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IRON SPECIATION IN HYDROTHERMAL PLUMES

by Jeffrey Alistair Hawkes

This thesis considers the speciation of the transition metal iron (Fe) in hydrothermal
vent plumes. Hydrothermal inputs have recently been recognised as important in the
oceanic cycling of Fe, but understanding of the chemical forms of Fe in hydrothermal
plumes remains very limited. By considering the abundance and distribution of
various size and reactivity fractions of Fe in plumes it is possible to better constrain

the true impact that hydrothermal Fe may have on ocean biogeochemistry.

A reverse titration voltammetric technique was developed to determine Fe binding
ligands in seawater when ligands were over-saturated by high concentrations of Fe,
and Fe binding ligands and Fe size fractions were assessed in two hydrothermal
plumes in the Southern Ocean. The results indicated that at least 7.5% of total
vented hydrothermal Fe was present in association with labile complexes in the
plume, which may have been organic, inorganic or mixed in their nature. These
complexes would be available for transport into the deep ocean, representing an
important source of bioavailable Fe to marine environments. A large portion of Fe
in the plumes was in the colloidal size fraction, leading to the conclusion that weak

colloidal flocculates are important in the distribution of hydrothermal Fe.

The distribution and speciation of Fe was assessed in an island arc caldera. Fe
oxy-hydroxide colloids were important in this environment, suggesting that the acid
rich and often shallow hydrothermal venting found at island arcs should provide Fe
as a micronutrient to surface waters. The interaction of Fe and several elements
was assessed in the particulate phase in the three vent environments. Oxyanion
(e.g. phosphorus) scavenging with Fe oxy-hydroxides was increased in the island
arc and sulfide dominated vent sites, suggesting that factors other than phosphate
concentration, such as Fe oxidation rate, could be important in how hydrothermal

Fe oxy-hydroxides interact with seawater.
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2 Chapter 1. Introduction

1.1 INTRODUCTION

Iron (Fe) is one of the most important elements in seawater as it is intricately linked
with primary production as a dissolved micronutrient and with the co-precipitation
and scavenging of several other elements into particulate phases. It therefore plays
an important role in controlling marine elemental and biotic concentrations. The
equilibrium conditions of Fe in seawater along with the available sources and sinks
of Fe dictate concentrations, speciation (i.e. the chemical form of the element) and
redox states, all of which control its microbiological availability (Hutchins et al.,
1999; Rich and Morel, 1990; Shaked et al., 2005; Shaked and Lis, 2012; Wells, 1999).
In areas with significant inputs of Fe (e.g. rivers, hydrothermal plumes, surface
waters exposed to atmospheric dust deposition), the kinetics of Fe species formation
and precipitation control the immediate fate of Fe and many other elements and

compounds which interact with this metal.

Even though the understanding of Fe speciation and concentration in seawater is
crucial to marine biogeochemistry, the tools necessary for this understanding have
only recently been developed (over the last 20 years). This is largely due to the
experimental difficulty of analysing Fe, which firstly is prone to contamination and
secondly is greatly affected by pH, temperature and interaction with oxygen and
organic matter - all of which can be difficult to control. This chapter describes
the current understanding of Fe speciation in oceanic waters and the most recent
attempts to assess the impact that hydrothermal activity has on the oceanic Fe
cycle. First, I will introduce the concept of hydrothermal circulation as a source of

Fe to the ocean.

1.2 HYDROTHERMAL CIRCULATION AND LEACHING OF

IRON FROM HOST ROCKS

Hydrothermal circulation generally occurs around spreading centres of the Earth’s
crust; in mid-ocean ridges and back-arc basins (Figure 1.1). Deep ocean water perco-

lates into cracks in volcanically formed pillow basalt, where it penetrates the crust
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Figure 1.1: Locations of visually confirmed vent sites (red) and unconfirmed
sites that have been found by water column anomalies (yellow). The South
Atlantic Ocean and global high latitude areas are under-represented due to lack
of exploration. From the InterRidge society (http://www.interridge.org).

and is exposed to the thermal influence of magma outcrops, which conductively
heat the seawater and rock mixture to estimated temperatures of 450°C, allowing
hydrothermal alteration of both phases in what is referred to as the ‘reaction zone’.
Alkalinity is lost, primarily through formation of anhydrite and smectite; processes
which strip sulfate and magnesium from the water, respectively (Alt, 1995). This
leaves the fluid highly protonated, with in situ pH levels of around 5-6 (German and
Von Damm, 2004). The resulting acidity and temperature allows the dissolution
of many metals from the host rocks. Of particular note are iron and manganese,
which can be 10%:1 enriched over deep seawater concentrations (Landing and Bru-
land, 1987; Statham et al., 1998; Von Damm, 1995), and the ‘rare earth elements’
(REESs), which are also highly enriched (Campbell et al., 1988; Michard et al., 1983).

Volatile gases - primarily methane, carbon dioxide, helium-3 and hydrogen sulfide
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are incorporated through a combination of magmatic degassing, inorganic synthesis
and leaching from host rocks (Butterfield and Massoth, 1994; Kelley, 1996; Kelley
and Fruh-Green, 2000; Lilley, 1993; Welhan and Craig, 1983; Welhan, 1988).

Phase separation of seawater can occur in the reaction zone, if the critical tempera-
ture/pressure point is passed. At typical hydrothermal vent depths (2000-3000 m),
phase separation of seawater occurs above 400°C (Bischoff and Rosenbauer, 1985).
Under these conditions the fluid separates into a ‘vapour’ phase, rich in volatiles
and a ‘brine’ phase, where chloride concentrations are higher, stabilising a higher
portion of cations (German and Von Damm, 2004). Chloride makes up the majority
of the anionic content of the water, as it is the only major anion not incorporated
into minerals during hydrothermal alteration. No hydrothermal vents are known
which do not show evidence of some phase separation, as made apparent by chloride
concentrations, which are always different to seawater in hydrothermal fluids. Iron
is thermodynamically more stable in the brine phase than the vapour phase due to

the availability of chloride as an inorganic ligand.

Hydrothermal circulation returns to seawater when the fluid reaches sufficient buoy-
ancy to force its way upwards through the crust and into the deep ocean. This
happens dramatically in the case of ‘black smokers’, which are focussed points of hy-
drothermal discharge resulting in large mineral chimneys, as the reduced hydrother-
mal fluids (~350°C) rapidly cool upon contact with cold, oxic seawater (<2°C). The
rapid temperature drop results in the precipitation of large concentrations of re-
duced iron, copper and zinc, which form sulfide minerals (pyrite, sphalerite, etc.)

with dissolved sulfide under the more oxidising, colder, higher pH conditions.

The discharge flux of hydrothermally altered seawater is thought to be more sub-
stantial in widespread areas of lower temperature diffuse flow, around the edges of
the black smokers and on the ridge flanks of the axial spreading (i.e. in crust up to
65 Ma old; Mottl and Wheat, 1994). However, the impact of these regions on the
oceanic Fe cycle is likely to be less important as the temperature and acidity of the
fluids is not sufficient to mobilise Fe to such a large extent from host rocks, and the

lower buoyancy of the fluids mean the hydrothermal effluent does not rise as high
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in the water column for further distribution.

In high temperature hydrothermal fluids, Fe concentrations can range from 2 - 24,000
uM (the latter at Rainbow, MAR; cf. typical deep ocean water Fe <1 nM), and the
large range in concentrations are the result of complex interactions between physi-
cal factors such as temperature and host geology with chemical factors such as pH,
phase separation and concentrations of other ions and gases (see Chapter 2). The
concentration of hydrogen sulfide and rival chalcophilic elements (copper and zinc)
control the immediate fate of Fe upon contact with seawater, as the formation of FeS
and FeS, provide an almost immediate sink of hydrothermal Fe into a kinetically
stable solid phase (Hsu-Kim et al., 2008; Klevenz et al., 2011; Yiicel et al., 2011).
The remaining reduced Fe that escapes this first mass precipitation is subjected to
the more typical chemical controls of cold, oxygenated seawater (Field and Sherrell,
2000; Mottl and McConachy, 1990). A large portion of hydrothermal circulation
therefore only represents an alteration of solid phase Fe through a very brief mobili-
sation in a hot, acidic aqueous phase. However, high temperature hydrothermal flux
is sufficiently large and typical seawater Fe concentrations are sufficiently low that
even a small escape of Fe into the operationally defined ‘dissolved’ phase (usually
<0.2 pm in size) would have a measureable impact on global Fe biogeochemistry

(Bennett et al., 2008; Tagliabue et al., 2010).

1.3 THE BEHAVIOUR OF IRON IN SEAWATER

1.3.1 REDOX CONTROLS ON IRON AND INORGANIC SPECIATION

Iron has two oxidation states, +2 and +3, which are close enough in energy (Ey =
0.77 V) to both be important in the marine environment. In oxygenated seawater,
Fe is almost exclusively present as Fe(III) (where the term ‘Fe(III)’ represents all
inorganic species in seawater with an iron centre that has oxidation state +3). In
environments with low oxygen (oceanic oxygen minimum zones, sediment pore wa-
ters, hydrothermal vent fluids), Fe(III) is chemically or biologically reduced to Fe(II)
(Froelich et al., 1979; Pohl and Fernandez-Otero, 2012). Irradiation of seawater by
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sunlight can also reduce Fe(III) to Fe(II) in oxygenated surface waters (Kuma et al.,

1995, 1992; Pohl and Fernandez-Otero, 2012).

Fe(Il) in pH 8 seawater is composed of free (76%) and carbonated (23%) Fe®'.
The other 1% of Fe(II) is complexed by hydroxyl, carbonate and bicarbonate lig-
ands (Millero et al., 1995). At lower pH (i.e. in hydrothermal vent fluids), free
Fe?" represents a greater portion of total Fe(II), although in most natural marine
anoxic environments the presence of sulfide and bisulfide have a great affect on Fe?"

speciation (Hsu-Kim et al., 2008; Luther et al., 2003; Rickard et al., 1999).

Free Fe3" is insignificant in seawater, and represents roughly 1:10'0 of Fe(III) species
at pH 8 (Croot and Johansson, 2000; Kuma et al., 1996; Millero et al., 1995).
Fe(III) is almost entirely complexed by hydroxyl ligands (OH") at seawater pH,
as [FeOH|*", [Fe(OH),| ", Fe(OH), and [Fe(OH),| . At typical seawater pH (7.9 -
8.0), [Fe(OH),| " is the dominant aqueous species. Fe(OH), is insoluble and precip-
itates in an amorphous morphology which later crystallises as ferrihydrite, goethite
and other ‘oxy-hydroxide’ minerals. The solubility of Fe(III) in water of various ionic
strengths, temperatures and acidities can be described using laboratory determined
formation constants of the hydrolysis species (Liu and Millero, 2002; Appendix
A).

1.3.2 ORGANIC LIGANDS AND THE ORGANIC SPECIATION OF FE

The concentration of Fe(III) in seawater far exceeds its calculated theoretical solu-
bility (Kuma et al., 1996; Liu and Millero, 2002), and this is due to the presence of
strong Fe binding organic ligands which buffer the Fe(III) from the formation of in-
soluble Fe(OH)4 oxy-hydroxides. The routine method for characterising Fe binding
ligands in seawater is competitive ligand exchange - adsorptive cathodic stripping
voltammetry (CLE-ACSV), which was first achieved for Fe(III) by Gledhill and van
den Berg in 1994. In this procedure, a competition for Fe is established between an
added, electroactive ligand (AL), the natural organic ligands in the sample and the
natural inorganic ligands (i.e. hydroxyl groups). Iron is added as a titrant, and the

concentration of Fe-AL is measured by stripping voltammetry. The concentration
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and Fe binding strength of excess natural organic ligands can be inferred by consid-
eration of the equilibrium (Croot and Johansson, 2000; Gledhill and van den Berg,
1994; Rue and Bruland, 1995).

Using this method, Fe binding organic ligands (L) have been found in many surface
and deep waters, with FeL stability constants (K'gs+;,) ranging from 10'9-10%* (see
Gledhill and Buck, 2012 for comprehensive summary of results). Kinetic variations
of the stripping voltammetry experiments have found similar stability constants
(K/FeL = K;/K,) for the FeL complexes (Gerringa et al., 2007; Witter and Luther,
1998; Wu and Luther, 1995). Some studies have advocated the presence of two
distinct ligands classes: ‘L;’ and ‘L, (Cullen et al., 2006; Rue and Bruland, 1995,
1997), while others suggest that Fel. complexes are more likely to be present in a
continuum of stabilities (Hassler et al., 2013; Hiemstra and van Riemsdijk, 2006; Van
Den Berg, 1995). Stronger ligands are generally thought to be biological in origin,
present only in the surface mixed layer, and possibly produced strategically by mi-
crobial organisms to maintain Fe concentrations (e.g. chatecolate and hydroximate
siderophores; Gledhill and Buck, 2012). The weaker ligands are thought to be more
pervasive, and may be constituted by humic acids and other terrestrial substances
(Hunter and Boyd, 2007; Kondo et al., 2012; Laglera and van den Berg, 2009) or

high concentrations of large, weak Fe binding molecules such as polysaccharides

(Aluwihare and Repeta, 1999; Cullen et al., 2006; Gerringa et al., 2007).

Some studies have considered the range of sizes of both Fe species and organic lig-
ands in seawater (Bergquist et al., 2007; Boye et al., 2010; Cullen et al., 2006; Wu
et al., 2001), usually finding that both Fe and L are more highly concentrated in an
operationally defined colloidal fraction (typically 0.02 - 0.4 pm) than in the corre-
sponding ‘soluble’ fraction (<0.02 pm). These studies suggest that ‘Fel.” complexes
in natural environments may include aggregations of inorganic and organic ligands
with Fe(III) in amorphous colloids, a theory that was championed very early in the
voltammetric investigation of Fe speciation by Mackey and Zirino (1994). These
workers suggested that the labile Fe measured by the CLE-ACSV procedure might

in fact be stripped from these aggregates over the course of the equilibration period
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of the method rather than being distinct Fel. complexes.

The importance of Fe as a micronutrient (Martin and Fitzwater, 1988) has led several
researchers to investigate the bio-availability of the various Fe species described
above. ‘Reductive uptake’ of Fe(III) appears to be an important mechanism for the
acquisition of Fe by phytoplankton (Shaked and Lis, 2012), and both FeL. phases
and Fe(III) colloids can provide nutrition to primary producers (Chen et al., 2003;
Hassler and Schoemann, 2009; Morel et al., 2008).

1.4 IRON IN HYDROTHERMAL PLUMES AND INTRODUC-

TION TO THE THESIS

1.4.1 IRON OXY-HYDROXIDE PARTICLE FORMATION

After the initial dispersal of hydrothermal material into seawater and removal of
dissolved hydrogen sulfide, the remaining Fe?™ may be oxidised to Fe3 and both
Fe(IT) and Fe(III) are subjected to coordination reactions with inorganic and or-
ganic ligands. Although some studies have shown that Fe(II) particles may be
transported away from vent sites (Toner et al., 2009; Yiicel et al., 2011), Fe(III)
particles are generally more common in hydrothermal plumes (Feely et al., 1996;
Field and Sherrell, 2000). The oxidation of hydrothermal Fe(II) to Fe(III) is of criti-
cal importance to the chemistry of hydrothermal plumes as the gradual formation of
Fe(III) oxy-hydroxide phases leads to the co-precipitation and scavenging of many
dissolved elements including oxyanions such as phosphorus, vanadium and uranium
(Edmonds and German, 2004; Feely et al., 1991) and the rare earth elements (Ger-
man et al., 1990; Klinkhammer et al., 1983). Hydrothermal activity has thus been
shown to have a significant impact on the dissolved concentrations of these elements
in ocean waters (Elderfield and Schultz, 1996; German et al., 1990; Wheat et al.,
1996).

The rate of oxidation of Fe(II) depends on dissolved oxygen concentration, temper-

ature, pH (and p|OH] ) and solution ionic strength (Millero et al., 1987) according
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to pseudo first-order equation:

—dFelD] _ k1 [Fe(11)] (1.1)
dt
Where
ky = KO,][OH]? (1.2)
logk = logky — 3.291'/% + 1.521 (1.3)
logky = 121.56 — 1545/ T (1.4)

Where I is the ionic strength and T is the temperature in degrees Kelvin. In hy-
drothermal plumes, the pseudo first order oxidation half life of Fe(II) varies between
2.1 minutes to 6 hours depending on the ocean basin (Field and Sherrell, 2000;
Rudnicki and Elderfield, 1993; Statham et al., 2005; Wang et al., 2012).

1.4.2 IRON(III) ‘STABILISATION’ BY ORGANIC LIGANDS AND IN COL-

LOIDS

Hydrothermal vents have only recently been considered as an important source of
Fe to the ocean due to work by Bennett et al. (2008) who showed that Fe was
complexed by organic ligands on the edges of hydrothermal plumes, preventing
the loss of a small portion of hydrothermal Fe to oxy-hydroxide phases. Before
this, all hydrothermal Fe was presumed to precipitate as sulfides or Fe(OH), and
settle from hydrothermal plumes (Feely et al., 1987; German et al., 1990; Mottl and
McConachy, 1990). Colloidal forms of Fe (including organic and inorganic colloids)
may also allow transport of some hydrothermal Fe (Sands et al., 2012; Yiicel et al.,
2011), and several researchers have suggested that deep ocean Fe anomalies are
caused by the distribution of hydrothermal Fe off-axis (Klunder et al., 2012; Kondo
et al., 2012; Nishioka et al., 2013; Tagliabue et al., 2010; Wu et al., 2011).

This thesis addresses the speciation, distribution and fate of Fe in the hydrothermal
plumes of three recently discovered vent sites in the Southern Ocean. The sites,

which are described in Chapter 2, are two fairly typical back-arc basin vent sites (E2
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and E9N; Rogers et al., 2012; James et al., in prep.) and an extremely sulfidic island
arc volcano caldera (Kemp Caldera; Connelly et al., in prep.). Several methods have
been used to elucidate the concentration, speciation and size fractionation of this
crucial element in a range of samples, and the variation of Fe is compared with
other hydrothermal and seawater derived elements in order to compare the impact
of Fe in these newly discovered sites with that described elsewhere previously in the

literature.

1.4.3 INTRODUCTION TO THE THESIS

In Chapter 2 I briefly describe the geology and geochemistry of the hydrothermal
vent sites and fluids studied in this thesis. This provides context for the other results,
considering that hydrothermal venting is so varied globally. Chapter 3 outlines
the reverse titration - competitive ligand exchange - adsorptive cathodic stripping
voltammetry technique, which was developed for the analysis of Fe speciation in high
Fe environments. This technique was used in conjunction with size fraction analysis
in Chapter 4 to examine Fe speciation in the hydrothermal plumes of the East Scotia
Ridge. In Chapter 5, Fe speciation the Kemp Caldera island arc hydrothermal
system is described and discussed, and in Chapter 6 the hydrothermal precipitates
of all three sites are described and discussed. The chapters together provide a
wide-ranging analysis of the forms of Fe in hydrothermal environments, and each
chapter aims to consider the results presented in a global context, thus improving
the understanding of the impact that hydrothermal Fe may have on global marine

biogeochemistry.
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2.1 INTRODUCTION

Three vent sites were sampled for this work, all in the Scotia Sea in the Atlantic
sector of the Southern Ocean (Figure 2.1). The vent sites are referred to throughout
this work as ‘E2’, ‘E9N’ and the ‘Kemp Caldera’. The E2 and E9N vent sites are
located on the East Scotia Ridge, a back arc spreading centre, which is comprised
of ten spreading segments named E1-E10 (Leat et al., 2004). The E2 and E9 seg-
ments are the only two that have been visually observed to host high temperature
hydrothermal activity (Rogers et al., 2012), and the vent sites were named after the
ridge segment names (divided into north and south sites at E9). The Kemp Caldera
was discovered in 2009 on the shoulder of the Kemp Seamount (Larter and others,
in prep.), an island arc seamount situated ~50 km west south west of Thule Island,
the southernmost island of the South Sandwich island arc. Island arc hydrothermal
activity is generally distinguished from spreading centre activity by stronger mag-
matic influence, which leads to more acidic and gaseous fluids (Baker et al., 2008;
Butterfield et al., 2011; de Ronde et al., 2005, 2011; Leybourne et al., 2012; Resing
et al., 2009). This chapter aims to give a brief geological description of the sites and
to compare their vent fluid compositions with other published data in order to give

an impression of how typical the sites are in a global context.

2.2 GEOLOGICAL SETTING

2.2.1 E2 AND E9 ON THE EAST SCOTIA RIDGE

The East Scotia Ridge (ESR) is a back-arc spreading centre running north to south
between the Scotia Plate and the narrow and young South Sandwich Plate in the
Atlantic sector of the Southern Ocean (Figure 2.1B). Spreading at the ESR was
initiated over 15 Ma ago (Leat et al., 2004) and is currently proceeding at an inter-
mediate rate of 65-70 mm yr—! (Bruguier and Livermore, 2001). The ESR is made
up of ten second-order ridge segments, designated E1-E10, which are offset (in the
east-west direction) by non-transform discontinuities. The northern and southern

ends of the ESR are influenced by slab edge subduction of the South American
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Plate and Antarctic Plate and increased mantle interaction, changing the magmatic
composition (Leat et al., 2000, 2004; Livermore, 2003). The E2 and E9 segments
are distinguished from the other segments by being elevated to ~2500 m depth by
volcanic inflation (Leat et al., 2004). E3-E8 have deep rift valley floors, and the
seafloor is generally deeper than 3500 m (c.f. E2 ~2600 m, EON ~2400 m). The E2
and E9 segments are also noteworthy as they are, or have been, underlain by axial
magma chambers, as shown by seismic reflection (Bruguier and Livermore, 2001;
Livermore et al., 1997). The ESR hosts a relative low abundance of hydrothermal
activity, possibly due to the distance of most of the ridge from the subduction arc
(Baker et al., 2005). High temperature hydrothermal vent sites with black smoker
chimneys and faunal assemblages have been observed and sampled at both E2 and
E9 (north and south; Rogers et al., 2012) after initial discovery of hydrothermal

plumes a decade previously (German et al., 2000).

The E2 site (located at 56.089°S, 30.317°W) is bathymetrically rough with large ver-
tical displacements running north to south (Figure 2.2A). The E9N site (located at
60.043°S, 29.982°W) is comparatively flat (Figure 2.2B) and represents a local topo-
graphic elevation, a result of magmatic inflation in the centre of the ridge (Bruguier

and Livermore, 2001).

2.2.2 THE KEMP CALDERA ON THE SOUTH SANDWICH ISLAND ARC

The Kemp Caldera is situated at 59.700°S, 28.317°W and is a volcanic caldera on
the South Sandwich island arc (Figure 2.1A). It has a maximum depth of 1600 m
and diameter of 7 km (Larter and others, in prep.). The caldera rim is roughly
circular and the caldera contains a resurgent cone rising ~250 m from the caldera
floor (Figure 2.3). Hydrothermal venting was discovered on the east south-eastern
flank of the resurgent cone, and mainly consisted of diffusive, sulfur rich areas of
roughly 20-30°C fluid (background temperature 0.2°C). Several higher temperature

‘white smoker’ features were found venting fluids up to 212°C (Connelly and others,

in prep.).
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Figure 2.1: A: Location of the E2, E9N and Kemp Caldera vent sites in the
eastern Scotia Sea, Southern Ocean. B: Map of tectonic plates surrounding
the Scotia Sea (adapted from Livermore, 2003 and Thomas et al., 2003). The
motions of the plates are indicated by open arrows (relative movements com-
pared with the Scotia Plate, rates shown as numbers in boxes in mm yr~!) and
closed arrows (absolute movements). SAM = South American Plate, ANT =
Antarctic Plate, SAN = Sandwich Plate, SCO = Scotia Plate. The E2 and E9
segments of the ESR are highlighted in red.
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Figure 2.2: Bathymetry of the East Scotia Ridge vent sites. A: E2 with

the Dog’s Head Chimney location indicated, B: E9N with the Black & White
Chimney location indicated.
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Figure 2.3: Bathymetry of the Kemp Caldera site (maximum depth ~1600 m).
A: The Kemp Caldera vent site location on the side of the Kemp Seamount, B:
Expanded view of the resurgent cone, with the location of hydrothermal activity
marked by a red dot.
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2.3 VENT FLUID COMPOSITION AND WATER MASSES

2.3.1 E2 AnD E9N

At the time of sampling (see James et al., in prep.), the E2 and EIN vent fluids
had intermediate Fe concentrations in a global context (Figure 2.4). The hydrogen
sulfide concentrations were high (Figure 2.4B), likely due to the influence of the
fluid /volatile rich subduction plate on the mantle - a process typical at back arc
spreading centre sites (Gamo et al., 2006; Ishibashi et al., 1995; Mottl et al., 2011,
Yang and Scott, 2002). At E9IN, a vapour phase was sampled, as demonstrated by
depleted chloride concentrations (Figure 2.4D). This diminishes the metal (e.g. Fe)
carrying capability of the fluid, and leads to higher concentrations of volatiles (such
as H,S; Von Damm, 1990). The fate of Fe in hydrothermal venting environments
is initially controlled by H,S (Mottl and McConachy, 1990), and a greater propor-
tion of Fe should be precipitated as sulfides from the EIN (vs. E2) fluids upon
entry into seawater. There is also some evidence of sub-surface cooling of the fluids
at E2 (James et al., in prep.) which led to a sub-surface loss of Fe and possibly
some stabilisation of Fe (as nano-particulate sulfides?) in the fluids - few particu-
late Fe dregs were found in the samplers at E2 in comparison with E9N. Overall,
the two sites vent more sulfidic, hotter fluids than ‘average’, but given the global
range of [Fe|, [H,S|, pH and other important vent fluid constituents, the vent sites
may be considered typical (not extreme) examples of hydrothermal venting (Figure

2.4).

The two vent sites are situated in similar water masses, which are mixtures of
Weddell Sea Deep Water (WSDW) and Lower Circumpolar Deep Water (LCDW)
(Figure 2.5). Summaries of the major vent fluid and seawater compositions are

presented in Table 2.1.

2.3.2 THE KEMP CALDERA

The samples taken from the Kemp Caldera sites were not pure end-member fluids,

and contained a minimum of 74-80% seawater based on magnesium and sulfate con-
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Figure 2.4: The compositions of the E2, EIN and Kemp Caldera vent fluids
compared with reported values from other vent sites. A-D: Temperature, H,S,
pH and Cl~ for mid ocean ridge (MOR) and back-arc basin (BAB) sites (But-
terfield and Massoth, 1994; Butterfield et al., 1990, 1994; Campbell et al., 1988;
Connelly and others, in prep.; Douville et al., 2002; Gallant and Von Damm,
2006; James et al., in prep.; Koschinsky et al., 2008; Mottl et al., 2011; Reeves
et al., 2011; Sedwick et al., 1992; Von Damm et al., 1997, 1985). EIN is the less
Fe rich of the two red data points. Note that [Fe| is presented on a logarithmic
scale. E: H,S/Fe vs. Cl~ for the Kemp Caldera samples shown along with other
island arc vent sites (de Ronde et al., 2011; Leybourne et al., 2012) and com-
pared with MOR and BAB end-member fluids. Note that the island arc sites
are shown as measured and not extrapolated to a zero magnesium end-member.

