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Abstract
Iron (Fe) is an essential trace nutrient for most known organisms due to its
important role in many enzymatic processes. It is now well established that in
many regions of the world’s oceans, the low Fe availability controls primary
production, community structure and ecosystem functioning (Gledhill & Buck,
2012). Dissolved Fe(III) levels in the oceanic surface waters are extremely low
(0.02 to 1 nM) (Vraspir & Butler, 2009) , with typically more than 99 % of
dissolved Fe(III) bound to organic ligands (Gledhill & van den Berg, 1994; Rue &
Bruland, 1995). In marine environments, under low Fe aerobic conditions bacteria
often secrete siderophores to solubilise and sequester Fe(III) as one of several
possible strategies to facilitate Fe uptake (Vraspir & Butler, 2009).
Aeolian Fe deposition is a significant source of Fe to the remote regions of the
ocean and is considered to have played a critical role in controlling the uptake of
atmospheric CO2 through oceanic biological production during geological times
(Islas et al., 2010). The fate of Fe during atmospheric transport and after
deposition at the sea surface strongly depends on the mineralogy of aerosol
particles (Kraemer, 2005). Several pathways such as thermal dissolution,
mobilisation by organic ligands and photoreduction may be involved in the
acquisition of Fe by marine organisms, often directly from particulate sources
such as mineral dust (Kraemer, 2005)
Organic ligands such as siderophores can have a strong influence on the solubility
of iron oxides due to their high affinity for Fe. In remote oceanic regions
siderophore-promoted dissolution of colloidal Fe is a critical process, as in those
waters the input of new Fe is strongly determined by atmospheric deposition of
Fe-bearing aerosols (e.g. dust) ( Borer, 2008). It has been found that siderophores
can influence iron oxide dissolution by two mechanisms, a) ligand-controlled and
b) light induced dissolution mechanisms (Kraemer et al., 1999 ;Borer et al., 2005).
It has been observed that under atmospheric conditions, the presence of
significant concentrations of dicarboxylic acids such as oxalic acid in marine
aerosols may promote ligand-controlled and photoreductive dissolution
mechanisms (Sempéré & Kawamura, 2003).
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The present study investigated the role of siderophores (DFB), oxalate and light in
the dissolution of Fe from natural dust (Australian origin) and Fe-bearing minerals
(goethite and lepidocrocite). The on-board experiments discussed in this thesis
were conducted during the New Zealand leg of GEOTRACES GP 13 southwest
Pacific Ocean cruise (2011) and the Fe Cycle III voyage (2012) in the southwest
Pacific East of New Zealand.
The results of our experiments indicated that the siderophore DFB promote Fe
oxide dissolution from minerals as well as natural dust even at ambient pH under
natural seawater conditions. The mineral dissolution experiments revealed that
even at ambient seawater pH (pH ≈ 8) Fe(III)(hydr)oxides can undergo
photoreductive dissolution in the presence of siderophores like DFB and organic
species like oxalate. While comparing the minerals goethite and lepidocrocite, the
strongest effect was observed for lepidocrocite, an intermediate phase in terms of
thermodynamic stability. It was evident that the Fe dissolution is dependent on
the type of mineral associated with the dissolution.
Additionally, the present study investigated the release of DFe and the production
of potentially both strong L1 and weaker L2-type Fe binding ligands during the
particle remineralisation process using competitive ligand exchange- adsorptive
cathodic stripping voltammetry (CLE-AdCSV) method and detected the possible
siderophore-type

compounds

produced,

using

high

performance

liquid

chromatography (HPLC) tandem muticollector inductively coupled plasma mass
spectrometry(ICP-MS)

method.

Despite

of

the

fact

that

previous

bioremineralisation experiments have observed the release of DFe and the
production of L2 throughout the experiment, we measured here, for the first time,
the scavenging of DFe and consumption of ligand during the first three days of the
Fe Cycle III bioremineralisation experiment. Although evidence had suggested that
siderophores (potential L1-type ligands) are produced during bioremineralisation,
in this study we were able to measure L1-type ligands electrochemically for the
first time. During this study, it was observed that the siderophore-type ligand
production is influenced not only by Fe limitation but also by other environmental
factors such as nutrients, bacterial abundance and community structure.
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Chapter 1. Introduction
1.1 Overview
The oceans provide about half of Earth’s primary production (Field et al., 1998). It
is now well established that in many regions of the world’s oceans, the low iron
(Fe) availability controls primary production, community structure and ecosystem
functioning (Gledhill & Buck, 2012). Therefore the oceanic Fe cycle is a critical
part of the functioning of the Earth system, as it links oceanic primary production
via carbon sequestration to atmospheric carbon dioxide concentration and global
climate. The biogeochemical cycle of Fe involves complex reactions between
lithogenic inputs, dissolution, precipitation, scavenging, biological uptake,
remineralisation and sedimentation processes (Gledhill & Buck, 2012).
Aerosol Fe represents by far the largest iron source to the surface ocean (Boyd et
al., 2005), and this deposited dust resides there for weeks (Croot, 2004). Several
new laboratory studies suggest that upper ocean microbes have adapted
specialised mechanisms for accessing iron from dust (Borer et al., 2005; Kraemer,
2005). One such utilises the joint action of siderophores and light to enable
substantial biological Fe dissolution and uptake (Borer et al., 2005;Kraemer,
2005). Moreover, it is known that siderophores such as desferrioxamine B (DFB)
and aerobactin, in the presence of light, increase the dissolution of Fe from
minerals under laboratory conditions (Paul M. Borer et al., 2005).
The aim of the present study is to investigate the role of siderophores (DFB),
oxalate and light in the dissolution of Fe from natural dust (Australian origin) and
Fe-bearing minerals (goethite and lepidocrocite) in seawater. Moreover the thesis
focuses on the release of iron-binding ligands and dissolved Fe (DFe) during the
remineralisation process of marine particles. The on-board experiments discussed
in this thesis were conducted during the New Zealand leg of GEOTRACES GP 13
southwest Pacific Ocean cruise (2011) and the Fe Cycle III voyage (2012) along
the southwest Pacific East of New Zealand. The present study is multi-disciplinary
which involved collaborations with the National Institute of Water and
Atmospheric Research (NIWA), New Zealand, the Woods Hole Oceanographic
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Institution, USA and the Department of Earth, Atmospheric, and Planetary
Sciences at Massachusetts Institute of Technology, USA.

1.2 Iron in the Ocean
Fe is an essential trace nutrient for most known organisms due to its key role in
important enzymatic processes. It acts as a cofactor for a variety of basic
metabolic processes, including photochemical and respiratory electron transfer
reactions, nitrate and nitrite reduction, nitrogen fixation, detoxification of reactive
oxygen species and sulphate reduction (Barbeau, 2006). The element Fe has a high
crustal abundance (~ 5.6%) and its compounds make up a significant proportion
of the Earth's rocks and soils (Worsfold et al., 2014). However, due to its low
solubility DFe concentrations in oceanic waters are exceedingly low. The Fe cycle
is dominated by external sources and sinks of iron, mostly in particulate and/or
colloidal forms (Hunter & Boyd, 2007). Fe is transported into the ocean by
different pathways such as atmospheric input, hydrothermal fluids, continental
shelf sediments, rivers and glacial melt in polar regions. A summary of ambient
DFe concentrations in the major reservoirs and annual flux estimates between the
reservoirs is shown in Figure 1.1.

Figure 1.1 Approximations for annual global fluxes of dissolved iron (DFe) to the
surface ocean. Riverine flux is estimated on the basis of 90% loss from estuarine
mixing. The sinking particulate flux (including scavenging) assumes a steady state
and no other significant sinks (Adapted from (Worsfold et al., 2014)).
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Fe exists in seawater primarily as thermodynamically stable Fe(III), which is
highly reactive with respect to hydrolysis, adsorption and complex formation
(Bruland et al.,2001). Under anaerobic conditions, Fe(II) is soluble, readily
available and may be taken up by anaerobic bacteria without the help of iron
chelators. However, at circumneutral pH in the presence of oxygen Fe(II) is readily
oxidised to Fe(III) and then forms refractory mineral phases which are thought to
make Fe less available for algal uptake (Barbeau, 2006). Moreover, based on
model studies, Moffet suggested that in aqueous alkaline media Fe(III)
polymerizes into amorphous Fe(III) hydroxides (Moffett, 2001). With aging, these
solids loose water and develop crystalline structures leading to two principal
products, lepidocrocite (γ-FeOOH) and a more amorphous solid, ferrihydrite
(Fe5HO8 .4H2O). Ultimately these oxyhydroxide minerals will lose additional water
with aging, and become more refractory minerals such as hematite (α-Fe2O3) and
goethite (α-FeOOH) (Cornell & Schwertmann, 2003). Overall, the hydrolysis of
Fe(III) salts in aqueous solutions can be defined as a three-step process involving
hydrolysis, polymerisation and precipitation steps. The three different classes of
species produced during this process are i) low molecular weight complexes such
as Fe(OH)2+, Fe(OH)2+ and Fe2(OH)24+ .ii) hydrolytic polymer (Fen(OH)m(H2O)x(3nm)+ or

FemOn(OH)x(3m-2n-x)+) and iii) precipitated oxides (e.g. amorphous-Fe(OH)3,

FeOOH, and Fe2O3) (Feng & Nansheng, 2000).
The chemistry of Fe in seawater is more complicated since there are many forms
or phases of Fe. The size fractionation is specifically significant since a broad
variety of Fe species exists in seawater, including nanoparticles, colloidal phases
and macromolecules (Worsfold et al., 2014). A recent study used five operationally
defined fractions of Fe such as i) soluble Fe (< 0.03 µm), ii) colloidal Fe (> 0.03- <
0.22 µm), iii) dissolved Fe (< 0.22 µm), iv) labile particulate Fe (> 0.22 µm) and v)
labile Fe (unfiltered) (Wong et al., 2006). Organic colloidal aggregates which(5200 nm) dominate the colloidal phase in the productive zones of the open ocean,
may provide numerous binding sites for trace metals such as Fe (Schlosser &
Croot, 2008). Wu and Luther found the significance of the colloidal Fe contribution
to the total Fe pool in the ocean (Wu & Luther, 1994). They observed that in the
western Atlantic Ocean, colloidal Fe contributed 20–40% of the total Fe pool in the
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top 500 m of the water column. They also suggested that the conversion of
dissolved (which may include small colloids) and colloidal Fe phases to the
particulate Fe phase with depth is controlled by colloid aggregation.

1.2.1

Iron as Limiting Nutrient

Phytoplankton biomass is remarkably consistent in carbon, nitrogen and
phosphorous (C: N: P) ratios of 106:16:1 as described by Redfield (Redfield, 1934).
Limitation of any of these elements will prevent growth, but typically
phytoplankton is limited by nitrate and phosphate availability (Pitter, 2005).
However, studies show that there are places in the ocean where nitrate and
phosphate concentrations are sufficient to support greater phytoplankton
populations. These areas are known as high nutrient low chlorophyll (HNLC)
areas because they contain excess phosphate and nitrate but less than expected
chlorophyll concentrations. Figure 1.2 shows the near surface distribution of
chlorophyll a in the global ocean.
Martin and co-workers argued that Fe was a key limiting nutrient in the oceans,
controlling biological production in the HNLC regions of the Southern Ocean, and
in the subarctic and equatorial Pacific (Martin et al., 1991;Martin, 1992). HNLC
waters comprise ~30% of the world oceans; thus the supply of Fe to the surface
waters of these regions may play a key role in regulating biological productivity,
atmospheric CO2 concentration, and climate (Martin, 1990) (Jickells et al., 2005).
The hypothesis that Fe limits primary productivity was successfully tested in the
equatorial Pacific, eastern subarctic Pacific and the Southern Ocean (Butler &
Martin, 2005) which are replete in macronutrients year round but have low
phytoplankton growth and corresponding low levels of chlorophyll (Vraspir &
Butler, 2009). Different in-situ Fe addition experiments such as, IronEx-1 (Martin
et al., 1994), IronEx-2 (Coale et al., 1996), SOIREEE (Boyd et al., 2000), Eisenex
(Gervais et al., 2002), SEEDS I (Tsuda et al., 2003), SEEDS II (Roy et al., 2008),
SoFeX North (Coale et al., 2004), SoFeX South (Coale et al., 2004), SERIES (Boyd et
al., 2004) and Eifex (Hoffmann et al., 2006) were carried out so far in these three
major HNLC regions to test the Fe hypothesis.
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Figure 1.2 The near-surface concentration of chlorophyll a (chl a) in mg/m3
observed during April 2014.
(http://oceancolor.gsfc.nasa.gov/cms/atbd/chlor_a/doc/html)

1.2.2

Organic Complexation of Iron in the Ocean

Dissolved Fe(III) levels in the oceanic surface waters are extremely low (0.02 to 1
nM) (Vraspir & Butler, 2009) , with typically more than 99 % of dissolved Fe(III)
bound to organic ligands (Gledhill & van den Berg, 1994) (Rue & Bruland, 1995).
The biological availability of Fe to marine microorganisms (bioavailability) is
closely associated with the chemical form (speciation) of Fe in seawater. In most
environments iron deficiency is not triggered by low total iron concentrations but
by low iron bioavailability (Kraemer, 2004). Thus, in the oceanic Fe cycling, the
organic complexation acts as a principal factor by controlling Fe solubility and
selective iron bioavailability (Wu & Luther, 1995). Reported concentrations of the
Fe-binding ligands in seawater (0.3–12 nM) usually equal or exceed the total DFe
concentrations (Kraemer, 2005). Conditional stability constants of the iron
complexes were determined by competitive ligand equilibration–adsorptive
cathodic stripping voltammetry (CLE-AdCSV).
The mix of natural organic ligands in seawater has been categorised into two
classes, strong and weak, according to their binding affinities for Fe. The strong
ligand (L1) predominates in surface waters and has a typical conditional stability
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constant (Kcond LFe,Fe3+) of 1022 L/mol - 1023 L/mol. The weaker ligand (L2) is more
abundant deeper in the water column and its conditional stability constant is
about 1021 L/mol. Several studies indicate that L1 is produced by heterotrophic
and autotrophic bacteria in order to aid iron acquisition (Boyd & Ellwood, 2010).
The results for conditional stability constants suggest that the L1 class may be
composed largely of siderophores (Turner & Hunter, 2001). The weak ligand class
L2 consists of organic matter degradation products (Mawji et al., 2008).

1.2.2.1

Siderophores

Siderophores are low molecular weight organic ligands that complex Fe(III) with
high affinity (Neilands, 1995) . The term siderophores is derived from the Greek,
which means “iron carriers.” They are produced by bacteria, fungi and some
monocotyledonous plants (Das et al., 2007). Several classes of siderophores have
been

identified

including

catecholate

(e.g.

enterobactin,

vibriobactin),

hydroxamate (e.g. ferrioxamine, ferriochrome) and carboxylate-type (e.g.
rhizoferrin) siderophores based on the functional groups present (Neilands,
1995).
In marine environments, under low Fe aerobic conditions bacteria often secrete
siderophores to solubilise and sequester Fe(III) as one of several possible
strategies to facilitate Fe uptake (Vraspir & Butler, 2009). The conditional stability
constants of siderophores are similar to those of the strong iron-binding ligands in
seawater. Marine siderophores can be grouped as i) the siderophores which
facilitate the photoreduction of chelated Fe(III) in natural sunlight present in the
mixed layer of the upper ocean (Barbeau, Rue, Bruland, & Butler, 2001). This
photoreactivity is provided by α-hydroxycarboxylic acid moieties, in the form of
either β-hydroxyaspartate or citric acid, ii) the amphiphilic siderophores that
contain unique peptidic headgroups appended by one of a series of fatty acid tails,
some of which induce Fe(III) photoreduction (Vraspir & Butler, 2009).

The complex desferrioxamine B was selected for the Fe dissolution studies
discussed in Chapter 3 and 4 (Figure 1.3). The free ligand desferrioxamine B (DFB)
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is

a

natural

hydroxamate-type

siderophore,

which

is

available

as

methanesulfonate (mesylate) from commercial sources. It also has been found in
seawater (Velasquez, PhD thesis 2011). Desferrioxamine is a cyclic trihydroxamic
acid that forms a 1:1 complex with Fe and it is a representative of a large number
of siderophores produced by bacteria (Gledhill, 2001).

Figure 1.3 The structure of siderophore desferrioxamine B.

1.2.3

Remineralisation of Iron from Marine Particles

The downward export of biogenic particles, also known as the biological pump,
redistributes carbon and nutrients in the ocean (Boyd & Trull, 2007). Production
of organic matter through photosynthesis consumes CO2 in the sunlit upper ocean
(euphotic zone). After sinking to deeper levels, most of the organic matter
undergoes remineralisation and this biological activity maintains atmospheric CO2
at lower levels than it would be in the absence of this sinking flux (Schmittner et
al., 2005). Thus the biological pump plays a major role in regulating atmospheric
CO2 levels (Boyd & Trull, 2007).
As shown in Figure 1.4 (Ye, 2010), in the ocean interior, the main source of DFe is
the remineralisation from sinking particulate organic matter (Johnson et al.,1997).
Here the remineralisation of DFe during the settling of biogenic particles in the
ocean is referred as bioremineralisation. The vertical profile of DFe suggests that
remineralisation of biogenic particles release Fe, and this process must be
responsible for the similarity in vertical distributions of nutrients (such as nitrate)
and Fe (Martin et al., 1989). Even though the DFe concentrations increase with
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depth in deep waters due to particle remineralisation, the increase is minimised
by the scavenging process (Johnson et al., 1997). However the vertical distribution
of Fe, which has characteristics of both nutrient profile and scavenged elements,
can be explained by the combination of active biological uptake and regeneration
together with passive scavenging (Bruland et al.,1991). Hutchins et al.
Investigated the biological Fe recycling in plankton communities and they argued
that for low Fe regimes, regenerated production via Fe recycling could be an
important component of marine ecosystems (Hutchins et al.,1993).

Figure 1.4 Schematic showing the main sources and cycle of iron in the ocean
(Adapted from Ye, 2010).
There are several mechanisms that drive the biological iron uptake including,
siderophore-mediated uptake (heterotrophic and autotrophic bacteria), direct
colloidal Fe uptake (photosynthetic flagellates) and the direct soluble Fe uptake
(i.e. reduced as Fe(II) ) (Boyd & Ellwood, 2010). The pool of particulate Fe is
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rapidly recycled by microzooplankton, viruses and heterotrophic bacteria (Boyd &
Ellwood, 2010). This cycle of rapid Fe uptake and regeneration is called the
ferrous wheel (Kirchman, 1996). Moreover, the form of released Fe may vary
greatly depending on the prey (bacteria or phytoplankton) and the regeneration
(viral lysis or grazing) (Kirchman, 1996).
As a result of particle remineralisation, Fe is released into soluble and colloidal
pools in the deep water. Moreover, recent studies revealed that in the subsurface
ocean, weak iron-binding ligands (L2) are released during the bacterial
degradation of sinking particles (Boyd et al.,2010; Ibisanmi et al., 2011). Recently
Boyd et al. compared the vertical trends of particulate Fe flux and DFe
concentrations and found a mismatch between the increases in DFe
concentrations and decreases in flux attenuation (Boyd & Ellwood, 2010), which
indicates that DFe concentration is not controlled by remineralisation alone. It
was concluded that several factors might determine the relative influence of
remineralisation and scavenging in the upper ocean (250 m). They include the
aggregation of colloidal Fe and its settling with large particles, the release of both
DFe and L2 into both, the soluble and colloidal pools from detritus during
remineralisation; fast vertical decrease of some components of the settling
particulate Fe flux; and the sorption of DFe onto the particles from which it was
previously remineralised (Boyd & Ellwood, 2010).

1.3 Atmospheric Dust as a Source of Iron
Atmospheric mineral dust enters the ocean by two mechanisms, i.e. wet and dry
deposition. Wet deposition refers to the flux of dust that has been incorporated
into precipitation and is carried to the surface of the ocean, while dry deposition
occurs when mineral dust lands directly onto the surface of the ocean (Buck,
2008). In this context, dust is defined as terrestrial sediment, sized < 100 μm,
which is transported in aeolian suspension (McTainsh & Strong, 2007). Dust
transport paths can range in scale from a few hundred metres to thousands of
kilometres, and it follows that potential dust impacts upon ecosystems can
operate over a similarly large range of scales (McTainsh & Strong, 2007).
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The dominant sources of atmospheric dust are the arid (extremely dry) or
semiarid regions of the continents (Kraemer, 2005) such as the arid regions of
North Africa, the Arabian Peninsula, Central Asia, China, Australia, North America,
and South Africa. Chapter 4 of this thesis focuses on the Fe dissolution study of
Australian dust.
Australia is today the largest dust source in the Southern Hemisphere and in the
Late Glacial Maximum contributed three times more dust to the southwest Pacific
than now. Substantial quantities of dust leave Australia in two main plumes
(McTainsh, 1989) (Figure 1.5): one that runs across the Tasman Sea towards New
Zealand and another that heads westward out into the Indian Ocean (McTainsh,
1989). The former plume is an important contributor to Tasman Sea sediments,
but dust from Australia still reaches New Zealand with some regularity. McGowan
et al.,2005 and Marx et al., 2005 traced New Zealand dust back to the Eyre
Peninsula of South Australia and western New South Wales. The Channel Country
north of Lake Eyre and the Simpson Desert have probably been major sources of
dust in arid phases. Much dust may also be derived from Lake Eyre and the
Murray–Darling plains. It was calculated by Mc Tainsh et al. (McTainsh et al.,
2005) that a large Australian dust storm can carry > 3 x 109 kg of soil containing >
100 x 106 kg Fe and transport > 10% of this over the ocean (Mackie et al., 2008).
The locations from where dust samples used in the present study were collected
are given in Chapter 4 (Figure 4.1).
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Figure 1.5 Dust paths into the Tasman Sea and Indian Ocean in relation to aeolian
landforms. Figure adapted from McTainsh, 1989.
Atmospheric Fe deposition is a significant source of Fe to the remote regions of
the ocean and is considered to have played a critical role in controlling the uptake
of atmospheric CO2 through oceanic biological production during geological times
(Islas et al., 2010). The fraction of the Fe contained in atmospheric deposition,
which is soluble in seawater and/or available to marine photosynthetic organisms
is a key determinant of primary productivity in many open ocean regions (Baker &
Croot, 2010). As proposed by Martin in 1990, the process of atmospheric Fe input
to the ocean controlling the global carbon budget and temperature over glacial–
interglacial timescales (Martin, 1990) is known as the Iron Hypothesis.

1.3.1

Mineralogy of Dust

The fate of Fe during atmospheric transport and after deposition at the sea surface
strongly depends on the mineralogy of aerosol particles (Kraemer, 2005). To be
bioavailable, Fe in mineral dust must be in an aqueous, colloidal, or
nanoparticulate form (Raiswell & Canfield, 2012). Moreover, several pathways
such as thermal dissolution, mobilisation by organic ligands and photoreduction
11

may also be involved in the acquisition of Fe by marine organisms, often directly
from particulate sources such as mineral dust (Kraemer, 2005) (Barbeau, 2006).
Generally dust consists of a mixture of minerals (clays, feldspars, metal(hydr)oxides, etc.), and typically include a variety of Fe-bearing minerals such as
Fe-oxyhydroxides (e.g. ferrihydrite, goethite), Fe-oxides (e.g. magnetite, hematite),
or phyllosilicates (e.g. Fe-containing illite or kaolinite) (Elzinga et al.,2011). The
distribution of iron among iron-bearing mineral phases has a significant influence
on its solubility and lability (Cornell & Schwertmann, 2003).
In Chapter 3 of this thesis, I discuss the Fe dissolution focusing on two Feoxyhydroxide minerals i.e. goethite (α-FeOOH) and lepidocrocite (γ-FeOOH). In
seawater, as a result of aging and dehydration of the amorphous solid phase, a
variety of crystalline solid phases are produced, but the most common of these
crystalline phases in natural waters aregoethite, lepidocrocite and hematite (αFe203) (Byrne & Kester, 1976). The solubilities of crystalline hydroxides such as
hematite, goethite and lepidocrocite are much less than amorphous iron
hydroxides such as ferrihydrite (Journet et al.,2008). Previous laboratory
experiments revealed that in seawater ferrihydrite has a solubility of ~0.08 nM
while goethite and hematite were found to have too low solubility to be detected
(Wu et al., 2001). The dissolution reaction of goethite and lepidocrocite is
FeOOH+3H+ ↔Fe3+ +2H2O

(1)

The solubilites of goethite and lepidocrocite are compared with that of
ferrihydrite, which is given in Table 1.1. The table is adapted from (Kraemer,
2005). However previous studies suggested that the solubilities of iron oxides are
controlled by the particle size. It was found that solubility of goethite increased
and approached the solubility of ferrihydrite with increasing crystal size.
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Table 1.1
Comparison of the solubilites of goethite and lepidocrocite with ferrihydrite. Ks is
the solubility constant at infinite dilution and K*s is the conditional solubility
constant. Ks = Fe3+/{H+}3 at infinite dilution and 298.15 K. [Fe]tot was calculated
using conditional hydrolysis constants (Liu & Millero, 1999), not considering
organic complexation. Table adapted from (Kraemer, 2005).
Iron Oxide

Log Ks Log K*S [Fe]tot seawater
[M]

Ferrihydrite

3.55

4.2

8.7 x 10-11

Lepidocrocite 2.5

3.1

6.9 x 10-12

Goethite

1.01

5.6 x 10-14

0.36

It should be noted that even though goethite is thermodynamically unstable at
room temperature, its spontaneous conversion into hematite is slow so that any
substantial changes over the period of the laboratory experiments can be ignored
(Kosmulski et al.,2004).

1.3.2
Dissolution of Atmospheric Dust and Iron
Oxides in Seawater
Although the importance of atmospheric dust in the Fe supply to the oceans is now
recognised, the actual quantification of the DFe flux from mineral dusts remains
one of the major uncertainties of the global Fe connections in the Earth System
(Shi et al., 2011).
Due to the fact that the solubilities of iron oxides in seawater are extremely low,
the observation of iron oxide dissolution kinetics under ambient seawater
conditions is a non-trivial task. Usually, natural dust shows more complex Fe
dissolution behaviour than pure iron mineral phases as it consists of more than
one Fe-bearing mineral phase with corresponding variations in solubilities and
dissolution rates (Kraemer, 2005).
The dissolution of iron oxides requires the breaking of bonds between surface
Fe(III) and lattice neighbours (e.g. lattice oxygen). Surface chemical processes that
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weaken these bonds can accelerate iron oxide dissolution. These processes are a)
reductive dissolution: reduction of Fe(III) to Fe(II), b) proton-promoted
dissolution: protonation of lattice O or OH groups in the inner coordination sphere
of surface Fe(III) ions and c) ligand-controlled dissolution: coordination of surface
Fe(III) by organic or inorganic ligands, leading to a kinetic labilisation of other
bonds in the inner coordination sphere (Kraemer, 2004).
In the context of the present study, it is important to note that in the neutral to
alkaline pH range in which solubility of iron oxides is minimal, the protonpromoted dissolution rates are negligible. Thus, it is not discussed in our
experiments.
Fe dissolution from dust has been the subject of several studies and most of the
studies were conducted under acidic pH conditions. Spokes et al. (1994) and
Spokes and Jickells (1995) showed that Fe solubility in a Saharan dust increases
with time at pH 2 but decreases when pH was increased to 5–6 (Spokes, Jickells, &
Lim, 1994;Spokes & Jickells, 1995). Later it was confirmed that, this decrease in Fe
solubility was due to Fe-oxyhydroxide nanoparticle precipitation (Shi et al., 2009).
Desboeufs et al. (1999) measured Fe dissolution in Saharan dusts (5 mg/ L) at pH
3.8 to 5.3 for 2 hrs (Desboeufs et al.,1999). Cwiertny et al. and Fu et al. who
studied the Fe dissolution behaviour (pH 1- 3) at a dust/liquid ratio >2 g/ L for up
to 30 hrs, demonstrated that Fe dissolution rates are affected by temperature, type
of acid, photoradiation and the nature of the dust (Cwiertny et al., 2008) (Fu et al.,
2010). All of these studies observed very fast initial Fe dissolution and concluded
that slower Fe dissolution rates are strongly pH dependent. It was found that at
relatively high pH conditions (pH 3.8- 5.3), a very small fraction (< 0.1 %) of total
Fe is dissolved (Desboeufs et al., 1999).

1.3.3
The Role of Siderophores in the Dissolution of
Iron Oxides in Seawater
Organic ligands such as siderophores can have a strong influence on the solubility
of iron oxides due to their high affinity for Fe. In remote oceanic regions
siderophore-promoted dissolution of colloidal Fe is a critical process, as in those
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waters the input of new Fe is strongly determined by atmospheric deposition of
Fe-bearing aerosols (e.g. dust) (Borer, 2008). It has been found that siderophores
can influence iron oxide dissolution by two mechanisms, a) ligand-controlled and
b) light induced dissolution mechanisms (Kraemer et al., 1999) (Borer et al.,
2005).
It has been observed that under atmospheric conditions, the presence of
significant concentrations of dicarboxylic acids in marine aerosols may promote
ligand-controlled and photoreductive dissolution mechanisms (Sempéré &
Kawamura, 2003). Oxalate (C2O42-) is a ubiquitous organic acid anion that plays an
important role in mineral weathering. It is formed as a product of organic matter
decomposition or is exuded by plant roots and microorganisms into soils and
weathering environments (Wiederhold et al., 2006). It was found that oxalate
could dissolve iron oxides in the dark, by a ligand- controlled process releasing
Fe(III)-oxalate complexes into solution. In the light, a photochemical reductive
mechanism, producing aqueous Fe(II) and CO2 (Zinderet al.,1986) has been
observed.

