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ABSTRACT
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Ocean and Earth Sciences

Thesis for the degree of Doctor of Philosophy

THE EFFECT OF OCEAN ACIDIFICATION ON THE ORGANIC
COMPLEXATION OF IRON AND COPPER
by Lizeth Avendario Cecefa

Trace metal biogeochemistry is projected to be affected by ocean acidification.
The understanding of the effects is of particular interest, as trace metals such
as Fe and Cu are known for their significant biological roles. Dissolved Fe and
Cu in seawater occur predominantly in the form of metal organic complexes.
This thesis has investigated the influence that ocean acidification may have on
the chemical forms (speciation) of dissolved Fe and Cu in seawater, focusing
on their organic complexation, in order to provide a first insight into the
possible future changes in their cycling and bioavailability. Competitive Ligand
Exchange Adsorptive Cathodic Stripping Voltammetry (CLE-ACSV) was used as
an analytical technique throughout this PhD work to determine Fe and Cu
organic binding ligand characteristics. Organic Fe complexation was
determined at current seawater pH in the high latitude North Atlantic (HLNA),
which is an area of climate interest due to the importance of iron limitation on
phytoplankton productivity and hence the carbon cycle. Main findings indicate
that iron biogeochemistry in surface and subsurface waters of the HLNA is
controlled by a combination of phytoplankton iron uptake and microbial iron
binding ligand production, whilst in deep waters ligand saturation was evident,
suggesting that additional Fe would be removed by scavenging or
precipitation. The effect of ocean acidification on organic complexation of Fe
and Cu was determined in the northwest European shelf seas, during the first
UK Ocean Acidification consortium programme research cruise. Results
suggested that a decrease in surface ocean pH will potentially result in a
reduction of the free and inorganic metal fraction (Fe'), and also in an increase
in the organically complexed iron fraction. Direct impacts on Fe bioavailability,
however, are difficult to quantify, as the overall iron solubility, and hence its
bioavailability, is controlled by the interrelationship between inorganic
solubility, organic complexation, redox chemistry, and phytoplankton-trace
metal feedback mechanisms. No significant effects were observed of a
decrease in pH on the organically complexed Cu (ll) fraction, or on the overall
free and inorganically bound fraction (Cu'). Consequently, it is not clear so far
whether Cu ligand production will be affected by ocean acidification, or the
possible effects on its toxicity. In addition, surface water trace metal
distribution in the northwest European shelf seas was assessed. Dissolved
metal concentrations of Cd, Cu, Fe, Ni and Zn appeared to be significantly
influenced by riverine inputs in the study area; whereas surface seawater pH
was not evident as a controlling factor. The diversity of the chemical and
biological processes controlling Fe and Cu biogeochemistry, and the way in
which they will be altered by ocean acidification, is likely to be complex.
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Introduction

Chapter 1: Introduction

1.1 General

Ocean acidification has been generally tagged as “the other CO, problem”
(Henderson, 2006; Doney et al., 2009), as it is the additional concern to that of
CO, induced climate change, and has only been recognised in the past decade.
Despite being the apparent “secondary problem”, the threat it poses to the
marine environment is of a considerable significance. The chemical processes
involved when atmospheric CO, is absorbed by the ocean and dissolves in
seawater, are very well established. However, much less is known about the
potential impacts of ocean acidification on the biological and chemical
processes in the oceans. Trace metals form an important chemical component
of the life cycle in the world’s oceans, and their cycling is predicted to be
affected by ocean acidification. The scientific community’s understanding on
the specific effects of ocean acidification on the chemical speciation of trace
metals, especially on organic metal interactions, is poor. The understanding of
these effects are of special concern, as trace metals such as iron and copper
are known for their significant biological roles. This work attempts to provide
an insight into the effects of ocean acidification on iron and copper speciation,

focusing on their organic metal interactions.

1.2 Justification

The increase in the uptake of anthropogenic CO, by the world’s oceans and the
consequent decrease in surface ocean pH predicted for the end of this century
represents a change in sea surface chemistry that has not been experienced
over at least the past 420,000 years. The rate of this change is at least 100
times faster than the experienced over this period of time. This considerable
rate of change will inevitably affect marine organisms. The base of the marine
food chain consists of photosynthetic organisms, which play a major ecological
role as they are responsible for >99% of the ocean’s primary productivity; their
products are used by heterotrophic organisms. Most of the organic matter
produced by primary producers is consumed by other microorganisms,
establishing the base of the marine food webs. Marine primary productivity

accounts for almost half of the earth’s primary production. The vast majority of
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primary producers occur in the surface oceans as free-floating microscopic
phytoplankton. Recent research suggests that ocean acidification will have
important but minor effects on the rate of photosynthesis, cell composition or
growth of phytoplankton, with most significant effects related to resource
allocation. Nevertheless significant impacts have been predicted for
phytoplankton iron uptake rates as a result of changes in iron availability, as a

result of changes in the ocean’s carbonate system.

The main concerns about changes in metal speciation is that a decrease in
surface ocean pH could increase the proportion of the free dissolved forms of
toxic metals (as is projected in the case of Cu (Il)), and that essential trace
metals could feature a decrease in their bioavailable forms (as is projected in
the case of Fe (lll)).

The impact of pH induced seawater changes on trace metal speciation in the
ocean is difficult to determine. The role of trace metals in ocean
biogeochemistry along with metal bioavailability are topics of continuous
research. However, changes in metal speciation, especially involving their
organic complexation, represents a challenge for the scientific community due
to the complexity of the controlling processes and the analytical challenges

that the current metal speciation methods represent.

1.3 Objectives and structure

The overall aim of this PhD research is to assess the effect of ocean
acidification on the speciation of iron and copper, focusing on their organic
complexation. To achieve this goal, the dissertation approaches the topic in
terms of organic ligand characteristics for both metals. Thus, the assessment
of the influence of ocean acidification on the organic complexation of these
metals has the following objectives: (i) analyze the trends in organic iron ligand
concentrations throughout the water column, at the current seawater pH; (ii)
analyze the effect of a decrease in pH on the iron and copper speciation; (iii)
analyze the horizontal distribution of several dissolved trace metals, including
iron and copper, in order to determine the main processes influencing their
sources and spatial variabilities, focusing on the influence of pH and salinity.
From a broad perspective, this thesis seeks to raise awareness on the potential

impacts of ocean acidification on the bioavailability of trace metals.
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Introduction

This thesis is organized in 6 chapters. Chapter 2 gives an insight into the
current knowledge of the potential biological and chemical effects of ocean
acidification. Chapter 3 comprises a description of the organic ligand
characteristics for iron at the current seawater pH in an understudied region of
the ocean, the high latitude North Atlantic, in the Iceland and Irminger Basins
and the vicinity of Greenland. The results presented in chapter 3 were obtained
during the RRS Discovery cruise D354 in summer 2010, and they lead to the
conclusion that uncomplexed Fe ligand concentrations in surface and
subsurface waters in the study area are controlled by a combination of
phytoplankton iron uptake and microbial ligand production. The analysis of
iron ligand characteristics also shows that iron is likely to be removed by
precipitation and scavenging in deep waters of the high latitude North Atlantic.
Chapter 4 assesses the effects of ocean acidification on iron and copper
speciation. This chapter’s results suggests that a decrease in surface ocean pH
will potentially result in a reduction of the free and inorganic metal fraction
(Fe"), and also in an increase in the organically complexed iron fraction.
Conditional stability constants for the organic iron complexes also appear to
increase with a decrease in pH. In the case of copper, this study did not find
changes in the overall free and inorganically complexed form (Cu').
Furthermore, chapter 5 assesses the distribution of total dissolved metals on
surface waters of the northwest European shelf, as part of the results obtained
during cruise Discovery 366 - the first of the UK Ocean Acidification
consortium, which took part during the summer of 2011, and during which the
iron and copper ligand characteristics at different pH levels were obtained
(Chapter 4). During this study, trace metal distributions seemed to be strongly
influenced by riverine inputs. The highest metal concentrations were observed
off the east coast of Ireland, in the Irish Sea, and also in the southern North
Sea, where the Dover Strait is one of the main inputs of trace metals, along
with significant riverine inputs. Conclusions and future work are included as a

synthesis in chapter 6.
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Chapter 2: The rise in atmospheric CO,
concentrations and its effects on surface

ocean pH

The present chapter provides an introduction to the currently supported
research field of ocean acidification. This chapter also provides an insight into
the potential effects of ocean acidification on iron and copper speciation and
their bioavailability, in agreement with the principles of thermodynamic

equilibrium theory.

2.1 Introduction

Atmospheric CO, concentrations have oscillated between 200 and 280 parts
per million (ppm) over the 400,000 years before the Industrial Revolution.
Today, CO, concentrations have reached 400 ppm as a consequence of human
activities (Feely et al., 2004) (Figure 2.1). This means that CO, concentrations
are now about 30% higher than they were a few hundred years ago, and they
are projected to increase up to 800 ppm by the end of this century (Houghton,
2001; Doney, 2006). Since the beginning of the Industrial Revolution, about
40-50% of the CO, released by burning of fossil fuels and land use changes has
remained in the atmosphere. About 30% has been taken up by the oceans and
20% by terrestrial biosphere (Sabine et al., 2004; Doney, 2006). The rise in
atmospheric CO, concentrations over the past two hundred years has led to an
enhanced CO, uptake by the oceans (Feely et al., 2004) causing significant

changes in ocean carbonate chemistry (Wolf-Gladrow et al., 1999).

When CO, dissolves in seawater it lowers the pH, making the ocean more acidic
(Caldeira and Wickett, 2003). This phenomena has been termed as “ocean
acidification” by the scientific community (Orr et al., 2005a; Orr et al., 2005b;
Doney, 2006; Doney et al., 2009; Feely et al., 2009; Millero et al., 2009; Shi et
al., 2010). It also changes the balance of the carbonate species (Doney, 2006),
leading to a decrease in the carbonate ion concentration and to an increase in
the bicarbonate and aqueous CO, concentrations (Zeebe and Wolf-Gladrow,
20071; Orr et al., 2005a).
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The capacity of the ocean’s carbonate buffer to restrict pH changes diminishes
proportionally to the amount of CO, absorbed by the oceans (Royal Society,
2005).

The absorption of CO, from human activities has already caused the pH of
today’s surface ocean to be about 0.1 units lower than preindustrial values
(Caldeira and Wickett, 2003)(Figure 2.1).

If CO, absorption continues according to current trends, a decrease in pH of
about 0.3-0.5 units by the year 2100 in the surface oceans is projected, which
corresponds to a three-fold increase in the concentration of hydrogen ions
from pre-industrial times (Brewer, 1997; Zeebe and Wolf-Gladrow, 2001; Feely
et al., 2004; Orr et al., 2005a; Orr et al., 2005b; Doney, 2006). By
approximately 2300, this CO, absorption could lead to a pH reduction of about
0.7 units from its current value of 8.1 to 7.4. This predicted change in ocean
pH would be greater than any experienced over the past 300 million years
(Caldeira and Wickett, 2003). Absorbed CO, is slowly transferred to the deep
ocean by mixing, where it is gradually titrated by dissolution of limestone
sedimentary rocks. Therefore, the greatest pH change is seen in surface

waters, where the changes are faster (Royal Society, 2005).
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Figure 2.1 Atmospheric CO, emissions, historical atmospheric CO, levels
and projected CO, concentrations from business as usual scenario, together
with changes in ocean p. Source: Caldeira and Wickett (2003).
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2.2 Potential impacts of ocean acidification

2.2.1 Biological impacts

Along with the increase in hydrogen ions, carbonate ion concentrations will
decrease and are expected to drop by half over this century, making it more
difficult for marine calcifying organisms to form biogenic calcium carbonate
(CaCO,) shells, and to maintain their external skeletons due to increased
dissolution of the calcified structures (Riebesell et al., 2000; Caldeira and
Wickett, 2003; Orr et al., 2005a). Both processes could affect the amount of
carbon that is produced in surface waters and sequestered into the deep

oceans (Royal Society, 2005).

These changes in ocean chemistry could cause strong impacts on marine
ecosystems, even under future scenarios in which most of the remaining fossil
fuel CO, is not released (Kleypas et al., 1999; Riebesell et al., 2000; Caldeira
and Wickett, 2003; Langdon et al., 2003). Some of the life-forms that have
been shown to slow down calcification are coccolithophorids, foraminifera,
pteropods, corals, coralline algae, and certain molluscs, which build up their
shells out of aragonite, calcite or magnesium calcite (Kleypas et al., 1999;
Riebesell et al., 2000; Zondervan et al., 2001; Feely et al., 2004; Orr et al.,
2005a; Doney, 2006; Young et al., 2014).

2.2.2 Chemical impacts

Several studies have also suggested that continued release of CO, to the
atmosphere may result in undersaturation of the surface ocean with respect to
the calcium carbonate minerals (calcite and aragonite) in the near future. The
Southern Ocean surface waters will begin to become undersaturated with
respect to aragonite by the year 2050. Based on IPCC 2000, by 2100, this
undersaturation could extend throughout all the Southern Ocean and into the
subarctic Pacific Ocean. Aragonite undersaturation is followed by calcite
undersaturation (Feely et al., 2004; Caldeira and Wickett, 2005; Orr et al.,
2005a). In addition to changes in carbonate saturation state, other changes to
ocean chemistry are also possible. Trace metal biogeochemistry is strongly
influenced by their chemical speciation, which in turn can be influenced by

both carbonate ion and hydrogen ion concentrations.
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2.2.3 The effect on the bioavailability of trace metals - iron and copper

There are only a few studies that have considered the effect of ocean
acidification on the speciation and/or bioavailability of trace metals to marine
organisms (Turner et al., 1981; Byrne et al., 1988; Byrne, 2002; Sunda and
Huntsman, 2003; Millero et al., 2009; Shi et al., 2010; Campbell et al., 2014;
Gledhill et al., submitted).

In the surface ocean, the trace metals that have a significant biological role for
phytoplankton are manganese, iron, cobalt, copper, zinc and cadmium (Brand
et al., 1983; Bruland et al., 1991; Morel and Price, 2003). These metals are
necessary for the growth and survival of photosynthetic organisms (Price and
Morel, 1990; Morel and Price, 2003). As a result of their low solubilities and
effective removal from the water column by phytoplankton, most of these
essential trace metals are depleted at the surface (Bruland, 1989; Rue and
Bruland, 1995; Morel and Price, 2003).

The chemical forms of an element in seawater (its speciation) are affected by
the presence of other ions with which it may interact. Among these are the
hydrogen ions. Consequently, a decrease in surface ocean pH can alter the
speciation of these trace elements, and may affect the availability of
micronutrients and toxins to marine organisms. In some cases essential
nutrients act as toxins when present at high concentrations; examples are the
trace elements copper, zinc and cadmium (Brand et al., 1986; Morel and Price,
2003; Millero et al., 2009).

The toxicity and availability of trace metals are controlled by their free metal
ion concentration. A decrease in pH generally increases the fraction of free
ionic forms (Millero et al., 2009), especially of those metals that form strong
complexes with OH and CO,? ions (e.g., Cu (Il) and Fe (Ill), Figure 2.2) (Millero
et al., 2009). These anions are expected to decrease in surface waters by 82%
and 77% by the year 2100, respectively. These changes in speciation will also
increase the thermodynamic and kinetic activity of the metals (Millero et al.,
2009).

2.2.3.1 Iron

Phytoplankton is responsible for about half of the photosynthetic carbon

fixation (primary production) on earth (Morel and Price, 2003). Their growth
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rates are known to be limited by iron availability over at least 30% of the
world’s ocean (Boyd et al., 2000). The low availability of some metals such as
Fe controls the rate of photosynthesis in parts of the oceans and the
transformation and uptake of major nutrients such as nitrogen (Martin and
Fitzwater, 1988; Boyd et al., 2000; Morel and Price, 2003).

A decrease in pH from 8.1 to 7.4 will increase the solubility of Fe (lll) by about
40%, which could have a large impact on biogeochemical cycles (Morel and
Price, 2003; Millero et al., 2009). Although a decrease of pH could increase Fe
(1) solubility, a recent study (Shi et al., 2010) has shown that the bioavailability
of dissolved Fe to marine phytoplankton may decline because of ocean
acidification, which could in turn reduce the ability of the ocean to take up
atmospheric CO, (Sunda, 2010). Shi et al. (2010) also demonstrated that the
effect of a lower pH on iron availability is a consequence of a pH-linked
changes in iron chemistry. The decrease in pH within the range expected to
occur in surface seawater by 2100 decreased iron uptake by a diatom species
by 10 to 20%. By itself, this finding suggests that a lowering of the ocean water
pH may decrease iron availability to phytoplankton, thereby affecting the
biological carbon pump (Sunda, 2010).

In some areas of the oceans (such as the subtropical ocean gyres),
photosynthesis is not limited directly by the availability of iron, but by the
availability of nitrogen. As iron plays an important role in di-nitrogen fixation
by diazotrophs, it indirectly influences the ocean’s biological pump by

influencing the supply of nitrogen (Moore et al., 2009).

Thus, any processes that reduce the availability of iron to phytoplankton
should restrict the ocean’s biological pump, thereby increasing atmospheric
CO, concentrations and global warming, hence providing a positive climate
feedback.

But when we consider other complicating factors, the implications are less
clear. The role of organic ligands in maintaining soluble Fe concentrations is a
key factor to be considered when studying the effects of a lower ocean pH on
iron speciation. Several studies have demonstrated that the majority of the
dissolved concentrations (mostly >99%) of metals such as Fe, Co, Cu, Zn and
Cd are in the form of metal organic complexes (Hering et al., 1987; Sunda and
Hanson, 1987; Coale and Bruland, 1988; Donat and van den Berg, 1992;
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Gledhill and van den Berg, 1994; Rue and Bruland, 1995). This is evidence that
these metals are bound to strong organic ligands. The best documented case
of the presence of strong ligands is the production of siderophores by marine
bacteria (Mawji et al., 2008). Organic complexation directly influences the

bioavailability of metals in surface seawater (Gledhill and Buck, 2012).

The hydroxide ion and organic chelators compete for binding of Fe (lll) so that
a decrease in pH affects the extent of organic chelation of Fe and hence its
availability to marine organisms. At the same time that a decrease in pH may
affect the availability of Fe to phytoplankton, an increase in pCO, may change
their Fe requirements (Rost et al., 2003; Shi et al., 2010). As a result, Fe uptake
by phytoplankton largely depends on the extent of Fe (lll) complexation, as
well as on the nature of the complexing ligands (Maldonado and Price, 2001;
Shaked et al., 2005; Kustka et al., 2007; Shi et al., 2010) .

Although it is thought that a decrease in pH by 0.3 units should slightly
increase iron’s solubility in seawater (Shi et al., 2010), this decrease in pH may
also decrease the bioavailability of this metal to an extent dictated by the acid-

base chemistry of the chelating ligands (Shi et al., 2010).

The effectiveness of natural ligands in maintaining Fe in solution might be
increased at low pH and may result in a slower Fe loss via the formation of Fe

oxyhydroxide precipitates (Shi et al., 2010) (Figure 2.2).

2.2.3.2 Copper

As mentioned above, complexes of copper with organic ligands (e.g., naturally-
present and/or antropogenically-induced) have been shown to be the dominant
forms (usually as much as 99%) of dissolved copper in oceanic and coastal

waters.

Cu (I1) has been shown to be toxic at concentrations as low as 10" M to marine
phytoplankton (Brand et al., 1986). Complexation of a metal cation by organic
ligands can decrease its toxicity by decreasing the metal’s free ion
concentration (Donat et al., 1994). However, a pH decrease may reduce copper
binding by organic ligands through enhanced competition for ligand binding
sites between protons and copper, therefore making copper more bioavailable
and consequently toxic to marine organisms. It has been predicted that the

increase for the free form of copper under a scenario reaching pH 7.5 will be

10



The rise in atmospheric CO,

as high as 30% (Millero et al., 2009). It is also thought that Cu Il will be more
toxic in estuarine waters (Millero et al., 2009), due to the much lower pH that

these environments will experience (Hofmann et al., 2009) .

Speciation of Fe(lll) in Seawater
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Figure 2.2 Distribution of the chemical species in seawater as a function of
pH at 1 atm and 25°C: a) iron (Millero, 1998), b) copper (Zirino and Yamamoto,
1972).

224 Importance of complexation on metal solubility - natural ligands

Regardless of their source, organic ligands seem to control dissolved iron and
copper concentrations and iron bioavailability in the marine environment (Buck
and Bruland, 2007; Gledhill and Buck, 2012; Semeniuk et al., 2015).

There is strong evidence supporting the idea of a biological source of both Fe
and Cu binding ligands in seawater (Moffett and Brand, 1996; Gledhill and
Buck, 2012). An example are some incubation experiments that have shown
production of Fe-binding ligands along with diatom growth under Fe-limiting
conditions (Buck et al., 2010).

Similar stability constant values of ligands produced by phytoplankton and
bacteria to those found in seawater also support the notion of a biological
source of organic Fe and Cu binding ligands (Rue and Bruland, 1995; Witter et
al., 2000). These ligands may be compounds such as siderophores, humic

substances and porphyrins (Gledhill and Buck, 2012).
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At the current pH of surface seawater (e.g. ca. pH 8.1), Fe (lll) is at its minimum
solubility. Fe (lll) solubility is strongly influenced by organic ligands at pH near
8 (Liu and Millero, 2002). The Fe solubility is much higher in natural than in
artificial seawater due to the formation of strong organic complexes (Liu and
Millero, 2002). As pH decreases, solubility increases. A decrease in pH from

8.1 to 7.4 will increase the solubility of Fe (lll) by about 40%.

It is known that the extent of complexation of trace metals by dissolved
organic material is a strong function of pH. This relationship is due to the
presence of phenolic and carboxylic functional groups present on organic

material that may be responsible for the chelation of metals.

Louis et al. (2009) determined the effect of pH on the L, ligand class. They
observed that the concentration of this ligand class decreased by 25%, when

seawater pH fell below 8.

2.3 Metal complexation - the basic principles of

equilibrium theory

The form or speciation of a metal in natural waters directly influences its
kinetic and thermodynamic properties (Millero, 2001). It is well known that the
interactions between marine biota and trace metals (essential micronutrients)
are directly dependent on the chemical speciation of the constituents. For
example, the toxicity of many trace metals to phytoplankton (such as copper
and zinc) is determined by their free ion activities, and not their total
concentrations (Millero et al., 2009). The speciation of a metal also strongly
influences its solubility. For example, Fe (ll) is soluble in aqueous solutions,

while Fe (lll) is nearly insoluble.

The majority of trace elements in seawater are present as organic complexes
(Hering et al., 1987; Sunda and Hanson, 1987; Coale and Bruland, 1988; Donat
and van den Berg, 1992; Gledhill and van den Berg, 1994; Rue and Bruland,
1995), and these complexes increase the total soluble concentration of these

elements.

lonic interaction models have been used to determine the activity and

speciation of divalent and trivalent metals in seawater. These models have also
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been used to determine the effect of pH on metal speciation (de Baar et al.,
2008; Millero et al., 2009).

Although the coordination chemistry of complexation is well developed, the

determination of trace element speciation is analytically difficult to undertake.
The general expressions for ligand equilibrium reactions are:

1. Addition of a ligand:

M™ + L - ML; , and its conditional stability:

Bi = [ML]/[M][L])!

2. Addition of a protonated ligand:

M™ + HL - ML; + H*, and its conditional stability:

Bi = [ML[H*]/[M][HL]’

2.3.1 Complexation in natural waters

Metal-ligand interactions can be of an electrostatic or covalent nature, or both.
When the reaction is primarily electrostatic and the reactants retain some
hydration water between them, the product is called an ion pair or an outer
sphere complex. In natural waters this type of interaction is particularly
important amongst the major ions of high ionic strength systems such as

seawater.

When the reaction of a metal with a ligand involves coordination at several
positions, it is called a chelation reaction. Such a reaction requires the
combination of a metal with a coordination number greater than one (i.e.,
more than one site for coordination), and a multidentate ligand, an organic
compound with several reactive functional groups. These organic compounds

are called chelators or chelating agents (Stumm and Morgan, 1981).

The different types of chemical complexes in natural waters are briefly

described (adapted from Stumm and Morgan (1981)):
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1. lon pairs of major constituents

The seven major aquatic constituents that can be considered in seawater are:
Na+, Ca*, Mg*, K+, Cl, SO, #, CO, *.

Interactions amongst major ions are divided into two types: long-range
electrostatic interactions (single ion activity coefficients), and specific complex

formation (formation constants for the ion-pairs).

All electrostatic interactions among ions, including ion pair formation, can be
considered as non-ideal interactions. In this approach a total activity
coefficient, y,, is defined for each ion as the ratio of the free ion activity to the

total ion concentration:
yiT = [C1/(C)r

These total activity coefficients are dependent on the ionic composition of the
system, and they must be determined for each different system. These total
activity coefficients are easier to determine experimentally, and they are the
better approach to use when trying to obtain valid thermodynamic interactions

amongst major constituents in seawater.

2. Inorganic complexes of trace elements

Minor ion-interactions can be viewed independently of other constituents,
unlike with major ion-interactions, where they depend on all species. This is
because the important complexes are formed with constituents in large excess
whose free concentrations (activities) are unaffected by complexation with a

trace element.

The most important inorganic ligands considered to form complexes with a
divalent or trivalent trace metal (M™) in natural waters are: OH, CI, SO, *, CO,*
, S%.

The speciation of metals that form important carbonate (e.g. Cu?) or hydroxide
(e.g. Fe*) complexes is a strong function of pH. In the case of hydroxide
complexes, for example, their formation is thought to be due to the
dissociation of the weakly acidic hydrated metal ions, as seen with ferric

hydroxide precipitation.
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Apart from the hydroxides, there are relatively few inorganic complexes of
trace metals that are expected to be dominant in oxic waters. The major
exceptions are the carbonate complex of copper in sufficiently alkaline
systems and the chloride complexes of cadmium, silver, and mercury in the

presence of high chlorinity.

3. Organic complexes

Aquatic organic ligands can be organized into three categories:

1) Ligands of known composition that have been measured to form a sizable
fraction of the DOC (e.g. amino acids).

2) Other ligands produced by phytoplankton present at trace concentrations,
but with high affinities for metals.

3) Humic substances isolated from a variety of aquatic systems and whose

coordination properties have been characterized.

2.3.2 Chemical characterization of organic ligands

Characterization of organic ligands in seawater represents a challenge due to
the unknown ligand structures, the complexity of their chemical nature and
their presence at very low concentrations in the marine environment (Gledhill
and Buck, 2012).

However, the strengths and concentrations of the ligands measured with the
current available electrochemical techniques indicate that ambient ligands have
a high affinity for iron (Gledhill and van den Berg, 1994; Rue and Bruland,
1995; van den Berg, 1995; Wu and Luther, 1995). The recent progress made in
the improvement of sensitivity, mass accuracy and robustness of analytical
techniques such as mass spectrometry have resulted in the detection of
specific iron organic chelators such as siderophores by HPLC-ESI-MS (High
Performance Liquid Chromatography - Electrospray lonization Mass
Spectrometry) (Gledhill et al., 2004; Mawji et al., 2008), and other complex
organic fractions associated with iron by FFFF-ICP-MS (Flow Field Flow
Fractionation - Inductively Coupled Plasma Mass Spectrometry (Stolpe et al.,
2010; Stolpe and Hassellov, 2010).

Other studies have also suggested that these detected ligands have very

similar binding strengths to the ones produced by phytoplankton and bacteria,
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and may include compounds such as siderophores and porphyrins (Witter et
al., 2000; Macrellis et al., 2001).

In the case of copper, evidence shows that the strongest ligands found in
seawater are produced by cyanobacteria and heterotrophic bacteria to alleviate
Cu toxicity by complexing Cu extracellularly (Moffett and Brand, 1996; Gordon
et al., 2000; Semeniuk et al., 2015), while eukaryotes produce weaker ligands
(Croot et al., 2000).

