_9_40x 5 9 98.1 20160801 0.08 
46_HEOBI_st5_8_40x 5 8 147.8 20160801 0.08 
45_HEOBI_st5_7_40x 5 7 196.9 20160801 0.09 
44_HEOBI_st5_6_40x 5 6 294.9 20160801 0.23 
43_HEOBI_st5_5_40x 5 5 690.0 20160801 0.38 
42_HEOBI_st5_4_40x 5 4 986.2 20160801 0.43 
41_HEOBI_st5_3_40x 5 3 1971.0 20160801 0.45 
40_HEOBI_st5_2_40x 5 2 2951.1 20160801 0.51 
39_HEOBI_st5_1_40x 5 1 2974.8 20160801 0.54 

24_HEOBI_st6_12_40x 6 12 13.0 20160802 0.02 
23_HEOBI_st6_11_40x 6 11 28.0 20160802 NaN 
22_HEOBI_st6_10_40x 6 10 68.0 20160802 0.01 
21_HEOBI_st6_9_40x 6 9 97.8 20160802 0.04 
20_HEOBI_st6_8_40x 6 8 196.3 20160802 0.11 
19_HEOBI_st6_7_40x 6 7 294.8 20160802 0.37 
18_HEOBI_st6_6_40x 6 6 492.8 20160802 0.33 
17_HEOBI_st6_5_40x 6 5 690.5 20160802 0.35 
16_HEOBI_st6_4_40x 6 4 986.2 20160802 0.33 
15_HEOBI_st6_3_40x 6 3 1479.4 20160802 0.35 

20_HEOBI_6_2 6 2 1577.7 20161206 0.40 
13_HEOBI_st6_1_40x 6 1 1627.8 20160802 0.37 

21_HEOBI_7_12 7 12 13.8 20161206 0.02 
35_HEOBI_st7_11_40x 7 11 27.6 20160802 NaN 
34_HEOBI_st7_10_40x 7 10 67.6 20160802 0.01 
33_HEOBI_st7_9_40x 7 9 97.7 20160802 0.05 
32_HEOBI_st7_8_40x 7 8 147.0 20160802 0.04 
31_HEOBI_st7_7_40x 7 7 197.8 20160802 0.10 
30_HEOBI_st7_6_40x 7 6 246.0 20160802 0.32 
29_HEOBI_st7_5_40x 7 5 295.0 20160802 0.29 
28_HEOBI_st7_4_40x 7 4 345.1 20160802 0.29 
27_HEOBI_st7_3_40x 7 3 394.0 20160802 0.27 
26_HEOBI_st7_2_40x 7 2 414.2 20160802 0.26 
25_HEOBI_st7_1_40x 7 1 434.6 20160802 0.35 

48_HEOBI_st9_12_40x 9 12 14.1 20160802 0.12 
47_HEOBI_st9_11_40x 9 11 23.8 20160802 0.09 
46_HEOBI_st9_10_40x 9 10 38.7 20160802 0.10 
45_HEOBI_st9_9_40x 9 9 67.5 20160802 0.10 
44_HEOBI_st9_8_40x 9 8 96.8 20160802 0.13 
43_HEOBI_st9_7_40x 9 7 146.7 20160802 0.17 

42_HEOBI_st9_6_40x 9 6 195.7 20160802 0.26 
41_HEOBI_st9_5_40x 9 5 245.6 20160802 0.49 
40_HEOBI_st9_4_40x 9 4 295.4 20160802 0.62 
39_HEOBI_st9_3_40x 9 3 345.2 20160802 0.67 
38_HEOBI_st9_2_40x 9 2 373.9 20160802 0.73 
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Sample name Station Bottle Depth 
(m) 

SeaFAST date DFe 
(nmol L-1) 

37_HEOBI_st9_1_40x 9 1 394.9 20160802 0.77 
26_HEOBI_st10_12_40x 10 12 13.9 20160804 0.07 
25_HEOBI_st10_11_40x 10 11 27.6 20160804 0.04 
24_HEOBI_st10_10_40x 10 10 48.3 20160804 0.05 
23_HEOBI_st10_9_40x 10 9 72.3 20160804 0.02 
22_HEOBI_st10_8_40x 10 8 118.0 20160804 0.05 
21_HEOBI_st10_7_40x 10 7 146.9 20160804 0.13 
20_HEOBI_st10_6_40x 10 6 200.3 20160804 0.24 
19_HEOBI_st10_5_40x 10 5 250.0 20160804 0.20 
18_HEOBI_st10_4_40x 10 4 300.9 20160804 0.21 
17_HEOBI_st10_3_40x 10 3 316.1 20160804 0.26 
16_HEOBI_st10_2_40x 10 2 349.3 20160804 0.31 
15_HEOBI_st10_1_40x 10 1 358.4 20160804 0.36 

46_HEOBI_11_12 11 12 13.1 20170602 0.20 
45_HEOBI_11_11 11 11 28.6 20170602 0.07 
44_HEOBI_11_10 11 10 67.8 20170602 0.22 
43_HEOBI_11_9 11 9 98.1 20170602 0.05 
42_HEOBI_11_8 11 8 197.2 20170602 0.08 
41_HEOBI_11_7 11 7 295.4 20170602 0.34 
40_HEOBI_11_6 11 6 493.1 20170602 0.53 
39_HEOBI_11_5 11 5 689.4 20170602 0.65 
38_HEOBI_11_4 11 4 986.5 20170602 0.55 
37_HEOBI_11_3 11 3 1577.8 20170602 0.52 
36_HEOBI_11_2 11 2 2559.8 20170602 0.40 
35_HEOBI_11_1 11 1 2658.5 20170602 NaN 

21_HEOBI_st12_6_40x 12 6 13.1 20161012 2.16 
20_HEOBI_st12_5_40x 12 5 28.3 20161012 2.24 
19_HEOBI_st12_4_40x 12 4 47.5 20161012 2.22 
18_HEOBI_st12_3_40x 12 3 66.6 20161012 2.25 
17_HEOBI_st12_2_40x 12 2 87.5 20161012 2.19 
16_HEOBI_st12_1_40x 12 1 102.1 20161012 1.88 

28_HEOBI_st13_10_40x 13 10 13.6 20161012 1.25 
27_HEOBI_st13_9_40x 13 9 28.9 20161012 1.24 
26_HEOBI_st13_8_40x 13 8 48.6 20161012 1.29 
25_HEOBI_st13_7_40x 13 7 67.4 20161012 1.39 
24_HEOBI_st13_6_40x 13 6 96.9 20161012 1.37 
23_HEOBI_st13_2_40x 13 2 117.6 20161012 1.41 
22_HEOBI_st13_1_40x 13 1 132.1 20161012 1.31 
35_HEOBI_st14_7_40x 14 7 13.2 20161012 0.97 
34_HEOBI_st14_6_40x 14 6 28.6 20161012 1.00 
33_HEOBI_st14_5_40x 14 5 47.8 20161012 1.13 
32_HEOBI_st14_4_40x 14 4 97.6 20161012 1.22 
31_HEOBI_st14_3_40x 14 3 122.5 20161012 1.22 
30_HEOBI_st14_2_40x 14 2 157.2 20161012 1.17 
29_HEOBI_st14_1_40x 14 1 172.2 20161012 1.21 
41_HEOBI_st15_6_40x 15 6 13.5 20161012 1.60 
40_HEOBI_st15_5_40x 15 5 28.6 20161012 1.54 
39_HEOBI_st15_4_40x 15 4 48.5 20161012 1.56 
38_HEOBI_st15_3_40x 15 3 68.2 20161012 1.62 

37_HEOBI_st15_2_40x 15 2 98.3 20161012 1.60 
36_HEOBI_st15_1_40x 15 1 117.5 20161012 1.54 
47_HEOBI_st16_6_40x 16 6 13.3 20161012 0.79 
46_HEOBI_st16_5_40x 16 5 28.4 20161012 0.94 
45_HEOBI_st16_4_40x 16 4 67.9 20161012 1.04 
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Sample name Station Bottle Depth 
(m) 

SeaFAST date DFe 
(nmol L-1) 

44_HEOBI_st16_3_40x 16 3 121.7 20161012 1.26 
43_HEOBI_st16_2_40x 16 2 175.8 20161012 1.55 
42_HEOBI_st16_1_40x 16 1 187.2 20161012 1.56 

16_HEOBI_18_12 18 12 12.6 20170603 0.11 
17_HEOBI_18_11 18 11 27.8 20170603 0.28 
18_HEOBI_18_10 18 10 67.8 20170603 0.04 
19_HEOBI_18_9 18 9 96.9 20170603 0.03 
20_HEOBI_18_8 18 8 147.6 20170603 0.05 
21_HEOBI_18_7 18 7 197.0 20170603 0.21 
22_HEOBI_18_6 18 6 294.5 20170603 0.41 
23_HEOBI_18_5 18 5 491.8 20170603 0.40 
24_HEOBI_18_4 18 4 690.6 20170603 0.31 
25_HEOBI_18_3 18 3 987.4 20170603 0.37 

21_HEOBI_st19_6_40x 19 6 13.6 20161013 0.94 
20_HEOBI_st19_5_40x 19 5 28.1 20161013 0.92 
19_HEOBI_st19_4_40x 19 4 48.4 20161013 1.00 
18_HEOBI_st19_3_40x 19 3 68.1 20161013 0.92 
17_HEOBI_st19_2_40x 19 2 78.2 20161013 0.97 
16_HEOBI_st19_1_40x 19 1 88.0 20161013 0.85 
27_HEOBI_st20_6_40x 20 6 13.8 20161013 0.44 
26_HEOBI_st20_5_40x 20 5 28.4 20161013 0.51 
25_HEOBI_st20_4_40x 20 4 47.9 20161013 0.55 
24_HEOBI_st20_3_40x 20 3 67.2 20161013 0.74 
23_HEOBI_st20_2_40x 20 2 88.1 20161013 0.98 
22_HEOBI_st20_1_40x 20 1 93.1 20161013 1.00 
23_HEOBI_st21_8_40x 21 8 13.3 20160809 0.12 
22_HEOBI_st21_7_40x 21 7 28.7 20160809 0.17 
21_HEOBI_st21_6_40x 21 6 48.8 20160809 0.56 
20_HEOBI_st21_5_40x 21 5 68.3 20160809 0.70 
19_HEOBI_st21_4_40x 21 4 88.3 20160809 0.65 
18_HEOBI_st21_3_40x 21 3 98.1 20160809 0.87 
17_HEOBI_st21_2_40x 21 2 107.5 20160809 0.60 
16_HEOBI_st21_1_40x 21 1 112.6 20160809 0.91 
33_HEOBI_st22_6_40x 22 6 13.8 20161013 1.57 
32_HEOBI_st22_5_40x 22 5 28.0 20161013 1.55 
31_HEOBI_st22_4_40x 22 4 49.1 20161013 1.22 
30_HEOBI_st22_3_40x 22 3 68.0 20161013 1.08 
29_HEOBI_st22_2_40x 22 2 86.9 20161013 1.09 
28_HEOBI_st22_1_40x 22 1 108.4 20161013 1.09 
27_HEOBI_st23_6_40x 23 6 14.4 20161017 2.05 
26_HEOBI_st23_5_40x 23 5 28.2 20161017 1.95 
25_HEOBI_st23_4_40x 23 4 48.1 20161017 1.66 
24_HEOBI_st23_3_40x 23 3 59.3 20161017 1.34 
23_HEOBI_st23_2_40x 23 2 67.7 20161017 1.39 
22_HEOBI_st23_1_40x 23 1 75.0 20161017 1.42 
31_HEOBI_st24_4_40x 24 4 13.9 20161017 2.15 
30_HEOBI_st24_3_40x 24 3 20.5 20161017 2.07 
29_HEOBI_st24_2_40x 24 2 28.9 20161017 2.30 
28_HEOBI_st24_1_40x 24 1 35.3 20161017 1.95 

17_HEOBI_st25_6_40x 25 6 13.9 20161014 1.06 
16_HEOBI_st25_5_40x 25 5 29.1 20161014 0.78 
34_HEOBI_st25_4_40x 25 4 58.1 20161017 1.38 
33_HEOBI_st25_3_40x 25 3 87.7 20161017 1.41 
32_HEOBI_st25_2_40x 25 2 108.2 20161017 1.24 
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Sample name Station Bottle Depth 
(m) 

SeaFAST date DFe 
(nmol L-1) 