1.3.3.1

Thermal Dissolution of Iron Oxides

Siderophores react with iron oxides in the dark via a ligand-controlled dissolution
mechanism as proposed by Furrer and Stumm in 1986 (Furrer & Stumm, 1986).
They suggested a mechanism of ligand-controlled dissolution which includes three
steps 1) fast surface complex formation by a ligand exchange mechanism, 2) slow,
rate determining detachment of the surface metal centre, and 3) fast regeneration
of the surface (Kraemer, 2004).
The rate law proposed by Furrer and Stumm can be simplified as
RL = kL [L]ads

(2)

where RL is the dissolution rate, kL is a first-order rate constant, and [L]ads is the
adsorbed ligand concentration.
Previous studies have investigated the ligand controlled dissolution rates of
goethite in the presence of DFB (Kraemer et al., 1999) (pH 6.5) (Cheah, 2003) (pH
5). The results confirmed the rate law and they concluded that for the efficient
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enhancement of the dissolution reaction, the favourable thermodynamic stability
and surface concentration of the surface complex combined with its kinetic lability
are important factors (Kraemer, 2004). Moreover Cheah et al. in 2003 found that
the dissolution of goethite in the presence of DFB is doubled with the addition of
oxalate and they suggested that the siderophore enhances the dissolution by
acting as a shuttle which efficiently removes Fe(III) from the oxalate complex in
solution so that oxalate can react with goethite repeatedly (Cheah, 2003).
Reichard et al. in 2007 proposed a mechanism for the ligand controlled steady
state and non-steady state dissolution, which is given in Figure 1.6 (Reichard et al.,
2007). The mechanism involves many steps including i) adsorption of the ligand at
the metal surface by ligand exchange reaction, ii) formation of the labile surface
species, which is a slow rate determining reaction, and iii) re-protonation of the
mineral surface and re-adsorption of the ligand. After the second step, if the DFe
concentrations are below equilibrium solubility, the labile Fe rapidly dissolves and
a fast substitution reaction in solution occurs, where the carboxylate ligand is
exchanged by the siderophore as coordinating partner of the iron ion (Reichard et
al., 2007).

Figure 1.6 The mechanism of ligand-controlled dissolution in the presence of
oxalate (L) and DFB (siderophore) (Reichard et al., 2007).
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1.3.3.2

Photochemical Dissolution of Iron Oxides

Photodissolution of iron oxides generally occurs in two steps i) photoexcitation
and charge transfer resulting in the reduction of surface Fe(III) to Fe(II) and ii)
detachment of reduced surface Fe(II) from the mineral surface.
Waite and Morel proposed a model of photoreductive dissolution of the colloidal
iron oxides in natural water (Waite & Morel, 1984). The effect of siderophores on
the redox chemistry of DFe is dominated by two processes: (i) stabilisation of the
trivalent state of Fe due to the much higher affinity of siderophores for Fe(III)
compared to Fe(II), and (ii) photolysis of certain Fe(III)–siderophore complexes
resulting in the formation of Fe(II) (Waite & Morel, 1984) ( Borer et al., 2005),
which subsequently oxidises to Fe(III). The general mechanism of the role of
siderophores in the formation of DFe through photoreductive dissolution of iron
oxides is shown in Figure 1.7 (Borer, 2008). In the overall reaction, detachment of
Fe(II) is the rate-determining step. Also, a competing reaction is the reoxidation of
surface Fe(II). Depending on the thermodynamic stability of the iron oxide,
siderophore-promoted detachment may or may not outcompete the surface
reoxidation reaction (Borer, 2008).
Several studies have investigated the dissolution of Fe(III)-bearing minerals in the
presence of DFB under visible light (Borer et al., 2005) (P. Borer er al., 2009).
Borer et al. (2005) have investigated the effect of siderophores desferrioxamine B
(DFB) and aerobactin on light-induced dissolution of goethite and lepidocrocite in
the presence or absence of a typical organic photoreductant oxalate in aerated and
deaerated suspensions at pH 6 (Borer et al., 2005). Their results suggested that for
the irradiated two-ligand system (oxalate/siderophore), surface Fe(III) is reduced
by oxalate leading to the formation of Fe(II), but only a minor part of surface Fe(II)
is detached from the surface before the reoxidation takes place. In addition to that,
they also found that for lepidocrocite, even without the electron donor oxalate,
both DFB and aerobactin enhanced the light-induced dissolution as compared to
the thermal dissolution. They concluded that at circumneutral pH, due to the slow
detachment of Fe(II) from iron oxide surfaces, in particular for higher crystalline
and less soluble iron oxide phases, reoxidation of surface Fe(II) has been shown to
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limit the overall dissolution rate. Borer et al. in 2009 investigated the
photoreductive dissolution of lepidocrocite in the presence of DFB and they found
an increase in photoreductive dissolution at seawater pH, which again confirmed
their previous conclusion (Borer et al., 2009). They also suggested that in the
presence of DFB, photoreductive dissolution was not observed for goethite
because reoxidation of Fe(II) at the mineral surface by oxidants such as oxygen is
likely faster than the transport of Fe(II) into solution by the siderophore.

Figure 1.7 General mechanism of photoreductive dissolution in the presence of
siderophores. The surface hydroxo complexes or surface ligand complexes
undergo photoexcitation and charge transfer, which is followed by the reduction
of Fe(III) to Fe(II). The detachment of Fe(II) is the rate-determining step in the
overall reaction. Figure adapted from Borer, 2008. (Sid. represents siderophore).

1.4 Objectives and Thesis Outline
The specific research objectives of the present study are
i)

To investigate the dissolution of Fe from Australian dust, iron minerals
(goethite and lepidocrocite) in the presence or absence of light,
siderophores (DFB) and oxalate under ambient seawater pH.
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ii)

To track the release of DFe and the production of potentially both,
strong and weaker classes of Fe-binding ligands during the particle
remineralisation process and to identify possible siderophore type
compounds produced using novel analytical techniques.

iii)

To detect the presence of siderophores in the surface waters of the
southwest (SW) Pacific Ocean.

The thesis is divided into 6 chapters.


Chapter 2 presents the trace metal sampling techniques used for the
collection of seawater for the experiments and the chapter also describes
the analytical methods used for the detection and quantification of ironbinding ligands.



Chapter 3 investigates the effect of DFB and oxalate on the Fe dissolution of
goethite and lepidocrocite minerals. Dark and light experiments were
carried out. The experiments were conducted on-board during the Fe Cycle
III voyage in 2012 along the SW Pacific Ocean East of New Zealand.



Chapter 4 investigates the photodissolution of Fe from Australian dust by
focussing on the role of siderophores (DFB). The experiments discussed in
this chapter were conducted during the cruise of GEOTRACES GP 13 New
Zealand leg in 2011 along the SW Pacific region.



Chapter 5 presents the results of the particle remineralisation experiments
conducted on-board during the GEOTRACES and Fe Cycle III voyages. The
release of DFe and iron-binding ligands during the remineralisation
process were measured. Moreover, this chapter provides results of
detection of siderophore-type compounds in the surface waters of the SW
Pacific Ocean.



Chapter 6 presents the overall conclusions and future works of this thesis
and recommendations for future work.
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Chapter 2. Materials and Methods
Iron is one of the most studied elements in the ocean and is present at vanishingly
low concentrations over much of the ocean (Boyd & Ellwood, 2010). It is
challenging to measure iron at nanomolar levels. Consequently a variety of
analytical techniques have been developed for Fe analysis on-board or in the
laboratory (electrochemical techniques, chemiluminescence method(Sohrin &
Bruland, 2011)). Siderophores are low molecular weight Fe complexing ligands
with broad structural diversity and this diversity has led to complications in
developing universal methods for their measurement (Gledhill, 2001).
This chapter provides discussion about the methods developed for the separation
and detection of Fe-binding ligands present in the ocean. The description of the
sampling and analytical methods, instrumentation, materials and sampling sites
used in our study is also provided in the chapter. All the samples used in the
experiments described in this chapter were collected during two voyages along
the South Pacific Ocean. The first one was the GP 13 GEOTRACES New Zealand
cruise and the other one was the Fe Cycle III voyage in the subtropical waters off
the eastern coast of New Zealand. The detailed experimental methods for
individual experiments will be described in the following chapters 3, 4 and 5.

2.1 Sampling Area
2.1.1

GEOTRACES GP 13 Pacific Cruise

The surface waters of the South West (SW) Pacific Ocean from those of the
oligotrophic tropical Coral Sea, through the subtropical convergence zone in the
southern Tasman Sea and over the Chatham Rise to the east of New Zealand. This
major circulation pathway redistributes water from the subtropics to the equator
and to the Southern Ocean. The surface current system of the South Pacific Ocean
is shown in Figure 2.1 (Qiu & Chen, 2004). East Australian Current (EAC) is one of
the prominent features of the surface circulation in the SW Pacific. The outflow of
EAC water along the Tasman Front flows towards the north of New Zealand, and
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ultimately becomes the East Cape Current (Hamilton, 2006). The Subtropical
Front (STF) is the dynamic frontal boundary between relatively warm, salty
subtropical Tasman Sea waters and cold fresh Sub Antarctic (SA) water of the
Southern Ocean (Hamilton, 2006). This mixing leads to a decline in temperature
and salinity of the tropical water, known as the Southland Current (Butler et al.,
1992). The Antarctic Circumpolar Current dominates circulation further south to
the Sub Antarctic Front (SAF) and poleward in the Southern Ocean (Rintoul &
Sokolov, 2001).

Figure 2.1 Surface current system of the South Pacific Ocean. STF- Subtropical
Front, SAF- Sub Antarctic Front, PF- Polar Front, CWG/WGB- Continental Water
Boundary/Weddell Gyre Boundary. Adapted from (Qiu & Chen, 2004).
The SA waters have been described as high nitrate low chlorophyll (HNLC) (Banse
& English, 1997) and Fe limits primary productivity in this region (Wells et al.,
1995) (Boyd et al., 2007). The STW are generally depleted in nitrate and
phosphate but high chlorophyll a values are observed (Vincent et al.,1991;
Ellwood et al., 2013). In STW, the algal production is often limited by
macronutrients (silicate or nitrate) (Wells et al., 1995) (Ellwood et al., 2013).
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The GEOTRACES voyage was conducted in the oligotrophic subtropical waters
North of New Zealand building on observations from previous studies. The second
leg of the GEOTRACES GP13 zonal section (Brisbane to Lima) was carried out from
South of New Caledonia to South of Tahiti (June 6 to June 30 2011) along the South
Pacific Ocean on-board RV Tangaroa. Dissolved and particulate elements were
sampled every degree of longitude along 32.5 S from 172 W to 150 W (Figure 2.2).
In-situ pumps, a “trace metal fish” and trace metal clean rosette were used for
sampling. The CTD (conductivity-temperature-depth recorder) instrument was
incorporated into an array of Niskin bottles referred to as a rosette. The towed
“trace metal fish “ beside the vessel (developed by Ken Bruland and Geoffrey
Smith, University of California, Santa Cruz) connected to a Teflon membrane pump
via PVC tubing was deployed for the collection of trace metal clean surface
seawater. Conventional chemical, physical and biological samplings were carried
out during the cruise using the conventional CTD rosette and the “trace metal
fish”.

Figure 2.2 New Zealand leg GEOTRACES cruise track (modified from
www.geotraces.org). A, B and C represent the sampling locations of large volume
surface seawater collection for XAD columns 1, 2 and 3 respectively. X denotes the
sampling site for seawater used for the dust dissolution experiment.
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Trace metals were sampled down to a depth of 1500 m at normal stations and
5000 m at super/mega stations using a specialised General Oceanics trace metal
rosette equipped with twelve 10 L Niskin-X bottles. The trace metal group
collected samples for parameters such as dissolved trace metals, trace metal
speciation, particle remineralisation, and large volume samples for siderophore
characterisation, nutrients and for dust dissolution experiment. The description of
the sampling area for our experiments is given in Chapter 3.

2.1.2

Fe Cycle III (Spring Bloom II) Cruise

The SW Pacific Ocean is an important region for phytoplankton production and
ocean carbon budgets (Weller et al., 2013). To the East of New Zealand, presence
of a series of warm- core anticyclonic and cold- core cyclonic eddies determines
the flow of STW and influences plankton dynamics (Weller et al., 2013). The low
iron mesotrophic STW is characterised by annual spring and autumn blooms that
persist for several weeks.
The Spring Bloom II (Fe Cycle III) (TAN 1212) voyage was carried out on-board RV
Tangaroa from 15 September 2012 to 7 October 2012 in an anticyclonic eddy East
of New Zealand. The eddy was at a similar position to the one studied during the
Spring Bloom I voyage in 2008. The stable eddy was located prior to the cruise and
monitored for stability using remote sensing. The Fe Cycle III voyage was led by
the National Institute of Water and Atmospheric Research (NIWA), Wellington,
New Zealand with Prof. Philip Boyd as the chief scientist. The general current
circulation around New Zealand and the location of the eddy field is shown in
Figure 2.3.
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Figure 2.3 Satellite altimetry reveals the mesoscale eddy field (2008 voyage) east
of the North Island of New Zealand. Inset: enlargement of the voyage location
highlighting the main eddy (Weller et al., 2013).
The major goals of the voyage were a) to better understand the environmental
controls on the bloom dynamics and relate that to remotely-sensed trends in the
phytoplankton bloom, b) to construct upper ocean budgets of carbon and iron, and
c) to investigate the trace metal isotopic signature of the spring bloom. The details
of the sampling area are given in Chapter 4.

2.2 Risk of Contamination during Sampling and
Analysis
Iron is one of the most difficult trace elements to determine in seawater. This is
due to the ubiquitous nature of iron, which increases the risk of contamination
during sampling and sample processing. Iron is obviously the most abundant
element on-board of a steel research vessel, so precautions need to be taken to
prevent sample contamination. Reliable measurement of trace metals in the ocean
needs a lot of preparatory work. In our study, sample preparation, collection and
processing were conducted following a trace metal clean protocol. While doing the
voltammetric analysis in the home laboratory, to avoid airborne contamination
(the main source of iron in the laboratory) a clean room set up was maintained. A
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metal free atmosphere was created inside the clean room by coating all possible
furniture, walls, ceilings and other metallic parts with acid-resistant plastic.

2.2.1

Cleaning Protocol

All the sample preparation, subsampling and analysis were carried out in a class
100 laminar flow clean bench. The sample bottles and other lab ware were
cleaned thoroughly prior to use. Milli-Q (MQ) ultrapure water (≥18MΩ, Millipore)
was used for rinsing and reagents preparations throughout our study. Powder free
latex gloves underneath disposable trace metal-clean gloves (e.g. MED-X) were
worn at all times. Clean suits (e.g. Tyvek) were worn while working in the clean
room on-board to avoid any possible way of contamination from clothing.
The initial cleaning step for the sample bottles involved soaking in 2 % detergent
solution for a week. The detergent solution (Citranox) was prepared in distilled
water. After detergent wash the items were rinsed several times with distilled
water. The next step was to soak in 6 M hydrochloric acid (HCl) solution for two
weeks, followed by 3 rinses with MQ water. After washing, the items were soaked
in 10 % (≈ 0.8 M) quartz distilled hydrochloric acid (q-HCl) for another two
weeks. Then, all the items were rinsed at least 3 times with MQ water. Quartz
distilled acids were prepared by sub-boiling distillation of analytical grade (AR)
acid in a quartz still. After removal of the materials from the 10 % acid bath, the
sampling bottles were filled with 0.1 % v/v q-HCl and stored double bagged using
plastic zip bag. Teflon columns used as XAD columns, and other lab ware were
dried inside the laminar hood and then kept in double bags until use.
New filter cartridges (AquaPrepTM 600 Capsules) for in-line filtration were cleaned
prior to sample collection by slowly pumping 10 % v/v q-HCl through it using a
peristaltic pump. The filters were then rinsed thoroughly with MQ water in the
same way and then filled with 0.1 % v/v q-HCl and sealed on both ends using acid
cleaned silicon MasterflexTM tubing. The Nylon syringe filters (0.2 μm) used for the
dissolution experiments were rinsed with 10 % v/v q-HCl, then with 1 % v/v qHCl and finally rinsed thoroughly with MQ water. The polycarbonate filters were
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soaked in 0.1 % q-HCl for at least 6 hours prior to use. The filters were rinsed with
MQ water before sample collection.
The samples for High Performance Liquid Chromatography-Mass Spectrometry
(HPLC-MS) were kept in Schott bottles, which were cleaned with 10 % HCl and
rinsed with MQ water. Then the bottles were rinsed with methanol and
acetonitrile. The containers used for these analyses were not washed with
detergent to avoid organic contamination. While processing samples for HPLC-MS
analyses, only Eppendorf brand tubes and pipette tips were used and the
plasticizers that may come from these tubes and pipette tips were previously
determined by the technician in-charge of the HPLC-MS. However, the use of
plastic containers was minimised while processing these samples.

2.3 Dust Dissolution Experiment (GEOTRACES
Cruise 2011)
A shipboard dissolution experiment was conducted using Australian dust samples
received from Prof. Grant Mc Tainsh (details are given in Chapter 4). A long-term
dissolution experiment over a period of 16 days was also conducted during the
GEOTRACES Pacific Ocean cruise. The aim of this experiment was to determine the
dissolution of iron from dust in the presence and absence of iron-binding ligands
and light. The ligands used were desferrioxamine B and oxalate. The seawater
collected from a depth of≈ 300 m was used for this experiment. The surface water
was collected using a trace metal rosette. Light, dark and long-term dissolution
experiments were conducted using different manipulations. Subsamples were
collected in specific intervals to analyse parameters such as total dissolved iron,
nutrients, pH, and enzyme activity and ligand characterisation. The nutrients were
analysed on-board using an optimised standard flow segmented colorimetric
autoanalyser by Dr. Malcolm Woodward (Plymouth Marine Laboratory, UK) and
Dr. Els Maas from NIWA Wellington analysed for enzyme activity. The samples for
total dissolved Fe and Fe-binding ligands were kept frozen at -20 0C until analysis
using Adsorptive Cathodic Stripping Voltammetry. More details of the dust
dissolution experiment are described in Chapter 4.
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2.4 Mineral Dissolution Experiment (Fe Cycle III
Cruise 2012)
During the Fe Cycle III voyage an on-board dissolution experiment was conducted
using the iron minerals goethite and lepidocrocite. Short-term experiments were
conducted using light and dark conditions. A long-term experiment over a period
of 15 days was also carried out. In this experiment we looked at the effect of light,
siderophore and oxalate on the dissolution of iron from different pure iron
minerals. Desferrioxamine B (Sigma) was used as the siderophore and sodium
oxalate (AR Grade) was used. Surface seawater collected using the “trace metal
fish” was used in this experiment. Subsamples were collected for total dissolved
iron, pH and bacterial abundance. The dissolved iron was measured on-board
using Flow injection- chemiluminescence method by Dr. Angie Milne (Plymouth
University, UK). The bacterial abundance was measured by Dr. Els Maas (NIWA
Wellington). The experiment is detailed in Chapter 3.

2.5 Iron dissolution from Minerals under
Simulated Solar Radiation
The mineral dissolution experiment was carried out under laboratory conditions
using a solar simulator as light source. A high efficiency Sciencetech Solar
Simulator with a 500 W Xenon short arc lamp was used. A 12-hour on/off
experiment was designed to simulate day/night cycle. Light, dark and long-term
experiments were carried out similar to the on-board experiments.. Subsamples
were collected for total dissolved iron, ligands, dissolved organic carbon (DOC)
and pH. Two L Teflon bottles were used for this experiment. A large volume
surface seawater samples (0.2 µm filtered) from New Zealand was used for the
manipulations. The experimental method is described in more detail in Chapter 3.
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2.6 Preparation of Iron Minerals (Goethite and
Lepidocrocite)
2.6.1

Goethite

Goethite (α- FeOOH) was synthesised using a method described by Böhm (1925).
The chemicals used for the preparation of goethite are 1 M Fe(NO3) solution
freshly prepared by dissolving unhydrolysed Fe(NO3)3.9H2O (AR Grade) in MQ
water and 5 M KOH (AR Grade). 100 mL of Fe(NO3)3 solution was transferred into
a 2 L polyethylene flask; and 180 mL of KOH solution was added quickly while
stirring. Red brown ferrihydrite precipitated. This suspension was immediately
diluted to 2 L and heated in a closed polyethylene flask at 70 0C for 60 hours.
During this period, the red brown suspension of ferrihydrite was converted to a
compact, yellow brown precipitate of goethite. After removing from the oven, the
precipitate was centrifuged, washed with MQ water and dried.

2.6.2

Lepidocrocite

This iron oxyhydroxide is usually synthesised from Fe(II) systems by an
oxidative/hydrolytic procedure (U Schwertmann & Cornell)
The experimental arrangement consisted of a 600 mL glass beaker equipped with
a stirrer, a pH electrode, a gas inlet and a burette (containing 1 M AR Grade NaOH)
with the outlet just above the solution (Figure 2.4). The burette was connected to
a pH-stat unit through a magnetic valve. The gas supply was delivered through a
porous frit located near the bottom of the beaker close to the stirrer to ensure a
uniform distribution of gas. Then 300 mL distilled water was placed into the
beaker and 11.93 g of unoxidised crystals of FeC12.4H20 (Merck) (60 mmoL Fe)
were dissolved while stirring the solution. The pH of the acidic solution was
adjusted to 6.7- 6.9 with NaOH. The air flow rate was adjusted to 100 mL/min.
During oxidation, the colour of the suspension changed from dark greenish blue to
grey and finally to orange. Protons produced during the oxidation/ hydrolysis of
Fe2+ are constantly neutralized by NaOH added from the burette. After
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consumption of ca. 120 mL NaOH, oxidation was completed and the pH remained
constant without further addition of alkali. The entire reaction took 2-3 hours to
complete. The product was centrifuged, washed with MQ and oven dried (40 0C).

Figure 2.4 Equipment for lepidocrocite synthesis (Schwertmann and Cornell
1991): 1. Inlet for base addition, 2. Glass electrode; both 1 and 2 are connected to a
pH stat instrument, 3. Reaction beaker, 4. Magnetic stirrer, 5. Magnet, 6. Porous
ceramic block for air entry, 7. Thermometer. Figure adapted from (Schwertmann
& Cornell, 1991).

2.7 Characterisation of Minerals
Powder X-ray diffraction (XRD) and infrared spectroscopy (IR) techniques were
used to characterise the iron oxides goethite and lepidocrocite. The results
confirmed the formation of pure goethite and lepidocrocite crystals.

2.7.1

X-ray Diffraction Analysis (XRD)

X-ray diffraction is a non-destructive analytical technique, which is used for
characterising crystalline materials. X-ray diffraction peaks are produced by
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constructive interference of a monochromatic beam of X-rays scattered at specific
angles from each set of lattice planes in a sample.
The goethite and lepidocrocite minerals prepared in the laboratory were
powdered using a mortar and around 0.5 g was taken for XRD analysis.
PANalytical’s X’Pert PRO X-ray diffractometer (CuKa radiation) in the Department
of Geology, University of Otago was used for scanning the samples.

2.7.2

Infrared Spectroscopy

Infrared (IR) spectroscopy is a technique used for organic structure determination
and verification, which involves collecting absorption information and analysing it
in the form of spectrum. A range of electromagnetic radiation with frequencies
between 4000 and 400 cm-1 (wavenumbers) can be utilised in organic structure
determination by making use of the fact that interatomic bonds in organic
compounds absorb it. The interpretation of infrared spectra involves the
correlation of absorption bands in the spectrum of an unknown compound with
the known absorption frequencies for the same types of bonds.
Spectra of powdered samples of goethite and lepidocrocite were measured using
Bruker’s ALPHA-P ATR (attenuated total reflection) - IR at the Department of
Chemistry, University of Otago.

2.8 Bioremineralisation Experiment
An on-board bioremineralisation experiment was conducted during the
GEOTRACES cruise. The aim of this experiment was to assess the iron release and
to characterise the Fe-binding ligands produced during particle remineralisation
and to determine if these ligands have siderophore-type structures. The
experiment involved the collection of marine particles and seawater samples. A
four day incubation experiment was conducted using the particles resuspended in
seawater. Suspended particulate samples were collected using a trace metal
rosette (General Oceanics Inc.) at a depth of 270-300 m by passing 200- 300L
seawater through an acid washed 5 µm polycarbonate filter using a Teflon pump.
The seawater used for the bioremineralisation experiment was collected at
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32029.98’’ S latitude and 155000.72’’ W longitude on 19th June 2011. The
experiments were conducted in the dark by covering with black bags. More details
about the experiment are described in chapter 5.
The bioremineralisation experiment was repeated during the Fe Cycle III voyage
in 2012. The particles were collected using an in-situ particle pump (McLane
pump) by filtering simultaneously ≈ 814 L of seawater through acid cleaned 5 µm
polycarbonate filters. The experiment details are given in chapter 5.
During both bioremineralisation experiments, dissolved organic ligands were preconcentrated by passing through pre-conditioned XAD columns (prepared by
filling 30 g of XAD-16 resin into acid cleaned 50 mL syringes) for characterising
siderophores. The columns were kept frozen until extracted in the laboratory.

2.8.1

Pre-Conditioning of XAD-16 Resin

The non-ionic hydrophobic resin Amberlite XAD-16 was used for preconcentrating the ligands. The resin was pre-treated according to manufacturer
specifications.
For large columns, approximately 300 g of XAD-16 resin was used. The resin was
first washed thoroughly with 1 to 2 L of MQ water. Then it was rinsed with 300 mL
of HPLC grade methanol. Prewashed resin was then rinsed with 1 L of MQ
acidified with q-HCl (pH 2) to remove any trace metal contamination. The resin
was then washed several times with MQ until the pH became the same as that of
MQ water (pH > 5). The resin was packed in an acid cleaned Teflon column
fabricated by the Chemistry Department workshop, having 300 g capacity. The
columns were then double bagged and kept frozen until use.

2.8.2
Pre-Concentration of Siderophores Using Large
Volume XAD Column
Surface seawater samples were collected for characterisation of siderophores
during GEOTRACES and Fe Cycle III voyage. During the GEOTRACES cruise,
surface seawater was collected from three different stations and filtered with 0.2
μm cartridge filters. These filtered seawater samples were passed through the
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large volume XAD columns which contain 300g of XAD-16 resin. The flow rate of
seawater through the column was adjusted to 2 L per minute. Total volume of 455
L, 336 L and 428 L were passed through XAD columns 1, 2 and 3 respectively.
While collecting siderophores on XAD columns, several 500 mL volumes of
seawater were filtered and collected before and after passing through the columns
for dissolved iron and iron-binding ligands analysis. After total volume had passed
through the column, it was rinsed with MQ and kept frozen until extracted.
The latitude and longitude and the closest GEOTRACES station from which the
three different samples were collected are given in the Table 2.1.
Table 2.1
Details of large volume samples collected during GEOTRACES cruise.
Large XAD no:

Date

Latitude

Longitude

Station

1

13-06-2011

32030.44’’ S

167059.89’’ W

GT 6

2

16-06-2011

32029.96’’ S

161059.09’’ W

GT 12

3

24-06-2011

33033.59’’ S

153005.33’’ W

GT 23

Large volume surface seawater samples were also collected during the Fe Cycle III
voyage . Samples were collected from two different stations using the same
procedure as mentioned above. Total volumes of 475 L and 325 L were passed
through XAD columns 1 and 2 respectively. The sample details are given in Table
2.2.
Table 2.2
Details of the sampling locations of large volume samples collected during the Fe
Cycle III voyage.
Large XAD no:

Date

Latitude

Longitude

1

20-09-2012

39006.70’’ S

179015.95’’ E

2

28-09-2012

38057.40’’ S

179042.05’’ E
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2.9 Extraction and Sequential Purification
Two methods were used for the extraction, purification and characterisation of
siderophores. One method was used at the Department of Chemistry, University of
Otago and the other method was used at Woods Hole Oceanographic Institution
(WHOI), USA. High Performance Liquid Chromatography- Electrospray Ionisation
Mass Spectrometry (HPLC-ESI-MS) was used for the characterisation of
siderophores at the University of Otago and the detection of general Fe-binding
ligands was done using the High Performance Liquid Chromatography-Inductively
Coupled Plasma Mass Spectrometry (HPLC-ICP-MS)) at Dr. Edward Boyle’s lab,
Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts
Institute of Technology (MIT), Cambridge, Massachusetts using the method
developed by Rene Boiteau and Dr Daniel Repeta at WHOI. The extraction and
purification of the bioremineralisation experiment samples (Fe Cycle III voyage)
were done at the Department of Marine Chemistry and Geochemistry at WHOI,
USA. The HPLC-MS at the University of Otago was not much used for our study.
Only the siderophore standards and a few samples from the solar simulation
experiments were analysed using the HPLC-ESI-MS at the Department of
Chemistry, University of Otago as I had the opportunity to use the HPLC coupled
ICP-MS and ESI-MS at MIT and WHOI.