Although the structures of the strong in situ Cu binding ligands remain
unknown, the ligands may contain thiol and amino functional groups (Ross et
al., 2003), and could be phytochelatins, phytochelatin precursors (e.g.,
glutathione and cysteine), humic and fulvic acids, or other low molecular
weight compounds (Leal and van den Berg, 1998; Laglera and van den Berg,
2003; Tang et al., 2004; Dupont et al., 2006; Yang and van den Berg, 2009).

2.3.2.1 Common functional groups

The most common functional groups that are known to serve as iron and
copper chelators identified so far are: i) carboxylic acids, such as EDTA, which
are chelators with acidic binding groups not protonated at the pH of seawater;
ii) amino groups, which are amongst the simplest chelating agents; iii)
catechols, such as azotochelin, which are chelators protonated at the pH of
seawater and are known to serve as strong ligands for Fe (lll) and have been
identified as components of the organic matter presumptively responsible for
the chelation of Fe in the surface ocean (Macrellis et al., 2001); iv)
hydroxamates, such as DFB (desferri-ferrioxamine B), which are amongst the
principal functional groups in strong chelators like siderophores (Maldonado
and Price, 2001; Shaked et al., 2005), and v) thiols, which are known to be part
of the Cu binding ligand pool and which have also functional groups not
protonated at the pH of seawater and hence form negative ions via
deprotonation, as in the case of carboxylic acids. The structures of some of the

common functional groups are shown in Figure 2.3.
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Figure 2.3  Structures of common functional groups for Fe chelation. The
amino carboxylate EDTA (ethylenediaminetetraacetic acid), the catechol
azotochelin, and the hydroxamate DFB (desferri-ferrioxamine B). Modified from
Shi et al. (2010).

2.3.2.2 Specific chelators

Amino acids

These are the major class of the identified organic compounds with sizable
complexation affinities for metals. The presence of both a carboxyl and an
amino group gives all amino acids the ability to coordinate metals at two
positions. Fe and Cu are amongst the most reactive with amino acids (Stumm
and Morgan, 1981).
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Siderophores

Even though little is known about the origin and nature of in situ produced Fe
(1) organic ligands in seawater, they have Fe-binding functional groups and
conditional stability constants typical of siderophores (Rue and Bruland, 1995;
Johnson et al., 1997; Macrellis et al., 2001; Maldonado et al., 2005).

Siderophores are Fe-specific, low molecular weight organic ligands, released by
marine bacteria (heterotrophic and cyanobacteria) and fungi to enhance Fe
acquisition under Fe-limiting conditions (Raymond et al., 1984; Granger and
Price, 1999; Mawji et al., 2008). However, it has been observed that
siderophores may only be produced in significant amounts where organic
carbon concentrations are high enough to support significant bacterial
productivity (Mawji et al.,, 2011), but where dissolved iron is depleted.
Siderophores seem to play an important role in increasing the availability of Fe
for marine bacteria (Gledhill and Buck, 2012), and also in the solubilisation of
particulate and colloidal Fe. Siderophores may be associated with these

fractions in the surface ocean (Gledhill and Buck, 2012).
Humic substances (HS) and exopolysaccharides (EPS)

Humic substances (humic and fulvic acids, HS) and exopolysaccharides (EPS)
are typically found in the colloidal fraction (Gledhill and Buck, 2012), and their
associated Fe and Cu is available to phytoplankton (Hassler et al., 2011).
Humic substances include a complex mixture of carboxylated and fused
alicyclic structures, which are expected to constitute strong ligands for metal
binding (Hertkorn et al., 2006).

High excess ligand concentrations (Boye et al., 2003; Buck et al., 2007; Kondo
et al., 2007) found in coastal waters may be humic substances which may be
an important component of the ligand pool for dFe in margin environments
(Laglera et al., 2007; Batchelli et al., 2009; Laglera and van den Berg, 2009),

and especially in coastal and deep waters (Batchelli et al., 2009).
Porphyrins

Porphyrins are thought to be closely related to cellular metabolic components

(Hunter and Boyd, 2007). They have also been suggested to be part of the Fe-
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binding pool (Witter et al., 2000; Hunter and Boyd, 2007); although good
evidence of this still has to be produced (Gledhill and Buck, 2012).

Glutathione and cysteine

Thiols like glutathione and cysteine are common in the marine water column
and are known to form such stable complexes with copper (I) that they

preclude the presence of copper (ll) (Leal and van den Berg, 1998).
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Chapter 3: Organic Fe (lll) complexation in
the high latitude North Atlantic Ocean

The concentrations and conditional stability constants of organic iron
complexing ligands are presented in this chapter, obtained during a research
cruise in the North Atlantic Ocean on-board RRS Discovery (D354) in 2010,
along with a general description of other physical and chemical oceanographic
features such as dissolved iron and inorganic nutrients concentrations, and
water masses. This cruise was conducted in the high latitude North Atlantic
Ocean (HLNA), including the Iceland and Irminger Basins and waters off
Greenland. The main objective of this work is to compare the results of iron
binding ligand characteristics from this cruise, in the context of oceanographic
conditions, with the results obtained by Mohamed et al. (2011) during a

previous cruise conducted in the same study area.

3.1 Introduction

An analysis of Fe (lll) organic binding ligand characteristics is presented in this
chapter from the results obtained from the RRS Discovery 354 cruise during
summer 2010, as part of the High Latitude North Atlantic Fe limitation project,
as an attempt to understand better the Fe cycles in this marine ecosystem. To
achieve this goal, this chapter has the following objectives: i) determination of
the Fe (Ill) binding ligand concentrations and their associated stability
constants in the HLNA region, especially in the Irminger and Iceland Basins; ii)
comparison of these results with previous data from the Iceland Basin and
other ocean regions; and iii) analysis of trends in organic ligand concentrations
throughout the water column in terms of excess ligand concentrations and
L/dFe ratios.
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3.2 Literature review

3.2.1 Biogeochemical cycle
3.2.1.1 Fe limitation

Iron availability controls the productivity and species composition of
phytoplankton communities in large regions of the ocean (Sunda and
Huntsman, 1995b; Johnson et al., 1997; Hunter and Boyd, 2007).

Iron is required for the synthesis of chlorophyll and several photosynthetic
electron transport proteins, and the reduction of CO,, SO,? and NO," during
the photosynthetic production of organic compounds (Martin and Fitzwater,
1988; Hudson and Morel, 1990; Raven et al., 1999). Iron is therefore of great

importance to the global carbon cycle.

It has been demonstrated that Fe deficiency limits phytoplankton growth in
high nitrate low chlorophyll (HNLC) waters such as the equatorial and subarctic
Pacific, and the Southern Ocean (Martin and Fitzwater, 1988; Boye et al., 2005;
Boyd et al., 2007). Dissolved Fe concentrations in these HNLC surface waters
are on the order of 0.02 to 0.05 nM (Bruland, 2001). HNLC waters make up
around 25% of the world ocean (de Baar et al., 2005), and along with the
nutrient-poor-low latitude waters where Fe helps to regulate nitrogen fixation
(Moore et al., 2009), Fe controls productivity in half of the world’s oceans
(Boyd and Ellwood, 2010).

The HLNA plays an important role in the oceanic biological carbon cycle
(Sarmiento and Toggweiler, 1984; Sanders et al., 2005). A pronounced spring
bloom is observed in this region, and after this significant drawdown of
macronutrients occurs along with high rates of export production, as observed
in the Irminger Basin (Sanders et al., 2005). Furthermore, regions of the HLNA
are sites of deep water formation (North Atlantic Deep Water; (Pickart et al.,
2003)) which is important for atmospheric CO, sequestration (Sarmiento and

Toggweiler, 1984).

It was previously assumed that iron limitation did not exist in the HLNA due to
sufficient supply of atmospheric Fe containing aerosols derived from the
Sahara (Martin et al., 1993), and therefore this region differed from the high
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latitude HNLC regions such as the Southern Ocean and the North Pacific.
However recently, it has been demonstrated that iron limits phytoplankton
primary production in some of the HLNA areas (e.g. the Iceland Basin and the
central Irminger Basin) (Moore et al., 2005; Nielsdottir et al., 2009). In situ
measurements in the Iceland Basin have shown low surface water dissolved
iron concentrations ([dFe] <0.001 to 0.22 nM) (Measures et al., 2008;
Nielsdottir et al., 2009). Amended experimental bottles (with Fe additions)
have shown an increase in photosynthetic efficiency compared to the controls
(Nielsdottir et al., 2009). Iron availability thus seems to be a significant

determinant of phytoplankton productivity in the North Atlantic.

3.2.1.2 Fe sources

The three most important sources of Fe to the ocean are: atmospheric
deposition, fluvial (riverine) inputs and sea floor processes such as
hydrothermal venting, sediment resuspension and diffusive release of Fe from
reducing sediments (Ussher et al., 2004)(Figure 3.1). Most of the iron from
these sources is either particulate or colloidal in size (Hunter and Boyd, 2007).
However, in many ocean regions (e.g. Kerguelen Plateau and Ona Basin in the
Southern Ocean) Fe supply by both winter mixing and diapycnal mixing can
provide the main source of dFe to surface waters (Blain et al., 2008; Frants et
al., 2013). Sometimes the combined effect of the two processes can
consistently supply sufficient iron to sustain phytoplankton blooms in these

regions.

Atmospheric deposition is highly important because it is considered to be the
main iron source in remote offshore regions (Spokes et al., 2001), although
important uncertainties remain about the solubility and bioavailability of iron
in dust (Hunter and Boyd, 2007).

Fluvial inputs are an important source of iron throughout the coastal zone.
Almost all of this iron is in the form of colloidal hydroxides and oxides which
are largely removed by scavenging/flocculation in estuaries (Ussher et al.,
2004; Hunter and Boyd, 2007). It is not well known how much of this iron is

transported into the open ocean.

Hydrothermal vents are known to have very high iron concentrations (~ 1mM),

although it has been seen that the majority of the dissolved iron precipitates in
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the nearby sediments (Ussher et al., 2004). Recent work has however indicated
that the iron from hydrothermal vents makes a significant contribution to the
dFe inventory of the deep ocean (Bennett et al., 2008; Tagliabue et al., 2010;
Hawkes et al., 201 3).

ATMOSPHERE RIVERS
20-50 x 102 g Fe/yr Atmospheric - 100 x 102 g Fe/yr
0.2-0.5 x 10"? g dFe/yr l depospition Fluvial inpute 0.1 x 102 g dFe/yr
MARINE
SEAWATER Oxidation by O, or H;O; ORGANISMS
Faster when iron(ll) is EE—
Dissolved iron(lll) adsorbed on particulate Uptake of
Mainly organically material dissolved iron Phytoplankton
complexed by
phytoplankton

. Assimilation
Hydrolysis Photolysis
Dissolved iron(ll)

Colloidal iron(lil)
Major form of iron in Zooplankton
seawater
Photochemical reductive
dissolution -
Adsorption Catalyzed by organic Assimilation
material
Death and
Suspended particulate decay -
iron Larger animals
A
Dissolution into sub-oxic bottom waters Ageing and Submarine
and sediment resuspension and sgtlling o_f hydrothermal
transport particulate iron processes ~1-10 x 10 g dFe/yr
SEDIMENTS HYDROTHERMAL
VENTS
Figure 3.1 The biogeochemical iron cycle in the ocean, and approximate

particulate iron (Fe) and dissolved iron (dFe) annual fluxes to the ocean
(g/year). Riverine flux is estimated on the basis of 90% loss from estuarine
mixing. Dissolved inputs from sediments are considered within the
hydrothermal vents dissolved inputs, as they are only important in anoxic
areas, in areas where there is a significant degree of turbidity, or if there is a
gradual release of iron in a chemically stabilized form. Sources: Achterberg et
al. 2001); Ussher et al. (2004).

Also, iron-rich bottom shelf waters and shelf sediments can influence surface

[dFe] through resuspension processes where vertical mixing through the water
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column is important, or by release of Fe(ll) from reducing sediments (Buck and
Bruland, 2007).

The iron sources to the HLNA are spatially and temporally variable due to
episodic dust inputs, seasonal biological activity and hydrographic features
which includes deep winter mixing (Jickells, 2001; Rijkenberg et al., 2008;
Nielsdottir et al., 2009).

3.2.1.3 Fe concentrations

Dissolved iron concentrations are controlled by a balance between Fe
stabilisation by organic complexes and removal by biological uptake and
scavenging, involving adsorption and precipitation of Fe onto particles
(Johnson et al., 1997; Liu and Millero, 2002).

Particulate forms of Fe in HNLC regions can exist at concentrations higher than
dFe (Price and Morel, 1998). In contrast, some regions of the surface ocean
such as the oligotrophic gyre of the central North Pacific show [dFe] between
0.02 and 0.4 nM and typically exceed particulate Fe concentrations (Bruland et
al., 1994).

Dissolved iron concentrations generally resemble the shape of the major
nutrient profiles, indicating its biological role (Martin and Gordon, 1988).
Removal by biological uptake occurs in the surface waters (low concentrations)
and remineralisation processes occur throughout the water column increasing

its concentration at depth (Boyd and Ellwood, 2010).

In coastal waters, surface dFe can reach up to 10 nM (Wu and Luther, 1996;
Bruland et al., 2001), due to high source strengths. Particulate iron in these

coastal waters is also very high and variable (Wu and Luther, 1996).

3.2.14 Fe speciation

Physicochemical speciation of dissolved Fe in seawater plays an important role
in its solubility and bioavailability to phytoplankton (Maldonado et al., 2005;
Buck et al., 2007).

The chemical form of iron is defined by physical size fractions separated on
the basis of filtration methods (Bruland, 2001), hence these forms are

operationally defined. The size fractions comprise particulate (>0.2 pm),
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colloidal (>0.02 pm and <0.2 pm) and soluble (<1kDa or <0.02 pym), where the
colloidal and soluble fractions make up the total dissolved fraction. The
colloidal fraction is determined from the difference between the dissolved
(<0.2 pm) and soluble (<1kDa or <0.02 pm) fractions (Schlosser and Croot,
2008; Gledhill and Buck, 2012).

It has been shown that a significant portion of the dFe pool is colloidal in size
(Wu et al., 2001; Cullen et al., 2006; Bergquist et al., 2007; Hunter and Boyd,
2007; Schlosser and Croot, 2008; Boye et al., 2010; Gledhill and Buck, 2012).
These organic colloids formed in surface seawater are scavenged rapidly
throughout the water column (Wu et al., 2001; Cullen et al., 2006; Bergquist et
al., 2007; Kondo et al., 2008; Schlosser and Croot, 2008; Boye et al., 2010;
Thuroczy et al., 2010); but despite this and the question about how much Fe in
this portion is truly exchangeable, it is thought that this fraction has a great

impact on the overall Fe cycle.

Chemical species are defined chemical constituents within a particular form or
size fraction of the metal. In the case of dissolved iron, these species comprise
Fe (I) and Fe (lll), either within a variety of soluble complexes with inorganic
and organic ligands, or in a variety of colloidal and/or particulate forms
(Bruland, 2001). These fractions cycle in different ways in the environment
(Kuma et al., 1996; Maldonado et al., 2005; Hunter and Boyd, 2007; Boyd and
Ellwood, 2010).

The relative proportions of dissolved Fe (lll) and Fe (Il) in surface seawater is
dependent on the relative rates of reduction and oxidation by various
mechanisms (Waite, 2001) and by the extent of stabilization of the oxidized
and reduced iron by inorganic and organic complexation (Bruland, 2001)
(Figure 3.1).

It has been demonstrated that most of the dFe in surface seawater and
throughout the water column (>99%) is present as complexes formed with
natural organic ligands whose nature and origin has just begun to be
understood (Gledhill and van den Berg, 1994; Rue and Bruland, 1995; van den
Berg, 1995; Rue and Bruland, 1997; Witter and Luther, 1998; Thuroczy et al.,
2010; Mohamed et al., 2011). Organic Fe binding ligands are present in the
entire ocean, from surface to deep waters and from coastal to open ocean

(Gledhill and Buck, 2012). There is only one study so far about organic ligands
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in the HLNA (Mohamed et al., 2011), even though several studies on dFe
distribution in this area have been reported (Martin et al., 1993; Measures et
al., 2008; Nielsdottir et al., 2009).

Fe (Il) speciation

It has been estimated that ~76% of Fe (ll) is hydrated Fe* at pH 8.00 (Millero et
al., 1995); the rest being FeCO, species. However, Fe*" oxidizes very slowly,
and Fe(ll) oxidation is controlled instead by the trace Fe(ll) species (Fe[OH]* ,
Fe[CO,]?,] that oxidize much faster (Roy et al., 2008).

Traditionally, it was thought that Fe (Il) species have a trace and ephemeral
presence. However, it has been recently demonstrated that Fe(ll)
concentrations in near surface waters are related with a photochemical (rather
than a biological) source and that Fe(ll) can account for up to 50% of the total

dFe pool in sunlit waters such as the subarctic Pacific (Roy et al., 2008).

Fe (1) also comprises an important fraction of the total Fe reservoir in systems
such as hydrothermal vents and oxygen minimum zones (Gledhill and
Vandenberg, 1995; Ussher et al., 2007; Roy et al., 2008; Sarthou et al., 2011),
hence its importance in the overall Fe biogeochemistry in these regions, even

though little is known about the role of Fe (ll) for eukaryotic phytoplankton.
Fe (lll) speciation

The inorganic speciation of Fe (lll) is dominated by iron hydroxide complexes
in the pH range of most natural waters (Millero et al., 1995; Kuma et al., 1996).
However, the importance of the Fe(OH), species on the solubility of Fe (lll)' is
still uncertain (Millero, 1998).

3.2.1.5 Bioavailability

Iron availability in seawater is mainly determined by the solubility of Fe(lll)
(Johnson et al., 1997), which is both temperature and pH dependant (Liu and
Millero, 2002). Organic ligands in seawater only affect Fe(lll) solubilities in the
pH range from 7 to 9, and within this pH range, organic ligands may increase
iron solubilities up to 0.3-0.5 nM; the resulting concentrations are much higher
compared to the values in 0.7 M NaCl (0.011 nM) at 25 °C (Liu and Millero,
2002).
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The low temperature and pH of ocean deep waters may be responsible for the

higher Fe (lll) solubilities found in these waters (Johnson et al., 1997).

Iron uptake by phytoplankton has typically been related with free, hydrated Fe**
concentrations. However, it was later realized that hydrolysis species
comprising Fe (lll)' (such as Fe(OH)*,), which are more abundant and labile, are
the ones that actually control uptake rates of inorganic iron (Hudson and
Morel, 1990).

Prokaryotes and also some eukaryotes such as diatoms are able to utilize some
of the complexed iron (Price et al., 1994; Hutchins et al., 1998; Price and
Morel, 1998; Hutchins et al., 1999). Two major mechanisms have been
described for the Fe acquisition from organic Fe complexes for phytoplankton:
siderophore mediated acquisition (Soria-Dengg et al., 2001) and the reductive
Fe uptake pathway (Maldonado and Price, 2001; Shaked et al., 2005). It is to
date known that the latter mechanism is the most prevalent form of Fe
acquisition strategy amongst phytoplankton (Shaked and Lis, 2012). Both
prokaryotes and eukaryotes can access chelated Fe(lll) by using cell surface-
bound reductases to reduce the chelated Fe(lll) to Fe(ll) which then dissociates
and is subsequently transported into the cell either as Fe(ll)' or after re-
oxidation, as Fe(lll)' (Maldonado and Price, 1999).

Particulate and colloidal iron can also be utilized by the microbial and
planktonic community, either through solubilisation of colloidal iron (in the
case of protozoan grazers; (Barbeau et al., 1996), or by remineralisation and
reuse as regenerated iron (Hutchins and Bruland, 1994). The latter has been
found to be an important uptake mechanism used by microorganisms in the
euphotic zone of the equatorial Pacific (Price and Morel, 1998). Phytoplankton
Ochromonas can obtain iron directly in particulate form by ingesting bacteria
(Maranger et al., 1998).

The chemical characteristics of the organic colloids is probably a determinant
for the biological availability of the colloidal Fe (Kuma and Matsunaga, 1995).
Also important is the capability of the organisms to extract Fe from the
colloids (Gledhill and Buck, 2012).

Some of the iron that is not directly available may be recycled by various

mechanisms (e.g. photochemical reduction and biologically mediated
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reduction) and at various rates into biologically available forms (Wells et al.,
1995) (Figure 3.1).

It has been observed that both bioreduction of organically bound iron and
photochemistry are the most important mechanisms to enhance the
dissociation of iron from organic ligands (Maldonado et al., 2005).
Photochemistry in surface waters of some regions of the Southern Ocean
probably plays a significant role in Fe uptake by plankton from the dissolved

organic Fe pool (Maldonado et al., 2005) (Figure 3.1).

3.2.1.6 CLE-ACSV technique

Organic iron complexation is traditionally measured in seawater with the
Competitive Ligand Equilibration-Adsorptive Cathodic Stripping Voltammetry
(CLE-ACSV) method (Gledhill and van den Berg, 1994; Rue and Bruland, 1995;
Croot and Johansson, 2000). CLE-ACSV is a highly sensitive indirect
electrochemical method that relies on the adsorption of a metal-added ligand
complex (M-AL) onto a hanging mercury drop electrode (HMDE) followed by a
voltammetric scan where the analytical signal comes from the resultant
reduction current as the Fe (lll) in the adsorbed complex is reduced during the
cathodic stripping step (Gledhill and van den Berg, 1994; Bruland, 2001). The
complexation of Fe by natural ligands is determined after a competing
equilibrium has been established between added Fe (lll)', a well-characterized
added ligand (AL), and the naturally-occurring Fe (lll)-binding organic ligands
(Bruland, 2001).

A seawater titration with iron is carried in presence of the AL with the following
procedure: aliquots of a seawater sample to which the AL and a pH buffer have
been added are spiked with increasing amounts of iron. These aliquots are
then left overnight to allow the added iron to equilibrate with the natural
ligands and the AL. The current (i) produced by reduction of iron complexed
with the added ligand in each aliquot is measured by ACSV at a HMDE. The i
values are plotted against the total iron concentration (Donat and van den
Berg, 1992). The titration data are linearly transformed using the van den
Berg/Ruzic (1982) method (van den Berg and Kramer, 1979; Ruzic, 1982; van
den Berg, 1982a), or can be treated with a non-linear transformation method

described by Gerringa et al. (1995), in order to calculate the concentration of
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organic Fe-binding ligands in the sample (L) and their conditional stability
constants (log K'_ ) (Rue and Bruland, 1995; Gledhill and Buck, 2012).

Usually the ligand concentrations determined by this technique are described
as “ligand classes” (L,) defined by the associated conditional stability constant
(Gledhill and Buck, 2012). In most cases, only one ligand class is identified in

Fe speciation measurements using this method (Gledhill and Buck, 2012).

Despite being the most widely used method to determine organic
complexation by metals in seawater, it has some limitations caused by
assumptions made in the data interpretation, which have been recently
reviewed. The two main assumptions are: i) raw titration data is interpreted
assuming that ambient ligands are coordinated with dFe in a 1:1 ratio, and ii)
all of the dFe in a given sample is in an exchangeable form with respect to the
added competitive ligand (AL) (Gledhill and Buck, 2012).

3.2.2 Organic ligands
3.2.2.1 External sources

Atmospheric inputs have been suggested to be an external source of ligands
for surface waters of the North Atlantic (Gerringa et al., 2006). Also, river
plumes and sediment resuspension on shelves appear to be a source of both
dFe and Fe-binding ligands to the marine water column, especially in coastal
waters (Croot and Johansson, 2000; Buck et al., 2007; Gerringa et al., 2008).

In the presence of organic Fe complexes, incubation experiments with
phytoplankton have demonstrated that biomass increases in response to the
addition of the Fe complexes, suggesting a biological source (Maldonado et al.,
2005).

The chemical characterization of organic ligands is described in section 2.3.2

of this document.

3.2.2.2 Ligand types (L, and L)

Studies have shown the presence of at least two chemical classes of dissolved
organic ligands (L, and L,) in the waters of the North Pacific and North Atlantic
(Buck and Bruland, 2007; Hunter and Boyd, 2007), present in both the soluble
(<0.02 pm) and colloidal (0.02 to 0.4 pm) size fractions (Wu et al., 2001).
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Generally, L, is used to be referred to the strongest binding ligand class (log
K'., >22) found mainly in the upper water column; whilst L, is a weaker ligand
class (log K', | =21-22) found throughout the water column (Rue and Bruland,
1995; Rue and Bruland, 1997; Boye et al., 2006; Cullen et al., 2006; Hunter
and Boyd, 2007). Both classes are most likely a mixture of a wide variety of

ligands with similar stability constants.

L, type

There is evidence that the L class is siderophore-like and is specifically
generated by marine bacteria (i.e. heterotrophic and cyanobacteria) (Hunter
and Boyd, 2007). The L, ligand class presents the same class of log K'_ values
(log K'., >22) as siderophore type ligands measured by CLE-ACSV (Rue and
Bruland, 1995; Witter et al., 2000; Buck et al., 2010).

As siderophores are produced by marine microorganisms to access Fe from
their surrounding environment under Fe limiting conditions, the large excess
of L, observed at very low (<0.2 nM) [dFe] supports the possibility of some
fractions of the L, ligand pool being siderophores (Buck and Bruland, 2007).

However, it is not clear whether the excess L, type ligands generally seen in
low Fe waters are due to L, production under Fe-depleted conditions or due to
Fe being removed from the FeL, complexes as a result of uptake by organisms
(Maldonado and Price, 2001; Buck and Bruland, 2007).

L, type

It is considered that the weaker L, ligand pool is mainly formed from the
remineralisation of sinking biological particles, and therefore should have
higher concentrations in the subsurface and deep waters (Hunter and Boyd,
2007).

Other important sources of weaker Fe-binding ligands include the grazing and
bacterial remineralisation of organic matter. They are thought to be an
important component of the dissolved Fe-binding ligand pool in some coastal

and deep waters (Laglera and van den Berg, 2009).
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Both L, and L,

Shelf sediments can be a source of both L, and L, ligand types, and may
remain associated with colloids throughout the water column (Buck and
Bruland, 2007).

3.2.23 Excess ligands - link to biological activity

Excess ligand concentrations [eL] are used as an approximation of ligand
undersaturation, when compared to total ligand concentration (Wu and Luther,
1995; Witter et al., 2000; Boye et al., 2001; Tian et al., 2006; Rijkenberg et al.,
2008; Thuroczy et al., 2010), and this term is more or less independent of the
iron concentration used in ligand calculations (Gledhill and Buck, 2012). Total
ligand concentration includes stable inorganic colloidal Fe and other Fe inert

components that affect the measured values (Gledhill and Buck, 2012).

Excess ligand concentrations have shown to be related with high productivity
in Fe-depleted waters (Boye et al.,, 2003; Gerringa et al., 2006; Buck and
Bruland, 2007; Gledhill and Buck, 2012). Higher el within a profile are
generally found in the upper water column (Rue and Bruland, 1995; van den
Berg, 1995; Boye et al., 2001; Boye et al., 2006; Gerringa et al., 2006;
Rijkenberg et al., 2008; Thuroczy et al., 2010; Mohamed et al., 2011), and
mostly in the soluble size fraction (Cullen et al., 2006; Kondo et al., 2008;
Boye et al., 2010; Thuroczy et al., 2010). These high [eL] are often associated
with the fluorescence or chlorophyll biomass maxima (Boye et al., 2006;
Gerringa et al., 2006; Buck and Bruland, 2007; Wagener et al., 2008), possibly
being the remnants of a previous bloom (Sato et al., 2007). In most of the

ocean, organic ligand concentrations exceed [dFe] (Gledhill and Buck, 2012).