15_HEOBI_st25_1_40x 25 1 119.6 20161014 1.23 
40_HEOBI_st26_6_40x 26 6 12.9 20161017 1.87 
39_HEOBI_st26_5_40x 26 5 28.7 20161017 1.74 
38_HEOBI_st26_4_40x 26 4 58.0 20161017 1.78 
37_HEOBI_st26_3_40x 26 3 88.5 20161017 1.69 
36_HEOBI_st26_2_40x 26 2 107.5 20161017 1.67 
35_HEOBI_st26_1_40x 26 1 120.0 20161017 1.70 
23_HEOBI_st27_6_40x 27 6 13.9 20161014 1.69 
22_HEOBI_st27_5_40x 27 5 28.7 20161014 1.32 
21_HEOBI_st27_4_40x 27 4 58.3 20161014 1.71 
20_HEOBI_st27_3_40x 27 3 88.3 20161014 2.08 
19_HEOBI_st27_2_40x 27 2 107.9 20161014 2.02 
18_HEOBI_st27_1_40x 27 1 119.7 20161014 2.11 
29_HEOBI_st28_6_40x 28 6 12.7 20161014 1.41 
28_HEOBI_st28_5_40x 28 5 28.5 20161014 1.50 
27_HEOBI_st28_4_40x 28 4 58.7 20161014 1.72 
26_HEOBI_st28_3_40x 28 3 88.0 20161014 1.83 
25_HEOBI_st28_2_40x 28 2 107.8 20161014 1.80 
24_HEOBI_st28_1_40x 28 1 117.3 20161014 1.88 
35_HEOBI_st29_6_40x 29 6 13.4 20161014 1.52 
34_HEOBI_st29_5_40x 29 5 29.0 20161014 1.42 
33_HEOBI_st29_4_40x 29 4 56.9 20161014 1.46 
32_HEOBI_st29_3_40x 29 3 78.1 20161014 1.55 
31_HEOBI_st29_2_40x 29 2 92.9 20161014 1.63 
30_HEOBI_st29_1_40x 29 1 101.0 20161014 1.49 
29_HEOBI_st30_6_40x 30 6 13.9 20160809 1.26 
28_HEOBI_st30_5_40x 30 5 28.2 20160809 1.26 
27_HEOBI_st30_4_40x 30 4 67.5 20160809 1.37 
26_HEOBI_st30_3_40x 30 3 98.3 20160809 1.28 
25_HEOBI_st30_2_40x 30 2 147.4 20160809 1.12 
24_HEOBI_st30_1_40x 30 1 186.9 20160809 1.01 
38_HEOBI_st31_9_40x 31 9 12.6 20160809 0.37 
37_HEOBI_st31_8_40x 31 8 48.3 20160809 0.36 
36_HEOBI_st31_7_40x 31 7 97.4 20160809 0.22 
35_HEOBI_st31_6_40x 31 6 147.4 20160809 0.41 
34_HEOBI_st31_5_40x 31 5 245.2 20160809 0.70 
33_HEOBI_st31_4_40x 31 4 345.0 20160809 0.68 
32_HEOBI_st31_3_40x 31 3 395.4 20160809 0.67 
31_HEOBI_st31_2_40x 31 2 443.7 20160809 0.84 
30_HEOBI_st31_1_40x 31 1 468.6 20160809 0.70 

22_HEOBI_32_6 32 6 12.9 20170602 0.14 
21_HEOBI_32_5 32 5 47.9 20170602 0.15 
20_HEOBI_32_4 32 4 87.5 20170602 0.48 
19_HEOBI_32_3 32 3 147.4 20170602 0.67 
18_HEOBI_32_2 32 2 196.4 20170602 0.75 
17_HEOBI_32_1 32 1 271.0 20170602 0.86 
28_HEOBI_33_9 33 9 14.2 20170602 0.26 
27_HEOBI_33_8 33 8 48.3 20170602 0.18 
26_HEOBI_33_7 33 7 97.7 20170602 0.18 

25_HEOBI_33_6 33 6 148.0 20170602 0.25 
24_HEOBI_33_5 33 5 221.2 20170602 0.32 
23_HEOBI_33_4 33 4 294.0 20170602 0.57 
27_HEOBI_33_3 33 3 394.9 20161206 0.48 
26_HEOBI_33_2 33 2 494.6 20161206 0.67 
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Sample name Station Bottle Depth 
(m) 

SeaFAST date DFe 
(nmol L-1) 

25_HEOBI_33_1 33 1 526.8 20161206 0.62 
34_HEOBI_34_9 34 9 13.5 20170602 0.27 
33_HEOBI_34_8 34 8 48.1 20170602 0.40 
32_HEOBI_34_7 34 7 96.1 20170602 0.25 
31_HEOBI_34_6 34 6 147.5 20170602 0.09 
30_HEOBI_34_5 34 5 219.6 20170602 0.12 
29_HEOBI_34_4 34 4 296.8 20170602 0.45 
29_HEOBI_34_3 34 3 444.7 20161206 0.47 
28_HEOBI_34_2 34 2 542.6 20161206 0.49 
36_HEOBI_35_6 35 6 13.6 20161206 0.50 
35_HEOBI_35_5 35 5 28.7 20161206 0.51 
34_HEOBI_35_4 35 4 68.1 20161206 0.73 
33_HEOBI_35_3 35 3 97.4 20161206 0.87 
32_HEOBI_35_2 35 2 137.3 20161206 0.95 
31_HEOBI_35_1 35 1 146.7 20161206 0.80 

39_HEOBI_st36_4_40x 36 4 14.1 20161014 1.33 
38_HEOBI_st36_3_40x 36 3 28.5 20161014 1.69 
37_HEOBI_st36_2_40x 36 2 58.3 20161014 1.43 
36_HEOBI_st36_1_40x 36 1 71.3 20161014 1.82 
43_HEOBI_st37_4_40x 37 4 13.7 20161014 1.51 
42_HEOBI_st37_3_40x 37 3 28.5 20161014 1.43 
41_HEOBI_st37_2_40x 37 2 58.5 20161014 1.40 
40_HEOBI_st37_1_40x 37 1 68.2 20161014 1.30 
47_HEOBI_st38_4_40x 38 4 14.1 20161014 1.35 
46_HEOBI_st38_3_40x 38 3 28.6 20161014 1.36 
45_HEOBI_st38_2_40x 38 2 58.5 20161014 1.25 
44_HEOBI_st38_1_40x 38 1 75.4 20161014 1.29 

37_HEOBI_39_4 39 4 13.5 20161206 1.71 
50_HEOBI_st39_3_40x 39 3 28.7 20161014 1.47 
49_HEOBI_st39_2_40x 39 2 45.6 20161014 1.63 
48_HEOBI_st39_1_40x 39 1 77.2 20161014 1.61 
45_HEOBI_st40_5_40x 40 5 13.8 20161017 1.69 
44_HEOBI_st40_4_40x 40 4 28.8 20161017 1.84 
43_HEOBI_st40_3_40x 40 3 48.6 20161017 1.84 
42_HEOBI_st40_2_40x 40 2 63.4 20161017 1.58 
41_HEOBI_st40_1_40x 40 1 72.4 20161017 1.65 
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Table 4-2 Mean concentrations of dissolved iron (DFe), nitrate (NO3
-) and phosphate (PO4

3-) in the 
mixed layer (ML) and upper 50 m for stations in each region. 
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5.1 Abstract 

The Southern Ocean is the largest body of water in which iron limits the growth of 

phytoplankton. However, a phytoplankton bloom on the order of thousands of square 

kilometres forms each spring-summer in the Indian sector of the Southern Ocean, both above 

and to the west of the Kerguelen Plateau. In the central region of the Kerguelen plateau is an 

active volcanic hotspot, hosting two subaerial volcanically active islands, Heard and McDonald 

(HIMI), the former of which is largely covered by glaciers. In the absence of detailed 

biogeochemical studies near HIMI, we hypothesise that these two islands play a key role in 

supplying iron to the region. 

Dissolved iron(II) (DFe(II)) is the short lived, potentially more bioavailable oxidation state of Fe 

in the ocean. Concentrations of DFe(II) in the surface ocean are inversely correlated to the 

concentration of reactive oxygen species such as hydrogen peroxide (H2O2), which decrease 

DFe(II) half-life. Here we report measurements of the transient species DFe(II) and H2O2 in the 

HIMI region of the Kerguelen Plateau. Surface DFe(II) concentrations at the open ocean 

reference station were generally very low (<0.09 nmol L-1), while stations near Heard Island and 

McDonald Islands showed elevated concentrations over the entire water column (mean 0.24 

nmol L-1 and 0.36 nmol L-1, respectively). At Heard Island, the greatest DFe(II) concentrations 

(max 0.57 nmol L-1) were detected north of the island, and an inverse correlation of DFe(II) 

concentrations with salinity suggest the origin is from a sea-terminating glacier on the island. At 

McDonald Islands, the greatest DFe(II) concentrations (1.01 nmol L-1) were detected east of the 

island which, based on DFe(II) profiles from five targeted stations, appears likely to originate 

from shallow diffuse hydrothermalism. DFe(II):DFe(total) percentages at the sites of high 

DFe(II) concentrations at Heard and Mcdonald Islands (25% and 37%, respectively) adds 

further evidence that strong, but different reducing sources of Fe exist at each of the islands. 



Chapter 5 

 

177 
 

H2O2 and irradiance data suggests that over the plateau near HIMI, DFe(II) concentrations are 

more strongly governed by strong DFe(II) sources rather than by H2O2 and irradiance. 

5.2 Introduction 

Iron (Fe) is a key limiting, or co-limiting, micronutrient for biological production (Martin et al., 

1990; Moore et al., 2013) in as much as half of the world’s oceans (Moore et al., 2009, 2001) with 

important implications for biogeochemical cycling and the drawdown of carbon from the 

atmosphere (Boyd and Ellwood, 2010; Tagliabue et al., 2014). The most energetically stable form 

of Fe in the oxygenated ocean, Fe(III), has low solubility. The reduced form of Fe, Fe(II), is 

more soluble in seawater and should be kinetically more bioavailable to phytoplankton (Shaked 

et al., 2005). However, Fe(II) is only present as a transient species in the oxygenated ocean, 

generally existing in vanishingly low concentrations (picomolar or less) due to rapid (minutes to 

days) oxidation by oxygen (O2) and hydrogen peroxide (H2O2) in surface waters (Millero et al., 

1987). 

Nevertheless, continuous production of Fe(II) by several processes in the ocean can lead to 

measurable quantities in both the surface ocean and deeper waters. In the surface ocean, 

concentrations of Fe(II) are increased by photochemical reduction of organic-Fe(III) complexes 

(Barbeau et al., 2001; Rijkenberg et al., 2005), wet and dry atmospheric deposition (Croot and 

Heller, 2012), glacial melt in higher latitudes (Hawkings et al., 2018; Hopwood et al., 2014) and 

biological production by processes such as, for example, viral lysis of cells and grazing (Hansard 

et al., 2009 and references therein). In the deeper ocean and on continental shelves, sources 

include benthic fluxes from anoxic sediments (Lohan and Bruland, 2008), hydrothermal fluids 

(Holmes et al., 2017; Kleint et al., 2017; Sedwick et al., 2015) and redox cycling induced by 

oxygen minimum zones (Lohan and Bruland, 2008). Thus, given the rapid transformation of 
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Fe(II) in oxygenated seawater, measurements of Fe speciation can be used as a near-field tracer 

of processes and sources of Fe biogeochemistry in the ocean (Holmes et al., 2017). 

The oxidation kinetics of Fe(II) in seawater are complex depending on many factors including 

pressure, temperature, salinity, O2 concentration, H2O2 concentration and pH (Millero et al., 

1987; Millero and Sotolongo, 1989; Moffett and Zika, 1987; Santana-Casiano et al., 2006). At the 

pH of seawater, the oxidation rate of Fe(II) is heavily dependent on O2 and H2O2 

concentrations, with the relative influence of each species dependent on its concentration 

(Santana-Casiano et al., 2006). Therefore, it is important to consider both of these oxidants when 

analysing Fe(II) cycling. Rainwater and biological production can contribute to the H2O2 

inventory (Croot et al., 2004). Rainwater scavenges H2O2 from the atmosphere (Cohan et al., 

1999), increasing surface ocean concentrations through direct deposition; however, this process 

is more prevalent in lower latitudes (Weller and Schrems, 1993). Studies have also demonstrated 

biological production of H2O2 in the water column (Palenik and Morel, 1988); however, the 

major source of H2O2 in the ocean is through photochemical reactions involving dissolved 

organic matter and O2 (Croot et al., 2004). 

The Southern Ocean (SO) is the largest region of Fe deficiency in the oceans (Boyd et al., 2007). 