2.9.1
Method Used at the University of Otago for
Analysis Using HPLC- ESI-MS
After pre-concentration on-board, the columns are kept frozen until extracted in
the laboratory under trace metal clean conditions. The columns were thawed
inside a laminar flow bench and eluted with 3 bed volumes of 95 % HPLC grade
methanol. Methanol eluents were stored in acid cleaned Teflon bottles at 4 0C, in
the dark until further processing. The choice of the resin and extraction procedure
had been described by Macrellis et al. (Macrellis et al., 2001). The recovery of
ligands from the XAD-16 resin was also calculated (Table 2.3).
Chemical assays were used as preliminary tests for detection of siderophore types.
Chrome azural sulphonate (CAS) test was used as the universal chemical assay for
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detection of siderophore type compounds (Schwyn & Neilands, 1987). Csaky test
(Gillam et al., 1981) was used for the detection of hydroxamate-type siderophores
and desferrioxamine B was used as the standard. Rioux test (Rioux et al., 1983)
was used for catecholate-type siderophores, which used 2,3-dihydroxybenzoic
acid as a standard. The phenolphthalein test was used to detect carboxylate-type
siderophores (Logeshwaran et al., 2009).
The methanol eluents were brought to room temperature and then the crude
siderophore extract was evaporated to approximately 10 mL volume using a
rotary evaporator in an acid clean round bottom flask. It was then evaporated to
dryness using a speed vac (SAVANT Speed Vac Plus SC210A). This material was
then redissolved in 5 % acetonitrile in MQ and the solution was passed through 1
g Bond Elute solid phase extraction (SPE) C18 cartridge (VARIAN). The organic
compounds were eluted sequentially by increasing the methanol: water ratio (10
%, 20 %, 30 % and 70 %). The different eluents were collected separately in 1 mL
eppendorf tubes. To make sure everything was extracted, 70 % acetonitrile was
used (Velasquez et al., 2011). All samples were evaporated to dryness and
redissolved using 5 % acetonitrile. The solutions were used for high performance
liquid chromatography- mass spectrometry (HPLC-MS) analysis. For the analysis
in the USA, dried samples in eppendorf tubes were taken from Otago to WHOI
laboratory and redissolved using corresponding methanol fractions (100 µL)
before analysis.

2.9.2
Method Used at Woods Hole Oceanographic
Institution/Massachusetts Institute of Technology, USA
All samples, except the bioremineralisation samples collected during Fe Cycle III
voyage, were extracted and purified at the University of Otago. At WHOI,
bioremineralisation experiment 2 L samples were passed through a conditioned
0.5 g solid phase extraction column (ENV+, Biotage). The columns were
conditioned before passing the samples using 5 mL distilled methanol and 5 mL
MQ water. The columns were rinsed with MQ water to remove salts and the
organic compounds were eluted using 5 mL distilled methanol once the samples
were passed through the columns. The SPE eluents were then dried under high
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purity nitrogen. The residue was dissolved in 100 µL distilled methanol .The
samples were then centrifuged, and filtered with NORM-JECT 1 mL sterile syringe
using a non sterile 4mM Millex syringe filter unit (0.2 µm) for analysis by HPLCICP-MS.

2.10 Separation of Standards and Detection of Febinding Ligands in Seawater Using HPLC- ICP-MS
The

methanol

fractions

of

large

volume

XAD

column

samples

and

bioremineralisation experiment samples collected from the GEOTRACES and Fe
Cycle III cruises were analysed for organic Fe-binding ligands at the Department
of Earth, Atmospheric, and Planetary Sciences, MIT, Cambridge, Massachusetts.
There, a method was developed for directly detecting the Fe associated with
specific organic compounds by using reverse-phase HPLC tandem multicollector
inductively coupled plasma mass spectrometry (MC-ICP-MS). Since trace metal
ligands occur as complex mixtures, HPLC is used to separate compounds out of the
mixture and ICP-MS is applied for the detection of metals to distinguish the
organometallic compounds in seawater. Seawater samples can be rapidly
screened to determine the number and relative polarities of low concentration
metal ligand complexes using this technique (Boiteau et al., 2013). The analysis
using ICP-MS is difficult mainly due to the very low concentration of Fe in the
seawater samples. This method used several strategies for reducing

56Fe

backgrounds and interferences to achieve sensitive, quantitative detection of Fe
ligands.
Standard compounds were analysed using HPLC-ICP-MS to assess the
chromatographic resolution, detection limit and the linearity of the ICP-MS
detector response. The standard mixture used contained four iron complexes (FeEDTA, ferrichrome, ferrioxamine E and Fe-heme) and one cobalt complex
(cobalamin). Before each sample run, a standard mixture of 5 µM concentration
was analysed by HPLC-ICP-MS. The compounds were separated with a gradient
from water to methanol over 20 minutes. Figure 2.5 shows the separation of iron
complexes and the four distinct peaks appear in the

56Fe

trace of the
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chromatogram with retention times 2.1, 13.6, 15.2 and 26.5 minutes which
correspond to Fe-EDTA, ferrichrome, ferrioxamine E and Fe-heme respectively.

Figure 2.5 Chromatogram showing the separation of a) Fe-EDTA, b) ferrichrome,
c) ferrioxamine E and d) Fe-heme (5 µM) from the 5 standard mix by HPLC-ICPMS.
The single peak in the

59Co

trace in Figure 2.6 having a retention time of 15

minutes denotes cobalamin. The ICP-MS signal is in counts per second (cps). The
detection limit of this method is in the range of 30-250 femtomoles for Fe and Co
in its complexes (Boiteau et al., 2013).
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Figure 2.6 Chromatogram showing the separation of Cobalamin from the 5
standard mix (5 µM) by HPLC-ICP-MS.
The XAD-16 resin blank was analysed before doing the samples (Figure 2.7)
showing neither Fe nor organic contamination coming from the column. The XAD
column blanks were prepared by passing MQ through the columns and eluting
using HPLC grade methanol with the same conditions used for the seawater
extractions. Different methanol fractions of organic compounds eluted from SPE
columns were used to detect the Fe-binding ligands in seawater using HPLC-ICPMS. 20 µL of sample was injected and a gradient of 0-100% methanol over 40
minutes was used.
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Figure 2.7 Chromatogram showing the separation of 20 % acetonitrile extract
from the XAD column blank.

2.11 Quantification of Fe-binding Ligands Using
HPLC-ICP-MS
The concentrations of siderophore-type ligands were calculated by integrating the
peak area of each sample in the ICP-MS chromatogram using MATLAB software.
Different concentrations (12.5 25, 50, 100 and 200 nM) of four iron-binding ligand
standards Fe-EDTA, ferrichrome, ferrioxamine E and cobalamin respectively
(Figure 2.8) were analysed in order to receive retention times for standards of
different polarity, and to construct calibration curves for each iron saturated
standard for different methanolic fractions. Matrix matching via standard
additions was chosen for the quantification in order to integrate each sample
peak. The calibration curve of the standard that has the closest retention time to
the unknown peak was used for each unknown sample. It should be noted that all
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the peaks coeluting at retention times similar to the standards were considered as
siderophore-type ligand class therefore there is a higher chance of overestimation
while calculating the concentrations by peak area integration. Moreover, the
broader peaks in HPLC-ICP-MS with higher background noise and peak tailing in
HPLC can also affect the peak area calculations. Thus it can be said that this is a
semiquantitative method used to determine the amount of unknown organic Fe-

Peak Area

binding ligands.
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Figure 2.8 Calibration curves with the standard additions for the four standards
used to calculate the unknown ligand concentrations. The standards Fe-EDTA,
ferrichrome, ferrioxamine E and cobalamin are denoted as std 1, std 2, std 3 and
std 4 respectively.

2.12 Retention of Fe-binding Ligands in the XAD
Column
Solid phase extraction (SPE) is popular as an effective technique for preconcentration of various inorganic and organic species. We used the Amberlite
XAD-16 resin as the solid phase in our experiments for the characterisation of
siderophores. The amount of Fe-binding ligands adsorbed on the XAD-16 resin
was checked during the GEOTRACES and Fe Cycle III voyage as a part of the
quality control test. Several samples of seawater before and after passing through
the large XAD columns were collected and the Fe-binding ligand concentrations
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were measured using CLE-AdCSV method (See section 2.11.1). The retention
calculated for one of the large XAD column from GEOTRACES station GT 23 is
given in Table 2.3. And the recovery was found to be 44.55 %. The result indicates
the solid phase extraction using 300 g of XAD-16 resin can efficiently load up to
45% of the total ligands from 455 L seawater passed through it.
Table 2.3
Retention of Fe-binding ligands from XAD column used during GEOTRACES.
[L] Before passing [L] After passing Retention (%)

Sample

XAD 3 (GT 23)

through XAD (nM)

through XAD (nM)

1.10

0.61

44.55

2.13 Analytical Methods Used
2.13.1 Ligand Concentration and Stability Constant
Determination Using Competitive Ligand ExchangeAdsorptive Cathodic Stripping Voltammetry (CLE-AdCSV)
2.13.1.1

Instrumentation and Reagents

The voltammetric equipment consisted of a μAutolab voltammeter (Metrohm
Autolab, Utrecht, Netherlands) with a hanging mercury drop electrode (HMDE)
(Metrohm, Herisau, Switzerland, Model VA 663). The mercury drop size was 2
(0.4mm2 ± 10%), the reference electrode (Metrohm) was AgAgCl 3M KCl and
the counter electrode was a glassy carbon rod (Metrohm). Dissolved oxygen was
removed from the samples by purging with dry nitrogen gas for 150 seconds (s).
All samples were contained in Teflon cell cups (Metrohm) during the AdCSV
analyses, and stirred using the inbuilt Teflon stirring rod (1500 rpm) of the
VA663. The voltammetric system was computer controlled using a general
purpose electrochemical system (GPES) (Version 4.9, 2001-2009). Figure 2.9
shows the Metrohm 663 VA stand that can be controlled by the Autolab
potentiostat in conjunction with the interface for Metrohm electrodes (IME) 663
interface.
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Figure 2.9 Metrohm 663 VA stand in conjunction with the IME 663 interface
(www.electrochemie.nl).
All sample manipulations were performed in a Class 100 laminar airflow bench at
room temperature. MQ water was used throughout this study. Buffer solution of
N-(2-hydroxyethyl)-piperazine-N’-2-propanesulfonic acid (EPPS, Sigma-Aldrich, St
Louis, MO) was prepared in distilled ammonium hydroxide (NH4OH) (AR Grade).
FeCl3.6H2O (Sigma-Aldrich) was used to prepare the 10 μM Fe(III) stock solution,
and acidified to pH 2.Working iron standard solutions (0.4 μM) were prepared
from this stock solution and acidified to below pH 2 using q-HCl. A 0.0055 M stock
solution of TAC (2-2(thiazolylazo)-p-cresol) (Sigma-Aldrich) was prepared every
two weeks in q-methanol. The q-methanol was purified from high-performance
liquid chromatography (HPLC) grade methanol by quartz distillation (Tian et al.,
2006)

2.13.1.2

Theory

CLE- AdCSV method was used to measure the organic complexation of metal ions
in seawater. The theory behind CLE approach was introduced by Ruzic (Ružić,
1982) and van den Berg (Van Den Berg, 1982). It is a highly sensitive method to
determine iron speciation in seawater. This method was first developed to
determine copper speciation with the added ligand catechol (Van Den Berg &
Huang, 1984). Specifically for iron speciation this method was first developed by
Gledhill and van den Berg (Gledhill & van den Berg, 1994), and Rue and Bruland
(Rue & Bruland, 1995).
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A CLE-AdCSV measurement consists of two phases. First is the competitive ligand
equilibration (CLE) phase in which a known quantity of well-characterised
artificial ligand is added, which competitively equilibrates with inorganic and
organic Fe(III) ligands in ambient seawater. In this study we used 2-(2thiazolylazo)-p-cresol, known as TAC as the added ligand (AL) which forms an
electroactive complex with iron.
In ambient seawater, the mass balance equation for dissolved iron can be written
as:
[FeT] = [Fe’] + [FeLi]

(1)

where [Fe’] is the sum of all inorganic iron species and [FeLi] represents the
organically bound fraction with the different classes of natural organic ligands.
The Fe(II) is considered to be rapidly oxidised to Fe(III) during storage and
equilibration time and will not be considered by the method under the given
conditions.
Reactions between one class of natural ligands and Fe’ can be expressed as:
Fe’ + L’ = FeL

(2)

Where L’ is the Fe-binding ligand not already bound to Fe(III).
The equilibrium expression is then:
K’Fe’L = [FeL]/[Fe’][L’]

(3)

where K’Fe’L is the conditional stability constant with respect to Fe’.
To convert K’Fe’L to K’FeL,Fe3+ the conditional stability constant for FeL with respect
to free Fe3+, the relationship, the inorganic side reaction coefficient αFe’ =
[Fe’]/[Fe3+] can be applied.
Upon addition of TAC, a new mass balance equation is created:
[FeT] = [Fe’] + [FeLi] +[Fe(TAC)2]

(4)

where Fe(TAC)2 represents the Fe- TAC complex formed during the addition of
TAC.
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The second phase of CLE- AdCSV method is the adsorptive cathodic stripping
voltammetric (AdCSV) determination of the concentration of the metal-added
ligand complex formed in the competitive equilibration. In this step, the added
ligand TAC forms the Fe-TAC complex that readily absorbs on to a mercury drop
from which the metal can be reduced. The iron reduction current measured from
the adsorbed Fe-TAC complex during cathodic stripping is then used to calculate
the ligand concentrations and stability constants of the natural iron (III)complexing ligands.
The Gerringa nonlinear least-squares fitting algorithm (L. J. A. Gerringa, Herman, &
Poortvliet, 1995) can be used to calculate the ligand concentrations (L) and their
stability constants (K’FeL) by fitting the data to the following equation:
[FeL] = [L]KFeL[Fe’]/1 +KFeL[Fe’]
We have

K’FeL,Fe3+ = α’FeK’FeL

(5)
(6)

(from equation (3))
An α’Fe value of 1010 was used from the work of Hudson et al. (Hudson, Covault, &
Morel, 1992), Kuma et al. (Kuma, Nishioka, & Matsunaga, 1996) and Millero
(Millero, 1998) for our calculations.
The reduction current is directly related to Fe(TAC)2 in the solution, which can be
expressed as:
ip = S[Fe(TAC)2]

(7)

where S is the sensitivity determined from the linear portion of the titration curve,
occurring after any natural iron-complexing organic ligands have been saturated
with iron. The value of S obtained in this way for open ocean sample is usually the
same as that obtained by adding Fe to UV- irradiated samples. But for coastal
samples S can be up to 50 % lower than in the UV irradiated samples. So, S is
determined for each of those samples.
The relationship between S and [Fe’] can be expressed as:
[Fe’] = ip/SαFe(TAC)2

(8)
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The peak height in current is measured for each point in the titration, and the
titration as a whole is then used for determining K’FeL and L values using either
linear (Mantoura & Riley, 1975; Ružić, 1982; Scatchard, 1949; C. M. G. Van Den
Berg, 1982) or non-linear (L. J. A. Gerringa et al., 1995) transformations. We used
the Gerringa non-linear regression using solver in Excel for calculating K’FeL and L
values. Also, we have used the MCCSOFT (Metal Comlexing Capacity SOFTware)
( D Omanović) for calculations by fitting the titration curve using the different
transformations. With these derived values of K’FeL and [L], the initial
concentration of [FeT], the ambient concentrations of [L’], [FeL] and [Fe’] can be
calculated.

2.14 Titration of Fe-binding Ligands in Seawater
Subsamples (5 mL) of seawater were pipetted into a series of 13 Teflon bottles. To
each bottle, 50 μL of EPPS (1 M) buffer was added. Iron was added to all the Teflon
bottles except the first two bottles, yielding concentrations from 0 to 10 nM. The
added iron was allowed to equilibrate with the natural ligands for one hour. After
that 10 μL of 10 mM TAC was added to the sample and left overnight (minimum 8
hours). The samples were then transferred into the Teflon cell cup and analysed as
described in section 2.15. The Teflon cups were rinsed with MQ in between
analyses and specific Teflon bottles were always used for the same iron
concentration to keep them in equilibrium. The samples were run in the order of
increasing iron concentrations with two 0 nM additions at the beginning.

2.15 Total Dissolved Iron Determination Using
Voltammetry
Total dissolved iron was determined using Adsorptive Cathodic Stripping
Voltammetry (AdCSV) (Croot & Johansson, 2000).
The samples for total iron determination underwent UV digestion for 6 hours at
pH 2 in acid- clean quartz tubes. The quartz tubes were cleaned prior to use with
10 % q-HCl at least overnight and washed thoroughly with MQ water following a
trace metal clean protocol to avoid any contamination. After UV digestion to
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remove any organic components including organic Fe-binding ligands, the sample
was brought back to pH 8 with distilled NH4OH and analysed for total iron. To 5
mL of the sample 50 μL of 1 M EPPS and 10 μL of 10 mM TAC were added. The
solution was kept overnight. The sample was transferred into the Teflon cell cup
and analysed using AdCSV protocols. The sample was deaerated for 150 s with dry
nitrogen gas. At the end of the purging step a fresh Hg drop was formed. Then a
deposition potential of -0.4 V was applied for 60 s, while stirring at 1500 rpm to
facilitate the adsorption of the Fe(TAC)2 complexes to the Hg drop. The stirrer was
switched off for a 5 s quiescence period. Then the potential was scanned in a
differential pulse mode (stepping potential = 2.55 mV, pulse amplitude = 49.95
mV) from -0.38 to -0.60 V and the cathodic stripping current was recorded. Three
scans were recorded for each sample. The Teflon cell cup was rinsed with q-HCl
and MQ water in between samples.
The AdCSV technique was validated by analysing iron in SAFe reference seawater
(Johnson et al., 2007) and a surface seawater sample collected during the
GEOTRACES cruise 2011 was acidified and used as a secondary standard. The
values are given in Table 2.4.
Table 2.4
Total Fe value of the SAFe-D2 reference seawater and the GEOTRACES surface
seawater used as the secondary standard.
Sample ID

Fe (nM) Certified Value

Fe (nM) AdCSV Value

SAFe- D2 bottle

0.923±0.029

0.948±0.024 (n=3)

GEOTRACES surface

1.46±0.040 (n=3)

2.16 Determination of Total Dissolved Iron by
Flow Injection- Chemiluminescence
Dr. Angie Milne from Plymouth University, UK measured the total dissolved iron
on-board

during

the

Spring

Bloom

II

voyage

using

flow

injection

chemiluminescence (FI-CL) method. Chemiluminescence can be defined as the
production of electromagnetic radiation by a chemical reaction. Samples were
acidified to 0.024 M (130 uL/60mL of 11 M Seastar Baseline grade HCl) for at least
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1hr and then 60uL/60mL of H2O2 (Seastar, Baseline grade) was added to each
sample prior to analyses. The method is described in detail in Obata et alObata et
al., 1993;Bowie et al., 1998.

2.17 Mass Spectrometry for Detection and
Characterisation of Fe-binding Ligands
2.17.1 High Performance Liquid ChromatographyInductively Coupled Plasma Mass Spectrometry (HPLCICP-MS)
Reverse phase high performance liquid chromatography (HPLC) tandem
muticollector inductively coupled plasma mass spectrometry (ICP-MS) can be
used to detect and characterise organic ligands from seawater or marine cultures
even at low concentrations. HPLC was done using a bioinert HPLC pump system
and autosampler (Agilent 1260 series) with titanium or PEEK (polyether ether
ketone) tubing was used to reduce Fe background levels. A PEEK C18 reversephase column (150 mm × 2.1 mm, 3 µm particle size, Hamilton) was used for the
separation in the HPLC. Each sample were injected at a volume of 20 µL. 25 % of
the eluent were diverted to the MC-ICP-MS (GV/Micromass Isoprobe) using a post
column flow splitter and a micrometering valve (Upchurch Scientific), and 75 % to
a UV-vis diode array detector and fraction collection. Desolvation of the sample
aerosol was induced using an APEX Q inlet system (Elemental Scientific, Inc) with
a quartz Micromist nebuliser (50 µL/min). To confirm that most of the solvent was
removed before it entered the plasma, a heated macroporous PTFE membrane
desolvator (Spiro TMD, Elemental Scientific) was connected to the APEX outlet.
Oxygen flow was also introduced to the plasma to promote complete combustion
of organic solvents to carbon dioxide. Distilled organic solvents were used through
out the analyses in order to get low Fe blanks. The

40Ar16O+

interferences on 56Fe

was minimised using a hexapole collision cell with Argon and Hydrogen collision
gases. The picture of the HPLC-ICP-MS that was used at MIT is shown (Figure
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2.10). 55Mn, 56Fe and 59Co were determined simultaneously on Faraday cups on a
magnetic sector MC-ICP-MS (GV/Micromass Isoprobe) (Boiteau et al., 2013).

Figure 2.10 HPLC coupled MC-ICP-MS at Massachusetts Institute of Technology
USA.
The ICP-MS was tuned everyday with a 100 ppb Mn, Fe, Co and Ni solution
dissolved in 0.2 N Vycor distilled HNO3. Normally the instrument sensitivity for Fe
was 0.2 V and 3.55 V for

59Co.

From the samples analysed, fractions where

collected while peaks were observed in the chromatogram and separated and
analysed again using HPLC-ICP-MS. Further structural characterisation of the
ligands was done using ESI-MS. The operating conditions of the HPLC-ICP-MS are
given in Table 2.5 and 2.6 respectively.
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Table 2.5
Operating conditions of HPLC
HPLC Settings
Mobile phase A

Water

Mobile phase B

Methanol

Flow rate

0.2 mL/min

Column

C18

Injection volume

20 µL
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Table 2.6
Operating conditions of ICP-MS
ICP-MS Settings
Argon through APEX

3 L /min

APEX spray chamber temperature

140 0C

APEX condensation temperature

2 0C

Oxygen gas flow

50 mL/min

Forward power

1350 W

Reflected power

<1W

Hexapole Ar gas flow

1.8 mL/min

Hexapole H2 gas flow

2.5 mL/min

Expansion pressure

3 × 10-1 mbar

Hexapole pressure

4 × 10-4 mbar

Analyser pressure

2 × 10-7 mbar

Nebuliser gas flow

0.7 L/min

Cool gas flow

14 L/min

Auxiliary gas flow

1.0 L/min

Integration time

2s
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2.17.2 High Performance Liquid ChromatographyElectrospray Ionisation Mass Spectrometry (HPLC-ESIMS)
2.17.2.1

HPLC- ESI-MS at University of Otago

The HPLC system (DIONEX Ultimate 3000 System) attached to a Quadrupole
Time-of-Flight mass spectrometer (microTOF-Q, Bruker Daltonics) was used for
the analysis at Department of Chemistry, University of Otago. A volume of 20 µL of
the sample was injected into the column and a linear gradient of 6- 95 %
acetonitrile: water with 0.1 % formic acid was used for the HPLC separation. To
detect total hydrolysis and ferric hydroxamate complexes two wavelengths, 220
nm and 435 nm respectively, were checked. A reverse-phase column (250 mm ×
4.6 mm, GraceSmart RP18 5 µm, Grace Davison Discovery Sciences) was used for
the chromatographic separation.
The mass spectrometer used electrospray ionisation (ESI) as its ion source and
was operated under positive mode. The scan range was from mass to charge ratio
(m/z) 50 to 1000. The operating conditions are given in Table 2.7. ESI works with
the so-called soft ionisation technique and information about the molecular
weight is obtained. Additionally, using this method detailed structural information
can be obtained by further collision-induced fragmentation of the parent ion by
MS-MS. The instrument was optimised in MS-MS Auto mode to get the
fragmentation pattern of the molecule. As the concentration of siderophores in
seawater was found to be quite low, the MS-MS absolute threshold was set to
intensity equal to 500 (Velasquez et al., 2011). Bruker software was used for
processing both single MS and MS-MS data. The mass spectra of ferrioxamine B
(m/z 614) from mixed ferrioxamine standards (EMC microcollection GmbH) is
given in Figure 2.11.
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Table 2.7
Operating conditions of ESI-MS
ESI-MS Operating Conditions
Capillary voltage

4500 V

End-plate offset

-500 V

Collision cell RF

90.0 Vpp

Nebuliser pressure

3.0 bar

Dry heater temperature

200 0C

Dry gas flow rate

7.0 L/min

The method was tested using Desferrioxamine B (DFB) standards (EMC Germany).
The mass spectrometer was calibrated using sodium formate. DFB was also
injected to the ESI-MS to ensure the accuracy of < 10 ppm. Typically an accuracy of
< 2 ppm was obtained in this calibration (Velasquez et al., 2011).
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Figure 2.11 The mass spectra of ferrioxamine B from mixed ferrioxamine
standards.
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2.18 Method Development for Two-Dimensional
HPLC Separation Using HPLC-ESI-MS at Woods
Hole Oceanographic Institution
Seawater contains tens of thousands of organic compounds, many in miniscule
amounts which makes them difficult to characterise. Separating seawater using
two different columns with different efficiencies would help to filter these
thousands into hundreds or by further purification steps, may be up to a narrow
range of compounds that we are interested in. Two-dimensional (2D)
chromatography is the technique in which the injected sample is separated by
passing through two different separation stages by injecting the eluent from the
first column to the second column. This is an effective method to reduce
interference compounds in the seawater sample matrix.
The preliminary steps of the 2D separation method were successfully developed
by me in Dr. Daniel Repeta’s lab at the Department of Marine Chemistry and
Geochemistry at WHOI with WHOI/MIT joint program PhD student Rene Boiteau.
We used one reverse-phase C18 column (Hamilton) and one porous graphite
carbon (PGC, Hypercarb) (100 mm × 2.1 mm, particle size 5 µm, Scientific) column
for the 2D separation. The separation mechanism in PGC is a combination of
hydrophobic interactions and that for C18 is the electrostatic interaction between
the π-electrons (Essén, Johnsson, Bylund, Pedersen, & Lundström, 2007). The
hypercarb column is very different from the C18 column in its retention and
selectivity behaviour towards polar and structurally related compounds. It also
gives exceptional retention and separation of very polar analytes not normally
retained on a C18 column in HPLC. Separation of the compounds was done using
HPLC (Agilent Technologies 1200 series) followed by ESI-MS (Quadrupole LC-MS,
Agilent Technologies 6130) detection.
The

structurally

related

iron

chelators,

EDTA

(ethyleneamine

ethylenediaminetetraacetic acid), DTPA (diethylenetriaminepentaacetic acid) and
EDDA (ethylenediamine-(N,N')-diacetic acid) which are difficult to retain on C18
column, were used for the preliminary tests using the hypercarb column. Different
concentrations of Fe-EDTA, Fe-DTPA and Fe-EDDA standards were prepared and
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the HPLC gradient analysis was carried out for 40 minutes using 80 % methanol in
MQ with 5 mM ammonium formate. It was found the retention time of EDTA and
DTPA was much improved compared to C18 column when the hypercarb column
was used. For example, for the Fe-EDTA complex, the retention time observed
with the C18 column was around 2.5 minutes but with the hypercarb column the
Fe-EDTA was eluted at 10.2 minutes. The retention times observed for the 250 µM
three standard mix of these compounds are given in Table 2.8. But the Fe-EDDA
peak was not observed during the initial analyses using different standard
concentrations.
Table 2.8
The retention time and parent ion mass observed during the HPLC-ESI-MS
analysis for the 250 µM three standard mix of Fe-EDTA, Fe-DTPA and Fe-EDDA.
n.d- not detected.
Compound Parent ion mass Retention time with hypercarb column (minutes)
Fe-EDTA

346.0

10.3

Fe-DTPA

447.1

20.2

Fe-EDDA

230.1

n.d

More experiments are to be performed, since the peak of EDDA was not observed
with these experimental conditions. However, as this is the initial step, the next
step is to develop the method to use two columns in line for this analysis– a C18
column and the hypercarb column which will make separation of different
compounds present in seawater much more efficient.
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Chapter 3. The Effect of Desferrioxamine B
and Oxalate on the Iron Dissolution of
Goethite and Lepidocrocite: Fe Cycle III
Voyage 2012
3.1 Introduction
The availability of iron (Fe) is a main limiting factor for phytoplankton
productivity, and the biogeochemical iron cycle is related with natural cycles of
many other nutrients and elements in the aquatic environment. Fe is generally
present in the environment as insoluble Fe(III) oxide minerals and the low
solubility of iron oxides in the surface ocean waters near neutral pH contributes to
the low bioavailability of Fe. Atmospheric dust deposition is one of the most
important Fe sources in the high nutrient low chlorophyll (HNLC) oceanic regions,
which make up ≈ 30 % of the world ocean (Boyd & Ellwood, 2010) and the
bioavailability of Fe is strongly influenced by the mineralogy of aerosol particles
(Kraemer, 2005). Siderophores, which are produced by fungi and bacteria as a
response to Fe stress, play an important role in the solubilisation of Fe from the
minerals in the marine systems. Several recent studies have focussed on the
dissolution of Fe(III) bearing minerals in the presence of siderophores. But the
mechanism of siderophore promoted mineral dissolution is still mostly unknown
(Borer et al., 2005).
This chapter addresses the question of how the interplay of light and siderophores
affects the dissolution of various Fe(III) (hydr)oxides in the presence or absence of
the electron donor and common biological ligand oxalate. The trihydroxamate
siderophore desferrioxamine B (DFB) was used. Two different iron minerals,
goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) were used in our experiments to
investigate the effect of light, DFB and oxalate in the dissolution of Fe(III) bearing
minerals at ambient seawater pH. We tried to mimic the natural conditions of
seawater as much as possible in all our experiments. The results discussed in this
chapter are from the on-board experiments conducted during Spring Bloom II (Fe
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Cycle III) voyage New Zealand. Moreover, the on-board experiments are compared
with the laboratory mineral dissolution carried out under simulated solar
irradiation. Goethite, compared to lepidocrocite is easy to synthesise but difficult
to dissolve and especially useful as a model adsorbent in soil science and in
environmental science and technology. Hence, the dissolution of goethite was
studied again in the mineral dissolution experiment conducted under laboratory
conditions.

