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Thesis preview

The present PhD Thesis was carried out in the Universidad de Las Palmas de
Gran Canaria, at the Instituto de Oceanografia y Cambio Global (IOCAG), in the
QUIMA group, inside the IOCAG Doctoral Program in Oceanography and Global
Change. The Thesis is entitled “Oxidation of Fe(II) in the North Atlantic waters in
the presence of organic compounds”. It is framed in the research projects: EACFe
(CTM2014-52342-P) and ATOPFe (CTM2017-83476-P) projects by the Ministerio
de Economia y Competitividad of the Spanish Government. Additionally, the work
was made possible by the FPI grant with reference number BES-2015-071245 of the
Ministerio de Economia y Competitividad of the Spanish Government associated to the
EACFe (CTM2014-52342-P) project. The PhD was supervised by Dra. J. Magdalena
Santana Casiano and Dr. Melchor Gonzélez Davila.

This PhD thesis is structured into a general introduction that explains the most
relevant aspects of Fe(Il) chemistry in the ocean and the need for studying the oxidation
kinetics of Fe(Il) in the ocean. The three chapters are composed by the articles:
“Emissions of Fe(Il) and its kinetic of oxidation at Tagoro submarine volcano, El
Hierro” (Marine Chemistry, DOI: 10.1016/j.marchem.2017.02.001), “Fe(II) oxidation
kinetics in the North Atlantic along the 59.5°N during 2016” (Marine Chemistry, DOI:
10.1016/j.marchem.2018.05.002) and “Organic Matter effect on the Fe(II) oxidation
kinetics in the Labrador Sea” (Chemical Geology, in review). Finally there is a general
conclusion of the thesis.

In order to comply with the requirements established by the Universidad de Las
Palmas de Gran Canaria for PhD Thesis (BOULPGC. Art. 10, 7 de Octubre de 2016), a
summary in Spanish with a general introduction, objectives and conclusions is included.
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Review

The Fe(Il) oxidation kinetics has been studied in seawater of the North Atlantic
Ocean. The spatial distribution of the samples affected the oxidation rate of Fe(Il) due
to the chemical characteristics of each water mass sampled. Faster Fe(Il) oxidation
rates were observed within the chlorophyll maximum, in surface and coastal samples
than in deep waters related with the remineralization state of the organic matter.

In the volcanic area of the Tagoro submarine volcano, the emissions of Fe(II)
was intermittent and inversely correlated with pH values. The Fe(Il) oxidation rate
constants in the different conditions were higher than those expected in oligotrophic
seawater. These rates can be explained by the effect of the nutrient concentrations of
the seawater samples, in particular silicates.

The studies of Fe(Il) oxidation kinetics in natural conditions carried out in the
Subarctic North Atlantic and in the Labrador Sea show that temperature, pH and
salinity were the master variables controlling the Fe(II) oxidation kinetics. However
the sources and characteristics of the organic matter present were important factors
influencing the oxidation of Fe(Il), displaying both positive and negative effects on the
Fe(Il) oxidation rate.

In this PhD Thesis, a general equation for the oxidation rate was obtained
which allows computation of Fe(Il) oxidation rate taking into account the effects of
temperature, pH and salinity under natural conditions for the Subarctic North Atlantic
and Labrador Sea. A novel approach was applied to the oxidation kinetics of Fe(II) in
the Labrador Sea, which allowed to determine the average contribution of the organic
matter over the inorganic effect.

17



18



Table of Content

Chapter I: General Introduction 25
1.1. Iron in the Ocean 27
1.2. Iron size fractionation 28
1.3. Iron speciation in seawater 30

1.3.1. Iron inorganic speciation in seawater 30
1.3.2. Organic speciation of iron 32
1.4. Solubility/precipitation 33
1.5. Changes in redox state of iron 34
1.6. Iron (II) oxidation kinetics 35
1.7. Behavior of Fe(Il) inside a global change effect scenario 36
1.7.1. Temperature 36
1.7.2. Acidification 37
1.7.3. Deoxygenation 38
1.7.4. Salinity changes 38
1.8. Models of global ocean distribution of Fe 38

Chapter II: Objectives 49



Table of Content

Chapter II1. Emissions of Fe(Il) and its kinetic of oxidation at Tagoro submarirslg

volcano, El Hierro.