However, within the Indian sector of the SO there is an oasis of relatively Fe rich waters 

overlaying the Kerguelen Plateau. At the southern part of the central Kerguelen plateau is an 

active volcanic hotspot, hosting two active subaerial volcanic islands, Heard and McDonald 

(HIMI), the former of which is largely covered by glaciers. Waters in the region are subject to an 

intense mixing regime, caused by strong winds, shallow bathymetry characterised by many 

seamounts and ridges, and the location of the plateau in the path of strong currents associated 

with the polar front to the north and Fawn Trough Current to the south of HIMI (Figure 5.1; 

Park et al., 2014). Fed by the Fe rich waters formed on the plateau, a plankton bloom on the 

order of thousands of square kilometres forms over and downstream of the plateau annually 
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each summer (Blain et al., 2007). In the austral summer of 2016, the first voyage to focus on 

biogeochemical cycling in the HIMI region was undertaken: Heard Earth-Ocean-Biosphere 

Interactions (HEOBI). With our studies centred around hydrothermalism, we utilise DFe(II) and 

H2O2 data to uncover which sources and processes are important for the distribution and 

oxidation kinetics of DFe(II) around HIMI, with implications for Fe bioavailability and transport 

of Fe to the northern plateau. 

5.3 Methods 

5.3.1 Study area 

Sampling and shipboard analyses were carried out aboard R/V Investigator during the HEOBI 

voyage (GEOTRACES process study GIpr05) from January 8th to February 27th 2016 around 

Heard and McDonald Islands (HIMI) on the Kerguelen Plateau in the Indian sector of the SO. 

Twenty-seven stations were successfully sampled for both DFe(II) and H2O2 (Figure 5.1), with 

an extra four stations sampled for H2O2 only (not shown). The same locations were also 

occupied by CTD casts, along with an additional 22 CTD only stations (not shown). Sample 

stations were divided into 4 regions: Transect C, Heard Island, McDonald Islands and reference 

stations. Transect C was oriented in a northeast-southwest direction, with the aim of highlighting 

the near shore to deep water gradient in biogeochemical tracers. Transect C extends from Heard 

Island across Gunnari Ridge towards Shell Bank, crossing almost perpendicular to the prevailing 

current, which flows northward along the plateau. This transect followed the same trajectory as 

the previous KEOPS-1 ‘C’ transect (Blain et al., 2008), though not reaching as far to the 

northeast as the previous transect, which extended off the plateau into waters >3500 m deep. 
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Figure 5.1. DFe(II) integrated inventory in the upper 50 m at each station sampled for DFe(II) during 
HEOBI. Concentrations indicated by colour bar. TMR Station numbers and regions are annotated. 
Location of study region is shown in top inset. Heard and McDonald Islands are shown zoomed in 
bottom inset. Transect C (dotted square) follows the first 150 km of ‘Transect C’ from a previous voyage 
(Kerguelen Ocean and Plateau Compared Study: KEOPS-1; Blain et al., 2008). The reference station was 
located to the south of HIMI in high-nutrient, low chlorophyll (HNLC) waters. Bathymetric isobaths are 
shown, with seabed <200 m depth shaded dark grey, <500 m shaded lighter grey and <1000 m shaded 
lightest grey. Major currents are shown in light blue arrows, adapted from Park et al., (2014). Downes and 
Ealey marine terminating glaciers are marked by a blue star on Heard Island. 
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Sampling station locations in the HIMI region were selected based on bathymetric features 

(Watson et al., 2016) and acoustic flare signals detected with shipboard echosounders (Spain et 

al., 2018) deemed indicative of potential hydrothermal activity (see section 3.1). Acoustic flare 

signals had distinct characteristics when caused by seafloor gas seepage (Spain et al., 2018). Two 

reference sites were sampled to the west and south of Heard Island. Station 11 (not shown), ~80 

km to the west of McDonald Islands, was expected to be located in HNLC waters, but observed 

shipboard underway fluorescence and chlorophyll biomass was relatively high (up to 2.1 mg m-3 

Chla in upper 200 m; B. Wojtasiewicz, pers. comm.). Conversely, station 18, ~100 km to the 

south of Heard Island, was located in waters more representative of HNLC conditions (max 0.81 

mg m-3 Chla in upper 200 m; B. Wojtasiewicz, pers. comm.). Mean currents at this station are 

associated with the Fawn Trough Current, and so move from west (open ocean) to east (plateau; 

Figure 5.1; Park et al., 2014). Hereafter ‘reference’ data refers only to data from station 18. 

5.3.2 Sample collection 

Briefly, all water column samples were collected in 12 L Niskin bottles modified for trace metal 

sampling, deployed using the Australian Marine National Facility trace-metal-clean rosette 

(TMR) equipped with a Seabird CTD unit and attached to a Dyneema rope. Once recovered, the 

Niskin bottles were rapidly transferred into a trace-metal-clean containerised laboratory for sub-

sampling and sample processing. All sample manipulation and analysis was conducted following 

GEOTRACES guidelines (Cutter et al., 2014) under ISO 5 HEPA filtered air within the 

containerised clean room. DFe(II) samples were filtered through acid-washed Pall Acropak 

Supor capsule filters (0.2 µm) into acid-cleaned bottles without head space. Unfiltered H2O2 

samples were collected into acid-cleaned bottles without head space. Both DFe(II) and H2O2 

samples were collected in acid-cleaned, dark brown (low-light transmittance), high-density 

polyethylene (Nalgene) sample bottles, double bagged and put directly on ice. Samples were then 

transported into a separate trace metal clean analytical container for immediate analysis (DFe(II) 
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within 1 hour, H2O2 within 2 hours). To ensure that any oxidation of DFe(II) which occurred 

between subsampling and analysis was consistent, every effort was made to keep the time 

between subsampling and analysis as consistent as possible at each station. 

5.3.3 Dissolved iron(II) analyses 

Dissolved Fe(II) samples were analysed using chemiluminescence flow injection analysis (FIA-

CL) with in-line preconcentration onto an 8-HQ resin adapted from the method of Bowie et al., 

(2005, 2002) and recently described by Sedwick et al., (2015). Briefly, a 0.02 M DFe(II) stock 

solution was prepared before the voyage by dissolving trace metal grade ammonium iron(II) 

sulfate hexahydrate (Aldrich) in 0.1 M ultrapure hydrochloric acid (Seastar Baseline) solution. 

The stock solution was kept in darkness for the duration of the voyage. Working solutions of 

200 µmol L-1 and 200 nmol L-1 concentrations were prepared daily via serial dilution. All DFe(II) 

stock solutions contained sodium sulphite as a stabilising agent. Calibration standards were also 

prepared daily from the stock solution, in aged low-Fe seawater, buffered with 0.4 M ammonium 

acetate to a pH of ~6. Calibration standards covered a concentration range of 0 – 1.2 nmol L-1, 

which was adequate for the majority of samples collected. Calibrations were run before each 

block of samples from individual stations. 

The blank solution used for the DFe(II) FIA analysis consisted of low Fe seawater collected 

during the cruise, aged so that any Fe(II) in the solution had oxidised. Triplicate blank 

measurements were taken both before and after each analysis run. Analysis times were recorded 

for each sample. In instances where instrument signal drift was noted between the initial and 

final blank measurements, a blank value was calculated for each sample via linear interpolation.  

The detection limit of the DFe(II) FIA-CL instrument was defined as the analyte concentration 

equivalent to three times the standard deviation of the blank peak (n=3) (Bowie et al., 2004). 
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During the HEOBI voyage the detection limit was calculated each day and ranged from 0.02 to 

0.16 nmol L-1 with a mean of 0.06 nmol L-1 (n = 17). 

5.3.4 Dissolved hydrogen peroxide analyses 

Dissolved H2O2 samples were analysed using a FIA-CL reagent injection method (Yuan and 

Shiller, 1999). Briefly, H2O2 catalyses the chemiluminescence of luminol in the presence of Co2+ 

at alkaline pH. H2O2 standards were made by serial dilution from a 30% stock solution (Seastar 

Baseline) and were determined by spectrophotometric measurements with a 10 cm Liquid 

Waveguide Capillary Flow Cell (LWCC, World Precision Instruments, Ɛ = 40.9 mol L-1 cm-1; 

Hwang and Dasgupta, 1985). Each seawater sample was analysed at least four times with a 

typical precision of 3 – 5% through the concentration range 0.5 – 75 nmol L-1 and a typical 

detection limit (3σ) of 0.6 nmol L-1. 

5.3.5 Modelling dissolved iron(II) half-lives 

Shipboard pH data was unavailable during HEOBI. Therefore using in-situ oxygen (O2), H2O2, 

salinity, temperature and depth data we have modelled expected Fe(II) half-lives over a pH range 

of 7.1 – 8.2 (the pH range of historical observations in the region, taken from the World Ocean 

Database; Tanhua et al., 2013) using a method modified from Hansard et al. (2009). The overall 

rate of oxidation of Fe(II) is given by: 

 

where kapp,O2 and kapp,H2O2 are the apparent rate constants (M-1 min-1) for oxidation by O2 and 

H2O2, respectively. When oxidants are in excess, the reaction is pseudo first-order, and is given 

by: 

https://www.wpiinc.com/products/spectroscopy-and-optics/lwcc-3100-100cm-liquid-waveguide-capillary-flow-cell/
https://www.wpiinc.com/products/spectroscopy-and-optics/lwcc-3100-100cm-liquid-waveguide-capillary-flow-cell/
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where k’O2 (min-1) = kapp,O2[O2] and k’[H2O2] (min-1) = kapp,h2O2[H2O2]. The overall half-life with 

respect to oxidation is: 

 

The k’O2 value was calculated following Millero et al. (1987) as follows: 

 

where  

 

The rate constant k can be calculated for a given temperature and ionic strength (see equations 

in Millero et al., 1987). Similarly, k’H2O2 was calculated according to Millero and Sotolongo (1989), 

with some assumptions: 

 

where 

 

These calculations assume that [H2O2]>>[Fe(II)], which makes the oxidation of Fe(II) by H2O2 

pseudo-first order. 
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5.3.6 CTD data 

Temperature, salinity, pressure and oxygen data were taken from Sea-Bird Electronics SBE3T, 

SBE4C, SBE9plus and SBE43 sensors respectively, which were mounted on the primary 

Conductivity-Temperature-Depth (CTD) rosette. 

5.4 Results 

5.4.1 Dissolved Fe(II) distribution 

5.4.1.1 Transect C 

All Transect C stations were located above the plateau. The three most easterly stations (32, 33 

and 34) had deep mixed layers, shoaling towards the east (285, 254 and 245 m, respectively). 

Surface DFe(II) concentrations were low (mean upper 50 m concentrations, ≤ 0.15 nmol L-1) 

compared to stations 30 and 23 at the western end of the transect (closer to HIMI), increasing to 

0.29 and 0.44 nmol L-1 mean in the upper 50 m, respectively (Figure 5.2). A subsurface DFe(II) 

maximum was observed at Stations 31 – 34. Concentrations in the maximum layer decreased  

 

Figure 5.2. Transect C DFe(II) concentrations, with neutral density (γn; kg m-2) surfaces overlaid (white 
lines, calculated from continuous CTD data). Black dots represent sample locations. Station numbers for 
TMR deployments are shown above the top axis. 
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from 0.21 to 0.15 nmol L-1 between stations 31 to 34, while the depth of the layer increased from 

97 to 297 m (Figure 5.2). The full DFe(II) and H2O2 dataset is available in supplementary Table 

5-1. 

5.4.1.2 Heard and McDonald Islands 

Concentrations of DFe(II) were elevated around HIMI relative to transect and reference 

stations, with relatively homogeneous profiles throughout the water column (Figure 5.4). 

McDonald Islands had a significantly higher mean DFe(II) concentration (mean 0.36 nmol L-1, σ 

= 0.16, n = 56) compared to Heard Island (0.24 nmol L-1, σ = 0.14, n = 57; t-test, p<0.01). At 

Heard Island, the maximum DFe(II) concentration (0.57 nmol L-1) was located at station 24, 

north of the island and near Downes and Ealey marine-terminating glaciers. At McDonald 

Islands, the maximum DFe(II) concentration (1.01 nmol L-1) was located to the west of the 

island. DFe(II) inventories calculated in the upper 50 m (minimum station depth at HIMI was 

~48 m, measured at station 24) are shown in Figure 5.1, along with arrows showing general 

circulation features, adapted from (Park et al., 2014). Stations to the south and east of Heard 

Island had lower DFe(II) inventories than stations to the north of Heard Island. Stations to the 

west of McDonald Islands had lower DFe(II) inventories than stations to the east of McDonald 

Islands. This distribution corresponds to higher concentrations on the shallower, plateau side of 

the islands. 