3.2 Study Area
The mineral dissolution experiments were conducted aboard RV Tangaroa during
the Spring Bloom II (Fe Cycle III) Voyage from 15 September 2012 to 7 October
2012. A stable eddy east of the North Island of New Zealand was selected prior to
the voyage as our study location. One of the main focuses of this study was to
construct the upper ocean budgets of carbon and the trace element iron and also
to build on our understanding of spring bloom dynamics obtained on the Spring
2008 voyage. More details about the study area are given in Chapter 2, section
2.1.2. The seawater used for the experiments was collected from the surface using
a “trace metal fish” (390 10.93’ S and 1790 13.16’ E) on 18 September 2012. The
sampling area is shown in the Figure 3.1.
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Latitude

Longitude
Figure 3.1 Location of Fe Cycle II voyage 2008 (same as Fe Cycle III 2012 voyage)
(Weller et al., 2013). The enlarged circle represents the sampling locations in the
eddy and the black star indicates the sampling area for our experiments. The
colour code indicates the distribution of chlorophyll a concentration.

3.3 Mineral Dissolution Experiments
3.3.1
Shipboard Dissolution
Goethite and Lepidocrocite

Experiments

Using

The dissolution experiments were conducted using different manipulations with
additions of goethite and lepidocrocite. The seawater collected was filtered using
0.2 µm cartridge filters. The dissolution experiments were conducted in a clean
room. A trace metal clean protocol was followed during sampling and experiments
on-board. Short-term experiments for a period of 8 hours (hr) were conducted
under light and dark conditions and selected manipulations were kept for the
long-term experiment, which was conducted for a period of 10 days. A dark
experiment was conducted from 18 September 2012 onwards and light
experiment was from 22 September 2012 onwards with the same seawater
collected on the 18th, which was kept refrigerated at around 40C. Two L Teflon
bottles were used for the experiments.
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Zero or 50 µM of DFB and 200 µM oxalate were added to 1000 mL of seawater
containing 0.01 g of goethite or lepidocrocite. Goethite and lepidocrocite minerals
were homogenised and weighed in the laboratory before the experiment. To the 2
L Teflon bottles containing 1000 mL of 0.2 µm filtered seawater, 0.01 g of goethite
or lepidocrocite were added. Zero or 50 µM of DFB and 200 µM oxalate were
added to each Teflon bottle containing 0.01 g of goethite or lepidocrocite in a
sequence as given in Table 3.1 and Table 3.2. The bottles were shaken well and
subsamples were taken in the same sequence which is considered as time zero of
the experiment. Bottles for the dark experiment were kept in black plastic bags
and for the light experiment they were placed in dry incubators on the deck of RV
Tangaroa. All the manipulations and abbreviated names used are shown in Table
3.1 and Table 3.2. The manipulations GL, GSO, GSOL, LL, LSO and LSOL were kept
for the long-term experiment.
All experiments were carried out at ambient seawater pH and the measured pH
values for the short-term dark experiments are given in Table 3.3. For short-term
experiments, subsamples were taken at t = 0, 3 and 8 hr. The light experiment
samples were kept for long-term dissolution and the long-term experiment was
carried out from 22 September 2012 to 29 September 2012. Subsamples were
taken for Fe(II), total Fe and pH measurements on day 0, day 3, day 5, day 7 and
day 10. Total dissolved Fe (DFe) was measured using chemiluminescence by Dr.
Angie Milne (Plymouth University, UK) and the method is described in Chapter
2.16. However the chemiluminescence system did not work well for Fe (II) during
the cruise, so analysis of Fe(II) was not possible. Goethite and lepidocrocite were
synthesised (see Chapter 2.6) and characterised (see Chapter 2.7) in the
laboratory prior to the experiments. The results of XRD and IR spectroscopy of the
minerals are given in Appendix I. pH measurements are given in Table 3.3. A rise
in pH values were observed after 8 hours of the experiment which may be due to
the dissolution of added minerals in seawater.
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Table 3.1
The manipulations used for the dissolution experiments of goethite in the
presence or absence of DFB, oxalate and light (+indicates presence, -indicates
absence).
Sample ID

DFB

Oxalate

Light

Goethite

GB

-

-

-

+

GS

+

-

-

+

GO

-

+

-

+

GSO

+

+

-

+

GBL

+

+

+

-

GL

-

-

+

+

GSL

+

-

+

+

GOL

-

+

+

+

GSOL

+

+

+

+

Table 3.2
The manipulations used for the dissolution experiments of lepidocrocite in the
presence or absence of DFB, oxalate and light (+ indicates presence, - indicates
absence).
Sample ID
DFB
Oxalate
Light
Lepidocrocite
LB

-

-

-

+

LS

+

-

-

+

LO

-

+

-

+

LSO

+

+

-

+

LBL

+

+

+

-

LL

-

-

+

+

LSL

+

-

+

+

LOL

-

+

+

+

LSOL

+

+

+

+
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Table 3.3
The initial and final pH values observed for all the manipulations during the shortterm dark experiment. Standard deviation ±0.05.
Sample ID

pH (0hr)

pH (8hr)

GB

7.90

8.05

GS

7.83

7.97

GO

7.93

8.06

GSO

7.85

8.05

LB

7.94

7.81

LS

7.87

7.98

LO

7.87

7.99

LSO

7.86

7.98

3.3.2
Goethite
Laboratory

Dissolution

Experiment

in

the

The dissolution of Fe from goethite under laboratory conditions in the absence or
presence of organic ligands and light was examined during this experiment. DFB
and oxalate were used as the ligands. The goethite was synthesised in the
laboratory and the method is given in Chapter 2. The surface seawater (0.2 µm
filtered) collected previously from New Zealand was used for the experiment. 1
mg/L of goethite solution was prepared. DFB concentration of 50 µM and 200 µM
of oxalate were used in the manipulations. All the manipulations used are given in
Table 3.4. Acid cleaned 2 L Teflon bottles were used for all the experiments. Light
and dark experiments were conducted for a period of 12 days. Another 24 hours
(hr) continuous irradiation experiment for a period of 4 days was also conducted.
The experiments were conducted in ambient seawater pH (≈ 8). For dark
experiment, the Teflon bottles were kept in black plastic bags. The experiment is
similar to the mineral dissolution experiment described in section 3.3.1.
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Subsamples were taken at 0 hr, 8hr, day 2, day 5, day 8 and day 12. Samples were
taken for total DFe and pH by filtering the seawater using a 0.2 µm syringe filters.
The total DFe was measured using voltammetry and the method is detailed in
Chapter 2. The replicates in the DFe measurement indicate the three analytical
replicates used in all mineral dissolution experiments discussed in this chapter.
Table 3.4
The manipulations used for the laboratory dissolution experiment of goethite in
the presence or absence of DFB, oxalate and light (+indicates presence, -indicates
absence). 50 µM DFB, 200 µM oxalate and 1 mg/L of goethite were used.
Sample No.

DFB

Oxalate

Light

Goethite

1

-

-

-

+

2

+

-

-

+

3

+

+

-

+

4

-

-

+

+

5

+

-

+

+

6

+

+

+

+

3.4 Results
3.4.1

Shipboard Dissolution Experiments

The surface DFe concentration values in the study area did not exceed 0.7 nM
throughout the voyage (Figure 3.2). The seawater used for all the dissolution
experiments of goethite and lepidocrocite had a DFe concentration of 0.30 ± 0.01
nM.
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Latitude

Longitude
Figure 3.2 The surface distribution of dissolved iron (DFe)(nM) along the study
area of the Fe Cycle III cruise. The dots represent the sampling locations. (Figure
made by Dr. Angie Milne) Ocean data view was used for the map (Schlitzer, 2014).

3.4.1.1

Dissolution of Fe from Goethite

3.4.1.1.1

Short-term Experiments

The results from the 8 hr light and dark experiments using goethite, DFB and
oxalate showing the change in total DFe with time are summarised in Figure 3.3 –
Figure 3.7. All the figures show the average value of three replicate analysis and
the error bars are the standard deviations among the three replicates. Figure 3.3
shows the results of the light and dark experiments with goethite without the
addition of any ligands. In both conditions the initial values, i.e. directly after
adding the dry mineral powder, of DFe are elevated and the concentration
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decreased with time. For the dark experiment, the initial DFe concentration was
5.33 ± 0.08 nM and for the light one it was 3.34 ± 0.07 nM. Differences at time zero
may be due to slight inhomogeneity of the mineral suspension. However, the DFe
decreased afterwards reaching the same level (1.49 ± 0.05 nM) at 8 hours for both
light and dark experiments. Control experiments were done without goethite in
presence of both the ligands (Figure 3.4). For the control experiment (GBL), no
measurable dissolution was observed initially and the DFe concentration
increased to 0.03 ± 0.01 nM at 3 hours and reached up to 0.33 ± 0.07 nM within 8
hours.

Figure 3.3 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of goethite without addition of any ligands a) light experiment and b)
dark experiment.
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Figure 3.4 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
control experiment at light without mineral in presence of DFB and oxalate. LOD
represents limit of detection.

The light experiments showed an enhanced Fe release during the period of 0 to 8
hours from goethite in the presence of oxalate and DFB with oxalate when
compared with corresponding dark experiments. However, for the samples of
goethite with DFB alone, there was not much difference observed between the
light and dark experiments. For both the experiments, DFe release was not
detected up to 3 hours. But after a period of 8 hours, 0.06 ± 0.01 nM and 0.03 ±
0.01 nM of DFe concentrations were observed for light and dark samples
respectively (Figure 3.5). However, for the dark experiment DFe value increased
up to 34 times from 0 hr to 8 hr and for the light experiment, 60 times increase in
DFe value was observed after 8 hours from the beginning of the experiment.
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Figure 3.5 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of goethite with DFB a) light experiment and b) dark experiment.
A much higher Fe dissolution was observed in the light experiment with goethite
and oxalate (GOL) after 8 hours, where in the dark the DFe concentrations
remained almost the same throughout the 8 hours period (Figure 3.6). In the light
experiment, the DFe increased from the initial concentration of 1.87 ± 0.08 nM to
28.14 ± 0.11 nM after 8 hours whereas in dark it ranged from 1.09 ± 0.04 nM to
1.79 ± 0.09 nM. Goethite in the presence of both DFB and oxalate at light (GSOL)
did not show a considerable increase in dissolution observed as compared to GOL
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(Figure 3.7). The initial dissolution was too low to be detected for the light
experiment and for the dark (GSO) it was 0.03 ± 0.01 nM. After 8 hours the final
DFe concentration reached a value of 0.10 ± 0.01 nM and 0.15 ± 0.01 nM for light
and dark experiments respectively. In the presence of DFB and oxalate the light
experiment showed a 96 times increase in DFe concentration after 8 hours
whereas the DFe for the dark experiment showed only 5 times increase from 0 to
8 hours (Figure 3.7).

Figure 3.6 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of goethite with oxalate a) light experiment and b) dark experiment.
Some error bars are too small to be detected.
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For all the short-term experiments with goethite, the DFe concentration was found
to be increasing with time in the presence of ligands in both light and dark
conditions. In the absence of ligands dissolution was much higher than in the
presence of DFB alone and DFB with oxalate, but showed an inverse trend with
time, i.e. DFe decreased over the course of 8 hr.

Figure 3.7 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of goethite with DFB and oxalate a) light experiment and b) dark
experiment.
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3.4.1.1.2

Long-term Experiments

The 10 days long-term experiments were conducted for selected manipulations.
The same samples used for the short-term experiments were kept for a long-term
exposure. For goethite without any ligands in the light (GL), DFe concentrations of
the samples from day 5 and day 10 were not available to present here due to
analytical issues (Figure 3.8). Comparing the DFe concentrations from day 3 and 7,
an increase in Fe dissolution was observed from a value of 12.37 ± 0.26 nM to
19.20 ± 0.43 nM.
For goethite, long-term experiments were carried out in the light and in the dark
using DFB and oxalate (Figure 3.9). For the light experiment (GSOL), the maximum
dissolution observed was on the 5th day (1.03 ± 0.26 nM). The DFe concentration
observed on day 3 was 0.07 ± 0.01 nM and the final concentration was 0.16 ± 0.01
nM on day 10. For the dark experiment, we were not able to measure dissolution
on day 3. The DFe concentration in the dark (GSO) increased from 0.03 ± 0.01 nM
(day 5) to 0.16 ± 0.01 nM (day 10). Statistical analysis of the results from the longterm light and dark experiment of goethite with DFB and oxalate showed no
significant difference between both treatments (p=0.38). However, is should be
noted that the number of samples here was n=5, thus too small to actually do
proper statistical analysis, a problem we have with most of these experiments.
Thus the word significant relates to the standard deviations of our replicates and
not to a proper statistical test.
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Figure 3.8 Total dissolved iron (DFe) (nM) versus days for the long-term
experiment of goethite at light without addition of any ligands.

Total DFe (nM)

1.5

1
GSOL
GSO

0.5

0
0

3

5
Days

7

10

Figure 3.9 Total dissolved iron (DFe) (nM) versus days for the long-term
experiment of goethite with DFB and oxalate (GSOL indicates light experiment and
GSO indicates dark experiment). The DFe values of light samples on day 0 and
dark samples on day 3 were not available due to analytical issues.
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3.4.1.2

Dissolution of Fe from Lepidocrocite

3.4.1.2.1

Short-term Experiments

Figure 3.10 shows that the release of total DFe from lepidocrocite was markedly
enhanced in the 8 hr light experiment compared to the dark, regardless of the
absence of organic ligands. An increase in DFe concentration was observed for the
light experiment, while the opposite trend was observed for dark. The DFe
concentration ranged from 3.00 ± 0.55 nM to 27.39 ± 0.26 nM for the light
experiment in a period of 0 to 8 hours and for the dark experiment the
concentration decreased from 2.88 ± 0.12 nM to 1.82 ± 0.02 nM. For the control
experiment (Figure 3.11), initial DFe concentrations were too low to be detected
and a measurable concentration of 0.07 ± 0.05 nM was observed only after 8
hours.
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Figure 3.10 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of lepidocrocite without addition of any ligands a) light experiment
and b) dark experiment.
The difference between DFe values of dark and light experiment and at time 0 hr is
due to the fact that time zero in our experiments is not exactly 0 hr as the dust and
ligand additions followed by subsampling were carried out in a sequence as given
in Table 3.1 and Table 3.2 which makes time zero different for each manipulation.
This reason applies to the variations within the light or dark treatments too. This
is the same reason for the difference in initial dissolution observed in the dust
dissolution experiment (Chapter 4) as well, where the light and dark experiments
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were conducted in two different days, which might also cause minor changes in
experimental conditions.
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8

Figure 3.11 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
control experiment in the light without mineral in presence of DFB and oxalate.
LOD= Limit of detection
Both the light and dark samples with lepidocrocite and DFB (Figure 3.12) showed
an increase in DFe with time even though the dissolution was low. The DFe
changed from 0.05 ± 0.004 nM to 1.33 ± 0.01 nM for light and from 0.17 ± 0.01 nM
to 0.89 ± 0.03 nM for dark experiments.
For the experiments with lepidocrocite and oxalate the dissolution was observed
to be very low in the dark compared to that under light conditions (Figure 3.13).
The DFe showed an increase by reaching a maximum concentration of 7.19 ±
0.001 nM at 3 hours and then it was reduced to 2.35 ± 0.02 nM after 8 hours. In
the dark the concentrations remained almost the same from 0 to 8 hours and the
values ranged from 0.93 ± 0.01 nM to 1.15 ± 0.06 nM.
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Figure 3.12 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of lepidocrocite with DFB a) light experiment and b) dark experiment.
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Figure 3.13 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of lepidocrocite with oxalate a) light experiment and b) dark
experiment.

The light experiment samples of lepidocrocite with DFB and oxalate (Figure 3.14)
showed a considerable enhancement in Fe dissolution compared to the dark
experiment. For the light experiment, the DFe concentration was 0.60 ± 0.004 nM
initially, which increased up to 17.19 ± 1.70 nM after 3 hours and after 8 hours the
DFe concentration was reduced to 9.13 ± 0.21 nM. In the dark, there was a rapid
rise in the DFe concentration from 0.50 ± 0.01 nM to 4.79 ± 0.12 nM at 3 hours and
it remained almost steady at 4.52 ± 0.05 nM after 8 hours.
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Figure 3.14 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
experiment of lepidocrocite with DFB and oxalate a) light experiment and b) dark
experiment.

3.4.1.2.2

Long-term Experiments

10 day long-term experiments were conducted with lepidocrocite in the absence
and presence of ligands. A notable Fe dissolution with time was observed during
long-term experiments. The experiment conducted using lepidocrocite without
any ligands in light is shown in Figure 3.15. The subsamples were analysed only
for day 3 and 5 due to instrument issues at day 7 and 10 and a positive trend in
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DFe concentration was observed from day 3 to day 5 ranging from 1.39 ± 0.09 nM
to 13.18 ± 1.70nM.
Figure 3.16 compared the iron dissolution from lepidocrocite in the presence of
DFB and oxalate under light and dark conditions for a period of 10 days and there
was not much difference between the two. In the light, the DFe concentration
observed on day 3 was 14.90 ± 0.45 nM, which reached a value of 36.64 ± 1.10 nM
after day 7 which remained constant (36.38 ± 0.39 nM) at day 10. For the dark
experiment there was not much variation in DFe from day 5 (34.98 ± 0.31 nM) to
day 10 (36.7 0 ± 0.14 nM) with a slight decline at day 7 (30.38 ± 0.38 nM).
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Figure 3.15 Total dissolved iron (DFe) (nM) versus days for the long-term
experiment of lepidocrocite in the light without addition of any ligands.
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Figure 3.16 Total dissolved iron (DFe) (nM) versus days for the long-term
experiment of lepidocrocite with DFB and oxalate (LSOL indicates light
experiment and LSO indicates dark experiment). Dark sample at day 3 and light
samples at day 5 were not measured due to analytical issues.

3.4.2

Laboratory Dissolution Experiment

3.4.2.1

12 Hour on/off Irradiation

The dissolution of Fe from goethite over time under light and dark conditions is
shown in Figure 3.17a and b respectively. The light experiments were conducted
under simulated solar irradiation for 12 days using 12 hr on/off conditions. The
mineral concentration of 1 mg/L was used in the laboratory experiment whereas
in the shipboard experiment 10 times higher mineral concentration was used. The
concentration values for the DFe were generally low. The dissolution observed in
the light experiment was not much different from the dark. For the goethite
sample without ligands a higher initial dissolution was observed for the light (3.58
± 0.74 nM) and dark (1.41 ± 0.41 nM) experiments than for the experiments in
presence of ligands. For goethite with DFB and DFB with oxalate, the initial
dissolution observed was very low in the range of ≈ 0.1 nM for both light and dark
experiments. During the period of 12 days, no considerable increase in Fe
dissolution was observed for goethite even in the presence of DFB and oxalate.
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Figure 3.17 Total dissolved iron (DFe) (nM) versus time (hour) for the 12 hr
on/off long-term laboratory solar irradiation experiment of goethite without any
added ligands, goethite with DFB and goethite with oxalate a) light experiment
and b) dark experiment.
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3.4.2.2

24 Hour Irradiation

An experiment was conducted using a 24 hr continuous irradiation system instead
of the 12 hr on/off system. The trends observed were same as that obtained for
the 12 hr irradiation experiment. The initial dissolution observed was higher for
the goethite sample without any ligands (Figure 3.18a) than the seawater with
goethite and DFB (Figure 3.18b) even though the maximum DFe concentration
found was still low (3.1 nM, dark, t =0 hr). The DFe concentrations were very low
and no considerable dissolution was observed when goethite was treated in the
presence of DFB. There was no considerable difference between light and dark
experiments even in the presence of DFB. During the 24 hr irradiation experiment
with goethite and DFB, the maximum DFe concentrations values obtained were
0.51 nM at t= 48 hr and 0.68 nM at t= 96 hr for light and dark experiments
respectively.
A blank test ran with filtered seawater irradiated for 24 hr before mineral addition
(Figure 3.19) confirmed that the higher DFe concentration observed for goethite
in the absence of ligands is really coming from the mineral, not from
contamination.
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Figure 3.18 Total dissolved iron (DFe) (nM) versus time (hour) for the 96 hr
laboratory solar irradiation experiment under dark and light conditions a)
goethite without any added ligands and b) goethite with DFB
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Figure 3.19 Total dissolved iron (DFe) (nM) versus time (hour) for the 24 hr
laboratory solar irradiation experiment of seawater with DFB at light and dark
conditions.

3.4.3
Solar Irradiation Experiment of Seawater
Using Desferrioxamine B
A solar simulation experiment was conducted exposing DFB to light in the
laboratory for varying exposure periods. This experiment was conducted to
investigate the effect of solar irradiation on the molecular structure of
siderophores and their Fe complexes. Dr Imelda Velasquez and Dr Mona Wells at
the Department of Chemistry, University of Otago, jointly conducted the
experiment. The results were not interpreted in depth at that time. Since the
experiment is relevant and useful to interpret my data shown in the previous
graphs I reused the raw data to support my own findings. In the experiment we
investigated the fragments obtain using mass spectrometry; the change in the
stability of the Fe-ferrioxamine B complex and dissolved Fe concentration [DFe]
was done by voltammetry (method is given in Chapter 2).
Based on this experiment, a full paper presented as a talk by myself during the
ISEAC international conference on Electrochemistry Applications and Challenges
(ELAC-2013) entitled “Unexpected Photoreactivity of Ferrioxamine B in Artificial
Seawater Observed by Voltammetry and Mass Spectrometry” was also published in
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the conference proceedings. Details about the experiment can be found in the full
paper attached as Appendix II.

3.5 Discussion
3.5.1
Shipboard
Short-term
Dissolution Experiments

and

Long-term

While several studies have already looked at the dissolution of minerals or dust in
the presence of organic ligands, very few have actually studied the dissolution at
ambient seawater pH (Mendez et al., 2009). Mendez (2008) studied the effect of
dust dissolution in seawater but they used UV irradiated seawater to investigate
the effect of aerobactin and other ligands like oxalate. But in real seawater
systems, the effect of DFB and oxalate on mineral dissolution has not been
subjected to studies. This study was conducted on-board and by maintaining all
natural seawater conditions as much as possible (such as pH and temperature)
using goethite and lepidocrocite minerals in the presence or absence of DFB and/
or oxalate ligands. A major difficulty at pH 8 is the poor solubility of Fe(III). At
ambient oxygenated seawater, the solubility has been detected to be extremely
low (20- 500 pM/L) (Schlosser & Croot, 2008), a concentration that is very
difficult to measure.
Interestingly, for both goethite and lepidocrocite, for all the experiments in the
absence of ligands, a higher initial Fe release was observed. For the goethite
addition without ligands, once the mineral was added, the Fe bound to the mineral
was quickly released resulting in a higher initial DFe value for both dark (5.33 ±
0.08 nM) and light (3.35 ± 0.07 nM) experiments and the same trend in the initial
DFe concentration was observed for lepidocrocite as well. The later decrease in Fe
observed with time may possibly be due to the adsorption of initial Fe to the
mineral particles or to the walls of the container. It may also due to the fast
oxidation kinetics of Fe at pH ≈ 8 to oxyhydroxides, which crystallise to more
crystalline forms with time (Schwertmann et al., 1999).

83

Photodissolution of iron oxides is an important process potentially increasing the
bioavailability of Fe, the mechanism of which generally involves two steps. First
step is the reduction of surface Fe(III) to Fe(II) by photoexcitation and charge
transfer and the second step, which is the rate-determining step, involves the
detachment of the Fe(II) from the mineral surface (Borer et al., 2005). For the 8
hours dissolution experiment of goethite with 50 µM DFB alone, no detectable
increase of DFe concentrations was found both under light and dark conditions
(Figure 3.5). These results obtained are comparable to the laboratory dissolution
experiment and the results also confirmed the results of Borer (2005). They used
goethite suspensions at pH 6 in the presence of DFB (80 µM) as the only ligand
and no thermal or photodissolution of goethite was observed during the
experiment (Borer et al., 2005).
Contrary to the studies suggesting the very low dissolution of crystalline iron
oxide minerals in the presence of oxalate above acidic pH (Waite & Morel, 1984)
(Voelker et al., 1997), we observed a high Fe release from goethite (Figure 3.6)
and lepidocrocite (Figure 3.13) with oxalate (200 µM) at ambient seawater pH (≈
8). It was also observed that oxalate had a pronounced effect on the dissolution of
minerals when exposed to light (Figure 3.6a and 3.13a). It has been hypothesised
that oxalate forms photoreactive surface complexes with goethite and
lepidocrocite in order to promote photodissolution in the absence of oxygen
(Borer et al., 2005). At circumneutral pH, in the presence of oxygen, fast
reoxidation of Fe(II) may outcompete the slow release of Fe(II) (Kraemer, 2005).
However, all our experiments were conducted in the presence of oxygen. Borer et
al. (Borer et al., 2005) found that surface Fe(III) is reduced to Fe(II) by oxalate at
pH 6, under irradiated and aerated conditions, but only a minor part of the Fe(II)
is detached from the surface before reoxidation of surface Fe(II) occurs. For
goethite, the maximum DFe concentration achieved with oxalate alone in the light
was 28.14 ± 0.11 nM (8 hr) while in the dark it was 1.79 ± 0.09 nM (8 hr). In the
case of lepidocrocite, the highest Fe release observed with oxalate was 7.19 ± 0.01
nM (3 hr) and 1.15 ± 0.06 nM (8 hr) under light and dark conditions respectively.
It has been suggested that at seawater pH, reoxidation of surface Fe(II) limits the
overall dissolution rate due to the slow detachment of Fe(II) from mineral
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surfaces, especially for higher crystalline and less soluble iron oxide phases
(Voelker et al., 1997) (Kraemer, 2005). The Fe release from minerals with DFB
alone was much lower compared to the dissolution observed only in the presence
of oxalate for goethite (Figure 3.6 and 3.7) and lepidocrocite (Figure 3.13 and
3.14).

Figure 3.20 Long-term mineral experiments results summarised a) A 10 day
dissolution of lepidocrocite (0.01 g/L) in the presence of 50 µM DFB and 200 µM
oxalate in light and dark b) 10 days dissolution of goethite (0.01 g/L) in the
presence of 50 µM DFB and 200 µM oxalate in the light and dark conditions
(

dark

light).
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The results of long-term experiments using goethite and lepidocrocite are
summarised in Figure 3.20. For the long-term light exposure of lepidocrocite with
DFB (50 µM) and oxalate (200 µM), the DFe values were found to be increasing
with time by reaching a steady state value towards the end of the experiment. In
the dark, although the Fe release in the initial 8 hours was low, it reached the
maximum value at day 5 and then stabilised showing the same trend as the light
experiment (Figure 3.20).
For the goethite, in presence of DFB and oxalate, the long-term exposure did not
make any significant change in the Fe release and the results were scattered with
no notable trend. This may be explained by the fact that, the presence of oxygen
has a prominent effect on the goethite dissolution in presence of DFB and oxalate
while compared to lepidocrocite. In the presence of oxygen, in suspensions of
goethite with DFB and oxalate no considerable increase in dissolution was found
both under light and dark conditions (Figure 3.21 a) whereas in lepidocrocite the
dissolution has significantly enhanced both in aerated and deaerated (oxygenfree) suspensions (Figure 3.21 b). The study by Borer et al. (Borer et al., 2005)
revealed that this difference is due the different thermodynamic stabilities of
goethite and lepidocrocite. The thermodynamic stabilities of these iron oxide
phases are discussed later in this section (Figure 3.23).
Cheah et al. (Cheah, 2003) also reported the synergetic effect of DFB and oxalate
as found in our dissolution experiments with lepidocrocite. They found a
significant increase in dissolution when low concentrations of oxalate (0- 200 µM)
were used with modest concentration (40 µM) of DFB suggesting that the
siderophore is able to remove Fe(III) from all Fe-oxalate complexes quickly,
leaving the uncomplexed oxalate ligand in solution free to react again with the
mineral surface (Cheah, 2003). But their experiments were conducted in acidic pH
conditions. A figure showing the dissolution mechanism of oxalate in the absence
and presence of DFB is given (Figure 3.22). The steps involved are the 1)
adsorption of the ligand by a ligand exchange reaction, 2) slow formation of the
labile Fe surface species, 3) detachment of the labile surface species 4) rapid
ligand exchange reactions and 5) re-adsorption of the organic ligand (Reichard et
al., 2007).
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Figure 3.21 a) Dissolution of irradiated 0.02 g/L lepidocrocite suspension at pH 6
in the presence or absence 80 µM DFB/200 µM oxalate b) Dissolution of 0.08 g/L
goethite suspension at pH 6 in the presence of DFB (80 µM) and oxalate (200 µM)
in aerated and deaerated conditions in light and dark (Borer et al., 2005).