3.2.2.4 Acquisition mechanisms

It has been demonstrated that bacteria have a more efficient mechanism for
acquisition of organically bound Fe than phytoplankton (Granger and Price,
1999; Maldonado et al., 2005), possibly reflecting higher Fe requirement of
marine heterotrophic (Tortell et al., 1996) and autotrophic (Brand, 1991)
bacteria relative to eukaryotic phytoplankton (Brand, 1991; Sunda and
Huntsman, 1995b). However, observed rapid Fe uptake rates by

bacterioplankton from organically bound Fe do not indicate whether they are
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accessing organic Fe directly or they are utilizing the inorganic Fe liberated

from these complexes (Maldonado et al., 2005).

At low concentrations of inorganic Fe, eukaryotic phytoplankton are able to
access Fe bound within strong organic Fe complexes (Hutchins et al., 1999;
Maldonado and Price, 1999; Maldonado and Price, 2001; Buck and Bruland,
2007). It has been demonstrated that these organisms possess inducible
reductases at the cell surface that mediate the reduction of organically bound
Fe (lll) and subsequent dissociation of Fe from the ligand (Maldonado and
Price, 2001). Once dissociation occurs, the cells internalize the inorganic Fe via
inorganic Fe transporters at the cell surface (Hudson and Morel, 1990; Sunda
and Huntsman, 1995b; Maldonado et al., 2005).

It is thought that another mechanism that allows phytoplankton to acquire iron
from organic Fe complexes involves photoreduction (Barbeau et al., 2001).
Some studies have shown that light enhances the rates of Fe uptake from all

organic complexes studied so far.

It has also been proposed that the denticity of the ligands (the number of
donor groups from a given ligand attached to the same central Fe atom) could
also determine the bioavailability of the organic Fe complexes (Boukhalfa and
Crumbiliss, 2002; Maldonado et al., 2005).

3.3 Materials and methods

3.3.1 Sampling

Water column samples were collected in the High Latitude North Atlantic Ocean
(Figure 3.2, Table 3.1), during the RRS Discovery 354 in July-August 2010.
Profile sampling was carried out using a titanium CTD frame, which was fitted
with trace metal clean 10 L OTE (Ocean Test Equipment) sampling bottles
(Steigenberger, 2010). Samples for Fe-binding ligands were collected at 15
stations, up to 15 depths on each (Table 3.1). Samples were filtered through a
0.2 pym pore size cartridge filters (Sartobran P-300, Sartorious) under slight
positive pressure (oxygen-free N ), and collected into 125 ml low density
polyethylene (LDPE, Nalgene) bottles for dissolved Fe analysis, and into 250 ml
high density polyethylene (HDPE, Nalgene) bottles for the Fe-binding ligand

determination.
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Sampling bottles were cleaned according to the standard protocol described by
Achterberg et al. (2001), with slight modifications: LDPE and HDPE bottles were
immersed in 5% detergent bath (Decon, Merck BDH) for 1 week. Bottles were
then rinsed filling them with deionised water (MilliQ, Millipore, >18.2 MQ cm™;
the same quality used for all the cleaning steps) 6 times or until there was no
trace of detergent, and immediately immersed in 6M analytical grade HCI bath
(1 week, AnalaR grade, BDH Merck). Bottles were then rinsed filling them with
deionised water 3 times, and immersed into 3M analytical grade HNO, bath (1
week, AnalaR grade, BDH Merck). Bottles were then rinsed filling them with
deionised water 3 times, and then filled with deionised water and acidified to
pH 2 with 1 ml UpA Q-HCI (9M) in a clean air (class-100) laboratory. Bottles
were then put inside double plastic bags, sealed and stored inside a larger

plastic bag within a plastic box until sample collection.

Table 3.1 Location and number of samples collected on each CTD cast
during cruise D354 in summer 2010.

Location Date CTD Lat (N) Long (‘W) # of samples
Iceland Basin 11/07/2010 002 60°00 19°58 12
12/07/2010 004 60°02 19°55 12
13/07/2010 005 61°48 21°05 14
14/07/2010 006 60°02 19°55 12
Reykjanes Ridge 16/07/2010 008 60°02 29°00 13
Irminger Basin 18/07/2010 009 60°02 35°00 15
Greenland Slope  18/07/2010 011 59°59 41°35 11
19/07/2010 012 59°59 41°59 6
19/07/2010 014 59°59 42°39 8
Irminger Basin 22/07/2010 015 63°00 34°59 13
23/07/2010 016 63°00 34°58 10
24/07/2010 017 62°59 2954 6
Iceland Shelf 02/08/2010 024 63°25 23°35 4
02/08/2010 025 63°09 2347 6
Reykjanes Ridge  03/08/2010 026 61°47 24°27 8

Seawater samples for dissolved Fe determination were filtered and acidified to
pH~2 using nitric acid (Romil UpA) within twelve hours of collection
(Steigenberger, 2010). Sample bottles for Fe-binding ligand analysis were

rinsed thoroughly with deionised water and then with seawater before
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collection. These samples were immediately frozen at -20°C (not acidified) for

analysis on land. Samples were thawed just prior to analysis.

Samples for inorganic nutrients (nitrite+ nitrate, silicate and phosphate) were
collected on Niskin bottles from the CTD’s. These samples were analyzed
onboard by Mark Stinchcombe, NOCS, using standard colourimetric methods
(Grasshoff et al., 1999).

3.3.2 Chemicals

All chemicals were prepared in a clean electrochemistry laboratory under a
Class 100 laminar flow bench at room temperature (20°C), and using deionised
water. A 0.02 M TAC (thiazolylazo-p-cresol; Sigma Aldrich) solution was
prepared in triple quartz distilled methanol. The borate buffer solution (pH
~8.05) was prepared using boric acid in 0.3 M ammonia (Suprapur, Merck).
Borate buffer was cleaned from iron contamination using the following
procedure: after adjusting the pH, a TAC concentration of 10 yM was added to
the borate solution and left to equilibrate overnight (~15 h). The buffer was
then passed through a previously activated C,, SepPack column (Whatman)
(activation by 10 ml of methanol, 10 ml of MQ and 10 ml of HCI) with the help

of a small peristaltic pump, until the solution was clear.

Iron standard solutions were prepared using a 1000 mg/L Fe ICP-MS stock

solution (Fisher Scientific).

3.3.3 Determination of dissolved iron (dFe)

Dissolved iron analysis was determined by Sebastian Steigenberger (NOCS),
using the isotope dilution approach followed by HR-ICPMS detection (high
resolution magnetic sector inductively coupled mass spectrometry) following
the methods described in Milne et al. (2010). Certified Reference Materials,
detection limits and blank values used for the dissolved trace metal
determination for the samples collected during the D354 research cruise are

provided in Appendix A.
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3.34 Determination of Fe (lll) organic binding ligand concentrations
(L, ]

Fe (lll)-binding ligand concentrations [L, ] were determined using the CLE-ACSV
method with TAC as the competing ligand (Croot and Johansson, 2000).

200 ml of seawater was buffered to pH 8.05 (5 mM Borate buffer) and
subsequently TAC solution was added to a final concentration of 10 pM. After
1-2 hr equilibration, an aliquot of 15 ml of the sample was pipetted to a set of
12 x 30 ml preconditioned Teflon FEP bottles. Iron (5 x 107 M Fe (lll) standard
solution) was added to all but 2 of these bottles, yielding concentration
additions from 0 to 8 nM, and then allowed to equilibrate overnight (>15 h) at

room temperature (~20°C).

The samples were analyzed next day after equilibration using an
electrochemical system consisting of a potentiostat (pAutolab Echochemie,
Netherlands) with a static mercury drop electrode (Metrohm, 663 VA stand), a
KCl reference electrode (Ag/AgCl in 3 M KCI saturated with AgCl) and a counter
electrode of glassy carbon. The TAC-Fe analysis was performed using the
following procedure: 1) removal of oxygen for 5 min with nitrogen (oxygen
free grade) gas, after which 5 fresh mercury drops were formed, 2) a
deposition potential of -0.40 V applied for 120 s whilst the solution was
stirred, and 3) at the end of the adsorption period the stirrer was stopped and
the potential was scanned from -0.3 to -0.65 V using the differential pulse
method. The stripping current (peak height) from the reduction of the

adsorbed Fe(TAC), complex was recorded.
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Figure 3.2 CTD casts during RRS Discovery 354 (summer 2010).
3.3.5 Theoretical considerations

The theoretical considerations for the calculation of ligand concentration from
titration data for labile metal concentrations have been widely described (van
den Berg and Kramer, 1979; Ruzic, 1982; van den Berg, 1982a). A synthesis of
the method for the calculation of [L,_], using TAC as the competing ligand, is

as follows:

The equilibrium equation for the association between Fe3* and one class of

natural organic ligands L is:
[Fe3*] + [L'] & [Fel] (3.1)

where [Fe*'] is the free ferric ion concentration, and [L'] is the concentration of
L not complexed by Fe (free [L'1 and complexes of L with the major cations,

protons and maybe other trace metals).
The equilibrium expression for this equation is:

K'per = [FeL]/[Fe3*][L] (3.2)

37



Organic Fe complexation in the HLNA

where K'_ is the conditional stability constant for the formation of the Fel
complex, and is conditional upon the seawater composition (salinity, pH and

competing trace metals).

The total ligand concentration (free and complexed species) in a given sample

is represented by C :
C, = [L']+ [FelL] (3.3)

Equations (3.2) and (3.3) form the basis of the linear relationship between [Fe3*]
and [Fel].

By substituting [L'] from equation (3.3) into equation (3.2), the following

relationship is obtained (see Appendix B):

[Fe3*] _ [Fe3?] 1
[FeL] ~— ¢y Krper [CL]

(3.4)

A plot of [Fe*]/[Fel] as a function of [Fe**] produces a straight line, assuming a
simple model of 1:1 complex formation (Fe** complexation by only one type or

class of organic ligand; Ruzic (1982); van den Berg (1982a)).

During this study, the plots produced were linear. The reason for the linearity
is the limited range of the iron concentration covered by the titration and
detection of only a certain group of natural ligands (L) determined by the ACSV
detection window (which is dependent on the type and concentration of the
added ligand used (TAC in this study)).

Data for the calculation of the complexing ligand concentration were obtained
from a titration of each seawater sample with iron. The FeL concentration at
each point of the titration is calculated from the total dissolved Fe

concentration CFE:
[FeL] = Cpe — [Felabile] (35)

where C_ equals to the iron concentration initially present in the sample
augmented by that added during titration. The labile Fe concentration is that
which reacts and equilibrates with the added ligand (TAC), and includes all

inorganic Fe and the Fe released from complexes with L upon addition of TAC.

C.. was obtained using the isotope dilution approach followed by HR-ICPMS

detection (high resolution magnetic sector inductively coupled mass
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spectrometry) following the methods described in Milne et al. (2010), by
Sebastian Steigenberger, NOCS (dissolved Fe analysis), along with the Fe added

at each point of the sample titration.
In the presence of TAC, equation (3.5) becomes:
Cre = [Fe']l + [Fe(TAC),] + [FelL] (3.6)

where [Fe'] is the concentration of inorganic Fe (not complexed by TAC or
natural organic complexing ligands, but either free or complexed with
inorganic ligands), and [Fe(TAC),] is the concentration of Fe complexed by
TAC.

Substitution of equation (3.6) into equation (3.5) gives the following

expression for labile Fe concentration:
[Feiapire] = [Fe'] + [Fe(TAC),] (3.7)

The CSV peak height (i) is related to the labile Fe concentration via the

sensitivity:
ip = S[Fewapiel (3.8)

Where S is obtained from the slope of the titration curve at high concentration
of total (and labile) iron where all organic ligands (L) are saturated (high end of
the titration).

[Fe**] is directly related to the labile Fe concentration by a', which is the overall
a-coefficient (Ringbom and Still, 1972) for inorganic complexation and

complexation by TAC (excluding complexation by L):
[Fe**] = [Feiapuel /' (3.9)

Substitution for Fe ** from equation (3.9) into equation (3.4) gives:

[Feiabite]l _ [Feiabitel a’ (3.10)

[FeL] CL K'Fer [CL]

This equation is more convenient to use for the van den Berg/Ruzic plots, as it

is the labile Fe concentration which is measured by ACSV rather than Fe3*.
a' is calculated from:

a' = aper t+ Ape(rac)? 3.11)
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where a_, is the a-coefficient for inorganic complexation of Fe** (log a_=10 is

the value used in this study and was calculated by Hudson et al. (1992), and

O, ra0s 1S the a-coefficient for complexation of Fe by TAC.

AFe(TAC)2 = :B’Fe(TAC)Z[TAC]Z (3.12)
and the conditional stability constant g', , . is defined by:

B'recracyz = [Fe(TAC),1/[Fe**][TAC']? (3.13)

where [TAC'] is the concentration of TAC not complexed by iron.

As C_, >> C_, the total concentration of TAC (C_, ) was used in this study.

TAC)

A value of log B’ = 12.4 (or in Fe* notation of log B' = 22.4) was used

Fe(TAC)2 Fe(TAC)2

in this work following Croot and Johanson (2000). Values for a, ., ., were then

calculated from log B' along with the final TAC concentration in each

Fe(TAC)2

sample (10 uM).

The values for [Fe . ] in equation (3.10) were obtained directly from the ACSV

labile

current as [Fe ] = ip/S, and the concentration of [FelL] from equation (3.5).

labile

Values of C and K'_ are calculated by least squares linear regression from the

slope” and a'/(y-intercept x C ) of the plot [Fe , 1/[Fel] as a function of [Fe _ 1.

labile labile

Values of log K'_ are referred in terms of Fe’* throughout this whole chapter.
Linearisation plots

Examples of the titration curves obtained for the samples in this study are
shown in Figure 3.3 (left side plots). The curvature at low total iron
concentrations indicates the presence of complexing ligands (e.g. CTD 004-03
in this Figure). The corresponding linear transformation plots for each titration

curve are shown in the right side of Figure 3.3.

Iron ligand parameters were obtained employing the theoretical considerations
above mentioned, along with the non-linear approach described in Chapter 4.
The calculations were made with a script code in the R programming language.
An example of graphic results obtained with the R programme is shown in

Appendix C. Further details are presented in chapter 4.
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CTD 004-03, Iceland Basin
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Figure 3.3 Examples of iron titration curves (left plots) with respective linear
transformation plot (right plots).
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Excess ligands

Results in this study are described as a function of excess ligand

concentrations [eL ]:

el; = C, — [dFe]

3.4 Results and discussion

3.4.1 Study area

The high-latitude North Atlantic Ocean has climatic importance because the
Nordic Seas and the Labrador and Irminger basins are regions where cold,
dense waters are formed (Curry and Mauritzen, 2005). During these processes,
atmospheric CO, is sequestered, and residual nutrients are transferred to the

deep ocean.

3.4.1.1 Water masses

The sampling stations visited during this study are shown in Figure 3.2. Water
mass definitions by Fogelqvist et al. (2003) are used here to describe the

physical properties of the study area.
Iceland basin

During cruise D354, Northeast Atlantic Water (NEAW) with a salinity of 35.26-
35.31 and a potential temperature between 8.11-9.03 ‘C was observed in the
subsurface and mid-depth waters of the Iceland Basin, from around 45 to 750
m depth (Figure 3.4). It had been observed in previous studies that this water
mass dominates the northern Iceland Basin and Reykjanes Ridge region (Read,
2001).

The North Atlantic Current (NAC) is one of the two main branches of the Gulf
Stream extension (Sy, 1988). It flows northwards through the Iceland and
Irminger Basins (Read, 2001). A significant number of eddies occur within the

Iceland Basin which aid the transfer of water across the barrier of the NAC.

North Atlantic Central Water (NACW) was also evident at mid-depth waters in
the Iceland Basin and Reykjanes Ridge region, with salinities from ~35.10-

35.22 and potential temperatures from ~7.5 - 10 °C.
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In deep waters of the Iceland Basin (as observed in CTD 004), from ~1770-
2060 m, the potential temperature decreased to 3.2-3.4 °C with a salinity of
~34.91, indicating the presence of Labrador Sea Water (LSW_; Figure 3.4). LSW_
and LSW_ are the notations used for Labrador Sea Water in the Iceland Basin
and in the Irminger Basin, respectively, as this water mass has different

characteristics in each basin.

Northeast Atlantic Deep Water (NEADW) was present at the bottom layer of the
Iceland Basin (CTD 004), from ~2380-2720 m, with salinities around 34.95-
34.99 and a potential temperature of 2.60-2.98°C (Figure 3.4). The NEADW is
characterised by high oxygen and tracer values (halocarbons CFC-11, CFC-12

and CFC-113), and low silicate contents.

According to Fogelqgvist et al. (2003), the Iceland-Scotland Overflow Water
(ISOW) is situated from around 850 m to a depth about 2300 m in the Iceland
Basin, mixing with the overlying water masses along its pathway. However,
ISOW was not evident in the Iceland Basin during this study probably due to the
fact that our stations were sufficiently far removed from the overflow regions
and the mixing that this water mass experiences with NEAW, LSW_and NEADW

during its subduction to deeper waters had removed its distinct signature.
Irminger Basin

Irminger Sea Water (ISW) is an Atlantic water mass that is mainly supplied by
the Irminger Current, and is mainly found in the northern Irminger Basin
(Krauss, 1995; Fogelqvist et al., 2003). ISW was evident in the mid-depth layers
of the northern part of the Irminger Basin (from ~300-400 m depth in CTD
016), with potential temperatures between 5.59-6.14 °C and salinities from
35.02-35.05 (Figure 3.4).

The deep water masses that were present in the Irminger Basin during this
study were ISOW, LSW and Denmark Strait Overflow Water (DSOW).

ISOW was present during this study in the Irminger Basin from ~1690-1750 m
in CTD 009, and from 2260-2370 m in CTD 015, with salinities ~34.92 and
potential temperatures from 2.73-2.90 °C.
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LSW_ was observed with salinities from 34.89-34.90 and potential
temperatures from 1.9-2.5 °‘C at around 2400 m in CTD 015, and from 2900-
3100 m in CTD 009 (Figure 3.4).

The characteristics of LSW in the Irminger Basin have indicated in previous
studies that the water is of very recent origin, thus confirming that cold, fresh
intermediate (depth) water spreads northwards from the Labrador Sea directly
into the Irminger Basin and crosses the Mid Atlantic Ridge south of 54 °N to
spread northwards into the Iceland Basin and Rockall Trough (Talley and
Mccartney, 1982).

DSOW was present at the bottom waters of the Irminger Basin from ~2630-
2670 m, with potential temperatures from 1.2-1.7°C and salinities of ~34.9
(Figure 3.4).

3.4.1.2 Inorganic nutrients

Inorganic nutrient concentrations (nitrite + nitrate, phosphate and silicate)
displayed strong gradients in the study area during D354, with increasing
surface water concentrations moving from east to west; therefore higher
nutrient concentrations were observed in the Irminger Basin compared to the
Iceland Basin. In the Irminger Basin, increasing surface nitrite + nitrate
concentrations from east to west were observed and ranged ca. between 2-5.5
MM (Figure 3.5). Phosphate and silicate concentrations showed the same spatial
pattern as for nitrite + nitrate, with surface phosphate concentrations from
around > 0.2-0.45 pM (Figure 3.6), and silicate concentrations from around 2-4
MM (Figure 3.7). The opposite trend was observed in the Iceland Basin: nitrite
+ nitrate concentrations were generally lower than 0.1 yM, whereas phosphate
concentrations were lower than 0.18 pM and silicate concentrations < 1.5 yM

(data from D354 cruise report by Stinchcombe (2010)).
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Figure 3.4 TS diagram for the study area during D354 2010 cruise.

The high nutrient concentrations in the Irminger Basin indicated that
production failed to exhaust the nutrient stocks due to Fe limitation (Ryan-
Keogh et al., 2013), as inferred from the very low dissolved iron concentrations
in surface waters of this basin (< 0.1 nM in the upper 20 m for CTD 009 and
CTD 015). These residual nutrients concentrations are similar to those that
have been observed in HNLC regions such as the Southern Ocean

(Steigenberger, 2010).

A nutrient profile in the Iceland Basin (CTD 002) was compared to one in the
Irminger Basin (CTD 016). Although all of the inorganic nutrient concentrations
are very similar at depth, there are significant differences in the upper water

column (~10 m). In the CTD 002 profile, both phosphate and nitrite + nitrate

45



Organic Fe complexation in the HLNA

concentrations were lower than 0.1 pM, whilst silicate concentrations were
below 1 pM. In the CTD 016 profile, nitrite + nitrate concentrations were >4
UM, >0.3 pM for phosphate and ~2 pM for silicate (data from D354 cruise
report by Stinchcombe (2010)).

Nitrate and nitrite [uM] @ Depth [m]=2
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Figure 3.5 Surface nitrite NO, + nitrate NO, (uM) from the underway nutrient
data during the D354 research cruise.
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Figure 3.6 Surface phosphate PO,? (uM) from the underway nutrient data
during the D354 research cruise.
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Figure 3.7 Surface silicate SiO,? (uM) from the underway nutrient data during
the D354 research cruise.
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Figure 3.8 Surface dissolved iron concentrations (nM) during the D354
research cruise.
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Figure 3.9 Surface total chlorophyll (ug/l) from the underway data during the
D354 research cruise.
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3.4.1.3 Total chlorophyll

Total chlorophyll values for all of the study area ranged between 0 and 3.2
ug/l, except for CTD 014 profile in the Greenland slope, which presented the
highest chlorophyll values in the area at depths between 20-30 m (~4.55 ug/I)
(Figure 3.9). The maximum profile values were observed in surface waters in all
basins (< 10 m), decreasing to low concentrations at around 50 m depth
(Figure 3.10). The lowest surface chlorophyll values were observed in the
northern Irminger Basin (CTD 015 and CTD 016; < 1.07 ug/l), and in general in
the Iceland Basin (< 1.8 pg/I).
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Figure 3.10 Total chlorophyll [ug/I] for the different CTD stations in the study
area.

3.4.2 Dissolved iron (dFe) distribution

For most of the stations occupied during this study, dissolved iron
concentrations [dFe] presented a nutrient type profile, with lower
concentrations in the surface waters (down to ~30 m (Figure 3.8), between
0.03 and 0.37 nM except at CTD 014 in the Greenland slope, where values
>0.5nM were observed at the surface (Figure 3.11). Along the Greenland slope,
CTD 014 is a coastal station and its profile showed a rapid increase to
approximately 1.2 nM in the upper 40 m. It has to be noted that all of the [dFe]
values referred to during this chapter are only for data points for which a
ligand concentration has been obtained. In subsurface waters at all stations
down to ~150 m, [dFe] increased up to 1.37 nM (except at 100 m in CTD 015,
where a high value of 3.35 nM was observed). CTD 002, in the central Iceland
Basin, also showed a high [dFe] (0.85 nM at 40 m, just below the mixed layer
that was persistent for at least 3 days (Steigenberger, 2010)). Below 1000 m
depth, [dFe] were variable, although generally >0.6 nM (Figure 3.11).

The [dFe] in surface and subsurface waters (<150 m) of the Iceland Basin (CTD
002, 004, 005 and 006) ranged between 0.08 and 0.85 nM with an average
concentration (average + standard deviation) of 0.28 + 0.15 nM (n=26). This

average concentration is very similar to that reported on a previous study in
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the same area during a summer cruise in 2009 (Mohamed et al., 2011), with an

average value of 0.24 + 0.17 nM for the same depth.

Surface and subsurface [dFe] in the Irminger Basin (CTD 009, 015, 016, 017)
ranged between 0.01 and 0.73 nM, with an average concentration of 0.18 +
0.16 nM (n=21). Surface and subsurface [dFe] along the Reykjanes Ridge (CTD
008, 026) and on the Iceland Shelf (CTD 024, 025) were also depleted
compared to deep waters, and ranged between 0.08 and 0.42 nM, with an
average concentration of 0.27 + 0.13 nM (n=8) along the Reykjanes Ridge, and
between 0.03 and 0.44 nM, with an average concentration of 0.20 + 0.16 nM
(n=5) on the Iceland Shelf, except at 140 m in CTD 024, where a [dFe] of 1.37
nM was observed. The [dFe] in surface and subsurface waters of the Greenland
slope (CTD 011, 012, 014) ranged between 0.08 and 1.21 nM, with an average
concentration of 0.51 + 0.33 nM (n=14). These relatively high values compared
to the other areas during this study are a result of a coastal station in this area
(CTD 014).

The low dFe concentrations found in the upper 30 m of all of the areas may be
a consequence of biological uptake, indicated by the high total chlorophyll
values found in surface waters during this study, in particular in surface waters
of the Greenland slope (> 4 pg/l), combined with low atmospheric inputs. As
mentioned before, it is known that the HLNA receives very low atmospheric
inputs, comparable to those in the HNLC North Pacific (Boyd et al., 2007). It
has been demonstrated that dissolved aluminium (dAl) concentrations in open
ocean surface waters can be used to estimate atmospheric dust fluxes to these
areas, and thus it can serve as a tracer of atmospheric inputs of iron
(Steigenberger, 2010). During cruise D354, surface dAl concentrations were
low in both the Iceland and Irminger Basins (1.37 and 0.60 nM average for the
Iceland and Irminger Basin, respectively; Klar, (2010)) from which it can be
inferred that low atmospheric inputs occurred at the time of this study.
However, it has been suggested that even with high dust aerosol input in
surface waters, most of the supplied atmospheric Fe will form colloids and

particles quickly and be removed from the surface waters (Kondo et al., 2008).

Such low dFe values can limit phytoplankton primary production, as has been
observed in both the Iceland and central Irminger Basins (Moore et al., 2005;
Nielsdottir et al., 2009; Ryan-Keogh et al., 2013). Although the eruption of the
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Icelandic volcano (Eyjafjallajokull) in spring 2010 resulted in significant
dissolved iron inputs to the surface of the Iceland Basin during spring 2010,
there was no evidence of these enhanced concentrations during July-August
2010 (Achterberg et al., 2013). This indicates the short residence time of

dissolved Fe in the surface ocean (weeks to months) (Achterberg et al., 2013).

At mid depths, [dFe] increased in the water column at all stations between
>150 and 1000 m in this study. The mid-layer depth [dFe] in the Iceland Basin
ranged between 0.25 and 1.03 nM, with an average of 0.71 + 0.23 nM (n=13).
In the Irminger Basin, [dFe] at mid depths ranged between 0.23 and 0.73 nM,
with an average of 0.45 + 0.17 nM (n=9). The mid-layer depth [dFe] on the
Greenland slope ranged between 0.45 and 1.21 nM, with an average of 0.70 +
0.26 nM (n=8). The mid-layer depth [dFe] along the Reykjanes Ridge ranged
between 0.48 and 0.98 nM, with an average of 0.81 + 0.21 nM (n=7), and on
the Iceland Shelf ranged between 0.68 and 2.23 nM, with an average of 1.33 +
0.81 nM (n=3).

Dissolved Fe in the deep waters (below ~1000 m) of the study area ranged
between 0.39 and 1.36 nM, with an average of 0.86 + 0.29 nM (n=14). The
slightly enhanced concentrations near the seafloor in the Iceland Basin (CTD
004 and 005), are likely due to benthic iron supplies (Laes et al., 2007).
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Figure 3.11 Vertical distribution of organic ligands ([L], in red) and of
dissolved Fe ([dFe], in blue) for all the D354 cruise CTD stations.
Concentrations are in nM.

3.4.3 Organic ligands

The organic Fe-binding ligand characteristics are presented in Table 3.2.
Average total ligand concentrations [L] at different water column depths,
observed during this study, can be found in Table 3.3. Water column profiles

for [L] are presented in Figure 3.11.