17
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Figure 2.5: Potential temperature plotted against salinity for E2 (red) and
EIN (blue). The data is overlain on the data reported in Naveira-Garabato et al.
(2002) showing Weddell Sea Deep Water (WSDW) and Lower Circumpolar Deep
Water (LCDW). The data are presented as dashed lines for the water column
(>250 m depth) and solid lines greater than plume depth (>~2000 m).

centrations. This was largely due to a lack of vent orifices and the friability of the
vent chimneys, which were mainly composed of a mixture of anhydrite, sphalerite
and elemental sulfur (Stock, 2012). It is also common to find extensive sub-surface
mixing of hydrothermal fluids/gases and seawater at island arc hydrothermal sites
(Butterfield et al., 2011; Leybourne et al., 2012), possibly due to the more vesicular
nature of the crust in regions with high magmatic gas input (Fouquet et al., 1991).
Island arc vent fluids can also be enriched in magnesium or sulfate due to high
acidity and the disproportionation of magmatic sulfite (Gamo et al., 1997). Despite
being highly mixed with seawater, the fluids collected were extremely concentrated
in hydrogen sulfide (up to 41.7 mM, Table 2.1). Elemental sulfur was also present
in many parts of the caldera floor and chimneys, likely indicating the sub-surface
disproportionation of magmatic sulfite (Butterfield et al., 2011; de Ronde et al.,
2011). The high concentration of sulfide may be a secondary product of hydrother-
mal fluid interaction with rock and seawater due to a long sub-surface reaction
pathway (de Ronde et al., 2011; Leybourne et al., 2012), and the extremely variable

temperatures and compositions (spatially and temporally) measured suggest that
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several phases are being actively vented at this site (Connelly and others, in prep.).
The high hydrogen sulfide combined with pervasive elemental sulfur certainly make
the site unusual amongst other reported island arc sites, and the Kemp Caldera is
definitely not a typical hydrothermal vent environment in a global context. This
should be bared in mind in Chapter 5 - but it should also be considered that the
water column characteristics in the Kemp Caldera are fairly typical (Table 2.1), and
so the controls on the development of Fe may be more universally applicable than

the vent fluid compositions (Field and Sherrell, 2000).
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Abstract

Here we demonstrate the use of reverse titration - competitive ligand exchange - ad-
sorptive cathodic stripping voltammetry (RT-CLE-ACSV) for the analysis of iron
(Fe) binding ligands in seawater. In contrast to the forward titration, which ex-
amines excess ligands in solution, RT-CLE-ACSV examines the existing Fe-ligand
complexes by increasing the concentration of added (electroactive) ligand (1-nitroso-
2-naphthol) and analysis of the proportion of Fe bound to the added ligand. The
data manipulation allows the accurate characterisation of ligands at equal or lower
concentrations than Fe in seawater, and disregards electrochemically inert dissolved
Fe such as some colloidal phases. The method is thus superior to the forward
titration in environments with high Fe and low ligand concentrations or high con-

centrations of inert Fe.

We validated the technique using the siderophore ligand ferrioxamine B, and ob-
served a stability constant K'ps+p,p of 0.74 - 4.37 x 10%! mol !, in agreement with
previous results. We also successfully analysed samples from coastal waters and
a deep ocean hydrothermal plume. Samples from these environments could not be
analysed with confidence using the forward titration, highlighting the effectiveness of

the RT-CLE-ACSV technique in waters with high concentrations of inert Fe.
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3.1 INTRODUCTION

Iron is a biologically important element that limits primary productivity in large
parts of the world’s oceans due to its low concentrations (typically <0.1 - 1 nM)
(Boyd et al., 2007; Martin and Fitzwater, 1988). Iron is particle reactive and has
a short residence time ranging from weeks to months in the surface, to hundreds of
years in the deep ocean (Bergquist and Boyle, 2006). The element has a low solu-
bility of 0.01 nM (at 25°C) or 0.19 nM (at 5°C) in NaCl solutions (Liu and Millero,
2002), however dissolved Fe is present in seawater at concentrations averaging 0.79
nM at depth greater than 500 m (Johnson et al., 1997). The increased solubility has
been attributed to complexation by organic ligands (Liu and Millero, 2002), but the
presence of colloidal phases (1-200 nm size) may also contribute to the stabilisation
of Fe concentrations in seawater (Bergquist et al., 2007; Cullen et al., 2006; Nishioka
et al., 2001; Ussher et al., 2010; Wu et al., 2001). Organic ligands and colloids hence
prevent the formation of insoluble Fe oxy-hydroxides and studies have reported that
>99% of dissolved Fe is complexed by strong ligands at pH 8 (Rue and Bruland,
1997; Van Den Berg, 1995) with conditional Fe-binding stability constants (K'g3+1,)
ranging from 10'°-1023 mol~! (Gledhill and Buck, 2012).

The most commonly used technique for determination of iron binding ligands in
seawater is competitive ligand exchange - adsorptive cathodic stripping voltammetry
(CLE-ACSV). In this electrochemical procedure, an electroactive ligand (AL) with a
known Fe-AL complex stability constant (K'p.s+,;,) is added to the sample, followed
by addition of increasing concentrations of Fe. Following an equilibration period
(typically overnight), the increase in FeAL is determined and competition for Fe
by natural ligands in the sample is inferred by the difference between [Fe], .., and
[FeAL| (Croot and Johansson, 2000; Gledhill and van den Berg, 1994; Rue and
Bruland, 1995; Wu and Luther, 1995).

The CLE-ACSV technique has been successful in studies of ocean waters, which
generally have very low concentrations of Fe (<1 nM) and an excess of organic

ligands over Fe (see Gledhill and Buck, 2012, for a comprehensive compilation of
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results). However, CLE-ACSV does not allow for an accurate analysis of samples
when ligands occur at concentrations lower than Fe (Laglera et al., 2013; Witter
et al., 2000). This becomes problematic in regions with large Fe inputs or high
concentrations of inert Fe that is not bound to organic ligands (Buck et al., 2007;
Croot and Johansson, 2000; Gerringa et al., 2007; Wu and Luther, 1995). Such
regions include coastal waters, surface waters adjacent to ice sheets, hydrothermal

plumes, and ocean waters exposed to dust deposition or sediment re-suspension

(Gledhill and Buck, 2012).

In this study, we outline the ‘reverse titration’ for marine Fe(III) — a method that
has previously been described only for copper (Cu) and riverine Fe(II) (Nuester
and van den Berg, 2005; Statham et al., 2012). The technique characterises ligands
already bound to naturally present Fe in the sample by incrementally increasing the
concentration of the electroactive competing ligand and gradually removing the Fe
from the natural ligands. The concentration of added ligand required is related to the
binding strength of the added (Sp.s+ [ AL]n) and natural (K'ps+) ligands according

to the equations:

, Bres+{AL], ,
AL’ + FeL FeAL, + L (3.1)
Kll;‘e3+L
_ [FeAL,]
Bres+(aL), = AL (3.2)
FeL]
K/ = [7 3.3
Fe3tL [Fe3+] [L'] ( )

Here we show that reverse titrations using the added ligand 1-nitroso-2-napthol
(NN) can be used to determine natural ligands that are present in concentrations
both equal to and lower than Fe. The concentration of Fe that is reactive to NN
was also quantified during the titrations, allowing comparison with total dissolved Fe
(which is an arbitrary physical definition). In order to validate the RT-CLE-ACSV
technique, we used North Atlantic seawater with and without an added strong Fe
binding ligand (desferrioxamine B (dFOB)). We also demonstrate the application
of a curve fitting procedure using the open source software "R" to determine the Fe

binding constant and concentration of natural ligands.
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In order to demonstrate the key advantages of the method over the forward titration,
we analysed near shore seawater from Southampton and hydrothermal plume water
from the East Scotia Ridge. Samples from these environments were chosen because
they are typically problematic to analyse using the forward titration method due to

their high Fe concentrations.

3.2 MATERIALS AND METHODS

3.2.1 REAGENTS

All deionised water used was purified by reverse osmosis and ion exchange (18
MQcm~!, MilliQ, Millipore). Ultra pure hydrochloric acid (UpA, Romil, UK) (1%
diluted in deionised water) was used for cleaning the cell between titrations. Borate
buffer was prepared by dissolution of boric acid (Fisher Scientific, UK) in 0.3 M
ammonia (Romil, UK) to make a 1 M solution. The pH buffer was adjusted us-
ing ultra pure HCl and ammonia (Romil, UK) to obtain a pH of 8.05 (NBS scale)
at a final borate concentration of 50 mM in seawater. Iron contamination in the
buffer was removed by overnight equilibration with 10 puM 2-(2-Thiazolylazo)-p-
cresol (TAC) to bind Fe, and passing of the solution through two solid phase ex-
traction columns (SepPak C18, Waters, USA) to remove Fe(TAC),. Stock solutions
of the siderophore desferrioxamine B (dFOB; Sigma Aldrich, UK) were prepared
by dissolution in deionised water. 1-nitroso-2-naphthol (Sigma Aldrich, UK) stock
solutions for titration (0.2, 1 and 4 mM) were prepared by dissolution in methanol
(HPLC grade, Fisher Scientific, UK). Iron standards were prepared from hydrated
Fe chloride (Fisher Scientific, UK) into 0.1% acid (UpA HCI in deionised water).
The Fe standard concentrations were confirmed by Inductively Coupled Plasma -

Mass Spectrometry (Thermo Scientific X-Series).

3.2.2 EQUIPMENT

Voltammetric measurements were conducted using a pAutolab potentiostat (Eco-
chemie, NL) with a hanging mercury drop working electrode (HMDE, surface area

0.38 mm?; VA663 Stand (Metrohm, NL)), a double junction Ag/AgCl reference
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electrode filled with 3 M KCl, and a glassy carbon counter electrode. All bottles
used were Low/High Density Polyethylene (LDPE/HDPE), cleaned by soaking in
2% Decon 90 (Decon, UK) (2 days), 50% HCI (analytical grade, Fisher UK, 1 week)
and 50% HNO, (analytical grade, Fisher UK, 1 week) followed by rinsing with
deionised water (MilliQQ). Where indicated, seawater was UV treated with a 400 W
mercury lamp (Photochemical Reactors Ltd, UK) for 4 h (either at ambient pH or
pH 2) prior to analysis to destroy Fe binding organic ligands (Achterberg et al.,
2001).

3.2.3 SAMPLE COLLECTION

A batch of low metal seawater was collected from the surface (3 m depth) of the
North Atlantic Ocean, filtered (0.2 pm, Sartorius Sartobran P300) at sea and stored
at 4°C in Southampton. Aliquots of this water were re-filtered (0.2 pm, Sartorius
Sartobran P300) no more than 1 day before analysis and were used for preparation
of ligand free seawater by UV digestion (herein termed UVSW) and dFOB spiked
UVSW.

Surface water samples were taken from a pontoon in Southampton (referred to as
‘near shore’; salinity = 30.6) using an acid cleaned LDPE bottle. The samples
were filtered (0.2 pum, Sartorius Sartobran P300) and prepared for titration imme-

diately.

A sample from a plume of the E2 hydrothermal vent field in the East Scotia Sea was
collected using an externally sprung Ocean Test Equipment (OTE) bottle mounted
on a titanium frame with a Seabird +911 Conductivity, temperature and depth
(CTD) profiler system. Two aliquots were taken from the OTE bottle into acid
cleaned LDPE bottles by filtration (0.2 pm polycarbonate membrane filter, What-
man). One was acidified (pH 2, UpA HCI) and stored at room temperature; this
was treated by UV radiation before analysis. The other was stored at -20°C and left
untreated. The frozen aliquot was defrosted overnight at 4°C (close to the in-situ
temperature) and shaken vigorously before preparation of the titration. A third

aliquot was acidified in a LDPE bottle for analysis of dissolved Fe (DFe). DFe
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was measured using Inductively Coupled Plasma - Mass Spectrometry (ICP-MS;
Thermo Scientific X-Series) after pre-concentration by mixed ligand extraction into

chloroform and dissolution into nitric acid. (Bruland et al., 1979)

3.2.4 PROCEDURE FOR RT-CLE-ACSV

1 ml of borate buffer (1 M) was added to each 200 ml seawater sample (final concen-
tration 50 mM) to stabilise the pH at 8.05 (NBS scale, 7.90 on total scale). 15 ml
aliquots of the seawater were pipetted into 12 polytetrafluoroethylene (PTFE) vials,
and the stock solutions (0.2, 1, 4 mM) of NN were added to the vials to achieve final
concentrations in the range of 0.25 — 40 uM. For UVSW /dFOB spiked samples, Fe
was added to each vial to achieve a concentration of 20 nM. No Fe was added to the
natural samples. The solutions were left to equilibrate overnight as in the forward
titration CLE-CSV method (Croot and Johansson, 2000). One vial was left with a
very low [NN] (< 0.5 uM) to quantify the blank signal (typically about 1 nA) for
each titration. In order to allow the vials to equilibrate with the solutions, they

were pre-conditioned twice as above and then rinsed with deionised water.

In order to remove dissolved oxygen in the sample, each sample was purged with
nitrogen gas (zero grade, BOC UK) for 5 min prior to deposition. The solution was
stirred with a PTFE rod during the purging and deposition steps. A deposition
potential of -0.05 V was applied for 120 - 600 s (depending on [Fexyax]) and then
the voltage scanned from -0.15 to -0.65 V at 15 Hz, 50 mV s~! using sampled DC.
The Fe(NN), peak occurred at a potential of -0.42 to -0.50 V. Peak fitting software
(Peakfit, Seasolve) was used to separate the Fe(NN), peak from the unknown peak
which occurs at ~ -0.53 V (Boye et al., 2001). Samples were measured in order of
increasing NN concentration, and the cell was not rinsed between vials to keep the

cell conditioned to NN and Fe.

The concentration of Fe(NN), at the highest NN concentration was quantified by
standard addition of Fe. This concentration is herein defined as [Fexn], a measure of

‘labile’ Fe. [Fenn] does not necessarily include all dissolved Fe (Figure 3.1).
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Figure 3.1: Typical reverse titration data (red circles) over a range of con-
centrations of NN. The highest measured current response corresponds to Feyy
and the modelled response at ipq, corresponds to all Fe in equilibrium with
the ligands (Feyy,.e)- The rest of the dissolved Fe (DFe) is classed as inert
(Fe;ort)- In this example DFe = 9 nM and Fey, ... = 5 nM.

inert
3.2.5  CALCULATION OF fpgs+|nN], AND K'pgs+1, WITH UV TREATED SEA-

WATER

Low metal seawater was treated by UV radiation (UVSW) at ambient pH. The
sample was buffered and measured into 15 ml aliquots as above. 20 nM Fe was added
to each vial, then NN was added and the samples were left overnight and analysed as
above. This was repeated with 10 nM, 15 nM and 20 nM desferrioxamine B (dFOB)
for characterisation of this siderophore ligand and validation of the method. Values
for BFe3+[NN]3 and K'p s+, were calculated using the experimental data and the mass

balance of Fe, as described below.

3.2.6 FOWARD TITRATION

A CLE-ACSV Fe titration was conducted on the near shore seawater sample for
comparison with RT technique. Eleven conditioned PTFE vials were pipetted with
15 ml buffered sample followed by NN (for a final concentration of 6 uM). Iron was
added to achieve the following concentrations (in addition to ambient Fe): 0, 0, 1,
2,3,4,06, 8,10, 12, and 19 nM. The vials were left to equilibrate overnight and were

analysed using the same voltammetric settings as for the reverse titration.
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3.3 THEORY

In a reverse titration the electroactive competing ligand added to the sample is in-
creased and the amount of metal bound to natural inorganic and organic ligands is
progressively decreased. The increased peak height of the metal-electroactive ligand
complex is measured by ACSV. In the case of Fe, at high added ligand concentra-
tions, the peak height levels off towards a maximum current (ipmqz) where all Fe
reactive to the added ligand (AL) occurs as Fe(AL), . All other measurements are
normalised to this value (X = ip/ipmaz), eliminating the effect of salinity, pH or
total Fe concentration on sensitivity (Nuester and van den Berg, 2005). If ipmay is
not reached during the titration (the current does not level off), then ipyq, and the
total Fe concentration in equilibrium with ligands (Feyy,,.x) can be modelled by
non-linear regression (see below). FeAL is measured at a high AL concentration, and
in cases where ipmq, is not reached, Feyy,,.. is estimated by non-linear regression
modelling (Figure 3.1). The normalised current response, X, equals the concentra-

tion of Fe bound to AL ([Fe(AL),|) divided by all Fe species in equilibrium:

iy [Fe(AL)n] B [Fe(AL)n]
A e Foxmmad  [Fe(AL), 1 [Fe] + 3 [FeL] (34)

The Fe(AL), concentration is the product of the concentration of unbound Fe
([Fe**]) and the « coefficient of the FeAL species, and the AL occurs in large
excess over Fe, so the majority of the AL is in unbound form, and ape(ar) can
be approximated to the product of the AL concentration and the stability constant

(Equation 3.5):
Fe(AL), = ape(aL), [Fe**] = /BFe(AL)n[AL]n[Fe3+] (3.5)

Natural ligands are not in large excess and are generally present at concentrations
similar to Fe, so the mass balance of L, needs to be considered (L' is unbound
ligand):

L, = L'+ FeL (3.6)
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Where the ligand-Fe complex (FeL) has a conditional stability constant K'p s+,
(3.3). Substitution of Equation 3.6 into Equation 3.3 leads to Equation 3.7 (the

Langmuir isotherm) by rearrangement:

3
(L) K p [Fe™]

3
1+ K[ 0 [Fe™"]

[FeL] = (3.7)
Substituting Equation 3.7, 3.5 and the inorganic side reaction coefficient of Fe
(ape = [Fel] /[Fe*]) into Equation 3.4 and cancelling [Fe*"], Equation 3.8 is ob-

tained (where L are various naturally occurring ligands):

Q'Fe(AL)

X _ n .
1 [LJK{:eerLi (3 8)
ape(aL), + Qg T 2 1+ K] 5y, [Fe

3+]

In UV treated seawater with no organic ligands, Equation 3.8 is simplified to Equa-
tion 3.9:
QFe(AL),

Xg= —n (3.9)
aFe(AL)n + aFe/

OFe(AL), 18 varied (from ~ 6.5x107 to ~ 3.5x10'3) in the titration as calculated
by Equation 3.5 using the obtained value of fpear) from UVSW analyses. o/
constitutes the ratio of inorganic Fe (Fe/) to free Fe (Fe?) (109%0; see Appendix
A). Fe3" can be expressed as a polynomial function (Nuester and van den Berg,
2005) in terms of the « coefficients Equation (3.10) so that only K'ps+;, and [L] are

unknown. These parameters are adjusted to fit Equation (3.8) to the experimental

values of X.

K/Fe3+L(aFe(AL)n + oy ) [Fe3+]2

+(ape(aL), + gy + e — K et 1 Fennmax) ) [Fe® ] 5.10)

- [FeNNmax]

=0
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3.3.1 FE MASS BALANCE WHEN FE IS IN EXCESS OF LIGANDS

If a natural ligand binds Fe in a 1:1 molecular ratio and is in deficit of the Feyy, .
then only a portion of the Fe can be bound by the ligand. The rest of the Feyy, .«
is bound to inorganic ligands or the AL. This is a crucial feature of this method that
leads to the current response curve being the sum of two curves (see Figure 3.4 for
an example). In this case, Equation 3.8 is split into two parts, including L in only
one part:

QFe(AL), QFe(AL),

X3=(1-17) + 7 AL

a +agy
Fe(AL), T Qp, are(AL), O + 2 T [Fe’*]
Fe3+L

(3.11)

Where j is the fraction (0-1) of iron equal to the concentration of L. A second, weaker
ligand can be added to both parts of the equation, leading to a cubic function for

3+]. Two ligands are not always observed by traditional CLE

calculation of [Fe
methods (Buck and Bruland, 2007; Buck et al., 2007; Hunter and Boyd, 2007),
which may be due to the limits of the detection window and the biased competition
between the strong and weak ligands for added Fe in the forward titration method,
but may also be due to environmental differences between the distributions of strong
and weak ligands (Kondo et al., 2012). In the examples used in this study, little

evidence was found for the presence of a second ligand within the applied detection

window.

3.3.2 DATA FITTING

A code package for the statistical analysis software R has been written to simultane-
ously solve the Langmuir isotherm (Equation 3.7), Equation 3.8 (for one saturating
ligand) and Equation 3.11 (both for one unsaturated ligand and for two ligands
where one is in deficit of Fe). The non-linear regression models progressively in-
crease the starting value of K,Fe3+L1 and compute values for [Li], [Lg|, K’ pes+1,, and
ipmaz- When the residuals of the non-linear regression cease to improve, the itera-
tion ends and the results are reported. More information is presented in Appendix

B.
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In the simplest form of the model, [Feyy| is measured after the current has levelled
off and the ligand is in equal concentration with [Feyy| (and [Fegynax)- In this case,
L and ipmqs are known and only K'ps+; has to be fitted to the data. If the current
response has not reached ipmq, by the end of the titration, R can model the true
ipmaz by scaling the data by a factor f until a good fit can be achieved. [Feyyax
is then calculated as [Feyy|/f. If L is also in deficit of [Feyypnaxl: [L] is added as a
third parameter with an upper limit of |[Feyynaxl- A second ligand Lg would add
two more unknown parameters, K’ Fe** L, and [Lg]. The more parameters that have
to be fitted, the larger the errors will be in the non-linear regression model. For the
forward titration data manipulation we used a van den Berg/Ruzi¢ linearization of

the data (Ruzic, 1982; Van Den Berg, 1982).

3.4 RESULTS AND DISCUSSION

3.4.1 MODELLED CHANGE IN X IN RESPONSE TO INCREASED |[AL]

We used Equation (3.8), (3.9) and (3.11) to model normalised current response (X)

in seawater with variations in K'ps+1, [Fe|:[L] and salinity.

3.4.1.1 CoMPARISON WITH Cu RT-CLE-ACSV

The RT-CLE-ACSV response for UV treated seawater (Equation (3.9)) shows a
Michaelis-Menten type curve with a sharp increase in X starting at [NN| = 1 uM
(3.2). QFe(NN), 18 higher (~ 5 x 10%) at this point than at the corrsponding point in
the reverse Cu titration (Nuester and van den Berg, 2005), Qcu(sa), = 0.915, due

to the comparatively higher inorganic side reaction coefficient of Fe (o, —10980,

Fe
acy = 35). The high ap, sets the lower limit of the detection window for the
method, as ligands with ape, within an order of magnitude of ap, will not be
easily distinguished from the inorganic species (Figure 3.3A). The titration curve is
sharper for [FeNN;| than [CuSA,| due to the presence of non-electroactive CuSA in
solution, which flattens the Cu titration curve, particularly at low concentrations

of SA where CuSA represents a greater proportion of Cu species. This is also the

reason that a maximum of 96% of ipmae, is measured for Cu within the range of
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Figure 3.2: Comparison of the modelled response of Cu with salicylaldoxime
(black; Nuester and van den Berg, 2005) and iron with 1-nitroso-2-naphthol
(red; this study). Solid lines represent the curve for UV treated seawater (no
ligand) and dashed lines seawater with a typical ligand saturating the metal
(log(K’CuL) = 13.3 and log(K’FeL) = 21.0).

concentrations used (Nuester and van den Berg, 2005). Other FeNN species (FeNN,,

or FeNN) do not compete with FeNN, in solution, allowing ipmqs. to be reached.

3.4.1.2 SENSITIVITY TO K'ps+p, SALINITY AND  [FEyn,.x] WHEN
[FENNuax] =L
We modelled the response in X over a range of concentrations of NN based on
Equation 3.8. Changes to K'ps+, by an order of magnitude have a large effect on
X (Figure 3.3A), as higher concentrations of the AL are required to outcompete
L (Equation 3.8). The model indicates that if [Fe| and [L] = 5 nM, all natural
ligands with log(K'ps+p,) = 19 - 21 will be outcompeted when NN = 100 pM. As
explained later, we conducted our titrations up to 40 uM NN giving a detection
window of apgs+p, = 9.5 - 13.0 for Fe, L = 5 nM. Salinity has a small effect on X
over the typical oceanic range (32-36) due to small changes to /BFe3+[NN]3 (Gledhill
and van den Berg, 1994) and o,/ (Figure 3.3B). At lower salinities (<20) Bres+|NN],
and ap both increase more substantially (by 4 and 2 times, respectively, at S =

10), and this leads to a higher upper limit of detection of K'ps+;. Conversely, as
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Figure 3.3: Modelled effect of various parameters on the normalised current
response, X. The vertical dotted line represents the highest concentration of
NN used in this study (40 pM). A: Change as a function of K'ps+;. B: As a
function of salinity. C: As a function of [Feyy,...| when [Feyy, .| = [L]. D: As
a function of [Feyy,ax] When [Fexn,..] =>[L]. E: As a function of K'gs+, when

[Fexnmax] = 2 x [L].
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[Fexnnmax) @1d [L] increase (typical in lower salinity waters) the detection window
of K'po3+1, is lowered by a comparable order (Figure 3.3C). The combined effect of
these changes is likely to keep the detection window similar for K'ps+; in most

marine samples.

3.4.1.3 EFFECT OF |FEyyax] AND K'ppstp, WHEN [FEgNyax] > L]

Using Equation 3.11, we modelled the response in X over a range of [Feyy,..):[L]
ratios (Figure 3.3D) and modified K'p 3+;, when the ligand was in deficit of Feyy, ..
(Figure 3.3E). The curve shape was sensitive to change in both parameters, suggest-
ing that the model should be able to determine ligands at lower concentrations than
Fennmax: 1D Principle, two distinct ligands can be determined by this technique, but
it is unlikely that two ligands will be discernable from each other and the inorganic

species within the detection window for NN.

3.4.1.4 RT-CLE-ACSV WHEN |L|>[FExNuax)

RT-CLE-ACSV cannot be used to determine ligands which are in excess of NN labile
Fe. Only existing Fel. complexes are outcompeted in the titration and unbound
ligands are not included in the equilibrium calculations. If excess L is present, the
concentration of [Fe®"| is lower, but the effect on X is not noticeable over typical
oceanic concentrations of L. and Fe. For this reason the RT-CLE-ACSV method is
not a suitable replacement for the forward titration for analysis of systems where
L is in excess of Fe. In the calculation of K'ps+p, the value of L used is set to
be less than or equal to [Feyy,,.c]; and excess L has an insignificant effect on the
calculated K'ps+p. Therefore RT-CLE-ACSV is limited to assessing FeL and not
excess L, whereas the forward titration is limited to assessing excess L and can only

infer information about FeL.