87

Using the slope of the initial points of the curve (Figure 3.17 a), the initial
dissolution rate for lepidocrocite in presence of DFB and oxalate was calculated.
For the light experiment samples the initial dissolution was found to be 5.53 ±
0.59 nM Fe/hr for 10 mg of lepidocrocite and for dark experiment samples, the
initial rate was 1.06 ± 0.03 nM Fe/hr. Although it is clear that light experiment
showed a 5.2 fold higher initial dissolution rate than the dark, the Fe dissolution
for dark reached almost the same value as light towards the end of the
experiment. The Fe dissolution seemed to stabilise after day 5 with a dissolution
rate of 0.13 ± 0.01 nM Fe/hr for the light experiment and 0.08 ± 0.01 nM Fe/hr for
the dark. For goethite, it was not possible to calculate the rate due to very low
dissolution observed. The results showed that DFB and oxalate facilitate the Fe
dissolution from lepidocrocite mineral and not from goethite. Our results are
comparable to the experiments done by Mendez et al. in 2008. They observed that
the dissolution rate of goethite at pH 8 was below detection limit (0.5 µM Fe) even
in the presence of a siderophore.

Figure 3.22 The fast dissolution mechanism of oxalate (Ox) without DFB and with
addition of DFB, showing the accumulation of labile surface species in the absence
of DFB and the depletion of labile surface complexes in the presence of DFB.
Adapted from (Reichard et al., 2007).
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Overall the concentration of DFe observed during the dissolution experiment was
not as higher as expected compared to the amount of mineral added. This can be
explained by considering the possibility that the particle mineralogy of the
minerals used could have changed during the dissolution process, which resulted
in the release of less labile iron (Xylouri, 2009) through the formation of insoluble
crystalline Fe forms.
By comparing the Fe dissolution in the long-term experiments of goethite and
lepidocrocite it becomes obvious that the dissolution is dependent on the type of
mineral used since we maintained the same conditions (seawater, mass of the
mineral, ligands, time, temperature etc.) for all the experiments. Sulzberger and
Laubscher (1995) suggested that in goethite, detachment of Fe(II) is perhaps
slower than with lepidocrocite resulting in its competitive reoxidation (Sulzberger
& Laubscher, 1995). From the long-term experiments of goethite and lepidocrocite
with DFB and oxalate, it is obvious that there is only minor difference between the
light and dark samples and the DFe values stabilised after day 7 (168 hr). However
from Figure 3.20, the large difference in the initial dissolution observed between
light and dark experiments for lepidocrocite might indicate that DFB is quickly
decomposing rendering the light and dark similar after the initial period. This is
against the findings of Barbeau et al., who proposed that no substantial
photodecomposition is happening to the siderophore DFB (Barbeau et al., 2003)
and also favours our preliminary results on the photoreactivity of ferrioxamine B
as discussed in section 3.4.3. Nonetheless, the thermodynamic stabilities of
goethite and lepidocrocite can also affect the dissolution process. Thermodynamic
stability of Fe(III) (hydr)oxides is a function of crystal structure and particle size
that eventually controls the solubility of the phases (Cornell & Schwertmann,
2003). Goethite is one of the thermodynamically most stable iron phases, which is
not readily dissolved in the presence of oxygen even at low pH. This also explains
the low Fe dissolution observed for goethite. Lepidocrocite is thermodynamically
less stable mineral phase. The free energies and enthalpies of transformation of
different iron mineral phases such as goethite, hematite, lepidocrocite and
maghemite are given in Figure 3.23 (Majzlan et al., 2003). However, it was found
previously that the solubilty of pure Fe(III)(hydr)oxides increases in the order

89

ferrihydrite>

lepidocrocite>

goethite

at

circumneutral

pH

(Cornell

&

Schwertmann, 2003).
Another plausible reason for the different dissolution pattern of minerals may be
due to the presence of amorphous colloidal nano particles, which are formed at
high pH values. These nano-sized particles of amorphous iron oxides can pass
through 0.2 µm filter (Xylouri, 2009) and will contribute to the DFe measurements
by chemiluminescence of the acidified sample. These colloidal particles can be
bound to the organic ligands and keep Fe in the solution. Some abnormally high
DFe values observed in the natural seawater samples without ligands (e.g. Figure
3.10) can be explained by this colloid formation since they are above the solubility
limit. The colloidal particles once formed age with time and become more
crystalline particulate phases.

Figure 3.23 Free energies and enthalpies of transformation of different iron
mineral phases relative to 1/2 α-Fe2O3 ± 1/2H2O (liquid). Figure adapted from
(Majzlan et al., 2003).
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3.5.2
Goethite Dissolution under Simulated Solar
Irradiation
The results of the laboratory experiments showed that the long-term dissolution
of Fe from goethite was very low and at natural seawater pH (≈ 8) there was no
notable enhancement in the dissolution in the presence of organic ligands like DFB
and /or oxalate (Figure 3.17). It was found that the dissolution observed was in
the order goethite > goethite + DFB > goethite + DFB + oxalate. In the 12 hr on/off
irradiation experiment, after the addition of goethite an increase in the DFe
concentration was observed both in dark and light conditions (Figure 3.17a and
b). But in the presence of 50 µM DFB alone and with 200 µM oxalate this trend was
not observed. The presence of light did not make any significant change in the
dissolution even after 12 days of experiment. The experiment was further
confirmed by the 24 hr continuous irradiation experiment for 4 days (Figure
3.18), which showed the same trend in Fe dissolution.
It has been shown that thermodynamically stable iron mineral phases such as αFeOOH (goethite) are not readily dissolved in the presence of oxygen, even at low
pH and in the presence of light and reductants like oxalate (Sulzberger &
Laubscher, 1995). The photoreductive dissolution rate mainly depends on the
type of Fe(III) (hydr)oxides present, which is already discussed in the previous
section. The trend in goethite dissolution observed was comparable with the
studies conducted by Borer (2005).
The high initial Fe dissolution occurred in the goethite sample without ligands
may be attributed to the release of soluble iron from the mineral particles as well
as the formation of amorphous Fe(III) oxyhydroxide colloids. Even though the
present study did not distinguish between colloidal and truly soluble Fe species in
the measurements, the contribution of amorphous colloidal nano particles are
discussed in previous literature. The later decrease in DFe concentration may be
due to the precipitation of released Fe after consuming the surrounding ligand
field (Xylouri, 2009). Scavenging of DFe by the mineral particles may be another
possible reason for the very low DFe concentration observed with 1 mg/L of
goethite in seawater. Scavenging of DFe on dust particles is a significant sink of
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DFe in the ocean (Wagener et al., 2010). The particle adsorption on the container
walls can also affect the results.
The findings are in good agreement with the results of the shipboard dissolution
experiments under natural conditions using goethite and lepidocrocite minerals,
which provide a better understanding of the dissolution behaviour of different
minerals and the factors affecting Fe dissolution.

3.5.3
Comparison of Shipboard and Laboratory
Dissolution Experiments
For the on-board experiment detailed in this chapter, both goethite and
lepidocrocite were used and the mineral concentration was 10 times higher than
that used in the laboratory experiment. The higher concentration was used onboard to make sure a measurable dissolution since it was the first experiment
among the mineral experiments conducted. For both laboratory and on-board
dissolution experiments, in the presence of DFB and oxalate, the goethite showed
similar trend in Fe dissolution. Moreover, the DFe concentration was very low for
both experiments (Figure 3.24). At the same time, the on-board experiment with
goethite (10 mg/L) in the absence of ligands showed much higher DFe
concentration than the corresponding laboratory experiment with goethite (1
mg/L). Similar concentrations were obtained when the mineral concentration was
normalised to 1 mg/L. This indicates that in the Fe dissolution in the absence of
ligands is dependent on the mineral concentration while in the presence of
organic ligands over time the dissolution is independent of the amount of mineral
used. Also it should be noted that the limit of detection for the laboratory goethite
experiment was 0.03 nM. The DFe values for goethite were too low and moreover
many of the values were not significantly different as those are below the limit of
detection (Figure 3.24).
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Figure 3.24 Dissolution of goethite in the presence of DFB and oxalate in light and
dark conditions: Comparison of on-board and laboratory experiments. Laboratory
conditions- 50 µM DFB, 200 µM oxalate and 1 mg/L goethite. On-board conditions50 µM DFB, 200 µM oxalate and 10 mg/L goethite. The much higher DFe value
observed at 48 hr for the on-board light experiment may be due to contamination
during the measurement.

3.6 Conclusion
The present study investigated the effect of DFB and oxalate on mineral
dissolution for the first time in real seawater systems by mimicking all natural
conditions as possible. From the results of our study using the two minerals
goethite and lepidocrocite, it is evident that the Fe dissolution is dependent on the
type of mineral associated with the dissolution. The difference in thermodynamic
stabilities of the minerals also affects the dissolution process. The very low
dissolution of goethite found in this study reflects the higher thermodynamic
stability of goethite. The distribution of Fe among the Fe-bearing mineral phases
has a major effect on its solubility and lability (Kraemer, 2005). We found that
lepidocrocite is more soluble and labile than goethite. Our results show that the
presence of oxalate along with DFB during a period of 10 days significantly
increased the dissolution in lepidocrocite even in the absence of light. This also
suggests that other mechanisms other than photodissolution play a major role.
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Another significant observation is the higher Fe release from both goethite and
lepidocrocite with oxalate alone and the enhancement in dissolution with light at
ambient seawater pH. The DFe concentration values obtained in this study are low
compared to other studies (Borer et al., 2005; Cheah, 2003) because all our
experiments were in higher pH (≈ 8) using natural seawater. The nonlinearity of
the results can be attributed to the re-adsorption of initially dissolved Fe to the
mineral particles or container walls. Several factors regarding the iron solubility
measurements could act simultaneously (e.g. acid species, photochemical
reactions, mineralogy) making it difficult to determine the involved processes in
the dissolution of Fe. The formation of more insoluble colloidal Fe forms can be
another significant factor for the removal of DFe from the solution, which should
be studied further. At high pH conditions, the colloidal particles can aggregate and
precipitate to more insoluble Fe species, which might be later removed from the
system.
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Chapter 4. Photodissolution of Iron from
Australian Dust and the Role of Iron-binding
Ligands: GEOTRACES Pacific Ocean Voyage
2011
4.1 Introduction
The atmospheric deposition of mineral dust from continental regions is a
significant source of iron (Fe) to the open ocean (Jickells et al., 2005). The
dissolution of iron from dust is a key process of Fe cycling in High Nutrient Low
Chlorophyll (HNLC) oceanic regions. Although dust sources in Southern
Hemisphere are smaller compared to that of Northern Hemisphere, they deserve
study due to their major impact on ocean productivity in the HNLC regions in the
Southern Ocean. Iron solubility in seawater is controlled by the presence of strong
iron-binding ligands (e.g. siderophores) and the presence of these ligands in
seawater can also enhance the dissolution of solid iron phases (Kraemer, 2005). It
has been reported that more than 99% of dissolved ferric iron in the HNLC upper
ocean water is complexed by strong organic ligands having conditional stability
constants similar to siderophores in seawater (Rue & Bruland, 1997; van den
Berg, 1995; Witteret al., 2000; Wu & Luther, 1995). Several new laboratory
studies suggest that upper ocean microbes have adapted specialised mechanisms
for accessing Fe from dust (Borer et al., 2005) (Kraemer, 2005). One such utilises
the joint action of siderophores and light to enable substantial biological Fe
dissolution and uptake (Borer et al., 2005) (Kraemer, 2005).
Many authors have studied the iron dissolution processes in different systems (i.e.
rain or cloud water) but very few have conducted experiments directly in
seawater at ambient pH (i.e. pH 8) to mimic the natural events of dust deposition
to the surface ocean due to the difficulties in measuring the very low Fe solubility.
However many studies have been conducted to determine the Fe solubility in
aerosols using a variety of techniques (Baker et al., 2006; Buck et al., 2008;
Sedwick et al., 2007;). The present chapter addresses the question of how much Fe
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dissolves from dust in natural seawater and whether there is an effect of the
presence of siderophores, light and an efficient electron donor such as oxalate in
the dissolution process, which in turn will help to better elucidate the processes
controlling the bioavailability of Fe from dust. The dissolution experiments were
conducted in the presence or absence of the siderophore Desferrioxamine B
(DFB). Oxalate was used as the reductant since it is one of the most abundant
carboxylate species in atmospheric waters (Sulzberger & Laubscher, 1995).
The results presented in this Chapter are from the GEOTRACES GP 13 New
Zealand voyage in June 2011. The dissolution experiments using the combinations
of different Australian dusts were carried out in SW Pacific Ocean surface water.
Short-term dark (8 hr) and light (9 hr) experiments and a 16 day long-term dust
dissolution experiment were conducted during the voyage. The findings of this
study were compared with the results of the mineral dissolution experiment
carried out during the Fe Cycle III voyage 2012.

4.2 Study Area
Our experiments were carried out during the New Zealand leg of the GEOTRACES
cruise in the South Pacific Ocean from 6 June to 30 June 2011. The voyage was
from South of New Caledonia to South of Tahiti and it was leg two of the
GEOTRACES zonal section (Brisbane to Lima). More details about the study area
are given in Chapter 2. One of the main goals was to vertically sample dissolved
and particulate trace elements every degree of longitude along 32.5 0S from 172
0W

to 150 0W using in-situ pumps, a trace metal rosette and a “trace metal fish”.

Seawater used for the dust dissolution experiments was collected from the trace
metal CTD cast on 09-06-2011 (34.05 0S & 177.05 0W). The sampling protocol and
analytical methods are described in detail in Chapter 2.

4.3 Dust dissolution experiment
4.3.1

Samples

The dust dissolution experiment during the GEOTRACES cruise was carried out
using different dusts of Australian origin. Prof. Grant Mc Tainsh, Griffith
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University, Australia, kindly provided the dust samples. To have enough material,
we combined and homogenised four samples collected during different dust
storms that happened in Australia from 1965 to 2007. The samples we used are
given in Table 4.1.

Table 4.1
Details about the Australian dust samples used for the experiments.
Sample No.

Sample

Description

1

Birdsville 1996

Dust

from

Simpson

Desert, Qld
2

Windorah 2007

Dust

from

Channel

Country, Qld
3

Brisbane 1965

Huge dust storm from a
large area of W Qld and
W NSW

4

4.3.2

Buronga 1995

Dust from NSW Mallee

Source Areas

Sample 1 was from the Simpson Desert (SW Queensland (Qld)) west of Birdsville,
the most active dust source in Australia. Sample 2 was from the Channel Country
(SW Qld) an area of inland river floodplains, Sample 3 was a deposit sample
collected in Brisbane after a huge dust storm originating in the western New South
Wales (NSW) sector of the Murray- Darling Basin (MDB) and Lake Eyre Basin
(LEB) further west again and Sample 4 was from Buronga in the NSW Mallee (far
SW of NSW). The map showing the dust sampling locations in Australia is given as
Figure 4.1.
All samples (except sample 3) were suspended dusts collected in High Volume Air
Samplers on Glass Fibre (GFA) filter papers at 1.5m above ground. The filters had
been in snap seal bags since collection. Sample 3 was a dust deposition sample
collected off a glass roof following a large dust storm, which passed through
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Brisbane in 1965. The dust used for the dissolution experiments was a composite
of these 4 dust samples.

Figure 4.1 Sampling locations of the different Australian dust samples used 1)
Simpson Desert, 2) Channel Country, 3) Brisbane and 4) Buronga.

4.3.3

Method

The experiment was conducted on-board RV Tangaroa to measure the dissolution
of iron from Australian dust in the presence and absence of siderophore (DFB),
oxalate and light in seawater. Short-term and long-term experiments were
performed. The seawater was filtered through 0.2 µm cartridge filters and stored
in acid cleaned carboys. The carboys were double bagged using black plastic bags
and kept in the fridge at 4 0C until the start of the experiments.
Acid cleaned 2 L Teflon bottles were used for all the experiments. After sampling
the Teflon bottles were sealed using parafilm, kept in plastic bags and light
experiment samples were placed in incubators on the deck of RV Tangaroa where,
surface seawater was constantly flowing through the incubators (Figure 4.2). The
dark experiment samples were kept in black bags and placed in temperature
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controlled plastic chambers by adjusting the temperature to the ambient seawater
temperature (13 - 15 0C). The dust addition and subsampling were done in a trace
metal clean laboratory on-board. The trace metal cleaning protocol is detailed in
Chapter 2.

Figure 4.2 Incubators on the Deck of RV Tangaroa used for the shipboard
dissolution experiments.

4.3.3.1 Short-term Experiments
Nine different manipulations (Table 4.2) were used for short-term experiments.
Light and dark experiments were conducted for 9 hours and 8 hours respectively.
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Table 4.2
Different manipulations used for the dust dissolution experiments. + (present) and
– (absent).
Sample
Siderophore Oxalate Light
Comment
ID

DFB

Control
UV
digested
Seawater
BL

-

-

-

Done
home lab

+

+

+

No dust

D

-

-

-

L

-

-

+

O

-

+

-

OL

-

+

+

S

+

-

-

SL

+

-

+

SO

+

+

-

SOL

+

+

+

in

The weighed dust samples were added to seawater and shaken well. Aliquote
samples were pipetted out and added to Teflon bottles containing 1000 mL
seawter to make a final dust concentration of 10 mg/L. Zero or 50 µM DFB and
200 µM oxalate were added to 1000 mL of seawater collected from the surface
mixed layer with 0.01 g of dust in a sequence as given in Table 4.2 . The Teflon
bottles were shaken well and the subsamples were taken in the same sequence as
shown in Table 4.2, which is considered as time zero of the experiment.
Subsamples were collected every 2 hours.
The magnitude of this dust addition was used in order to get a measurable effect
and it also mimics the dust additions in seawater during a heavy dust storm event
(Xylouri, 2009). The pH and temperature were kept almost constant for all the
experiments in the shipboard incubators (light) and refrigerated plastic chambers
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(dark). The pH of all manipulations measured was in the range of 7.6 - 7.8 with a
standard deviation of 0.05. The light experiment sample bottles were kept in
incubators, which filter out some of the light spectrum even though they were
exposed to sunlight on the deck. Subsamples were filtered using trace metal clean
0.2 µm Nylon syringe filters. The dark experiment was carried out during night in
a dark temperature controlled chamber from 8 pm to 4.30 am on 09-06-2011 and
the duration of the light experiment was from 7.30 am to 4.30 pm on 10-06-2011.
The experimental procedure is the same as the shipboard mineral dissolution
experiment detailed in Chapter 3. The total DFe values were measured in the
laboratory using voltammetry.

4.3.3.2 Long-term Experiments
The manipulations D (dark, no added ligands) and SOL (light, DFB and oxalate
added) were used for the long-term experiment (16 days) in a temperaturecontrolled set up. Light and dark dissolution experiments were carried out under
the same experimental conditions as the short-term experiments. Subsamples
were collected on days 1, 2, 5, 9 and 16. Subsamples were taken for total DFe,
ligands, nutrients, pH and enzymatic activity of the seawater used. The analytical
methods used for the dust dissolution experiments are described in Chapter 2.
The enzymatic activity was analysed by Dr Els Maas (NIWA Wellington) and the
nutrients were measured by Dr. Malcolm Woodward (Plymouth Marine
Laboratory, UK).
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4.4 Results
4.4.1

Short-term Dust Dissolution

To measure the short-term dissolution of Fe from dust, samples were incubated in
darkness for a period of 8 hours and light experiment samples for 9 hours. The
results of short-term experiment using Australian dust are shown in Figure 4.34.7. The error bars are the standard deviations among the three replicate
measurements. The seawater sample with DFB and oxalate in the presence of light
without the addition of dust was used as blank (BL). Except, BL, all other
manipulations were done with the addition of dust. For the blank sample BL, a
high initial Fe release was observed (3.64 ± 0.60 nM) which then decreased with
time reaching a value of 0.28 ± 0.02 nM towards the end of the experiment (after 9
hr The standard deviations discussed in this chapter are calculated from the three
analytical replicates of each subsample measured.

Total DFe (nM)

5
BL

4

3
2
1
0
0

3

6

9

Time (hr)
Figure 4.3 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
dissolution experiment of pure seawater without addition of any ligands or dust
(BL). Some error bars are too small to be visible.

For the present dust dissolution experiment, the light samples showed a
considerable enhancement in Fe dissolution than the dark in most cases. These
results are much different from the mineral dissolution experiment in seawater
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using goethite and lepidocrocite (Chapter 3) in which no significant difference was
observed between the light and dark experiments. The Australian dust seemed to
release more Fe from the beginning than the same amount of mineral under
shipboard conditions. The results of all short-term experiments are given in
Appendix III.
It is evident that after the addition of dust to the seawater a rapid increase in the
DFe concentration was observed. The light sample with dust (L) showed an initial
dissolution of 13.65 ± 0.16 even in the absence of any added ligands, while the
corresponding dark experiment sample (D) showed a much lower initial dissolved
iron (DFe) value of 5.70 ± 0.10 nM (Figure 4.4). The DFe concentration at time
zero increased up to ≈ 4 times higher than the blank (BL) for the samples from
light experiment and ≈ 2 times higher than BL for the dark experiment. At time
zero, both light and dark manipulations are theoretically the same and expected to
show the same dissolution. However, as the light and dark experiments were
carried out in two different days, this difference may be due to the microbial
activities in the same seawater. Since filtered seawater was used for all the
experiments, the microbial activity might be possibly from the dust samples
added.
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Figure 4.4 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
dissolution experiment using mixed Australian dust without addition of any
ligands a) light experiment and (L) and b) dark experiment (D).

It is apparent from Figure 4.5 that the addition of oxalate did not cause much
increase in the release of Fe from dust in the solution. Although, the light sample
showed a higher initial DFe value (8.35 ± 0.02 nM) than the dark (4.88 ± 0.30 nM),
not much difference in dissolution was observed between the light (OL) and dark
(O) experiments with time.
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Figure 4.5 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
dissolution experiment using mixed Australian dust in the presence of 200 µM
oxalate a) light experiment (OL) and b) dark experiment (O). 10 mg/L of dust was
used.
The addition of siderophore DFB led to a significant increase in Fe dissolution (≈7
times higher than the blank) in the light experiment (SL) but this trend was not
found in the dark experiment (S) (Figure 4.6). The light experiment showed a very
high initial dissolution (21.22 ± 0.84 nM) compared to the dark (0.74 ± 0.04 nM).
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The Fe dissolution almost doubled in the light experiment sample SL (48.75 ± 4.60
nM) after 3 hr, which later declined towards the end of the 9 hr experiment.
Similarly, for the dark experiment, an increase in Fe dissolution was observed
after 4 hr (25.02 ± 2.60 nM), which then decreased after 6 hr. However, after the 8
hrs of dissolution, the DFe concentration increased again for the dark experiment
treatment and reached up to a value of 17.25 ± 0.84 nM.

Figure 4.6 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
dissolution experiment using mixed Australian dust in the presence of 50 µM DFB
a) light experiment (SL) and b) dark experiment (S). 10 mg/L of dust was used.
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In the dust experiments with both DFB and oxalate (Figure 4.7), no considerable
Fe dissolution was observed for the dark experiment (SO) compared to the light
experiment (SOL), which showed a high initial dissolution at time zero. However,
after 6 hr DFe went down to < 2.5 nM.

Figure 4.7 Total dissolved iron (DFe) (nM) versus time (hour) for the short-term
dissolution experiment using mixed Australian dust in the presence of 50 µM DFB
and 200 µM oxalate a) light experiment (SOL) and b) dark experiment (SO). 10
mg/L of dust was used.
A comparison of the Figure 4.6 and Figure 4.7 reveals that the dissolution
observed in the presence of both ligands was much lower than the dissolution
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obtained with DFB alone. A significant enhancement in Fe dissolution was
observed for the light experiment in the presence of DFB and oxalate with an
initial dissolution of 14.19 ± 0.04 nM whereas for the dark experiment the initial
DFe value observed was 0.36 ± 0.05 nM (Figure 4.7). Nonetheless, after 3 hours of
the light experiment a decreasing trend in DFe concentration was observed and no
particular trend was found for samples from the dark experiment.
Although the dust dissolution experiments were not conducted in complete sterile
conditions, the analysis of the 0.2 µm filtered seawater used for the experiments
did not show any bacterial enzymatic activity. Moreover, the nutrient results
showed that there was no significant change in the nitrite, phosphate and silicate
concentrations throughout the experiment. Although an increase in the nitrate
concentration was observed for the samples BL and L after 4 hr light experiment,
all other samples had consistent nutrient concentration (Figure 4.8). This also
indicates that the dust particles did not release any nutrients other than nitrate
during the dissolution process.
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Figure 4.8 The nutrient concentrations of different manipulations of the shortterm light experiment measured at 0hr and 4 hr. The sample details are given in
Table 4.2. The dark experiment samples were not measured due to analytical
issues.