The total ligand concentrations [L] in the surface and subsurface waters (< 150
m) of the Iceland Basin ranged between 0.03 and 4.41 nM with an average
concentration (average + standard deviation) of 1.29 + 1.39 nM (n=20). In the
first 150 m, [L] values in the Irminger Basin ranged between 0.01 and 4.96 nM,
with an average concentration of 0.95 + 1.24 nM (n=21). In the region of the
Reykjanes ridge at the same depths, [L] ranged between 0.19 and 3.28 nM,
with an average of 1.76 + 1.35 nM (n=6). In the surface and subsurface waters
of the Greenland slope, the values for [L] ranged between 0.35 and 2.39 nM,
with an average of 0.94 + 0.57 nM (n=12), and finally in surface and
subsurface waters on the Iceland shelf, [L] ranged between 0.27 and 3.84 nM
and averaged 1.06 + 1.27 nM (n=7).
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Table 3.2  Organic iron ligand characteristics (results obtained using the R
programming software) for the samples collected during cruise D354. L.SE and
log K.SE are the standard errors for ligand concentration and log K,
respectively. Negative eL. were considered as 0.00 nM for the range values. NA
values are reported where the R program could not resolve the linear/non-
linear fit.

CTD depth [dFe] L,[ nM] L.SE, log K log K.SE  eli, L/dFe
[nM] [nM]
002 #12 21.11 0.20 0.83 NA NA NA 0.63 4.20
002 #11 31.29 0.15 0.33 0.15 22.26 0.26 0.18 2.15
002 #10 41.43 0.85 0.03 NA NA NA -0.82 0.04
002 #9 51.43 0.41 0.86 0.23 22.35 0.30 0.45 2.09
002 #6 102.09 0.30 3.11 NA NA NA 2.81 10.40
002 #4 303.79 0.72 0.63 0.16 21.76 0.41 -0.09 0.88
002 #3 405.22 0.60 0.24 0.15 22.63 0.80 -0.36 0.40
002 #1 809.95 1.03 1.82 NA 20.75 NA 0.79 1.76
004 #11 37.70 0.19 1.09 NA NA NA 0.90 5.69
004 #10 48.11 0.34 3.65 NA 20.63 NA 3.31 10.68
004 #9 57.83 0.21 0.22 0.20 22.15 0.62 0.01 1.03
004 #8 108.90 0.51 0.14 NA NA NA -0.37 0.28
004 #7  260.11 0.44 0.13 NA 22.08 NA -0.31 0.30
004 #6 513.02 0.84 2.01 0.66 22.09 0.49 1.16 2.38
004 #5 1018.24 0.85 8.40 3.43 21.72 0.23 7.55 9.89
004 #3 2030.18 0.96 1.24 0.13 23.42 0.41 0.29 1.30
004 #2 2539.90 1.06 0.24 NA NA NA -0.82 0.23
004 #1 2739.28 1.29 1.23 0.09 23.94 0.61 -0.05 0.96
005 #14 20.67 0.25 0.43 NA NA NA 0.19 1.76
005 #13 25.53 0.31 3.81 1.11 21.32 0.09 3.50 12.31
005 #12 29.56 0.21 0.55 NA NA NA 0.35 2.70
005 #11 34.68 0.20 0.48 0.87 22.78 1.27 0.28 2.37
005 #10 40.01 0.19 0.44 NA NA NA 0.25 2.33
005 #9 50.14 0.26 1.60 0.58 21.67 0.58 1.35 6.27
005 #8 80.31 0.44 4.41 1.53 21.43 0.15 3.97 10.11
005 #5 509.76 0.83 1.19 0.36 22.18 0.41 0.36 1.43
005 #4 762.55 1.02 1.93 0.16 23.30 0.28 0.91 1.89
005 #3 1015.72 0.85 3.04 NA 21.02 NA 2.18 3.55
005 #1 1873.37 1.36 1.56 0.17 22.84 0.44 0.20 1.14
006 #12  21.95 0.20 0.76 NA NA NA 0.56 3.77
006 #11 26.94 0.21 0.31 NA NA NA 0.10 1.50
006 #9 41.89 0.24 0.10 NA NA NA -0.13 0.44
006 #8 52.28 0.17 0.70 NA NA NA 0.53 4.13
006 #6 103.10 0.20 2.37 1.89 21.12 0.52 2.16 11.74
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CTD depth [dFe] L,[ nM] L.SE, log K log K.SE  elLi, L/dFe
[nM] [nM]
006 #4 203.93 0.25 1.05 NA NA NA 0.80 4.18
006 #3 355.35 0.53 0.96 0.30 22.66 0.50 0.43 1.83
008 #10  50.00 0.42 0.69 0.87 22.15 0.83 0.27 1.64
008 #9 75.00 0.42 2.70 1.03 21.25 0.21 2.28 6.47
008 #7 100.00 0.29 0.76 0.69 21.35 0.34 0.47 2.62
008 #6 150.00 0.40 3.28 NA 20.94 NA 2.88 8.19
008 #5 250.00 0.54 1.05 0.30 21.62 0.35 0.50 1.92
008 #4 500.00 0.88 0.20 NA 21.33 NA -0.67 0.23
008 #2 1000.00 0.98 0.70 0.13 22.74 0.39 -0.27 0.72
008 #1 1535.00 1.15 1.01 0.13 22.23 0.44 -0.14 0.88
009 #14  30.00 0.24 1.36 3.33 20.60 0.26 1.12 5.67
009 #13  60.00 0.24 0.20 0.04 23.03 0.33 -0.05 0.81
009 #12  80.00 0.09 0.01 NA NA NA -0.08 0.10
009 #11  100.00 0.12 0.02 NA NA NA -0.10 0.16
009 #10 150.00 0.73 0.74 0.03 23.22 0.66 0.01 1.01
009 #9 350.00 0.25 0.33 NA NA NA 0.08 1.33
009 #8 262.25 0.23 1.85 3.00 20.79 0.41 1.62 8.04
009 #7 363.28 0.73 0.14 NA 22.56 NA -0.58 0.20
009 #6 500.00 0.31 0.39 NA NA NA 0.07 1.24
009 #4 1500.00 0.63 0.18 0.10 22.67 0.94 -0.44 0.29
009 #3 2000.00 0.68 0.41 0.10 23.14 0.80 -0.27 0.60
009 #2 2500.00 0.71 0.94 NA 21.08 NA 0.24 1.33
009 #1 3060.00 0.39 0.54 0.27 21.08 0.32 0.15 1.40
011 #12 30.00 0.13 0.76 0.89 21.54 0.38 0.62 5.65
011 #10 60.00 0.18 2.39 NA 21.22 NA 2.20 13.11
011 #9 80.00 0.21 0.49 1.08 22.34 1.02 0.28 2.30
011 #8 150.00 0.35 1.13 0.69 21.73 0.36 0.79 3.27
011 #6  400.00 0.55 0.79 1.38 22.00 0.85 0.24 1.44
011 #5 600.00 0.64 3.04 13.34 21.36 0.75 2.41 4.78
011 #4 900.00 0.72 1.37 NA NA NA 0.65 1.90
011 #3 1250.00 0.76 1.93 NA 20.77 NA 1.17 2.54
011 #2 1600.00 0.79 8.07 7.93 21.72 0.50 7.28 10.24
012 #24 20.00 0.09 1.54 NA 22.57 NA 1.45 17.98
012 #7 100.00 0.32 0.34 0.10 22.38 0.32 0.03 1.09
012 #5 200.00 0.45 0.54 0.13 22.51 0.26 0.09 1.21
012 #2 900.00 1.21 1.33 NA 21.91 NA 0.12 1.10
014 #8 20.73 0.53 1.07 0.14 21.95 0.23 0.54 2.02
014 #22 30.00 0.54 0.85 0.05 22.29 0.16 0.31 1.58
014 #6  40.00 1.21 0.45 NA NA NA -0.77 0.37
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CTD depth [dFe] L,[ nM] L.SE, log K log K.SE  eli, L/dFe
[nM] [nM]

014 #5 50.00 0.60 0.51 NA 22.60 NA -0.08 0.86
014 #4 70.00 0.92 0.84 0.06 23.73 0.52 -0.08 0.91
014 #3 100.00 0.57 0.91 0.11 22.15 0.27 0.33 1.58
014 #1 187.00 0.97 1.40 NA 21.42 NA 0.43 1.45
015 #13  20.00 0.07 0.61 0.45 21.43 0.39 0.54 9.31
015#12  30.00 0.37 0.52 0.09 22.90 0.28 0.15 1.40
015 #11  40.00 0.13 0.10 0.11 22.48 0.80 -0.03 0.75
015 #10 50.00 0.29 0.55 0.22 21.98 0.36 0.26 1.92
015 #9 70.00 0.33 0.36 0.11 22.34 0.32 0.02 1.07
015 #8 100.00 3.35 3.72 0.08 22.97 0.22 0.38 1.11
015 #7 250.00 0.56 0.43 0.14 22.15 0.34 -0.13 0.77
015 #5 900.00 0.60 0.37 0.22 22.30 0.54 -0.23 0.62
016 #11  20.00 0.14 0.18 0.12 21.94 0.35 0.04 1.27
016 #10  30.00 0.30 0.36 0.16 21.40 0.46 0.05 1.18
016 #9 40.00 0.10 0.81 0.15 21.63 0.19 0.71 8.45
016 #8 50.00 0.04 1.41 NA 20.87 NA 1.37 38.36
016 #7 70.00 0.22 0.38 0.05 22.43 0.70 0.15 1.67
016 #6 100.00 0.19 4.96 NA 20.16 NA 4.77 25.93
016 #5 150.00 0.29 0.58 0.12 22.14 0.48 0.29 2.02
016 #2 600.00 0.46 1.01 0.36 21.33 0.29 0.55 2.21
016 #24  800.00 0.46 3.55 NA 21.00 NA 3.09 7.69
017 #14  25.21 0.03 0.26 NA NA NA 0.24 10.37
017 #12  40.00 0.01 0.85 NA 21.00 NA 0.84 153.61
017 #9 80.00 0.14 1.94 5.13 20.84 0.32 1.80 14.16
024 #5 20.00 0.19 1.01 0.20 21.47 0.17 0.82 5.32
024 #3 80.00 0.28 0.33 0.24 22.01 0.49 0.04 1.15
024 # 2 140.00 1.37 1.04 NA 21.79 NA -0.33 0.76
024 #24 201.58 2.23 1.49 0.23 23.24 1.05 -0.74 0.67
025#9  20.00 0.03 3.84 NA 21.15 NA 3.82 141.38
025#7  40.00 0.10 0.36 0.15 21.19 0.40 0.26 3.57
025 #5 80.00 0.15 0.27 NA NA NA 0.12 1.77
025 #3 150.00 0.44 0.57 0.14 22.26 0.43 0.14 1.31
025 #2 250.00 0.68 1.10 0.11 22.71 0.78 0.42 1.62
025 #24 408.00 1.07 0.42 0.08 23.13 0.95 -0.65 0.39
026 #12 20.00 0.08 0.19 0.13 22.61 0.72 0.12 2.54
026 #7 75.00 0.26 2.92 NA 21.20 NA 2.66 11.08
026 #4  250.00 0.48 0.93 0.16 22.02 0.34 0.45 1.93
026 # 3 560.00 0.93 1.13 0.17 22.41 0.66 0.20 1.21
026 # 2 1000.00 0.95 0.89 0.07 22.77 0.64 -0.06 0.94
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026 #24 1363.00 1.03 0.88 0.11 23.23 0.50 -0.15 0.86

Mid-layer depth (>150-1000 m) [L] in the Iceland Basin ranged between 0.13
and 3.04 nM, with an average concentration of 1.30 + 0.90 nM (n=10), except
at 1000 m in CTD 004, where a ligand concentration value of 8.40 nM was
observed. In the Irminger Basin, mid-depth [L] ranged between 0.14 and 3.55
nM, with an average of 1.01 + 1.17 nM (n=8). In mid-layer depth waters on the
Greenland slope, [L] ranged between 0.54 and 3.04 nM, with an average of
1.41 + 0.87 nM (n=6). In the Reykjanes ridge, mid-depth water [L] ranged
between 0.20 and 1.13 nM, with an average of 0.82 + 0.33 nM (n=6); and
finally, in the Iceland Shelf, mid-depth [L] ranged between 0.42 and 1.49 nM,
with an average of 1.00 + 0.54 nM (n=3).

Deep water ligand concentrations (> 1000 m) in the Iceland Basin ranged
between 0.24 and 1.56 nM, with an average of 1.07 + 0.57 nM (n=4). Deep
water [L] in the Irminger Basin ranged between 0.18 and 0.94 nM, with an
average of 0.52 + 0.32 nM (n=4). Deep water [L] on the Greenland slope ranged
between 1.93 and 8.07 nM (no average was calculated, n=2); and finally over
the Reykjanes ridge deep water [L] ranged between 0.88 and 1.01 nM, with an
average of 0.95 + 0.09 nM (n=2).

Mohamed et al. (2011) also found high and variable ligand concentrations in
the surface waters of the HLNA. They reported average [L] down to < 150 m in
the Iceland Basin of 0.50 + 0.26 (n=19), and 0.64 + 0.28 (n=14) for their
cruises in summer 2007 and 2009, respectively, which are lower than the ones
observed during this work for the same regions. During their June 2009 cruise,
Mohamed et al. (2011) observed [L] in other areas of the HLNA (Hatton Rockall
and Rockall Trough regions) of 1.11 + 0.08 nM and 0.69 + 0.16 nM in surface
and subsurface waters down to 150 m, respectively, which are similar to the
ones observed during this study in the different areas of the HLNA. Mid-layer
depth waters [L] in the Iceland Basin observed during this study are similar to
the values observed by Mohamed et al. (2011) of 1.28 + 0.77 nM (n=10) and

1.24 + 0.6 nM (n=15) for the same cruises.

Although the total chlorophyll values observed in surface waters of the
Irminger Basin (CTD 009 and CTD 017) and in CTD 014 in the Greenland slope
were relatively high (>2 pg/l), a clear relationship between this variable and [L]

in surface-subsurface waters of the study area was not observed. Mohamed et

58



Organic Fe complexation in the HLNA

al. (2011) observed enhanced surface and subsurface water (< 150 m)
concentrations of nitrate, phosphate and silicate coupled to low [dFe] in the
Rockall Through region and in the Iceland Basin, influencing productivity in the

area. This trend was also observed during this study in the Irminger Basin.

Table 3.3 Average ligand concentrations [L] at different depths.

Area Surface-subsurface Mid-depth layer Deep layer
layer
(>150-1000 m) (>1000 m)
(<150 m)
Average [L] (nM) Average [L] (nM)
Average [L] (nM)

Iceland Basin 1.29+1.39;n=20 1.30+0.90; n=10 1.07+0.57; n=4
Irminger Basin 0.95 + 1.24; n=21 1.01 +1.17; n=8 0.52 +0.32; n=4
Greenland slope 0.94 + 0.57; n=12 1.41 + 0.87; n=6 no average; n=2
Reykjanes Ridge 1.76 + 1.35; n=6 0.82 + 0.33; n=6 0.95 + 0.09; n=2
Iceland shelf 1.06 + 1.27; n=7 1.00 + 0.54; n=3

3.4.3.1 Excess ligand concentrations [el ]

The organic ligand concentrations typically exceeded the dFe values

throughout the water column (eL, > 0; Figure 3.12, Table 3.4).

Excess ligand concentration [eL] represents the empty binding sites available
for Fe (Thuroczy et al., 2011). [eL] forms an approximation for ligand
undersaturation, as it does not suffer from problems related to overestimation
of the Fe concentration in equilibrium with ligands (Gledhill and Buck, 2012).
This study showed relatively high and variable [eL] in surface waters of all
locations (Figure 3.12), consistent to what has been found by other authors
using the [eL] approach (Thuroczy et al., 2010). These high and variable [eL ]
in surface waters can be attributed to phytoplankton uptake of iron and ligand
production in most cases. However, some minimum values in [eL] were also
observed in surface waters (e.g. CTD 014 in the Greenland slope). CTD 014
shows a clear coastal influence with higher [dFe] at the surface, which causes

the near saturation of the ligands.

Excess ligand concentrations in the surface and subsurface waters (< 150 m) of
the Iceland Basin ranged between 0.00 and 3.97 nM (n=21). In the first 150 m,

[eLi] values in the Irminger Basin ranged between 0.00 and 4.77 nM (n=21). In
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the region of the Reykjanes ridge at the same depths, [eL] ranged between
0.12 and 2.88 nM (n=6). In the surface and subsurface waters of the Greenland
slope, the values for [eL] ranged between 0.00 and 2.20 nM (n=12), and finally
in surface and subsurface waters on the Iceland shelf, [eL] ranged between
0.00 and 3.82 nM (n=7). The Irminger Basin showed the highest surface [eL ]
(4.77 nM, CTD 016) along with CTD 025 in the region of the Iceland Shelf (3.82
nM). Average concentrations are not presented for excess ligands due to their

very variable range.

The [eL] at mid layer depths (>150-1000 m) was enhanced in some of the
profiles in the study area (Figure 3.12). These high [eL] at mid-depths could
suggest the release of organic ligands during remineralisation of sinking
biogenic particles (Wu et al., 2001). However, not all the stations within the
same area displayed the same pattern. In the Iceland Basin, [eL] ranged
between 0.00 and 7.55 nM (n=13). In the Irminger Basin, a range in [eL ] of
0.00 and 3.09 nM (n=_8) was observed. On the Greenland slope, a range in [eL]
of 0.09 and 2.40 (n=6) was observed at mid-depths. Along the Reykjanes
Ridge, a range in [eL] between 0.00 and 0.503 nM (n=6) was observed; whilst
on the Iceland Shelf a range in [eL] between 0.00 and 0.42 nM (n=3) was

observed.

Deep water [eL.] (> 1000 m) in the Iceland Basin showed a range between 0.00
and 0.29 nM (n=4). In the Irminger Basin, deep water [eL ] ranged between 0.00
and 0.71 nM (n=5). On the Greenland slope, deep water [eL] ranged between
1.17 and 7.28 nM (n=2); and finally over the Reykjanes Ridge, deep water [eL ]

were completely saturated (0.00 nM, n=2).

In most of the ocean, organic ligand concentrations exceed [dFe] (Gledhill and
Buck, 2012). During this study the organic ligand concentrations obtained were
also in excess of dFe concentrations throughout the water column, with only a
few exceptions (Table 3.4, Figure 3.12). Kondo (2012) found excess [dFe] over
[L] in the deep waters of the Pacific Ocean, and they attributed this excess
[dFe] to the existence of organic/inorganic ligand complexes not detected by
the used technique, which was the same used in this study. During the
interpretation of the CLE-ACSV data, all of the [dFe] in a given sample is
assumed to be in an exchangeable form with respect to the added competitive

ligand. In natural oceanic samples this has a direct implication, as some of the
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[dFe] exist as stable inorganic colloids or as other Fe inert components
(Gledhill and Buck, 2012), which cannot be detected. These undetected
complexes could, for example, be humic-like substances, due to the
interaction that exist between TAC and humic substance functional groups

(Laglera et al., 2011).

Table 3.4 Excess ligand concentrations [eL ] range at the different depths.

Area Surface-subsurface Mid-depth layer Deep layer
layer
(>150-1000 m) (>1000 m)
(<150 m)
[eL ] range (nM) [eL ] range (nM)
[eLi] range (nM)

Iceland Basin 0.00 - 3.97; n=21 0.00 - 7.55; n=11 0.00 - 0.29; n=4
Irminger Basin 0.00-4.77; n=21 0.00 - 3.09; n=8 0.15-0.71; n=5
Greenland slope 0.00-2.20; n=12 0.09-2.40; n=6 1.17 -7.28; n=2
Reykjanes Ridge 0.12 - 2.88; n=6 0.00 - 0.50; n=6 0.00; n=2
Iceland shelf 0.00 - 3.82; n=7 0.00 - 0.42; n=3

Ligand saturation was observed in several of the analyzed samples of D354
throughout the whole water column, especially in deep waters. However, due
to the analytical difficulties associated with the current voltammetric method, it
is not yet possible to determine if the ligands were saturated in these samples
due to a balance between supply and removal throughout the water column or
if there was a potential source of Fe not determined in the titrations. Saturation
of the ligands in deep waters of the HLNA would necessarily imply that any
added Fe along the water mass circulation pathways will be precipitated or

removed by scavenging rather than buffered into solution.
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Figure 3.12 Depth profiles of excess ligand concentrations [eli] for the
different areas of D354 cruise. Concentrations are in nM.
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3.4.3.2 [L1/[dFe] ratio

The [L]/[dFe] ratio shows how much more ligand there is compared to the
dissolved Fe (Thuroczy et al., 2011). If the [L]/[dFe] ratio equals 1, the ligand
sites are fully saturated with Fe (Thuroczy et al., 2011).

Iceland Basin

In surface waters of the Iceland Basin, [L]/[dFe] ratio values were relatively high
and variable (1.5-12.3) in the first ~35 m (Figure 3.13). CTD 005 in the Iceland
Basin showed the highest surface ratio (12.3 at 25 m, Figure 3.15) as a result
of ligand production (3.8 nM). Total chlorophyll values ranged between 1 and 2
ug/l in the first 20 m of the water column for all the stations in the Iceland
Basin (Figure 3.10), which indicates the presence of phytoplankton biomass

and hence the possible ligand production by this community.

Surface and subsurface L/dFe ratios in the first 150 m on the Iceland Basin
were also high and variable compared to deep waters, with a few exceptions
that showed values <1.0 (CTD 002 and 006 at 40 m, and 004 at 100 m). A
value of ~10.0 was observed at 100 m for almost all the Iceland Basin stations.
Mohamed et al. (2011) also found high and variable [L]/[dFe] ratios in surface
and subsurface waters (3.4-4.3; < 150 m) of the Iceland Basin and a lower and

more constant ratio at depth.

CTD 005 and 006 show a clear ligand production in subsurface waters at 50 m,
with enhanced [L]/[dFe] ratios of 6.3 and 4.1, respectively. Thurozcy (2011)
also found high [L]/[dFe] ratios in different areas of the Southern Ocean (5.6-
16.2), especially in the surface 50 m of the HNLC regions, as a result of low

[dFe] and variable ligand concentration (2-26).

High [L]/[dFe] ratios in the euphotic layer can be explained by the uptake of Fe
and production of ligands by phytoplankton; and also by microbial activity
degrading the non-resistant ligands below this layer (Rue and Bruland, 1997;
Gerringa et al., 2006). These high ratios thus express a potential for Fe

solubilisation in surface and subsurface layers.

In mid-depth layers below 250 m, the [L]/[dFe] ratios decrease with depth
down to ~800 m (< 2.0) and thus become low and more constant. A peak in
the ratio was observed at 1000 m in CTD 004 and 005 (9.9 and 3.5,
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respectively). This peak was caused by a high [L,_], which may be a result of
the very resistant nature of the dissolved organic ligands at this depth. Below
this maximum, the ratio starts to decrease again down to ~2000 m at a value
near saturation in these stations (~1). The ratio decrease with depth in CTD
004 reflects an increase in [dFe], which favours scavenging and co-
precipitation. CTD 004 in the Iceland Basin present a [L]/[dFe] ratio <1.0 below
2000 m.

These observed constant ratios at depth reflect either a balance between
production and degradation of dissolved organic ligands or a constant highly
refractory type/group of ligands, as suggested by Hunter and Boyd (2007).
Mohamed et al. (2011) and Thuroczy et al. (2011) also found lower and more

constant ratios below 450 m depth.
Irminger Basin

High and variable [L]/[dFe] ratios (>1.0-38.4; Figure 3.15) in the
surface/subsurface waters of the Irminger basin were also observed down to
~150 m, and then commenced to decrease to ~2.0 or less below this depth
(Figure 3.13). Values below 1.0 were observed at surface waters of CTD 009.
The high and variable ratios in the surface/subsurface waters of this basin are

a consequence of the low [dFe] (0.03 to 0.7 nM) down to ~150 m.

Below 150 m, CTD 009 shows [L]/[dFe] ratios near 1.0 throughout the water
column down to 3000 m, reflecting a steady state between production and

degradation.

The highest [L]/[dFe] ratios in the surface/subsurface waters of the Irminger
Basin were observed in CTD 016 (25.9 at 100 m and 38.4 at 50 m), and were
caused by a high ligand concentration (4.9 and 1.4 nM, respectively) related to
a very low [dFe] (0.19 and 0.02 nM, respectively). Low [dFe] in the Irminger
Basin could be a result of the low atmospheric inputs in this area along with
phytoplankton uptake, which in turn could have led to ligand production, as

observed by the high ratios in this area.
Greenland slope

CTD 011 and 012 on the Greenland slope present high surface/subsurface
[L]/[dFe] ratios (13.2 at 60 m in CTD 011, and 18.0 at 20 m in CTD 012),
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related to low [dFe] values. CTD 014 presents high surface total chlorophyll
values (up to ~4.5 pg/l at < 50 m). However, this station showed the lowest
[L]/[dFe] ratios at the surface (0.4-2.0; Figure 3.13). Clearly, at this station Fe
was not a limiting factor for phytoplankton growth. Moreover, organic ligand

concentrations were low (< 1 nM) at depth above 100 m.

A decreasing trend is observed in CTD 011 down to 900 m (although a peak
with a ratio of 4.8 was observed at 600 m), but then increased from 900 m

down to 1600 m, where it reaches a high value of 10.2.
Reykjanes ridge

CTD 008 and 026 in the Reykjanes ridge region presented high [L]/[dFe] ratios
(Figure 3.13) in surface and subsurface waters (<150 m), as a consequence of
enhanced ligand concentrations. Both CTD 008 and 026 showed a very clear
trend in the [L]/[dFe] ratio, with high surface values (1.6-11.0) in the first 150
m, and then decreased to values near saturation with depth and steady from
250 down to 1500 m (Figure 3.13). Total chlorophyll values in CTD 008 ranged
between 1 and 2.5 pg/l in the first 20 m depth. [dFe] in both stations were low
at the surface (< 0.42 nM) < 150 m, increasing with depth to ~1.1 nM down to
~1500 m (nutrient type profile). Lower ratios at depth are a result of the
increasing [dFe] values, where the ligand sites for binding Fe are getting filled
and even almost saturated. This near saturation reflects a consistency with the
precipitation of Fe as insoluble oxyhydroxide and its removal to the deep

ocean.
Iceland Shelf

CTD 025 and 024 on the Iceland Shelf showed moderately high surface
[L]/[dFe] ratios, compared to surface waters of the other regions in the study
area (5.3 at 20 m in CTD 024, and 3.6 at 40 m in CTD 025; Figure 3.13).
However, CTD 025 at 20 m presented a very high ratio (141.4) both as a result
of very low [dFe] (0.03 nM), and an enhanced ligand concentration (3.8 nM).
Total chlorophyll was ~3 ug/l in surface waters of the Iceland Shelf. Below the
surface maxima, relatively low [L]/[dFe] ratios were observed throughout the
water column at both stations (<2.0) down to 400 m, which shows near

saturation of the ligands with depth in this area.
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Figure 3.13 [L]/[dFe] ratios for the different CTD station in the study area (for
visual purposes, the last profile corresponds to the stations on the Irminger
Basin, down to the first 500 m).
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3.4.3.3 Log K'_

Stability constants (log K'_ ) for the ligands found throughout the water column
ranged between 20.16 and 23.94, with an average of 21.97 + 0.80 nM (n=92,
Figure 3.14). This average value was within the range reported for surface
waters of the Iceland Basin and other areas of North Atlantic (21.7-23.3)
(Mohamed et al., 2011; Thuroczy et al., 2011). In surface and subsurface
waters of the Iceland Basin (<150m), log K', | ranged between 20.63 and 22.78,
with an average of 21.75 + 0.69 (n=9). Surface and subsurface log K'_ in the
Irminger Basin ranged between 20.16 and 23.23, with an average
concentration of 21.85 + 0.92 (n=18). On the Greenland slope, surface and
subsurface log K'_ values ranged between 21.23 and 23.73, with an average
of 22.23 + 0.66 (n=11). On the Reykjanes ridge, surface and subsurface log
K',, values ranged between 20.94 and 22.61, with an average of 21.59 + 0.65
(n=6), and finally over the Iceland Shelf, surface and subsurface log K',  values
ranged between 21.15 and 22.26, with an average of 21.65 + 0.45 (n=6).
These high log K',  values reflect high stabilities of the Fe (lll) complexes, and
are consistent to what has been reported for most of the oceans in terms of
binding strengths (log K', ~20-23), when referred to one ligand class only
(Thuroczy et al., 2010). During this study, only one class of organic Fe (lll)
binding ligands was detected. Previous studies in the North Atlantic Ocean
have also reported only one class of organic Fe-binding ligands (Rijkenberg et
al.,, 2008; Thuroczy et al., 2010; Mohamed et al.,, 2011). This may be a
consequence of the detection window used during the CLE-ACSV analysis (log
G'Fe(TAOZ =12.4). Authors who have detected two or more ligand classes have
applied different detection windows (Rue and Bruland, 1995; Rue and Bruland,

1997), and also applied different data treatment approaches.