3.4.2 DETECTION LIMIT AND LINEARITY

The limit of detection (30 of response) for a deposition time of 5 min was 0.55
nM Fe at 2 uM NN and 0.38 nM Fe at 20 uM NN. Data analysis becomes less

accurate at the limit of detection, and this method is best suited for samples with
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[Fennmax] =2 nM (using a 5 min deposition time). The detection limit may be
improved by adding a catalyst such as bromate (Aldrich and van den Berg, 1998),
however the use of a catalyst can potentially affect the Fe speciation (Rue and
Bruland, 1995), particularly due to oxidation of Fe complexes. For a 5 min deposition
time, the current response was linear for concentrations of Fe up to 30 nM. Current
response was also linear over the range of NN concentrations used in this study when
deposition times were increased up to 20 min, indicating that for the conditions used
in these experiments, NN did not compete for adsorption sites on the surface of the
Hg drop. Unlike Nuester and van den Berg (2005), we performed the reverse titration
after overnight equilibration of the aliquots. These workers found that equilibration
was achieved after 30 min for Cu binding ligands and added salicylaldoxime, but
initial tests for Fe suggested equilibration times closer to 3 h, making titration in
a single cell impractical. It is likely that slow FeL dissociation rates (kg = 107> —
1077 s71) control the equilibration time, and some complexes may be so strong
that they do not dissociate at all in these experimental timescales (Luther IIT and
Wu, 1997; Witter et al., 2000; Witter and Luther, 1998; Wu and Luther, 1995).
Overnight equilibration is used in most Fe ligand forward titrations (Boye et al.,
2001; Croot and Johansson, 2000; Gerringa et al., 2007; Gledhill and van den Berg,
1994), and following this routine allows the best comparison with previous results.
The upper limit of [Feyyax] 1S Set by the necessity for the added ligand to be in
large excess, and we suggest that samples with [Feyy,..] =50 nM are diluted, as

reported previously (Buck et al., 2007; Nagai et al., 2004).

Regarding the range of NN concentrations used, we encountered problems with high
background currents obscuring the Fe(NN); peak at [NN| >40 uM (the vertical
dotted lines in Figure 3.3), leading to a smaller than theoretical detection window.
Care should be taken if ipqs is not reached within the applied concentration range
of AL, as modelling the value of 7,4, in addition to K’ Fe3+, and [L] leads to greater

uncertainty in the results.
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3.4.3  CALIBRATION OF fpga+|nyy], WITH UVSW

Low metal seawater was irradiated with UV light to remove all organic ligands and
the sample was subsequently analysed (with added 20 nM Fe) by RT-CLE-ACSV.

The UVSW titration data were used to calculate ﬁFe3+[NN]3 as follows.

An ap of 1098 was obtained at 22.5°C (analysis temperature), pH 7.90 (as mea-
sured on the total scale) and ionic strength = 0.71 M, using experimentally deter-
mined inorganic stability constants (Byrne and Kester, 1976; Byrne et al., 2005;
Millero and Pierrot, 2007) (see Appendix A). Assuming that all ligands are de-
. 3 .
stroyed during UV treatment, o,/ = 6F63+[NN]3[NN] at X = 0.5 in UVSW (Equa-
tion 3.9). In our experimental data, X = 0.5 when [NN]| = 2.31 x 107% M, so
/BFe3+[NN]3 = 5.12 x 10?6 mol 3. Previously, BF63+[NN]3 has been reported as 6.31 x
102" mol® (Wu and Luther, 1995), 2.51 x 10?® mol® (Van Den Berg, 1995) and
5.37 x 10%® mol® (Laglera et al., 2011). The value determined for BFe3+[NN]3 in this
study is thus lower than previously reported values. Our value is calculated from
a comparison with the inorganic side reaction coefficient alone, while previous re-
sults have used added ethylenediaminetetraacetic acid (EDTA) in a type of reverse
titration with NN. The pH used here (7.90) has a large effect on the result as this
affects a s substantially. However, the difference between our calculated value for
ﬁFe3+[NN]3 and those found previously are likely to be within the limits of error for
both approaches. ﬁFe3+[NN]3 here (and K’ s+, later) are calculated as a function of
./, so all results can be scaled according to the calcuated thermodyanmics of the

inorganic side reaction. We proceed with BFe3+[NN]3 = 5.12 x 1026 mol 3.

3.4.4 REVERSE TITRATION OF UVSW WITH ADDED DESFERRIOXAMINE
B

The siderophore ligand desferrioxamine B (dFOB) was added to UVSW to determine
the decrease in current response in the presence of a strong ligand. We prepared
three titrations with dFOB in equal and lower concentrations than Fe, and using
the non-linear regression model in R to calculate K'ps+p.p, [dFOB| and ipmaz,

we determined a conditional stability constant (K'ps+p.g) of 0.74 - 4.37 x 10%
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Figure 3.4: Demonstration of the reverse titration using 1-nitroso-2-naphthol
(NN) as the added ligand and ferrioxamine B (dFOB) as a competing ligand.
Empty circles: UV treated seawater; red diamonds: 10 nM dFOB, 20 nM Fe
(two titrations shown); blue squares: 15 nM dFOB, 20 nM Fe; black circles: 20
nM dFOB, 20 nM Fe. ¢pyq, is not reached for the dFOB spiked samples, and
is calculated using the measured |Fe| at the highest NN concentration and the
non-linear regression model in R. Dashed lines are the model output.

mol ! for the three titrations (Figure 3.4, Table 3.1). These are slightly lower than
(but compare reasonably well with) literature values of 3.94 and 3.98 x 10?' mol
(van den Berg, 2006; Witter et al., 2000) and indicate that the procedure allows the

determination of ligand characteristics at concentrations lower than Fe.

In the titrations with FoB, 69-80% of ipmq, was reached (Table 3.1) at the highest
experimental concentration of NN (20 — 40 uM). At higher [NN] the background
current obscured the Fe(NN), peak, and therefore NN is not recommended for the
determination of ligands stronger than dFOB. The detection window and sensitivity

of other ligands could be modelled for future work (Laglera et al., 2013).
3.4.5 ANALYSIS OF SEAWATER SAMPLES

3.4.5.1 NEAR SHORE SAMPLES

We analysed two seawater samples which would be problematic to study using the
forward titration due to high concentrations of Fe. The first sample was taken from

a near shore area in Southampton and was analysed by forward and reverse titra-
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Table 3.1: Calculated K'p 3+p,5 and [FoB| values using the non-linear regres-

sion model in R. The error in calculation increases when iy,,,,q, is not reached

Sample K/Fe?’*FoB/morl [FOB]/HM Z.pmaac
Calculated Expected Calculated Expected  scaling

FOB — 20 IIM, 21 21 B

Fo — 20 nM 0.74 £0.08 x 10 3.96 x 10 Saturated 0.69

FoB = 15 nM, 1)z 1 56 % 102 3.96 x 102! 14.7 £0.65  15.0 0.70

Fe — 20 nM

FoB = 10 nM, 1.32 £0.32 x 10%! 3.96 x 102! 11.1 £0.37 10.0 0.80

Fe — 20 nM

tions. Mathematical manipulation of forward titration data requires knowledge of
the initial concentration of Fe in the sample, and this is often determined follow-
ing sample storage at pH 2 followed by flow injection analysis (e.g. Boye et al.,
2001), graphite furnace atomic adsorption spectroscopy (e.g. Gerringa et al., 2007),
microwave digestion and CLE-ACSV (e.g. Buck et al., 2007) or UV digestion and
CLE-ACSV (e.g. Van Den Berg, 1995). These techniques determine total dissolved
Fe (DFe) and thus may include inert Fe that is not in equilibrium with AL. The use
of DFe in the data treatment therefore leads to overestimation of [L] and K'p s+,

(Gledhill and Buck, 2012; Laglera et al., 2011).

Here we suggest that determination of an operationally defined Fe concentration that
is in equilibrium with ligands under the conditions of our experiment (Feyy,,ax)
will provide a better estimate of the initial Fe concentration in the sample and
thus yield a better estimation of the ligand concentration and conditional stability
constant. We used a concentration of 40 uM NN to determine Feyy, at which
point the current response had levelled off in the reverse titration (Figure 3.5C).
The side reaction coefficient for NN (O‘Fe3+(NN)3) at 40 uM is 3.3 x 10'3, almost
two orders of magnitude higher than that commonly used for the forward titration
(8.5 x 10'%; Buck et al., 2012). The detection window for the forward titration at
this concentration of Fe is between log(apgs+y,) = 10.9 - 12.9, compared with 10.8 -

12.8 for the NN reverse titration. Using [Feyy| = 9.23 nM (as measured at [NN| =
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Figure 3.5: (A) Forward titration of a near shore sample (B) van den
Berg/Ruzi¢ linearization of the data, using [Feynpa = 9-23 nM as the Fe
concentration at no Fe addition. (C) Reverse titration of the near shore sample
(black circles) with the expected response for a sample with no ligands (red
dashed line).

40 pM) as the initial Fe concentration in the titration, we find a very weak linear
trend (r? = 0.132) in Fe’ vs Fe'/FeL for the forward titration data (Figure 3.5B).
The poor fit for the linearisation leads to a high estimate for |L| of 24.0 nM and
a weak conditional stability constant of log(K'ps+;) = 19.25 (log(aps+y,) = 11.6).
RT-CLE-ACSV of an aliquot of the same sample showed that any ligands present
were weaker than the applied detection window in the method - i.e. the response
resembled the curve for UVSW. This is consistent with previous results that showed
that weak ligands below typical CLE-ACSV detection limits are important in coastal
areas (Gerringa et al., 2007). The result is also consistent with the concept that at
higher Fe concentrations, weaker but more highly concentrated ligands become more

important in the stabilisation of Fe (Hiemstra and van Riemsdijk, 2006).

Given the poor fit of the forward titration linearisation and the low a3+, (Within
an order of magnitude of the inorganic side reaction coefficient), it is quite likely
that a false positive for the presence of ligands was obtained by forward titration
for this data. In contrast, the RT-CLE-ACSV indicates that the equilibrium estab-
lished between Fe and the AL could be described with confidence without invoking
complexation by any other ligand (within the timeframe and detection window of
the analysis). Our analysis shows that RT-CLE-ACSV is likely to give more con-
vincing data than the forward titration for this type of sample (high ambient Fe)
and we propose that RT-CLE-ACSV should be considered a very useful tool in the

0.8

0.6

0.4

0.2
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Figure 3.6: (A) Measured concentration of Fe(NN); at varying concentra-
tions of NN for a hydrothermal plume sample with different treatments. Black
squares: stored at room temperature (pH 2) and UV irradiated; blue circles:
stored frozen untreated. (B) The same titrations normalised to ipmq, for data
fitting. The black line is the model output for seawater with no ligands, the
blue line is the fitted curve for the untreated aliquot data. The dashed black
lines are the model outputs for Feyy .. = 7-35 nM, [L| = 4.4 nM, log(K'p.3+1,)
— 19, 20, 21, 22.

assessment of Fe speciation in these types of waters.

3.4.5.2 HYDROTHERMAL PLUME SAMPLE

An aliquot of the hydrothermal plume sample was stored at pH 2, UV-irradiated,
adjusted to pH 7.90, buffered and analysed by RT-CLE-ACSV, resulting in a typi-
cal UVSW curve (Figure 3.6). The Fe(NN), concentration estimated at ipmar was
equivalent to 23.7 nM Fe. This agrees well with the ICP-MS measured DFe con-
centration (22.5 £ 2.3 nM). A second aliquot was left untreated (frozen) before
defrosting and analysis. The resulting RT-CLE-ACSV data had a flatter reverse
titration curve (Figure 3.6B), and the model fitted the data with one ligand class
with K'ps+p, = 1.10 £0.59 x 10?0 mol~! and a ligand concentration of 4.38 +0.64
nM Fe. Fexn (at 40 uM NN) was 7.39 nM, just 33% of the total dissolved Fe. A
large portion of the DFe was thus inert to complexation with NN. The measured
ligands were in deficit of Fexyy and greatly in deficit of DFe, and analysis of this
sample would not be possible by forward titration. The determined K'p 3+, is within

the range of previously reported values for the deep sea (Gledhill and Buck, 2012;
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Laglera and van den Berg, 2009) and is well within the detection window of the
technique, so we have no reason to doubt the plausibility of this result. The impli-
cations of this work to hydrothermal Fe stabilisation will be discussed in a separate

publication (Hawkes et al., 2013a).

3.5 CONCLUSIONS

We have demonstrated the reverse titration for Fe, and fitted experimental data to
the theoretical equations using a model written in R. The model was most reliable
when the ligand saturated the Feyy,,., Present in the sample, and when ipmq, was
reached. However, an estimation of complex stability constant and ligand concen-
tration was obtained when the ligand was in deficit of Feyy, . and when ipy,q, was
not reached in the titration. Only labile Fe (Feyy,..) is considered in the data ma-
nipulation, leading to a more accurate determination of the Fe ligand characteristics
than use of DFe. If Feyy,,.« Were routinely used in CLE-ASCV, estimated ligand

binding constants and concentrations would tend to be lower.

All calculated stability constants in this work are slightly lower than previous reports
(including the deep sea sample), but this is largely due to the different calibration
calculation for the stability constant of Fe(NN),. The relative magnitude of other
ligands (desferrixoamine B, deep sea ligands) to Fe(NN), are very similar to pre-
vious reports, validating this technique as an alternative method of Fe speciation

determination in high Fe environments.

1-nitroso-2-naphthol was used as the added, electroactive ligand as this ligand
only binds with Fe as Fe(NN),, making the chemical equilibrium simple to model.
In early tests with the ligand 2-(2-Thiazolylazo)-p-cresol (TAC), we found that
interference of the Fe(TAC), complex (Croot and Johansson, 2000) may have
competed with Fe(TAC), for Fe. Also, ipmas was not reached in UV treated
seawater after overnight equilibration (|[TAC| = 40 uM, apestrac, — 30 X 10'3).
Additionally, in experiments with added Fe, 30-70% of the added Fe was not labile
to TAC after overnight equilibration (possibly due to hydrolysis/precipitation in

the titration vials; Gerringa et al., 2007), while no losses were observed for NN.
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Further experiments with more sensitive ligands or oxidative catalysts could be
conducted to improve the detection limit of the method, and using an added ligand
with a wider detection window would help in the determination of two ligands in
a sample. Generally the limit of detection using NN is suitable for marine samples

where [Fe| is greater than [L].
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Abstract

Iron (Fe) binding phases in two hydrothermal plumes in the Southern Ocean were
studied using a novel voltammetric technique. This approach, reverse titration -
competitive ligand exchange - adsorptive cathodic stripping voltammetry, showed
that on average 30 + 21% of dissolved Fe in the hydrothermal plumes was sta-
bilised by chemically labile binding to ligands. The conditional stability constant
(logK'g,3+1,) of the observed complexes was 20.61 + 0.54 (mean + 1 SD) for the
two vent sites, intermediate between previous measurements of deep ocean ligands
(21.4 - 23; Kondo et al., 2012) and dissolved weak estuarine ligands (< 20; Gerringa
et al., 2007).

Our results indicate that approximately 7.5% of all hydrothermal Fe was stabilised
by complexation with ligands. Furthermore, 47 + 26% of the dissolved Fe in the
plume existed in the colloidal size range (0.02 - 0.2 pym). Our data suggests that
a portion (~7.5%) of hydrothermal Fe is sufficiently stabilised in the dissolved
size fraction (<0.2 pm) to make an important impact on deep ocean Fe distri-
butions. Lateral deep ocean currents transport this hydrothermal Fe as lenses of
enhanced Fe concentrations away from mid ocean ridge spreading centres and back

arc basins.
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4.1 INTRODUCTION

Iron (Fe) is an important and often limiting micronutrient in the world’s oceans
(Martin and Fitzwater, 1988). Dissolved Fe (DFe) concentrations in the surface
ocean are typically <0.3 nM, and range between ~0.2 - 1.2 nM in the deep ocean
(>1000 m); the iron is buffered by strong organic ligands (De Baar and De Jong,
2001; Hunter and Boyd, 2007). The study of the sources, sinks and speciation of Fe
is crucial to our understanding of the transport and bioavailability of this element.
The supply of Fe to the world’s oceans is poorly constrained, with atmospheric
dust, rivers, sediments and remineralisation of sinking particles forming the main
sources (De Baar and De Jong, 2001). Hydrothermal sources of stable DFe have
recently been considered due to several observations of high DFe concentrations
in the deep ocean close to tectonic spreading centres, often in regions containing
elevated (hydrothermally sourced) *He (Fitzsimmons et al., 2013; Klunder et al.,
2011; Kondo et al., 2012; Nishioka et al., 2013; Wu et al., 2011).

Iron is highly enriched in high temperature hydrothermal fluids as it is leached from
host rocks during hydrothermal circulation of seawater. End-member concentrations
can range from <2 uM (e.g. Menez Gwen, Mid Atlantic Ridge; Douville et al.,
2002) to >10 mM Fe (e.g. Edmond vent site, Central Indian Ridge; Gallant and
Von Damm, 2006). The total (dissolved and particulate) contribution of Fe to the
deep ocean by high temperature hydrothermal vents is estimated to be 7.2 - 450
Gmol Fe yr~! (Baker et al., 1993; Bennett et al., 2008; Elderfield and Schultz, 1996;
Tagliabue et al., 2010), while the total DFe inventory of the ocean is estimated to be
800 - 1600 Gmol (De Baar and De Jong, 2001). The impact of hydrothermal vents on
global DFe distributions is still poorly understood due to the high spatial (German
and Von Damm, 2004) and temporal (Butterfield and Massoth, 1994; Campbell
et al., 1988; Yiicel and Luther, 2013) variability in hydrothermal fluid emissions,

and the complexity of Fe speciation and removal in seawater.

A large portion of hydrothermal Fe is deposited close to vent sources as sulfide

mineral phases (Mottl and McConachy, 1990) and the remaining Fe(II) is rapidly
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oxidised and forms oxy-hydroxide particles (Feely et al., 1987; Field and Sherrell,
2000; German et al., 1990). However, Fe is often observed to oxidise or precipitate
more slowly in hydrothermal plumes than predicted by laboratory kinetic stud-
ies, and this has been attributed to stabilisation of Fe(II) with organic matter and
sulfides (Statham et al., 2005; Toner et al., 2009; Wang et al., 2012) and also sta-
bilisation of Fe(III) in the dissolved phase by complexation with organic ligands
(Bennett et al., 2008). Fine Fe containing particles (or ‘colloids’) are also consid-
ered to contribute to the observed enhanced dissolved (usually <0.2 or <0.45 pum) Fe
concentrations (Field and Sherrell, 2000), and both oxy-hydroxide (Fe(III)) colloids
and pyrite nano-particles (Fe(II)) have been detected in hydrothermal vent systems

(Sands et al., 2012; Yiicel et al., 2011).

The only study that has considered DFe complexation in hydrothermal plumes was
restricted to analysis of samples from the edges of the distal plume. It was sug-
gested that a small percentage (~4%, 0.3 Gmol yr—! globally) of hydrothermal Fe
was transported to the deep ocean as DFe (Bennett et al., 2008). Here, we used
a new voltammetric speciation technique (Chapter 3) to enable investigation of Fe
speciation in the core of two hydrothermal plumes, where Fe is potentially satu-
rating organic complexes. We also considered the differences between ‘dissolved’
Fe (<0.2 pm), ‘soluble’ Fe (<0.02 pm) and ‘chemically labile’ Fe (the Fe fraction
that is complexed with an added electro-active ligand) - thus combining the study
of physical and chemical speciation of Fe for the first time in hydrothermal plume

systems.

The two vent sites (E2 and E9N; Rogers et al., 2012) are situated on the East
Scotia Ridge (ESR) in the Southern Ocean and were sampled in 2010 for DFe ligand
complexes. E9N was re-visited in 2011 to collect samples to determine the colloidal
Fe (DFe minus soluble Fe) distributions. Sampling was conducted over a range of
seawater to vent fluid mixing ratios (~200 - 160,000). However, due to the rapid
dilution of vent fluid in hydrothermal buoyant plumes, the sample matrix (major
ions, pH, temperature, etc.) was only ever slightly different from ambient seawater.

Our aim was to investigate whether Fe in hydrothermal plumes is complexed by
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‘ligand’ phases that are co-diluted with Fe from the vent or by ambient ligands
already present in the local deep seawater. We discuss the implications of our

results for the transport of hydrothermal Fe to the deep ocean.

4.2 MATERIALS AND METHODS

4.2.1 HYDROTHERMAL PLUME DETECTION AND SAMPLING

The East Scotia Ridge (ESR) and the E2 and E9N vent sites are described in Chapter
2. Samples were collected and filtered on board the RRS James Cook during two
cruises in the Southern Ocean, along the East Scotia Ridge (ESR) in 2010 (E2
and EI9N; cruise JC042) and 2011 (E9N only; cruise JC055). The hydrothermal
plume was detected and sampled using a Seabird +911 conductivity, temperature
and depth (CTD) profiler system that was mounted on a titanium frame that holds
24 trace metal clean 10 litre OTE (Ocean Test Equipment) water sampling bottles.
The frame was also equipped with a light scattering sensor (LSS) and a bespoke Eh

detector (Ko-ichi Nakamura).

The buoyant part of the hydrothermal plume was identified by positive temperature
and particle anomalies and a negative Eh anomaly, while the neutrally buoyant
plume was identified by a positive particle anomaly and negative temperature and
Eh anomalies at 350-400 m above the seafloor (Figure 4.1). The plumes appeared
to change position and intensity daily (based on the LSS anomaly, see various CTD
profiles in Figure 4.1), probably due to variations in deep water current speed and
direction. The ESR does not have an axial valley, so there is no seafloor feature to
confine the neutrally buoyant plume, enabling it to disperse in varying directions
according to complex deep-sea currents. As a result, the hydrothermal plumes can
be sampled at many levels of dilution over small spatial areas above the two vent

fields.

Four ‘near vent’ plume samples were taken from diffuse flow areas and the first few
meters of buoyant plume rise (identified visually) using five 1.2 litre Ocean Test

Equipment (OTE) bottles on the remotely operated vehicle (ROV) Isis. The five



50 Chapter 4. Stabilisation and Transportation of DFe

bottles were closed simultaneously and combined (6 litres) into one large OTE bottle

and treated identically to the CTD profiler bottles, as described below.

A background CTD cast was also conducted at 59°40.898 S, 33°06.181 W, where
no water column anomalies were observed. This site had a similar water depth
(~2500 m) to the hydrothermal sites, but was >50 km to the west of the ESR,
and presumably beyond any strong influence of the dispersing plume. Samples
were taken at depths equivalent to those of the buoyant and neutrally buoyant
plumes at E9N (2350 and 2000 m, respectively). The background deep seawater
Fe concentration averaged 1.7 nM in 6 OTE bottles (range 0.94 - 2.59 nM), which
is consistent with other studies further to the east and west in the deep southern
Atlantic (0.4 - 0.6 nM at 0°W (Klunder et al., 2011), 0.4 - 2.8 nM at 6°W (Loscher
et al., 1997) and 1.6 - 4.2 nM close to the South Orkney islands at 48.23°W (Nolting
et al., 1991).

4.2.2 ASSESSMENT OF IN-SITU PH USING ALKALINITY AND DISSOLVED

INORGANIC CARBON

Dissolved inorganic carbon (DIC) and alkalinity were measured using a VINDTA
3C analyser (Miranda). Nutrients (phosphate and silicate) were measured by Seal
QuAAtro, and these data were used to calculate in situ pH using CO2sys (Lewis
and Wallace, 1998).

4.2.3 FILTRATION AND ANALYSIS OF SIZE FRACTIONS OF FE AND
MnN

Dissolved (500 ml, <0.2 pym) and particulate (>0.2 ym) metals were separated by
filtration of seawater using a polycarbonate membrane filter (0.2 pm, Whatman)
under gentle pressure using filtered oxygen free nitrogen gas. Separate aliquots of
filtered seawater were frozen for reverse titration - competitive ligand exchange -
adsorptive cathodic stripping voltammetry (RT-CLE-ACSV) analysis (see Chapter
3). The entire bottle contents (10 litres) was filtered for particulate material, and
the OTE bottles were shaken before filtration finished to attempt to recover all

material. It is still possible that larger material settled to the bottom of the OTE
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bottle (beneath the tap fixture) and was not recovered. On cruise JC055 (2011)
at the E9N site, ‘soluble’ (<0.02 pm) metals were separated by filtration using
syringe filters (Anotop; Whatman) by peristaltic pumping at < 1 ml min~!. We
note that the actual cut-off size of these filters may be significantly samller than
0.02 ym (Chen and Wang, 2004). The following wash and sampling was conducted
through two syringe filters (0.1 ym and 0.02 pm) in series: a pre-wash of 30 ml pH
2 de-ionised water (MQ, Millipore, >18.2 mQ cm~!; acidified with ultrapure HCI)
followed by rinsing with de-ionised water for at least 4 hours before sampling, then
20 ml of sample seawater was flushed through the filters and discarded and 40 ml of
sample seawater was collected. pH 8 adjusted de-ionised water was filtered in the
same way, and the extracted Fe concentration was below the detection limit (2.33
nM). Colloidal Fe was assumed to be the difference in ‘dissolved’ and ‘soluble’ Fe,

as in other studies (e.g. Wu et al., 2001).

All filtered seawater samples from the CTD profiler were acidified to pH 1.9 with
sub-boiled nitric acid (Optima, Fisher Scientific). On shore, dissolved metals were
pre-concentrated from 100 ml of sample (30 ml for soluble Fe) by mixed ligand
extraction (Bruland et al., 1979) and analysed using inductively couple plasma mass
spectrometry (ICP-MS; Thermo Scientific X-series). De-ionised water was used to
determine the procedural blank (Mn = 0.08 nM, Fe = 0.62 nM), the limit of detection
(L.O.D.) (30 of blank, n = 27) for Mn and Fe was 0.14 and 0.70 nM, respectively.
For the lower volume soluble (<0.02 pum) Fe samples, the L.O.D. was 2.33 nM. The
vast majority of dissolved and soluble samples were higher than the L.O.D. for Fe.
Accuracy was assessed using NASS-5 certified seawater (measured Fe: 3.74 + 0.62
nM (n = 7), certified 3.70 & 0.625) and precision was determined with NASS-5 and
an in-house standard (8.5 - 16.6% depending on Fe concentration). The near vent
samples taken by the ROV Isis had very high concentrations of Fe and Mn and were
directly analysed by ICP-MS (X-series, Thermo Fisher Scientific) following dilution
(100x) into 3% sub-boiled nitric acid containing an internal standard of Be and In

(20 ppb and 10 ppb).