Abstract

3.1. Introduction

3.2. Material and methods

3.3. Results

3.4. Discussion

3.5. Conclusion

Supplementary material

2016

Abstract

4.1. Introduction

4.2. Methods

4 3. Results

4.3.1. Oxidation kinetics of Fe(II)

4.3.2. Temperature dependence study

57

59

61

66

75

78

83

Chapter I'V. Oxidation Kinetics of Fe(II) along 59.5°N in the North Atlantic in99

101

103

105

111

111

124



Table of Content

4.3.3. Empirical equation 126
4.4. Discussion 127
4.5. Conclusion 129

Chapter V. Organic Matter effect on the Fe(II) oxidation kinetic in the Labracﬂr3

Sea
Abstract 145
5.1. Introduction 147
5.2. Methods 150
5.3. Results 155
5.3.1. Kinetics of oxidation 155
5.3.2. Empirical equation 168
5.3.3. Temperature dependence study 168
Kinetics 5.3.4. Organic matter contribution to the Fe(II) oxidation 170
5.4. Discussion 174
5.5. Conclusion 176

Chapter VI: General conclusions 185



Table of Content

Chapter VII: Future Research

Chapter VIII: Spanish Summary/ Resumen en Espaiol

Appendices

Appendix A: pH measurement and Tris buffer preparation

Appendix B: Calculus for the theoretical O, concentration

Appendix C: Distillation of HCIl and NH,

Appendix D: General characteristics in biogeochemical models

References

191

195

217

219

221

222

224

229



23



24



Chapter I.

™

General Ihtroduction




26



General Introduction

1.1. Iron in the oceans

Iron (Fe) is the fourth most abundant element in the earth crust (McDonough and
Sun, 1995). However, Fe concentrations in the open ocean are in trace amounts (< 1.0
nM) due to its low solubility in oxygenated waters (Millero, 1998).

The major seawater Fe sources are atmospheric dust deposition, riverine inputs
including estuaries, shelf margin resuspension, hydrothermal inputs and subsurface
waters enriched by upwelling (Abadie et al., 2017; Bowie et al., 1998; Ye et al., 2009).
The major oceanic Fe cycle processes are represented by Tagliabue et al. (2017) (Fig.
1.1), including iron sources, biological uptake, degradation, adsorption, desorption,
precipitation and dissolution processes.

Southern Fe limitation N/P limitation N North
Ocean #  Atlantic

Sea-ice

g.laciers - ' ‘

- Dust and
Particulate organic flux

organic flux \ /
Scavenging set by a variable

ligand concentration

Transport / »
Upwelling -

Figure 1.1. The Iron cycle in the ocean (obtained from Tagliabue et al. (2017))

Iron is an essential micronutrient for organisms (Martin et al., 1991), playing a key
role in the biochemistry and physiology of oceanic phytoplankton (Sunda et al., 1991).
It has an important role as a co-factor in cellular enzymes, related with photosynthesis,
respiratory electron transport (Chereskin and Castelfranco, 1982), nitrate uptake (Van
Leeuwe et al., 1997), nitrogen fixation (Williams, 1981) and detoxification of reactive
oxygen species (Sunda and Huntsman, 1995). Therefore, iron has been recognized
to be an important micronutrient in regulating the magnitude and dynamics of ocean
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primary productivity (Martin et al., 1991).
1.2. Iron size fractionation

Iron in seawater exists in a variety of chemical and physical forms, including
dissolved organic complexes, colloidal and particulate bound forms (Ye et al., 2009).
Iron is classified according the size fractionation classes as: particulate (pFe) (>0.2um),
dissolve (dFe) (<0.2um), colloidal (cFe) (0.02-0.2um) and soluble (sFe) (<0.02pum)
size fractions (Ussher et al., 2010). The total dissolve iron (TdFe) is the unfiltered
fraction and the total dissolvable (TDFe) fraction is the TdFe acidified to pH of 2 and
analyzed after six months of sampling. The distributions of Fe have been studied in
different oceans and seas, Atlantic, Pacific and Mediterranean among others and are
included in the Table 1.1. The total dissolve Fe in the Atlantic Ocean is represented in
Fig. 1.2.

TdFe (nmol/kg)

“FYL

Depth (m)

n§

405 20°8 EQ 20°N 40N BON

Fig. 1.2. Distributions of total dissolve Fe in the Atlantic Ocean (webpage: http://www.
geotraces.org)
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1.3. Iron speciation in seawater

Iron exists in two redox states, ferrous (Fe(Il)) and ferric (Fe(I1I)). Each species
exhibits different chemical characteristics. Iron(Il) is very soluble, but is rapidly
oxidized in the presence of oxygen. Fe(Ill) is the thermodynamically stable species
in natural waters, but it can be reduced to Fe(Il) under the influence of light (Miller
et al., 1995) and microorganisms causing the formation of a significant steady state
concentration of Fe(Il) in surface waters (Laglera and van den Berg, 2007).