The surface log K'_ values observed in the Iceland Basin are similar to those
reported for the tropical North Atlantic using the same method approach as

used for my study (Rijkenberg et al., 2008).

Although the value of the stability constants for the detected organic ligands
was determined in this study, it was not possible to determine the type of

organic ligands observed due to the lack of their chemical characterization.
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Figure 3.14 Log K'_ values for the different regions of D354 cruise.
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Figure 3.15 Highest surface [L]/[dFe] ratio per station in the first 150 m depth
(CTD 025 was omitted due to the very high value (141.4)).

3.5 Conclusions

Iron binding ligand concentrations were typically in excess of dissolved Fe
concentrations in surface/subsurface waters in the study area. This suggests a
combination of biological Fe uptake along with microbial ligand production as

the controlling processes.

[L]/[dFe] ratios proved to be a reliable approach to determine ligand saturation.
During this study, there were clear differences in [L]/[dFe] ratios between
surface/subsurface waters (< 150 m), influenced by the presence of
phytoplankton, and deeper waters (below 250 m) in dissolved organic ligand
characteristics and the distribution of [dFe]. The high [L]/[dFe] values at the
surface decreased to a nearly constant value and near saturation in deep

waters.

Deep water mass formation in the HLNA suggests that ligand saturation at
depth, as it was observed in some stations during this study, would not have
the capacity to buffer any added Fe in solution; as a result, this additional Fe

would tend to form precipitates and to be removed by scavenging.

A temporal scale data set is needed in order to determine processes affecting

the long term variability of the ligands in the HLNA area.
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Chapter 4: Influence of Ocean Acidification
on the organic complexation of iron and

copper in coastal waters

This chapter presents the results of a study into the effect of ocean
acidification on the trace metal speciation of iron and copper, with a focus on
their organic complexation. This study was conducted in the northwest
European seas, as part of a NERC funded UK Ocean Acidification Consortium

programme, during the RRS Discovery 366 oceanographic cruise.

4.1 Introduction

The rise in atmospheric CO, concentrations over the past two centuries has led
to greater CO, uptake by the oceans (Feely et al., 2004). The increased amount
of dissolved CO, has lowered the surface ocean pH (Caldeira and Wickett,
2003), and it has changed the balance of the carbonate species (Doney, 2006),
leading to a decrease in the carbonate ion concentration (CO.?) and to an
increase in aqueous CO, and bicarbonate concentrations (Zeebe and Wolf-
Gladrow, 2001; Orr et al, 2005a). The increase in atmospheric CO,
concentrations from preindustrial (~280 ppm) to current levels (~400 ppm) has
caused the pH of today’s surface ocean to be ~ 0.1 units lower (ca. pH 8.1)
than preindustrial values (Caldeira and Wickett, 2003; Feely et al., 2004). If CO,
absorption continues along current trends, a decrease in pH of about 0.3-0.5
units by the year 2100 in the surface oceans can be projected (Brewer, 1997;
Zeebe and Wolf-Gladrow, 2001; Feely et al., 2004; Orr et al., 2005a; Orr et al.,
2005b; Doney, 2006). Carbonate ion concentrations are expected to drop by
half over this century, making it more difficult for marine calcifying organisms
to form biogenic calcium carbonate (CaCO,), and to maintain their external
skeletons (Orr et al., 2005a). These changes in ocean chemistry could cause
strong impacts on marine ecosystems, even under future scenarios in which
most of the remaining fossil fuel CO, is never released (Kleypas et al., 1999;
Riebesell et al., 2000; Caldeira and Wickett, 2003; Langdon et al., 2003).
Several studies have also suggested that continued release of CO, to the
atmosphere may result in undersaturation of the surface ocean with respect to

the calcium carbonate minerals (calcite and aragonite) in the coming decades
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(Caldeira and Wickett, 2003; Feely et al., 2004; Caldeira and Wickett, 2005; Orr
et al., 2005a). In addition to changes in carbonate saturation state, other
changes to ocean chemistry are also possible. For example, ocean acidification
is likely to affect the chemical speciation of essential trace elements in

seawater, although the extent of this affect is so far unknown.

In the surface ocean, the trace metals that have a significant biological role for
oceanic phytoplankton include manganese, iron, cobalt, copper, zinc and
cadmium (Morel and Price, 2003). These metals are necessary for the growth
and survival of photosynthetic organisms (Morel and Price, 2003). Iron is an
essential micronutrient involved in fundamental cellular processes, including
respiration, photosynthesis, nitrogen uptake and nitrogen fixation (Geider et
al.,, 1993; Raven et al., 1999), and therefore controlling the productivity,
species composition and trophic structure of microbial communities in large
regions of the ocean (Sunda and Huntsman, 1995b; Johnson et al., 1997;
Hunter and Boyd, 2007). Iron concentrations in oceanic waters are very low due
to its effective removal from the water column by phytoplankton, and to its
very low solubility (Rue and Bruland, 1995; Morel and Price, 2003). Organic
complexation is thought to maintain dissolved iron concentrations above its
inorganic solubility (Liu and Millero, 2002). These organic ligands buffer
dissolved iron in seawater against hydrolysis, and prevent scavenging (Hunter
and Boyd, 2007; Boyd and Ellwood, 2010). Marine phytoplankton is responsible
for about half of the photosynthetic carbon fixation (primary production) on
earth (Morel and Price, 2003). It has been demonstrated that iron deficiency
limits phytoplankton growth in High Nitrate Low Chlorophyll (HNLC) waters
such as the equatorial and subarctic Pacific, the Southern Ocean, and coastal
upwelling regions (Martin and Fitzwater, 1988; Boye et al., 2005; Boyd et al.,
2007). HNLC waters make up around 25% of the world ocean’s (de Baar et al.,
2005). Furthermore, in nutrient-poor-low latitude waters iron helps to regulate
nitrogen fixation (Moore et al., 2009). As a consequence, iron controls primary
productivity in up to 40% of the world’s oceans (Boyd and Ellwood, 2010), and

consequently strongly influencing oceanic CO, drawdown in these regions.

A decrease in seawater pH from 8.1 to 7.4 will increase the solubility of Fe (llI)
by about 40%, which could have a large impact on biogeochemical cycles
(Morel and Price, 2003; Millero et al., 2009). A decrease in pH has also been

suggested to result in higher iron availability to phytoplankton, as a result of
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enhanced proton competition for the available iron-binding ligand places
(Royal Society, 2005; Millero et al., 2009). However, it has also been pointed
out that the bioavailability of dissolved Fe to marine phytoplankton may
decline with the reduction in pH to an extent dictated by the acid-base
chemistry of the chelating ligands (Shi et al., 2010). This could in turn reduce
the ability of the ocean to take up atmospheric CO, (Sunda, 2010).

Copper is both an essential micronutrient and a toxic element (Moffett and
Dupont, 2007). A role of copper in iron uptake by phytoplankton and in
nitrogen cycling has been proposed (Peers et al., 2005; Jacquot et al., 2013),
although no limitation in primary productivity has been observed as a result of
low copper iron concentrations in the open ocean. Cu (ll) has been shown to be
toxic at concentrations as low as 10 ' M to marine phytoplankton (Brand et al.,
1986). Complexation of a metal cation by organic ligands can decrease its
toxicity by decreasing the metal’s free ion concentration (Donat et al., 1994).
However, a pH decrease may also reduce copper binding by organic ligands,
therefore making copper more bioavailable and consequently toxic to marine
organisms (Campbell et al., 2014). It has been predicted that the increase for
the free form of copper under a 7.5 pH scenario will be as high as 30% (Millero

et al., 2009), which could result in negative effects for the marine ecosystems.

The majority of the dissolved concentrations of the bioactive trace metals Fe,
Cu, Co, Ni and Zn are in the form of metal organic complexes (up to 99% in the
case of Fe and Cu) in seawater (Sunda and Hanson, 1987; Coale and Bruland,
1988; Donat and van den Berg, 1992; Gledhill and van den Berg, 1994; Rue
and Bruland, 1995), which control their solubility and bioavailability. Measuring
the organic complexation of trace metals is, thus, extremely important for the
understanding of their biogeochemistry (Buck et al., 2012). Considering that
the organic complexation of trace metals is pH dependent (Millero et al., 2009;
Breitbarth et al., 2010), it is also highly important to determine the effect of a

more acidic surface ocean on their complexation.

There are only a few studies that have considered the effect of ocean
acidification on the speciation and/or bioavailability of trace metals to marine
organisms (Turner et al., 1981; Byrne et al., 1988; Byrne, 2002; Millero et al.,
2009; Shi et al., 2010; Gledhill et al., submitted). The chemical form of an

element in seawater (its speciation) is affected by the presence of other ions
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with which it may interact. Among these is the hydrogen ion concentration.
Consequently, a decrease in surface ocean pH can potentially alter the

speciation of these elements.

Dissolved metals exist in two forms in seawater, organically complexed and
inorganic dissolved. The toxicity and availability of trace metals are thought to
be controlled by their inorganic metal ion concentration. A decrease in pH
generally increases the fraction of free inorganic dissolved forms; especially of
those metals that form strong complexes with OH" and CO,? ions (e.g., Cu (Il)
and Fe (lll)). These anions are expected to decrease in surface waters by 82%
and 77% by the year 2100, respectively (Millero et al., 2009).

The organic complexation of trace metals in seawater is often determined
using competitive ligand exchange-adsorptive cathodic stripping voltammetry
(CLE-ACSV). To date, CLE-ACSV is the only widely accepted technique employed
for measuring organic ligand concentrations in seawater and their associated
conditional stability constants with the metal of interest (Buck et al., 2012;
Gledhill and Buck, 2012). However, given the indirect approach and the
complexity of the method, there can be multiple methodological distinctions
between CLE-ACSV techniques applied by different laboratories to measure the
complexation of a particular metal. These variations include the use of a
different added ligand (AL) and/or concentration of AL, the buffer and pH of
titrations, the choice of HMDE and mercury drop size, and the application of

different linear and/or nonlinear data interpretations (Buck et al., 2012).

As no reference standards currently exist for dissolved metal speciation,
intercomparison exercises of the techniques commonly used have been
undertaken (Bruland et al., 2000; Buck et al., 2012), in order to detect
potential artefacts in the analyses. The results of these exercises demonstrated
that there are variabilities in result interpretation amongst laboratories, due to
both experimental conditions and data processing methods. The concentration

and choice of the AL results in distinct analytical windows (a applied to

Me(AL)x)
the titration, which in turn gives distinct variations in speciation results (as it
was shown in the case of copper) (Bruland et al., 2000). The use of different
methods for calculating the sensitivity of the analysis also causes variability in

data interpretation (Hudson et al., 2003; Wu and Jin, 2009; Buck et al., 2012).
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The aim of this study is to determine the effects of a decrease in surface ocean
pH on the trace metal speciation of iron and copper, with focus on their

organic complexation.

4.2 Materials and methods

4.2.1 Sample collection

Seawater samples were collected in northwest European shelf sea waters
(Figure 4.1) during the RRS Discovery 366 cruise in June and July 2011. Surface
seawater (ca. 2-4 m deep) was collected daily from a towed fish and was
filtered in-line through a 0.2 pm pore size filter capsule (Sartobran P-300,

Sartorious) in a trace metal clean container.

Seawater from the filter capsule was collected in 250 ml acid cleaned low
density polyethylene bottles (LDPE; Nalgene) for the determination of trace
metal (iron, copper) speciation. Sample bottles were rinsed thoroughly with
deionised water (MilliQ, Millipore; 18.2 mQ cm”) and then with seawater before
collection. Samples for the determination of Fe speciation were immediately
frozen after collection (-20°C, not acidified) for their analysis on land. Samples
for the determination of total dissolved trace metals were collected using 60
ml low density polyethylene bottles (LDPE; Nalgene). These bottles were
immediately acidified to pH 2 (80 ul; 0.011 M final concentration) using
ultraclean HCl (Romil UpA grade) and stored at room temperature for their

analysis on land.

All LDPE bottles (Nalgene) were cleaned according to the standard protocol
described by Achterberg et al. (2001). Samples for Cu-binding ligand analysis

were stored at 4°C for subsequent analysis (within 1day).
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Figure 4.1 Sampling stations along the northwest European shelf seas for
the determination of the effect of ocean acidification on iron and copper
speciation.

4.2.2 Instrumental and chemicals

The voltammetry system consisted of a potentiostat (uAutolab Echochemie,
Netherlands) with a static mercury drop electrode (Metrohm, 663 VA stand), a
KCI reference electrode (Ag/AgCl in 3M KCI saturated with AgCl) and a counter

electrode of glassy carbon.

All chemicals were prepared in a clean electrochemistry laboratory under a
Class 100 laminar flow bench at room temperature (20°C). A stock solution of
0.01 M 1-nitroso-2-naphthol (HNN; Sigma) was prepared in methanol (Fisher,
HPLC grade). A stock solution of 0.01 M salicylaldoxime (H,SA; Sigma) was
prepared in 0.1 M HCI (Romil, SpA grade). As the aim of this study was to
compare changes in metal speciation at three different pH values, HNN was
used as the complexing ligand due to the high stability of the Fe(HNN),
complex at lower pH values (optimal analytical pH = 6.9), compared to the
current seawater pH (Gledhill and van den Berg, 1994); whereas the Fe(TAC),
complex is very stable at pH 8.0 and above (used as the complexing ligand in
the previous chapter; Croot and Johansson (2000)). Consequently, sensitivity of

the Fe(HNN), technique is improved at lower pH values. No interferences were
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apparent in the voltammetric analyses in this work’s seawater samples using

low concentrations of HNN.

The detection windows (centred by a and within one order of magnitude

Me(AL)x

on either side of it, and calculated from K' [AL]®) at the concentration of

Me(AL)x
HNN and H,SA used in this work’s experiments are shown in Tables 4.1 and
4.2, respectively. The detection window for the complexation of Fe with TAC in

Chapter 3 of this study (centred at log « =12.4) is higher than the

Fe(TAC)2
detection windows obtained with HNN for Fe complexation at the three

different pH levels in this section (Table 4.1).

Standard iron (Ill) and copper (II) solutions of 10 © M for additions were
prepared using a 1000 mg/L ICP-MS stock solutions (Fisher Scientific), and
were acidified to pH 2 using HCI (Romil, SpA grade).

pH buffer values were determined on the IUPAC (NBS) scale (pH ) using a

NBS
Metrohm pH meter. Buffered seawater was also measured with a
spectrophotometric technique (Rerolle et al., 2012), and a relationship of pH
= 1.05%(pH
Stock solutions of 1 M N-2-hydroxyethylpiperazine-N'-ethanesulphonic acid
(HEPES; Fisher Aristar grade) pH buffer were prepared in 0.35, 0.6, and 0.9 M
of 7.2, 7.6, and 8.05

upon 100-fold dilution with sea water. HEPES was cleaned prior to use by the

total

ws) — 0.58 (n =3, r’ = 0.999) was obtained for this work’s conditions.

ammonia (Romil, SpA grade) in order to provide a pH,
addition of HNN with subsequent removal of HNN and Fe(HNN), using a
previously activated C,, SepPak column (Whatman). De-ionised water was used

to prepare aqueous solutions.

Table 4.1 Detection windows for the complexation of Fe with HNN at the pH
values analysed during this study.

pH NN [pM] Detection window Loga,_
(centered at log
a(FeNN),)
7.2 1 10.5-12.5 12.16-13.98
7.6 1 10.5-12.5 10.69-12.25
8.05 2 8.9-10.9 9.91-10.60
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Table 4.2  Detection windows for the complexation of Cu with H,SA at the
pH values analysed during this study.

pH SA [uM] Detection window Log o,
(centered at log
«(CuSA) )
7.2 10 2.04-4.04 2.40-4.00
7.6 10 2.14-4.14 2.77-4.10
8.05 10 3.12-5.12 3.54-4.38
4.2.3 Determination of the iron and copper binding capacity

Determination of the Fe and Cu binding capacity in seawater was performed
using the CLE-ACSV method, with HNN for Fe (Gledhill and van den Berg, 1994)
and H,SA for Cu (Campos and Van Den Berg, 1994) as the competing ligands.

For the determination of the Cu binding capacity, the pH was adjusted in three
individual 250 ml LDPE bottles to 8.05, 7.6 and 7.2 through addition of pH
adjusted 1M HEPES buffers (0.01 M final concentration) immediately after
collection, and with a 0.01 M solution of H,SA (10 uM final concentration). The
samples were subsequently equilibrated for a minimum period of 1h at room
temperature (~21°C). An aliquot of 15 ml of the sample solution was then
pipetted into 30 ml polyestyrene cups. A Cu (ll) standard solution was spiked
to give an added concentration range between 0 and 30 nM in 14 steps. The
Cu and ligands in the sample aliquots were allowed to equilibrate overnight

(>12 h) at room temperature (~21°C).

The concentration of Cu(HSA), in the samples was determined using the
following procedure: i) removal of oxygen from the samples for 5 min with
nitrogen gas (oxygen free grade), after which 5 fresh Hg drops were formed, ii)
a deposition potential of -0.1 V was applied for 60 s whilst the solution was
stirred to facilitate the adsorption of the Cu(HSA), to the Hg drop, and iii) at
the end of the adsorption period, the stirrer was stopped and the potential was
scanned from -0.1 to -0.4 V using the square wave method at a frequency of
100 Hz. The stripping current (peak height) from the reduction of the adsorbed
Cu(HSA), complex was recorded. pH on each of the titration steps was

recorded with a pH meter after each measurement.
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All of the Fe samples were analyzed in a clean electrochemistry laboratory
under a Class 100 laminar flow bench, at the National Oceanographic Centre
(NOC). Each of the frozen samples for the Fe binding capacity analysis were
thawed prior to analysis to reach room temperature, and then buffered with
the same procedure as for the Cu samples. In the case of the Fe titrations, a
concentration of T yM HNN was used, with the exception of the pH 8.05
experiment (2 uM NN). Added Fe concentrations ranged between 0 and 8 nM in

14 steps, pipetted into 30 ml polytetrafluoroethene (PTFE) vessels.

A deposition potential at -0.4 V was used with a deposition time of 3 min; the
scanning mode was sample-DC from -0.15V to -0.65 V at a scan rate of 50
mV/s, the reduction peak of Fe appearing at -0.45 V (Gledhill and van den
Berg, 1994). A voltammogram for the reduction of the adsorbed Fe(HNN),

complex is shown in Figure 4.2. Sample titrations are shown in Figure 4.3.

-le-8
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-9e-9 +
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volts (E/V)

Figure 4.2 Example of a voltammogram obtained for the reduction of the

adsorbed Fe(HNN), complex to the Hg drop. The concentration of added Fe is 1
nM.
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4.2.4 Theoretical considerations

The theoretical considerations for the determination of natural ligand binding
characteristics of Fe using HNN as the competing ligand have been described
in detail by Gledhill and van den Berg (1994), and in the case of Cu with H,SA
by Campos and van den Berg (1994). A sufficiently high concentration of a
known added ligand (AL), in this case HNN or H_SA, is added to a sample, and
competes with the natural Fe or Cu binding ligands for reversibly bound Fe or
Cu.

A script code developed in the R programming language (by Dr M. Rijkenberg,
Royal NIOZ) was used to calculate the metal-ligand characteristics. Details
about this code and the script file can be found in Gerringa et al. (2014). Both
the linear (van den Berg/Ruzic; Scatchard) and non-linear regression (Gerringa-
Maas) methods are used to compare the results in ligand parameters. This
script in R was utilized as the main approach for obtaining the Fe and Cu

ligand parameters during this study.

4.2.4.1 Linear regression method (van den Berg/Ruzic)

The equilibrium equation for the association between Cu? or Fe* (Me) and one

class of natural organic ligands L is:
[Me**] + [L'] & [MelL] (4.1)

where [Me*] is the free metal ion concentration, and [L'] is the concentration of
L not complexed by Me (free [L and complexes of L with the major cations,

protons and maybe other trace metals).
The equilibrium expression for this equation is:
K'yer = [MeL]/[Me**][L'] 4.2)

where K' is the conditional stability constant for the formation of the MelL

MeL

complex, and is conditional upon the seawater composition (salinity, pH and

competing trace metals).

The total ligand concentration (free and complexed species) in a given sample

is represented by C :
C, = [L'] + [MeL] (4.3)
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Equations (2) and (3) form the basis of the linear relationship between [Me*]
and [Mell].

By substituting [L'1 from equation (3) into equation (2), the following

relationship is obtained:

[Me*t]  [Me*T] 1
[MeL] CL K'per [CL]

(4.4)

A plot of [Me*]/[MeL] as a function of [Me*] produces a straight line, assuming
a simple model of 1:1 complex formation (Me* complexation by only one type

or class of organic ligand (Ruzic, 1982; van den Berg, 1982b)).

The CSV peak height (i) is related to the labile Me concentration via the
sensitivity:

ip = S[Meapite] (4.5)

Where S is obtained from the slope of the titration curve at high concentration
of total (and labile) metal where all organic ligands (L) are saturated (high end
of the titration).

Sample 2
180 A
| ® pH 8.05
160 O pH76
140 - v pH7.2 o)
E 120 4
£
) 100 A o
£ 80-
3 © ‘
Q60
°
4 o
40 . o v
| o L4 v
ol Gy . 000
0 5 10 15 20 25 30 35 40
[Cu] Total, nM

a)

81



Influence of OA on the organic complexation of Fe and Cu
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Figure 4.3 Titration plots for a Cu (a) and Fe (b) sample at the different pH
treatments.

4.2.4.2 Non-linear regression method

The non-linear regression method considers the solution to be at equilibrium

and can be applied using the equation:

K'mear[AL]X _ [Me(AL)x] (4.6)

K'meL[L] [MeL]

where K' is the conditional stability constant of Me (metal, i.e. Fe or Cu) with
the added ligand (AL) or the natural ligand (L), and [AL] and [L] are the
concentrations of free Me-binding ligands. The [Me(AL)x] and [Mel] represent
the concentrations of Me complexes with AL and L. Peak heights as a function
of the added metal (Fe or Cu) concentration, and representing Me(AL)x were
obtained from the complexing ligand titrations. Since the concentration of AL
(HNN or H,SA) and its binding strength with the metals (Fe or Cu) are known, it

is possible to determine L and K'  of the natural Fe or Cu binding ligands

MelL

from the curved response (van den Berg, 1982a) using non-linear regression of

the Langmuir isotherm (Gerringa et al., 1995).

Data for the calculation of the complexing ligand concentration is obtained
from a titration of each seawater sample with the metal. The concentration of
MeL at each point of the titration is calculated from the total dissolved metal

concentration CMJ
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[MeL] = Cye — [Meygpite] 4.7)

where C  equals to the total dissolved metal initially present in the sample

augmented by that added during titration. [Me is the labile metal

Iabile:I

concentration:
[Meapie] = [Me'] + [Me(AL)x] (4.8)

where [Me(AL) ] is the concentration of metal bound by the added ligand AL.
The labile metal concentration is that which reacts and equilibrates with the
added ligand (AL), and includes all inorganic Me and the Me released from
complexes with L upon addition of AL. [Me'] is the concentration of inorganic
Me (not complexed by AL or L), and is included because of the way the labile
metal concentration is quantified by metal additions, which always include a
fraction as Me'. [Me*] is directly related to the labile Me concentration by o',

which is the overall a-coefficient (Ringbom and Still, 1972) for labile metal:
a’, = a,Me + a,Me(AL)x (4.9)

where o', is the a-coefficient for inorganic complexation of free metal ion.

Values for o', and o' in sea water at the pH,  range (8.05-7.2) and salinity

NBS

35.0 were determined by Gledhill et al. (submitted) (

Table 4.3) using the chemical speciation modelling software visual MINTEQ v

3.0. a,,,., IS the a-coefficient for the complexation of free metal ion by the
added ligand, a_, . and a,_, . for Fe and Cu, respectively:

XFeHNN = K,Fe(HNN)3 [NN_’]g (4.10)
aycusa = (K'cumsay-[HSA™']) + (ﬁ'Cu(HSA)Z[HSA_']Z) (4.11)

where [NN'] and [HSA'] are the concentrations of the added ligand, not
complexed by the metal. K' is the conditional stability constant for the
and p'

constants for Cu(HSA)-, and Cu(HSA), respectively.

Fe(HNN)3

formation of Fe(HNN),, whilst K' are the conditional stability

Cu(HSA)- Cu(HSA)2

As the binding between the AL and Me is pH dependent, side reaction

coefficients (a ) for each AL and pH_ in this work’s experiments were used.

Me(AL)x

These values were obtained from the calculations made by Gledhill et al.

(submitted) after ligand competition with EDTA and by reverse titration against
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inorganic complexes (for Cu). Log « values used for pH

NBS

Cuthisn2 8.05, 7.6 and
7.2 were 4.12, 3.15 and 3.04, respectively, whereas the o . values used for

the same pH range were 9.9, 11.5 and 11.5, respectively.

There was no evidence for the presence of two classes of ligands during this
study, so all data in the present work have been calculated assuming that only
one class of Fe or Cu-binding ligand was present. All uncertainties are reported
as standard deviation unless noted otherwise. Total dissolved Fe and Cu were
measured, along with other trace metals, with the high resolution magnetic
sector inductively coupled mass spectrometry (HR-ICP-MS) method (Milne et al.,
2010). Details on the dissolved metal determination analysis are provided in
Chapter 5 of this work.

Table 4.3 Values for the inorganic side reaction coefficient for Fe (o', ) and Cu
(a',), for a salinity of 35 at 20 "C. These values were calculated using visual
MINTEQ v. 3.0 by Gledhill et al. (submitted).

pH loga'pe logd'cy
7.2 8.65 0.40
7.6 9.68 0.54
8.0 10.00 1.11

4.3 Results

4.3.1 Salinity, Sea Surface Temperature (SST ‘C) and surface pH

Salinity ranged between 31.3 and 35.8 at the 21 occupied sampling stations,
except in the Skagerrak area where salinity had a value of 27.4 (Figure 4.4).
The lowest salinities were observed in the Norwegian coast and in the

Skagerrak area (stations 13, 14 and 16).

Sea surface temperature (SST) ranged between 11.2 and 17.1 ‘C at the 21
sampling stations (Figure 4.4), with the lowest temperatures observed at the
start of the cruise around Ireland in the Celtic sea (station 1) and the Irish Sea
(station 2), as well as in the northern North Sea (station 17) and in the Atlantic

sector (station 19). Highest temperatures were observed in the southernmost
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part of the cruise in the Bay of Biscay (station 4), the southern North Sea

(station 10) and the Skagerrak area (station 14).

In order to facilitate the presentation of the results and discussion, a modified
definition of the regions proposed by Rérolle et al. (2014) for the D366 cruise
track sampling (Figure 4.1,Table 4.4) is utilized. A smaller number of regions is
proposed as a result of this work’s low sampling resolution for organic ligand

characteristics.

Table 4.4  Localization of the sampling stations within 5 regions of the D366
cruise defined by Rérolle et al. (2014) (modified version), according to
geographical and water mass (T-5) characteristics.

Stations Regions

1,2,3,4,5 Irish Sea, Celtic Sea and Bay of Biscay
6,7,8,9 English Channel

10,11,12,15 Southern North Sea

13,14,16 Norwegian coast and Skagerrak

17,18,19,20,21 Northern North Sea to Atlantic
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Figure 4.4 T-S diagram along the northwest European shelf seas for the 21
occupied sampling stations during cruise D366.