Particulate material (from 10 L of seawater) was stored frozen on the polycarbonate
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membrane filters, which were cut in half with ceramic scissors, and one half of each
was digested for 3 days at 150°C in sub-boiled concentrated nitric acid in a PTFE
bomb (German et al., 1991) (the other half was stored for additional analysis).
Filter material remaining after the acid digestion was soaked with a further 10 ml
of sub-boiled concentrated nitric acid. The acid was removed by drying in a PTFE
bomb on a PTFE coated hot plate set at 90°C, then the dried samples were diluted
in 3% sub-boiled nitric acid and analysed by ICP-MS. The L.O.D. (30 of average
blank filter) for Mn and Fe were 1.4 and 78.4 pM, respectively.

4.2.4 DETERMINATION OF FE SPECIATION BY RT-CLE-ACSV

The forward titration technique is typically used to determine Fe binding ligands
in seawater but is not appropriate for use in environments with excess Fe or large
quantities of inert dissolved Fe (Gledhill and Buck, 2012; Laglera and van den Berg,
2009), and as such has limited use in hydrothermal environments (Bennett et al.,
2008). The reverse titration -CLE-ACSV approach allows analysis of ligands at
equal or lower concentrations than chemically labile Fe (Chapter 3). The theory
has been previously described for analysis of Cu, Fe(II) and Fe(III) binding ligands
(Hawkes et al., 2013b; Nuester and van den Berg, 2005; Statham et al., 2012).

Samples (250 ml) were filtered (0.2 um pore size, polycarbonate, Whatman) and
stored frozen at ambient pH. On shore they were defrosted at 4°C (close to their
in-situ temperature) and shaken vigorously before preparation of the titration. The
titration was carried out and Feyy, .. Was determined as described in Chapter

3.

The near vent samples taken using the ROV Isis all had DFe concentrations in excess
of 100 nM (range 290 - 1430 nM). The method had to be modified in these cases
because the data manipulation relies on [NN] being in large excess over [Feyy axl-
These samples were diluted in de-ionised water to three different salinities (20x,
10x and 5x dilution) and analysed in the same way as described above (with a 120
s deposition time). The change in salinity was not found to affect the calculated

value of K'ps+1, but did affect the calculated (i.e. zero dilution) concentrations of
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Fennmax and L - which increased at lower salinity. The full data can be found in
Appendix D, here we present the calculated average result for K'p s+, and values

for [Feynmasxl and [L] calculated from the 5x dilution.

4.2.5 DATA FITTING

The experimental data were all fitted to Equations 3.8 and 3.11 (Chapter 3) using
a non-linear regression code package in the open source software R. This process
is described in detail in Appendix B. The code is available online (Hawkes et al.,
2013b). Brenn), (Equation 3.2) was 5.12 x 10?6 under our typical experimental
conditions (Chapter 3), and the value was adjusted to account for salinity (Gledhill
and van den Berg, 1994) in the high Fe samples that were diluted.

4.3 RESULTS

The temperature, LSS and Eh profiles for the two hydrothermal plumes E2 and
EIN are shown in Figure 4.1. The E2 neutrally buoyant plume (NBP) had a weaker
LSS anomaly that was generally more variable than for the plume of E9N. These
differences may be due to differences in Fe oxy-hydroxide and sulfide abundance
(which have different light attenuation properties) rather than vent output (Baker
and Massoth, 1987). The plume rise was ~400 m at E2 and ~350 m at E9N,
both of which are consistent with the obtained end-member temperatures (Table
2.1) and water column densities (data not shown) using the plume rise model of
Turner (1973). Iron binding phases were successfully determined within the applied
detection window using RT-CLE-ACSV in samples from both the E2 and E9N
plumes, including the near vent samples. The average ligand concentration was 25
+ 15% of the DFe concentration at E2 and 39 + 27% of DFe at E9N. The stability
constant (logK’'p.s+y,) of the Fe-ligand complexes averaged 20.51 £ 0.45 (mean + 1
SD) at E2 and 20.79 + 0.65 at EIN (see Figure 4.2 for three examples of titration
data). No trend in logK'p 3+, was observed with dilution of the vent fluid (Figure
4.3), including in the near vent samples, meaning that the binding strength of the

Fe-ligand complexes was not related to their concentration or distance from the
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Figure 4.1: Temperature, LSS and Eh profiles at depth >1800 m for three CTD
casts (indicated by different colours) at different times but similar positions from
E2 and E9N. The negative temperature anomaly in the neutrally buoyant plume
is due to entrainment of colder seawater from deeper in the water column. The
light attenuation anomaly is due to the presence of particles, and the negative
Eh anomaly due to the presence of reduced species (HS™, Mn?", Fe*").
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Figure 4.2: RT-CLE-ACSV data and model outputs for three samples: A:
E2 buoyant plume, B: E2 neutrally buoyant plume, C: EON buoyant plume.
Circles show the experimental data and the solid lines the model fit. Dashed
lines show the model fit for logK'ps+; = 19, 20 and 21 (left to right) for the
same concentration of Fe and L.
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Figure 4.3: logK'ps+p, plotted against electrochemically labile Fe (Feyyax)
in the plume and near vent samples. We found no trend in stability constant
with Fe concentration. Black circles: E2, blue triangles: E9N. Data which were
poorly fitted by the RT-CLE-ACSV model are included as unfilled symbols.
The range of results previously reported in the (non-hydrothermal) deep sea
from the Southern Ocean (SO), Atlantic (ATL) and Pacific (PAC) are shown
for comparison. (Boye et al., 2010; Croot et al., 2004; Cullen et al., 2006; Kondo
et al., 2012; Rue and Bruland, 1995).
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Figure 4.4: Example profiles of LSS and Fe at E2 (Station CTD3) and E9N
(Station CTD424). Filled black circles: total (dissolved + particulate) Fe, un-
filled black circles: dissolved Fe, filled red circles: soluble Fe, filled blue triangles:
Fennmax: unfilled black triangles: Fe binding ligands. Note the break in scale
on the depth axis for E9N.

vents. The E2 plume contained a far greater concentration of Fe in the dissolved
and particulate phases than E9N (Figure 4.4), but the E2 and EIN sites were
not statistically different in logK’'p s+ or L:Fe ratio (as demonstrated by a large
overlap of values), suggesting these factors may be independent of DFe and total Fe
concentrations between sites. The percentage of CFe (0.02 pym - 0.2 pgm) in the DFe
pool at EON ranged between 5 and 82%, and averaged 47 + 25%. The concentration
of CFe was highest in the middle (47% of DFe) and lower (82%) portion of the NBP
compared with the top (26%) - which contained a larger portion of soluble Fe (Figure
4.5). The labile Fe concentration (Feyy, .., occasionally higher than L) averaged

26 + 15% of DFe at E2 and 47 4+ 27% of DFe at E9N.
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Figure 4.5: Depth profile of Fe size fractions in the neutrally buoyant plume
at EON (Station CTD428). Filled black circles: total (dissolved + particulate)
Fe, unfilled black circles: dissolved Fe, red triangles: soluble Fe.
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4.4 DISCUSSION

4.4.1 FE SPECIATION IN THE HYDROTHERMAL PLUMES

The typical Fe concentrations in the plume were low in comparison with many other
vent sites which have been studied for Fe speciation (e.g. the 5°S Mid Atlantic
Ridge plumes; Bennett et al., 2008, the Edmond vent plume; Sands et al., 2012, the
Rainbow vent plume; Edmonds and German, 2004), and this may be the result of
relatively high sulfide concentrations in the East Scotia Ridge vent fluids, removing a
large portion of the Fe in the early buoyant plume (Field and Sherrell, 2000; Klevenz
et al., 2011; Mottl and McConachy, 1990). This was particularly the case at E9N,
where low chloride concentrations suggest a vapour phase was sampled after sub-
seafloor phase separation. This process favours gases such as hydrogen sulfide over
cations such as Fe, and may also lead to a higher proportion of Fe being precipitated

as sulfides in the early plume.

Our results showed that a portion of DFe was complexed by ligands in all parts
of the hydrothermal plumes. Iron binding phases were typically equal to (or more
concentrated than) Feyy, ., and Feyy, . was generally substantially less than DFe
(Figure 4.4), showing that not all DFe was electrochemically labile under our exper-
imental conditions. The observed Feyy,,.. fraction is operationally defined by the
concentration of added ligand used (here: 40 uM NN), the binding strength of NN
to Fe (/BFeNN3; 5.12 x 10%0 mol~!) and also the kinetics allowed during of overnight
equilibration. Natural complexes with a binding coefficient aper, (|[L]K'py3+1,) which
are much greater than apenn, ([NN]3BFQNN3) or have similar strength to the inor-
ganic species of Fe (e.g. hydrolysis products) will not be detected. This may include
sulfide ligands (e.g. SH™, see below) and the very weak class of ligands previously
detected in estuarine environments (Gerringa et al., 2007), which is a comparable
marine environment (i.e. with steep chemical gradients; Figure 4.6). Ligands that
are too strong to be detected by this technique may also have been important in
stabilising Fe - and crystalline colloidal phases and nano-pyrite particles are likely to

constitute the ‘inert’ Fe pool. The logK'p s+1, values averaged 20.51 at E2 and 20.79
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Figure 4.6: Concentrations of Fe binding phases plotted against stability con-
stant at E2 and E9N. In addition to the data (black circles: E2, blue triangles:
E9N), typical ranges of the same factors are shown for L in the deep South-
ern Ocean (Boye et al., 2001; Croot et al., 2004) and for ‘P’ the weak ligand
suggested to exist in high concentrations in an estuary in Gerringa et al. (2007).

at E9, 20.61 combined, and these are lower than most of the complexes reported
for the deep ocean (Figure 4.3, Boye et al., 2010; Croot et al., 2004; Cullen et al.,
2006; Kondo et al., 2012; Rue and Bruland, 1995). Marine Fe binding ligands exist
in an un-interrupted continuum of Fe binding strengths, and those detected may
only depend on the detection window of the technique used (Hassler et al., 2013,
Hiemstra and van Riemsdijk, 2006). In this study our detection window (aper, ~
10%® - 10'37) is bound by the concentration of Fe in the sample and by the range of
FeNN, concentrations that can practically be determined. We constrain this detec-
tion window by requiring 80% of ipmas to be reached over the course of the titration
for data fitting purposes. Our detection window is thus lower than that commonly
applied in forward titrations (aper, ~ 10126 - 10146). However, previous studies
have reported an inverse relationship between ligand binding strength and ligand
concentration (Hiemstra and van Riemsdijk, 2006; Stockdale et al., 2011), so that
at higher Fe concentrations, such as those observed in this study, weaker ligands
become more important for stabilising Fe in solution. The ligand phases reported

here for hydrothermal plumes are indeed weaker than typically detected open ocean
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ligands, and make up the weakest of the ‘L2’ set of ligands which are often mea-
sured in the deep ocean (Gledhill and Buck, 2012; Hunter and Boyd, 2007; Laglera
and van den Berg, 2009; Rue and Bruland, 1995). However, differences between the
forward and reverse titration techniques may preclude direct comparison of the ob-
tained K'p s+1. The important implications of our findings are that some portion of
hydrothermal DFe was found to be sufficiently labile to exchange with NN and that
the obtained K’ s+ did not appear to change as the plumes developed or between

the two sites.

4.4.2 THE EFFECT OF FE OXIDATION STATE, PH AND HYDROTHERMAL

CONSTITUENTS ON THE IN-SITU SPECIATION

The in-situ speciation of Fe may potentially be different than that detected under our
experimental conditions, in which the temperature, pH and pressure are all modified
and any reduced species (e.g. Fe?", H,S (aq)) were given time to oxidise. The ambient
pH in the deep Scotia Sea was 7.90 (very similar to the buffered pH) but temperature
was ~23°C colder, thereby reducing the inorganic side reaction coefficient (Hassler
et al., 2013; Schlosser et al., 2012). The samples were also frozen, potentially allowing
aggregation of colloidal phases (Schlosser et al., 2011). The hydrothermal fluid
constituents of the plume may also affect the Fe speciation, as the fluid is acidic and
has a very different ionic composition. However, only hydrothermal constituents that
are highly enriched (> 10° x) over seawater have significantly higher concentrations
in the plume, particularly once it has been emplaced to neutral buoyancy (~ 10%
x dilution; Lupton et al., 1985). As a result, only pH is sufficiently different from
ambient seawater to have an important affect on the Fe speciation. The range of
pH of the plume samples in this study (calculated from dissolved inorganic carbon
and total alkalinity; Lewis and Wallace, 1998) was 7.5 - 7.9 (total scale). The lowest
near vent sample had an in-situ pH of 7.0. The solubility and speciation of Fe(III)
is critically dependent on pH (Gledhill et al., 1998; Millero et al., 2009; Shi et al.,
2010) due to competition for Fe*™ by L™ and OH". At lower pH Fe hydrolysis is
decreased (Liu and Millero, 2002) and more free iron (Fe®") is available for ligand

complexation. Ligands that have acidic binding groups that are not protonated
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Figure 4.7: Concentration of Fe binding phases (L) plotted against dilution of
pure vent fluid with seawater (based on dissolved manganese). Black circles: E2,
blue triangles: E9N. Data which were poorly fitted by the RT-CLE-ACSV model
are included as unfilled symbols. Note that |L| for the near vent samples was
calculated from a sample which was diluted 5x with de-ionised water. Typical
deep southern ocean ligands are shown as a horizontal line (from Croot et al.,

2004).

in seawater form stronger complexes, whereas no change in conditional stability
constant is observed for protonated ligands (Shi et al., 2010). When the samples are
buffered and free Fe?" is allowed to oxidise over the course of preparation, they are
driven towards thermodynamic equilibrium and more typical seawater conditions.
The experimental results are therefore more representative of the eventual products
of the reaction of hydrothermal fluid with seawater rather than the speciation at

the exact time and location of sample collection in the plume.

4.4.3 THE SOURCE AND NATURE OF FEL

Our results showed that the amount of bound Fe (FeL) increased with dissolved
Mn, indicating that the hydrothermal vents act as a source of Fel. (Figure 4.7). The
observation that FeL is diluted with the plume and thus appears to have a plume
source raises questions about the nature of FeL. Firstly we consider the hydrother-
mal Fe binding phases in vent plumes to be classically organic in nature (Bennett

et al., 2008) with a 1:1 Fe:L binding ratio. The source of these ligands is unlikely to
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be directly from the high temperature vent, but rather lower temperature diffusive
areas of venting which are found adjacent to high temperature hydrothermal vents
and may contribute up to 98% of the total hydrothermal mass flux (Baker et al.,
1993). Higher concentrations of dissolved organic carbon (DOC) compared with
ambient deep seawater and end-member fluid (i.e. 48 uM compared with 36 uM
and 15 puM, respectively, Lang et al., 2006) have been observed in these areas. It has
been suggested that this material is more labile (more reactive and with a greater
variety of functional groups) than the typically recalcitrant deep ocean DOC (Karl,
1995; Lang et al., 2006), and may have the functionality to chelate vent sourced DFe
(Bennett et al., 2008). Various studies have considered the distribution and activity
of bacterial populations in hydrothermal plumes (e.g. Bennett et al., 2013; De An-
gelis et al., 1993; Karl, 1995) usually concluding that bacteria metabolise methane
in hydrothermal plumes, producing particulate and dissolved organic matter (POM,
DOM). Some of the resulting DOM may have a capacity to bind Fe, and, further-
more, some bacteria may actively produce dissolved organic ligands as a mechanism
for sequestering Fe (Gledhill and Buck, 2012). While the actual amount of organic
matter produced by bacteria from methane is probably as low as that entrained
from diffusive areas of venting (Bennett et al., 2013), these mechanisms may well be
important in the chemically rich plume. If the DOC composition reported in Lang
et al. (2006) are typical and a maximum of 98% of the hydrothermal input to the
plume was from lower temperature venting then the ratio of hydrothermal C to Fe

in the plume could be up to 1.4:1 (Equation 4.1).

[Cplume] _ [CHT]xHT + [CLT]-%'LT (4 1)
[Fepiume]  [Fenrlzur + [Ferr]arr '

Where z is the fractional mass proportion of high temperature (HT) and low tem-
perature (LT) fluids. This level of DOC input (< 1 pM) would not typically be
detected by DOC analysis; e.g. Bennett et al. (2011), and could help to support
some stabilisation of Fe. However, the actual concentration of ligand molecules
which could be provided (requiring several carbon atoms) may be low, and there

is some dispute about the amount of diffuse water that is entrained into buoyant



4.4. Discussion 63

plumes (German et al., 2010). It is therefore unlikely that FeL is dominated by

compounds that can be considered classically organic.

A second explanation for the apparent presence of increased FeL levels in the hy-
drothermal plumes is that deep ocean water contains a relatively high concentration
(10-100 nM) of weak organic or inorganic ligands, which are not typically detected
by cathodic stripping voltammetry techniques (Croot and Heller, 2012; Gerringa
et al., 2007). After overnight equilibration of our samples, any such ligand phase
(which would often be in excess of Feyy,...) would enter into binding competition
with the added ligand for Feyy,,..- This may explain the low stability constant
detected in our experiments. If this is the case, the relative kinetics of Fe ligand
binding (Croot and Heller, 2012; Witter et al., 2000; Wu and Luther, 1995) and
Fe precipitation may play a crucial role in the amount of Fe actually complexed in

hydrothermal plumes before hydrolysis and precipitation.

Sulfide ligands may also be important in these environments, where reduced sulfur
species can temporarily exist in the presence of oxygenated seawater. The ligand
bisulfide (SH™) has complexing capacity for several metals including Fe(II) (Luther
et al., 1996) but the stability constant for FeSHT (logB; = 5.1-5.5) and Fe,SHy
(logB2 = 10.1-11.8) are weak in comparison to the ligands detected in this study
(Luther and Ferdelman, 1993; Luther et al., 1996). Additionally, the Fe and sulfide in
some kinetically labile complexes may oxidise over the course of sampling, storage
and equilibration during the preparation of the titration. These complexes may
therefore be important in the early stages of venting, where Fe and S?~ are in
similar concentrations, but less important as the plume disperses into the deep sea

and under our analytical laboratory conditions.

Iron sulfide compounds (e.g. pyrite nanoparticles) are now recognised to be impor-
tant in the dissolved phase in hydrothermal plumes (Yiicel et al., 2011), particularly
in high sulfide vent sites. These particles probably form a large part of the ‘inert’
and possibly some of the ‘labile’ DFe fraction, although the reactivity of Fe(II) in
nano-particulate pyrite and organic matrices (Toner et al., 2009; Yiicel et al., 2011)

is unknown. The chemical reactivity of Fe sulfide phases deserves further atten-
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tion, given their apparent pervasiveness in hydrothermal environments (Gartman

and Luther, 2013).

Lastly, we consider a mechanism similar to the ‘onion’ concept of Mackey and Zirino
(1994), which describes Fe binding involving aggregates with multiple layers of co-
ordination bonds. A portion of Fe may form weakly bound aggregates (colloids)
that are electrochemically labile, but are not technically bound in individual coor-
dination bonds with singular ‘organic ligands’ as described in other theories (Croot
and Johansson, 2000; Gledhill and van den Berg, 1994; Rue and Bruland, 1995).
Colloids form when dissolved metal ions rapidly coagulate together by sorption, due
to the attractive electrical charge of ionic surfaces (Honeyman and Santschi, 1989).
Colloidal phases form more quickly than larger, filterable material because coagula-
tion between larger particles proceeds at a slower rate than surface sorption (Farley
and Morel, 1986; Honeyman and Santschi, 1989, 1991). Iron also has a strong ten-
dency to form amorphous colloidal phases with organic matter (Hunter and Liss,
1982; Moore and Braucher, 2008; Mosley et al., 2003), and this process would be
particularly likely in the turbulent hydrothermal plume where physical and chemical
gradients are steep. This theory is supported by our observations of enhanced con-
centrations of Fe colloids in the E9N plume that corresponded well with the average
concentration of Fe binding phases (colloids = 47% and L = 39% of total DFe). We
assume here that hydrothermal CFe is made up of a mixture of amorphous oxy-
hydroxide colloids (Sands et al., 2012), nano-pyrite clusters (Luther and Rickard,
2005; Yiicel et al., 2011) and colloidal-sized Fel. (Boye et al., 2010; Cullen et al.,
2006). Although the ‘onion’ model as described by Mackey and Zirino considers
adsorption of metals onto organic colloids in the euphotic zone of the oceans, we
consider this theory useful for explaining our results. Future Fe speciation studies in
hydrothermal settings should aim to separate truly soluble Fel. species from all dis-
solved FeL species as previously reported (Boye et al., 2010; Chen and Wang, 2004;
Cullen et al., 2006) in order to more closely assess the role of colloids in stabilising

hydrothermal Fe inputs.

Our observation that a large portion of hydrothermal Fe rapidly forms colloids in the
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plume is consistent with experimental studies where high concentrations of Fe were
added to organic rich seawater (Boye et al., 2005; Nishioka et al., 2005). Observations
of natural Fe inputs (rivers, dust deposition, coastal upwelling) to seawater also show
that a large portion of new Fe forms colloids (Benoit et al., 1994; Bergquist et al.,
2007; Sanudo-Wilhelmy et al., 1996; Ussher et al., 2010). Coastal upwelling of Fe
rich water also leads to a large variation of partitioning between soluble and colloidal

Fe due to redox and biological processes (Ussher et al., 2010).

The mechanism of stabilisation of Fe by ‘onion’ aggregation (Mackey and Zirino,
1994) we propose here is consistent with theory and observations made to date. This
mechanism of Fe binding may be much more widespread than just in hydrothermal
systems, and could be a crucial control on Fe distributions in many parts of the

ocean.

4.4.4 'THE TRANSPORT AND FATE OF FE FROM HYDROTHERMAL SYS-

TEMS

Regardless of the nature of FeL, our data suggest that a large portion (30%) of
DFe in hydrothermal plumes exists in a chemically labile form that is available for
transportation by deep ocean currents. In the E2 and E9N plumes, this corresponds
to 10.1% of total hydrothermal Fe (E2), 9.0% (E9N) or 9.72 4+ 7.2% (combined),

based on the following formula:

Fel, % TMnhydmthermal

mean % Fe stabilised = Z ( X 100) (4.2)

TFehydrothermal MI]X

This relies on conservative mixing of Mn, which may be considered a maximum
estimate as some Mn is oxidised by bacteria and on the surfaces of particles in the
plume (Cowen and Li, 1991; Davies and Morgan, 1989; Dick et al., 2009), and Mn
may also react with dissolved sulfide to form sulfide particles (Breier et al., 2012).
If only 60% of the vent emitted Mn remained in the NBP samples (and 100% in the
buoyant plume samples (Klinkhammer et al., 1986), the amount of hydrothermal
Fe stabilised for the two sites may be revised to 7.5 & 7.5%. This result has a

high level of uncertainty due to the complexity, irregularity and turbulent nature of
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hydrothermal plumes (Lupton et al., 1985).

The figure may also be considered as a minimum estimate, as other (kinetically
inert) phases are also available for transport, and may in fact be scavenged less
quickly from solution onto particles due to their lower reactivity. We have little
experimental information about the nature of Fe species in the dissolved phases that
are not part of the Feyy,,. fraction, and these species merit further investigation.
We assume here that a large portion is purely inorganic (colloidal) Fe oxy-hydroxides
(Field and Sherrell, 2000; Sands et al., 2012) and pyrite nano-particles (Yiicel et al.,
2011).

Regarding the behaviour of Mn, we noticed that in samples which were strongly
diluted (>20,000 x) with seawater, the DFe concentrations appeared to tend toward
a concentration of approximately 5-10 nM above background (Figure 4.8). The
implications of this were that in the aged plume, DFe concentrations might be
depleted at a lesser rate than DMn. Owing to the very changeable deep ocean
currents in this study area, the NBP that we sampled was an effluent cloud that
dispersed in all directions and may be several hours or even days old. Because Mn
does not tend to form colloidal phases in hydrothermal plumes (Sands et al., 2012;
collidal = 0.1 - 0.4 pm) and is not complexed by organic ligands, it will be oxidised
and not remain in the effluent for as long as stabilised DFe (Fitzsimmons et al.,
2013). The main consequence of this result is that the stated orders of dilution
in Figures 4.3 and 4.7, which are determined from Mn concentrations, should be

considered as a maximum estimates, particularly in more diluted samples.

Colloidal (or smaller) material is not expected to settle in seawater (according to
Stokes’ settling laws; Yiicel et al., 2011), and is therefore likely to be transported
over large distances away from hydrothermal plumes by deep ocean currents. The
likelihood of further aggregation of colloidal and FeL. type complexes is low (Hon-
eyman and Santschi, 1989) due to the extremely low concentrations involved (<100
nM) as the plume disperses and particle/colloid concentrations decrease (Field and
Sherrell, 2000). This stabilisation of DFe in the NBP is clearly important to the

transport of Fe and the significance of hydrothermal plumes as a source of Fe to
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Figure 4.8: Dissolved Fe plotted against vent fluid concentration in seawater
(ppm) in the neutrally buoyant plumes for E2 (filled black circles) and E9N
(unfilled blue circles). The dilution is based on dissolved manganese, which is
often used as a conservative tracer. The dashed line shows a regression for the
E2 samples, which tend to 8.75 nM Fe above background rather than zero as
predicted. The E9N samples showed a much higher degree of variation, which
was also found in the RT-CLE-ACSV experiments, possibly indicating more
complicated and diverse Fe speciation.
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the deep ocean. It is likely that hydrothermal vents indeed produce the lenses of
enhanced DFe concentrations that have been observed in the deep ocean (Klunder
et al., 2011; Kondo et al., 2012; Nishioka et al., 2013; Wu et al., 2011), and may also
supply large quantities of colloidal Fe to the deep ocean (Bergquist et al., 2007; Wu
et al., 2001). Interestingly, our results differ from those of Nishioka et al. (2013) in
that we see a large contribution of CFe to the DFe pool, whereas they found a large
influx of SFe from hydrothermal sources. The different observations may be due to
small differences in Fe(II) oxidation rates or vent fluid sulfide concentrations, which
control partitioning between soluble Fe(II) and colloidal Fe(III) in early stages of
plume development (Field and Sherrell, 2000). In our study area, the likely desti-
nation of stabilised vent Fe is towards the east on the Antarctic continental shelf
after movement along the circumpolar current and upwelling to the surface ocean
(Marshall and Speer, 2012). A volcanic eruption from the South Sandwich island
arc has previously resulted in pumice being transported around the entire Southern

Ocean (Coombs and Landis, 1966; Risso et al., 2002; Sutherland, 1965).