5.4.1.3 Reference station 

Surface DFe(II) concentrations were very low at reference station 18 (measured 0.03 nmol L-1 

mean in the upper 100m, though all but two samples were below detection limit), increasing to a 

maximum (0.10 nmol L-1) at 197 m before decreasing with depth (Figure 5.4). 
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5.4.2 Dissolved H2O2 distribution 

5.4.2.1 Transect C 

Greater surface concentrations of H2O2 were observed at stations 31 – 34 (>48 nmol L-1) 

towards the east of transect C compared to stations 35, 30 and 23 (41.9 – 25.3 nmol L-1) towards 

the west of the transect, with the lowest surface concentration observed closest to HIMI at 

station 23 (Figure 5.3). The distribution of H2O2 closely followed density layers, with 

concentrations at stations 31 – 34 decreasing with depth, while stations 35, 30 and 23 became 

increasingly homogenised over the water column towards HIMI. 

 

Figure 5.3. Transect C H2O2 concentrations, with neutral density (γn; kg m-2) surfaces overlaid (white 
lines, calculated from continuous CTD data). Black dots represent sample locations. Station numbers for 
TMR deployments are shown above the top axis. 

5.4.2.2 Heard and McDonald Islands 

Surface concentrations of H2O2 around HIMI were highest at stations most likely affected by 

open ocean waters flowing along the western edge of the plateau and associated with the Fawn 

Trough Current: station 16, northwest of McDonald, and stations 20 and 21 south of HIMI. All 

other stations had homogeneous H2O2 profiles, with surface concentrations ranging between 

13.5 – 31.0 nmol L-1 at McDonald Islands and 20.8 – 29.3 nmol L-1 at Heard Island (Figure 5.4). 
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5.4.2.3 Reference station 

The mean surface H2O2 concentration in the upper 100 m was 30.6 nmol L-1, decreasing with 

depth (Figure 5.4). 

 

 

Figure 5.4. Profiles of DFe(II), H2O2 and O2 for a. Transect C, b. Heard Island, c. McDonald Islands, 
and d. Reference station. Stations are colour coded and shown in legends on the right hand side of each 
region. Samples that were below the calculated detection limit for each station are shown in black. Note 
that O2 x-axis scales vary. 
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5.4.3 Modelled DFe(II) half-lives 

Modelled DFe(II) half-lives show that within the pH range 7.1 – 8.2 (the pH range of historical 

observations in the region, taken from the World Ocean Database; Tanhua et al., 2013), we can 

expect the DFe(II) half-life to range between 30 minutes – 172 hours, decreasing with increasing 

pH (Figure 5.5).  

 

Figure 5.5. Scatter plot of all Fe(II) samples showing effect of pH on Fe(II) half-life, calculated from in-
situ DFe(II), H2O2 and O2 measurements. The pH range reflects upper and lower bounds of observations 
made during historical hydrographic voyages in the region, taken from the World Ocean Database 
(Tanhua et al., 2013). 

5.5 Discussion 

Dissolved Fe(II) concentrations as high as 0.57 nmol L-1 were measured in waters north of 

Heard Island and 1.01 nmol L-1 to the east of McDonald Islands. These concentrations are 

elevated above most existing DFe(II) measurements in open Southern Ocean surface waters, 
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which are generally below 0.03 nmol L-1 (Bowie et al., 2002; Sarthou et al., 2011). H2O2 

concentrations around HIMI (13.5 – 31.0 nmol L-1), were low relative to concentrations found in 

lower latitude regions of the ocean (e.g. 300 nmol L-1; Yuan and Shiller, 2001), but consistent 

with other Southern Ocean observations taken ~700 km west of the Kerguelen Plateau (4.9 – 

20.2 nmol L-1; Sarthou et al., 1997). 

Sources of DFe(II) near HIMI may include benthic fluxes from anoxic sediments (Lohan and 

Bruland, 2008), hydrothermal fluids (Kleint et al., 2017), glacial runoff (Hopwood et al., 2014) 

and atmospheric deposition of aerosols (Croot and Heller, 2012). Additional production 

mechanisms of DFe(II) in the surface ocean include photochemistry, through the breakdown 

and reduction of Fe(III)-ligand complexes (Barbeau et al., 2001; Rijkenberg et al., 2005) and 

biological production, through bioreduction of Fe(III)-ligand complexes, grazing or viral lysis of 

cells (Hansard et al., 2009). We now discuss each of these potential sources in relation to data 

collected during the HEOBI voyage in order to identify respective influences on the elevated 

Fe(II) concentrations observed in the region. 

5.5.1 Glacial runoff 

Glacial erosion and melting results in runoff enriched with DFe (Annett et al., 2017, 2015; Bhatia 

et al., 2013) and fine particles (‘glacial flour’), including Fe(II)-enriched nanoparticles (Hawkings 

et al., 2018; Shoenfelt et al., 2017), from which DFe(II) may be released and stabilised by ligands 

(Hawkings et al., 2018; Hopwood et al., 2014) or potentially consumed directly from particles 

(Shoenfelt et al., 2017). Heard Island is heavily glaciated, while McDonald Islands is ice-free. 

Comparing DFe(II) concentrations with salinity at stations north of Heard Island suspected of 

being influenced by glacial processes (stations 24, 23 and 36 – 40) shows a significant inverse 

correlation at Heard Island (R2 = 0.57, P < 0.01; Figure 5.6). Samples taken at the station in front 

of Downes and Ealey marine terminating glaciers (station 24) are clearly set apart from the other 
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Heard Island samples, with lower salinities (mean 33.85) and higher DFe(II) concentrations 

(mean 0.53 nmol L-1) compared to nearby stations (mean salinity 33.88 and mean DFe(II) 0.18 

nmol L-1 at stations 36 – 40). This is strong evidence that the elevated DFe(II) signal at station 24 

originates from Heard Island glacial meltwaters. 

DFe(II) concentrations at the Heard Island station closest to Downes and Ealey glaciers (24) 

were an order of magnitude higher than those observed at the reference station (below detection 

–  0.05 nmol L-1 range in the upper 100 m), i.e. regional open ocean conditions (Figure 5.4). The 

percentage of DFe(II) relative to DFe(total) can indicate the presence of a strong Fe(II) source 

(e.g. Sedwick et al., 2015). Mean DFe(II) percentage over the water column at station 24 was also 

high at 25% (Figure 5.7; DFe(total) measured on-shore using Sector Field ICP-MS; data 

presented in Holmes et al. (2019)). Clearly this data suggests that there was a strong DFe(II) 

source adjacent to the glacial outflow, which supported the elevated concentrations observed 

during HEOBI in well oxygenated waters (median 328 µmol L-1 O2). 

High DFe(II) (0.44 nmol L-1) and DFe (1.88 nmol L-1) concentrations were also observed in the 

upper 30 m downstream to the east (7 km) of station 24 (station 23, Figure 5.4), where targeted 

sampling was undertaken based on a large acoustic plume (Spain et al., 2018). This area was later 

revisited and sampled in a crosshair pattern (stations 36 – 40) in an attempt to delineate the 

signal source. However, these crosshair stations yielded lower DFe(II) and DFe concentrations 

(mean 0.15 and 1.53 nmol L-1, respectively) compared to the elevated samples observed 

previously (station 23) or further to the west, towards the glacier terminus (station 24). The two 

samples in the upper 30 m of station 23 are also associated with water that was lower in salinity 

and higher in DFe(II) than revisited crosshair stations 36 – 40, but slightly lower in DFe(II) than 

station 24 samples. This is likely laterally advected, glacially influenced surface water that has 

diluted with distance from the Heard Island source. Indeed, particle laden waters advecting away 

from Heard Island are visible in satellite imagery of the region (van der Merwe et al., 2018). 
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Suspended particulate analysis from the HEOBI voyage provides additional evidence that waters 

to the north of Heard Island are influenced by glacial runoff (van der Merwe et al., 2018). 

Immediately adjacent to the large marine terminating glacier on the north of Heard Island, 

suspended particles were found to be highly labile, biogenic nanoparticles, in contrast to 

lithogenic, less-labile Fe bearing mineral particles observed at McDonald Islands (van der Merwe 

et al., 2018). Exchange between labile particulates and dissolved Fe fractions has been shown as 

a mechanism contributing to DFe and DFe(II) concentrations (Achterberg et al., 2018; 

Fitzsimmons et al., 2017). This could also be an important mechanism in maintaining the 

observed DFe(II) and DFe enrichment at Heard Island. 

 

Figure 5.6. DFe(II) versus Salinity at a. Heard Island station 24 and crosshair stations 23, 36 – 40 and b. 
McDonald Islands crosshair stations 25 – 29. Station numbers are annotated. 

5.5.2 Sedimentary and hydrothermal sources 

Sediments on continental shelves have been identified as strong DFe(II) sources, especially in 

the presence of hypoxic bottom waters (Lohan and Bruland, 2008). In the presence of 

oxygenated bottom waters, the upper layer of sediment tends to form an oxidising barrier, 

meaning relatively little DFe(II) can penetrate into the overlying water column (Homoky et al., 
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2016; Pakhomova et al., 2007). However, an example of benthic flux of Fe(II) to oxygenated 

bottom waters has been observed in a region of hydrothermal activity in the Bransfield Straight, 

Southern Ocean (Aquilina et al., 2014). This flux was attributed to infaunal tubeworms, the 

remains of which provided conduits for subsurface fluid to bypass the upper sediment layer 

(Aquilina et al., 2014). Though few tubeworms were observed during the HEOBI voyage (there 

was no biologically focused sampling program), bioturbation of surface sediments is likely due to 

the shallow bathymetry and biological productivity in the region, including a rich diversity of 

benthic species (Améziane et al., 2011). In addition, wind-driven mixing events often reached the 

seafloor around HIMI during the voyage (R. Robertson, pers. comm.), which could disturb 

upper oxidising sediment layers, resuspending sediments and potentially allowing the escape of 

Fe(II) from underlying anoxic sediments (e.g. Elrod et al., 2004). 

Alternatively, or in addition, hydrothermalism is a potential source of DFe(II) in the region. 

Deep sea hydrothermal vents emit fluids containing DFe(II) up to millimolar concentrations 

(Holmes et al., 2017; Von Damm, 1995). A large fraction of this DFe(II) is quickly oxidised upon 

mixing with ambient seawater (German et al., 1991; Rudnicki and Elderfield, 1993). However, 

concentrations elevated over ambient seawater concentrations can persist in the plume over 

hundreds of kilometres (Sedwick et al., 2015), stabilised in the water column by organic ligands 

(Daugherty et al., 2017) or within nanoparticles (Gartman et al., 2014; Sedwick et al., 2015; Yücel 

et al., 2011). Shallow hydrothermalism generally results in lower temperatures (due to lower 

pressure) and therefore lower metal concentrations than deep-sea systems (Holmes et al., 2017). 

However, in the HNLC Southern Ocean, even relatively small Fe inputs in the euphotic zone 

may have large impacts on primary productivity (Hawkes et al., 2014). Numerous acoustic flare 

signals detected by ship-board echosounder and footage of bubbles emanating from the seafloor, 

which were captured by deep tow camera (Figure 5.9) at several locations around HIMI, were 

clues that hydrothermal vents are present in the region. The presence of localised elevated 

DFe(II) maximum concentrations (Figure 5.4), elevated DFe(II) to DFe(total) ratios (Figure 5.7) 
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and sharp DFe(II) spikes in the water column (Figure 5.8) along with observations of excess 3He 

with clear hydrothermal origins (Lupton et al., 2017), indicate that shallow water (<200 m) 

hydrothermalism was a likely source of DFe(II) at stations west of McDonald Islands, as detailed 

below.  

 

Figure 5.7. Mean Fe(II) to Fe(III) percentage over the water column for each station near Heard and 
McDonald Islands. Note that station 20 is omitted as data are at detection limits, giving a false high ratio. 

The first clue that hydrothermalism may be a source of DFe(II) at McDonald Islands is the 

presence of localised elevated DFe(II) maximum concentrations. Five stations (25 – 29) were 

sampled to the east of McDonald Islands in a ‘crosshair’ pattern (Figure 5.1). These sampling 

locations were selected in an attempt to further delineate elevated DFe concentrations detected 

at a previous station (station 12; Holmes et al., 2019) and acoustic flare signals (Spain et al., 

2018). The station at the western side of the crosshair (29), closest to McDonald Islands, had the 

greatest DFe(II) concentration and DFe(II):DFe(total) percentage observed during HEOBI 

(1.01 nmol L-1 and 37%, respectively; Figure 5.7). The next highest maximum DFe(II) 

concentration (0.66 nmol L-1) was observed at the southernmost crosshair station (28). These 

stations were separated by a distance of 780 m and ~1.5 hours between sampling. The spikes in 

maximum DFe(II) concentrations were unusual compared to other stations around HIMI 

(Figure 5.4, 5.8). The other three stations of the crosshair (25, 26 and 27; 630 m east-southeast, 
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730 m northeast and 1040 m east from station 29, respectively) had lower overall DFe(II) 

concentrations and were more homogeneous over the water column (0.27 – 0.40, 0.31 – 0.43 

and 0.30 – 0.46 nmol L-1, respectively). The transition from profiles with pronounced spikes in 

DFe(II) concentrations to homogenous DFe(II) profiles between the closely spaced crosshair 

stations may attest to the turbulent mixing and rapidly oxidising conditions in the region and 

indicates that the DFe(II) originates from a point source(s) such as a diffuse vent or patch, rather 

than a larger area of the seafloor, such as might be expected from benthic flux. 