The concentration of dissolved Fe(Il) (dFe(Il)) in the open ocean is very low,
between 0.02 and 2 nM, due to its fast oxidation rate under high oxygen concentrations
(Gonzélez-Davila et al., 2005; Santana-Casiano et al., 2005). In oxygen minimum
zones, suboxic and anoxic waters, Fe concentrations can range from 300 to 3000 nM.
In marine sediments interstitial waters, concentrations can reach about 300 uM while
hydrothermal fluids can contain as much as 3 mM of dissolved iron (de Baar and de
Jong, 2001). The presence of upwelling systems can increase Fe(I) concentration to
50 nM (Hong and Kester, 1986). In the NE Atlantic Ocean, Fe(Il) ranged from less
than 0.1 nM to 0.55 nM (Boye et al., 2006). Organic complexation, photochemical
reactions and interactions with colloids and particle surfaces influence Fe speciation
(Weber et al., 2005). The different inputs, chemical reactions, biological uptake and
remineralization processes modify Fe concentrations, redox and aggregation state
(Ye et al., 2009). These changes in the Fe speciation make Fe concentration difficult
to measure and therefore the determination of Fe residence time in the sunlit surface
ocean, where it can be used by phytoplankton, is complex. Furthermore, not all Fe
forms in seawater are equally available for phytoplankton uptake (Hudson et al., 1990).

1.3.1. Iron inorganic speciation in seawater

The interactions of Fe(Il) and Fe(IIl) have been examined with the major and
minor inorganic ligands found in natural waters (Na*, Mg**, Ca*", K*, Sr**, CI', SO,*,
HCO,, Br, CO32', B(OH),’, B(OH),, CO,, OH" and HS") using the specific interaction
and ion pairing models (Millero et al., 1995). The first iron oxidation quantitative
investigation in natural waters was published by (Stumm and Lee, 1961). This work
was followed by further research with more detailed Fe(Il) oxidation kinetic studies
including all the inorganic speciation (Gonzdlez-Davila et al., 2005; Millero et al.,
1987; Santana-Casiano et al., 2005) (Fig 1.3.). Those works quantified the role of ionic
strength and media composition on Fe(II) oxidation by oxygen and hydrogen peroxide
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over a range of temperature, pH, salinity, the presence of high nutrients concentrations

and included the copper effect on the competition with Fe for the redox cycling.

Fractional contribution to the
overall oxidation rate

Fructional contribution to the
overall oxidation rate

12

1.0 A

0.8 A

LLX

04

0.2

00 -

Lo

0.8 1

0.6

0.4 -
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{X1}

Fe(llj+0y == Fe(llT+0,"
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Fe((OH),
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Fig 1.3. The different contributions of specific Fe(Il)
species in total Fe(II) oxidation: A) by oxygen and B) by
oxygen and superoxide (Santana-Casiano et al., 2005).
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1.3.2. Organic speciation of iron

In the ocean 90-99.9% of dFe is formed by Fe(IIl) bound to organic ligands
(Bruland, 2001). Organic complexation affects bioavailability and toxicity of metals
(Sander and Koschinsky, 2011). Organic compounds can form complexes with Fe(II)
and Fe(III) according to the solution pH and therefore, will have the ability to stabilize
the inorganic Fe forms (Santana-Casiano et al., 2000). Four distinct classes of Fe-
binding ligands, with different Fe complexing affinities, have been identified based on

their absolute ligand strength, log k;‘ef?";er (Bundy et al., 2015) (Table 1.2.).

Table 1.2. Conditional stability constants for Fe-binding
ligands in seawater, estuarine and coastal waters (ob-
tained by Bundy et al. (2015)).