4.4.2

Long-term Dust Dissolution

A 16 day long dust dissolution experiment was carried out using two different
manipulations. Even though a decrease in DFe concentration was observed after 6
hr during the 9 hr short-term light experiment in the presence of DFB and oxalate
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(SOL), a steady increase in dissolution was observed during the corresponding
long-term experiment (Figure 4.9). The DFe concentration increased from an
initial value of 1.05 ± 0.15 nM and reached up to a value of 32.74 ± 0.13 nM after
day 5, which stabilised subsequently.
The dust sample without any ligands (D) kept in the dark for the long-term
dissolution, showed an initial increase in DFe values from 7.44 ± 0.18 nM to 19.86
± 0.02 nM from day 0 to day 2 and decreased afterwards with no particular trend
(Figure 4.9). It is interesting to note that the dissolution pattern observed in the
long- term experiment for dust is similar to that obtained for the mineral
lepidocrocite under shipboard conditions (Chapter 3).
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Figure 4.9 Total dissolved iron (DFe) (nM) versus time (hour) for the 16 day longterm dissolution experiment using mixed Australian dust. D represents the dark
experiment of dust without any added ligands and SOL represents the light
experiment of dust in the presence of 50 µM DFB and 200 µM oxalate. 10 mg/L of
dust was used. The dark sample on day 16 was not measured due to analytical
problems.
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4.5 Discussion
It was proposed by Mendez et al. that dissolution of Fe in seawater is a function of
the ligand concentration and the biological community (Mendeza et al., 2010). To
understand the role of Fe-binding ligands in photo-induced processes, it is
important to know the effects of excess Fe(III) additions into seawater. Previous
studies suggested that excess Fe(III) in seawater polymerises into amorphous
Fe(III) hydroxides (Rijkenberg et al., 2006). The addition of organic ligands could
influence the photochemistry of Fe(III) by photoreduction of Fe(III) through i) a
ligand to metal charge transfer reaction, ii) by decreasing the inorganic Fe(III)
concentration and iii) thereby decreasing the Fe colloid formation, by modification
of Fe colloid surface by binding or adsorption to surface or by influencing the
overall structure of Fe colloids due to precipitation of Fe(III) organic solids
(Rijkenberg et al., 2006).
The main question in this study sought to determine the role of light in the
siderophore promoted dissolution process. From the results of our dark and light
experiments, it is evident that the presence of light significantly enhances the
release of Fe from dust. Comparing the dissolution of light and dark samples of
dust with DFB (Figure 4.6) showed that DFB enhances the Fe release from dust
likely through a photolytic mechanism. This is further confirmed by the fact that
the pure seawater sample (Figure 4.4) showed much lower dissolution than the
sample with added DFB. Even though pure seawater under light exposure can
undergo photoreductive dissolution processes, the enhanced Fe dissolution with
DFB suggests the role of siderophore photolytic dissolution. Our results
corroborate the findings of Mendez et al. who found that the Fe dissolution was
affected by light exposure when the siderophore aerobactin was used (Mendeza et
al., 2010).
For the sample with dust and oxalate, the Fe dissolution observed in the dark was
quite similar to that released in the presence of light (Figure 4.5). A possible
explanation for this might be that photo-induced processes had no significant
effect on the dust Fe dissolution in the presence of only oxalate. The promoting
effect of oxalate on Fe solubility in dark seem to be consistent with previous work
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conducted using minerals such as hematite (Xu & Gao, 2008)) and dust samples
(Paris & Desboeufs, 2013). In order to explain the dissolution observed for oxalate
in the absence of light, two mechanisms, a non reductive ligand-promoted
dissolution (Stumm & Morgan, 1996) and a reductive ligand promoted-dissolution
(Stumm & Sulzberger, 1992) can be used, and these mechanisms are detailed in
Chapter 1. Moreover, a recent study conducted by Paris et al., using various
organic compounds typically found in the atmospheric waters confirmed that
oxalate is one of the most effective ligand enhancing Fe dissolution in cloud and
rainwater (Paris & Desboeufs, 2013). They also showed that the capacity of an
organic compound to dissolve Fe could be attributed to its ability to act as an Fe
ligand and as an electron donor (Paris & Desboeufs, 2013).
It has been proven that oxalate makes thermodynamically stable complexes with
Fe(III). Pitter in 2005 created a model to predict the speciation of Fe(III) in a
solution with DFB and oxalate (Pitter, 2005) by adjusting the ionic strength. The
model was developed using known thermodynamic stability constants of Fe(III)DFB and Fe(III)-oxalate complexes. The species considered are given in Table 4.3.
They concluded that oxalate was a good species for promoting Fe(HDFB)+ ligand
exchange and any oxalate-Fe-DFB ternary complexes were insignificant in the
overall Fe(III) speciation. Moreover, based on their calculations, it was confirmed
from that [Fe(Ox)3]3- was the only significant photochemically active species. The
Fe dissolution observed in our dust experiments in the presence light and oxalate
(Figure 4.5a and 4.7a) can also be explained by the photoreduction of [Fe(Ox)3]3-.
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Table 4.3
Different species and their thermodynamic formation constants (K) used in the
speciation model of Pitter (Pitter, 2005). The K values were obtained from the
published results (Martell & Smith, 1977) (Faust & Zepp, 1993). Ox- represents
the oxalate ligand.
Species
log K
Fe (HDFB)+

30.6

Fe(Ox)33-

9.4

Fe(Ox)2-

16.2

Fe(Ox)+

20.4
PKa

H4DFB+

8.39

H3DFB

9.03

H2DFB-

9.7

H2DFB2-

-

H2Ox

1.25

HOx-

4.266

Ox2-

-

Overall, in each manipulation, dissolution observed in the dark experiments may
be controlled by a mechanism (e.g. thermal dissolution) other than photoreductive
dissolution processes (Rijkenberg et al., 2006). Cheah et al. conducted a study of
goethite thermal dissolution in the presence of DFB and oxalate at neutral pH,
which showed that the rate-determining step is the detachment of surface Fe(III)
by oxalate (Cheah, 2003). This step is followed by the rapid removal of Fe(III)
from Fe-oxalate complexes by the siderophore leaving the oxalate ligand in
solution free to react with the mineral again (Cheah, 2003).
Contrary to the expectations, in the presence of both DFB and oxalate (Figure 4.7),
the dust Fe dissolution observed was less compared to the experiments with DFB
or oxalate alone. Nonetheless, much higher Fe release observed in light than the
corresponding dark experiment confirms the findings of Borer et al. in 2005
(Borer et al., 2005) and Cheah et al. in 2003 (Cheah, 2003). Borer et al. used the
mineral lepidocrocite at pH 6 in the irradiated two ligand system (oxalate/DFB)
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and the results suggested that the siderophore DFB could enhance the
photoreductive dissolution by efficiently shuttling Fe(II) into the solution while
oxalate acts as an electron donor (Paul M. Borer et al., 2005). Similar findings are
reported in our experiments with lepidocrocite in Chapter 3.
For the long-term dissolution experiment the initial rate calculation was not
possible as there were not enough data points. However, the Fe dissolution of SOL
observed within 0 hr and 48 hr was used to calculate the initial rate from the slope
of the plot (Figure 4.9). Consequently, the initial rate of dissolution for 10 mg of
dust in the presence of DFB and oxalate was found to be 0.45 ± 0.006 nM Fe/hr
and the dissolution rate eventually decreased down to 0.14 ± 0.004 nM Fe/hr. The
initial dissolution rate, which is 4 times higher than the final dissolution rate,
indicates that the dust particles contain readily dissolvable iron, which was
released first. It could be also due to the fast initial degradation of ligands.
The same trend was observed while the dissolution kinetics of the mineral
lepidocrocite was reviewed (Figure 4.10), which is discussed in Chapter 3.
Lepidocrocite showed a very high initial dissolution rate that later stabilised with
a low final dissolution rate. At the same time, for the mineral goethite, no
considerable dissolution was observed at pH ≈ 8 (Figure 4.10). Thus it can be
suggested that the solubility of iron critically depends on the type of iron oxide
phases or particles that constitute the dust (Wagener et al., 2008).
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Figure 4.10 A comparison of the long-term Fe dissolution using mixed Australian
dust, lepidocrocite and goethite in the presence of 50 µM DFB, 200 µM oxalate and
light. 10 mg/L of dust or mineral was used.
Light did not seem to play an important role in the Fe dissolution observed for the
minerals goethite and lepidocrocite even in the presence of DFB and/or oxalate. In
contrast, on exposure to sunlight, there was a drastic enhancement in Fe
dissolution from the natural dust in the presence of the same ligands. This implies
that the dissolution also depends on the mineral or dust particles that undergo
surface reactions resulting in an enhanced Fe dissolution in the presence of light.
It is interesting to note that during all short-term dissolution experiments, the
Australian dust showed a much higher initial Fe release than the freshly prepared
minerals. This result can be compared to the studies of Xylouri et al. in 2009
(Xylouri, 2009), who found a very high initial release of Fe into seawater from the
soil that was previously “cloud processed” while compared to the non processed
soil. These results may be explained by the fact that the weathered dust particles
are coated with soluble material and once they came into contact with seawater,
Fe(II) together with Fe(III) that could have been adsorbed on the particles during
the atmospheric processing are immediately released (Xylouri, 2009). The
schematic of atmospheric processing of dust particle is shown in Figure 4.11
(www.chem.uiowa.edu).
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Figure 4.11 The schematic representation of the atmospheric pathway of dust
particles (www.chem.uiowa.edu).
As discussed in the previous chapter, adsorption of ligands or initial Fe to the
container wall may account for the nonlinearity of the results observed during the
short-term experiments. Organic matter coagulation is another factor that can
affect the interpretation of the results (Wagener et al., 2008) (especially decrease
in DFe after several hours). Teflon bottles were used for the dissolution
experiments and the bottles were conditioned with the filtered seawater sample
to limit the container wall adsorption. Moreover all the experiments were
conducted under same conditions making it worth comparing these results.

4.6 Environmental Significance
Previous laboratory experiments have suggested that reactions of Fe with other
aerosol species in solution can enhance the bioavailability of Fe (Siefert et al.,
1994;Zuo, 1995). However, most aerosol work has been performed at low pH in
order to mimic the conditions in clouds. Our study clearly demonstrated that the
reactions of Fe(III) with organic species such as oxalate play an important role in
producing soluble Fe from dust. In the past ocean model calculations have been
made to estimate the amount of soluble Fe deposited to the oceans (Jickells &
Spokes, 2001) based on results from previous aerosol solubility results at low pH.
As a result the solubility of Fe from aerosol dust in the ocean had been estimated
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to be in a range of 1- 12 % of the Fe in the aerosol dust (Archer & Johnson, 2000)
(Jickells & Spokes, 2001; Wu & Boyle, 2002). Assuming that the total Fe present in
Australian dust was about 32± 6 mg/g (Mackie et al., 2005), the dissolution of Fe
from dust observed in our experiments were quite negligible.Thus by converting
to ppm, it was calculated that a maximum of only 0.006 % of total Fe from
Australian dust (Figure 4.10) was soluble in seawater in the presence of both DFB
and oxalate.
Our work, the initial dissolution kinetics under ambient seawater condition and
the long term dissolution in the presence of light, siderophore and oxalate will
enable modellers to better fine-tune their models and maybe come up with a more
precise number for the solubility of Fe from aerosol dust in the ocean.
The results of our mineral dissolution experiments (Chapter 3) reveal that even at
ambient seawater pH (pH ≈ 8) Fe(III)(hydr)oxides can undergo photoreductive
dissolution in the presence of siderophores like DFB and organic species like
oxalate. While comparing the minerals goethite and lepidocrocite, the strongest
effect was observed for lepidocrocite, an intermediate phase in terms of
thermodynamic stability. This also suggests the significant contribution of the
photodissolution of colloidal Fe to the generation of DFe in the ocean.

4.7 Conclusion
Previous studies have found that there are several factors that influence the
bioavailability of dust Fe in the surface ocean waters such as mineralogy,
timescale of atmospheric processing, acidity of the medium (e.g. clouds),
properties of Fe-binding ligands, particle size, UV irradiation etc (Mackie et al.,
2008). The results of our experiments indicate that the siderophore DFB promotes
Fe oxide dissolution from minerals as well as natural dust at weakly alkaline pH
values i.e. under natural seawater conditions. The photoreduction of oxalate may
also significantly influence the dissolution of Fe even at ambient seawater pH. Our
findings confirm association between photo-induced processes and natural dust
Fe dissolution in seawater. Moreover, the comparison of the dissolution of natural
dust, goethite and lepidocrocite demonstrates that the mineralogy of the particle
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plays a major influence on the dissolution of Fe. However the solubility of Fe may
also be controlled by the nature of the specific ligands. The next step would be to
include biology into the experiments to see how the dissolution kinetics would
change if freshly dissolved Fe is removed from the system by biological uptake and
initial removal from solution. Also it would be important to look at the release of
Fe by biology due to remineralisation. To fully understand the effect of ironbinding ligands on iron dissolution in seawater, a qualitative assessment of these
organic ligands is necessary which will be discussed later in Chapter 5.
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Chapter 5. Bioremineralisation Experiments
and Detection of Iron-binding Ligands in the
Ocean Using HPLC-ICP-MS
5.1 Introduction
As Fe-containing particles sink to the ocean, Fe gradually undergoes
remineralisation (Boyd & Ellwood, 2010). Particulate Fe can be remineralised and
reused as regenerated iron much in the same way as nitrogen is recycled
(Hutchins & Bruland, 1994). Heterotrophic and phototrophic marine bacteria
produce Fe-binding siderophores that are involved in Fe acquisition. The Febinding ligands play a key role in maintaining the remineralised iron in the
dissolved phase in the subsurface ocean (Boyd et al., 2010). The highest rate of
remineralisation takes place in the upper ocean and gradually decreases with
depth (Boyd & Ellwood, 2010). There are several factors responsible for the
impact of remineralisation and scavenging in the upper ocean which include i)
aggregation and settling of colloidal Fe with large particles, ii) the release of DFe
and the production of weak Fe-binding ligand class L2 into both the soluble and
colloidal pools from detritus during remineralisation and iii) sorption of dissolved
Fe (DFe) onto particles from which it was previously remineralised (Boyd &
Ellwood, 2010). The influence of particle scavenging and remineralisation on DFe
concentrations in three different depth zones is shown in Figure 5.1. However, we
hypothesise that strong L1-type possibly siderophores are also produced during
the bioremineralisation of marine particles.
The aim of the present experiment was to track the release of DFe and the
production of potentially both, strong L1 and weaker L2-type Fe-binding ligands
during the particle remineralisation process and to identify possible siderophore
type compounds produced using novel analytical techniques.
The bioremineralisation experiments for this study were conducted on-board RV
Tangaroa during GEOTRACES cruise in 2011 and Fe Cycle III voyage in 2012.
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Details about the study area are given in Chapter 2.2.1. In previous studies
Ibisanmi (Boyd et al., 2010) and Velasquez (PhD thesis, 2011) had only observed
the production of L2 type ligands from particles, but in contrast the strong ironbinding siderophore desferrioxamine B and other hydroxamate type siderophores
were found in our experiments conducted in the same oceanographic region.
During both GEOTRACES and Fe Cycle III voyages large volume seawater sampling
and pre-concentration were performed for the detection and characterisation of
siderophores in seawater. The samples were further processed and analysed using
HPLC-ICP-MS at WHOI and MIT, USA during a five week study visit in NovemberDecember 2013.

a)

b)

Figure 5.1 Influence of marine particle remineralisation and scavenging on
dissolved iron in three different depth zones: (0–250 m (blue), 250–1,000 m
(yellow) and >1,000 m (grey). a) Decrease of particulate iron export flux (solid
line) and predicted flux based on particulate organic carbon export flux (dashed
line) assuming an Fe: C molar ratio of 3.3mmol:mol (Lamborg et al., 2008). Figure
adopted from (Boyd & Ellwood, 2010). b) Typical DFe profile (Kitayama et al.,
2009) overlaid with the effects of scavenging (Scav) and remineralisation (Remin).
Δ[Fe] is the positive () neutral (0) and negative () change in DFe.
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5.1.1
Bioremineralisation Experiment during the
GEOTRACES Cruise 2011
A bioremineralisation experiment was conducted on-board during the
GEOTRACES GP 13 voyage along the southwest (SW) Pacific Ocean North of New
Zealand. More details about the study site are given in Chapter 2.1.1. The
experiment involved the collection of marine particles and seawater from the
same depth (see Chapter 2.8 for details). The particles were resuspended in 0.2
µm filtered seawater and incubated for 4 days before processing. Unfortunately,
the McLane pumps usually used to collect particles in-situ were lost during the
voyage. Alternatively, a large volume seawater sample collected using the trace
metal rosette was filtered manually using a Teflon pump and a sandwich filter to
concentrate particles. The quantity of particles collected was very small due to
limited volume. The quality of particles may also be slightly different than those
collected using the in-situ pumps which may explain the different outcome of this
experiment compared to previous bioremineralisation experiments (Ibisanmi PhD
thesis, 2010 and Velasquez PhD thesis, 2011).
Briefly, the particles for remineralisation experiment were collected from 270-300
m depth by Niskin bottles fitted with Teflon coated springs, attached to the trace
metal rosette. The seawater was collected at 32029.98’’ S latitude and 155000.72’’
W longitude on 19 June 2011. 300 L seawater was filtered through acid cleaned 5
µm polycarbonate filters using a Teflon pump. The particles were resuspended
into a volumetric flask containing 250 mL seawater. An aliquot of 60 mL was taken
from this suspension and added to 2 carboys (sample A and B), which were
diluted to 3 L using seawater collected from the same depth. The samples were
incubated in the dark by covering with black bags. A temperature controlled
chamber operated at ambient seawater temperature (15 0C) was used as the
incubator. The subsamples were taken on day 0 and day 4. As a control, a particle
free filtered seawater sample was also kept for 4 days in the same manner. The
subsamples were taken for particulate organic carbon (POC), nutrients, enzyme
activity, total dissolved iron and ligands. POC samples were collected by filtering
100 mL of seawater using a pre-combusted glass fibre filter (GFF). The filter paper
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was kept frozen and given to NIWA Wellington for the POC analysis. For DFe and
Fe-binding ligand analysis, 500 mL of the seawater was filtered using a 0.2 µm
polycarbonate filter and kept frozen in acid cleaned polycarbonate bottles.
Nutrients were analysed by Dr. Malcolm Woodward (Plymouth Marine
Laboratory, UK) and the enzyme activity was measured by Dr. Els Maas (NIWA
Wellington). At the end of the incubation period and after subsampling for all
other parameters, the remaining seawater was filtered through 0.2 µm acid
washed polycarbonate filters. The seawater was passed through pre-conditioned
XAD columns prepared by filling 30 g of XAD-16 resin into acid cleaned 50 mL
plastic syringes, for pre-concentrating the dissolved organic ligands. More details
about the pre-conditioning of XAD-16 are given in Chapter 2.8.1. The loaded
columns were kept frozen until extracted in the laboratory for the characterisation
of siderophores.

5.1.2
Bioremineralisation Experiment during the Fe
Cycle III Voyage 2012
The particle remineralisation experiment was repeated during the Fe Cycle III
voyage in the subtropical waters east of New Zealand in the SW Pacific. The
sampling location is detailed in Chapter 2.1.2. The particles were collected using
the in-situ McLane pump at a depth of 100 m (38.560 S, 179.400 W) and a total
volume of around 814 L was passed through 5 µm polycarbonate filters. The
particles were resuspended in 1 L unfiltered seawater, which was collected from
the same depth (100 m) using the trace metal rosette. The homogenised
suspension was divided into 3 carboys (A, B and C), each diluted to 25 L. The
carboys were incubated in darkness for 6 days. A particle free control was also
kept for 6 days. The subsamples were taken at day 0, day 3 and day 6 for POC,
nutrients, enzyme activity, total dissolved iron, ligands, Fe isotopes and mass
spectrometric

siderophore

characterisation.

For

the

characterisation

of

siderophores, 2 L of seawater was filtered (0.2 µm cartridge filters) and samples
were kept frozen until processed at WHOI, USA. Dr. Angie Milne (Plymouth
University,

UK)

measured

total

dissolved

iron

on-board

using

the

chemiluminescence method as described in Chapter 2.15. POC samples were
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analysed by Lisa Northcote (NIWA) and nutrients were analysed by Cara Mackle
(NIWA)
Dr. Els Maas (NIWA Wellington) determined the enzyme activity and marine
heterotrophic bacterial production for all the experiments. A 35ml of subsample of
each incubation was filtered through a 5 µm (nuclepore Millipore) using a syringe
and Swinnex filter holder. The filtrate was collected and this was used for enzyme
activity analysis, culturable bacteria enumeration and bacterial productions. The
particles retained on the filter were resuspended in 30 mL filter sterilised 100 m
seawater collected from the same CTD as the particles were collected. Enzymes
were assayed as previously described in Maas et al. (Maas et al., 2013). Samples
for the enumeration of total bacteria and siderophore producing bacteria were
serially diluted and spread plated either singly or in duplicate, depending on the
dilution, on Marine Agar (Difco Laboratories) and Chrome Azural S (CAS) Agar.
CAS Agar plates were prepared according to the procedures described by Schwyn
and Neilands (Schwyn & Neilands, 1987). Agar plates were incubated at 150C for 4
weeks after which colony forming units (CFU) per ml were calculated for each
incubation.

5.1.3
Detection of Iron-binding Ligands in Natural
Seawater
Surface seawater samples were collected during the GEOTRACES and Fe Cycle III
voyages for the detection and characterisation of siderophores in seawater. The
samples were collected by using the ‘’trace metal fish’’ and pre-concentrated by
passing through XAD-16 columns, which were prepared and conditioned as
described in Chapter 2.8. The sampling location, sample processing and analysis
are described in Chapter 2. All the sample analyses and some of the sample
processing for the detection of iron-binding ligands were performed at Dr. Daniel
Repeta’s laboratory (WHOI) and Prof. Edward Boyle’s laboratory (MIT). High
performance

liquid

chromatography-

inductively

coupled

plasma-mass

spectrometry (HPLC-ICP-MS) was used for the detection of siderophores and the
analytical methods are detailed in Chapter 2.10.
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5.2 Results
5.2.1

GEOTRACES

5.2.1.1

Enzymatic Activity

The enzymatic activity is analysed in connection with the abundance of a related
bacterial group (e.g. lipase vs. lipolytic bacteria, glucosidases vs. starch reducing
bacteria). This will be discussed in more detail in the discussion section. The
average value of enzymatic activity is expressed as nM/L/hr. The subsamples
were collected daily during the 4 day bioremineralisation experiment.
It was observed that for all the samples including the control sample, glucosidases,
chitinase and phosphatase did not show any activity at the start of the experiment
(Figure 5.2). Glucosidases did not show any activity even on day 1 of the
experiment. Lipase and protease did show considerable activities from the
beginning of the experiment. In all the samples, the activities tend to increase from
day 0 to day 2. After reaching the maximum value on day 2, the activities
decreased slightly towards the end of the experiment.
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Figure 5.2 The enzymatic activities of a) the control and b) average of the 2
replicate samples A and B with particles observed during the 4 days GEOTRACES
bioremineralisation experiment. Error bars are the standard deviation of the two
replicate samples A and B.

5.2.1.2

Nutrients

The nutrient analysis during the GEOTRACES bioremineralisation experiment was
done on-board (Figure 5.3). Unfortunately, due to analytical issues with the
nutrient analyser on-board ship, samples except day 0 were not measured and
could not be recovered for later analysis. None of the three nutrients showed any
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significant effect after the addition of particles immediately after resuspension. All
nutrient concentrations measured in the day 0 incubations agree well with
ambient seawater samples analysed from the normal CTD rosette sampler as seen
in Figure 5.4, which shows the nutrient distributions along the New Zealand leg of
the GEOTRACES GP 13 transect.

Concentration (µmol/L)

18
16

Control

14

Particle

12
10
8
6
4
2
0
Nitrate

Silicate

Phosphate

Figure 5.3 Nutrient concentrations observed on day 0 for the control and samples
with particles (average of the replicate samples A and B) during the GEOTRACES
bioremineralisation experiment. Error bars are the standard deviation of 2 the
replicates. No replicate analysis was done for the control sample.
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e)

Figure 5.4 Nutrient distributions along the Pacific transect covered
during the GEOTRACES GP13 cruise. The sample station for
bioremineralisation experiment is indicated with . a, c, and d) upper
250m; b and e) profile down to 4000m. Nitrogen= nitrate+nitrite.
Nutrient samples were measured by M. Woodward PML, plots courtesy
of M. Ellwood.

5.2.1.3

Dissolved Iron and Ligand Concentrations

DFe and Fe-binding ligands were measured using voltammetric methods as
described in Chapter 2. The overall ligand concentration ΣL and the corresponding
conditional

stability

constants

log

KFeL1Fe3+ were

determined

for

the

bioremineralisation samples on day 0 and day 4 (Table 5.1). The strongest ligands
are classified as the ligands having conditional stability constants ≥ 12. No notable
changes in DFe or ligand concentrations were observed during the experiment.
However, DFe, ΣL and the conditional stability constants were higher in the
samples with particles (average of the replicate samples A and B) compared to the
control sample. The DFe concentration in the control sample at day 0 is higher
than expected from the independently measured DFe depth profiles by M.
Ellwood, which gave a DFe of 0.1nM. Thus, handling of large volume sample
processed manually in the container lab may have caused some contamination.
Ligands present at the start of the experiments might thus be saturated more than
they would in ambient seawater of the same depth. However, neither DFe nor
ligand concentrations increased in the particle-containing experiment. Results are
non-conclusive and may have been impacted also by the lack of particle mass
collected for this experiment.
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Table 5.1
The dissolved iron (DFe), overall ligand concentrations (ΣL) and conditional
stability constants (log KFe ΣL Fe3+) of bioremineralisation samples taken on day 0
and day 4 during GEOTRACES cruise.

Day 0
Sample

DFe (nM)

Control
With
Particle

ΣL (nM)

Day 4
Log KFeΣLFe3+

DFe (nM)

ΣL (nM)

0.97 ± 0.25 1.13 ± 0.11 12.42 ± 0.28

0.41 ± 0.01

1.79 ± 0.55 11.32 ± 1.63

2.07 ± 0.05 2.18 ± 0.11 13.45 ± 0.58

2.13 ± 0.20

2.18 ± 0.08 13.49 ± 0.31

5.2.2

Fe Cycle III

5.2.2.1

Microbial Abundance

Log KFeΣLFe3+

The abundances of two classes of bacteria were measured during the
bioremineralisation experiment. The first class was the general marine bacteria
and the other was the CAS positive bacteria, which are considered being, or may
include siderophore producing bacteria. General marine bacteria (MA) are all
bacteria grown on agar plates, while CAS positive bacteria are bacteria that were
grown on agar plates sprayed with CAS (Chrome Azural S) solution. All bacterial
analyses were carried out at NIWA Wellington. The samples were taken at days 0,
3 and 6. The subsamples were collected soon after the particles were suspended in
seawater and the corresponding time point is called day 0. Figure 5.5 shows the
abundance of marine bacteria and CAS positive bacteria in the seawater with
particles (average of 3 replicates A, B and C) incubated for 6 days. The general
marine bacterial abundance reached a maximum value on day 3 which decreased
afterwards. The abundance of CAS positive bacteria declined from day 0 to day 6.
In general, not all bacteria were CAS positive. The very high MA values observed in
one of the three replicate agar plates indicate the ability of different bacteria to
grow on marine agar.
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Figure 5.5 The marine bacterial and CAS bacterial abundance of the samples with
particles during the 6 days Fe Cycle III bioremineralisation experiment. The values
shown are the average of 3 replicate samples from carboys A, B and C. The
replicate measurements for MA on day 3 were very different from each other
giving a very large error bar.

5.2.2.2

Bacterial Production

Heterotrophic bacterial production was estimated via tritiated thymidine (3HTdR) and leucine (3H-Leu) incorporation using the microcentrifuge method
described by Smith and Azam (Smith & Azam, 1992). TdR incorporation may be
used as a proxy for cell division and DNA synthesis, while Leu incorporation
estimated prokaryotic protein production rates (Church, Hutchins, & Ducklow,
2000). Conversion factors from the literature (Fuhrman & Azam, 1982) were
employed to calculate carbon-based estimates of production and biomass. The
measurements were conducted by Dr. Els Maas (NIWA Wellington).
During the bioremineralisation experiment, the bacterial production rates
measured from TdR incorporation ranged from 0.12 ± 0.01 µg C/L/day to 0.19 ±
0.01 µg C/L/day for the samples with particles (Figure 5.6).

The bacterial

production calculated from Leu incorporation ranged from 0.02 ± 0.01 µg C/L/day
to 0.24 ± 0.01 µg C/L/day for the samples. Overall, the TdR values showed an
increase bacterial production rates from day 0 to 6 whereas the Leu values
showed an increase from day 0 to 3 followed by a slight decrease on day 6.
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Figure 5.6 The bacterial production rates estimated in terms of [3H]thymidine
(TdR) and [3H]leucine (Leu) incorporation for the samples with particles during
the 6 days Fe Cycle III bioremineralisation experiment. The values shown are the
average of 3 replicate samples A, B and C.

5.2.2.3

Enzymatic Activity

The activities of the enzymes glucosidases, chitinase, phosphatase, lipase and
protease were also measured during the Fe Cycle III bioremineralisation
experiment for the 3 replicate samples A, B and C with particles (Figure 5.7).
Glucosidases and chitinase did not show any activity in any of the samples during
the 6 days experiment. The lipase activity was not measured on day 3 due to
analytical problems. In general phosphatase, lipase and protease activities
remained almost constant throughout the 6 day experiment.
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Figure 5.7 The enzymatic activities of the samples with particles observed during
the 6 days Fe Cycle III bioremineralisation experiment. The values shown are the
average of the 3 replicate samples A, B and C. On day 3, the lipase measurement
data was not reported.

5.2.2.4

Nutrients

The on-board nutrient analysis was conducted for the subsamples collected on
day 0, day 3 and day 6 during the Fe Cycle III bioremineralisation experiment. As
compared to the GEOTRACES measurement, the nitrate concentrations were
lower in this experiment (Figure 5.8), as would be expected in water from 100m
depth compared to water from 300m depth. The phosphate concentration was
found to be constant throughout the experimental period. No considerable
changes in the either of the nutrient concentrations were observed during the 6
day incubation experiment.
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Figure 5.8 The nutrient concentration observed for the samples with particles
during the Fe Cycle III bioremineralisation experiment. The values shown are the
average of the 3 replicate incubations A, B and C.

5.2.2.5

Particulate Organic Carbon

Particulate organic carbon (POC) measurements were done at NIWA Hamilton.
The subsamples were collected on day 3 and day 6 of the Fe Cycle III
bioremineralisation experiment. The sample from day 0 was lost unfortunately.
The POC values observed for the 3 replicates on day 3 were significantly higher
than the corresponding values on day 6 (Figure 5.9).
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Figure 5.9 The particulate organic carbon (POC) measurements of the samples
with particles taken on day 3 and day 6 during the Fe Cycle III cruise. No
measurements were taken on day 0 as the sample was lost. The values shown are
the average of the 3 replicates A, B and C.