Our estimation that 7.5% of hydrothermal Fe is stabilised by Fe binding phases
is slightly higher than the 4% reported by Bennett et al. (2008). These workers
suggested that hydrothermal vents could provide 11-22% of deep ocean Fe. Since
then, attempts have been made to incorporate the hydrothermal contribution of DFe
to global oceans into numerical models (Sander and Koschinsky, 2011; Tagliabue
et al., 2010). It is important to note that to date we have little understanding
of what constrains the portion of hydrothermal Fe that is stabilised for transport
from an individual vent site. Hydrothermal fluids vary in Fe composition over more
than 5 orders of magnitude (see Figure 2.4), and other seawater constituents that
may affect Fe speciation (e.g. [HT], [HS], [DOC]) are also highly variable (and
independent of Fe) in hydrothermal environments. Future studies should aim to
scrutinise the speciation of Fe in a range of environments, with a key example being
the Rainbow site, Mid Atlantic Ridge, where fluid Fe = 24 mM (Douville et al.,
2002; c.f. this study Fe = 0.8 - 1.3 mM).
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4.5 CONCLUSIONS

We have shown that two fairly typical hydrothermal plumes contained high con-
centrations of labile Fe that was bound by ligand phases averaging 30% of the DFe
concentration or 7.5% of the total hydrothermal Fe (see Chapter 7). The two vent
sites were not statistically different in terms of K'p s+, or the ratio of L:DFe, possi-
bly suggesting that certain features of Fe stabilisation in hydrothermal plumes are
universal to typical hydrothermal systems. The complexes (along with observed
colloidal phases) are likely to remain dissolved and be available for transport into

the deep ocean.

Our results suggest that the Fe binding observed was the result of the flocculation
of hydrothermal Fe with ambient dissolved organic matter upon entry into the cold
deep ocean. In principle, this process may occur in other systems where Fe rich
water meets organic rich seawater (such as rivers). It is possible that the resulting
complexes are too weak to be detected by traditional CLE-ACSV methods, and that
the complexes are lower in concentration than total DFe, preventing detection by
the forward titration technique. Such phases may make up some of the previously
observed weak ligands, and would be present in all seawater with riverine or hy-
drothermal inputs. These processes may therefore have an enormous global impact

on Fe concentrations and biogeochemistry.

The two study sites were relatively similar in a global context, and ideally sites with
high /low Fe, sulfide, acidity, temperature and level of sedimentation should be ex-
amined under the same experimental conditions to test our hypothesis that 7.5% of
all hydrothermal Fe is stabilised. Given that the concentration of Fe in hydrothermal
fluids does not seem to depend solely on geological features (spreading rate, temper-
ature) or chemical features (J[HS™|, [H]), further measurements of Fe speciation in
various vent sites in a variety of geographical locations are required before numerical

models of hydrothermal Fe contribution to the oceans can be constrained.
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5.1 INTRODUCTION

Submarine island arc seamounts and calderas occur along all oceanic subduction
margins and many (~29 - 54%) are hydrothermally active (Baker et al., 2008;
de Ronde et al., 2001; Resing et al., 2009) accounting for ~9% of global hydrother-
mal water flux (Baker et al., 2008). Differences in the chemical composition of island
arc hosted hydrothermal venting may therefore be important when considering the
global impacts of hydrothermal activity. For example, it was recently shown that the
NW-Rota-1 volcano on the Mariana Arc (Western Pacific Ocean) vented hydrother-
mal fluids that contained 1000 times more aluminium than mid ocean ridge (MOR)
hydrothermal fluids (Butterfield et al., 2011). The understanding of such differ-
ences may serve to better constrain the oceanic cycles of several elements (Frank
et al., 2006). Unlike MOR or back-arc basin (BAB) spreading centre vent sites,
island arc hydrothermal vents often occur at depths less than 1000 m (de Ronde
et al., 2001; De Ronde et al., 2007; Embley et al., 2007). Hydrothermal island arcs
are capable of large power and chemical mass fluxes, and material can escape from
within calderas (Staudigel et al., 2004), and the buoyant hydrothermal effluent may
therefore have an important effect on productivity in the surface mixed layer of the
oceans, especially those depleted in the micronutrient iron (Fe; Boyd and Ellwood,

2010).

Island arcs can host hydrothermal activity in both volcano cones and collapsed
calderas (Baker et al., 2008). The caldera walls can be sufficiently high to trap
vented hydrothermal effluent, although this process has rarely been reported (Baker
et al., 2012; Leybourne et al., 2012; Massoth et al., 2007). While the trapping
may have an important localised effect on the chemistry of the seawater, it also
serves to provide a natural laboratory to test hypotheses about the chemical fate of
elements such as Fe, some of which may be kinetically stable in the dissolved phase
in hydrothermal plumes (Bennett et al., 2008; Hawkes et al., 2013a; Statham et al.,
2005; Toner et al., 2009; Wang et al., 2012; Yiicel et al., 2011).

In hydrothermal settings where Fe concentrations exceed hydrogen sulfide, the grad-
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ual formation of oxidised Fe oxy-hydroxide particles dominates the Fe speciation in
the plume (Edmonds and German, 2004; Feely et al., 1996; Field and Sherrell, 2000;
Sands et al., 2012). However, in island arc calderas and some MOR settings, sul-
fide may be in similar or greater concentrations than Fe, and FeS, species must be
considered alongside Fe oxy-hydroxides when considering the development of the
dispersive plume (Yiicel et al., 2011). Fe can form covalent or coordination bonds
with S, and is often found as FeS, . FeS, (pyrite) and Fe(HS)™ in natural ma-
rine environments (Luther and Ferdelman, 1993; Rickard and Luther, 1997). FeS,
has been observed in high temperature vent fluids prior to emission into seawater
(Yticel et al., 2011) and this Fe-S bond is not kinetically labile, as the Fe electrons
are in a d® low-spin configuration (Luther and Rickard, 2005; Luther and Tsamakis,
1989). Yiicel et al. (2011) therefore suggested that a significant portion (~10%)
of hydrothermal Fe may be transported in hydrothermal plumes as stable Fe(II).
Iron(IT) can also be stabilised in particle aggregations by organic matter (Toner
et al., 2009), and anoxic hydrothermal sediments may host the gradual formation of
amorphous and framboidal pyrite through reaction of FeS with excess sulfide (But-
ler and Rickard, 2000; Rickard and Luther, 1997). Hydrothermal sulfide species
may gradually oxidise in seawater and oxic sediments (Zeng et al., 2008), leading
to further production of oxy-hydroxide phases and co-precipitation of several other

elements (Chapter 6).

The balance between sulfur-bound and oxidised Fe in hydrothermal plumes will
play an important role in the eventual fate of Fe in terms of geochemistry and bio-
availability: the latter because one of the main bacterial approaches to Fe acquisi-
tion is through enzymatic reductive uptake - a process that is common for Fe(OH),
(Shaked and Lis, 2012) but not for FeS,. Iron oxides are observed to co-precipitate
with other elements in seawater (phosphorus (P), vanadium (V), arsenic (As), ura-
nium (U), rare earth elements (REEs)), and this leads to significant modifications of
ocean budgets of these elements (Feely et al., 1998; German et al., 1991). This chap-
ter details investigations to interpret the balance between Fe(II) and Fe(III) in the

Kemp Caldera water column and close to the ‘Winter Palace’ and ‘Great Wall’ vent
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sites using voltammetric techniques and concentration analyses of several elements
in various size fractions. In doing so we investigate whether the observed features
of the Fe cycle in the caldera can be attributed to the known hydrothermal venting,
and we discuss the relevance of island arc hydrothermal venting in the global Fe

biogeochemical cycle.

5.2 METHODS

5.2.1 STUDY AREA, SEAWATER PROFILING AND SAMPLING IN THE KEMP

CALDERA

The Kemp Caldera is described in Chapter 2. The caldera walls are high enough
to trap the hydrothermal effluent, and therefore the system provides an excellent
opportunity to examine the chemical fate of hydrothermal Fe, which is normally
dispersed far from vent systems along deep ocean currents (Bennett et al., 2008;

German et al., 2010).

A Seabird 4911 conductivity, temperature and depth (CTD) profiler equipped with
a light scattering sensor (LSS), reductive potential (Eh) detector and oxygen sensor
was used to conduct water column profiles of the Kemp Caldera over three research
cruises from 2009-2011 (note that in 2009 the Eh detector was not available). In
2010 and 2011 the profiler was used to collect seawater samples in 10 L. Ocean Test
Equipment (OTE) bottles guided by the real-time sensor readings. The remotely
operated vehicle (ROV) Isis was used in 2010 to collect samples of the end-member
fluids and sulfur chimneys (as described in Connelly and others, in prep.) and early
buoyant plumes (using 1.2 L. OTE bottles; referred to herein as ‘near vent’ samples).
Samples were taken at several depths in the caldera, mainly above the Great Wall
site (59.695°S, 28.352°W), but also 2 km away at a site within the caldera which did
not show any local hydrothermal activity at 59.7°S, 28.317°W. Seawater was also
sampled from inside a different caldera with very little hydrothermal activity as a

relative background sample for dissolved metals and labile Fe (see below).
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5.2.2 PARTICULATE, DISSOLVED, SOLUBLE, COLLOIDAL AND LABILE ELE-

MENT MEASUREMENTS

Dissolved and soluble Fe and Mn from CTD samples were separated and analysed
as described in Chapter 4. The near vent samples taken by the ROV Isis had
very high concentrations of Fe and Mn and were directly analysed by ICP-MS (X-
series, Thermo Fisher Scientific) after dilution (100x) in 3% HNO; containing an
internal standard of Be and In (20 ppb and 10 ppb, respectively). Labile Fe was
determined by complexation with 40 M 1-nitroso-2-naphthol (NN), as described in
Chapter 3. The labile Fe (herein Fey, ) was quantified by comparison with standard
additions of Fe in low Fe seawater and hydrothermal plume seawater, and the ionic
matrix difference did not have a significant effect on electrode sensitivity. Methods
for particulate phase digests and spectroscopic analysis are described in detail in

Chapter 6.

The method of Luther and Tsamakis (1989) was used to determine non-purgeable
dissolved (NPD) sulfide in filtered samples that had been frozen and defrosted to
room temperature. The voltammetric method was adapted as in Al-Farawati and
van den Berg (1999) for use with the voltammetric setup described in Chapter 3 (i.e.
with an Ag/AgCl counter electrode in place of the SCE electrode used by Luther
and Tsamakis). We used a deposition potential of -0.2 V and scanned from -0.2 to
-0.9 V using a square-wave modulation with pulse height 25 mV, frequency 150 Hz,

scan increment 2.5 mV. The deposition time was 120 s.

5.3 RESULTS

5.3.1 WATER COLUMN PROFILING AND ANOMALIES

The water column temperature and light attenuation profiles varied between 2009
and 2011 (Figure 5.1). The sub surface temperature (at 100 m) was up to 1°C cooler
in 2010-2011. In 2010 and 2011 a large positive anomaly (~0.1°C) occurred between
600-800 m in comparison to 2009. Deeper in the caldera (>1100 m), temperatures

1

increased by ~0.01°C yr~'. During the two sampling cruises (2010-2011), light
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Figure 5.1: Water column temperature from surface to the depth of the Great
Wall feature over the course of three years. The deeper parts of the caldera
(>1000 m) may be gradually warming and overturning the caldera water. Sub-
surface effects (~100 m) are probably due to variations in sea ice and are not a
hydrothermal effect.

attenuation anomalies were present at three depths in the caldera, at ~0 m, ~120
m and ~500 m above the vent orifices. The two deeper particle plumes (as measured
by LSS) were accompanied by temperature, Eh and Mn anomalies, and were the
result of hydrothermal venting in the caldera (Figure 5.2). The upper particle
plume coincided with increased Mn concentrations but not Eh, temperature or total

Fe anomalies. This feature was not present in 2009 (Figure 5.3). The bottom water

1 1

oxygen concentration was ~210 pmol kg™, compared with ~320 umol kg™ in

surface waters.

5.3.2 MN AND FE SIZE FRACTIONS AND SPECIATION

Total (dissolved plus particulate) Mn and Fe concentrations were highly enriched
(~100 x typical Southern Ocean concentrations of 0.1-1 nM; Bucciarelli et al., 2001)
in all parts of the caldera (Figure 5.2A) after trapping of the hydrothermal effluent.
The majority of Mn was in the dissolved phase (97.0 &+ 3.3%, mean + 1 SD) due
to its long oxidative half-life in seawater (up to 2 years; Lavelle et al., 1992). Total
Fe (15 - 30 nM) concentrations were less variable than total Mn (40 - 120 nM)
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Figure 5.2: Depth profiles of several features in the caldera. A: Mn and Fe
(total, dissolved and soluble) concentrations with depth. B: Bathymetry of
the Caldera with the resurgent cone shown at ~4 km along the profile. The
hydrothermal vent sites are marked, as is the depth of the LSS/Eh plume (as
a horizontal line). The positions of the typical cast location on and off the
hydrothermal site are indicated by vertical lines. Note that the bathymetry is
~6x vertically exaggerated. C: Light Scattering Sensor (LSS) reading with Eh
detector anomaly indicated by colour. The Eh readings have been normalised
to the reading at 500 m to correct for detector drift over the course of the CTD

casts.
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Figure 5.3: Section of light scattering sensor (LSS) readings in 2009 and 2011
plotted from the sill into the caldera over the resurgent cone to where the Winter
Palace and Great Wall vent site is located. The absolute value in volts of LSS
changes over time but the scale of an anomaly is consistent based on surface
anomalies. The LSS ranges are the same for both plots. In 2009 a large LSS
signal was seen ~100 m above the known vent sites. In 2011 this signal was much
narrower and weaker, and was lower in magnitude than the anomaly centred
around 950 m (also shown in Figure 5.2C).

above the Great Wall site, and dissolved Fe (DFe, <0.2 pum) was generally present
at concentrations of 13 - 19 nM. The majority (6.6 - 16.1 nM) of dissolved Fe was
in the colloidal (0.02 - 0.2 pm) size fraction (71.8 + 21.3%, mean £+ 1 SD) rather
than the soluble size fraction (<0.02 pum; 0.7 - 11 nM; Figure 5.2A, Figure 5.4). The
proportion of soluble Fe was higher in samples with greater influence from the known
hydrothermal vent field and in the shallower particle plume (Figure 5.2A). Colloidal
Fe made up 45 + 11% (mean + 1 SD) of total Fe. Particulate Fe concentrations
did not vary much throughout the caldera or in the measured LSS plumes (Figures
5.2, 5.4), possibly suggesting that the partitioning between colloidal and particulate
phases had reached a pseudo-steady state and that the hydrothermal vent plumes
sampled were not the principle source of Fe. A highly variable portion (9.7 - 82.2%
away from the immediate influence of the vent sites) of DFe was ‘labile’ Feyy.
The concentration of Feyy was not necessarily enhanced in the near vent samples,
whereas DFe typically showed highly elevated levels (Figures 5.4, 5.5). Of particular
note is the large increase in Fe:Mn in these samples (Figure 5.5), suggesting that

the samples incorporated more Fe-rich phases such as sediments. In the near vent
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Figure 5.4: Fe size fractions, NBP sulfide and dissolved Mn for several CTD
and near vent samples in the Kemp Caldera. A large change in concentrations
was observed between the near vent and general caldera sets - largely due to
loss of DFe; Feyy was less variable. Increased NBP sulfide was only found for
three samples, and two of these corresponded well with increases in Feyy. The
other (CTD432 N12) may be due to other metal sulfides or elemental sulfur.
A sample outside the caldera along the island arc (CTD434 N2) is shown for
comparison.

samples, the proportion of Feyy varied between 0.5 - 6.3% of DFe (four samples

measured).

5.3.3 NON-PURGEABLE DISSOLVED SULFIDE

Increased NPD sulfide above typical seawater concentrations of ~2 nM (Luther and
Tsamakis, 1989) was only detected in three samples taken very close to the vent
sources (Figure 5.4). Quantification of the signal was challenging due to the rapid
reaction of added (free) sulfide with dissolved iodide (i.e. when measuring standard

additions; Luther and Tsamakis, 1989) and the reaction of sulfide on the surface of
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Figure 5.5: Various fractions of Fe plotted against dissolved Mn. The fluid
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The Fe/Mn ratio is shown as a grey line, showing the input of additional Fe in
the near vent samples and higher in the water column.
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discarded mercury drops and dissolved mercury in the cell (Al-Farawati and van den
Berg, 1999; He et al., 2002). The NPD sulfide could therefore only be determined in
a semi-quantitative manner, and is likely to be a lower estimate of the concentration.
Using the concentration to current ratio presented in Al-Farawati and van den Berg
(1999) (2 nA/nM for 120 s deposition), the estimated concentrations detected are
plotted in Figure 5.4. Increases in NPD sulfide corresponded well with increases in

Feyy in two near vent samples.

5.3.4 PARTICULATE OXYANIONS

Elemental concentrations in the particulate phase (>0.2 um) and elemental ratios
with respect to Fe are reported and discussed in Chapter 6. In summary, P, V, As
and Mn all correlated well with Fe in the particulate phase in the caldera samples,
and the incorporation of the elements was lower in the near vent samples except
for As, which was incorporated to a greater extent. From these observations I infer
that the particles in the caldera were Fe oxy-hydroxides and not predominantly
sulfides (Feely et al., 1998), whereas close to the vents a greater variety of particles

existed.

5.3.5 PARTICLE ANALYSIS BY SEM, uXRF AND puXAFS

Close to the vent sites, large abundances of Fe, Cu and Zn sulfides were identified
by elemental ratios using SEM. Pyrite was identified (by Fe:S = 0.5) both in small
particles and in large framboidal assemblages, which were usually about 10 pym in
diameter (Figure 5.6). The elemental ratios of the (poly-) metallic sulfides were
often slightly more sulfur rich than in the mineral stoichiometry, almost certainly
due to the dispersal of very fine elemental sulfur over the entire filter membrane.
This was confirmed by X-Ray Fluorescence (XRF) mapping, which showed high
concentrations of sulfur in almost all parts of a 250 pum square analysed, while
elements which are typically bound to sulfur in particles (Fe, Cu, Zn) were only
present in distinct, larger fragments (see Figure 6.9, Chapter 6). Iron containing
particles were identified as pyrite, chalcopyrite or other poly-metallic sulfides by

comparison with spectra from Fe(II) and Fe(III) mineral standards using X-Ray
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Figure 5.6: Framboidal pyrite on filters from ~2 m above the Great Wall
site imaged by SEM. Scale bar = 5 pm. These assemblages form at various

temperatures when saturated solutions of FeS(aq) are reacted with H,S (Butler

and Rickard, 2000). Much of the other material present on the filter was siliceous
biogenic material from the water column.

Adsorption Near Edge Spectroscopy (XANES). Barium (present in barite, BaSO,)
was detected in far fewer particles than the chalcophile elements, but were common

on filters taken by stand alone pump system (SAPS) higher in the water column.

5.4 DISCUSSION

Distinct differences were found between the near vent areas around the Winter
Palace/ Great Wall vent field and in samples from higher above the site and else-
where in the caldera, particularly in the Fe:Mn ratio. This suggests that the ambient
material within the caldera was sourced from a different vent or that recent changes
(before 2010) to the nature of venting resulted in an abrupt change in fluid chem-
istry. Here I discuss the results from the near vent samples and the rest of the

caldera separately and then consider the caldera as a system in its entirety.

5.4.1 NEAR VENT FE CHEMISTRY

The Kemp Caldera vent fluids from Winter Palace/ Great Wall had low concentra-
tions of Fe (<3.9 uM; Connelly and others, in prep.) and were unusually highly

concentrated in hydrogen sulfide compared with typical vent fluids (measured at
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>10,000x Fe; Figure 2.4, Chapter 2). Hydrogen sulfide is usually present in hy-
drothermal fluids at more similar concentration to Fe (within 1-2 orders of magni-
tude of each other, Figure 2.4), which allows an excess of free Fe*™ to rise in the
buoyant plume and not be bound to sulfur (e.g. Field and Sherrell, 2000; Marbler
et al., 2010; Mottl and McConachy, 1990). This is facilitated by competition for
sulfide from more chalcophilic elements such as copper and zinc (Klevenz et al.,

2011) and the oxidation of sulfide by dissolved oxygen (Gartman et al., 2011).

The excess sulfide at the Winter Palace/ Great Wall site resulted in the super-
saturation of hydrothermal FeS by hydrogen sulfide: a process that leads to the
formation of pyrite framboids (Figure 5.6; Butler and Rickard, 2000). The intrigu-
ing increase of Fe:Mn from the vent fluids (~0.01) to the near vent samples (1-3;
Figure 5.5) suggests that hydrothermal Fe was sequestered from the vent fluids sub-
surface as sulfides, which were then re-incorporated into the system after interaction
between bottom water and hydrothermal sediments. Mn apparently remained in the
high temperature fluid, probably due to its higher solubility compared with Fe as
hydrothermal fluids cool sub-surface (Seyfried and Ding, 1993) and more conserva-
tive behaviour in the presence of dissolved sulfide (Mottl and McConachy, 1990).
Much of the Fe in the near vent samples was in the dissolved phase (average 91%,
see Appendix D; Figure 5.4), suggesting that nano-particulate sedimentary sulfide
phases as well as pyrite particles and framboids were important (Yiicel et al., 2011).
The larger reduced Fe compounds are likely to settle quickly and not be transported
into the shallower parts of the caldera (Feely et al., 1990; Trocine and Trefry, 1988),
whereas ‘colloidal’ sized phases could be transported more easily (Homoky et al.,
2011; Yticel et al., 2011). It is unclear to what extent the ROV operations led to the
re-suspension of this material, and in any case the low temperature (and resulting
lack of buoyancy) of the diffuse bottom water in question precludes the transport
of this material far from the seafloor. The question of whether this material may be
distributed around the caldera then becomes a question of time (and the longevity of
this style of venting). Fe sulfide material may be gradually oxidised in oxic seawater

(Zeng et al., 2008) but this process appears to be retarded in some hydrothermal
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systems (Yticel et al., 2011).

The concentration of Feyy did not increase to the same extent as DFe close to the
vent sites, suggesting that the sampled ‘dissolved’ nano-particulate pyrite phases are
likely ‘inert’ to exchange with NN. However, increases in NBP sulfide corresponded
well with increases in Feyy (Figure 5.4). The samples gave a peak at ~ -0.75
V (Figure 5.7): more negative than usually observed (-0.6 V) for seawater sulfide
(Ciglenecki and Cosovié, 1996; He et al., 2002; Laglera and Tovar-Sanchez, 2012;
Luther and Tsamakis, 1989). Increased pH can result in a more negative peak
potential (Ciglenecki and Cosovié, 1996), but these samples are more acidic than
typical seawater (pH measured as 7.3 near the seafloor in a diffuse vent sample; D.
Green, pers. comm.). No evidence for this unknown species was found elsewhere,
suggesting that it was not dispersed throughout the caldera. The lack of large
amounts of NPD sulfide in these samples suggests that Fe sulfide ‘ligand’ complexes
(e.g. Fe(SH)") either oxidised rapidly or were not present in this environment.
Oxidants (either O, or S%) were present in the sediment and bottom water, as
evidenced by the presence of pyrite framboids (Wilkin et al., 1996). The range of
particles found in the near vent environments in the caldera is discussed in Chapter

6.

5.4.2 CALDERA FE CHEMISTRY

Manganese and iron were both highly enriched inside the caldera, and concentrations
decreased outside (above the sill) of this feature (Figure 5.2A, Figure 5.5). Assuming
that hydrothermal inputs were the most significant source of metals to the caldera,
it follows that the species found in the caldera are similar to those which naturally
disperse from island arc environments - albeit with a greater chance of long term
intra-plume interactions. The total Fe:Mn ratio in the caldera was much higher than
the sampled vent fluids from the Winter Palace/ Great Wall vent site (Figure 5.5),
and Fe is normally preferentially lost from hydrothermal plumes due to the formation
of sulfides and the faster oxidation (and precipitation) rate of Fe (Leybourne et al.,

2012; Mottl and McConachy, 1990). This result, along with the fact that DFe did
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Figure 5.7: Several voltammograms of NPD sulfide deposited on a HMDE at
-0.2 V for 120 s. Most filtered samples from the caldera did not give an easily
measurable peak (e.g. CTD432 N19, dashed black line), but three samples gave
peaks either at the typical potential found for sulfide (between -0.55 V and -0.6
V) or at a more negative potential (-0.75 V).

not increase in the hydrothermal plumes sampled above the Great Wall site (Figure
5.2), suggests that a different (high Fe:Mn) source of hydrothermal venting exists
within the caldera. At the stations where the CTD profiles were conducted, the
caldera water was therefore apparently well mixed hydrothermal efluent from an
unknown source with additional inputs of dissolved Mn (Figure 5.2) and non-Fe
bearing hydrothermal particles such as barite (Hitch, 2012) from the known Fe-poor

vent sites.

Given the geological setting and the strong magmatic influence, it seems likely that
the unknown vent source was an acid sulfite vent site (Butterfield et al., 2011;
de Ronde et al., 2011; Gamo et al., 1997; Leybourne et al., 2012; Resing et al., 2007)
with a high vent fluid Fe:Mn ratio (e.g. up to ~18, de Ronde et al., 2001, 2005;
Leybourne et al., 2012; Massoth et al., 2003). It is possible that this vent source
exists elsewhere in the caldera, or that the vent fluid chemistry abruptly changed
between 2009 and 2010 (see discussion below), and that the previous hydrothermal
effluent remained in the water column. In either case, it seems reasonable to discuss

the Fe chemistry of the caldera in terms of Fe rich acid sulfite venting and not in
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Figure 5.8: Change in oxidation half life (t;/o; unfilled circles) and rate (ki;
filled circles) of Fe(II) with pH under the typical conditions of temperature,
ionic strength and [O,] in the Kemp Caldera using Equation 1.1, Chapter 1.
Island arc hydrothermal plumes can be 1 pH unit lower than ambient seawater,
allowing a great increase in Fe(II) oxidation half life.

terms of the Fe poor, sulfide and Mn rich venting observed.