Surface seawater pH__ at the 21 sampling stations ranged between 8.04 and

total

8.23 (Figure 4.5), with the highest values observed in the northern North Sea

(station 18) and in the Atlantic sector of the cruise (station 19), which had
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some of the lowest temperature values observed during the cruise (Figure 4.4),
and featured enhanced chlorophyll concentrations (up to 1.6 pugL"; Rérolle et
al. (2014)). Lowest pH values were observed in the English Channel (station 8)
and in the southern North Sea (stations 10, 11, 15). Part of this area (near
station 15) presented a well-mixed water column with enhanced dissolved
organic carbon (DOC) concentrations, which was presumed to result in
enhanced organic matter respiration, with a consequent decrease in pH
(Rérolle et al., 2014). During the whole cruise track, surface pH was found to
be strongly correlated with dissolved oxygen suggesting both parameters were

affected by biological activity and remineralisation (Rérolle et al., 2014).

8.24
8.22 4 A
8.20 A v

8.18 4
8.16 - A
8.14 - A,

8.12 4

gio] @ ¢ ¢ ° ©

8.08 A v m ¢

8.06 -
8.04 - v
8.02

pH
<
<&

44 46 48 50 52 54 56 58 60 62
Latitude

Irish Sea to Bay of Biscay
English Channel

Southem North Sea

Skaggerak and Norwegian coast
Northem North Sea to Atlantic

rbOomq @

Figure 4.5 pH_  values along the northwest European shelf seas for the 21
occupied sampling stations during cruise D366.

4.3.2 Surface water dissolved iron (dFe) and dissolved copper (dCu)

concentrations

Surface dFe concentrations ranged between 0.5 and 5.4 nM (Figure 4.6),
except in the southern North Sea (station 10) and in the Skagerrak area (station
14), where dFe showed enhanced values of 21.0 and 10.6 nM, respectively.
Surface dFe concentrations had an average value of 2.2 + 1.5 nM along the
sampling stations (excluding stations 10 and 14). Surface dCu concentrations
ranged between 0.4 and 5.1 nM (Figure 4.6), with an average of 2.3 + 1.3 nM.

Reported surface concentrations of dFe and dCu from this region are scarce
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(Kremling and Hydes, 1988; Statham et al., 1993; Tappin et al., 1993;
Achterberg and van den Berg, 1996; Achterberg et al., 1999). A one way Anova
showed that both dFe and dCu did not change significantly between the 5
region groups (Kruskal-Wallis one way Anova on ranks, P = 0.315 (dFe); one
way Anova, P = 0.807 (dCu)). A more detailed analysis of dissolved iron and

copper concentrations will be presented on chapter 5 of this work.
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Figure 4.6 Surface dissolved iron (dFe) and copper (dCu) concentrations
along the northwest European shelf seas for the 21 sampling stations during
cruise D366.

4.3.3 Organic and copper binding ligand characteristics in the

northwest European shelf seas - the effect of acidification
4.3.3.1 Iron and copper binding ligands [L, ], [L,_]

The total Fe-binding ligand concentrations [L,, ] in northwest European surface

waters in the experimental range of pH__ 8.05 - 7.2 are shown in Figure 4.7.

NBS
The highest [L, ] were observed at station 10 (southern North Sea), and the
lowest concentrations were observed at stations 3 to 5 (Celtic sea and Bay of

Biscay, Figure 4.7). [L,.] at pH . 8.05 ranged between below detection up to

NBS
15.0 nM, except in the southern North Sea (station 10), where a high value of
20.8 nM was observed. The result defined as “below detection” is derived from
the station 18 sample, where it could be inferred from the titration plot that
the ligands were saturated at low added iron concentrations, and thus the fit

could not be resolved in this case. At pH, 7.6, [L, ] ranged between 0.4 and
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10.6 nM, except at station 10, where a high value of 20.6 nM was observed. At
pH . 7.2, [L,_ ] ranged between 0.6 and 9.8 nM, except at station 10, where a

value of 22.5 nM was observed.

The statistical analysis conducted in order to find significant differences
between iron and copper organic ligand characteristics is presented in Table
4.5,

A one way Anova on ranks showed that ligand concentrations did not change
significantly with the decline of pH _ from 8.05 to 7.2 (Kruskal-Wallis one way
Anova on ranks, P = 0.425, Figure 4.7, Table 4.5). A one way Anova was also
conducted to compare differences between the pH treatments within the 5
region groups, for each of the variables presented in this work (ligand
concentration, stability constant and free and inorganically complexed
concentrations). With the decline of pH  from 8.05 to 7.2, no significant
differences were observed in [L, ] within each of the 5 different region groups
(one way Anova). Differences between the pH treatments within the 5 region

groups for the other variables will be discussed in the sections below.
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Figure 4.7 Iron binding ligand concentrations [L,. ] along the northwest

European shelf seas for the three different experimental pH,  values. (a) box
plot, showing differences in the median and data distribution for each
experimental pH in boxes with error bars. Each box shows the median (bold
horizontal line) within each pH group. Variability outside the upper and lower
quartiles are shown as the 5" and 95" percentiles, and the outliers as
individual points; (b) [L,. ] (pH, 8.05) vs latitude; (c) [L,. ] (pH, 7.6) vs
latitude, and (d) [L,, ] (pH,, 7.2) vs latitude.

The total Cu-binding ligand concentrations [L,_] in northwest European shelf
range 8.05 - 7.2 are shown in Figure
7.6, at stations 7 (English

surface waters for the experimental pH

4.8. The highest [L, ] were observed at pH
Channel), and 14 (Skagerrak). The lowest concentrations were observed for all
the pH  values at stations 13 and 16 (Norwegian coast, Figure 4.8). Cu-
binding ligands at pH  8.05 ranged between 0.3 and 5.5 nM, with an average
of 2.9 + 1.3 nM (n=18). At pH . 7.6, [L, ] ranged between 0.6 and 11.1 nM,
with an average of 3.8 + 2.8 nM (n=20). At pH . 7.2, [L, ] ranged between 0.9
and 9.8 nM, with an average of 3.8 + 1.9 nM (n=21). A one way Anova on ranks
ws from

8.05 to 7.2 (Kruskal-Wallis one way Anova on ranks, P = 0.470, Figure 4.8,
Table 4.5). With the decline of pH__ from 8.05 to 7.2, no significant differences

showed that [L,_] did not change significantly with the decline of pH

were observed in [L, ] within each of the 5 different region groups (one way

Anova).
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Figure 4.8 Copper binding ligand concentrations [L,_ ] along the northwest
European shelf seas for the three different experimental pH __ values. (a) box
plot, showing differences in the median and data distribution for each
experimental pH in boxes with error bars. Each box shows the median (bold
horizontal line) within each pH group. Variability outside the upper and lower
quartiles are shown as the 5% and 95" percentiles, and the outliers as
individual points; (b) [L, ] (pH  8.05) vs latitude; (c) [L,_] (pH, 7.6) vs
latitude, and (d) [L, ] (pH . 7.2) vs latitude.

4.3.3.2 Stability constants for the organic complexation of iron and

copper (log K log K

FeL,(Fe")’ CuL,(Cu'))

The results of the stability constants for iron with respect to Fe' (log K ) in

FeL,(Fe")

the range of pH __ 8.05 - 7.2 are shown in Figure 4.9a. The highest log K

FeL,(Fe")

values were observed at pH 7.2 in stations 2 (Irish Sea), 3 (Celtic sea), and 11

(southern North Sea). The lowest log K values are found in station 12, 15

FeL,(Fe")

(southern North Sea) and 20 (Atlantic Sector). Log K at pH . 8.05 ranged

FeL,(Fe")
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between 10.5 and 13.3, with an average of 11.7 + 0.8 (n=18). At pH__7.6, log

NBS
KFeL’(Fe,) ranged between 11.5 and 13.7, with an average of 12.3 + 0.7 (h=17). At
pH 7.2, log K

0.9 (n=19). A one way Anova showed that stability constant values increased

ranged between 11.2 and 14.3, with an average of 13.1 +

NBS FeL,(Fe")

significantly with the decline of pH__ from 8.05 to 7.2 (One way Anova, P=<
0.001, Figure 4.9a, Table 4.5). Log K
increased by about 1.4 from pH__ 8.05 to pH

mean value at logarithmic scale

FeL,(Fe")

7.2, suggesting that the ability

NBS
of the ligands to bind iron depends strongly on the pH of seawater, and that
with this decrease in pH the conditional stability of the iron complexes appears

to increase. A one way Anova showed that log K values were significantly

Fel,(Fe")
different within one of the 5 region groups (English Channel) with the decline
of pH

The values at pH__ 7.2 were significantly higher than the values at pH . 8.05.

from 8.05 to 7.2 (Kruskal-Wallis one way Anova on ranks, P = 0.014).
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Figure 4.9 (a) Stability constant (log K_ ) for iron complexes with respect
to Fe', and (b) stability constant (log KCuL’(Cu,} for copper complexes with respect
to Cu' in the northwest European shelf seas for the three different
experimental pH  values (8.05, 7.6 and 7.2). Box plots show differences in the
median and data distribution for each experimental pH in boxes with error
bars. Each box shows the median (bold horizontal line) within each pH group.
Variability outside the upper and lower quartiles are shown as the 5" and 95"

percentiles, and the outliers as individual points.

The results of the stability constants for copper with respect to Cu' (log K cw)

in the range of pH__ 8.05 - 7.2 are shown in Figure 4.9b. The highest log

NBS

K values were observed in stations 2 (Irish Sea), 8 (English Channel), and

CuL,(Cu")

14 (Skagerrak). The lowest log KcuL,<cu-> values are observed in station 13 and 16
(Norwegian coast). As in the case of iron, the trends were very similar for all of
oL 8.05 ranged between 10.7

and 13.0, with an average of 11.7 + 0.7 (n=15). At pH__ 7.6, log K

the three pH values (Figure 4.9b). Log K at pH

NBS

ranged

NBS CuL,(Cu")
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between 10.7 and 12.5, with an average of 11.5 + 0.5 (n=20). At pH . 7.2, log
KcuL,<cu-> ranged between 10.8 and 12.8, with an average of 11.6 + 0.6 (n=21). A
one way Anova showed that stability constant values did not change
significantly with the decline of pH . from 8.05 to 7.2 (One way Anova, P=
0.710, Figure 4.9b, Table 4.5). A one way Anova showed that the log K

values were not significantly different within the 5 region groups with the

CuL,(Cu")

decline of pH  from 8.05 to 7.2 (one way Anova).

4.3.3.3 Free and inorganically complexed iron and copper

concentrations [Fe'], [Cu']

A one way Anova on ranks showed that the free and inorganically bound iron
concentration [Fe'] decreased significantly with the decline of pH  from 8.05
to 7.2 (Kruskal-Wallis one way Anova on ranks, P = 0.048, Figure 4.10a, Table
4.5). The values at pH 7.6 and 7.2 were significantly lower than at pH 8.05.
With the decline of pH  from 8.05 to 7.2, no significant differences were

found in [Fe'] within each of the 5 different region groups (one way Anova).
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Figure 4.10 (@) Free and inorganically bound iron (lll) concentration [Fe'],
and (b) free and inorganically bound copper (Il) concentration [Cu'], in the
northwest European shelf seas for the three different experimental pH__ values
(8.05, 7.6 and 7.2). Box plots show differences in the median and data
distribution for each experimental pH in boxes with error bars. Each box shows
the median (bold horizontal line) within each pH group; the outliers are shown

as the 5" and 95" percentiles.

A one way Anova on ranks showed that the free and inorganically bound
copper concentration did not change significantly with the decline of pH

from 8.05 to 7.2 (Kruskal-Wallis one way Anova on ranks, P = 0.185, Figure
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4.10b, Table 4.5). Gledhill et al. (submitted) found an increase in this fraction
with a pH decrease from 8.18 to 7.41. With the decline of pH _ from 8.05 to
7.2, no significant differences were found in [Cu'] within each of the 5 different

region groups (one way Anova).
43.3.4 Organically complexed metal fraction [FeL]/[Fe], [CuL]/[Cu]

Changes in organic metal complexation may be directly influenced by a shift in
ocean pH. However, these alterations may also be a consequence of biological
ligand production processes, which in turn are affected by pH and/or

temperature changes (Breitbarth et al., 2010).

With the decline of pH  from 8.05 to 7.6, the organic iron complex fraction
decreased approximately 5.32%. With the decline of pH . from 7.6 to 7.2, this
trend reverses and iron complexation increased about 7.8% (Figure 4.11).
These results agree with the model results obtained by Gledhill et al.
(submitted), who found that iron complexation first decreases and then

increases, associated with the changes of Fe(OH), and Fe(OH)*".
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Figure 4.11 Percentage of metal complexation ([Mel]/[Me]) for iron and

copper in the northwest European shelf seas for the three different pH  values

(8.05, 7.6 and 7.2).

A one way Anova showed that the organic copper complexed fraction did not
change significantly with the decline of pH  from 8.05 to 7.2, (Kruskal-Wallis
one way Anova, P = 0.290, Figure 4.11). Gledhill et al. (submitted) model
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results showed a decrease in the percentage of organically complexed copper
with a decrease in pH . from 8.18 to 7.41, which could be associated with an
overall decrease in the o' with pH, driven by decreases in carbonate

complexation.

Table 4.5  Statistical analysis across the decline of pH _ from 8.05 to 7.2 for
the iron and copper organic ligand characteristics.

Variables Significant differences with Statistical analysis
the decline of pH (from

8.05t0 7.2)
L,pe No P=0.425, Kruskal-Wallis
one way Anova on ranks
L,y No P=0.470, Kruskal-Wallis
one way Anova on ranks
log K'rer, per Increased P=<0.001, one way Anova
log K'cou cur No P=0.710, one way Anova
Fe' Decreased P=0.048, Kruskal-Wallis
one way Anova on ranks
cu’ No P=0.185, Kruskal-Wallis
one way Anova on ranks
[FeL]/[Fe] Decreased/increased
[CuL]/[Cu] No P=0.209, Kruskal-Wallis

one way Anova on ranks

4.3.3.5 Iron solubility

Liu and Millero (1999) measured the solubility of iron (lll) in NaCl solutions as a
function of pH, at different temperatures (5-50°C) and ionic strengths (0-5 M).
Their results at 25 °C and 0.7M NaCl at pH 8.04, 7.69 and 7.25 were compared
with the results calculated for [Fe'] in this study for the three different pH
levels (Figure 4.12). Their results between pH 7.5 and 9 are constant (close to
10 ' M), and are usually lower (Figure 4.12, (@) and (b)) than those found in

this study for the pH __ 7.6 and 8.05 results, and to those usually found in

NBS

seawater (>10"") for this pH range. However, at pH 7.2, the solubility of Fe
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(1) found by these authors is, in most samples, higher than the values found

during this study.
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Figure 4.12 Solubility of iron (lll) in NaCl solutions at 25 °C and 0.7 M NaCl
(Liu and Millero, 1999) at pH 8.04 (a), 7.69 (b) and 7.25 (c), compared to the
results obtained during this study.

44 Discussion

4.4.1 Iron and copper binding ligands [L, ], [L,_]

In the marine environment, the hydroxide ion and organic ligands compete for
binding Fe (lll). A decrease in ocean pH should then affect the extent of organic
Fe complexation (Shi et al., 2010). This effect is not only due to changes in OH
and H* ion composition, but also because the dissolved organic fraction that
can complex metals is a function of pH. This is due to the presence of phenolic
and carboxylic functional groups on organic material that are typical chelators
for iron in the ocean (Millero et al., 2009; Breitbarth et al., 2010). It has been
predicted that these surface sites may become less available to adsorb metals
with a decrease in pH (Millero et al., 2009), and it has been suggested that the
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potential effect of a decrease in pH on iron ligand complexes will depend on
the nature of the Fe-binding functional groups (Shi et al.,, 2010). The H*
stoichiometry of the Fe (lll) binding sites defines the magnitude of the stability

constants for the iron ligand complexes (Breitbarth et al., 2010).

However, predicting the effect of pH on the speciation of metal organic
complexes is a challenging task, due to the non-homogenous composition and
unknown structures of the organic ligands (Millero et al., 2009). Despite the
difficulties, a few attempts have been made to assess the potential effect of
ocean acidification on the speciation and/or bioavailability of trace metals.
Millero et al. (2009), for instance, assessed this effect using the ionic Pitzer
(1991) interaction model. In the case of iron organic complexes, the authors
infer that Fe(lll) complexes may be affected by ocean acidification, as it is
demonstrated that lower pH values increase the solubility of Fe in seawater (Liu
and Millero, 2002). Also, as enhanced Fe solubility between pH 7 and 9 is
attributed to the presence of organic ligands, then any change in solubility due
to ocean acidification would probably be strongly related to changes in organic
iron complexation (Liu and Millero, 2002). In the case of copper organic
complexes, they believe that these will decrease with a decrease in pH, and

that the Cu (ll) speciation will shift towards an increase of the free Cu? ion.

A study conducted by Shi et al. (2010) assessed the potential effect of ocean
acidification on the bioavailability of iron to marine microorganisms. They
examined the effect of pH on iron uptake by four phytoplankton species, under
conditions in which Fe was bound to a variety of organic ligands representing a
range in functional groups. These authors observed a significant decrease in
the steady state uptake rate of all phytoplankton species with decreasing pH in
the range of 8.6 to 7.7. As the iron uptake rate is proportional to Fe', they
showed that the effect of pH is due to a change in the chemical speciation of
Fe. As Fe uptake by marine phytoplankton also depends on the extent of Fe (lll)
complexation; they believe that this process will also be affected by the nature
of the chelating ligand (Shi et al., 2010). The authors conclude therefore that
ocean acidification could cause a decrease in Fe availability to an extent

dictated by the acid-base chemistry of the chelating ligands.

Furthermore, the extent of decrease in Fe' (which determines iron solubility)

with decreasing pH will depend on the number of the protons released upon
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dissociation of Fe (Shi et al., 2010). Therefore, no effect of pH on Fe' should be
seen when Fe is bound to chelators that are protonated in seawater and whose
dissociation from Fe does not release H*. This is the case of catechols, which
are known to serve as strong ligands for Fe (lll) binding and have been

identified as components of organic matter (Macrellis et al., 2001).

Gledhill et al. (submitted) reported the influence of a decrease in ocean pH on
trace metal speciation. With a surface seawater sample collected from a UK
estuary, and using the same analytical method as in this study (CLE-ACSV),
along with a speciation model, they simulated the fate of iron and copper at
different pH and DOC levels. According to their model results, the % of
organically complexed copper decreased approximately 6-7% when pH
decreased from 8.18 to 7.41. This decrease in copper complexation was
believed to be a consequence of changes in the relative strengths of inorganic

and organic complexes.

In the case of iron, Gledhill et al. (submitted) also found a small decrease in
organic iron complexation with a decrease in pH. However, they acknowledge
in their paper that the experimental results on which the model was based
were not particularly reliable below pH 8 as the concentration of added ligand
in the lower pH experiments was too strong relative to the inorganic
complexation of iron and thus the ligands appeared to be saturated. Results
obtained in this study, where the detection window for iron complexation was
decreased at lower pH, are thus more reliable. The increase in iron
complexation observed in this study (approximately 7.8%, with a decrease in
pH,, from 7.6 to 7.2) was likely associated with reduced competition for iron

by hydroxides (Fe(OH), and Fe(OH)*) relative to the functional groups of the

organic ligands.

de Baar et al. (2008) modelled organic iron complexation in an oceanic sample
(2500 m depth) at three different pH values (7.75, 8.05 and 8.25). With the
decrease in pH, they did not find a significant difference in the ligand
concentration, or in their respective stability constants. They did not find any
changes in copper organic complexation either (>99.99%) with a decrease in
pH from 8.07 to 7.5, when an equilibrium thermodynamics speciation model
(Minegl* 4.6) was used. These findings agree with the experimental results

observed during this study (Kruskal-Wallis one way Anova, P=0.425 (L, ), and
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P=0.470 (L,_); Figures 4.6 and 4.7). The results observed during this study
along with the ones obtained by de Baar et al. (2008), suggest that any
changes in complexation due to a decrease in pH are possibly too small to be

detected by the current precision of the CLE-ACSV technique.

4.4.2 Stability constants (log K log K

FeL,(Fe") ’ CuL,(Cu") )

It has been suggested that a pH decrease may affect iron stability constants
(Breitbarth et al., 2010). Log K

an insight into the effective influence of the metal binding organic ligands on

ey 1S the constant that most readily provides
speciation, since the ratio of organically complexed metal to the inorganic
forms of the metal is given by [MelL]/[Me'] = log KMeLY(Me,) [LT (Rue and Bruland,
1995).

As mentioned before, the potential effect of pH acting directly on FelL
complexes will depend on the nature of the Fe-binding functional groups (Shi
et al., 2010). Natural iron chelators in the marine environment, such as
siderophores (Mawiji et al., 2008) have functional groups with different acid
dissociation constants (pK ). The H* stoichiometry of the Fe (lll) binding sites
defines the magnitude of the pK_values, and consequently the value of the

conditional stability constant of the resultant FeL complex (log K..)-

During a study conducted by Averyt et al. (2004) in two lakes, a decrease in log
K_ value was found with a decrease in pH. Similar effects were found for

CuL

cadmium ligands.

Sunda and Huntsman (2003) demonstrated that the conditional equilibrium
constant for the dissociation of the Fe-EDTA chelates in the dark increased with
pH. These values were similar at different temperatures (10 and 20 °C), but
increased by 600-fold as the pH was increased from 7.7 to 9.0. They believe
that these pH effects are not specific to Fe-EDTA and should also occur in
other hydrolyzable ferric-chelates. However, during this work, an increase in

log K was observed with a decrease in pH (One way Anova, P=<0.001), as

FeL,(Fe")

a result of a decrease in o', when pH decreases.

The increase in log K could suggest that in a more acidic ocean the

FeL,(Fe")

predominant iron complexes could be of a stronger binding nature, relative to

the inorganic iron complexation. An increase in log K could also suggest

FeL,(Fe")
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that iron complexation is likely to increase with a decline in pH, as it was
observed in the amount of the complexed fraction [Mel]/[Me], when pH
declined from 7.6 to 7.2 (Figure 4.11). Gledhill et al. (submitted) found in their
decreased from 22.43 + 0.03 to 20.76 +
0.09 with the decline of pH from 8.3 to 6.8, suggesting that natural ligands

experimental results that log K

FeL (Fe34)
were acidic and thus deprotonated at natural seawater pH, as it happens in the
case of EDTA. However, when normalized to Fe' during the same study, log
K. s, iNCreased by approximately 1 log unit with a decrease in pH from 8.3 to
6.8, in agreement with this work’s observations of an increase of
approximately 1.4 log units. They found the same trend in the case of log K
Curey? which decreased from 12.1 + 0.01 to 10.2 + 0.01 with the decline of pH

from 8.2 to 6.8. However, this trend was not as strong as for iron, so when

normalised to Cu' log K does not change more than 0.7 units, although

CulL (Cu')
their results are still in contrast compared to the ones found during this study,
as no significant changes were observed in log K

(One way Anova, P=0.710).

L @ With a decrease in pH

44.3 Free and inorganically complexed iron and copper concentrations
[Fe'], [Cu']

The speciation of many metals, including iron and copper, is influenced by pH.
A decrease in ocean pH will consequently alter their bioavailable forms, which

are usually related to their inorganic complexed forms (Millero et al., 2009).

Millero et al. (2009) suggested, from the results of their speciation model, that
metals that form strong inorganic complexes with hydroxide and carbonate
ions (such as Fe (lll) and Cu (Il)) will have a higher fraction in their free forms at
lower pH. The copper free ionic form (Cu®*) is expected to increase
approximately 30% with a decrease in pH from 8.1 to 7.7. During this study,
Cu' did not show any significant changes with a decrease in pH (Kruskal-Wallis
one way Anova on ranks, P=0.185). However, the free metal form is expected
to increase at lower pH due to changes in inorganic equilibria, even if the Cu'

overall magnitude does not show apparent changes.

Cu (Il) speciation is predicted to experiment major changes in its inorganic
speciation. CuCO, (aq) is the most abundant of the inorganic copper species.
Using a speciation model, de Baar et al. (2008) predicted for the % of CuCO,
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(ag) species to decrease from 81% at pH 8.07, to 72% at pH 7.5. With a
decrease in pH from 8.07 to 7.5, the same authors projected that the free Cu*
would increase from 6 to 17% of the total inorganic species (de Baar et al.,
2008).

de Baar et al. (2008) projected, from the results of the same speciation model,
that Fe' increases from 8 to 24 pM, when the pH decreases from 8.07 to 7.5.
They also found that FelL increases from 514 to 698 pM with the same
decrease in pH. As total dFe = Fe' + Fel, they would expect an increase in the
dissolved Fe fraction with ocean acidification. If Fe' increases with a decrease in
pH as predicted in these models (de Baar et al., 2008; Millero et al., 2009),
then Fe' will be presumably more available to phytoplankton and consequently
large portions of the oceans currently limited by Fe' may experience higher

productivity.

The opposite trend has been found in other experimental results. An
experiment conducted on the effect of pH on iron speciation in seawater
showed that, in a sample of surface water from the north sea, Fe' decreased
with decreasing pH (Gledhill et al., 1998), which is consistent with the present
work’s observations (Kruskal-Wallis one way Anova on ranks, P=0.048). These
results could also imply that the effectiveness of natural ligands in maintaining
Fe in solution might be increased at low pH and may result in a slower Fe loss

via the formation of Fe oxyhydroxide precipitates (Shi et al., 2010).

Gledhill et al. (submitted) model results suggest that the overall impact of pH
on the concentrations of Fe' is dependent on both iron and DOC concentration,
with changes in pH becoming more pronounced as the difference between the
total Fe and DOC concentrations increased. In the case of copper, Gledhill et al.
(submitted) found that the increased competition between copper and
hydrogen ions for the functional groups result in an increase in the cupric ion
concentrations with a decrease in pH, from ca. 30 to 90 pM, in agreement with
de Baar et al. (2008) and Millero et al. (2009) results.

4.4.4 Iron solubility

Metal solubility in seawater is a strong function of pH (Millero et al., 2009). Fe
availability to phytoplankton is a function of its solubility and oxidation state.

As mentioned before, Fe (lll) solubility is strongly influenced by organic
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complexation at the current pH of seawater. The fraction that is not chelated is
present as hydrolysed species, Fe(OH) ©*, with the metal tri-hydroxy species,
Fe(OH),, being very insoluble (Liu and Millero, 1999; Liu and Millero, 2002).
When seawater pH falls below 8, changes in the inorganic speciation result in
an increase of the thermodynamic Fe (lll) hydroxide solubility. Millero et al.
(2009) suggest that this increased solubility along with changes in kinetics will

consequently make iron more available to phytoplankton.

Due to the extremely complex chemical behaviour of iron in seawater, the
solubility of inorganic iron species is uncertain (Kuma et al., 1996; Liu and
Millero, 1999) as is the exact composition of its various soluble ferric
hydrolysis species (Fe(OH),*, Fe(OH),, and Fe(OH),) (Waite, 2001). However,
knowing the composition of ferric hydrolysis species is important since the
extent of hydrolysis has a major impact on the kinetics and equilibria of iron
chelation reactions (Morel et al., 1991; Albrecht-Gary and Crumbliss, 1998),
and thus controls both iron complexation dynamics and biological uptake rates
(Hudson and Morel, 1990; Sunda and Huntsman, 2003).

Gledhill et al. (submitted) assessed the solubility of iron over the pH range
used in their study. They found that as pH decreased, concentrations of
dissolved iron increased. Millero et al. (2009) also projected an increase in the

dissolved Fe fraction with a speciation model.