The shape of individual DFe(II) profiles over the water column from McDonald crosshair 

stations also provides an indication of a dynamic DFe(II) source at this location. Profiles of the 

two elevated DFe(II) stations (28, 29) show increased variability and high DFe(II) spikes at 

different depths compared to other stations on the McDonald Islands crosshair (25 – 27) and to 

the Heard Island crosshair stations (36 – 40; Figure 5.8). The presence of DFe(II) peaks at 

different depths in the water column at the two elevated stations (28, 29) could indicate that 

TMR casts intercepted point source plumes as the ship and/or rising plumes moved laterally 

with currents (e.g Bennett et al., 2009). Due to the turbulent nature of waters surrounding HIMI, 

and the point source nature of the observed elevated DFe(II) concentrations at the McDonald 

Islands crosshair stations, it is unlikely that a TMR cast would stay within a plume for the 

duration of the cast (~1 hour). A DFe(II) point source would also make sampling directly above 

the source challenging without a remotely operated vehicle. If the source of elevated DFe(II) at 

the McDonald crosshair stations was sedimentary in origin, we would expect to see an increase 

in concentrations towards the seafloor over a larger area (Lohan and Bruland, 2008), which was 

not observed during HEOBI. 
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Figure 5.8. DFe(II) versus depth at a. Heard Island crosshair stations (36 – 40) and b. McDonald Islands 
crosshair stations 25 – 29. Station numbers are annotated. Note that due to analytical constraints, 
replicate measurements were unavailable for some samples. Therefore, as a conservative estimate of the 
error associated with these measurements, uncertainty was derived from the relative standard deviation 
between samples at each of the crosshair stations, which due to their spatial and temporal proximity 
essentially represented replicate measurements, though likely overestimate error. 

Numerous observations via deep tow camera of bubbles emitted from seafloor vents scattered 

around the entire region during the HEOBI voyage (Figure 5.9) and recent δ3He anomaly data 

(an unequivocal tracer of hydrothermalism; Lupton et al., 2017; Lupton and Craig, 1981) add 

further evidence that diffuse hydrothermal venting is a likely source of DFe(II) at McDonald 

Islands. The greatest δ3He enrichment (10.1%) in the region was observed in the vicinity of the 

crosshair station group near McDonald Islands, compared to 1.7% close to station 37, near the 

northeast of Heard Island (Lupton et al., 2017). Acoustic flares, detected by the shipboard 

echosounder, were observed at both Heard and McDonald Islands (Spain et al., 2018). This 

could mean that while there were stronger glacial sources of DFe(II) at Heard Island, 
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hydrothermalism may have contributed to elevated background concentrations observed around 

both islands, along with sedimentary and other sources (discussed below). 

 

Figure 5.9. Bubbles rising from the seafloor at a site NE of Heard Island, captured using deep tow camera 
during the HEOBI voyage. No bubble plumes were captured on camera near McDonald Islands. Photo 
courtesy of the Marine National Facility, CSIRO. 

5.5.3 Other DFe(II) sources and sinks 

Photochemical processes, H2O2 concentrations, atmospheric deposition of wet and dry aerosols, 

biological processes and variation in pH all represented potential sources and sinks in the HIMI 

region during HEOBI. Production of Fe(II) through photochemical processes did not appear to 

be the strongest influence of DFe(II) concentrations around HIMI, as comparison of shipboard 

surface photosynthetically active radiation (PAR) observations with surface DFe(II) 

concentrations showed no correlation (Figure SF1). Surface H2O2 concentrations also showed no 

correlation with PAR (Figure SF1); however, concentrations in surface waters were correlated 

with distance from land (R2 = 0.70, P < 0.01), with greatest surface H2O2 observed at stations 

furthest from HIMI (i.e. stations 9 and 10 on the central northern plateau and 30 – 35 on 

transect C; Figure 5.3, 5.4). These stations were deeper and could thus form a stratified surface 

mixed layer, allowing H2O2 to accumulate above the pycnocline. Surface H2O2 showed no 

correlation with surface DFe(II) concentrations (Figure SF2). The low H2O2 concentrations and 
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lack of correlation between DFe(II) and either H2O2 or PAR around HIMI suggests that on-

plateau DFe(II) distributions are predominantly governed by strong external DFe(II) sources. 

Atmospheric deposition did not appear to be a major source of dissolved or particulate Fe 

during HEOBI, and therefore not a major source of DFe(II), as DFe(II) represents a fraction of 

total Fe. Precipitation was minimal during HEOBI, so wet deposition of DFe(II) and H2O2 was 

not apparent (Figure SF1). The mean aerosol soluble Fe observed during HEOBI (0.30±0.12 ng 

m-3; M. Perron, pers. comm.) was on the same order as values found near Kerguelen Island to 

the north (0.29±0.14 ng m-3; Blain et al., 2008), which were not deemed to be a significant source 

of DFe to that region (Blain et al., 2008). These values also fall in the range of baseline Southern 

Ocean aerosol soluble Fe (0.01 – 0.3 ng m-3; Winton et al., 2015), where surface concentrations 

of DFe(II) are reported to range from below detection to 30 pmol L-1. Thus, we can assume that 

the contribution of dry deposition aerosols to DFe(II) is probably minor; however, further 

research is required to confirm this. 

No direct observations were taken to enable an estimate of the biological production of DFe(II) 

during HEOBI; however, it can be inferred that biological production was not a major source of 

elevated DFe(II) observed near Heard or McDonald Islands, as chlorophyll a (and thus biomass) 

concentrations were relatively low in general around HIMI (B. Wojtasiewicz, pers. comm). 

In addition, pH and temperature conditions should be considered in relation to Fe(II) half-life in 

the HIMI region. Low temperatures, such as those found in waters around HIMI, extend Fe(II) 

half-life in high-latitude waters by slowing oxidation reactions (Croot et al., 2001). Our modelling 

results show that pH has a significant impact on Fe(II) half-life (Figure 5.5). Using in-situ 

observations of variables required in the equations and changing pH in steps of 0.1 units shows 

the strong dependence of Fe(II) half-life on pH. The well-mixed nature of the water column 

around HIMI probably indicates that input of low pH fluids from diffuse hydrothermal sources 
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would not have a major impact on regional pH, but could dramatically impact Fe(II) speciation 

and half-life close to vent sources. 

Aerosol deposition, biological production and photochemical processes were not the strongest 

sources of DFe(II) in the HIMI region; however, it is likely that these sources, coupled with low 

water temperature and possibly lower pH in areas of the region, contributed to the overall 

elevated DFe(II) concentrations observed at stations in the HIMI region. 

5.5.4 Fe(II) transport 

Using current velocities observed during HEOBI and previous voyages (Park et al., 2008), and 

our modelled Fe(II) half-lives, a rough estimate of the distance Fe(II) might travel from HIMI 

can be calculated. Modelled half-lives ranged from 30 minutes to 172 hours. Current velocities 

over the plateau were slow (~6 cm s-1), while currents to the east of Heard Island were stronger 

(~40 cm s-1) in agreement with previous observations (Park et al., 2008). Both currents over the 

plateau and to the east of Heard Island flowed in a northerly direction. Using these figures, the 

distance Fe(II) could theoretically travel in one half-life over the plateau ranges from ~100 m to 

~37 km. If Fe(II) reached the stronger currents to the east of Heard Island, in one half-life Fe(II) 

could theoretically travel between ~700 m and ~250 km. Considering that the greatest observed 

Fe(II) concentration observed at HIMI (~1 nmol L-1) will take approximately 5 half-lives to 

reach surface Southern Ocean background concentrations (~0.03 nmol L-1; Sarthou et al., 2011), 

it is plausible that Fe(II) from hydrothermal and glacial sources at HIMI could travel the 

distances required to fertilise the phytoplankton plume that forms over the plateau annually. This 

may have implications for future Fe supply to the northern plateau, since under warming climate 

conditions melting glacial waters will increase, increasing the supply of DFe(II), but then rapidly 

decrease once glaciers have melted. 
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5.6 Conclusion 

We show that the strongest sources of DFe(II) differ between adjacent, volcanically active Heard 

and McDonald Islands. Maximum DFe(II) concentrations and varying mid-depth maxima in the 

water column at adjacent, targeted stations at McDonald Islands suggest that hydrothermalism is 

the strongest DFe(II) source there. At Heard Island, the strongest DFe(II) source correlates with 

low salinity waters and is near a marine-terminating glacier, suggesting that glacial meltwater (and 

possibly associated glacial flour) are the major source of DFe(II) there. Revisited stations to the 

east of the strongest signal showed a temporary freshwater and elevated DFe(II) signal, which 

suggests that glacially fertilised waters may be transported offshore from Heard Island. These 

results are in agreement with preliminary δ3He (Lupton et al., 2017) and particulate Fe data (van 

der Merwe et al., in prep.) also collected during the HEOBI voyage. 

Peroxide and PAR data helps to resolve which DFe(II) cycling processes are important in 

regulating decay and production rates in the HIMI region. Our data shows that neither H2O2 or 

PAR correlate with DFe(II) concentrations around HIMI, which suggests that on-plateau 

DFe(II) concentrations are predominantly governed by strong DFe(II) sources. Preliminary 

aerosol data collected during the HEOBI voyage confirms that soluble aerosol concentrations 

were low. The homogenous nature of most DFe(II) and H2O2 profiles around HIMI highlights 

the strong mixing regime in the region but obscures some features that would allow direct 

attribution to a source. Further research is necessary to determine exact mechanisms of decay 

and/or consumption. In addition to the strong sources from hydrothermal and glacial inputs 

identified in this study, the overall elevated concentrations of DFe(II) around HIMI are likely to 

be an accumulation of multiple sources (sedimentary resuspension, surface irradiance, biological 

production and atmospheric deposition), in addition to opposing controls on DFe(II) half-life 

from low temperature, highly oxygenated waters and potentially lower pH, which have all been 

homogenised in the well mixed water column. The elevated concentrations of DFe(II) around 
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HIMI, a highly labile and bioavailable form of Fe, may increase Fe availability for biota in the 

region. High DFe(II) concentrations may also indicate slower oxidation kinetics in the region, 

which has implications for transport of Fe away from the islands to the broader northern 

Kerguelen Plateau where the annual plankton bloom is strongest. 
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5.8 Appendix 

 

Figure 5.10 Surface DFe(II) and H2O2 vs maximum rainfall and maximum irradiance (PAR) over the 2 
hours prior to sampling. Stations are annotated and colour coded by region. 

 

Figure 5.11 Surface DFe(II) vs surface H2O2 at all stations. Station numbers annotated.
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Table 5-1 Dissolved iron(II) and hydrogen peroxide concentrations for all stations where this data was 
available during the HEOBI voyage, analysed during the voyage by FIA-CL. 