The particulate Fe correlated well with particulate oxyanions and manganese (Chap-
ter 6), suggesting that Fe oxy-hydroxides and not sulfides dominated the particulate
phase in the caldera. Considering that hydrogen sulfide is often not present in island
arc caldera fumaroles (Butterfield et al., 2011) due to the fractionation of magmatic
sulfite to sulfuric acid and elemental sulfur, it is possible that almost all hydrother-
mal Fe in these environments is left to oxidise as oxy-hydroxide colloids and parti-
cles (Field and Sherrell, 2000) or to form complexes with dissolved ligands (Bennett
et al., 2008; Chapter 4). The oxidation of Fe(II) in such environments is likely to
be slow (up to several hours; Figure 5.8) due to the mineral acidity associated with
the dissolution of magmatic gases which persist in the plume (Resing et al., 2007),
with pH often measured a whole pH unit below ambient in acid-sulfite vent plumes
(Leybourne et al., 2012; Resing et al., 2007). The dispersal (and dilution) of plume
effluent may therefore proceed as fast as Fe oxidation (both timescales in hours), lim-
iting the amount of precipitation possible as Fe concentrations decrease and leading

to a larger portion of colloidal sized particles (Field and Sherrell, 2000).

A variable but important portion (9.7 - 82.2%) of DFe was present as Feyy, i.e.
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in kinetically labile complexes (able to bind with NN after overnight equilibration;
Figure 5.4 and 5.5). This may include flocculated colloidal material that results
from the oxidation and mixing of hydrothermal Fe with marine dissolved organic
matter (Chapter 4), but not kinetically inert compounds such as pyrite or highly
crystalline oxy-hydroxide phases. Amorphous oxy-hydroxides may be included in
this fraction, and a varying degree of crystallinity or kinetic lability could explain

the observed variability in concentration of Feyy.

5.4.3 OTHER VENT SITE OR CHANGE IN VENTING?

Hydrothermal island arcs can host wide ranges of hydrothermal activity (Baker
et al., 2008; Resing et al., 2009), often within the same caldera (Baker et al., 2012;
de Ronde et al., 2011; Leybourne et al., 2012). It can take thorough surveying
by underwater autonomous vehicle (AUV) to fully characterise the hydrothermal
emissions from hydrothermal calderas (Baker et al., 2012), and so it is certainly
possible that another vent site exists within the Kemp Caldera that has not been

discovered.

Considering the difference we observed in the water column from 2009-2011 (partic-
ularly in light attenuation, Figure 5.3), it is also worth considering that hydrother-
mal effluent found in the caldera was left over from previous Fe-rich hydrothermal
venting at the Winter Palace/ Great Wall site. In 2009 only the lower two of the
three hydrothermal plumes were observed (Figure 5.3), and the intensity of the
LSS anomaly suggested the presence of a high abundance of vent-derived particles.
From 2010 the LSS anomaly was much smaller (0.025 V vs. 0.6 V) at neutrally
buoyant plume depth (~1300 m), consistent with a lower abundance of particulate
oxy-hydroxide phases, Fe sulfides and native sulfur particles (Baker and Massoth,
1987; Baker et al., 2012). The obtained LSS increase in surface waters was com-
parable over the three cruises, confirming that variability in the sensor was not the
cause of the differences. Given the volcanic setting of this hydrothermal activity,
it is possible that in 2009 the venting was more similar to the high particulate,

metallic acid-sulfate style venting often observed in magmatically influenced island
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arc sites (de Ronde et al., 2011; Leybourne et al., 2012; Resing et al., 2007), and
that since this time the fluid reaction pathway has increased, leading to a higher
water /rock reaction ratio and higher dissolved sulfide and lower metal content in

the fluids (de Ronde et al., 2005, 2011; Leybourne et al., 2012).

The large LSS plume at ~900 m depth was first observed in 2010, possibly providing
further evidence for a massive volcanic event or the emergence of an unusual Fe poor
but particle rich hydrothermal vent site at a shallower depth around the caldera
(Figure 5.2). The plume may also be due to sediment re-suspension from the sill
of the caldera (Baker et al., 2005; Leybourne et al., 2012) and have little to do
with hydrothermalism in the caldera. The regularity with which we observed this
plume during 2010-2011 suggests that the material is small enough to avoid settling
into the caldera, or that supply of material is continuous. Investigation of the
size partitioning and elemental composition of this material may lead to important
results about its origin, but the hydrothermal particle digest method (German et al.,
1991) used in this work is not sufficiently strong to dissolve many (non hydrothermal)
mineral phases (see Chapter 6). No increase in particulate Fe was measured in
samples from this plume, so it is unlikely that this plume is composed of fresh

hydrothermal particles.

It is not possible at this time to fully assess whether the increased Fe and Mn found
in the caldera was sourced from a different vent site or the known site with different
venting, and future visits to the site should aim to further explore the caldera and

to assess changes in hydrothermal activity in the sedimentary record.

5.5 GENERAL DISCUSSION

5.5.1 FE SPECIATION IN ISLAND ARC CALDERA AND CONE PLUMES

Colloidal sized species dominated the chemistry of Fe after dispersal into this hy-
drothermal caldera, and these phases probably included a mixture of pyrite nano-
particles (Yiicel et al., 2011), oxy-hydroxide colloids (Field and Sherrell, 2000; Sands

et al., 2012) and amorphous FeL. aggregates (Hawkes et al., 2013a). Oxy-hydroxides
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were probably most pervasive considering the high concentrations of oxyanions found
in the particulate phase after further aggregation of this material. In island arc
systems, where acidity and Fe concentrations are typically high (de Ronde et al.,
2011; Leybourne et al., 2012; Resing et al., 2007), and hydrogen sulfide concentra-
tions can be low (Butterfield et al., 2011), oxy-hydroxide colloids should dominate
(Resing et al., 2007). Aggregation of nano-particles and colloids becomes less likely
as the plume disperses, and in cases where the effluent is not trapped by caldera
walls, ‘soluble’ sized Fe phases may also be important in the long term distribution

of Fe (Nishioka et al., 2013).

5.5.2 BIOGEOCHEMICAL FATE OF FE COLLOIDS

Iron associated with oxy-hydroxide and organic colloids can be utilised by photo-
synthesising organisms as a source of Fe (Chen et al., 2003; Chen and Wang, 2001;
Dehner et al., 2011; Nodwell and Price, 2001; Sugie et al., 2013), possibly because
they have mechanisms for reducing and dissolving Fe from colloidal species via ex-
tracellular processes, allowing incorporation of un-chelated, free Fe*" (Hudson and
Morel, 1990; Morel et al., 2008; Rich and Morel, 1990; Shaked et al., 2005; Shaked
and Lis, 2012). The age, speciation and size of the colloids may lead to important
controls on the bioavailability of the Fe (Chen et al., 2003; Chen and Wang, 2001;
Dehner et al., 2011; Wang and Dei, 2003), and in fresh, amorphous hydrothermal
colloids and nano-particles the Fe is more likely to be reactive and bioavailable than

in highly crystalline phases (Anschutz and Penn, 2005; Sugie et al., 2013).

Shallow island arc vent plumes may therefore provide direct Fe nutrient supply to
photosynthetic organisms. These supplies could include more labile, fresher mate-
rial than the hydrothermal input reaching surface waters from deep ocean systems
(Tagliabue et al., 2010), and may be more consistent and less periodic or climate de-
pendent than other sources of Fe such as dust deposition or sea-ice (Tagliabue et al.,
2010). The Kemp Caldera may be too deep to have direct influence on surface wa-
ters in the Southern Ocean (Figure 5.9), but other island arc hydrothermal plumes

along the South Sandwich island arc and other island arcs can be shallower than
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Figure 5.9: Depths of several reported island arc hydrothermal plumes in
depth order. Black circles are from the Mariana Arc (Resing et al., 2009),
black triangles from the Kermadec Arc (de Ronde et al., 2001), black diamonds
from the Tonga arc (Massoth et al., 2007) and the Kemp Caldera hydrothermal
plumes from this chapter are shown as unfilled stars. Representative depths of
the euphotic zone/winter mixed layer (200 m) and average MOR plumes (2250
m) are shown along with the average depth of island arc plumes in this dataset
(792 m) for comparison, showing that some island arc plumes may provide
nutrients to surface waters during spring blooms. Wind driven eddies may also
contribute to nutrient mixing (see text).

the typical winter convection cell mixed layer depth (~200 m, de Boyer Montégut
et al., 2004) and wind driven eddies may also increase vertical mixing (McGillicuddy
et al., 2007). Ventilation of the Kemp Caldera (sill depth ~850 m) from above could
lead to some influence on the shallower water column during the winter, but this is
unlikely to be investigated due to the regional coverage of sea ice during the Austral
winter and spring. Displacement of caldera water laterally will lead to export of
Fe colloids and Mn into the deeper ocean (700-900 m; Staudigel et al., 2004). De-
coupling hydrothermal inputs from sub-aerial volcanic and dust depositional inputs
along island arcs will be a challenge in assessing the importance of Fe fertilisation ef-
fects, and island arc surveys (Baker et al., 2008; de Ronde et al., 2001; Resing et al.,
2009) in the future should aim to address the influence of hydrothermal plumes on

marine productivity.
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5.6 CONCLUSIONS

Hydrothermal effluent from an island arc caldera was trapped by the caldera walls,
leading to an accumulation of the products of the hydrothermal fluid mixing with
seawater. An important constituent of this material was Fe colloids, which were
inferred to be oxy-hydroxide (nano) particles due to the co-precipitation of Fe with

oxyanions and the scavenging of dissolved Mn in the particulate phase.

Two hydrothermal systems were inferred to be present in the caldera. One was lim-
ited to near-seafloor cycling of reduced Fe-sulfide products including pyrite fram-
boids, which were the result of the large excess of hydrogen sulfide over Fe in the
vent fluids at the Winter Palace and Great Wall vent sites. This system also in-
jected high concentrations of dissolved Mn into the caldera. The second system led
to the abundance of Fe colloids found in the caldera, and was the result of more
traditional or acid sulfite style venting elsewhere or previously in the caldera. This
system led to scavenging of several elements from seawater onto hydrothermal col-
loids and particles, and may lead to increased primary production in the southern
ocean, depending on the spatial distribution of the caldera water after ventilation

into the Scotia Sea.
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6.1 INTRODUCTION

The extreme gradients in temperature, pH and oxidative potential between fresh
hydrothermal fluids and the surrounding seawater lead to a rapid precipitation
of several particulate (mineral) phases. These include anhydrite (CaSO,), barite
(BaSO,) and mono- or poly- metallic sulfides (Klevenz et al., 2011; Mottl and Mc-
Conachy, 1990), resulting in large deposits of poly-metallic sulfides around vent sites
(Fouquet, 1997; German et al., 1999). Iron (Fe) and manganese (Mn) are the only
metals easily detected above background concentrations in the dissolved phase in
hydrothermal plumes, and these elements gradually oxidise and form oxy-hydroxide
particles (Feely et al., 1996; Field and Sherrell, 2000; Klinkhammer et al., 1986).
Further dissolved /particulate phase interactions occur as the plume develops, and
these include scavenging and dissolution processes (Breier et al., 2012; Field and
Sherrell, 2000), leading to a complex mixture of hydrothermal products and a mod-
ification of several elemental concentrations in the local deep ocean water (German

et al., 1991; Trocine and Trefry, 1988).

Iron oxy-hydroxide phases can scavenge oxy-anionic elements, rare earth elements
(REEs) and dissolved organic carbon (DOC) from vent fluid water, entrained sea-
water and after deposition in sediments (Bennett et al., 2011; Breier et al., 2012; Ed-
monds and German, 2004; Feely et al., 1990; German et al., 1991, 1990; Koschinsky
and Hein, 2003; Olivarez and Owen, 1989; Sherrell et al., 1999). The co-precipitation
and scavenging of elements by hydrothermal oxy-hydroxides have been investigated
in hydrothermal plumes over a number of particle size ranges (>0.1 pum; Sands
et al.; 2012, >0.4 pm; Feely et al., 1991; Sands et al., 2012, >1 pm; Breier et al.,
2012; Edmonds and German, 2004) and in hydrothermal sediments (German et al.,
2002, 1999; Koschinsky and Hein, 2003; Olivarez and Owen, 1989). The species
scavenged by Fe oxy-hydroxides tend to be neutrally or negatively charged in sea-
water (Koschinsky and Hein, 2003) and include aqueous forms of phosphorus (P),
vanadium (V), arsenic (As), cobalt (Co), chromium (Cr), copper (Cu), lead (Pb),
uranium (U), dissolved organic carbon (DOC) and the rare-earth elements (REEs)
(Breier et al., 2012; Edmonds and German, 2004; Roth and Dymond, 1989; Trocine
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and Trefry, 1988), which settle, leading to a removal of the scavenged elements and
a control on the composition of ocean water (German et al., 2002, 1991; Koschinsky
and Hein, 2003; Trocine and Trefry, 1988; Wheat et al., 1996). Feely et al. (1996,
1994a, 1998, 1991) demonstrated that the P:Fe ratio in hydrothermal plume parti-
cles was related to ambient phosphate concentrations and may therefore serve as a

proxy for historical oceanic phosphate concentration in the sediment record.

In this chapter, the particulate concentrations of several elements (Al, P, V, Mn, Fe,
Co, Cu, Zn, As, Ba) are discussed. The samples were collected during various stages
of hydrothermal venting and the collection provided particulate distributions at the
E2 and E9N vent sites of the East Scotia Ridge and in various parts of the Kemp
Caldera. Additionally, specific mineralogy is considered in plume particles using
scanning electron microscopy (SEM) imaging and X-ray adsorption fluorescence

spectroscopy (XAFS).

6.2 METHODS

Plume detection and sampling were conducted as described in Chapter 4. Stand
Alone Pump Systems (SAPS) were also used, generally filtering > 100 L seawater
in-situ, and the filters (1 pm pore size, Whatman, 293 mm) were stored frozen
alongside the 0.2 pm pore size filter membranes (45 mm) from the Ocean Test
Equipment (OTE) bottles. Quarter of each SAPS filter was digested for analysis,

while half filters were digested for the 0.2 pym filter membranes.

6.2.1 DISSOLVED PHOSPHATE ANALYSIS

Samples were collected directly from the OTE bottles through a length of PTFE
tubing into a glass bottle (250 ml) avoiding inclusion of air bubbles. 2.5 ml of
sample was removed and 50 pl of mercuric chloride was added to poison the sample.
The glass bottles were sealed with air-tight plastic (Parafilm M, Alcan Packaging),
stored at room temperature and analysed using a QuAAtro nutrient analyser (Seal

Analytical) on shore.
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6.2.2 PARTICLE DIGESTION

In order to fully digest marine particles and sediments, samples are typically heated
in mixtures of HNO4, HCIO, and HF (German et al., 2002; Marsh et al., 2007,
Trocine and Trefry, 1988). This ensures complete digestion of recalcitrant materials
such as aluminosilicates. In the study of hydrothermal plume particles however,
some of these background materials are not of interest, and researchers have delib-
erately used less extreme digestion methods (e.g. conc. HNO; reflux; German et
al., 1991) in order to dissolve only the fresh hydrothermal precipitates. Other meth-
ods of particle analysis include the use of microwave reactors to digest material in
acid (Breier et al., 2012) or direct analysis of filter papers by X-Ray emission spec-
trometry (Feely et al., 1991) or X-Ray absorption fluorescence spectroscopy (Breier
et al., 2012; Toner et al., 2009). For this study, three acid digestion techniques were

compared using blank filters and sediment standards as described below.

6.2.2.1 DIGEST PROCEDURES

Hotplate reflux method (after German et al., 1991): Each sample was placed in
a screw-capped PTFE bomb (30 ml) with concentrated sub-boiled HNO4 (20 ml).
The acid was brought to reflux on a PTFE coated hot plate set at 150°C for three
days. The vessels were then left to cool and the acid was gradually transferred to a
15 ml PTFE bomb to dry down with the hotplate set at 100°C. In the cases when the
filter was not completely digested, an extra 10 ml concentrated sub-boiled HNO4
was added to the remaining filter material and these were left to digest for one day,
at 100°C. This additional acid was also transferred to the vessel with the evaporated
sample material. Once dry (assessed by inspection), 1 ml of 3% sub-boiled HNO; in
deionised water (MilliQ, Millipore) was added to the sample, which nearly always
contained a yellow precipitate that was assumed to be an oxidised product of the
reaction of the filter matrix with nitric acid. The solutions were diluted with a
further 3% sub-boiled HNO4 for analysis by ICP-MS (X-series, Thermo Scientific).
All 3% sub-boiled HNO4 used was spiked with Be, In and Re (20, 10, 10 ppb) for

use as internal standards. All work was carried out in a class 100 clean room in a
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combined laminar flowhood/fume cupboard.

Microwave methods (after Breier et al., 2012): digestion of samples was carried
out in a microwave (Anton Paar Multiwave 3000) using PTFE lined microwave
vessels. 10 ml of acid was added to each vessel (1: 50% sub-boiled HNO,, 2:
100% sub-boiled HNO,). The temperature was ramped to 175°C (1400 W) over the
course of 20 min, and this was sustained for 40 min. The vessels were then allowed
to cool (for 25 min) to room temperature. The solutions were diluted directly for
analysis by ICP-MS using deionised water (MilliQ, Millipore) to make solutions of
5% HNOy (i.e. 10x dilution for method 1, 20x for method 2). The internal standard
elements (Be, In, Re as before) were then added to the analysis solutions to make
concentrations of 20, 10 and 10 ppb, respectively. All work was carried out in a

class 100 clean room in a combined laminar flowhood/fume cupboard.

6.2.2.2 DBLANKS AND STANDARDS

Unused filters (0.2 pm polycarbonate, Whatman) were soaked in 10% HNO4 (analyt-
ical grade, Fisher Scientific) for 1 week and then soaked in deionised water (MilliQ),
Millipore) for 1 week, as this is the cleaning method used when collecting marine
samples. These blank filters were cut in half using ceramic scissors (pre-washed in
deionised water) and transferred to the digestion vessels with acid cleaned PTFE
tweezers. Certified reference material (HISS-1 marine sediment, NRC Canada) was
weighed into clean, dry glass vials and transferred into other digestion vessels for

simultaneous treatment.

Ten elements (Al, P, V, Mn, Fe, Co, Cu, Zn, As, Ba) were analysed due to their
importance in understanding hydrothermal plume and deep ocean background par-
ticles (German et al., 1991). The mean (x) and standard deviation (SD) of the blank
(acid washed) filter are presented in Table 6.1, normalised to the concentration in
a 1 ml solution. This normalisation is to account for the varying dilutions used for
analysis. The limit of detection (LoD) is shown as three times the standard devi-
ation, and this is also stated in terms of the LoD value (in picomoles per litre) in

a seawater sample where 10 litres of water is filtered (the most commonly filtered
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Table 6.1: Filter digest blank concentrations. LoD = Limit of Detection for
10 litres filtered seawater. Typical dilution from digest solution = 20x.

Method Al P \Y Mn Fe Co Cu Zn As Ba
Hotplate x (ppb) 23.7 20.7 0.08 0.00 13.5 0.00 0.49 52.7 0.58 0.00
reflux SD 15.7 152 0.10 0.12 7.32 0.01 049 14.8 0.33 0.80
100% HNO4 LoD (pM) 347 294 1.19 136 784 0.14 456 135 2.67 3.49
microwave x (ppb) 10.7 55.9 0.07 1.09 15.8 0.04 0.18 4.72 0.00 0.58
100% HNO5  SD 30.6 12.1 0.04 1.10 11.2 0.02 0.24 3.18 0.11 0.35

LoD (pM) 679 234 0.49 121 120 0.18 2.19 28.9 0.90 1.52
microwave x (ppb) 108 19.2 0.23 0.97 484 0.07 1.61 68.7 0.36 3.39
50% HNO, SD 134 N/A 0.09 0.69 10.3 0.05 2.21 689 0.66 1.24

LoD (pM) 2970 N/A 1.12 7.49 111 0.49 204 626 5.28 5.41

volume).

The limits of detection obtained were generally below the obtained background
seawater and hydrothermal plume concentrations (see below), except for Zn and
As. HISS-1 reference material was also analysed by the three methods. The mean
and standard deviation of analysis are presented in Table 6.2 and the % of certified

value (where available) is shown in Table 6.2.

The hotplate method (German et al., 1991) only digested ~52% of Fe from a marine
sediment sample, and considerably less Al (~12%). This is likely to be due to the
necessity to use HF to dissolved aluminosilicate material. Apparent contaminations
for Zn and As were much larger in scale than for the blank filters (note 1000x dilu-
tion for analysis of standards in comparison with 20x for blank filters), suggesting
that some part of the handling process of these sediment standards was the source
of this error. The large dilution of these digests for analysis and very low concen-
tration of these elements may have led to the apparent high recoveries. Zinc was
problematic in general, and the blank filter contribution to the background samples

was very high (Table 6.3). The microwave methods performed better for Al, and
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Table 6.2: Certified reference material (HISS-1) recoveries for the three digest
methods. B.D. = below detection limit. Typical dilution from digest solution

= 1000x.

Method Al \Y Mn Fe Co Cu Zn As

Certified 7300 6.80 66.10 2500 0.65 229 494 0.80
Hotplate x (ppb) 857 3.85 339 1290 0.39 096 875 1.19
reflux SD 388 019 327 674 002 029 301 034
100% HNO4 % certified 11.7% 56.7% 51.2% 51.6% 59.8% 41.9% 177.0% 149%
microwave x (ppb) 1786 5.29 50.6 1915 B.D. B.D. B.D. 1.38
100% HNO4 SD 584 0.54 11.5 286

% certified 24.5% 77.8% 76.5% 76.6% 173%
microwave x (ppb) 1814 4.16 349 1380 B.D. B.D. B.D. 046
50% HNO, SD 433 037 8.63 222

% certified | 24.9% 61.1% 52.8% 55.2% 57.6%

the 100% HNO; digest typically dissolved ~77% of sediment Fe. All three methods
are likely to dissolve relatively labile, freshly formed hydrothermal phases (Edmonds
and German, 2004; German et al., 1991), but a more appropriate reference material
for hydrothermal products would be most useful. In this study, the hotplate method
was used in order to conform to the most relevant literature (Edmonds and German,
2004; German et al., 1991; Sands et al., 2012) for the best comparison of results. All
values obtained should be considered as minimum estimates of ‘total particulate’
concentrations, and best estimates of ‘total hydrothermal particulate’ concentra-
tions, after subtraction of background concentrations (as measured off-site; Table

6.3).

6.2.2.3 BACKGROUND SAMPLES FROM THE EAST SCOTIA SEA

Samples were taken from two depths at the background station at 59°40.898 S,
33°06.181 W (see Chapter 4) and in the vicinity of the hydrothermal vents above
the plumes (e.g. at 1000 m depth). In total, five background samples were digested
and the results averaged (Table 6.3).
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Table 6.3: Background seawater particulate concentrations. The total error
is calculated as the square root of the sum of squares of the blank error and
average background error. Only the blanks from this particular sample set (n
= 4) are used for this calculation.

Al P \Y Mn  Fe Co Cu Zn As Ba
nM oM pM oM oM pM pM pM pM pM

1 ml solution | 3,941 1,566 9,196 374 2933 1,500 76,700 19,523 1,793 352,824
SD 108  63.2 496 345 96.2 943 5,608 13,579 147 38,809
Total error 590 271 590 36.1 488 238 22,404 21,8271295 39,524
Seawater 079 031 1.84 0.07 059 030 153 390 036 70.6

+ total error | 0.12 0.05 0.12 0.01 0.10 0.05 4.48 43.7 0.06 7.90

Large errors are associated with the Zn measurement, which was similar in con-
centration in the blank and background sample digests. Arsenic is present in low
concentrations in seawater particulates (pM levels) and the limit of detection is
shown alongside data later. Hydrothermal particulate Fe concentrations are easily

distinguished from background concentrations of ~0.6 nM.

6.2.2.4 SAMPLE ANALYSIS AND CALCULATION OF TOTAL ERRORS

Particles were collected by filtration of 10 L of seawater through acid cleaned 0.2
pm pore size polycarbonate filter membranes (Whatman), which were folded in half
and frozen at sea, and defrosted in a laminar flow hood on shore. The filters were
cut in half using ceramic scissors and one half was digested in concentrated HNO,
for three days at 150°C on a PTFE coated hotplate, as described above (German
et al., 1991). The other half of the filter was set aside for spectroscopic analysis (see
below). Digested samples were dried down, solvated into 1 ml 2% HNO, solution

and then diluted 30x for analysis. SAPS samples were diluted ~200x.

Total errors for samples (which have the background particulate concentrations sub-
tracted) are calculated as Ep = ﬂE%l —I—EJQBG —i—E%), Ep; is blank error, Egq is the
subtracted background error (Table 6.3) and Ep is the percent error in the result

based on the variability of the background samples.
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6.2.2.5 PRACTICAL CONSIDERATIONS

The hotplate method is by far the most time consuming, taking roughly 1 week
(~20 samples) and involving the most steps (and presumably the most potential
for contamination and human error), whereas the microwave methods take less than
one day for 16 samples - making them very useful for large numbers of samples. The
microwave digest using 100% HNO, appeared to be the most effective in terms of
digesting the filters: no filter pieces were recovered after the digestion. The presence
of filter pieces after digestion in the other methods is concerning as some ions may
absorb onto the surfaces, leading to a lower and inconsistent recovery of material.
Filter remains from several hydrothermal samples were left to soak for two days
in 3% HNO,, to test this effect, and the resulting solution contained <2% of the
recovered material for all elements studied except Cu (2.7%), As (3.2%) and Ba
(3.4%).

Enhanced levels of major ions in samples can have a large effect on the ICP-MS
measurement due to signal reduction when major ions absorb plasma energy. For
this reason, several internal standards are typically added and the signal intensities
corrected based on an interpolation of the reduction of signal (corrected to mass
of the ion). Figure 6.1 shows an example analytical run, where one hydrother-
mal filter sample reduced the magnitude of the ICP-MS response (compared with
ICP-MS standards) by over 60%. The background filters, taken from clean (non-
hydrothermal) seawater give much less signal suppression, this may be due to the
different (lower) composition of some ions, or the suppression of signal may be a
cumulative effect over the course of the run - however, we would expect to see
a slower return to normal signal magnitude for the CRM samples if this were the
case. The interpolation of signal reduction and resulting correction is uniform across
the atomic masses of interest - Be (9 amu), In (115 amu) and Re (186 amu) have
very different masses and show very similar profiles - but the accuracy of the results

after signal correction may be reduced by this effect.



102 Chapter 6. Particulate phase geochemistry

120%

100% (DRI 8 CRM PR o
A A A \. - g ’: ] ’r I£<—~—-~__,_,M-_:“(-‘WA PANVLNN

80% Y
Standards CRMs Standards a—pmpe
60% ]
Background ==l=n
filters

40%

Hydrothermal
filters

20%

% response compared with first sample

0%

Figure 6.1: Internal standard drift on the ICP-MS during a typical run of
samples. ICP-MS response can be significantly reduced by the sample matrix
in filter digests. The return to signal response for a CRM during the run shows
that the instrument did not suffer from drift in this run, and the consistency of
signal reduction for the three internal standard elements shows that reduction
is the same for all analytes of interest (e.g. Fe).