Class of Fe-binding ligands log k;‘;?‘f: o
L, >12
L, 12-11
L, 11-10
L, <10

The stronger Fe binding ligand class (L) is found in the upper water column up-
to 200 m depths. Weaker Fe binding ligand classes (L, ) are observed throughout the
water column and in estuarine and coastal waters (Bundy et al., 2015). Stronger ligands
found in seawater are associated to biological activities including the breakdown
of sinking organic particulate matter (Santana-Casiano et al., 2000; Spokes et al.,
2001); ligands produced by marine bacteria such as polysaccharides, porphyrins and
siderophores (Ibisanmi et al., 2011) and/or terrestrial inputs (transported from rivers
and continental shelves) (Macrellis et al., 2001). Siderophores are ligands which have
different molecular structure as hidroxamates and catecholates (Wilhelm and Trick,
1994), mixed functional moieties as B-hydroxyaspartate/catecholate ligands with
functional groups which include carboxylic acid, amines, thiols and hydroxyl groups
(Reid et al., 1993). However, the composition of these ligands is still unknown, since
almost any organic matter, can be suitable to generate metal-binding ligands (Hunter
and Boyd, 2007).
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Substances such as humic acids (HA) and fulvic acids (FA) (Laglera and van den
Berg, 2009) which consist predominantly of polyphenols and benzoic/carboxylic acids
originating from the decay of dead organisms (Buffle et al., 1990) have been studied.
In the deep chlorophyll maximum, the excretion of ligand and/or regeneration of Fe
through organic matter degradation, ingestion of particles and consequent dissolution
and release of bioavailable Fe results in an enhancement of dFe concentrations (Bowie
et al., 2002). The formation of complexes also affects the free Fe(II) oxidation rate
(Santana-Casiano et al., 2000).

1.4. Solubility/precipitation

The most stable thermodynamic form of Fe in seawater is Fe(Ill), however the
inorganic chemistry of Fe(Ill) in seawater is controlled primarily by its hydrolysis
(Turner and Hunter, 2001). Iron forms various hydrolyzed species in seawater through
the sequential loss of protons from coordinated water molecules in the inner sphere at
seawater pH. This process initially results in the formation of simple amorphous hydrous
ferric oxyhydroxide which is converted over time to thermodynamically more stable
solids including hematite, maghemite, goethite and lepidocrocite, such transformations
result in a decrease in the solubility (Kuma et al., 1993). The hydrolysis is fast and
shows that the precipitated solid is quite labile initially but rapidly becomes much
less, with important implications for sequestration by organic ligands (Rich and Morel,
1990).

The Fe concentration in ocean waters is typically 0.1 to 0.8 nM, 100 fold higher
than its solubility (Laglera and van den Berg, 2009). In seawater, the soluble Fe is
inorganically controlled by temperature, pH (Liu and Millero, 2002), ionic strength
(Liu and Millero, 1999) and aging time (Kuma et al., 1996). The effect on solubility
due to changes in the pH has been attributed to a solid-state transformation of Fe(OH),
to FeOOH (Liu and Millero, 1999).

However, the presence of organic ligands in seawater changes the solubility of
Fe(IlI), becoming the main Fe solubility control (Liu and Millero, 2002). The Fe(III)
solubility differs from surface coastal waters to the open-ocean waters, attributed to
higher organic ligand concentrations in coastal waters (Kuma et al., 1996). Iron cycling
is ultimately limited in environmental and biological systems by the loss of Fe(Ill)
through precipitation (Gunnars et al., 2002).
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1.5. Changes in redox state of iron

In surface water iron can be reduced by chemical or photochemical processes
that allows measurable concentrations of Fe(Il) (Bowie et al., 1998). Iron(Il) is
thermodynamically unstable and is rapidly oxidized to Fe(IIT) by O, and H,O, following
the Haber-Weiss process (Haber and Weiss, 1934) (Egs. 1.1-1.4).

Fe(Il) + 0, - Fe(IIl) + 05

(1.1)

2HT
Fe(Il) + 05 — Fe(IIl) + H,0, (12)
Fe(Il) + H,0, > Fe(Ill) + OH + OH~ (13)
Fe(Il) + OH - Fe(Ill) + OH™ (14)

In addition, this mechanism can be completed by considering the reduction
of Fe(Ill), the hydrolysis and formation of colloidal Fe(Ill), such as the competitive
reaction between active oxygen species (O, and H,O,) with other species such as
copper (Santana-Casiano et al., 2005) (Egs. 1.5-1.8). The difference in the oxidation
state affects to the speciation and the bioavailability of Fe (O’Sullivan et al., 1995).

Fe(IlIl) + 05~ > Fe(Il) + 0, (1.5)
Fe(Ill) + 30H™ - Fe(OH), (s (1.6)
Cu(ll) + 05 — Cu(l) + 0, (1.7)
Cu(l) + 05 it Cu(ll) + H,0, (1.8)
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1.6. Iron (Il) oxidation kinetics

The concentration of dissolved Fe(Il) in the photic zone and in deep waters
depends on the Fe(Il) oxidation rate (Gonzalez-Davila et al., 2005; Santana-Casiano et
al., 2005). The oxidation rate of Fe(Il) controls, in part, the steady-state concentration
of Fe(I) and, as a consequence, the bioavailable Fe pool. At oxic—anoxic interfaces, the
oxidation of Fe(II) by oxygen will produce a range of free radical oxidants and hydrogen
peroxide (King, 1998). Essential to comprehending these complicated systems is a
detailed mechanistic understanding of the electron transfer reactions involved in Fe(I1I).