Station Bottle Latitude Longitude Depth (m) Fe(II) (nM) H2O2 (nM) 

2 12 -48.2798 79.36634 13.883 NaN NaN 
2 11 -48.2798 79.36634 28.616 NaN NaN 
2 10 -48.2798 79.36634 48.989 NaN NaN 
2 9 -48.2798 79.36634 68.699 NaN NaN 
2 8 -48.2798 79.36634 98.519 NaN NaN 
2 7 -48.2798 79.36634 148.284 NaN NaN 
2 6 -48.2798 79.36634 198.38 NaN NaN 
2 5 -48.2798 79.36634 298.326 NaN NaN 
2 4 -48.2798 79.36634 498.029 NaN NaN 
2 3 -48.2798 79.36634 697.813 NaN NaN 
2 2 -48.2798 79.36634 998.671 NaN NaN 
2 1 -48.2798 79.36634 1598.464 NaN NaN 
4 12 -50.24 77.72869 13.75 NaN NaN 
4 11 -50.24 77.72869 28.632 NaN NaN 
4 10 -50.24 77.72869 68.256 NaN NaN 
4 9 -50.24 77.72869 97.122 NaN NaN 
4 8 -50.24 77.72869 196.741 NaN NaN 
4 7 -50.24 77.72869 295.724 NaN NaN 
4 6 -50.24 77.72869 492.59 NaN NaN 
4 5 -50.24 77.72869 590.592 NaN NaN 
4 4 -50.24 77.72869 987.013 NaN NaN 
4 3 -50.24 77.72869 1971.293 NaN NaN 
4 2 -50.24 77.72869 2950.791 NaN NaN 
4 1 -50.24 77.72869 3317.002 NaN NaN 
5 12 -50.691 76.18671 13.572 NaN 25.15892 
5 11 -50.691 76.18671 27.986 NaN 35.59774 
5 10 -50.691 76.18671 68.373 NaN 22.25919 
5 9 -50.691 76.18671 98.086 NaN 20.04955 
5 8 -50.691 76.18671 147.752 NaN 10.99818 
5 7 -50.691 76.18671 196.864 NaN 7.585468 
5 6 -50.691 76.18671 294.875 NaN 2.922109 
5 5 -50.691 76.18671 690.015 NaN 1.790626 
5 4 -50.691 76.18671 986.243 NaN 1.253079 
5 3 -50.691 76.18671 1970.959 NaN 1.333103 
5 2 -50.691 76.18671 2951.099 NaN 1.633958 
5 1 -50.691 76.18671 2974.75 NaN 0.252053 
6 12 -50.7888 75.78225 12.99 NaN NaN 
6 11 -50.7888 75.78225 28.012 NaN NaN 
6 10 -50.7888 75.78225 67.962 NaN NaN 
6 9 -50.7888 75.78225 97.807 NaN NaN 
6 8 -50.7888 75.78225 196.296 NaN NaN 
6 7 -50.7888 75.78225 294.808 NaN NaN 
6 6 -50.7888 75.78225 492.79 NaN NaN 
6 5 -50.7888 75.78225 690.474 NaN NaN 
6 4 -50.7888 75.78225 986.176 NaN NaN 
6 3 -50.7888 75.78225 1479.401 NaN NaN 
6 2 -50.7888 75.78225 1577.708 NaN NaN 
6 1 -50.7888 75.78225 1627.844 NaN NaN 
7 12 -50.8996 75.37746 13.768 NaN NaN 
7 11 -50.8996 75.37746 27.59 NaN NaN 
7 10 -50.8996 75.37746 67.576 NaN NaN 
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Station Bottle Latitude Longitude Depth (m) Fe(II) (nM) H2O2 (nM) 
7 9 -50.8996 75.37746 97.671 NaN NaN 
7 8 -50.8996 75.37746 147.009 NaN NaN 
7 7 -50.8996 75.37746 197.766 NaN NaN 
7 6 -50.8996 75.37746 246.005 NaN NaN 
7 5 -50.8996 75.37746 295.014 NaN NaN 
7 4 -50.8996 75.37746 345.101 NaN NaN 
7 3 -50.8996 75.37746 394.025 NaN NaN 
7 2 -50.8996 75.37746 414.187 NaN NaN 
7 1 -50.8996 75.37746 434.647 NaN NaN 
9 12 -51.2871 73.80983 14.116 NaN 57.85064 
9 11 -51.2871 73.80983 23.794 NaN 50.71496 
9 10 -51.2871 73.80983 38.729 NaN 16.72643 
9 9 -51.2871 73.80983 67.481 NaN 15.7856 
9 8 -51.2871 73.80983 96.781 NaN 16.74272 
9 7 -51.2871 73.80983 146.734 NaN 14.39615 
9 6 -51.2871 73.80983 195.713 NaN 11.57648 
9 5 -51.2871 73.80983 245.553 NaN 7.712186 
9 4 -51.2871 73.80983 295.364 NaN 6.42497 
9 3 -51.2871 73.80983 345.164 NaN 5.673204 
9 2 -51.2871 73.80983 373.865 NaN 6.234043 
9 1 -51.2871 73.80983 394.853 NaN 6.83727 

10 12 -51.5064 72.99996 13.926 NaN 73.57338 
10 11 -51.5064 72.99996 27.638 NaN 45.6466 
10 10 -51.5064 72.99996 48.288 NaN 33.8083 
10 9 -51.5064 72.99996 72.306 NaN 28.22148 
10 8 -51.5064 72.99996 118.034 NaN 15.29694 
10 7 -51.5064 72.99996 146.932 NaN 10.52844 
10 6 -51.5064 72.99996 200.319 NaN 5.792809 
10 5 -51.5064 72.99996 249.995 NaN 3.52822 
10 4 -51.5064 72.99996 300.868 NaN 4.624608 
10 3 -51.5064 72.99996 316.094 NaN 4.71675 
10 2 -51.5064 72.99996 349.314 NaN NaN 
10 1 -51.5064 72.99996 358.374 NaN 3.004176 
11 12 -52.9275 71.36159 13.106 NaN 30.19517 
11 11 -52.9275 71.36159 28.641 NaN 33.39405 
11 10 -52.9275 71.36159 67.823 NaN 32.64753 
11 9 -52.9275 71.36159 98.108 NaN 17.73527 
11 8 -52.9275 71.36159 197.196 NaN 6.01594 
11 7 -52.9275 71.36159 295.385 NaN 2.746298 
11 6 -52.9275 71.36159 493.073 NaN 1.413807 
11 5 -52.9275 71.36159 689.369 NaN 1.94688 
11 4 -52.9275 71.36159 986.512 NaN 1.447222 
11 3 -52.9275 71.36159 1577.817 NaN 1.453966 
11 2 -52.9275 71.36159 2559.788 NaN 1.347548 
11 1 -52.9275 71.36159 2658.453 NaN 1.158779 
12 6 -53.0323 72.65818 13.138 NaN NaN 
12 5 -53.0323 72.65818 28.272 NaN NaN 
12 4 -53.0323 72.65818 47.471 NaN NaN 
12 3 -53.0323 72.65818 66.55 NaN NaN 
12 2 -53.0323 72.65818 87.496 NaN NaN 
12 1 -53.0323 72.65818 102.059 NaN NaN 
13 10 -52.9988 72.62552 13.573 0.5 30.9583 
13 9 -52.9988 72.62552 28.897 0.31 20.60596 
13 8 -52.9988 72.62552 48.619 0.36 20.7981 
13 7 -52.9988 72.62552 67.37 0.35 19.42686 
13 6 -52.9988 72.62552 96.928 0.35 21.55899 
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Station Bottle Latitude Longitude Depth (m) Fe(II) (nM) H2O2 (nM) 
13 2 -52.9988 72.62552 117.577 0.32 20.66585 
13 1 -52.9988 72.62552 132.135 0.25 19.7409 
14 7 -53.0351 72.55227 13.189 0.03057 22.7589 
14 6 -53.0351 72.55227 28.556 0.056044 19.31646 
14 5 -53.0351 72.55227 47.805 0.101899 17.45076 
14 4 -53.0351 72.55227 97.631 0.282769 15.14302 
14 3 -53.0351 72.55227 122.492 0.229272 16.82578 
14 2 -53.0351 72.55227 157.154 0.315886 16.06095 
14 1 -53.0351 72.55227 172.227 0.254746 14.83105 
15 6 -53.0726 72.5929 13.53 0.427981 25.73479 
15 5 -53.0726 72.5929 28.565 0.537465 24.82952 
15 4 -53.0726 72.5929 48.532 0.547418 24.93982 
15 3 -53.0726 72.5929 68.211 0.497653 21.98645 
15 2 -53.0726 72.5929 98.274 0.338404 24.81739 
15 1 -53.0726 72.5929 117.496 0.517559 23.09538 
16 6 -52.9846 72.55511 13.3 0.128819 35.1506 
16 5 -52.9846 72.55511 28.356 0.110417 33.03102 
16 4 -52.9846 72.55511 67.882 0.184028 29.02345 
16 3 -52.9846 72.55511 121.723 0.220833 25.11476 
16 2 -52.9846 72.55511 175.822 0.257639 18.38147 
16 1 -52.9846 72.55511 187.19 0.147222 0 
18 12 -54.1674 73.66494 12.621 -3.43E-17 34.94551 
18 11 -54.1674 73.66494 27.79 0.042798 33.83229 
18 10 -54.1674 73.66494 67.787 0.027984 32.01916 
18 9 -54.1674 73.66494 96.889 0.054321 21.55846 
18 8 -54.1674 73.66494 147.647 0.097119 4.046461 
18 7 -54.1674 73.66494 197.004 0.098765 7.756472 
18 6 -54.1674 73.66494 294.459 0.083951 2.209019 
18 5 -54.1674 73.66494 491.785 0.077366 2.004212 
18 4 -54.1674 73.66494 690.635 -0.01152 1.602537 
18 3 -54.1674 73.66494 987.414 0.014815 1.8537 
19 6 -53.0599 73.98966 13.634 0.230366 29.34913 
19 5 -53.0599 73.98966 28.061 0.307155 26.43874 
19 4 -53.0599 73.98966 48.381 0.244328 27.07139 
19 3 -53.0599 73.98966 68.133 0.272251 26.25336 
19 2 -53.0599 73.98966 78.164 0.230366 28.38649 
19 1 -53.0599 73.98966 88.034 0.237347 28.59244 
20 6 -53.2133 73.63984 13.756 0.293194 33.14566 
20 5 -53.2133 73.63984 28.439 0.321117 32.40409 
20 4 -53.2133 73.63984 47.896 0.223386 27.98615 
20 3 -53.2133 73.63984 67.178 0.244328 29.29488 
20 2 -53.2133 73.63984 88.051 0.268761 27.47886 
20 1 -53.2133 73.63984 93.088 0.279232 26.53593 
21 8 -53.2808 73.31556 13.271 0.024931 37.01473 
21 7 -53.2808 73.31556 28.651 0.124098 34.44433 
21 6 -53.2808 73.31556 48.765 0.215488 22.88427 
21 5 -53.2808 73.31556 68.321 0.074794 14.49503 
21 4 -53.2808 73.31556 88.306 0.093742 12.79084 
21 3 -53.2808 73.31556 98.136 0.130142 13.49046 
21 2 -53.2808 73.31556 107.543 0.06183 23.37634 
21 1 -53.2808 73.31556 112.6 0.218399 16.53867 
22 6 -52.9604 73.23888 13.757 0.438672 25.29686 
22 5 -52.9604 73.23888 27.955 0.415584 25.80142 
22 4 -52.9604 73.23888 49.145 0.325156 26.9169 
22 3 -52.9604 73.23888 68.045 0.2886 21.43639 
22 2 -52.9604 73.23888 86.872 0.305916 20.9332 
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Station Bottle Latitude Longitude Depth (m) Fe(II) (nM) H2O2 (nM) 
22 1 -52.9604 73.23888 108.445 0.323232 20.60044 
23 6 -53.0059 73.72118 14.402 0.498551 24.04201 
23 5 -53.0059 73.72118 28.24 0.510145 27.07191 
23 4 -53.0059 73.72118 48.053 0.307246 27.38061 
23 3 -53.0059 73.72118 59.322 0.301449 24.98825 
23 2 -53.0059 73.72118 67.7 0.26087 23.05525 
23 1 -53.0059 73.72118 75.02 0.272464 25.44332 
24 4 -53.0037 73.60683 13.901 0.473491 27.52554 
24 3 -53.0037 73.60683 20.519 0.537533 29.27902 
24 2 -53.0037 73.60683 28.885 0.538583 28.27456 
24 1 -53.0037 73.60683 35.27 0.571129 27.81576 
25 6 -53.035 72.66254 13.872 0.283465 13.54655 
25 5 -53.035 72.66254 29.071 0.272966 13.22903 
25 4 -53.035 72.66254 58.134 0.356955 14.14021 
25 3 -53.035 72.66254 87.731 0.39895 16.02761 
25 2 -53.035 72.66254 108.245 0.39895 27.36035 
25 1 -53.035 72.66254 119.586 0.388451 31.96008 
26 6 -53.0288 72.66081 12.864 0.427142 17.44573 
26 5 -53.0288 72.66081 28.669 0.308532 19.442 
26 4 -53.0288 72.66081 58.001 0.349281 20.15696 
26 3 -53.0288 72.66081 88.469 0.390031 23.70023 
26 2 -53.0288 72.66081 107.496 0.336183 15.88943 
26 1 -53.0288 72.66081 119.969 0.38421 23.84019 
27 6 -53.0334 72.66873 13.921 0.302711 23.04924 
27 5 -53.0334 72.66873 28.669 0.350737 23.0427 
27 4 -53.0334 72.66873 58.347 0.437329 24.48343 
27 3 -53.0334 72.66873 88.273 0.458432 26.38703 
27 2 -53.0334 72.66873 107.923 0.448972 29.35477 
27 1 -53.0334 72.66873 119.736 0.439512 27.47414 
28 6 -53.0387 72.66159 12.73 0.346371 23.04924 
28 5 -53.0387 72.66159 28.458 0.628707 23.0427 
28 4 -53.0387 72.66159 58.665 0.311543 24.48343 
28 3 -53.0387 72.66159 88.021 0.377837 26.38703 
28 2 -53.0387 72.66159 107.833 0.655835 30.31347 
28 1 -53.0387 72.66159 117.306 0.420439 27.87476 
29 6 -53.0337 72.65347 13.39 0.352406 28.24213 
29 5 -53.0337 72.65347 28.975 0.453477 28.03404 
29 4 -53.0337 72.65347 56.947 1.014404 25.67791 
29 3 -53.0337 72.65347 78.064 0.507424 30.14941 
29 2 -53.0337 72.65347 92.863 0.490539 24.73785 
29 1 -53.0337 72.65347 101.019 0.472865 29.28149 
30 6 -52.922 74.02227 13.878 5.173907 43.38744 
30 5 -52.922 74.02227 28.235 0.285676 41.37166 
30 4 -52.922 74.02227 67.518 0.126967 42.97981 
30 3 -52.922 74.02227 98.262 0.158709 39.67458 
30 2 -52.922 74.02227 147.422 0.142838 38.21724 
30 1 -52.922 74.02227 186.937 0.190451 25.03412 
31 9 -52.6964 74.79167 12.603 -0.00447 59.0513 
31 8 -52.6964 74.79167 48.258 5.418345 57.53533 
31 7 -52.6964 74.79167 97.416 0.214765 40.96099 
31 6 -52.6964 74.79167 147.418 0.035794 23.17195 
31 5 -52.6964 74.79167 245.205 0.102908 21.56045 
31 4 -52.6964 74.79167 345.04 0.06264 21.72319 
31 3 -52.6964 74.79167 395.434 0.008949 15.81971 
31 2 -52.6964 74.79167 443.703 0.008949 11.57393 
31 1 -52.6964 74.79167 468.562 0.040268 11.38487 
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Station Bottle Latitude Longitude Depth (m) Fe(II) (nM) H2O2 (nM) 
32 6 -52.5428 75.26237 12.871 0.014625 52.81464 
32 5 -52.5428 75.26237 47.889 0.102377 53.72495 
32 4 -52.5428 75.26237 87.467 0.146252 27.12847 
32 3 -52.5428 75.26237 147.438 0.204753 17.14814 
32 2 -52.5428 75.26237 196.365 0.146252 18.88747 
32 1 -52.5428 75.26237 271.03 0.043876 15.17406 
33 9 -52.4092 75.60666 14.22 0 50.26546 
33 8 -52.4092 75.60666 48.259 0.131627 46.00405 
33 7 -52.4092 75.60666 97.726 0 26.69294 
33 6 -52.4092 75.60666 148.04 0.058501 15.31341 
33 5 -52.4092 75.60666 221.234 0.087751 13.07136 
33 4 -52.4092 75.60666 293.952 0.190128 10.73295 
33 3 -52.4092 75.60666 394.851 0.014625 8.649526 
33 2 -52.4092 75.60666 494.551 0.014625 7.107548 
33 1 -52.4092 75.60666 526.794 0.02925 7.067597 
34 9 -52.302 76.00671 13.47 0.301075 51.48856 
34 8 -52.302 76.00671 48.05 0 49.68593 
34 7 -52.302 76.00671 96.09 0 46.84237 
34 6 -52.302 76.00671 147.486 0.064516 14.18614 
34 5 -52.302 76.00671 219.642 0.086022 11.46784 
34 4 -52.302 76.00671 296.809 0.150538 7.291876 
34 3 -52.302 76.00671 444.724 0.086022 5.358688 
34 2 -52.302 76.00671 542.576 0.064516 7.641063 
35 6 -52.8381 74.32217 13.648 0.053872 36.59579 
35 5 -52.8381 74.32217 28.746 0.094276 36.38404 
35 4 -52.8381 74.32217 68.064 0.13468 24.47819 
35 3 -52.8381 74.32217 97.401 0.074074 13.58863 
35 2 -52.8381 74.32217 137.334 0.141414 14.78911 
35 1 -52.8381 74.32217 146.741 0.074074 12.68924 
36 4 -53.0077 73.70902 14.094 0.13001 23.77608 
36 3 -53.0077 73.70902 28.533 0.210981 19.01267 
36 2 -53.0077 73.70902 58.272 0.171065 16.10411 
36 1 -53.0077 73.70902 71.277 0.222059 23.41104 
37 4 -53.0118 73.71645 13.71 0.23165 22.28596 
37 3 -53.0118 73.71645 28.479 0.179125 23.42051 
37 2 -53.0118 73.71645 58.461 0.183165 24.30983 
37 1 -53.0118 73.71645 68.211 0.167003 23.10616 
38 4 -53.0074 73.72444 14.088 -0.00458 22.98903 
38 3 -53.0074 73.72444 28.569 0.280673 23.51511 
38 2 -53.0074 73.72444 58.511 0.320269 24.6925 
38 1 -53.0074 73.72444 75.355 0.036633 21.34652 
39 4 -53.0027 73.71675 13.46 0.136835 20.77638 
39 3 -53.0027 73.71675 28.716 0.193346 22.57333 
39 2 -53.0027 73.71675 45.62 0.122696 21.4729 
39 1 -53.0027 73.71675 77.198 0.330879 19.88652 
40 5 -53.0076 73.7161 13.771 0.059379 23.32216 
40 4 -53.0076 73.7161 28.819 0.043185 20.80127 
40 3 -53.0076 73.7161 48.649 0.059379 22.35696 
40 2 -53.0076 73.7161 63.429 0.010796 21.3951 
40 1 -53.0076 73.7161 72.432 0.002699 21.16987 
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Chapter 6 