4.5 Conclusions

Previous studies provide a first insight of the fate of iron and copper speciation
in a more acidic future ocean. It seems that changes in iron solubility and
bioavailability as a result of ocean acidification will be dictated by the nature of
the organic chelating material present in the marine environment. In the case
of copper, these studies propose a decrease in the amount of organic
complexation, and that this decrease is going to be more likely associated to
the relative strengths of the inorganic and organic complexes, as copper is
known to form strong complexes with CO,? ions, and which are expected to

decrease approximately 77% by the year 2100 (Millero et al., 2009).

This work’s results suggested that ocean acidification will potentially result in a

reduction of the inorganic metal fraction (Fe'). An increase in the organic iron
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complexed fraction was observed during this study, when pH decreased from
7.6to07.2.

Several studies have suggested that the proportion of inorganic copper that is
present as the free cupric form (Cu?) will increase with ocean acidification, due
to changes in its inorganic equilibria (speciation). However, the overall Cu'
magnitude may not be affected with a decrease in pH relative to organic

complexation, as it was observed during this study.

In summary, ocean acidification could have potential harmful effects on
primary productivity by increasing the concentration of free ionic copper.
However, ocean acidification could also stimulate primary productivity as a
result of an increase in the iron’s dissolved fraction, as previous studies have

suggested.

It is necessary to take into account the limitations that the analysts have when
using the currently available CLE-ACSV technique, in order to assess metal
speciation. The limitations inherent to CLE-ACSV data interpretation could raise
questions about the accuracy of the technique. Discerning on how big a
change in ligand parameters should be due to a reduction in pH in order to be
detected by the technique is one of the main concerns. The accuracy of the
technique is subject then, due to its indirect nature and multiple subjective
variations during the experimental and analytical processes, to potential
systematic errors that could underestimate the results when trying to find

significant differences in ligand concentrations due to ocean acidification.
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Chapter 5: Total dissolved metals (Fe, Cu,
Zn, Cd, Ni, Pb) in surface waters of the

northwest European shelf

5.1 Introduction

Coastal and estuarine environments are highly dynamic and complex systems
with often significant spatial and temporal variabilities. Around the world,
these environments are often densely populated and as a consequence they
receive significant amounts of anthropogenic inputs, which are transported via

rivers to the ocean.

Anthropogenic pollutants, such as metals, have put coastal ecosystems under
strong environmental pressure over the past decades due to enhanced human
activities (Pan and Wang, 2012). The waters of the northwest European shelf
seas are also subjected to coastal environmental pressure. The catchment
areas of the rivers draining to the North Sea are highly populated; highly
industrialized and intensively farmed (Achterberg et al., 1999), and therefore

comprises an important source of trace metals to the shelf seas.

Continental shelf regions represent effective traps for dissolved and land-
derived sediments associated trace elements. They are highly productive and
the sedimentation of that productivity provides an additional mechanism to
trap elements inputs to the coastal zone from land (Chester and Jickells, 2012).
Between 80-90% of the total trace metal input to the oceans accumulates in
ocean margins, including shelf regions and estuaries (Martin and Windom,
1991; Chester and Jickells, 2012).

The surface distribution of dissolved trace metals is influenced by several
physical and chemical processes such as biogenic uptake, remineralisation,
atmospheric deposition to surface waters, vertical mixing by upwelling or
convection, inputs from hydrothermal vents and continental input from rivers
or shelf sediments (Kremling, 1985; Klunder et al., 2011). Another important
physical hydrodynamic process influencing trace metal distributions is the
advection of water masses enriched in trace metals, following contact with

continental margins (Bown et al., 2011). Metals such as Al, Pb, Co and Mn
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show higher concentrations in surface waters, suggesting a strong influence by

external sources (Kremling, 1985).

A number of trace metals (e.g. Cd, Zn and Ni) are strongly biologically
mediated, with a nutrient type distribution (phosphate, nitrate or silicate)
(Boyle, 1988; Ellwood, 2008; Croot et al., 2011; Boye et al., 2012). Other
metals (Al, Pb) present a scavenged type distribution (Flegal and Patterson,
1983), while others such as Mn, Fe and Cu are considered as hybrid-type
metals, as their distribution is controlled by both recycling and relatively
intense scavenging processes (Bruland and Lohan, 2004). Other metals, such
as Mo, have a conservative type distribution, as they only interact weakly with
particles, and consequently have oceanic residence times greater than 10,000
years (much greater than the mixing time of the oceans), and have
concentrations that maintain a relatively constant ratio to salinity (Bruland and
Lohan, 2004).

Biologically mediated metals, or trace metal micronutrients, can play a key role
in the productivity of the oceans (Wyatt et al., 2014). Laboratory studies and
shipboard incubation experiments have demonstrated the relationships
between certain trace nutrients for phytoplankton uptake (Boye et al., 2012).
Cd and Zn for example, can interact with Co in cellular metabolism (Price and
Morel, 1990; Sunda and Huntsman, 1995a).

The coupling between trace metals and major nutrient cycles, such as the
correlations between Cd and PO,? or Zn and SiO,* in the Southern Ocean
(Bruland et al., 1978a; Boyle, 1988; de Baar et al., 1994; Ellwood, 2008),
indicate the removal of these metals in the surface due to phytoplankton
uptake and their later sinking and remineralisation in deep waters (Boye et al.,
2012).

Zn is an essential cofactor in many phytoplankton enzymatic processes (Morel
and Price, 2003). The coupling between zinc and the major nutrients such as
silicate and phosphate represents an important control on the efficiency and
size of the biological carbon pump (Wyatt et al., 2014). In oceanic surface
waters, Zn is present at concentrations of <0.1 nM, with 98% of this pool
chelated by strong organic ligands (Bruland, 1989; Lohan et al., 2005) and
hence reducing the bioavailable reduced free Zn * to concentrations < 2pM

(Wyatt et al., 2014). These concentrations have been shown to limit
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phytoplankton growth in culture experiments (Brand et al., 1983; Sunda and
Huntsman, 1992; Sunda and Huntsman, 1995a; De La Rocha et al., 2000). In
diatoms, the uptake of silicate has also been shown to be limited by low Zn

concentrations (De La Rocha et al., 2000).

Cd is predominantly supplied to open ocean surface waters via vertical mixing,
and removed by physical adsorption and biological uptake by microorganisms
(Bruland, 1980; Baars et al.,, 2014). Cd is toxic to microalgae at elevated
concentrations (Brand et al., 1986) but can also have beneficial effects at levels
found in the open ocean by alleviating Zn limitation stress in phytoplankton
(Price and Morel, 1990). The vertical distribution of dissolved Cd strongly
correlates with phosphate in oceanic waters (de Baar et al., 1994). The same
linear relationship has been observed for Ni and phosphate in the subantarctic
zone (Ellwood, 2008). Dissolved Cu has shown a strong relationship with

silicate in the water column in the Southern Ocean (Boye et al., 2012).

Knowledge of dissolved trace metal distributions in the oceans has increased
with the development of new sensitive analytical techniques such as isotope
dilution inductively coupled mass spectrometry (ID-ICPMS), which now allows

for multi-element analyses with low limits of detection (Milne et al., 2010).

Information about the spatial distribution of trace metals in the northwest
European shelf seas is still limited. Kremling (1983) highlighted that the
remobilization of trace metals from partly reduced sediments and subsequent
mixing into the surface waters is of high importance around the British Isles.
Furthermore, these processes can be variable due to seasonal changes in the
currents, hydrography and possibly on temporal variations in the chemistry

and biology of the shelf sediments (Kremling, 1983).

It is well known that the tidal currents west of Britain and in the North Sea
enhance mixing to a degree that some regions are vertically homogeneous
throughout the year whereas others are seasonally stratified, thus preventing
continuous transfer of properties from near bottom waters into the upper
layers during the summer, when this cruise took part. Therefore, local and
seasonal variations in the surface values over the shelf area should be taken

into account (Kremling, 1983).
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The horizontal distribution of the dissolved trace metals Cd, Cu, Fe, Ni, Pb and
Zn in the northwest European shelf seas, where a high resolution pH database
was created for the first time during the same cruise, is presented in this
chapter in order to determine their sources, spatial variabilities, their coupling
with major nutrients and their connection with the hydrography of the area and

biogeochemical processes.

5.1.1 Hydrography of the northwest European shelf seas
5.1.1.1 North Sea

The North Sea is located on the northwest European continental shelf with an
open north boundary to the North Atlantic Ocean (Thomas et al., 2005). The
shallow North Sea is divided into the southern North Sea, the central North Sea,
the Norwegian Trench and the Skagerrak Strait (OSPAR Commission, 2000).
The hydrography of this area presents two major inflows into the North Sea:
the first consists of Atlantic water entering from the north between the
Shetlands and Norway (Holt et al., 2009), and from the south via the strait of
Dover; the other major inflow consists of Baltic Sea waters entering via the
Skagerrak between Denmark and Norway (Kremling, 1985; Thomas et al.,
2005).

The mean depth of the North Sea is 74 m with increasing depth from south to
north. Topographical exceptions are the Doggerbank (south-west of Central
North Sea) with a depth of 15 m, and the Norwegian Trench with depths larger
than 300 m and up to 700 m in the Skagerrak area (OSPAR Commission, 2000;
Lenhart et al., 2004).

The North Sea is significantly influenced by riverine freshwater inputs, from the
Somme and Seine in the English Channel, the Humber in northern England, and
from the Elbe, Weser, Rhine, Meuse, Scheldt, and Thames in the southern
North Sea. The annual input of freshwater into the North Sea is in the order of
300 km?, with about one third of the total run-off coming from the melted
water from Norway and Sweden, and the rest from the river system discharges.
However, the principal source of fresh water to the North Sea is the rivers that
discharge into the Baltic Sea, with an annual water supply of around 470 km?
(OSPAR Commission, 2000).
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The mean currents of the North Sea form a cyclonic circulation (Figure 5.1).
The bulk of the transport in this circulation is concentrated to the northern
part of the North Sea due to major water exchange with the Norwegian Sea.
The major transport pathway out of the North Sea is the Norwegian Coastal
Current (NCC, Figure 5.1) (Holt et al., 2009). The circulation in the North Sea
can occasionally reverse into an anti-cyclonic direction. Before it leaves the
North Sea, most of the water passes through the Skagerrak area, with an
average cyclonic “counter clockwise” circulation before leaving along the

Norwegian coast (OSPAR Commission, 2000).

There are three major forces acting within the North Sea: the tides, the wind-
driven circulation and surface heat fluxes as well as the horizontal and vertical
density gradient. The tidal induced transport processes of advection and
mixing are more vigorous in the southern, shallow parts than in the northern,
deep parts. The most important agent for vertical exchange is heat exchange
at the sea surface (Lenhart et al., 2004).

Driven by strong winds, most areas of the North Sea outside the Norwegian
Trench and the Skagerrak area are vertically well mixed in winter. As the
Norwegian Trench and Skagerrak Strait are strongly influenced by fresh water

input, they have a stable stratification all year round.

Fronts are a common feature in the North Sea. They may restrict horizontal
dispersion and can be of particular importance due to the enhanced biological

activity in these regions (OSPAR Commission, 2000).

5.1.1.2 Irish and Celtic Seas

The Irish Sea is a relatively shallow, semi enclosed water body, with overall

residual water flow from south to north.

Oceanic water from the North Atlantic enters from the south and west of the
Irish Sea and moves northwards through the area to exit into arctic waters to
the north (Figure 5.1) or, after flowing around the north of Scotland, to enter
the North Sea (OSPAR Commission, 2000).

In the Irish Sea, there is substantial freshwater input to the inlet of the Bristol

Channel from the river Severn, accounting for 60% of the total freshwater input
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at the extreme east of the inlet. The welsh rivers to the north account for a
further 30% (OSPAR Commission, 2000).

There is a north-westerly shelf edge current that follows the slope edge from
the Bay of Biscay to the southwest of Ireland. During summer the Celtic Sea is
strongly stratified (OSPAR Commission, 2000).

The incoming oceanic water to the southern Irish Sea, and the water to the
west of Ireland and the Western Isles of Scotland and within the Celtic Sea, is
almost unaffected by human activities. Only the freshwater influenced
component which flows into the Irish Sea from the south receives much in

terms of land-based inputs of contaminants (OSPAR Commission, 2000).

In the Irish Sea, frontal systems tend to develop in late spring at the confluence
of mixed and stratified areas, for example, the Celtic sea front to the south of
the Irish Sea and the Irish Sea front to the west of Ireland. Stratification also
occurs in the Irish Sea, especially to the west of the Isle of Man where the water
is deeper (OSPAR Commission, 2000).

5.2 Materials and methods

5.2.1 Sample collection

Seawater samples were collected during the RRS Discovery 366 research cruise
from the 6™ June - 7" July 2011, in the northwest European shelf seas (Figure
5.2). Sampling stations are the same as described in the previous chapter, and
the division of regions is also the same. Samples were collected daily with the
use of a towed fish (ca. 0.2 m deep) and a Teflon bellows pump (Almatec A15)
which pumped water through an acid cleaned PVC hose into a clean container
where the samples were filtered into acid-cleaned 60 ml low density
polyethylene bottles (LDPE; Nalgene) using online filtration with a 0.2 pym
Sartobran P-300 filter capsule (Sartorious). Each sample was immediately
acidified to pH ~2 (80 pl; 0.011 M) on board in a laminar flow hood (class 100)
with ultrapure HCI (Romil UpA) and stored in double bags in the dark at
ambient temperature until their analyses in the shore-based laboratory about

22 months after their collection.
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Surface macronutrients (nitrite+ nitrate, silicate and phosphate) were collected

every two hours from the underway supply during the cruise.

Seasonal mean surface currents 1960-2004 (ms_1) OMD
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Figure 5.1 Mean surface currents for autumn and the numbered sections
following the 200 m isobath used for flux calculations (black and white heavy
lines). Insert shows a schematic of the slope current and the Ekman circulation.
Geographical areas are: A, Irish Sea; B, North Sea; C, Celtic Sea; D, Biscay; E,
Armorican Shelf; F, Norwegian Trench/Coastal Current; G, Fair Isle
Channel/current; H, Shetland to Norway; |, Dogger Bank; J, Dooley Current; K,
Malin-Hebrides shelf. Source: Holt et al. (2009).
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20°W 10°W 0 10° 20°E

Figure 5.2 Sampling stations along the northwest European shelf seas for
the determination of total dissolved trace metals (Fe, Cu, Zn, Cd, Ni, Pb).

5.2.2 Total dissolved trace metal determination

Concentrations of dissolved trace metals (Fe, Cu, Zn, Cd, Ni, Pb) were
determined using the isotope dilution approach followed by high resolution
magnetic sector inductively coupled mass spectrometry (HR-ICPMS) detection,
following the methods described in Mine et al. (2010). The whole
determination procedure was performed with the help and supervision of Dr
Christian Schlosser, NOC. Certified Reference Materials, detection limits and
blank values used for the dissolved trace metal determination for the samples

collected during the D366 research cruise are provided in Appendix D.

The analysis was conducted following an offline preconcentration/matrix
removal step on a Toyopearl AF-650M chelating column (Milne et al., 2010).
Briefly, 15 ml of the acidified sample in an acid cleaned 30 ml FEP bottle
(Nalgene) was spiked with 100 pl of a multi-element standard of isotopes
(containing the stable isotopes %Cu, '"'Cd, %Ni, *’Fe, *®Zn and *’Pb) with known
enrichments over their natural abundance. A working solution of ®Cu, "'Cd
, “Ni, *’Fe, *Zn and **’Pb was prepared in 0.024 M ultrapure HNO_ (Romil UpA),
and the exact concentrations of the enriched isotope spikes in the mixed
solutions were determined by ICP optical emission spectroscopy calibration

against known natural standards (10 mg I, ICP High Purity Standards) (Milne
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et al.,, 2010). The spiked samples were left for overnight equilibration.
Subsequently, the samples were buffered to pH 6.4 + 0.2 using 2M ammonium

acetate, prepared with ultrapure acetic acid and ammonia (Romil UpA).

The buffered sample was then pumped over the preconcentration column, at 2
ml min™. The column was rinsed with 1 ml de-ionised water to remove salts,
and subsequently the metals were eluted for 30 s using 1 ml of TM HNO,
(Romil UpA). The eluent was collected into acid cleaned autosampler

polypropylene vials (OmniVials; 4 ml) and capped.

Prior to loading of the next sample, the column was washed with an acid
solution (1.5M HCI) to remove residual trace elements. The extracted samples
were analysed using a HR-ICP-MS (Element XR, Thermofisher, NOC laboratory).
The sample was introduced via a 100 pl Teflon nebuliser connected to a quartz
spray chamber. Measurements for Fe, Ni, Cu and Zn were performed in
medium resolution mode (R=4000), whilst the isotopes for Cd and Pb were

analysed in low resolution mode (R=300).

5.2.3 Surface macronutrients and total chlorophyll a

Surface macronutrients (nitrite+ nitrate, silicate and phosphate) concentrations
were analyzed onboard by Mark Stinchcombe, NOCS, using a segmented flow
autoanalyser following standard colourimetric methods (Grasshoff et al.,
1999).

Total chlorophyll a concentrations were measured onboard by David Suggett,
following Poulton et al. (2010), with water samples (0.25 L) filtered onto
Whatman GF/F filters, extracted in 8mL 90% acetone, and stored at 4 °C for 18-
20 h. Fluorescence was measured on a Turner Designs Trilogy Fluorometer,

calibrated with purified chlorophyll a (Sigma, UK).

5.3 Results and discussion

5.3.1 Surface macronutrients

Phosphate concentrations ranged between 0.01 (below the detection limit) and
0.54 pM, along the whole cruise track. Average concentration was 0.11 + 0.09

uM. Highest phosphate concentrations were observed in the Irish Sea, Malin
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Sea and northern North Sea (Figure 5.3). At the dissolved metals sampling
stations, phosphate concentration had a high value of 0.53 pM at station 12 in
the southern North Sea, and phosphate concentrations were below the

detection limit at stations 13, 14 and 16 (Norwegian coast and Skagerrak area).

Silicate concentrations ranged between 0.01 and 5.15 pM, with an average of
0.97+ 0.80 pM, along the whole cruise track. Highest silicate concentrations
were observed at the English Channel the southern North Sea, and in the Irish
and Malin Seas (Figure 5.4). Highest silicate concentrations at the dissolved
metals sampling stations were observed at stations 3, 6, 8 and 10 (Celtic sea,
English channel and southern North Sea, respectively), whereas lowest silicate
concentrations were observed at the northern part of the transect (Skagerrak,

Norwegian coast and northern North Sea).

Nitrite + nitrate concentrations ranged between 0.01 and 6.17 pyM, along the
whole cruise track. Average concentration had a value of 1.00 + 1.37 pM.
Highest nitrite + nitrate concentrations were observed at the English Channel,
southern North Sea, and in the Irish and Malin Seas (Figure 5.5). Highest nitrite
+ nitrate concentrations at the dissolved metals sampling stations were
observed at stations 5, 6 and 20, with high values of 1.29, 3.05 and 1.42,

respectively.

Nitrite and nitrate vs. phosphate presented a low linear relationship (r? = 0.58),
in the study area (Figure 5.6). This is likely due to the different regional
sources for these two nutrients, as nitrates are more influenced by fresh water
sources, with anthropogenic nitrogen in rivers originating mostly from the
leaching of fertilised agricultural soils (highest concentrations in the English
Channel) whilst phosphates are mostly related to domestic wastewater (highest

concentrations in the Irish and Malin Seas).
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Figure 5.3 PO,”? concentrations (uM) as a function of latitude in the study
area (cruise D366 underway data).
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Figure 5.4 SiO,* concentrations (uM) as a function of latitude in the study
area (cruise D366 underway data).
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Figure 5.5 NO,+NO, concentrations (M) as a function of latitude in the

study area (cruise D366 underway data).
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Figure 5.6 NO,+NO, (uM) vs. PO,? (uM) concentrations (cruise D366
underway data).
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5.3.2 Total chlorophyll a

Surface (< 10 m) total chlorophyll a levels ranged between 0.26 and 3.6 pg/L
along the whole cruise track. Highest chlorophyll levels were observed in the
northwest part of the cruise (northern North Sea and Malin Sea), whereas the

lowest levels were observed in the central North Sea and the Skagerrak region

(Figure 5.7).

Chl-a>GF/F @ Depth [m]=first

Ocean Data View

15°W 10°W 5°W 0°  5E 10°E

Figure 5.7 Surface chlorophyll a concentrations (ug/L) as a function of
latitude in the study area (< 10 m; cruise D366 bottle data).

5.3.3 Total dissolved metal distribution in surface waters of the

northwest European Shelf
5.3.3.1 Dissolved cadmium

Surface dissolved Cd concentrations [dCd] ranged between 0.01 nM (station
18, northern North Sea) and 0.15 nM (station 2, Irish Sea), with an average of
0.08 + 0.04 nM (Figure 5.8a).
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In regions with large river inputs such as the North Sea, the surface water
distributions of dCd may be described by simple covariance with salinity, which
simply describes the interaction between coastal waters of high Cd
concentrations and the low-level oceanic surface waters (Kremling and Streu,
2001). The degree of linearity or data scattering can be considerably modified
by different freshwater inputs (from different sources and with different
concentrations), sediment interactions, phytoplankton growth, and

atmospheric or anthropogenic inputs.

In the northern North Sea, [dCd] was strongly depleted (again coinciding with
the highest chlorophyll values observed during the cruise), which occurred at
PO,? concentrations of less than 0.2 pM. Except at one station (12, southern
North Sea), PO,” values were very low (<0.2 pM) in all the study area. This
depletion of both Cd and PO,” in the northern North Sea, along with the [dZn]
minimum (see below) and the highest chlorophyll values, could indicate

phytoplankton uptake in this area.

The large variability of the Cd/PO,” relationship (Figure 5.9) could be partly
attributed to the different hydrographic regimes and the source strengths of

the various Cd and PO,? sources encountered in the northwest European shelf.

Waeles et al. (2004) reported dCd concentrations between 0.11 and 0.26 nM,
whereas dCu ranged between 1.7 and 8.0 nM in the surface waters of the
North Biscay continental shelf. They concluded that river inputs from the Loire
affected Cd and Cu distribution in this area, judging from the higher values
observed compared to previously reported values for the area. During our
study, dissolved Cd was lower (0.01-0.15 nM) in general than the values

reported by Waeles et al. (2004).

During this study, the appearance of fronts between the Atlantic and shelf
waters did not cause any maxima in nutrient or metal concentrations, as it has
been previously observed by Kremling (1983). However, the highest Cd and Cu
(see below) concentrations were found at station 2 in the Irish Sea, where there
are also important frontal systems (and in particular the one developed from

the Irish Sea to the west of Ireland).
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5.3.3.2 Dissolved copper

The distribution of dissolved Cu concentrations [dCu] along the coastal waters
of the North West European shelf seas was variable. Dissolved Cu ranged
between 0.37 nM (station 5, Bay of Biscay) and 5.10 nM (station 2, Irish Sea),
with an average of 2.26 + 1.31 nM (Figure 5.8b). The lowest surface values
were observed at stations 5 and 3 (Bay of Biscay and Celtic Sea, respectively),
whereas the maximum values were observed at stations 2 and 14 (Irish Sea and
Skagerrak area, respectively). The high concentration value in the Skagerrak
area coincides with the salinity minimum, suggesting the influence of Baltic

waters.

5.3.3.3 Dissolved iron

Surface dissolved Fe concentrations [dFe] ranged between 0.50 nM (station 20,
Atlantic Ocean) and 21.21 nM (station 10, southern North Sea), with an average
of 2.55 + 2.44 nM (excluding stations 10 and 14; Figure 5.8c).

5.3.3.4 Dissolved lead

Surface dissolved Pb concentrations [dPb] ranged between 0.02 nM (station 14,
Skagerrak area) and 0.19 nM (station 10, southern North Sea), with an average
of 0.06 + 0.04 nM (Figure 5.8d).

It is well established that Pb concentrations in seawater depend predominantly

on anthropogenic inputs (Patterson and Settle, 1987).

However, the variabilities in Pb concentrations may be attributed to the
variability in atmospheric transport from continental sources, and to the short
residence time of Pb in surface waters, which acts to preserve the patchiness,

rather than to mix it out (Kremling and Streu, 2001).

Kremling and Streu (2001) did not find concentration gradients for Pb from the
northeast Atlantic towards the northwest European shelf area. However, earlier
data showed a clear Pb increase of ca. 25% in waters of the northern North Sea

and the English Channel above open Atlantic values.
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5.3.3.5 Dissolved nickel

Surface dissolved Ni concentrations [dNi] ranged between 2.73 nM (station 4,
Bay of Biscay) and 6.27 nM (station 14, Skagerrak), with an average of 3.88 +
1.05 nM (Figure 5.8e).

5.3.3.6 Dissolved zinc

Surface dissolved Zn concentrations [dZn] ranged between 0.21 nM (station 4,
Bay of Biscay) and 15.04 nM (station 16, Norwegian coast), with an average of
2.21 + 1.62 (without considering station 16; Figure 5.8f). Surface [dZn]
minimum values were observed in the north-western part of the cruise (stations
18, 19 and 20; northern North Sea and Atlantic Sector), which coincided with
the maximum chlorophyll levels observed (~3.6 pg/L). This could indicate that
uptake from phytoplankton and export from surface waters are important
mechanisms for the removal of Zn from the mixed layer. This hypothesis has
been proposed by Kremling and Streu (2001). They found a dominance of
undetectable surface water concentrations in the northeast Atlantic, which lead
them to support the “zinc hypothesis”, which suggest that Zn may limit
phytoplankton productivity (Price and Morel, 1990; Morel et al., 1991; Sunda
and Huntsman, 1992; Morel et al., 1994). However, the limitations of the
analytical detection mechanisms for dZn about 15 year ago (detection limit of
0.07 nM for Zn), may have contributed to this observation, which is unlikely to

be relevant anymore.

Furthermore, studies have shown that uptake of nutrient type metals take
place in coastal waters as well as in the open ocean (Turner et al., 1992). If it is
considered that Zn is ~96-98% complexed by organic ligands in north Atlantic
surface waters (Bruland, 1989; Ellwood and van den Berg, 2000), then the free
ionic activity (Zn ?*) could be reduced to about 5-10 pM In large regions of the
North Atlantic Ocean (Kremling and Streu, 2001).

Laboratory work has also shown that there is a strong link between Zn
limitation and Cd uptake by algae (Price and Morel, 1990; Morel et al., 1994).
However, posterior studies did not find a correlation between surface water Cd
and Zn (Ellwood, 2008).
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Figure 5.8 Dissolved metal concentrations (nM) as a function of latitude in
the northwest European shelf seas a) Cd, b) Cu, c) Fe, d) Pb, e) Ni, f) Zn.

119



Dissolved metals in the NW European shelf

5.3.3.7 Dissolved metals correlations

Correlation between trace metals are indicative of an influence by the same
biogeochemical controlling processes, and hence exhibit similar behaviour. A
positive correlation (P< 0.05, Pearson correlation) would indicate that the trace

metals increase or decrease at the same time.

Table 5.1 presents the relationship obtained between the different pairs of
dissolved trace metals in the study area. Positive correlations were obtained for
different pairs of metals. Dissolved Fe, Cu, Cd and Ni appear to have a positive
correlation amongst each other, while no correlation was found between Pb or
Zn with the rest of the metals (P > 0.05, Pearson correlation). In the case of Fe,
no correlation was obtained with Cd, and a positive correlation was obtained
with Pb.

Fe, Cu, Cd and Ni are known to be biologically mediated metals. Zn has a
biological role in the ocean as well. However, relationships between Zn and the

other metals may have not been observed due to a different source.

Table 5.1 Pearson correlation coefficients for the different pairs of the trace
metals analysed during this study. No correlation (P> 0.05) is shown by the “N”
values.