5.2.2.6

Dissolved Iron and Ligand Concentrations

The DFe measurements during Fe Cycle III bioremineralisation experiments were
conducted on-board using the described chemiluminescence method and the
ligand concentrations were measured using CLE-AdCSV method. L1 and L2
represent the strong and weak ligand classes with corresponding conditional
stability constants KFeL1Fe3+ and KFeL2Fe3+. DFe values observed in the samples with
particles were almost double that of the control suggesting an instantaneous
release of DFe from the particles possibly due to shaking of the samples. However
most of this released DFe was scavenged again onto particles by day 3 and only
increased again slightly by day 6 as shown in Table 5.2. Unfortunately ligand
samples for the control were lost in transport. However since this cruise was
following the same watermass, throughout the entire cruise we chose to compare
results with a sample taken 6 days earlier from 125m, and 1 day later, see rows
control a and b in Table 5.2. DFe in the control a and b samples was between 0.05
and 0.12 nM higher (considering standard deviations) than in the actual control
sample. Ligand (L1 and L2) concentrations were insignificantly different to the day
0 samples with particles. While the log KFeL1,Fe3+ was slightly lower in the control b
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sample than on day 0 of the actual experiment it was still within the range of
stability constants observed throughout the bioremineralisation experiment. Log
KFeL2,Fe3+ in control b was exactly the same as on day 0.
The L1 decreased insignificantly from day 0 to day 3, but L1-typ ligands were
clearly produced during the last 3 days. A similar trend was seen for the weaker
ligand class L2, however L2 was significantly reduced in the first 3 days of the
experiment. This is the first time that a strong ligand production was observed
during a bioremineralisation experiment. The respective stability constants for
both ligand classes became slightly weaker during the 6 day bioremineralisation
experiment conducted during the Fe Cycle III voyage.
Table 5.2
The dissolved iron (DFe), strong and weak ligand concentrations (L1 and L2) and
respective conditional stability constants (log KFeL1Fe3+ and log KFeL2Fe3+) of
bioremineralisation samples taken during Fe Cycle III cruise. The values at day 0, 3
and 6 are the average of the measurement of the 3 replicate samples A, B and C
with particles. Ligand concentrations were measured by Anoop Chandrasekhar at
the Department of Chemistry, University of Otago.
Sample

DFe

L1 (nM)

Log KFeL1Fe3+

L2 (nM)

Log KFeL2Fe3+

Control

0.28± 0.01

Control a*

0.35 ± 0.21

Control b**

0.38 ± 0.01

0.66 ± 0.07

12.45 ± 0.01

1.64± 0.02

10.44± 0.01

Day 0

0.45 ± 0.02

0.74 ± 0.05

12.81 ± 0.13

1.68 ± 0.03

10.44 ± 0.02

Day3

0.32 ± 0.01

0.62± 0.14

12.63 ± 0.53

1.29 ± 0.21

10.45 ± 0.24

Day 6

0.37 ± 0.03

1.02± 0.13

12.01± 0.16

2.02 ± 0.29

9.90 ± 0.26

* sample taken from the same location and depth (100m), but 1 day later
**sample taken from the same location and similar depth (125m), but 6 days earlier
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5.2.2.7
HPLC-ICP-MS Detection of Iron-binding Ligands in
Bioremineralisation Samples
The iron-binding ligands extracted from the samples of the particle
remineralisation experiment were analysed using the HPLC-ICP-MS technique.
The HPLC-ICP-MS method was used to directly detect the Fe associated with
specific organic compounds in seawater and this method was developed by Rene
Boiteau under the supervision of Dr. Daniel Repeta and Prof. Edward Boyle at
WHOI and MIT (Boiteau et al., 2013). The method had to be adapted to the present
samples and results from this method development are shown in Chapter 2.10.
Figure 5.10 and 5.11 show the chromatograms of the control sample and the
sample with particles collected on day 6. The HPLC-ICP-MS chromatograms
observed for all the samples analysed are given in Appendix IV. Before each
sample analysis, a mixture of five standard compounds (Fe-EDTA, ferrichrome,
ferrioxamine E, Fe-heme and cobalamin) were analysed by HPLC-ICP-MS (see
Figure 2.5). For the bioremineralisation experiment, a number of iron-binding
ligand peaks were detected by ICP-MS varied in each sample. Even the replicate
samples A, B and C showed slightly different chromatograms. In the sample with
particles subsampled on day 0, no siderophore-type peaks were obtained which
was due to analytical issues. The focus of the present study was mainly on ironbinding compounds, however cobalt (Co) binding compounds were also detected
in the same run, and cobalamin was used as a standard. Theoretically the method
can also detect manganese (Mn) and nickel (Ni) binding ligands present as well,
however no significant amounts of Mn or Ni were detected by the ICP-MS,
indicating that Mn and Ni binding ligands either were not present, or did not
ionise. No standard Mn and Ni binding ligands were injected either (see APPENDIX
IV for chromatograms).
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Figure 5.10 HPLC-ICP-MS analysis of organic extract showing the 56Fe peaks of
the control sample on day 0 during Fe Cycle III bioremineralisation experiment.

Figure 5.11 HPLC-ICP-MS analysis of organic extracts showing the 56Fe peaks of
one of the samples with particles collected on day 6 during the Fe Cycle III
bioremineralisation experiment.
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5.2.3
Detection of Iron-binding Ligands Present in
Natural Seawater
5.2.3.1
Electrochemical Determination of DFe and Febinding Ligands
During the GEOTRACES and Fe Cycle III voyages, large volume seawater samples
were collected for the detection and characterisation of iron-binding ligands. The
samples were passed through XAD-16 columns and further processed in the
laboratory. Three large volume seawater samples were collected during the
GEOTRACES cruise and two large volume samples were collected during Fe Cycle
III voyage (Table 5.3). The details of extraction, processing and sample analysis
are given in Chapter 2.8.2. From each sampling station, seawater samples were
also collected for the electrochemical determination of DFe and iron-binding
ligands. The method is described in Chapter 2.12.1. During both voyages, the
presence of iron-binding ligands was measured in the ambient surface seawater
sample by CLE-AdCSV method.
DFe values measured by Michael Ellwood using ICP-MS in samples taken with the
trace metal rosette during the GEOTRACES cruise from 30-250m depth are shown
in Figure 5.12. As expected the DFe is slightly lower at 30m than measured by
AdCSV in the surface samples, which were taken with the ‘trace metal fish’ and
Teflon pump.
XAD 1

XAD 2

XAD 3

Figure 5.12 DFe concentrations along the NZ GEOTRACES GP 13 leg from samples
taken between 30m and 250m using the trace metal rosette.
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Figure 5.13 shows the distribution of DFe in the surface seawater collected for the
two large volume XAD samples during the Fe Cycle III voyage as measured by
chemiluminescence (credit to Dr Angie Milne). Higher DFe were consistently
observed for XAD 2 than XAD 1 sample. DFe values agree very well with those
measured by AdCSV, see Table 5.3.

Figure 5.13 The surface distribution of DFe (nM) measured for the two large
volume seawater samples collected using the “trace metal fish” for the extraction
of siderophores during Fe Cycle III voyage.

The concentration and conditional stability constants determined for the strong
ligands are given in Table 5.3. Ligand concentrations were quite low and since
only 10 usable data points were obtained and one ligand type could be determined
(Sanderet al., 2011; Gerringa et al.,, 2014). XAD 3 sample represents an outlier as
the ligand concentration measured with AdCSV was significantly higher than any
of the other GEOTRACES samples and the stability constant was lower. This result
might need to be taken with caution. Neither the DFe nor the nutrients show any
significant trend (see Figure 5.4)
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Table 5.3
The dissolved iron (DFe), total ligand concentrations (ΣL) and conditional stability
constants (Log KFeΣLFe3+) of large volume surface seawater samples taken during
GEOTRACES and Fe Cycle III voyages for the extraction of siderophores. DFe
values were measured using voltammetry (GEOTRACES) chemiluminescence (Fe
Cycle III) respectively.
Sample ID

Latitude

Longitude

DFe (nM)

ΣL (nM)

Log KFeΣLFe3+

GEOTRACES
XAD 1

32030.44’’S 167059.89’’W 0.27±0.01

0.48±0.18

12.35±0.39

XAD 2

32029.96’’S 161059.09’’W 0.21±0.02

0.50±0.01

12.32±0.02

XAD 3

33033.59’’S 153005.33’’W 0.21±0.03

1.10±0.06

11.04±0.03

XAD 1

39006.70’’S 179015.95’’E 0.24±0.06

0.55±0.04

12.12±0.08

XAD 2

38057.40’’S 179042.05’’E 0.33±0.07

0.53±0.02

12.49±0.05

5.2.3.2
MS

Detection of Iron-binding Ligands Using HPLC-ICP-

Fe Cycle III

The large volume samples collected on XAD columns were extracted and
processed for further analysis using HPLC-ICP-MS for the detection of ironbinding ligands. The analysis was done in laboratories at WHOI and MIT and all
details are given in Chapter 2. The analysis was done for 10 %, 20 %, 30 % and 70
% methanol fractions of each sample. The chromatograms showing all the
methanol fractions for XAD 1 from GEOTRACES and XAD 2 from Fe Cycle III are
given in Figure 5.14. All the chromatograms obtained for other samples are given
in Appendix IV. The observed peaks for 56Fe revealed the presence of iron-binding
ligands. Other than Fe-binding ligands, the method also detected Co, Mn and Ni
binding groups present and the results are given in Appendix IV. All three samples
from GEOTRACES cruise showed prominent peaks in the 30 % methanol fraction
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and the HPLC-ICP-MS chromatograms are given in Figure 5.15. In the Fe Cycle III
samples, significant peaks were observed for iron-binding groups in all the
methanol fractions analysed. The peaks observed for 30 % methanol fractions of
the two samples from Fe Cycle III site are given in Figure 5.16.
The concentrations of siderophore-type ligands were calculated by integrating
the peak area of each sample using MATLAB software (see the discussion section
5.3.2.2). Different concentrations of four iron-binding ligand standards (Fe-EDTA,
ferrichrome, ferrioxamine E and cobalamin, see Figure 2.8) were analysed in order
to receive retention times for standards of different polarity, and to construct
calibration curves for each standard. As described in Chapter 2.11, the intensity of
the ICP-MS chromatogram is not linear with changing eluent gradients. Therefore
the concentrations of the unknown compounds were calculated using the known
standard calibration curves. The calibration curve of the standard that has the
closest retention time to the unknown peak was used for each unknown sample.
There is chance for overestimation of concentration with this quantification
method, which is detailed in Chapter 2.11. Peak areas of all peaks found in each
sample chromatogram were summed; their relative amounts were calculated and
are presented in Table 5.6.
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Figure 5.14 The HPLC-ICP-MS chromatograms showing all the methanol fractions
obtained for a) XAD 1 from GEOTRACES and b) XAD 2 from Fe Cycle III voyage.
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Figure 5.15 HPLC-ICP-MS chromatograms of organic extracts showing the 56Fe
peaks of the 30 % methanol fractions of the 3 large volume XAD samples a) XAD 1,
b) XAD 2 and c) XAD 3 from GEOTRACES cruise. It should be noted that different
scales are used.
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Figure 5.16 HPLC-ICP-MS chromatograms of organic extracts showing the 56Fe
peaks of the 30 % methanol fractions of the 2 large volume XAD samples a) XAD
1 and b) XAD 2 from Fe Cycle III voyage. It should be noted that different scales
are used.
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5.3 Discussion
5.3.1

Bioremineralisation Experiments

5.3.1.1

Effect of Microbial Activities

5.3.1.1.1

GEOTRACES Voyage

During the GEOTRACES particle remineralisation experiment the samples with
particles showed an increased enzymatic activity compared to the control sample.
The diversity of enzymes may be considered as an indication of the kind of organic
matter utilised by bacterial communities (Aonofriesei, 2006). Generally in all the
samples, bacterial extracellular enzymes increased from day 0 to day 2 with a
slight decrease afterwards (Figure 5.2). Even though glucosidases, chitinase and
phosphatase did not show any activity at the start of the experiment during the
GEOTRACES cruise, an increasing trend in these enzymes was observed after day
1 reaching a maximum value on day 2. The glucosidases and chitinase activities
remained very low throughout the experiments whereas the phosphatase showed
a considerable increase after day 1. On the other hand, much higher lipase and
protease activities were observed from the start of the experiment for all samples.
The activity of glucosidases indicates the degradation of carbohydrates that have a
higher nutritional value, by marine bacteria. The greater phosphatase and lipase
activities suggest that the phosphate recycling and lipid hydrolysis are enhanced
during bioremineralisation. Unfortunately, nutrients were only analysed on day 0
of the experiment due to analytical issues in the following days. Thus this
hypothesis cannot be proven. The elevated protease activities in all the samples
indicate protein degradation, as proteins are main sources of organic carbon and
nitrogen to heterotrophic bacteria.

5.3.1.1.2

Fe Cycle III Voyage

No measurable glucosidases and chitinase activities were found during the Fe
Cycle III particle remineralisation experiment (see Figure 5.7). Although the
higher phosphatase activity observed could suggest a high recycling of inorganic
phosphate, phosphate levels stayed constant during the 6 day incubation
experiment. It was found that the marine bacterial abundance as well as
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productivity showed similar trends as average extracellular enzymatic activities
(e.g. see Figure 5.17).

POC showed decreasing trend from day 3 to 6, too.

However, since POC samples from day 0 were lost we won’t correlate POC with
any of the bacterial data collected over the entire experiment.
The activity of protease and lipase enzymes which are involved in the break down
of bacterial cell wall (Maas et al., 2013), observed throughout the experiment can
be related to the decrease in bacterial abundance that occurred. From Figure 5.17,
it can be suggested that the microzooplankton grazers might have consumed 90 %
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Figure 5.17 Average enzymatic activities and microbial abundance (MA) during
Fe Cycle III bioremineralisation experiment. No lipase activity data was available
for day 3 due to analytical issues.

5.3.1.2
Evidence of Production of Iron-binding Ligands
during Bioremineralisation
5.3.1.2.1

Presence of CAS Positive Bacteria

The CAS and marine bacterial abundance were not measured during the
GEOTRACES experiment. The CAS positive bacteria detected in all the samples
with particles from the Fe Cycle III experiment suggest the presence of culturable
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organisms producing iron-binding ligands in seawater (Figure 5.5). Nonetheless, it
is worth noting that the flow cytometry method used to measure the abundance of
bacteria cannot distinguish dead from living bacteria, thus numbers shown here
might be overestimations.

5.3.1.2.2
DFe

and

Dissolved Iron and Production of Iron-binding Ligands
the

production

of

ligands

were

measured

during

both

bioremineralisation experiments using the CLE-AdCSV method. During the
GEOTRACES experiment neither DFe nor ligand concentrations changed
significantly throughout the entire experiment (Table 5.1). As previously
mentioned (section 5.11), due to the loss of the in-situ particle pumps and
alternative sampling methods, the particle concentration collected during
GEOTRACES for the bioremineralisation experiment was only small, which might
have affected the results. Our discussion with thus mainly focuses on results from
the Fe Cycle III cruise.
In the Fe Cycle III bioremineralisation experiment DFe decreased in the first 3
days by approximately a quarter (1/4th) and stayed at that level (Table 5.2). L1
remained constant within the standard deviation of the measurement for the first
3 days, but increased then significantly by 1/3rd and reached three fold excess over
DFe. Due to the relatively high concentrations of ligands and well separated
stability constants we were able to distinguish a second, weaker ligand type (L2) in
this experiment. Its concentrations first decreased but then increased to almost
double the [L1]. Contrary to previous particle bioremineralisation experiments (P.
Boyd et al., 2010), (Ibisanmi PhD thesis, 2010, Velasquez PhD thesis, 2011), L2
consumption was observed in our study at the beginning of the experiment and
ligands might have been used as nutrition for bacterial production.
The results of the present study were compared with some of the previous
bioremineralisation experiments (Table 5.4) such as the NSAZ study (2007)
conducted in the waters of the northern subantarctic zone (NSAZ) in the Southern
Ocean (Boyd et al., 2010) and the Fe Cycle II study (2008) conducted in the SW
Pacific (Ibisanmi PhD thesis, 2010). Selected experiments conducted under similar
conditions from the NSAZ study and the Fe Cycle II study (incubation temperature
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8 0C and particles collected from 100 m depth) were used to compare with the
present Fe Cycle III experiment (incubation temperature 10 0C and particles
collected from 100 m depth). The NSAZ study was conducted in the same manner
as the PFZ (polar frontal zone ) study, another particle remineralisation
experiment conducted in the polar waters at a site just south of the polar frontal
zone during the same Southern Ocean voyage (Boyd et al., 2010). The NSAZ study
site showed similar temporal trends to the PFZ study site for L1 (not detected)
even though increases in L2 and DFe concentrations were apparent (Table 5.4).
This study by Boyd et al. in 2010 was the first to present evidence of release of
weak ligands during particle remineralisation by bacteria (Boyd et al., 2010).
The study site for Fe Cycle III was quite similar to that of the previous Fe Cycle II
site (see Chapter 2). The production of strong iron-binding ligands during the
present Fe Cycle III experiment is not in agreement with the previous studies
conducted during the Fe Cycle II cruise in 2008 (Table 5.4). Although those
experiments were set up in a similar manner to our experiment, no detectable
amount of L1 was observed, except for day 4 when 0.35 nM L1 was found during
their particle remineralisation experiments. During their experiment they neither
measured a significant DFe release, nor a significant production of ligands (L1+L2).
They suggested that the absence of L1 might be an analytical artefact, since the
abundance of CAS bacteria in their samples indicated the ability of the microbial
community present to produce siderophore-type compounds, commonly classified
as strong L1-type ligands. Ibisanmi argued that, small concentrations of L1 (i.e. <
DFe) would be undetectable and contribute to the sum of ligands (ΣL) specified in
their work.
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Table 5.4
Dissolved Fe (DFe) concentrations, strong (L1) and weak (L2) ligand
concentrations, and their conditional stability constants (log KFeL1Fe3+ and log
KFeL2Fe3+) observed during particle remineralisation experiments at Fe Cycle III, Fe
Cycle II and NSAZ sites.
Fe Cycle III -Present Study (38.560 S, 179.400 W)
Particle collection depth= 100 m; preconcentration factor = 8.14
Day
DFe (nM)
L1 (nM)
Log KFeL1Fe3+ L2 (nM)

Log KFeL2Fe3+

0

0.45 ± 0.02

0.74 ± 0.01

12.81 ± 0.13

1.68 ± 0.03

10.44 ± 0.02

3

0.32 ± 0.01

0.62± 0.14

12.63 ± 0.53

1.29 ± 0.21

10.45 ± 0.24

6

0.37 ± 0.03

1.02± 0.13

12.01± 0.16

2.02 ± 0.29

9.90 ± 0.26

Fe Cycle II Study 2008 (39.400 S, 179.420 W)
Particle collection depth = 100 m (Ibisanmi PhD thesis, 2010) preconcentration
factor = 31.44
Day
DFe (nM)
L1 (nM)
Log KFeL1Fe3+ L2 (nM)
Log KFeL2Fe3+
0

0.18 ± 0.09

-

-

1.02 ± 0.16

10.68 ± 0.18

4

0.24 ± 0.07

0.35 ± 0.02

12.33 ± 0.40

0.74 ± 0.16

11.05 ± 0.34

7

0.25 ± 0.10

-

-

1.11 ± 0.22

11.19 ± 0.30

NSAZ Study (45.460 S, 153.290 E)
Particle collection depth = 115 m (P. Boyd et al., 2010); preconcentration factor =
92.00
Day
DFe (nM)
L1 (nM)
Log KFeL1Fe3+ L2 (nM)
Log KFeL2Fe3+
0

0.26 ± 0.13

2

0.41 ± 0.21

5

0.59 ± 0.18

-

-

-

-

0.49 ± 0.07

11.52 ± 0.35

1.25 ± 0.17

10.98 ± 0.19

1.97 ± 0.27

10.97 ± 0.21
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Since then the method of CLE-AdCSV and the data evaluation methods have been
improved significantly in our lab and throughout the community (Sander et al.,
2011) (Pizeta et al. accepted for publication in Marine Chemistry) (Omanović et
al., 2014). Thus, for the first time we can confirm the production of strong ironbinding ligands during the bioremineralisation of marine particles and prove our
hypothesis phrased in Chapter 5.1.
While the instant release of DFe that was observed when particles were
resuspended can be explained by a simple dissolution process, the initial increase
of L1 and L2 from ≤ DFe may also suggest a fast microbiological response at the
beginning of the experiment. The presence of CAS positive bacteria detected in all
samples of the Fe Cycle III experiment confirmed the potential production of
siderophore-type compounds. Additionally, the increase in L2 observed in the
samples from the Fe Cycle III experiment (Table 5.2) may also indicate the release
of weak ligands as a result of cell lysis or grazing during bioremineralisation
which confirms the hypothesis by Hunter and Boyd (Hunter & Boyd, 2007). They
proposed that during bioremineralisation process marine particle releases weak
ligands. The loss of L1 and L2-type ligands in the first 3 days of the experiment
correlates with an increase of general marine bacterial numbers, who might
consume organic Fe-binding ligands as a source of carbon and nitrogen.
Nonetheless at day 6 general marine bacteria (MA) and CAS bacterial abundances
are much more similar and may indicate the limitation of iron and production of
siderophores as a response. Note, that the production of siderophore-type ligands
during the present bioremineralisation experiments was also confirmed by the
detection of strong iron-binding ligands using HPLC-ICP-MS, which is discussed in
section 5.3.1.3.
This initial ligand consumption might be a result of the predominance of general
marine bacteria (MA) as opposed to CAS active bacteria (see Figure 5.17). While
for the last 3 days of the experiment the ratio between MA and CAS bacteria
abundance was much smaller and the lower DFe might have triggered the
production of siderophores. This decrease in MA might either be through Felimitation, grazing or lysis.
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The ligand destruction can occur in seawater 1) by photochemical degradation
(Barbeau et al., 2003) (Powell & Finelli, 2003), 2) by Fe uptake (Sunda, 2001), 3)
by bacterial degradation (Hutchins etal., 1999) and 4) by the aggregation of the
colloidal fraction with sinking particles (Cullen et al., 2006). The photochemical
reason is not applicable in this study since all our experiments were conducted
under dark conditions. Previous studies showed that bacterial solubilisation could
lead to particle destruction (Hoppe et al., 1993). The initial consumption of ligands
observed during the first 3 days in the present study can explained by the faster
bacterial degradation of parts of the ligands pool. As mentioned above this is
supported by the higher MA observed at day 0 and 3. Moreover, recent studies
provided evidence for the role of heterotrophic bacteria in determining the
magnitude of particle export from the surface ocean (Boyd & Trull, 2007). The key
role of bacteria in the remineralisation process implies that the production or
degradation pathways are probably as varied as ligand origins. Figure 5.18 shows
the colonisation of a marine particle as observed under the microscope.
Figure 5.18 Snapshot of a movie taken
under the microscope from one marine
particle colonised by heterotrophic
bacteria. The big white spot is the
marine particle and the small white
ones are bacteria moving forth and
back to the particle. The movie can be
send on request. Movie courtesy of
P.W. Boyd.

Translating the L1 and L2 consumption and production rates for ambient particle
concentration (i.e. without the concentration factor of 8.14), we observed the
consumption of an insignificant (with respect to day 0) amount of [L1] and 16 pM
L2 in the first 3 days (Table 5.5). In the last 3 days production of 16 pM/d L 1 and
30 pM/d L2 was calculated. Assuming a ligand size of 25 carbons, such as the
model marine siderophore DFB this translates to a DOC production from POC of
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0.4 nM/d of L1 and 0.75 nM/d of L2. Relating this to the POC loss, and assuming
that 70% of POC are ≥ 5 µm (Frew et al., 2006) (P. Boyd et al., 2010)
approximately 0.1 % of the POC remineralised during the last 3 days of the
experiments would have been converted into Fe-binding ligands (L1 + L2) (Table
5.5). Looking at the influence of marine particle remineralisation and scavenging
on the dissolved iron concentration in three different depth zones (Figure 5.1 and
Figure 5.19a) and compare that with a depth profile from the Fe Cycle III cruise
(Fig. 5.19b) we can see that at 100m, the depth the samples for our
bioremineralisation experiment were taken is in the zone where scavenging is
expected to be as important as remineralisation. Thus, the fact that we don’t
observe a large release of DFe in our experiment is as expected.
a

b
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Figure 5.19 a) Depth profile as discussed in (Ellwood and Boyd, 2010; see also
Figure 5.1) and b) depth profile of station 51 of the Fe Cycle III cruise (22 Sept.
2012, 39003.79'S/179016.36'E, DFe was measured by A. Milne using
chemiluminescence). Colour code of Ellwood and Boyd was adopted to show the
areas of different dissolved export fluxes. The dashed line in b is the depth at
which particles and seawater were taken for our bioremineralisation
experiment.
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In spite of the low DFe observed during the bioremineralisation experiment, the
bacterial production rates observed were high (Figure 5.6). Interestingly, the
bacterial production (thymidine incorporation), which can be interpreted as a
measure of bacterial growth, slightly increased from day 0 to 6 even though a
drastic decrease in bacterial abundance was observed during day 3 to 6 of the
experiment. The DFe and ligand production observed during the last 3 days of the
experiment (Table 5.5) indicate the release of regenerated Fe and Fe-binding
ligands into seawater during grazing and viral lysis. Overall, it can be suggested
that that the microzooplankton grazing reduced the Fe bioavailability to bacteria
and suppressed their abundance towards the end of the experiment (Sato et al.,
2007). Likewise, some studies also revealed that in some cases regeneration of
trace metals like Fe by grazers (such as heterotrophic protist grazers) from
bacterial prey can stabilise Fe in the dissolved phase through the formation of
dissolved and colloidal metal-organic complexes (Barbeau et al., 2001).
Moreover, the results from the previous Fe Cycle voyage conducted in 2003 along
the HNLC region SE of New Zealand showed that the rates of grazer-mediated
regeneration accounted for 30% to > 100% of the bacterial and phytoplankton Fe
demand measured indicating the key role of the microbial food web in Fe recycling
(Strzepek et al., 2005).
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Table 5.5
Calculation of consumption (-)/production (+) rates of ligands and scavenging (-)/production (+) of DFe, as well as potential conversion
of POC into Fe-binding ligands during Fe Cycle III bioremineralisation experiment. Particles were 8.14 times more concentrated than in
ambient seawater. Assumptions made were: 1) 70 % of all POC are from particles ≥ 5 µm (Frew et al., 2006); ligands are represented by
desferrioxamine B (DFB) and thus contain 25 carbon atoms.
Days of
DFe
experimen prod (+)
t
scav. (-)
(nM)

L1
prod (+)
cons. (-)
(nM)

L2
prod (+)
cons. (-)
(nM)

L2
prod (+)
cons. (-)
ambient
SW
(pM d-1)
-15.97

L1 as DOC L2 as DOC POCT in
(nM C d-1 ) (nM C d-1 ) ambient
seawater
(µM L-1)

POC≥5µm
loss
(-nM d-1 )

-0.39

L1
prod (+)
cons. (-)
ambient
SW
(pM d-1)
-4.91*

0-3

-0.13

-0.12 *

-0.12

-0.40

10.55

n/a

3-6

0.05

0.40

0.73

16.38

29.89

0.41

0.74

5.51

1176

Ratio of
POC≥5µm
loss
converted
into L1 +L2
(%)
0.10

* insignificant with respect to day 0
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5.3.1.3
Detection of Iron-binding Ligands Produced during
Bioremineralisation by HPLC-ICP-MS
The results obtained from HPLC-ICP-MS analysis of the Fe Cycle III
bioremineralisation experiment samples are given in Figure 5.10- 5.11. No
siderophore-type chelates were detected in the control sample, probably due to
low concentrations and a limited sample volume (2 L). For this analysis, samples
were only taken at the end of the experiment, i.e. at day 6. Eight, 9 and 5 different
iron-binding ligands were found in samples A, B and C, respectively, as shown in
the chromatograms (see Appendix IV).
Despite of the fact that the CAS positive bacterial abundance was highest in sample
C less iron-binding ligands were identified for this sample in the HPLC-ICP-MS
chromatogram. Since the CAS agar plate test not only shows positive results for
siderophore-type chelates, but all Fe-binding compounds produced by bacteria it
is possible that the positive CAS test might be caused by the production of other
possibly weak ligands after day 3. As mentioned before flow cytometry, used to
quantify the bacterial cell numbers may also include recently decayed cells.
Although these findings show the weakness of bacterial CAS agar tests they give
further evidence of the production of ligands, L 1 or L2 during the remineralisation
of particles. The HPLC-ICP-MS chromatograms shown in Figure 5.11 show the
presence of Fe-binding compounds produced during the bioremineralisation
experiment which are eluting at similar retention times as model iron-binding
ligands and Fe-bound siderophores as shown in Figure 5.20. Overlaying the
retention times of the standards to the HPLC-ICP-MS chromatogram it can be seen
that peaks in sample correspond to the retention time of Fe-heme (26.5 min) and
ferrichrome (13.6 min). Even though this may indicate the presence of these
ligands, structural elucidation using ESI-MS is necessary to confirm this result.
During the Fe Cycle II particle remineralisation experiment, the presence of
hydroxamate type siderophores was identified by HPLC-ESI-MS (Velasquez et al.,
2011). Dr. Imelda Velasquez reported the presence of ferrioxamine B in seawater
for the first time and she also found the occurrence of ferrioxamine G in seawater
(Velasquez et al., 2011). In the present remineralisation experiment even though
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the results of CAS bacterial analysis along with HPLC-ICP-MS analysis confirms the
presence of strong iron-binding ligands, the identification needs further steps of
purification and ESI-MS analysis which is already in progress.

Figure 5.20 HPLC-ICP-MS chromatogram of the sample with particles overlapped
with the chromatogram of the mixed Fe standards (Fe-EDTA, ferrichrome
ferrioxamine E, and Fe-heme) used.