6 Summary and future directions 

This thesis was originally titled ‘The impact of hydrothermalism on trace metal biogeochemistry 

in the Southern Ocean’, but like most studies of natural systems, the findings turned out to be 

complex, new research questions presented themselves, and the focus was adjusted in response. 

Thus, the hypothesis put forward in this research is that volcanism impacts trace metal 

biogeochemistry in the Southern Ocean. This study has focused on aspects of both the impact of 

hydrothermalism and the impact of subaerial volcanic islands on water column Fe distribution 

and cycling in the Southern Ocean. 

The role of the trace metal iron (Fe) in limiting primary productivity in vast regions of the ocean 

is now well established (Tagliabue et al., 2017), as is the importance of the Southern Ocean in 

absorbing CO2 from the atmosphere and thus regulating the Earth’s climate (Takahashi et al., 

2002). The Southern Ocean is also known to be the largest area of Fe-limited waters in the ocean 

(Boyd et al., 2012). However, due to the inaccessibility and remoteness of the Southern Ocean, 

there are still many unanswered questions regarding the biogeochemical cycling of Fe in this 

region (Tagliabue et al., 2017). For example, spatial and temporal variations in the distribution of 

Fe in the Southern Ocean need to be further resolved (Tagliabue et al., 2017). Understanding the 

distribution and cycling of Fe is especially important in regions of the Southern Ocean with 

increased biological activity (biological ‘hotspots’), because these areas can sequester large 

quantities of carbon to the ocean interior and sediments (Blain et al., 2007). In order to address 

the proposed hypothesis, the framework of this dissertation begins broadly, examining current 

knowledge of hydrothermally derived Fe in the ocean, and narrows quickly to an important 

biological hotspot in the Southern Ocean, and the location of two subaerial volcanoes: Heard 

and McDonald Islands. Three questions are addressed in the course of the research: 
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1. What is the impact of hydrothermalism on Fe distribution in the ocean, and especially in 

the Southern Ocean? 

2. What impact does Fe from Heard and McDonald Islands have on nutrient cycling in the 

central Kerguelen Plateau region of the Southern Ocean? 

3. What does Fe speciation reveal about the sources and cycling of Fe at each of Heard and 

McDonald Islands? 

6.1 Summary of key results 

The findings for the three key questions are presented within the three main chapters of this 

thesis respectively. All three studies indicate that there is an important role for volcanism in 

supplying Fe to the Southern Ocean. 

The major findings for each of the three studies are: 

Chapter 2: Detection, dispersal and biogeochemical contribution of hydrothermal iron in the 

ocean. 

A compilation of Fe measurements from both hydrothermal plumes and end-member vent 

fluids was analysed and revealed the small fraction of hydrothermal vents discovered south of 

30°S (72 of 631 globally discovered vents). Given the ~20,000 km of circumpolar plate 

boundary, much of which is unexplored, it is likely many vents remain undiscovered in the 

Southern Ocean. The review highlights recent discoveries that Fe in hydrothermal plumes may 

travel for thousands of kilometres. This distal transport of Fe, coupled with upwelling in the 

Southern Ocean, means that Southern Ocean hydrothermal vents have greater chance of 

influencing surface water Fe concentrations, and thus primary productivity, than in other regions 

of the ocean. 
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Chapter 3: Iron availability influences nutrient drawdown in the Heard and McDonald Islands 

region, Southern Ocean. 

In the region surrounding Heard and McDonald active volcanic islands (HIMI) on the 

Kerguelen Plateau in the Southern Ocean, Fe is shown to play a central role in the 

biogeochemical cycling of nitrate, phosphate and silicic acid (Si). DFe availability drives 

macronutrient uptake on the plateau, which is somewhat surprising, given the low concentrations 

of Si in the region (another limiting factor in large regions of the Southern Ocean). Comparing 

seasonal depletion ratios of Fe:N and Fe:P with the Redfield ratio indicates that recycling of Fe 

decreases in proximity to HIMI, indicating that Fe limitation is alleviated close to the islands. 

These results highlight the important role HIMI plays in supplying DFe to this biological hotspot 

in the Southern Ocean. 

Chapter 4: Glacial and hydrothermal sources of dissolved iron(II) in Southern Ocean waters 

surrounding Heard and McDonald Islands. 

Concentrations of dissolved Fe(II) (DFe(II)), the reduced and short-lived oxidation state of Fe in 

the ocean, at Heard and McDonald Islands indicate strong sources of reduced Fe at both islands. 

At Heard Island, the highest concentrations were inversely correlated to salinity. This correlation, 

coupled with proximity to a marine-terminating glacier, and results from suspended particulate 

matter analysis, indicate that the strongest DFe(II) source at Heard Island is glacially derived. At 

McDonald Islands, the highest concentrations most likely originated from shallow diffuse 

hydrothermalism, based on water column profiles from five closely spaced targeted stations and 

3He data (an unequivocal tracer of hydrothermalism). The generally elevated DFe(II) 

concentrations around HIMI, relative to regional open ocean concentrations, were most likely 

the result of a combination of the strong glacial and hydrothermal influences, along with sources 

that could not be isolated due to the well mixed nature of the water column such as sedimentary 

resuspension and aerosol deposition. These results highlighted the importance of multiple 
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sources of Fe, including processes related to the subaerial volcanic islands, within the water 

column and hydrothermal activity in maintaining the elevated concentrations observed in the 

region. 

6.2 Implications of this research 

6.2.1 Southern Ocean volcanism 

The compilation of global hydrothermal measurements highlighted a dearth of studies conducted 

in the Southern Ocean but also indicated that, given upwelling water masses in the Southern 

Ocean, and the discovery of 16 hydrothermal vents in the upper 1000 m at the time of the 

research, hydrothermalism could be an important contributor of Fe to surface waters in some 

regions south of 30°S. Even if hydrothermal contribution represents a smaller fraction of Fe 

supply directly to Southern Ocean surface waters than other sources such as sea ice, aerosols, 

margin sediments or island mass effects, the hydrothermally derived Fe supply to the deep ocean 

is probably a large contributor to the elevated Fe concentrations of upwelled deep waters in the 

Southern Ocean (Tagliabue et al., 2017) and represents a stable source of Fe over longer 

timescales, which should be incorporated into changing climate projections. Even if the ~20,000 

km of unsurveyed circumpolar plate boundary yields relatively few hydrothermal sources of Fe 

that could contribute directly to surface waters, there are regions of the Southern Ocean where 

volcanism may have a stronger impact on Fe cycling in surface waters. 

The focus of this PhD was originally on the impact of hydrothermalism on biogeochemistry in 

the Southern Ocean, because it was expected that hydrothermal activity should be a major 

contributor of DFe close to HIMI, known to be highly active volcanic islands. However, 

conditions observed during the Heard Earth-Ocean-Biosphere Interactions (HEOBI) voyage 

showed stark contrast to the focused, high temperature vent systems found on mid-ocean ridges, 
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where most of the measurements assimilated in chapter 2 were collected. Instead, hundreds of 

plumes of gas bubbles emitted from the seafloor were detected by shipboard echosounder and 

several were observed directly by deep-tow camera (Coffin, 2016). The presence of a major 

exsolved gas phase is characteristic of shallow hydrothermal venting (Prol-Ledesma et al., 2005), 

as are lower temperatures and metal concentrations (Holmes et al., 2017). However, diffuse 

hydrothermal fluids generally contain much higher concentrations of organics than high-

temperature vent systems, and have been proposed as a source of Fe-stabilising ligands (e.g. 