Cu Cd Fe Ni Pb Zn
Cu + + + N N
Cd + N + N N
Fe + N + + N
Ni + + + N N
Pb N N + N N
Zn N N N N N

5.3.3.8 Dissolved metals relations to nutrients

In the open ocean, dissolved trace metals are often well correlated with major
nutrients. Strong linear relationships between Cd and Ni with PO,?, and Zn and
Cu with SiO,* have been observed in vertical profiles of the major ocean
basins, such as the south Atlantic and the northeast Pacific waters (Bruland et
al., 1978b; Bruland, 1980; Martin et al., 1993; Ellwood, 2008; Boye et al.,
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2012; Wyatt et al., 2014). These trace metals have similar spatial distribution
pattern in open ocean deep and surface waters (Boyle, 1988). However, during
this study, these relationships were not significant (r’<0.1,Figure 5.9). In
coastal waters, nutrient-trace metal relationships are difficult to observe with a
small database as a consequence of the very dynamic coastal system in which a
range of different input and removal processes change the concentration of
dissolved trace metals on relatively short time and space scales (Achterberg et
al., 1999).
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Figure 5.9 Dissolved metals vs nutrients. a) dCu (nM) vs SiO,* (uM), b) dZn
(nM) vs SiO,* (uM), ©) dCd (nM) vs PO,? (uM), and d) dCd (nM) vs NO, (uM).

5.3.3.9 Dissolved metals and salinity

The sample locations include areas of intense tidal mixing (the northern
Scotland-Shetland area and the English Channel), and also regions with the
typical summer stratification (northern and central North Sea; Try and Price
(1995)).
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The total dissolved trace metal data has been plotted against salinity, therefore
visually showing the changes (if any) in concentrations from Atlantic surface
waters to the river influenced coastal waters. Low salinity values associated

with river water inputs to the coastal waters are apparent in Figure 5.10.

Dissolved Cd, Cu, Fe and Ni data in Figure 5.10 appear to fall along a salinity
mixing line, with a scatter at low salinities corresponding to the Norwegian

coast and Skagerrak stations.

Salinity ranged between 27.4 and 35.8 at the 21 sampling stations. The lowest
salinities were observed at the Norwegian coast (stations 13 and 16), and at
the Skagerrak area (station 14). One of the main freshwater sources into the
North Sea is the inflow coming from the Baltic Sea, having a big influence in
the hydrography and water movements in the eastern parts of the North Sea
(OSPAR Commission, 2000), passing through the Skagerrak and following the
Norwegian coast. This freshwater influence from the Baltic Sea strongly
determined the low salinity values observed at the Norwegian coast and

Skagerrak stations.

The majority of the metal data presented was observed at salinities typical of
oceanic water masses (>34). However, the observed scattering of the data in
some cases might be caused by the freshwater inputs which mix with the shelf
waters, and by several processes that can affect the lower estuary end member
concentration, hence leading towards lower salinity values. These can include
precipitation during estuarine mixing, desorption from riverborne suspended
particulate matter, redox reactions, or anthropogenic inputs within the mixing
zone (Duinker and Nolting, 1982; Try and Price, 1995).

The zero salinity end member is often utilized to estimate the chemical
composition of river water that has passed through the estuarine filter and
reached coastal waters, yielding estimates of the net flux of components from
individual river-estuarine systems (Chester and Jickells, 2012). Multiplication of
this value (EZSEM) by the river flow yields the flux of the metal, in this case, out

of the estuary after estuarine modification (Fitter and Raffaelli, 1999).
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Table 5.2  Results from regressions of dissolved trace metals with salinity.
Correlations with Cd, Cu, Fe, Ni and Zn were significant (Pearson product
moment correlation; P < 0.05), while correlation with Pb was not (P > 0.05).
Linear regression was calculated for each metal (except for Zn) without the low
salinity stations at the Norwegian coast and Skagerrak area.

Metal Intercept Slope r2
S=0; nM

Cd 2.19 - 0.06 0.46
Cu 69.77 -1.93 0.51
Fe 90.84 -2.53 0.53
Ni 50.12 -1.32 0.40
Pb 0.945 -0.03 0.08
Zn 29.28 -0.77 0.21

Effective concentrations in freshwater discharged into the coastal shelf during
this cruise (estimated by extrapolation to zero salinity) were: 2.19 nM for Cd,
69.77 nM for Cu, 90.84 nM for Fe, 50.12 for Ni, 0.945 for Pb, and 37.80 nM
for Zn (Table 5.2). These EZSEM concentrations are an average of the end
members of the fresh water sources discharging into the waters of this work’s
study area. Achterberg et al. (1999) have estimated higher average EZSEM
concentrations than the ones in this study for dissolved Cu, Ni and Zn for the
Humber estuary and the river Severn. However, it is not possible with our data

to compare end member concentrations with the ones that are river specific.

A linear relationship between a metal and salinity would indicate conservative
behaviour (Officer, 1979). Dissolved Cd, Cu, Fe and Ni had the highest linear
relationship with salinity, when the low salinity stations localized in the
Norwegian coast and Skagerrak area are removed from the regression line,
although this relationship was not very strong (r’<0.6,Table 5.2). A scatter in
the linear regression line on the whole data set is caused mainly by the
presence of several rivers and saline end-members, and by processes including
atmospheric and benthic inputs, and water column removal (Achterberg et al.,
1999). Correlation analysis showed that there were statistically significant
(P<0.05, Pearson correlation) inverse relationships with salinity for Cd, Cu, Fe,
Ni and Zn, but not for Pb (P> 0.05). This significant correlation between the
former metals with salinity could imply that they are predominantly associated
with riverine inputs. In the case of Pb, the lack of linearity with salinity could

indicate that processes other than mixing between riverine and saline end-

123



Dissolved metals in the NW European shelf

member waters were more important for the distribution of this metal, and
hence exhibiting a non-conservative behaviour (Achterberg et al., 1999). These
processes may include atmospheric and benthic inputs (as it has been
observed in the case of Pb), removal by particulate matter and phytoplankton

uptake.

Studies have shown a biologically mediated removal of dCu, dNi and dZn in the
surface with subsequent down column transport in association with biogenic
particles (Bruland and Franks, 1983). However, several authors (Burton et al.,
1993; Tappin et al., 1995; Achterberg et al., 1999) observed no clear coupling

of dNi, dCu and dZn to the utilisation and regeneration of nutrients in the

North Sea.
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Figure 5.10 Dissolved metal concentrations (nM) vs. salinity (n=21). a) Cd, b)
Cu, ¢) Fe, d) Pb, e) Ni, f) Zn.

5.3.3.10 Dissolved metal concentrations in study areas

The description of metal concentrations per region are presented following the
circulation pattern along the coast, starting at the Bay of Biscay and continuing
north towards the Celtic and Irish Seas, meeting with Atlantic water in the
north and then the North Sea, then moving in a southern direction meeting the
Skagerrak outflow, and finally moving into the southern North Sea and the

English Channel.
Region 1 Celtic and Irish Seas

High metal concentrations were observed at station 2. Dissolved Cu, Cd and Zn
had some of their highest concentrations at this station located in the western
Irish Sea (Figure 5.8). Achterberg and van den Berg (1996) showed that the
river Mersey, which has its catchment area in the Liverpool Bay at the eastern
Irish Sea, is an important source of Ni, Cu and Zn to this part of the Irish Sea.
This river, along with the river Dee, carry industrial and domestic sewage into

the Liverpool Bay (Achterberg and van den Berg, 1996).

The net anti-clockwise water movement in the eastern Irish Sea results in trace
metal enhanced waters from the outflowing Mersey moving in a northerly
direction along the eastern side of the Liverpool Bay (Achterberg and van den
Berg, 1996).
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Dissolved Cu levels between 5 and 7 nM were observed in the Irish Sea to the
west of the Isle of Man by Kremling and Hydes (1988). Achterberg and van den
Berg (1996) observed dCu levels between 7 and 9 nM in the western part of the
Liverpool Bay. The dCu values observed during this study are similar to the

ones observed by these authors for the Irish Sea.

Total dZn values observed by Achterberg and van den Berg (1996) ranged
between 11 and 13 nM, in the western part of the Liverpool Bay, in the Irish
Sea, which are higher than the values observed during this study for the Irish
Sea stations (between 0.21 and 5.3 nM, Figure 5.8).

Achterberg and van den Berg (1996) found dissolved Ni levels ranging between
6 and 7 nM in western parts of the Liverpool Bay, while Kremling and Hydes
(1988) observed dNi levels of 4 to 6.5 nM in surface waters of the western Irish
Sea, which are both similar to the values observed during this study in the Irish

Sea stations (between 2.7 and 4.8 nM).

Kremling and Hydes (1988) observed enhanced concentrations of dCd, dCu,
dMn and dNi in the Irish Sea between 50-100% higher than in Scottish coastal
waters or the central North Sea. They explained these enhanced concentrations
by anthropogenic riverine inputs, as these high concentrations were associated
with low salinity waters. Achterberg and van den Berg (1996) also found high
dNi, dCu and dZn concentrations in the same area, related to decreasing

salinity.
Region 2 Northern North Sea

Dissolved Ni concentrations observed by Achterberg et al. (1999) in coastal
areas of the North Sea, away from the immediate vicinity of estuarine plumes,
were between 3 and 6 nM, and between 4 and 8 nM for dCu. The dNi values
were in good agreement with the values observed during this study for the
North Sea (Figure 5.8). However, dCu values were higher than the ones

observed during this study.
Region 3 Skagerrak

The Skagerrak was one of the areas with the lowest salinity values (27.4) and
where the highest metal concentrations were observed during this study.

Dissolved Cu, Cd, Ni and Fe presented some of their highest concentrations at

126



Dissolved metals in the NW European shelf

station 14 (Figure 5.8). Besides lowering the salinity of the Skagerrak area, the
freshwater coming from the Baltic constitutes an important source of
contaminant and nutrients into the North Sea (HELCOM, 2010), which can
explain the highest metal concentrations during this study associated with the
lowest salinities. During 1999-2007, the Hazardous Substances Assessment
indicated that the Baltic Sea was highly contaminated with hazardous
substances, amongst which were the heavy metals Cd and Pb (HELCOM, 2010).

Region 4 Southern North Sea

Station 10, localized in the southern North Sea, was also an area where high
metal concentrations were observed. Dissolved Fe, Pb and Ni presented some
of their highest concentrations at this station (Figure 5.8). One of the main
inputs of trace metals into the North Sea is through the Dover Strait. The flow
of water from the English Channel through the Strait transports a significant
input of chemical substances in both dissolved and particulate forms (Statham
et al., 1993). Along with these inputs, the southern North Sea has significant
riverine inputs, in particular the Elbe, Weser and Scheldt near station 10.
Dissolved Cd, Co, Cu, Fe, Mn, Ni, Pb and Zn have been monitored across the

Strait of Dover, presenting high metal concentrations (Statham et al., 1993).
Region 5 English Channel

Dissolved Cu and Ni concentrations observed during this study in the English
Channel were in good agreement with the summer values observed by Tappin
et al. (1993) for the same area: dCu (3.0 + 1.1), dNi (3.5 + 0.5) nM. Dissolved
Zn concentrations observed by these authors, however, were higher (7.3 + 3.4)
nM than the ones observed during this study for the English Channel area dZn
(< 4.0 nM).

Statham et al. (1993) reported dCu concentrations between 3.5 and 15.6 nM in
the Strait of Dover, which is near to station 9 during this study. However, their
sampling station was closer to the French coast and consequently the higher
values could be explained by the influence of the river Seine, as observed by
Achterberg et al. (1999) with similar high concentrations of dCu and dZn on a

cruise station close to the French coast in the Strait of Dover (dZn ca. 18 nM).

Station 9 is near the Thames plume area (Figure 5.2). This area was used for

disposal of sewage sludge in the past, containing high levels of nutrients,
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metals and suspended matter (Achterberg et al., 1999). However, station 9
during this study did not present high levels of metal concentrations,
presumably as a result of the ceasing of sewage sludge dumping after 1998
(Try and Price, 1995). Achterberg et al. (1999) observed high dCu (21 nM), dNi
(8 nM) and dzZn (18 nM) values before the changes in UK legislation regarding
the sewage dumping. Furthermore, salinity had a value of 35.0 at station 9,
which may suggest that this study’s sampling was made during a different tidal

state compared to the Achterberg et al. (1999) study.

Even though similar dissolved metal concentration range can be observed by
different authors, differences in exact sampling locations and seasons, as well
as the employed analytical method, will have an important effect on the
observed trace metal concentrations in coastal systems. These factors should

be taken into account when data comparisons from different surveys are made.

5.3.3.11 Relation between dissolved metals and pH

The photosynthetic uptake of CO, and essential micronutrients to form organic
matter (biological production) increases seawater pH. Photosynthesis decreases
the concentration of dissolved inorganic carbon (DIC) and free protons, which
lead to an increase in pH (Thomas et al., 2005); whereas organic matter
respiration and remineralisation lead to a decrease in pH, and to a release of
essential trace metals such as Fe and Cu. Chlorophyll and pH levels in areas
with high productivity therefore present a positive correlation, whereas

chlorophyll levels and trace metal nutrients present a negative one.

On the other hand, terrestrial inputs, in particular from rivers, can inject
significant loads of DIC and organic matter to coastal systems, consequently
lowering the pH (Borges and Gypens, 2010). Lowest pH values were observed
at the English Channel and southern North Sea, while the highest were
observed at the northern North Sea and Atlantic. The southern North Sea is an
area highly influenced by riverine inputs, which can explain the low pH values
observed in this area. As mentioned before, highest chlorophyll levels were
observed at the northern part of the cruise, e.g. the northern North Sea and
Atlantic, hence related with the highest productivity in the area and

consequently with the highest pH levels.
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Due to the shallow depth in coastal areas, as in the case of the northwest
European shelf, benthic processes can also affect significantly the pelagic
carbon cycle and alkalinity (Thomas et al., 2009). Spatial and temporal pH
variabilities in shelf areas can be even higher than in the open ocean as a result

of several simultaneous processes (Blackford and Gilbert, 2007).

Dissolved metals were plotted against pH in Figure 5.11. A significant negative
correlation between Cd and pH was observed (P< 0.05, Pearson correlation).
There was no significant correlation between pH and Zn, Pb, Ni, Cu or Fe
(P>0.05, Pearson correlation). However, during this study the highest Fe and Pb
concentrations were observed at a station with one of the lowest pH values

(station 10).

During this study, horizontal metal distributions do not appear to be controlled
by surface seawater pH. A larger spatial and temporal scale may be needed in
order to find significant relationships between pH and metal distributions in

coastal systems.
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Dissolved metal concentrations (nM) vs. pH (n=21). a) Cd, b)

Cu, c) Fe, d) Pb, e) Ni, f) Zn.

5.4 Conclusions

The northwest European continental shelf is strongly influenced by riverine
freshwater inputs, especially in the North Sea. The catchment areas of the
rivers draining into the North Sea are an important source of trace metals to

the coastal system.

Highest metal concentrations were observed off the east coast of Ireland, in
the Irish Sea (dissolved Cu, Cd and Zn), and in the southern North Sea (Fe, Pb
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and Ni) where the Dover Strait is one of the main inputs of trace metals, along
with significant riverine inputs. The Skagerrak area also presented high
concentrations of dissolved Cu, Cd, Ni and Fe, as a result of the influence of

waters from the Baltic Sea.

Surface dissolved metal distributions appear to be strongly influenced by
riverine inputs. A negative correlation was observed (this is, metal
concentrations tend to decrease when salinity increases) for all the metals

except with Pb.

Surface trace metal distributions did not appear to be controlled by surface

seawater pH during this study.
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Chapter 6: Synthesis

This thesis has considered the influence of ocean acidification on the organic
complexation of iron (Fe) and copper (Cu) in northwest European seas. In
addition, the thesis considered organic Fe complexation in waters of the high
latitude North Atlantic Ocean, at the current surface ocean pH. Furthermore,
the horizontal distribution of several dissolved trace metals in the northwest
European seas was determined. Understanding the changes in metal speciation
as a result of changes in the ocean’s carbonate system, forms the first step in
the process to project the effects that a future decrease in seawater pH and
increase in pCO, will have on the interactions of metals with marine biota. The
changes in metal speciation will result in changes in the behaviour and fate of
trace metals in marine waters. Future research considering the synergistic
effects of changing temperature, pH and dissolved organic matter (DOM)
content of seawater on metal bioavailability needs to follow this study.
Furthermore, improvements in the accuracy and standardisation amongst
research groups on the electrochemical techniques currently employed for the

measurement of metal speciation are essential.

6.1 Conclusions of this project

Organic Fe complexation has been widely assessed in different regions of the
world’s oceans. The high latitude North Atlantic (HLNA) is a recent area of
research interest due to its importance for the biological carbon cycle and the
observed iron limitation of phytoplankton growth. However, little is known
about the iron binding ligand characteristics in the HLNA. Organic Fe
complexation measurements in waters of the HLNA showed that: (i) iron
biogeochemistry in surface and subsurface waters in the study area is
controlled by a combination of phytoplankton iron uptake and microbial ligand
production, which can be concluded from the iron binding ligand
concentrations measured; (ii) [L]/[dFe] ratios demonstrated to be a reliable
approach to determine ligand saturation. High and variable [L]/[dFe] values
were observed in surface and subsurface waters, while they decreased towards
deep waters to more constant values and near saturation; and (iii) ligand
saturation in deep waters of the HLNA, along with deep water mass formation,

suggested that any additional Fe at these depths would tend to be removed by

133



Conclusions

precipitation and scavenging. Comparison of Fe binding ligand characteristics
were in good agreement with a previous study conducted in the Iceland Basin

and other waters of the HLNA.

Horizontal trace metal distributions have also been studied in different regions
of the ocean. During this study, surface water trace metal distribution in the
northwest European shelf seas was assessed. To our knowledge, it was the first
time that dissolved metal concentrations were measured where a highly
accurate pH level database was available. Highest dissolved metal
concentrations were observed in the Irish Sea, the Skagerrak area and in the
southern North Sea. Dissolved metal concentrations of Cd, Cu, Fe, Ni and Zn
seemed to be strongly influenced by riverine inputs in the study area. Surface
trace metal distributions did not appear to be controlled by surface seawater

pH during this study.

The expected decrease in seawater pH from pre-industrial values (~ 8.25) to
the ones projected for the end of this century (ca. 7.85), is projected to affect
significantly the inorganic solubility of several trace metals, especially of the
ones forming strong complexes with hydroxide and carbonate ions. However,
the influence of ocean acidification on metal solubility is more complex than a
direct influence of pH or temperature on solubility. Metal solubility is
controlled by the interrelationship of inorganic solubility, organic
complexation, redox chemistry, and phytoplankton-trace metal feedback

mechanisms (Hoffmann et al., 2012).

In the last decade, a great amount of published work on the impacts of ocean
acidification on marine biota, and especially on the calcifying life-forms, has
become available. However, studies concerning multifactor interactions such as
seawater pH, temperature and trace metals are limited, although they
emphasize the significance and importance of this approach. The present
study gives an insight into one part of the whole system - the effect on the
organic metal interactions. The northwest European shelf seas were the first of
the regions studied under the NERC funded sea surface UK Ocean Acidification
consortium programme. During this study, results for Fe (lll) suggested that a
decrease in surface ocean pH will potentially result in a reduction of the free
and inorganic metal fraction (Fe'), and also in an increase in the organically

complexed iron fraction. Conditional stability constants for the organic iron
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complexes also appear to increase with a decrease in pH. These results may be
explained by a reduced competition of the ambient ligands (with acidic binding
groups that are not protonated in seawater) with OH- for Fe chelation, with a
decrease in pH. A decrease in Fe' uptake by phytoplankton from Fe-EDTA has
been observed in previous studies (Shi et al., 2010). However, these findings
cannot lead alone to the conclusion of a decrease in iron bioavailability due to
a decrease in pH, as Fe' uptake by phytoplankton is a simplistic scenario in
which Fe' is the only bioavailable form of this micronutrient. Furthermore, it
has to be considered that ambient Fe binding ligands possess a variety of
metal binding sites (Barbeau et al., 2003) with different H* stoichiometries
(Breitbarth et al., 2010).

Previous studies have shown a decrease in the organic Cu (Il) complexation,
when seawater pH decreases below 8.0. As a result, the inorganic Cu (Cu')
fraction increased with a decrease in pH (Averyt, 2004; Louis et al., 2009).
During this study, no significant effects were observed of a decrease in pH on
the organically complexed Cu (Il) fraction, or on the overall free and
inorganically bound fraction (Cu'). As inferred altogether from the present
study and previous results, is still not clear whether Cu ligand production will
be affected by ocean acidification, and what the effects on Cu toxicity will be.
Intracellular Cu binding may not be directly affected by the surrounding
seawater pH. However, Cu binding could possibly be affected indirectly via
effects on phytoplankton physiology. Therefore, the diversity of the chemical
and biological processes controlling Fe and Cu biogeochemistry, and the way
in which they will be altered by ocean acidification, is likely to be complex
(Figure 6.1).

Even slight changes in the bioavailability of Fe and Cu may have significant
effects on marine ecosystems, as these metals are known to interact with each
other (Hoffmann et al., 2012). Cu is needed by a few phytoplankton species for
sufficient Fe acquisition (Wells et al., 2005; Maldonado et al., 2006), and Cu
requirements of natural phytoplankton communities increase under Fe
limitation (Semeniuk et al., 2009). Alternatively, Cu is a potentially toxic metal
whose toxicity to marine phytoplankton is regulated by organic ligand

complexation.
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Phytoplankton uptake rates, along with other biological processes are needed
in order to provide a better insight into the impact that these changes in metal
speciation will have on the cycling of Fe and Cu in the ocean. The CLE-ACSV
data interpretation, on the other hand, is subject to systematic errors on the
calculation of ligand parameters, due to the inherent limitations of the method.
A holistic understanding is needed on the impacts of a decreasing ocean pH
and rising temperatures on trace metals and marine biota. Furthermore, direct
or indirect effects of ocean acidification on marine biota will affect trace metal
biogeochemistry via alteration of biological trace metal uptake rates and metal

binding to organic ligands.

Dust plume

Figure 6.1 Direct effects of ocean acidification (red) and ocean warming
(blue) on Fe chemistry in seawater. Ocean acidification and ocean warming
both influence phytoplankton and bacterial physiology with possible effects for
biological Fe uptake and ligand production. Source: Hoffmann et al. (2012).

6.2 Future work

Future studies on iron and copper organic complexation should couple trace
metal clean size fractionation approaches, CLE-ACSV, and HPLC-MS techniques

(Gledhill and Buck, 2012), along with phytoplankton incubations and other
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biological process studies, in order to provide a better insight into the nature
and cycling of Fe and Cu binding ligands in the contemporary and future
ocean. The biogeochemical role of each of the natural ligand types requires

further investigation also.

Ocean surface pH is decreasing, thus the behaviour of trace metals in the
ocean is likely to change. It is necessary to improve our understanding of the
broader implications that the changes in metal biogeochemistry will bring in
the future for marine ecosystems. Moreover, the way in which marine biota will
react to changes in the speciation of biologically mediated metals, e.g., effects
on phytoplankton uptake rates, is not well known. Therefore, a
multidisciplinary approach is needed in order to provide a better

understanding of these future changes.

Trace metal clean experimental protocols for ocean acidification work is
essential, as the effects of ocean acidification can be biased by contamination
artefacts associated with the experimental setup. Automated analytical systems
for voltammetric measurements would be desirable for metal speciation work
in future research involving ocean acidification, in order to reduce possible
artefacts associated with changes in temperature and in the chemical nature of

the natural ligands as a result of sample storage and manipulation.

In order to allow for intercomparisons between different research groups when
assessing the influence of a decrease in pH on metal speciation, and in
particular in the organic complexation, standardisation in the determination of
side reaction coefficients for the binding between added ligands (AL) and trace
metals (Me) at different pH and salinity levels would be most useful, as
different research groups currently use different experimental procedures
and/or modelling approaches. The election of specific added ligands amongst
all the research groups would be also desirable, in addition to the utilisation of

the same detection windows.

Moreover, metal speciation models have to improve with the insertion of all of
the different chemical, biological and physical processes that affect trace metal
biogeochemistry in the ocean. Future research is recommended in order to
assess the capacity of metal speciation models to represent realistic changes in
inorganic/organic metal complexation, so they can be used accurately to

project future changes under different seawater acidification scenarios.
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Temperature and Fe have been observed to have synergistic effects on
phytoplankton growth rates (Rose et al., 2009). Furthermore, the interaction
between vitamins and pCO, has been observed to affect the uptake and metal
net use efficiency of Fe, Co, Zn and Cd (King et al., 2011). These studies
demonstrate the need of considering multiple factors when trying to assess the

influence of ocean acidification and warming on the marine ecosystem.

The knowledge of the influence of ocean acidification on trace metal speciation
should continue to improve. In the short term, the combination of this work’s
experimental approach with the application of a speciation model will improve
the understanding in future research of any changes related to a decrease in
seawater pH, when the modelling of iron and copper speciation is performed

with accuracy.
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Appendix A

Certified Reference materials (SAFe surface and SAFe D2 data) used for the
dissolved iron analysis (D354 surface and water column samples) for the
organic complexation of Fe in the HLNA (Chapter 3). Analyses were performed

by Dr. Sebastian Steigenberger, NOC, with the ID-ICPMS technique.

CRM Fe (nM) s.d. recovery
SAFe S-171 0.094 0.008 157%
consensus 0.148 0.023
SAFe D2-441 0.923 0.029 116%
consensus 1.067 0.188

Detection limits  50-60 pM

Blanks 18 pM
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Appendix B

Steps to obtain the [Fe 3*]/[Fel] plot equation during the CLE-AdCSV linear
analysis:

K'pe, = [FeL]/[Fng’][L'] (3.2)
C,=[L']+[FelL] 3.3)

By substituting [L']1 from equation (3.3) into equation (3.2), the following

relationship is obtained following the steps:

[L'] = C, — [FeL], then substituting:

’ _ [FeL] . . .
K'peL = e [C,—[Fell]’ and taking the inverse:
1 [Fe3*][cL-[FeL]]
K'rer, [FeL] ’
1 [Fe3*]eL]  [[Fed*]irer)]
K'per  [Fell  [Fel]
1l sy
K'pe  [Fel] [Fe™"],
Fe3*t|c
o+ [Fe3t] = [Ire ]
K'FeL [FeL]

1 (2 3+7) = [Fe] ing-
. (K’peL + [Fe ]) = Fel]” and rearranging:

[F€3+] _ [F€3+] [1]
[FeL] ~— ¢y K'FeLCL

(3.4)
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Appendix C

Examples of linear and non-linear graphic results obtained with a code in the R

programming language for the determination of the ligand characteristics

throughout this PhD work.
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Appendix D

Certified Reference materials (SAFe surface data) used for the dissolved metal

analysis (D366 surface seawater samples) for the organic complexation of Fe

and Cu (Chapter 4) and for the spatial distribution of dissolved metals in the

western European shelf seas (Chapter 5).

Christian Schloesser, NOC.

Analyses were performed by Dr.

CRM Cd (pmol kg-1) s.d. Pb(pmolkg-1) s.d. Fe(nmolkg-1) s.d.
SAFe S 7.24 1.57 48.42 6.08 0.09 0.03
consensus 1.00 0.20 47.60 2.40 0.09 0.01
n= 25 27 15
Detection
Limit 3.877 3.287 0.133
Blanks 0.716 1.809 0.061

CRM Ni (nmol kg-1) s.d. Cu(nmolkg-1) s.d. Zn(nmolkg-1) s.d.
SAFe S 2.56 0.55 0.55 0.06 0.07 0.06
consensus 2.31 0.10 0.51 0.05 0.06 0.02
n= 25 30 10
Detection
Limit 0.075 0.054 0.129
Blanks 0.040 0.019 0.129

Method:

* Multielement isotope dilution method (Milne et al., 2010).

* UV digestion for 3 hours

* Off-line preconcentration using a WAKO resin (similar to NOBIAS Chelate PA1)
(Kagaya et al., 2009).

* Analysis on an Element XR ICP-MS
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