6.2.3 INDIVIDUAL PARTICLE ANALYSIS

Scanning Electron Microscopy (SEM; model LEO 1450VP), micro focussed X-Ray
Fluorescence (uXRF) and micro focussed X-Ray Adsorption Fluorescence Spec-
troscopy (uXAFS) (Diamond Light source, Oxfordshire; Mosselmans et al., 2009)
were used to examine several filters from each site (frozen at sea and defrosted in
a laminar flow hood on shore) that were heavily loaded with particulate material
from the buoyant plume (i.e. near vent samples taken by Isis. The SEM was also
used to examine several SAPS filters from each site (some from the neutrally buoy-
ant plume) for mineralogical description. The SEM was equipped with a Princeton
Gamma Technology (PGT) light element Energy Dispersive X-Ray (EDX) micro-
analysis system for elemental analysis. Particles were identified using a backscatter
display (also incorporated in the SEM), and spectra were collected over a period
of 120 s. Three filters were successfully analysed by XAFS at the Diamond Syn-

chrotron: two from the Kemp Caldera and one from E9S, a vent site located ~500
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m south southeast of EON with similar chemistry (James et al., in prep.). The filter
samples were set into resin and mounted (sample side down) onto quartz slides, at
which point the set resin and polycarbonate filter were ground down to expose a flat
surface of sample mounted on quartz with no filter visibly remaining. Low-energy
uXRF maps (for S, Si) were measured using a 2x3 pm beam (total map size 250 x
252 pm) by a silicon drift detector with a helium-filled bag surrounding the sample
and detector to avoid X-ray signal adsorption by air. High-energy maps (for Fe, Cu
and Zn) and pXAFS were measured using a 2x3 pum beam (total map size 300 x 300
pum) by a Ge detector in air.

6.3 RESULTS

6.3.1 ELEMENTAL RATIOS
6.3.1.1 PHOSPHORUS AND VANADIUM

Phosphorus (P) and vanadium (V) both correlated well with Fe in all data sets.
Differences were seen between vent sites (E2, EON, Kemp Caldera; Figure 6.2), and
from one year to the next in 2010 and 2011 (Figure 6.2 and 6.3). Some differences
were also found between the SAPS samples (1 pm pore sized filters) and the samples
filtered on board from the OTE bottles (0.2 pm pore sized filters), particularly for
P. The obtained ratios of P:Fe and V:Fe are shown in Table 6.4 along with the ratios
predicted by the trends discussed in Feely et al. (1998) and Edmonds and German
(2004); see discussion. Some of the P:Fe ratios were highly variable (low R? values;
Figure 6.2), but all correlations were accepted at the 0.01 significance level, except

from the Kemp Caldera in 2010, with only three data points.

6.3.1.2 OTHER OXYANIONS: CHROMIUM AND ARSENIC

Chromium (Cr) concentrations were only above the detection limit at E2 (Figure
6.4A-B), and Cr:Fe averaged 0.94 pM/nM in the plume and 0.37 pM/nM in all
(plume + near vent) samples. It appeared that less Cr per Fe was incorporated in
samples closer to the vents (Figure 6.4B). The obtained Cr:Fe ratio in the plume
was intermediate to that found by at TAG (0.5 pM/nM; German et al., 1991) and



104 Chapter 6. Particulate phase geochemistry

Table 6.4: Selected element to Fe ratios for the three sites over 2010-2011.

E2 | EON 2010 EON 2011 | KC 2010 KC 2011
P:Fe (nM/nM) 0.19 0.29 0.55 0.36 0.41
Predicted ratio 0.15 0.16 0.16 0.17 0.17
V:Fe (pM/nM) 2.3 2.9 2.5 2.2 4.6
Predicted ratio 3.5 3.4 3.4 3.2 3.2
Mn:Fe (nM/nM) | 0.043 0.15 0.09 0.16

the East Pacific Rise (1.3 pM/nM; Feely et al., 1994a). Arsenic to iron ratios varied
greatly between sites and years (Figure 6.4C-D), and tended to be similar to or lower
than previous measurements at the East Pacific Rise (Breier et al., 2012; Feely et al.,
1994a). Several samples contained less As than the limit of detection (3¢ of average

blank), and this level is shown in Figure 6.4D.

6.3.1.3 MANGANESE

Manganese to iron ratios are presented in Figure 6.5 and Table 6.4. At E2, the
Mn to Fe ratio was lower (0.043) than at EON and the Kemp Caldera (0.15-0.16).
The Mn:Fe ratio did not change in the plume samples between 2010 and 2011 at
E9N, whereas at the Kemp Caldera the few samples taken in 2010 had slightly lower
Mn:Fe ratios (0.09).

6.3.1.4 COBALT, COPPER, ZINC, BARIUM AND ALUMINIUM

Cobalt (Co) and barium (Ba) both correlated well with Fe in the plume samples
(except Co in the Kemp Caldera; Ba was not measured for the E2 samples), whereas
copper (Cu) and zinc (Zn) showed weak correlation (Figure 6.6). These elements are
typically present in poly-metallic sulfide particles (Co, Cu, Zn) or barite (Ba) and
may be co-diluted with Fe in the buoyant plume, subject to differential settling or
dissolution (German et al., 1991; Trocine and Trefry, 1988). Particulate aluminium
was rarely found above 5 nM (data not shown), but as explained previously, the
digest method employed was not sufficiently strong to fully digest aluminosilicate

material (German et al., 1991).



6.3. Results 105

6.3.2 PARTICLE MINERALOGY & COMPOSITION BY SPECTROSCOPY

6.3.2.1 SEM IMAGING

A large range of particles was present on filters taken from the three study sites, with
sulfides and barite dominating the near-vent samples taken by Isis (filtered through
0.2 pm filters; Figure 6.7), and background siliceous material dominating the 1.0
pum SAPS filters taken higher in the water column (Figure 6.8). The hydrothermal
particles found on the SAPS filters were barite, Fe oxides and silicates, in order of
abundance. A higher abundance of sulfide particles was found on SAPS filters taken
in the buoyant plumes. The barite particles showed a marked difference as the plume
dispersed, becoming smaller, smoother and rounder with dispersion (Figure 6.7 and
6.8). It was noted that the barite particles showed up much brighter than other
particle types (particularly sulfides) by optical backscatter, and therefore were more
easily identified and perhaps preferentially selected for analysis. Most of the sulfide
particles (Zn, Fe, some Cu) were small, often only slightly larger than the pore
holes on the filter being examined. Fe oxides and silicates (identified by presence
of Fe (and Si) and lack of S) were usually conglomerates of smaller particle units,
as previously reported (Feely et al., 1990; Nelsen et al., 1987). Silicates and mixed
phases (containing Si, Mg, Ca, Fe, Zn, Ti, S, organic matter) were present on all
filters, particularly in the near vent samples. Globules of elemental sulfur were
occasionally found at all three sites (Figure 6.7F), but at the Kemp Caldera fine
particles of elemental sulfur were present on all parts of the filter, as evidenced by

high S:Fe or S:Zn stoichiometry (e.g. >2) in particles identified as sulfides.

The E2 and E9N/E9S filters were fairly similar in the variation and nature of par-
ticulates - no differences could be established due to the small sample sets and
differences in sample depths, sediment incorporation and filter volumes. The Kemp
Caldera filters were remarkably different in that they contained pyrite framboids
(Chapter 5) and were often dominated by elemental sulfur (Figure 6.9). Most parti-
cles present were less than 3 pm in diameter, i.e. smaller than the size of the micro

focussed X-Ray beam at the I-18 beamline at the Diamond Light Source.
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Figure 6.2: Background subtracted particulate P vs. Fe plots for the three
sites. All data are shown in the left panels, and samples away from the im-
mediate influence of the vents are shown in the right panels. In cases where
anomalous samples are not used in a regression, the data points are shown as
unfilled symbols. The dotted black lines show the predicted P:Fe ratios (see
main text). In these figures, the error bars for the analysis are also shown (see
main text). For clarity, these are not shown in the other figures in this chap-
ter - errors are usually within the size of the data point. For E9N, regressions
are shown for the 2010 and the 2011 data separately. For the Kemp Caldera in
2011, two regressions are shown (all data and filled data points only). The CTD
bottle and SAPS data point shown within a dotted ellipse were taken from the
same depth at roughly the same time (in 2010). The other SAPS sample was
taken in the large particle plume at 930 m depth.
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Figure 6.3: Background subtracted particulate V vs. Fe plots for the three
sites. The predicted V:Fe ratios are shown as black dashed lines. The CTD
bottle and SAPS data point shown within a dotted ellipse at Kemp were taken
from the same depth at roughly the same time (in 2010). See Figure 6.2 for

legend.
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Figure 6.4: Background subtracted particulate Cr (A-B) and As (C-D) vs.
Fe. Data from all three sites over both years are shown in the same plots. All
data are shown in the left panels, and the samples away from the immediate
influence of the vents are shown in the right panels. The dotted lines show the
ratios presented in German et al. (1991) (TAG!), Feely et al. (1991) (TAG?,
Juan de Fuca?), Feely et al. (1994a) (EPR3) and Breier et al. (2012) (EPR*).
The red dashed line in D shows the limit of detection for As.
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Figure 6.5: Background subtracted particulate Mn vs. Fe plots for the three
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Kemp were taken from the same depth at roughly the same time (in 2010). See
Figure 6.4 for legend.
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Figure 6.6: Background subtracted particulate Co (A-B), Cu (C-D), Zn (E-F)
and Ba (G) vs. Fe. Data from all three sites over both years are shown in the
same plots. All data are shown in the left panels, and the samples away from
the immediate influence of the vents are shown in the right panels. For Co, a
trend is shown for each site individually and for Ba a combined trend for E9N
and the Kemp Caldera is shown. No trends are shown for Cu or Zn as these
elements did not co-vary in consistent ratios with Fe.
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6.3.2.2 XAFS ANALYSIS

Four filters (one from E2, one from E9S, two from the Kemp Caldera) were selected
for area analysis by XRF and point analysis by XANES at the Diamond Light
Source (Oxfordshire). They were chosen due to the abundance of hydrothermal
particles based on the SEM work. At the light source, no areas with sufficiently
high particle concentrations were found on the E2 filter, and the two filters from
the Kemp Caldera were similar, so only one is described here. The differences
found by XRF over a ~0.3 mm? area confirmed the conclusions of the SEM work:
sulfur was more abundant on the Kemp Caldera filters (Figure 6.9), and was not
necessarily associated with metals (Fe, Cu, Zn) although these metals were found
in several particles. Metals were much more enriched on the E9S filter (Figure
6.9A), consistent with the SEM observations and the more metal rich vent fluid
compositions at the ESR sites compared with the caldera (Connelly and others, in
prep.; James et al., in prep.). Particles <3 um in size only represent one pixel on
the XRF maps, and particles much greater in size were selected for XANES analysis

and were compared with Fe standards, as indicated in Figure 6.9.

6.4 DISCUSSION

A mixture of phases was observed in the near vent samples and plume samples both
by spectroscopy and by examination of the elemental composition of bulk digests.
The samples were predominantly taken in close vicinity of the vents (<1 km) in com-
parison to many other studies, which sampled much larger dispersive plumes, often
averaging material from several vent sites (e.g. Edmonds and German, 2004; Feely
et al., 1996, 1991). Other vent plumes (particularly along faster spreading ridges)
also typically contain much higher concentrations of particulate Fe (Feely et al.,
1996), facilitating bulk digest analysis and distinction from background particulate

matter.

In this discussion, I consider the distribution of several elements in the three systems
studied and reflect on what can be learned about their behaviour in hydrothermal

vents in back-arc and island arc settings. The elemental ratios of the near vent
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Figure 6.7: Typical particles filtered from Isis OTE bottles. A-B: Fe/Zn sulfide
honeycombe structures (scale bar 20 pm). C: Fe sulfide cluster, D: Zn sulfide
cluster, E: rough barite particle, F: elemental sulfur, (C-F taken from the same
filter at E2, scale bars 10 pm).
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Figure 6.8: Typical particles found on SAPS filters. A: Siliceous (non-
hydrothermal) material at 2375 m depth (~225 m above vent orifice, E2 2010).
B: Chalcopyrite particle (in centre) at 2385 m depth (~15 m above vent ori-
fice, EON 2011). C, D and E: Fe oxy-hydroxide particle, silicate particle and
smoothed barite particle (respectively) at 1413 m depth ( 10 m above vent ori-
fice, Kemp Caldera, 2010). For scale, the pore holes are machined to 1 um
diameter - note larger scale in A. Siliceous material dominated the filters.
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Figure 6.9: XRF maps for A: Isis 142 (E9S) and B: Isis 152 (Kemp Caldera).
Maps obtained with a high energy beam are shown along the top rows (300 pm
square) and with low energy along the bottom rows (250 pm square, position
indicated on the top row with a white square). The signal intensity ranges
are the same for both sets of maps, but due to repositioning of the filters and
adjustments to the beam the intensities are not quantitatively equal. However,
zinc (high energy) and sulfur (low energy) give reasonably similar intensities
between the two filters, allowing good comparison of the intensities of the other
elements. For example, the Fe signal is clearly more intense on the filter from
E9S (A), whereas sulfur is equally or less intense. 1: Fe oxide, 2: Poly-metallic
sulfide, 3: Fe silicate, 4: Elemental sulfur; as determined by XANES analysis.
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samples taken by Isis are not generally discussed further as the ROV operations
clearly led to the inclusion of sedimentary phases into the bottles (as evidenced
by the presence of sedimentary pyrite framboids in some samples in the Kemp
Caldera) - so elemental ratios in these samples do not necessarily reflect natural

plume processes.

6.4.1 PHOSPHORUS AND VANADIUM
6.4.1.1 PREDICTED RATIOS BASED ON DISSOLVED PHOSPHATE

Dissolved phosphate (POZ_) is depleted in surface waters as it is consumed as a nu-
trient, and is re-mineralised in deep waters after sinking and dissolution of organic
matter. The deep ocean concentration of dissolved phosphate is related to how
recently the water was ventilated at the surface, meaning that concentrations are
lower in the north Atlantic Ocean (~1 uM; Edmonds and German, 2004) and higher
in the north Pacific Ocean (3 uM, Feely et al., 1991). The analysis of hydrothermal
plume precipitates led researchers to suggest that the P:Fe ratio in hydrothermal
oxy-hydroxides was directly related to the concentration of ambient phosphate (Feely
et al., 1991), therefore suggesting that the concentration of phosphate was the lim-
iting factor in the amount of scavenging during rapid precipitation of hydrothermal
oxy-hydroxides (Rudnicki and Elderfield, 1993). Vanadate is comparatively uni-
formly concentrated in seawater (Feely et al., 1998), and vanadium incorporation
in hydrothermal oxy-hydroxide particles was inversely dependent on phosphate con-
centration, suggesting that the vanadate ion was out-competed by phosphate during
precipitation (Edmonds and German, 2004; Feely et al., 1998). This research led to
two equations (most recently updated in Edmonds and German, 2004; Equations
6.1 and 6.2) relating phosphate concentration with V:Fe and P:Fe in hydrothermal

oxy-hydroxide particles.

P/Fe = 0.0492[PO3"] 4 0.0476 (6.1)

V/Fe = —0.0010[PO?~] 4 0.0056 (6.2)
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6.4.1.2 OBSERVED P:FE AND V:FE RATIOS AT E2 AND E9N

The obtained P:Fe and V:Fe ratios for the three sites over the two sampling cruises
are shown in Table 6.4. While at E2 the P:Fe ratio was similar to that predicted
by Equation 6.1 for many samples, several samples contained additional P (Figure
6.2) - possibly indicating a natural or contamination source of P. At EIN over both
years the trend in P:Fe was higher than predicted by Equation 6.1, increasing greatly
from 2010 to 2011 from 0.29 to 0.55 (predicted 0.16 - see phosphate concentrations
in Table 2.1). This increase was accompanied by a decrease in V:Fe (from 2.9 to
2.5, predicted 3.4 pM/nM), supporting the theory that P:Fe is preferentially incor-
porated into Fe oxy-hydroxides, or suggesting that additional (non V-containing)
sulfide phases were sampled in 2011 and that the additional P was the result of a
different P-containing mineral (Resing et al., 2007). Sulfides are in many instances
not found above the first few metres of plume rise (German et al., 2010) as they tend
to be larger and settle more quickly (Trocine and Trefry, 1988), but some workers
have reported the distribution of sulfur or sulfide phases throughout the dispersing
plume (Breier et al., 2012; Feely et al., 1996; Resing et al., 2007; Yiicel et al., 2011).
This may be particularly important in cases where vent H,S is in large excess over
Fe (Feely et al., 1996), such as in the vent sites in this study (see Chapter 2). Some
differential settling of sulfide and oxy-hydroxide phases is still expected, so it is

unusual to find such good linear (rather than curved) correlations.

Poor analytical reproducibility is unlikely to fully explain the variability in P:Fe -
the total error (E7; Section 6.2.2.4) is usually within the size of the data points
(Figure 6.2). However, the Fe (and P) concentrations found here are considerably
lower (and closer to background concentrations and the limits of detection) than
at many other vent sites (Edmonds and German, 2004; Feely et al., 1998; Sands
et al., 2012; Trocine and Trefry, 1988), making assessment of hydrothermal (and

not background) effects more challenging.

Interestingly, the SAPS filters taken in 2010 conformed better to the predicted ratios
than the 0.2 pm filters taken from the OTE bottles in the same year and in 2011

(Figures 6.2 and 6.3). Differences in oxyanion:Fe ratios are not expected in different
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size fractions (Sands et al., 2012) and increased scavenging over the time of sample
recovery and filtration is not expected (Metz and Trefry, 1993). Also, a sample
filtered from an OTE bottle taken from the same position as a SAPS filter gave
fairly similar concentrations for P, V, Mn and Fe (Figures 6.2, 6.3 and 6.5; shown by
dotted ellipse for Kemp Caldera site), suggesting that an operational effect was not
responsible for these differences. Phosphorus concentration was the most different of
the four elements, and it is possible that whatever P-containing particulate species
increased the apparent P:Fe ratio in several samples was typically in the 0.2 - 1.0
pum size range, and that for this reason it did not settle easily (Yiicel et al., 2011)

and was co-distributed with the oxy-hydroxide phases.

Low V:Fe ratios were found at the East Pacific Rise by Breier et al. (2012), accompa-
nied by low P:Fe ratios, and in contrast with previous results of Feely et al. (1994a)
for the same region. The different analytical approach used (microwave digestion
followed by ICP-MS vs. spectroscopic analysis by X-Ray adsorption spectroscopy)
may cause some differences, but good reproducibility between the studies of Feely
et al. (1998, 1991) and Edmonds and German (2004), who used a hotplate digestion
method, suggest that the differences are more likely due to sampling strategy. The
work at mid-ocean ridges that tend to conform well to the phosphate concentration
predictions tends to be conducted over large dispersive plume areas - possibly av-
eraging material from several vent sites (Edmonds and German, 2004; Feely et al.,
1996, 1994a, 1991) and not in the close vicinity of the vents (Breier et al., 2012;
Figure 6.10).

6.4.1.3 OBSERVED P:FE AND V:FE RATIOS IN THE KEMP CALDERA

The Kemp Caldera site provided further insight into the conundrum of the increased
oxyanion:Fe ratio in hydrothermal plumes, as it is a high sulfidation vent site with
distinctly different chemistry (see Chapter 2 and 5). The particulate matter in
the caldera was highly enriched in P, with a P:Fe ratio of 0.42 (predicted 0.17).
The V:Fe ratio in the caldera was also much higher than expected at 4.6 pM/nM
(3.2 pM/nM predicted). Island arc vent sites are typically rich in magmatic gases

and the resulting hydrothermal plumes can be highly enriched in Fe and acidity
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Figure 6.10: P:Fe and V:Fe ratios plotted against dissolved phosphate and
compared with data presented in Edmonds and German (2004); Feely et al.
(1998); Sands et al. (2012) and Breier et al. (2012) (‘B’ on plots). The Breier
et al. study (2012) found lower P:Fe and V:Fe ratios than usual, possibly due
to the inclusion of several Fe containing phases (not only Fe oxy-hydroxides).
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(Leybourne et al., 2012; Resing et al., 2007). The Fe oxidation rate is lower in these
settings, leading to slower precipitation and aggregation and a large pool of colloidal
Fe (Chapter 5). The more gradual formation of Fe oxy-hydroxides via a long-lived
colloidal intermediate likely leads to a higher adsorptive surface area per amount
of Fe and the greater incorporation of surface active oxyanions, which apparently
co-precipitate with available surfaces more rapidly than typical precipitation rates

(Feely et al., 1990, 1994b; Rudnicki and Elderfield, 1993).

The balance between the rate of oxidation/coagulation and the dilution of vent
species plays a crucial role in how much of Fe oxy-hydroxide material is in the
colloidal and particulate phases at the point of sampling (Field and Sherrell, 2000).
It is likely that the samples taken in the Kemp Caldera were far from venting,
as signals (LSS, Eh) of plumes rich in Fe particles were not found at the sample
stations (Chapter 5). The particulate oxy-hydroxides present are very likely to
be aggregations of the pervasive colloids (Honeyman and Santschi, 1989) and the
incorporated oxyanions probably co-precipitated with the oxy-hydroxides during
their initial formation at venting some time previously (Metz and Trefry, 1993;

Rudnicki and Elderfield, 1993).

High P:Fe (up to 0.56) and V:Fe (up to 7.1 pM/nM) ratios have been found pre-
viously in island arc (acidic) environments (Leybourne et al., 2012; Resing et al.,
2007), and higher acidity coincided with greater P:Fe ratios (Resing et al., 2007),
although other P containing phases were suggested to exist at this site. The results
presented here suggest that a different mechanism of scavenging in these environ-
ments should be considered. It may be the case that phosphate incorporation into
oxy-hydroxides is at least partly controlled by Fe(II) oxidation rate, which is indeed
slower in the north Pacific Ocean than the Atlantic Ocean (Field and Sherrell, 2000),
and is probably the dominant control on P:Fe concentrations in island arc environ-
ments (Figure 6.11). One implication of this suggestion is that the fluid chemistry
(e.g. acidity) may have changed at EON between 2010 and 2011, when we were not
able to observe and sample the vents by ROV. Other differences in Fe speciation
from 2010 to 2011 were not apparent at E9N (Chapter 4).
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Figure 6.11: P:Fe ratio model considering Fe(II) oxidation rate as the limiting
factor rather than dissolved phosphate. Values of P:Fe from Feely et al. (1998)
and Edmonds and German (2004) are combined with oxidation rates from Field
and Sherrell (2000). Fe(II) oxidation rates for Kemp are calculated as described
in Chapter 1 (Equation 1.1) and the range of oxidation rates is shown for likely
pH deviations from ambient conditions in the Kemp plume. It is likely that
Fe-oxyhdroxides formed close to ambient pH.

6.4.2 ARSENIC AND CHROMIUM

Arsenic to iron ratios in hydrothermal plumes have not been shown to vary pre-
dictably like P or V, despite a slight difference in arsenate concentrations in the At-
lantic (~20 nM) and Pacific (~25 nM) (Andreae, 1979; Cutter et al., 2001) - in fact,
the highest As:Fe ratios reported were in the Atlantic at the TAG vent site (German
et al., 1991; Figure 6.4D). The lack of dependence of As:Fe on dissolved ambient
As(V) is probably due to variable arsenic concentrations in vent fluids (Von Damm,
1990), and due to the additional incorporation of As into sulfides (Breier et al., 2012)
which would tend to interrupt any predictable Fe:As relationship as the plume de-
velops and the oxides and sulfides fractionate through differential settling (Trocine
and Trefry, 1988). Arsenic incorporation into oxy-hydroxides was higher at E2 and
in the Kemp Caldera (Figure 6.4D), and in the case of the Kemp Caldera this may
be attributed to greater scavenging by colloids as discussed for P and V. Chromium

(Figure 6.4B) has similar concentrations to As, with very low concentrations in
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seawater (< 5 nM; Connelly et al., 2006; Jeandel and Minster, 1987) and some
(variable) enrichment in vent fluids (e.g. Jeandel and Minster, 1984; Sander and
Koschinsky, 2000), leading to unpredictable Cr:Fe ratios in plume particles. It is
therefore uncertain whether hydrothermal plumes act as a source or sink of Cr in
seawater, but the relationship found at the TAG vent site suggested hydrothermal
plumes should act as a sink for Cr (German et al., 1991). Only E2 had sufficient
concentrations of Cr for analysis, possibly indicating that the vent fluids at E2 were

more concentrated in As and Cr than at E9N.

6.4.3 MANGANESE

Manganese is an example of an element that can be scavenged by Fe oxy-hydroxides
through surface activated oxidation (Davies and Morgan, 1989). Scavenging of el-
ements onto particles is quite different from co-precipitation in the context of a
developing hydrothermal plume, and tends to lead to a curved scatter plot of the
element plotted against Fe (unlike the linear plot of oxyanions), as a greater pro-
portion of the element is incorporated into particles over time (German et al., 1991;

Rudnicki and Elderfield, 1993).

For Mn, an unusually linear relationship was obtained for the dispersing plume
particles at all three sites (Figure 6.5), and very little Mn was found in the near-
vent samples, which presumably contained a much greater proportion of sulfide
phases. The ratio Mn:Fe was 0.04 at E2, compared with 0.15 and 0.16 at E9N and
the Kemp Caldera, respectively. It is likely that the higher gas concentrations and
more reducing nature of the EIN and Kemp vent sites (Connelly and others, in
prep.; James et al., in prep.) led to increased bacterial activity at these sites (Urabe
et al., 1995), more manganese oxidation (Cowen and Li, 1991; Cowen et al., 1990),

and therefore more precipitation of Mn (Feely et al., 1996).

6.4.4 COPPER, ZINC, COBALT, BARIUM AND ALUMINIUM

Copper, zinc and cobalt are chalcophilic elements (have affinity for sulfur) and as
such are rapidly removed from solution in the early stages of mixing with seawater

(German et al., 1991; Klevenz et al., 2011; Trocine and Trefry, 1988). Copper, zinc
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and barium were all present in many particles identified by SEM and XRF on filters
taken in the near vent regions at all three sites. Limited conclusions can be taken
from the abundance of particles from E2 and E9N or E9S due to the small sample
sets and differences in exact sample environment (altitude from vents, etc.). The
filters from the Kemp Caldera were more dominated by Zn sulfides than at the
ESR sites, and the morphology of the Fe sulfides was distinct, given the presence
of pyrite framboids. Most sulfides identified by XRF were poly-metallic, containing
Fe, Cu and Zn (Figure 6.9), though Fe easily outweighed the other metals on the
E9S filter.