Hawkes et al., 2013), which can aid in the transport of Fe and increase bioavailability (Gledhill 

and Buck, 2012). The chemical and physical water column properties observed in the HIMI 

region during the HEOBI voyage were far more complex than expected and the data indicates 

that multiple sources of Fe, including these shallow hydrothermal systems, are likely to have 

contributed to the Fe cycling in the region. The impact of these volcanic islands on Fe and 

nutrient cycling over the central Kerguelen Plateau, and likely sources of Fe around the islands is 

demonstrated in chapters three and four of this dissertation. 

6.2.2 Central Kerguelen Plateau 

Previous studies on the Kerguelen Plateau suggested that phytoplankton in the region were 

unlikely to be Fe-limited and that DFe and PFe supply from vertical flux and sediment 

resuspension may be enough to supply the large phytoplankton bloom that forms over and in 

the lee of the plateau each spring/summer season (Blain et al., 2008; Bowie et al., 2015). DFe 

and nutrient data collected in the HIMI region for this study indicates that biota probably do 

suffer from some form of Fe limitation, at least in late summer, over the plateau. DFe and 

nutrient data in the HIMI region also indicate that Fe recycling decreases towards HIMI, which 

means that Fe limitation is probably alleviated near the islands. This is an indication that HIMI is 

a strong source of Fe in the region, which may play a role in supplying Fe to the bloom further 

to the north. 
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6.2.3 Heard and McDonald Islands 

This study highlighted the complex nature of Fe supply and cycling processes at Heard and 

McDonald Islands. Elevated concentrations of DFe(II), the most labile and probably 

bioavailable form of Fe in the ocean, were produced by multiple sources including glacial melt 

and hydrothermal activity in the HIMI region. The almost ubiquitous elevated DFe(II) near the 

islands may increase the bioavailability of Fe for phytoplankton. High DFe(II) concentrations 

around the islands might also indicate that oxidation kinetics are slower in the region, which may 

have implications for transport of Fe away from the islands towards the northern plateau where 

the annual plankton bloom is strongest. 

The discovery of multiple sources of DFe(II) around HIMI may also have implications for 

future Fe supply in this region. For instance, under warming climate conditions melting glacial 

waters will increase, increasing the supply of Fe(II) laden nanoparticles and DFe(II), but then 

rapidly decrease once glaciers have melted. Hydrothermal input should stay more or less 

constant, at least on shorter geological timescales, unless there’s a subsurface eruption event. 

Furthermore, the impact of changing climate conditions on biological production, aerosol 

deposition and sediment resuspension cannot be predicted unless the magnitude of each of these 

other potential sources of DFe(II) is further resolved in the region. 

6.3 Future directions 

Much progress has been made in identifying the longevity of Fe in hydrothermal plumes since 

their discovery some forty years ago, with the contribution of hydrothermal Fe flux to the global 

ocean now widely accepted (Conway and John, 2014; Holmes et al., 2017; Resing et al., 2015; 

Tagliabue et al., 2010). However, vast stretches of the plate boundaries, including the remote 

Antarctic plate boundary, remain under-surveyed. Detailed surveying of the circumpolar plate 

boundary needs to be undertaken to identify undiscovered hydrothermal systems, so that the 
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contribution of hydrothermalism to the Southern Ocean Fe inventory can be accurately 

constrained. Due to the logistically challenging nature of this undertaking, the most plausible 

solution is through the use of autonomous underwater vehicles (AUV), which can survey vast 

regions in high detail and relatively quickly (Baker, 2017; Matsuda et al., 2016; Petillo and 

Schmidt, 2012). 

The data presented in chapter 4 of this dissertation indicate that nutrient limitation and recycling 

increase with distance from HIMI based on comparisons with Redfield ratios. However, analysis 

of phytoplankton cellular nutrient concentrations, physiological signs of nutrient limitation and 

species composition are recommended to further resolve and confirm these findings. 

Data collected near McDonald Islands indicated that hydrothermalism was the most likely source 

of DFe(II). However, it is likely that the elevated DFe(II) concentrations associated with 

hydrothermalism at McDonald Islands were only detected in samples of diluted hydrothermal 

input rising through the water column. In order to further resolve the impact of 

hydrothermalism on Fe speciation and distribution in the region, escaping gases and fluids need 

to be sampled directly at the seafloor source. In order to locate the seafloor venting present in 

the well mixed, turbid waters near McDonald Islands locating and sampling these vents will 

require the use of a remotely operated vehicle (ROV), which has been demonstrated in previous 

studies (e.g. Passaro et al., 2016). 

Accurate prediction of Fe supply from the region under future climate change scenarios should 

take into account the impact of glacial melt from Heard Island. In order to achieve this, it will be 

necessary to measure the rate of glacial retreat on the island, along with further resolving the 

magnitude of Fe input and cycling associated with glacial meltwaters. Furthermore, resolution of 

DFe(II) cycling and input from biological production, aerosol deposition and sediment 

resuspension in the region is also required for more accurate modelling of Fe supply from HIMI. 
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This thesis has examined the impact of volcanism on the Southern Ocean at three different 

scales. At the broadest scale, we have shown that a great deal more information, in the form of 

hydrothermal surveys and tracing of hydrothermal inputs, is required in order to accurately assess 

the impact of hydrothermalism on surface Fe distributions and primary productivity in the 

Southern Ocean. At the regional scale, we have shown that Fe inputs increase nutrient 

drawdown in the vicinity of two volcanically active islands in the Southern Ocean. And at a more 

local scale, we show that multiple sources of DFe(II) exist at Heard and McDonald Islands, 

including both hydrothermal sources and sources associated with the subaerial landmass of the 

volcanoes. Overall, this thesis has put forward a strong case that volcanism does indeed impact 

biogeochemical cycling at the regional scale, and has also posed many further questions about 

the role of volcanism in biogeochemical cycling in the Southern Ocean as a whole. 

6.4 References 

Baker, E.T., 2017. Exploring the ocean for hydrothermal venting: New techniques, new 

discoveries, new insights. Ore Geol. Rev. 86, 55–69. doi:10.1016/j.oregeorev.2017.02.006 

Blain, S., Quéguiner, B., Armand, L., Belviso, S., Bombled, B., Bopp, L., Bowie, A., Brunet, C., 

Brussaard, C., Carlotti, F., Christaki, U., Corbière, A., Durand, I., Ebersbach, F., Fuda, J.-L., 

Garcia, N., Gerringa, L., Griffiths, B., Guigue, C., Guillerm, C., Jacquet, S., Jeandel, C., 

Laan, P., Lefèvre, D., Lo Monaco, C., Malits, A., Mosseri, J., Obernosterer, I., Park, Y.-H., 

Picheral, M., Pondaven, P., Remenyi, T., Sandroni, V., Sarthou, G., Savoye, N., Scouarnec, 

L., Souhaut, M., Thuiller, D., Timmermans, K., Trull, T., Uitz, J., van Beek, P., Veldhuis, 

M., Vincent, D., Viollier, E., Vong, L., Wagener, T., 2007. Effect of natural iron fertilization 

on carbon sequestration in the Southern Ocean. Nature 446, 1070–4. 

doi:10.1038/nature05700 

Blain, S., Sarthou, G., Laan, P., 2008. Distribution of dissolved iron during the natural iron-



Chapter 6 

 

226 
 

fertilization experiment KEOPS (Kerguelen Plateau, Southern Ocean). Deep Sea Res. Part 

II Top. Stud. Oceanogr. 55, 594–605. doi:10.1016/j.dsr2.2007.12.028 

Bowie, A.R., van der Merwe, P., Quéroué, F., Trull, T., Fourquez, M., Planchon, F., Sarthou, G., 

Chever, F., Townsend, A.T., Obernosterer, I., Sallée, J.-B., Blain, S., 2015. Iron budgets for 

three distinct biogeochemical sites around the Kerguelen archipelago (Southern Ocean) 

during the natural fertilisation experiment KEOPS-2. Biogeosciences Discuss. 11, 17861–

17923. doi:10.5194/bgd-11-17861-2014 

Boyd, P.W., Arrigo, K.R., Strzepek, R., van Dijken, G.L., 2012. Mapping phytoplankton iron 

utilization: Insights into Southern Ocean supply mechanisms. J. Geophys. Res. 117, 

C06009. doi:10.1029/2011JC007726 

Coffin, M., 2016. HEOBI: Heard Earth-Ocean-Biosphere Interactions voyage summary. Hobart, 

Australia. 

Conway, T., John, S., 2014. Quantification of dissolved iron sources to the North Atlantic 

Ocean. Nature 511, 212–215. doi:10.1038/nature13482 

Gledhill, M., Buck, K.N., 2012. The organic complexation of iron in the marine environment: a 

review. Front. Microbiol. 3, 69. doi:10.3389/fmicb.2012.00069 

Hawkes, J.A., Connelly, D.P., Gledhill, M., Achterberg, E.P., 2013. The stabilisation and 

transportation of dissolved iron from high temperature hydrothermal vent systems. Earth 

Planet. Sci. Lett. 375, 280–290. doi:10.1016/j.epsl.2013.05.047 

Holmes, T.M., Chase, Z., Van Der Merwe, P., Townsend, A.T., Bowie, A.R., 2017. Detection, 

dispersal and biogeochemical contribution of hydrothermal iron in the ocean. Mar. Freshw. 

Res. 68, 2184–2204. doi:10.1071/MF16335 

Matsuda, T., Maki, T., Sato, Y., Sakamaki, T., 2016. Sea experiments and tank tests on alternating 



Chapter 6 

 

227 
 

landmark navigation using multiple AUVs: Towards accurate and efficient survey of 

seafloor by AUVs, in: 2016 IEEE/OES Autonomous Underwater Vehicles (AUV). IEEE, 

pp. 213–221. doi:10.1109/AUV.2016.7778674 

Passaro, S., Tamburrino, S., Vallefuoco, M., Tassi, F., Vaselli, O., Giannini, L., Chiodini, G., 

Caliro, S., Sacchi, M., Rizzo, A.L., Ventura, G., 2016. Seafloor doming driven by degassing 

processes unveils sprouting volcanism in coastal areas. Sci. Rep. 6, 22448. 

doi:10.1038/srep22448 

Petillo, S.M., Schmidt, H., 2012. Autonomous and Adaptive Underwater Plume Detection and 

Tracking with AUVs: Concepts, Methods, and Available Technology. IFAC Proc. Vol. 45, 

232–237. doi:10.3182/20120919-3-IT-2046.00040 

Prol-Ledesma, R.M., Dando, P.R., de Ronde, C.E.J., 2005. Special issue on “shallow-water 

hydrothermal venting.” Chem. Geol. 224, 1–4. doi:10.1016/j.chemgeo.2005.07.012 

Resing, J. a., Sedwick, P.N., German, C.R., Jenkins, W.J., Moffett, J.W., Sohst, B.M., Tagliabue, 

A., 2015. Basin-scale transport of hydrothermal dissolved metals across the South Pacific 

Ocean. Nature 523, 200–203. doi:10.1038/nature14577 

Tagliabue, A., Bopp, L., Dutay, J.-C., Bowie, A.R., Chever, F., Jean-Baptiste, P., Bucciarelli, E., 

Lannuzel, D., Remenyi, T., Sarthou, G., Aumont, O., Gehlen, M., Jeandel, C., 2010. 

Hydrothermal contribution to the oceanic dissolved iron inventory. Nat. Geosci. 3, 252–

256. doi:10.1038/ngeo818 

Tagliabue, A., Bowie, A.R., Boyd, P.W., Buck, K.N., Johnson, K.S., Saito, M.A., 2017. The 

integral role of iron in ocean biogeochemistry. Nature 543, 51–59. doi:10.1038/nature21058 

Takahashi, T., Sutherland, S.C., Sweeney, C., Poisson, A., Metzl, N., Tilbrook, B., Bates, N., 

Wanninkhof, R., Feely, R.A., Sabine, C., Olafsson, J., Nojiri, Y., 2002. Global sea–air CO2 

flux based on climatological surface ocean pCO2, and seasonal biological and temperature 



Chapter 6 

 

228 
 

effects. Deep Sea Res. Part II Top. Stud. Oceanogr. 49, 1601–1622. doi:10.1016/S0967-

0645(02)00003-6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finished! 