5.3.2
Detection and Quantification of Siderophores
Present in Natural Seawater Using HPLC-ICP-MS
5.3.2.1
Electrochemical Evidence for the Presence of Ironbinding Ligands
The presence of strong iron-binding ligands with very consistent conditional
stability constants, averaging log K 12.73 ± 0.09 was detected during the CLEAdCSV analysis of the large volume surface seawater samples from both
GEOTRACES and Fe Cycle III voyages (Table 5.3). In both studies, it was not
possible to distinguish between L1 and L2 and as the stability constant reveals they
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can well be counted as L1-type ligands. Low concentration of L1 may be explained
by the photochemical degradation ligands in the surface ocean (Barbeau et al.,
2003).
Our results in general confirm hypothesis phrased by Hunter and Boyd in 2007
(Hunter & Boyd, 2007), that suggested that low concentrations of the strong Febinding ligand (L1) binds DFe in the surface ocean and make it available for
recycling in the mixed layer (Ibisanmi PhD thesis submitted 2010) (Boyd et al.,
2010). Our results from Fe Cycle III voyage not only show the presence of L1 in the
surface (Table 5.3), but loss in the production of L1 and L2 during the
remineralisation of sinking particles (Table 5.2). The counteractive processes of
scavenging and remineralisation of DFe clearly are linked to the presence of L1
and L2-type ligands produced by microbial communities, which prevent the loss of
DFe into the ocean interior.
Even though the CLE-AdCSV analysis showed the presence of strong iron-binding
ligands in the surface seawater, the method has limitations to classify specific
types of siderophores present in seawater. Therefore, the siderophores were
extracted and analysed using HPLC-ICP-MS to detect different classes of ironbinding ligands.

5.3.2.2
Detection of Iron-binding Ligands in Seawater: Novel
Study of GEOTRACES and Fe Cycle III Regions Using HPLC-ICPMS Method
The present study, for the first time used the HPLC-ICP-MS method to detect ironbinding ligands in the samples collected from GEOTRACES and Fe Cycle III study
sites in the SW Pacific region.
In all the three large volume GEOTRACES samples, major 56Fe peaks were found at
retention times between 10 and 20 min. Some other peaks also appeared around
30 min (Figure 5.14). As mentioned in the section 5.2.3.2, the concentrations of the
siderophore-type ligands were estimated (although not fully quantified) using a
MATLAB application. The number of iron-binding ligand peaks observed varied
with the sampling locations. Moreover, there was a clear difference in retention
time and number of chelates observed between GEOTRACES and Fe Cycle III
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voyage samples. The concentrations were calculated and corrected using
corresponding concentration factors. The concentration of the ligands observed
for the GEOTRACES samples were much lower (0.68- 2.20 nM) than the Fe Cycle
III samples (7.86- 8.29 nM) (Table 5.6). The siderophore-type ligand
concentration was not calculated for the sample XAD 2 since the peak area
observed was not comparable with the known standard curves used. The
retention times of the known standard used are given in Chapter 2.10. However,
the results of electrochemical analysis showed a much lower ligand concentration
than the results of HPLC-ICP-MS analysis. Contamination of the samples with
siderophores can be excluded as control samples in between samples never
showed any of the peaks found in the actual samples. A more likely reason for a
possible overestimation of siderophores concentrations is the fact that many of
the peaks are still unknown and that their intensity may be different than
extrapolated from the calibration curves of the known standards. Weak ironbinding ligands that do not get measured by CLE-AdCSV may also contribute to the
HPLC-ICP-MS peaks. Future research should concentrate on a further purification
and the use of more known standards with different polarity to improve the
quantification of Fe-binding ligands from seawater.
The HPLC-ESI-MS analysis of surface seawater samples from previous Fe Cycle II
voyage along the same subtropical waters east of New Zealand identified several
siderophore-type compounds present (Velasquez et al., 2011). In the present
study, even though we used four different Fe standards (Fe-EDTA, ferrichrome,
ferrioxamine E and heme) to record calibration curves, most of the peaks
observed were unknown. Moreover in most of the samples many dominant peaks
were observed at retention time between 30-40 min and to identify if that
corresponds to any siderophore-type compounds further characterisation is
necessary.
From the HPLC-ICP-MS chromatograms it is clear that the sampling locations have
a significant influence on the siderophore-type compounds production. Increased
diversity and concentration of siderophore-type ligands was observed in the
nutrient rich subtropical waters collected during the Fe Cycle III voyage compared
to the oligotrophic surface seawater collected during the GEOTRACES voyage,
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which indicates the significance of microbial community composition on
siderophore production.
Table 5.6
Total Fe-binding ligand concentrations detected by CLE-AdCSV (LCLE-AdCSV ) and
HPLC-ICP-MS (LHPLC-ICP-MS) analysis of the large volume surface seawater samples
collected during GEOTRACES and Fe Cycle III voyages. For the L HPLC-ICP-MS the
values are corrected using concentration factors for each sample. The
concentration for the XAD 2 was not estimated due to the lack of known standard
curves with similar retention time.
Sample ID LCLE-AdCSV (nM)

L HPLC-ICP-MS (nM)

GEOTRACES
XAD 1

0.48±0.18

0.68

XAD 2

0.50±0.01

-

XAD 3

1.10±0.06

2.20

XAD 1

0.55±0.04

7.86

XAD 2

0.53±0.02

8.29

Fe Cycle III

5.4 Biogeochemical Outlook
Surface ocean ligand concentrations are variable in a range of 0.2 to > 10 nM and
the sources of ligands reflect a number of different production pathways (Gledhill
& Buck, 2012). Previous studies have observed the strong iron-binding ligand
concentration of 0.07- 1.72 nM in the surface waters of the SW Pacific Ocean (Tian
et al., 2006), which is comparable to our results (Table 5.6). As already mentioned,
in the surface ocean ligands are produced due to phytoplankton processes, while
in the subsurface ligand production is from organic matter remineralisation
(Hunter & Boyd, 2007). As demonstrated in our study weak ligands were also
produced during the particle remineralisation (Table 5.4), which was confirmed
by recent studies (P. Boyd et al., 2010) (Poorvin et al., 2011). It was shown that the
Fe complexed to these weak ligands might be more bioavailable than the strongly
complexed siderophore-bound Fe (Poorvin et al., 2011).
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Volker and Tagliabue (article in press) proposed a ligand model, by considering
the possible sources and sinks associated with each processes regulating the Febinding ligands concentrations. The model was used in one of the process studies
such as Fe Cycle II (Boyd et al., 2012) and estimated the maximum rates of ligand
production from organic matter remineralisation as 0.05 nM/L/day (Völker &
Tagliabue), which was very low as compared to the estimates of 1.3 nM/L/day
from Boyd et al. (Boyd et al., 2010). These models did not distinguish the strong
and weak ligand production rates due to the lack of sufficient information. In our
Fe Cycle III particle remineralisation experiment, we were able to detect both
strong and weak ligands and the maximum ligand productions observed were
0.02 nM/L/day for L1 and 0.03 nM/L/day for L2 (Table 5.5), which is quite
comparable to the ligand model estimations.
Moreover the ligand consumption observed during our particle remineralisation
experiment can be used as a parameter to improve the ligand models to estimate
the ligand consumption or degradation rates with respect to different ligand
classes. Even though previous studies have provided knowledge about the ironligand dynamics in the ocean, our further remineralisation experiment that
normalised the rate of ligand production to carbon solubilisation will provide
more important information for modelling efforts.

5.5 Conclusion
The chapter discusses the results of two different particle remineralisation
experiments, which were conducted to investigate the release of DFe and Febinding ligands during the particle remineralisation process and to detect the
possible siderophore type compounds produced. Contrary to the results of the
previous bioremineralisation experiments, where a DFe release and weak ligand
production were observed throughout the experiment, we measured here, for the
first time, the scavenging of DFe and consumption of ligand during the first three
days of the Fe Cycle III bioremineralisation experiment. Although evidence had
suggested that siderophores (potential L1- type ligands) are produced during
bioremineralisation we here, also for the first time were able to measure L 1-type
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ligands electrochemically. Moreover, the present study was also able to clearly
distinguish a second weaker ligand class (L2), and confirmed the release of L2
during the particle remineralisation process in accordance with previous
experiments.
This chapter further discussed results on the characterisation of iron-binding
ligands in the surface waters of two different geographic locations in the SW
Pacific Ocean using. The present study used the novel HPLC-ICP-MS method to
detect iron-binding ligands in the samples collected from GEOTRACES and Fe
Cycle III study sites in the SW Pacific region. During this study, it was observed
that not only iron limitation but also other environmental factors such as
nutrients, bacterial abundance and community structure may have an influence on
the production of siderophore type ligands.
Even though detection with HPLC-ICP-MS allows quantification of siderophores,
the exact identification and characterisation of siderophore-type ligands are not
possible, as ICP is a hard ionisation technique destroying the organic part of the
molecule (Mawji et al., 2011). Therefore the combined application of HPLC-ICP-MS
along with HPLC-ESI-MS will be a great tool for the identification and structural
characterisation of siderophores and other Fe-binding ligands.

162

Chapter 6. Conclusions and Recommendations
for Future Work
6.1 Conclusions
This research assesses the processes controlling the bioavailability of Fe from dust
and minerals by focusing on understanding the role of light and siderophores
under natural seawater conditions. Moreover, the present study aims to track the
release of DFe and the production of potentially both, strong and weaker classes of
Fe-binding ligands during the particle remineralisation process and to identify
possible

siderophore-type

compounds

produced

using

novel

analytical

techniques.
Chapter 1 presents the background information about the Fe biogeochemical
cycling in the ocean by focussing on our current knowledge about the effect of
organic ligands such as siderophores and light on the dissolution of Fe from
natural dust and Fe-bearing minerals in seawater.
Chapter 2 presents the trace metal sampling techniques used for the collection of
seawater for the experiments and the chapter also describes the analytical
methods used for the detection and quantification of iron-binding ligands.
Chapter 3 and 4 investigate the effect of siderophores, oxalate and light on the
dissolution of Fe from minerals (goethite and lepidocrocite) and dust (Australian
origin) respectively. The results of our experiments indicate that the siderophore
DFB promotes Fe oxide dissolution from minerals as well as natural dust even at
ambient pH under natural seawater conditions. From the results of Chapter 3, it is
evident that the Fe dissolution is dependent on the type of mineral associated with
the dissolution. The difference in thermodynamic stabilities of the minerals also
affects the dissolution process. The increased dissolution in the absence of light
also suggests that mechanisms other than photodissolution play a major role. Our
findings from Chapter 4 confirm association between photo-induced processes
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and natural dust Fe dissolution in seawater. Moreover, the solubility of Fe is also
controlled by the nature of the specific ligands. Overall, it can be concluded that
several factors regarding the iron solubility measurements could act
simultaneously (e.g. acid species, photochemical reactions, mineralogy) making it
difficult to determine the involved processes in the dissolution of Fe.
However it was also demonstrated that the presence of colloidal nano particles,
which are formed at high pH values could affect the dissolution pattern. Recent
studies (Borer et al., 2009) revealed that the photoreductive dissolution of
colloidal Fe significantly contributes to the production of dissolved and
bioavailable Fe even in high pH values. Even though the present study couldn’t
distinguish between colloidal and truly soluble phases, some additional studies on
the contribution of amorphous colloidal nanoparticles would be informative.
Although, the dissolution experiments were conducted in ambient seawater
conditions, very high concentrations of DFB (50 µm) and oxalate (200 µm) were
used in all our experiments. Hence, additional experiments with lower
siderophore concentrations are needed for more natural conditions, which will
help to better understand the findings of the present study in relation to the
natural marine environment. It would also be interesting to repeat the study in the
presence of iron consuming biota to see if more iron would dissolve as in the
purely inorganic experiments conducted here.
Chapter 5 investigated the release of DFe and the production of potentially both
strong L1 and weaker L2-type Fe-binding ligands during the particle
remineralisation process and to identify possible siderophore-type compounds
produced, using novel analytical techniques.

Contrary to the results of the

previous bioremineralisation experiments, where a DFe release and weak ligand
production was observed throughout the experiment, we measured here, for the
first time, the scavenging of DFe and consumption of ligand during the first three
days of the Fe Cycle III bioremineralisation experiment. Although evidence had
suggested that siderophores (potential L1-type ligands) are produced during
bioremineralisation, in this study we were able to measure L1-type ligands
electrochemically for the first time. The present study used the novel HPLC-ICPMS method to detect Fe-binding ligands in the surface seawater samples collected
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from GEOTRACES and Fe Cycle III study sites in the SW Pacific region. During this
study, it was observed that not only Fe limitation but also other environmental
factors such as nutrients, bacterial abundance and community structure might
have an influence on the production of siderophore-type ligands.

6.2 Recommendations for Future Work
As the results demonstrated in Chapter 3 and 4 suggest, the siderophore DFB
promote Fe oxide dissolution from minerals as well as natural dust even under
natural ambient pH seawater conditions. In this context, to confirm the association
between photo-induced processes and Fe dissolution in seawater it would be
significant to substantiate the photoreactivity of surface Fe(III)-hydroxamate
complexes. Moreover, as the nature of ligands can also affect the dissolution
process, it is highly relevant to consider the effect of light on the molecular
structure of siderophores and their Fe complexes. Even though preliminary
results of some solar irradiation experiments under laboratory conditions
indicated the photoreactivity of DFB (Appendix II). This unexpected result would
require a more in depth study including the quantitative and qualitative
characterization of DFB, its photo-products and their complexes with Fe using ESIMS in combination with a high resolution CLE-AdCSV study at different detection
windows to be able to distinguish two or more ligands. Also further studies are
needed using other siderophore-types to quantify kinetics of reactions involved in
the

photochemical

or

siderophore-promoted

dissolution

mechanism

by

considering secondary reaction pathways involving reactive oxygen species,
which might be significant sources of reactive Fe in ocean surface waters.
The results of Chapter 5 reveal the presence of strong Fe-binding ligands in the
surface waters. Moreover the presence of L1 and L2 were distinguished during the
bioremineralisation process. Since the results of these experiments confirm the
importance of microbial community on the remineralisation process, more
information on bacterial and phytoplankton species distribution analysis would be
useful to determine the source organisms of siderophores. Nonetheless, in the
marine systems, the phytoplankton community is dependent on the regeneration
of Fe and most of this Fe is complexed by organic ligands, which makes the release
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of these organic chelates highly significant. Thus more information is needed on
the role of organic Fe colloidal fraction in the ocean Fe biogeochemical cycle. Even
though detection with HPLC-ICP-MS allows quantification of siderophores, the
identification and structural characterisation of siderophore-type ligands are not
possible. Therefore the combined application of HPLC-ICP-MS along with HPLCESI-MS will be a great tool for the identification and structural characterisation of
siderophores and other Fe-binding ligands.
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Appendix I

Figure A1-1 XRD pattern of the mineral goethite.
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Figure A1-2 XRD pattern of the mineral lepidocrocite
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Figure A1-3 IR spectra of the mineral goethite.
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Figure A1-4 IR spectra of the mineral lepidocrocite.
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Appendix II
Unexpected Photoreactivity of Ferrioxamine B in Artificial Seawater
Observed by Voltammetry and Mass Spectrometry
A. Sruthi Thalayappil R S.1, B. Imelda B. Velasquez1, C. Enitan Ibisanmi1, D. Mona
Wells1, E. Sylvia G. Sander1
1 Marine and Fresh Water Chemistry, Department of Chemistry, University of Otago,
New Zealand
Introduction
Oceanic primary production is controlled by the availability of iron in many
regions of the world’s oceans (T. D. Jickells et al., 2005). Iron from aerosol
represents by far the largest iron source in the surface ocean, and this deposited
dust resides there for weeks (Peter L. Croot, 2004). Several new laboratory studies
suggest that upper ocean microbes have adapted specialised mechanisms for
accessing iron from dust (S. M. Kraemer, 2005). One of these mechanisms is
thought to utilize the joint action of siderophores and light to enable substantial
biological iron dissolution and uptake (S. M. Kraemer, 2005). Siderophores are
molecules produced by microbes that bind and capture iron in order to increase
cellular iron acquisition. It is shown that under laboratory conditions
desferrioxamine B (DFB) and Aerobactin, in the presence of light, increase the
dissolution of iron from minerals (S. M. Kraemer, 2005). It can be anticipated that
this mechanism will also apply to aerosol particles entering the seawater surface.
The objectives of the present study were (a) to quantify kinetics of reactions
involved in the photochemical/siderophore mediated dissolution mechanism; (b)
to investigate the effect of light on the molecular structure of siderophores and
their iron complexes.
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Experimental
Solar simulation experiment
A solar simulation experiment was conducted exposing DFB in the
laboratory at varying exposure periods. In the experiment we investigated the
fragments obtain using mass spectrometry; the change in the stability of the Feferrioxamine B complex and dissolved iron concentration [DFe] was done by
voltammetry.
A solution of approx. 3 µM DFB was prepared in artificial seawater (aquil)
at pH 8 (Price et al., 1989). Artificial seawater was prepared according to Price et.
al. 1989 (Price et al., 1989). Twelve acid cleaned quartz tubes were filled with 100
mL of this solution and exposed to simulated solar light for up to 8 h. The solar
simulator was a Scientech SolarSim (average radiation 1360 Wm-2). From each
tube, aliquot samples were taken for DFe, iron binding ligand concentration and
stability constant, and molecular structure changes. The samples for mass
spectrometry were preconcentrated and desalted using C18-solid phase
extraction column (1g Bond Elute) to allow for direct infusion to the mass
spectrometer.
Voltammetry
Adsorptive cathodic stripping voltammetry (AdCSV) with thioazurol pcresol (TAC) as the added ligand was performed on a µAutolab III in conjunction
with a IME 663 (both Metrohm Autolab) and a 663 VA stand (Metrohm) to
measure the [DFe] (P. L. Croot & Johansson, 2000). The working electrode was a
hanging mercury drop (medium drop size), the reference electrode a
Ag|AgCl|3MKCl system and the counter electrode was from glassy carbon.
Competing ligand equilibration (CLE)–AdCSV titrations with TAC were
employed to measure the ligand concentrations and stability constants (P. L. Croot
& Johansson, 2000). The TAC concentration was 10µM resulting in a side reaction
coefficient of αFe(TAC)x = 250 (P. L. Croot & Johansson, 2000). The inorganic side
reaction coefficient αFe’ = 1010 (Hudson et al., 1992) was used to convert the
measured logK’FeL,Fe’ values into the logK’FeL,Fe3+ nomenclature, valid for pH 8.0.
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Depending on the concentration of the ligands, the samples had to be diluted prior
to equilibration with chelexed artificial seawater. The van den Berg-Ruzic
linearization was used to evaluate CLE-ADSV data (C. M. G. Van Den Berg, 1982).
Therefore, the approximated free metal concentration [Mf] is plotted against the
[Mf]/[ML], where [ML] is an estimate of the metal-organic ligand complex, and
[Mf] is estimated using an experimental voltammetric sensitivity S. When one
ligand is present, a straight line is observed (see Figure 1B); linear regression of
this plot yields the total ligand concentration, [LT], as the reciprocal of the slope
and the conditional stability constant of the metal complex K’ FeL,Fe’, as the slope
divided by the intercept.
Mass Spectrometry
Siderophore standards and their photochemical products were analysed by
electrospray ionization-mass spectrometry (ESI- MS) on a micro-QTOF instrument
(Bruker) operated in positive mode. The scan range was set from 50 to 1000 m/z.
The capillary voltage was 4500 V and the end plate offset was -500 V. The collision
cell radio frequency (RF) was 90.0 voltage per pole (Vpp), the nebulizer pressure
was set at 3.0 bar and the dry heater temperature was at 200°C. All throughout the
analysis the dry gas flow rate was set at 7.0 L/min. The method was tested using
DFB standards (EMC, Germany) . The benefits of this analysis include: the high
mass precision and the ability to obtain detailed structural information (via the
technique MS2, analysis of parent/daughter species) (Velasquez et al., 2011).
Results and Discussion
The iron binding ligand concentrations and stability constants before and
after simulated solar irradiation of DFB was measured after 500-fold dilution with
aquil to account for the high sensitivity and limited linear concentration range of
the method. Figure 1 shows the CLE-AdCSV titration and data evaluation using the
van den Berg/Ruzic linearization of the analysis of DFB before exposure to
simulated solar irradiation (Figure1A and B). Titration cuves of the 8h radiated
sample look very similar.
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Fig. 1 CLE-AdCSV Titration curve for a DFB sample radiation (A) and van den
Berg/Ruzic linearization of data to infer stability constants and ligand
concentration.
CLE-CSV analyses of the DFB solution before the solar irradiation
experiment resulted in a conditional stability constant of logK’FeL,Fe3+ = 22.58 ±
0.34 compared to 22.42 ± 0.14 after irradiation for 8h. In the same time the
apparent ligand concentration in the 500-fold dilution decreased from 4.43 ± 0.70
nM to 3.07 ± 0.19 nM, while [DFe] increased from 1.1 to 6 nM, which will mainly
be attributed to release of Fe from the quartz cells during the 8 hour exposure.
Although this additional iron is due to contamination it increased the iron
available for complexation with DFB. While the decrease in ligand and dissolved
iron concentration is significant, the change in stability constant is not. Stability
constants obtained in this study are comparable with those reported by
Maldonado et al. in 2005 (Maldonado, 2005).
The mass spectrometry (MS) results showed that with increasing duration
of exposure to constant simulated solar radiation, the intensity of Fe-bound
ferrioxamine B (m/z 614) decreases. And at the same time intensities of the
desferrioxamine B (i.e. not bound to Fe; DFB; (DFB, m/z 561), and the three major
fragments of DFB (m/z 319, 243 and 201) (see Figure 2b) increase. A plot showing
intensities of all masses with simulated solar irradiation time (Figure 3). First
approximations for the Fe-bound DFB degradation indicate a third order kinetics.
Although at this moment we can not fully interpret the kinetics and mechanisms
associated with the DFB degradation it may involve the photo- Fenton reaction,
known to produce free OH* radicals from H2O2 and the oxidation of Fe (II)
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(Southworth & Voelker, 2003). The photo – Fenton reaction can lead to a
significant sink of organic compounds in sunlit freshwaters (Southworth &
Voelker, 2003). However, in weakly alkaline seawater this reaction is less
pronounced (Southworth & Voelker, 2003) and in the past DFB has even been
used to inhibit the photo –Fenton reaction, since it stabilizes Fe (III) (Southworth
& Voelker, 2003). We found that free DFB appears to be less stable against the
simulated solar spectrum, forming the three major fragments after high-energy
dissociation of the unbound ferrioxamine B. Fe (II) is known to be stabilized by
peroxide produced photochemically and does not reform complexes with DFB.
Unbound DFB concentrations can therefore increase even under increasing DFe
concentrations most likely due to contamination form vials. Our findings of DFB
being photoreactive contradict results by Barbeau et al. in 2003 who argued that
DFB is stable in both forms, Fe-bound and unbound (Barbeau et al., 2003) when
exposed to natural sunlight (California, US, 6-8h). A UV-VIS absorption spectrum
of the iron bound ferrioxamine in Barbeau et al. shows a slight decrease of the
broad absorption maximum at 430nm, characteristic of the hydroxamate to Fe
(III) charge transfer band (Barbeau et al., 2003), which we argue might as well be
an indication of the photoreactivity of iron bound ferrioxamine. More experiments
are needed to differentiate between photo- Fenton reaction, and direct photolysis
of unbound DFB.
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Fig. 2 Structure of iron-bound ferrioxamine B (a) and desferrioxamine B (b)
including fragmentation pattern observed using microQTOF-mass spectrometer.
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Fig. 3 MS intensities of Fe-bound and unbound DFB and different DFB fragments
found after simulated solar radiation in artificial seawater.
Conclusion
Although previous studies have indicated that the both forms of
ferrioxamine (Fe-bound and unbound) are photostable (Barbeau et al., 2003) our
results from both CLE- ACSV and the ESI- MS show that constant simulated solar
radiation is affecting the concentration and molecular structure of ferrioxamine B.
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Since the concentration of iron binding ligands in the irradiated sample is
significantly smaller than before radiation, but stability constants of ligand-Fe
complexes are staying the same we conclude that fragments observed by mass
spectrometry are only weak ligands. We are currently following up this
preliminary result.
Presently we are looking at the importance of strong ligands like DFB in the
dissolution of aerosol and dust in seawater and the effect solar radiation is playing
on the iron dissolution and reduction. Unraveling the complex mechanisms
involved in the dissolution of iron from dust deposited to surface ocean will
greatly improve our understanding of the biogeochemical cycling of iron in the
ocean, and effects a higher dust deposition will have as a consequence of climate
change.
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Appendix III
Time (hr)

Total DFe (nM)
BL

L

OL

SL

SOL

0

3.64 ± 0.60

13.65 ± 0.16

8.35 ± 0.02

21.22 ± 0.84

14.19 ± 0.04

3

2.52 ± 0.003

13.65 ± 0.20

7.02 ± 0.61

48.75 ± 4.60

15.75 ± 0.19

6

0.62 ± 0.03

3.35 ± 0.03

3.51 ± 0.37

12.96 ± 1.50

2.45 ± 0.04

9

0.28 ± 0.02

1.13 ± 0.18

4.35 ± 0.12

1.75 ± 0.46

1.15 ± 0.01

Figure A3-1 Total dissolved iron (DFe) (nM) versus time (hour) for the shortterm dust dissolution experiment under light conditions. Details about the
samples are given in Table 4.2.

Time (hr)

Total DFe (nM)
D

O

S

SO

0

5.7

4.88 ± 0.30 0.74 ± 0.04

0.36 ± 0.05

2

4.33 ± 0.05 9.12 ± 0.01 1.38 ± 0.01

1.32 ± 0.10

4

3.38 ± 0.02 3.92 ± 0.12 25.02 ± 2.6

0.76 ± 0.05

6

6.06 ± 0.09 2.49 ± 0.41 6.58 ± 0.03

1.15 ± 0.04

8

5.46 ± 0.08 4.78 ± 0.35 17.25 ± 0.84 0.83 ± 0.15

Figure A3-2 Total dissolved iron (DFe) (nM) versus time (hour) for the shortterm dust dissolution experiment under dark conditions. Details about the
samples are given in Table 4.2.
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Appendix IV

Figure A4-1 HPLC-ICP-MS analysis of organic extracts showing the 56Fe peaks of
samples from Fe Cycle III voyage. Samples used are t00 (control day 0), t1mix (mix
of samples A, B and C day 3), t2-1 (sample A day 6), t2-2 (sample B day 6) and t2-3
(sample C day 6).
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Figure A4-2 HPLC-ICP-MS analysis of organic extracts showing the 59Co peaks of
samples from Fe Cycle III voyage. Samples used are t00 (control day 0), t1mix (mix
of samples A, B and C day 3), t2-1 (sample A day 6), t2-2 (sample B day 6) and t2-3
(sample C day 6).

Figure A4-3 HPLC-ICP-MS analysis of organic extracts showing the 60Ni peaks of
samples from Fe Cycle III voyage. Samples used are t00 (control day 0), t1mix (mix
of samples A, B and C day 3), t2-1 (sample A day 6), t2-2 (sample B day 6) and t2-3
(sample C day 6).
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Figure A4-4 HPLC-ICP-MS analysis of organic extracts showing the 55Mn peaks of
samples from Fe Cycle III voyage. Samples used are t00 (control day 0), t1mix (mix
of samples A, B and C day 3), t2-1 (sample A day 6), t2-2 (sample B day 6) and t2-3
(sample C day 6).
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Figure A4-5 HPLC-ICP-MS analysis of organic extracts showing the 56Fe peaks of
the 3 large volume XAD samples a) XAD 1, b) XAD 2 and c) XAD 3 from
GEOTRACES cruise. 10, 20, 30 and 70 % methanolic extracts were analysed.
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Figure A4-6 HPLC-ICP-MS analysis of organic extracts showing the 59Co peaks of
the 3 large volume XAD samples a) XAD 1, b) XAD 2 and c) XAD 3 from
GEOTRACES cruise. 10, 20, 30 and 70 % methanolic extracts were analysed.
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Figure A4-7 HPLC-ICP-MS analysis of organic extracts showing the 60Ni peaks of
the 3 large volume XAD samples a) XAD 1, b) XAD 2 and c) XAD 3 from
GEOTRACES cruise. 10, 20, 30 and 70 % methanolic extracts were analysed.
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Figure A4-8 HPLC-ICP-MS analysis of organic extracts showing the 55Mn peaks of
the 3 large volume XAD samples a) XAD 1, b) XAD 2 and c) XAD 3 from
GEOTRACES cruise. 10, 20, 30 and 70 % methanolic extracts were analysed.
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Figure A4-9 HPLC-ICP-MS analysis of organic extracts showing the 56Fe peaks
of 2 large volume XAD samples a) XAD 1 and b) XAD 2 from Fe Cycle III voyage.
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Figure A4-10 HPLC-ICP-MS analysis of organic extracts showing the 59Co peaks
of 2 large volume XAD samples a) XAD 1 and b) XAD 2 from Fe Cycle III voyage.
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Figure A4-11 HPLC-ICP-MS analysis of organic extracts showing the 60Ni peaks
of 2 large volume XAD samples a) XAD 1 and b) XAD 2 from Fe Cycle III voyage.
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Figure A4-12 HPLC-ICP-MS analysis of organic extracts showing the

55Mn

peaks of 2 large volume XAD samples a) XAD 1 and b) XAD 2 from Fe Cycle III
voyage.
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