The chalcophile elements are not usually found in high concentrations in particles
in the dispersing plume, and are proportionally more important closer to the vent
source (Feely et al., 1994b; German et al., 1991; Trocine and Trefry, 1988). In the
three plumes studied here particulate Cu and Zn were not present at concentra-
tions higher than 5 and 30 nM, respectively (Figure 6.6), except in the near-vent
samples taken by Isis, which probably included sedimentary material (Chapter 5),
and are not discussed here. Generally, particulate Cu and Zn concentrations were
less than 2 nM (close to background levels and, for Zn, near to the limit of detec-
tion), with little dependence on Fe concentration (Figure 6.6C-F). Cobalt varied
quite linearly with Fe in the plumes, possibly reflecting additional adsorptive sink of
seawater cobalt (present at 10-50 pM; Martin et al., 1993, 1989) into particles. Co
was lower in the Kemp Caldera particles, suggesting either that Co concentrations
were lower (relative to Fe) in the vent fluids or that Co had been depleted in the
caldera due to the persistence of venting, lack of ventilation, and the low ambient

concentrations.

Barium is present in hydrothermal plumes as barite (BaSO,), usually at low con-
centrations (Feely et al., 1990; Mottl and McConachy, 1990). It is the result of the
reaction of vent-enriched barium with seawater sulfate. Barium showed good corre-
lation with Fe in the particulate phase at E9N and the Kemp Caldera (not analysed
at E2), suggesting that barite is dispersed and diluted with Fe oxy-hydroxides with-

out much fractionation by settling. These particles were all found to be common
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close to the vent sites under examination by SEM (Figure 6.7) and XRF (data
not shown), and barite was common on SAPS filters taken in the dispersing plume
(Figure 6.8), where it was generally more smoothed and rounded than close to the

vents.

If particulate aluminium was increased in the Kemp Caldera as reported for other
island arc sites (Butterfield et al., 2011; Leybourne et al., 2012; Resing et al., 2007),
then it was not readily digestible by the technique employed here (German et al.,
1991). These phases (possibly alunite, also P-containing woodhouseite) may have
settled closer to the unknown vent site (Chapter 5), while Fe and Mn oxy-hydroxides

continued to precipitate and settle more gradually.

6.5 GENERAL DISCUSSION AND CONCLUSIONS

A greater proportion of sulfide phases was present closer to the hydrothermal vents,
as these phases have lower solubility products than Fe/Mn oxides (Feely et al., 1996)
and precipitate first (Klevenz et al., 2011), settle faster (Trocine and Trefry, 1988)
and do not continue to aggregate like oxy-hydroxides (Field and Sherrell, 2000).
Cu, Zn and Fe sulfides and mixed silicate phases were common on near-vent filters
and SAPS filters taken close to vent orifices. In the Kemp Caldera, sedimentary

framboids and elemental sulfur were also sampled (Chapter 5).

After further dispersal at the ESR sites (i.e. further from the seafloor), the plumes
sampled were still a mixture of phases as evidenced by the significant inputs of differ-
ent elements (oxyanions, manganese, barium and chalcophiles) into the particulate
phase. Oxy-hydroxides were readily identified by relationship of oxyanions and Mn
with Fe, and variations in these relationships for individual samples suggests that
other phases were contributing to the concentrations of some elements. When Mn is
plotted against V, other facets of the mixture of phases sampled become more clear
(Figure 6.12) - the samples which fall on the predicted line by relationships with Fe
are presumably dominated by Fe oxy-hydroxides, whereas V rich samples are prob-
ably early stage oxy-hydroxides which haven’t scavenged as much Mn, and Mn rich

samples taken by Isis may include Mn sulfides or sediments. On larger datasets it is
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Figure 6.12: Particulate Mn plotted against particulate V at the E2 site. The
symbols are the same as in Figures 2-5, i.e. red squares are OTE samples,
black squares are SAPS samples and the red circles (plotted on secondary axes
with the same x:y ratio) are near vent samples taken by Isis. The relationship
Mn/Fe:V/Fe (Figures 6.3 and 6.5) is shown as a dotted black line.

possible to perform Principle Component Analysis (PCA) to elucidate the different
phases in a system (Feely et al., 1996), but not enough data was gathered here to

conduct such analyses.

Unlike plumes from fast spreading Pacific sites (Feely et al., 1996, 1994a, 1991) or
ultramafic (Fe dominated) vent sites (Edmonds and German, 2004; German et al.,
2010; Marbler et al., 2010), the vents sampled had smaller outputs of hydrothermal
particulate material and the plumes were accordingly smaller in volume with lower
Fe concentrations. The total Fe concentrations in the rising and dispersive plume
were lowered by high sulfide concentrations at these vents sites - particularly at
E9N. Slow and intermediate spreading ridges can host geographically isolated vent
sites with plumes that are small compared with those on fast spreading ridges,
which host a greater density of vents (Baker, 2007). The ESR hosts an unusually
low abundance of venting, possibly due to the distance of most of the spreading
axis from the subduction arc (Baker et al., 2005), and so the E2, EON and E9S
sites are particularly isolated. Due to the greater length of slow (< 40 mm yr—1)

spreading ridges, the impact that different spreading types have on global heat fluxes
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is similar, with slow, intermediate and fast spreading ridges (<40, 40-80, >80 mm
yr~1) representing roughly equal proportions of global heat flux (Baker, 2007; Baker
and German, 2004). Assuming that the generation of hydrothermal Fe particles is
related to heat flux (at least approximately), small, isolated plumes from slow and
intermediate ridge vent sites should have a similar global impact of Fe budgets to
large plumes from fast spreading centres, although the faster ridges will have a more
noticeable localised effect on oceanic and sedimentary Fe budgets (Bostrom et al.,
1969; Feely et al., 1996; Tagliabue et al., 2010). If isolated vent fields like those
on the ESR are rich in H,S or otherwise have unusual chemistry pertaining to Fe
speciation, the hydrothermally derived particulate Fe from that portion of ridge crest
(and the resulting hydrothermal sediments for that part of the ridge crest) is less
likely to conform to generalised behaviour of plume particulates. This is particularly
the case if the models are constructed based on data from plumes which average the

material of several vent sites, on faster spreading ridges.

It has been considered that the dependence of P:Fe in hydrothermal oxy-hydroxides
on dissolved phosphate concentrations could be used as a palaeo proxy for past
phosphate concentrations after analysis of hydrothermal sediments (Feely et al.,
1998; Sands et al., 2012). Our results from E2 and E9IN suggest that prior knowledge
of the type of venting (e.g. Fe:H,S ratio) may be necessary for such a proxy to be
used in hydrothermal sediments. Island arc sites such as the Kemp Caldera (this
study) and NW-Rota-1 (Resing et al., 2007) also have different (higher) P:Fe ratios,
so the proxy could only apply to certain (mid-ocean ridge spreading centre) regions.
A large portion of global Fe sediments do come from fast spreading mid-ocean ridge
axes (Bostrom et al., 1969; German and Von Damm, 2004), so with due care, this
proxy may be applied - but only where anoxic diagenesis has not led to dissolution

of sedimentary P (Poulton and Canfield, 2006; Schaller et al., 2000).

The inclusion of Fe sulfide phases into the hydrothermal plumes may explain the
low V:Fe ratios obtained in this study, but P:Fe should be decreased for the same
reason. Very acidic environments may allow the dissolution of aluminium from host

rocks and lead to the precipitation of P containing woodhouseite minerals (Resing
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et al., 2007), but this process is not expected for the (less acidic) East Scotia Ridge
plumes, where P:Fe was also found to vary from one year to the next (Figure 6.2). It
is possible that in highly sulfidic environments, such as the E9N site and the Kemp
Caldera (Chapter 2, 5), a different, more gradual mechanism for the precipitation
of Fe oxy-hydroxides via a lower concentration of oxidised colloidal particles may
lead to a greater inclusion of P (and V, As) due to the increased surface area
and adsorption time available during slow oxidation. The fluxes of other dissolved
elements (REEs, dissolved organic carbon) into particles should also be considered
in hydrothermal plumes and sediments, and greater surface areas may also lead to

greater incorporation of these species.
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Conclusions and future work

7.1 GENERAL DISCUSSION OF THE THESIS

This thesis has considered the speciation of iron (Fe) in three hydrothermal vent
environments, and I have combined several analytical approaches in order to make
a wide-ranging examination of the possible fate and biogeochemical importance of
hydrothermal Fe to the marine environment. I have further catagorised the hy-
drothermal Fe pool based on speciation, size and reactivity, allowing some assess-
ment of how much Fe may escape precipitation and settling on the ridge axis and
at island arcs, and in what form this Fe may be. Other vent sites may be investi-
gated using the same experimental approaches, and this would allow a much better
assessment of the global importance and variation in hydrothermal Fe stabilisation.
A summary /schematic of the Fe pools investigated is shown in Figure 7.1. The
different pools of Fe present in a given vent site reflect the fluid chemistry and the
chemistry of the ambient seawater. In fluids where the molar ratio of H,S to Fe is
low (Figure 2.4), less than 65% of Fe will be present as sulfides (see German et al.,
2010, Mottl and McConachy, 1990 and Field and Sherrell, 2000), allowing more Fe
to be oxidised and aggregate as inorganic and organic colloids. In this thesis I found
measureable amounts of both Fe colloids and labile Fe complexes (which I infered to
be colloidal or aggregate in nature) but the relationship between these pools remains

to be clarified (Figure 7.1, blue arrow).
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The references in Figure 7.1 are as follows: a: Mottl and McConachy (1990). The
(highly variable) ratio of H,S to Fe controls the amount of Fe precipitation as sulfides
(Klevenz et al., 2011), and exerts the principle control on the other forms of Fe. b:
Yiicel et al. (2011). A value of 10% hydrothermal Fe in nano-pyrite was found in
two varying vent environments, and this value may be globally consistent, but needs
further constraint. c-d: Hawkes et al. (2013a) (Chapter 4). At E2 and E9N, a value
of 7.5% was obtained. The remaining Fe (after sulfide precipitation) is presumed to
form oxyhydroxide colloids and particles. The relationship between the labile and
colloidal Fe is unknown. I assume here that sulfide precipitation is faster than these
aggregation processes and limits colloid and labile-Fe complex formation. e: Kondo
et al. (2012). Chemically available Fe will also bind with deep ocean ligands, given
time. These ligands are apparently widely distributed at similar concentrations in
different ocean basins (Gledhill and Buck, 2012). f: Butterfield et al. (2011). H,S
is low in island arc vent sites, limiting pyrite formation and allowing the oxidation
of Fe to colloidal phases. This value is a rough guess as we did not sample the
near vent environment for these inferred vents in the Kemp Caldera. The colloidal
budget in island arc environments should be universally higher than at mid-ocean

ridges.

Along with differences in vent fluid composition, the biggest factor in determining
the products of hydrothermal venting in seawater is the rate of Fe(II) oxidation.
This controls the capacity for absorption of surface reactive seawater constituents
and plays an important role in the balance between colloidal and particulate sized
Fe(III) particles in the distal plume. In more acidic or more oxygen limited environ-
ments, Fe(II) oxidation is slower and surface absorption appears to be increased due
to a higher colloidal budget. Magmatically influenced island arc hydrothermal vents
like those in the Kemp Caldera are important ifor understanding this effect, because
the acid rich fluids allow very long Fe(II) oxidation rates. This style of venting may
contribute around 9% of worldwide venting, so differences in the chemistry - includ-
ing the provision of more stable DFe to the oceans as colloids - are an important

consideration in calculating global hydrothermal influence on seawater.
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7.2 OUTLINE OF POSSIBLE FUTURE WORK

During the development of this work several interesting ideas have been developed
which merit further investigation. The analysis of Fe speciation in seawater by
competitive ligand exchange and cathodic stripping voltammetry is not new, but
as different environments are investigated, new and innovative approaches need to
be developed to fully explore the speciation of such a variable and important ele-
ment. In conversations with Fe speciation experts and correspondence with anony-
mous reviewers regarding the reverse titration approach outlined in Chapter 3 and
used in Chapter 4, it has become clear that further investigation of the kinetic and
thermodynamic constraints on Fe speciation in the laboratory and in-situ in natu-
ral environments would be most useful. The investigation of RT-CLE-ACSV with
other competitive ligands such as 2,3-dihydroxynaphthalene (DHN; van den Berg,
2006) and salicylaldoxime (SA; Rue and Bruland, 1995) would be interesting, as
would kinetic experiments at different competitive ligand concentrations (Gerringa
et al., 2007; Witter et al., 2000; Wu and Luther, 1995). In-situ voltammetry and

concentration analysis may also be very important tools for future research.

The speciation of Fe was investigated in two ‘typical’ hydrothermal plumes (Chapter
4) - but to fully understand and resolve hydrothermal Fe inputs into deep ocean
environments, other more extreme hydrothermal settings must also be investigated.
For example, ultramafic hosted vent sites such as Rainbow, Mid-Atlantic Ridge can
have Fe:H,S ratios as high as 24 (Douville et al., 2002) allowing a much greater flux
of Fe away from the vent site. Conversely, some vent sites have such high H,S that
all Fe appears to be incorporated into fragments and assemblages of pyrite - such as
the Kemp Caldera vent site discussed in Chapter 5. Therefore, simply multiplying
the global hydrothermal water flux by a nominal % stabilised Fe is likely to cause
systematic regional errors in any attempts to model hydrothermal inputs of Fe. The
south-eastern Pacific has the highest incidence of venting in the world due to fast
tectonic spreading rates, leading to enormous output of Fe rich fluids (Feely et al.,
1996), and these regions should be investigated with high priority when considering

the distribution of dissolved Fe from global hydrothermal sources (Tagliabue et al.,
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2010). Generally speaking going forward, hydrothermal outputs from slow and fast
spreading rates should be given equal attention for important flux measurements,
due to their apparent equal importance in heat (and possibly mass) fluxes (Baker,

2007).

Island arc calderas are often more shallow than mid-ocean ridge or back-arc basin
vent sites, and as such may have an important and direct influence on primary
productivity (Chapter 5). It would be fascinating to investigate Fe speciation in
shallow, acidic hydrothermal environments alongside measurements of primary pro-
ductivity in order to directly assess whether hydrothermal venting can truly fertilise
surface waters. Additionally, it appears that co-precipitation of dissolved seawater
constituents such as phosphate may be increased in these environments, possibly due
to the slower oxidation of Fe as a result of the increased acidity of the plume water
(Chapter 6). This effect could be further investigated (for example in laboratory Fe
oxy-hydroxide precipitation experiments) and quantified, and considerations of ma-
rine dissolved residence times of several elements may be re-considered (Elderfield

and Schultz, 1996; Wheat et al., 1996).
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Q18 the ratio of all inorganic Fe(III) species to free Fe™ (Equation (A.1).

F

[ 4 X [Fe(), )
Fe [Fe3+}

(A1)

Where [Fe(X),|' = [Fe(OH)|*", [Fe(OH),| ", Fe(OH),, [Fe(OH),| , [FeF|*", [FeF,|",
FeF,, [FeCl|*", [FeClL,|", [Fe(SO,)|", [Fe(SO,),| and [Fe(CO,)|".

Each species is in equilibrium with free iron (Fe3™) as described by an expression of

the following form (first hydrolysis product shown):

/

K

[Fe3t] + H,0 —©", Fo(OH)?t + H* (A.2)

Where )

: _ [Fe(OH)**][H"]
KFe(OH)2+ o [Fe3+][H20] (A.3)
Cancelling water (the solvent) and rearranging,
N _ [Fe(OH)**] _ K pe(omy+ (A4)
Fe(OH)** [Fe3t] [H+] '

Equilibrium constants (K) are available from the literature for these iron species
(Byrne and Kester, 1976; Byrne et al., 2005; Millero and Pierrot, 2007), and the
hydrolysis values can be adjusted to account for the ionic strength of the solution (K/;
Millero and Pierrot, 2007). At pH 7.90 (measured on the total scale), temperature
22.5°C, ionic strength 0.71 m and average seawater composition of ions (Cl™ etc.), I

calculate values as in Table A.1.

The hydrolysis products alone make up >99.99% of species at laboratory tempera-

ture and experimental pH. From this data I use a/ = 6.33 x 10° (or 1098%) in this

F

thesis.
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Table A.1: Equilibrium constants and « coefficients for individual inorganic
iron species in seawater at laboratory/experimental conditions for RT-CLE-

ACSV
Complex logK logK' Y Fe(x), ]! & Spizite Sst(;ga(;l% !
Fe3t 0.00 1.0
[Fe(OH)*" -2.18 -3.23 4.63 x 10*
[Fe(OH),| " -6.90 -6.09 5.18 x 107 67.2
Fe(OH), -13.0 -15.1 3.70 x 108 8.10
[Fe(OH),|” -22.3 -22.7 7.85 x 108 24.7
[FeF]*" 5.18 3.34
[FeF,|" 9.11 0.61
FeF, 11.9 8.81 x 1073
[FeC1)** 1.26 9.93
[FeCl,| " 2.53 1.01 x 102
[Fe(SO,)| " 2.21 4.55
[Fe(SO,),| 3.17 1.19
[Fe(CO,)| " 9.72 2.36 x 10°
oy 6.33 x 10°
Log(ag) 9.80
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Data generated with the RT-CLE-ACSV technique had to be fitted by non-linear
regression, and for this a code was written for the statistical analysis software R.
Firstly, all peak currents (i,) were normalised to the maximum obtained value in
the same titration (ip/ipmas = X) and these data were imported alongside the cor-
responding ape NNy, (=BrenN), X [NNJ?), the calculated concentration of Fexnmax

and Qp/

e The Langmuir Isotherm Here, the data is fitted to the Langmuir Isotherm
(Equation 3.7)

o Non-linear fit for one saturating ligand Here, the data is fitted to Equation
3.8 where j = 1, i.e. the ligands are equal to or greater than Feyy,.. i
concentration. As [Fe3'] can be calculated from KIFCL, (L], [Fennmaxl: RN,
and ap s (Equation 3.10), the model only has to fit K,FGL and often a factor

which scales the data in cases where 7p,q, has not been reached.

e Non-linear fit for one unsaturating ligand Here j <1 (Equation 3.11). The

parameter j is evaluated as [L|/Feyxax-

o Non-linear fit for two unsaturating ligands This fit is the most demanding on
the model, as a new unknown parameter is added (K;:_“eLz) and the polyno-
mial function to solve [Fe3'] is a cubic formula. [L,] is made to be equal
to [Fexnmax)s @8 this extra parameter can rarely be solved with only 12 data
points. Generally speaking, two ligand classes are unlikely to be sufficiently
different within the applied detection window to be successfully resolved with

NN.

The non-linear fits are assessed with a given set of parameters for the data scaling
(i.e. if ipmas is not reached), [L| and K/FeL. These are usually set to 1, Feyy ..
and a low value such as 1x10'9, respectively. The model modifies these parameters
within a small range to the best solution it can using least squares analysis, and
then increases the starting value of K/FeL. This is necessary because the range of
possible values of K/FeL cover too big a range to be evaluated by the model. The

model keeps trying to make a better fit than the last result as the starting KIFeL
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increases (i.e. smaller sum of squares of the difference between the data and the
fit) and proceeds until the next result is worse than the current fit. This approach
leaves the possibility that too low a value of K/FeL will be used when the model
finishes (i.e. if there are two solution ‘wells’” which give good fits) but in these cases
the plausibility of the result in comparison to similar samples can be considered.
Additionally, a higher value of K;eL can be set for the starting parameter to see if
another reasonable result is obtained. An example output of the model is shown in

Figure B.1.
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1 ligand fit (langmuir) 1 ligand fit (saturated)
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Figure B.1: Example output from the R model. Here, the Langmuir isotherm
fit is badly affected by the outlying data point, the 1 ligand (saturated) fit
is too steep, the unsaturated ligand fit describes the data well and the two
ligand fit is probably unnecessarily complicated. Note that the values for K/FeL
reported on the output graphs are lowered by 10 orders of magnitude for easier
mathematical manipulation - this applies to all values such as a, » which is used

F
as 0.633 instead of 10%-80.



APPENDIX C

RT-CLE-ACSV data




142 Appendix C. RT-CLE-ACSV data

UV treated Saturated FoB
[NN] uM Log[orenns]| peak X [NN] uM  Log[arens]| peak X
0.32 7202 322  0.00 1.00 8.77 3.72  0.00
0.98 869 546 0.09 1.59 9.35 4.05 0.02
1.64 935 |[1228 038 2.50 993|480 0.06
255 993 1595 053 3.32 10.37 482 0.06
4.98 10.87 5.47 0.09
3.59 10.37 20.64 0.73 6.95 11.28 618 013
5.24 10.87 23.45 0.85 957 11.69 745 019
8.20 11.45 26.58 0.98 13.29 12.18 977 031
19.64 12.59 27.05 1.00 18.58 12.59 1350  0.50
32.80 13.26 28.36 1.05 2517 12.97 17.15 0.68
48.47 13.77 27.06 1.00 39.60 13.54 2336  1.00
10 nM FoB 15 nM FoB
[NN] uM Log[orens]| peak X [NN] uM Log[orenns]| peak X
0.58 200 1.11 0.00 0.58 8.00 095 0.00
1.00 870 689 0.14 1.05 8.77 1.93 0.11
1.05 8.77 256 0.08 2.03 9.63 441 0.30
1.59 931 719 015 3.26 10.25 437 0.28
203 9.63 5.99 027 491 10.78 5.58 0.38
6.89 11.22 549 0.37
2.50 9.90  (11.14 031 9.51 11.64 | 644 044
3.26 10.25 1 7.50 0.34 13.02 1205 | 7.65 0.55
3.32 1027 113.69  0.41 18.32 1250 | 8.55 0.6l
491 10.78 110.85 0.50 24.91 1290 [10.05 0.74
4.98 10.80 1575 0.49 35.42 13.36 14.80 1.05
6.89 11.22 11.30  0.55 52.39 13.87 14.15 1.00
6.95 11.24 17.07 0.54
9.51 11.64 11.10 0.51
9.57 11.65 17.90 0.57
13.02 12.05 12.40 0.56
13.29 12.08 19.41 0.63
18.32 12.50 14.15 0.65
18.58 12.52 21.86 0.72
2491 12.90 1490 0.76
25.17 12.91 23.88 0.80
35.42 13.36 14.10 0.73
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filter amount x

E9 seawater filtered  sample Al P v Mn  Fe Co Cu Zn As Ba
ml nM nM nM nM nM nM nM nM nM nM
5000 CTD10,n12 6.48 1.52 0.0130 0.73 4.32 0.28 0.32 0.0017
10000 CTD10,n13 190 4.88 0.0093 0.26 2.95 0.09 0.28 0.0026
5000 CTD 13,n1 419 1.79 0.0171 0.63 14.1 0.0101 3.87 3.71 0.0107 0.28
5000 CTD14,n2 4.28 1.01 0.0095 0.69 3.39 0.0015 0.77 0.41 0.0015 0.21
5000 CTD14,n3 433 0.77 0.0092 0.69 3.12 0.0016 0.68 0.20 0.0003 0.20
4 5000 CTD14,n5 455 0.87 0.0105 0.66 3.17 0.0013 0.30 0.09 0.0015 0.19
E‘ 5000 CTb14,n12 3.77 1.26 0.0086 0.58 2.40 0.0011 0.06 0.28 0.0001 0.18
3 5000 CTD15,n2 237 0.77 0.0098 0.22 2.15 0.0004 0.56 0.26 0.0064 0.14
S 5000 CTD15, n2 1.60 0.0271 0.67 5.58 0.0016 1.59 0.63 0.0157 0.37
Q 5000 CTD15,n8 4.61 1.28 0.0120 0.77 4.13 0.0021 0.64 0.21 0.0042 0.23
5000 CTD15, n8 1.11 0.0133 0.74 4.77 0.0022 0.63 0.60 0.0055 0.22
5000 CTD15, n12 0.70 0.0097 0.42 4.18 0.0014 0.30 0.65 0.0013 0.12
5000 CTD15, n15 0.56 0.0038 0.37 2.03 0.0008 0.24 0.18 0.11
5000 CTD15, n19 0.59 0.0038 0.38 1.58 0.0006 0.05 0.25 0.08
1350 CTD15, n24 251 0.0356 1.20 15.8 0.0053 0.33 0.21 0.0005 0.73
L 32000 CTD12 3.12 0.39 0.0103 0.49 4.34 0.19 0.48 0.0020
S 30750 CTD14 6.33 1.07 0.0128 0.73 5.76 0.23 0.93 0.0038
C oo 1050 ISIS 140 74.0 2.5503 16.2 1260 0.3095 35.3 41.7 0.8907 0.98
g § 825 ISIS 142 38.2 0.3706 6.91 527 0.0807 112 102 0.3257 1.57
1075 ISIS 144 29.3 0.7582 14.0 414 0.0816 8.43 15.7 0.1816 2.76
5000 CTD 424, n4 0.63 0.0017 0.12 2.22 0.35 0.66 0.00
5000 CTD424,n6 4.19 1.48 0.0088 0.36 3.15 0.32 0.0039 0.11
5000 CTD424,n9 1.83 0.94 0.0088 0.42 3.15 0.13 0.0010 0.11
5000 CTD 424, n11 0.73 0.0048 0.32 1.43 0.10 0.06
5000 CTD424,n19 3.48 2.22 0.0134 0.77 5.12 0.54 0.27 0.0020 0.22
5000 CTD 424, n23 0.60 0.0040 0.35 1.37 0.07 0.10
550 CTD428,n19 4.15 6.82 0.0145 1.14 991 0.33 1.65 0.43
- 600 CTD428,n20 1.49 0.14 0.0073 0.74 4.39 0.54 0.73
%_ 500 CTD 428,n21 2.40 0.0068 0.94 456 0.55 0.36
g 600 CTD428,n22 2.66 3.62 0.0151 0.89 5.66 0.43 0.34
2 5000 CTD428,n23 1.03 1.07 0.0036 0.33 1.27 0.18 0.00 0.0005 0.09
3 CTD 426
5000 + 10 hours 5.24 230 0.0197 1.16 6.67 0.42 1.27 0.0060 0.35
5000 +12.5 hours 207 1.87 0.0134 0.76 4.15 0.24 0.0020 0.18
5000 +16 hours 2.48 2.27 0.0108 0.59 3.87 0.15 0.0002 0.09
5000 +17.5 hours 3.33 0.0135 0.73 3.84 0.23 0.18 0.0051 0.20
5000 + 19 hours 3.09 0.0115 0.68 3.67 0.20 0.0012 0.16
5000 + 21 hours 2.37 0.0121 0.71 3.71 0.17 0.0019 0.10
5000 +1.5hours 59.3 2.10 0.0081 0.48 3.12 0.22 1.39 0.0024 0.10
5000 + 1.5 hours 0.73 0.0008 0.05 0.34 0.26 0.0004
Background 0.31 0.0018 0.07 0.59 0.0003 0.02 0.00 0.0004 o0.07
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