The overall Fe(II) oxidation rate (kapp) can be explained in terms of the weighted
sum of the oxidation rates of individual Fe(Il) species, which react at different rates
with oxygen (Gonzdlez-Davila et al., 2005; Gonzdlez-Davila et al., 2006; Millero et al.,
1987; Santana-Casiano et al., 2006; Santana-Casiano et al., 2005). The Fe(II) oxidation
rate is expressed as an apparent oxidation rate, kapp (M min') taking into account the
inorganic and organic speciation of Fe(Il) (Eq 1.9).

kapp = Kpe2+Qpez+ + Kpeop+Qpeon+ + Kre(on), Are(om,
"‘kFeHcogr Qpercof + kFe(C03)aFe(C03) + kFe(C03 )g-aFe(c% )g-

+Kpe(co 2JOH AFe(CO4)OH +hpecrt Opecrt HhFeso,OFeso,

+Kper,siof Arerysiof +2 k,Qper, (1.9)

Iron(Il) is thermodynamically unstable and is rapidly oxidized (seconds to
minutes) by O, and H,O, (Gonzalez-Davila et al., 2005; Santana-Casiano et al., 2005)
as a function of pH, ionic strength, temperature (Millero et al., 1987) and [HCO3]
(Santana-Casiano et al., 2005). Moreover nutrients, specially silicate (Gonzalez et al.,
2010; Samperio-Ramos et al., 2016) and phosphate (Burns et al., 2011), Cu (Gonzalez
etal.,2016) and organic matter composition (Santana-Casiano et al., 2000) also control
the oxidation process. At seawater pH, when H,O, concentration is below 200 nM and
[Fe(II)] is at nanomolar levels O, is the most important oxidant (Santana-Casiano et
al., 2006).
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Organic complexation formations often alter Fe(II) oxidation kinetics by either
accelerating or retarding the oxidation rate, depending on the source and characteristics
of the Fe-binding organic ligands (Emmenegger et al., 1998; Santana-Casiano et al.,
2000; Theis and Singer, 1974). The effect of individual organic compounds on the
oxidation kinetics of Fe(II) has been studied in laboratory experiments (Kuma et al.,
1995; Santana-Casiano et al., 2010; Santana-Casiano et al., 2000). Some studies in open
ocean have proposed the complexation of Fe(Il) by organic ligands as an underlying
mechanism to explain the changes in Fe(II) oxidation rates (Roy and Wells, 2011; Roy
et al., 2008; Sarthou et al.,2011). It still remains unclear how the origin and molecular
composition of dissolved organic matter influences the variation in Fe(II) oxidation in
natural waters (Lee et al., 2016) and how the changes in composition of strong ligands
across different nutrient regimes (Boiteau et al., 2016) could affect the Fe(II) oxidation
rate and steady-state concentration (Daugherty et al., 2017). A significant fraction of
these ligands are apparently bound within colloids (Boyd and Ellwood, 2010). The
Fe-binding ligands present in seawater play a key role in keeping Fe, by prevention of
formation of insoluble inorganic Fe complexes (Rijkenberg et al., 2008).

1.7. Behavior of Fe(ll) inside a global change effect scenario

Iron is a very reactive element in seawater. The concentration, distribution,
speciation and the redox changes are mainly affected by the inputs, outputs, the redox
reactions due to the seawater conditions and the possible different effects due to the
organic matter complexation. The seawater characteristics in temperature, pH, salinity,
oxygen, H,O,, [HCO,], ionic strength, nutrients, metals concentrations and organic
matter composition imply a change in the Fe behavior. According the main indications
of Intergovernmental Panel on Climate Change (IPCC) (webpage: http://www.ipcc.ch)
on the predicted ocean changes we introduced these possible effects on Fe(II) kinetics
oxidation inside the forecast for the next century.

1.7.1. Temperature

Temperature is one of the most important key factors controlling Fe(II) oxidation
kinetics. An increase in temperature accelerates the Fe(Il) oxidation rate (Millero et
al., 1987; Santana-Casiano et al., 2005). The different IPCC scenarios show surface
warming between about 1°C (RCP2.6) to more than 3°C in (RCP8.5). In the global
ocean, the warming change between 0.5°C (RCP2.6) and 1.5°C (RCP8.5), with the
effect affecting the first kilometer of the water column (Collins et al., 2013). The
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patterns are further characterized by a slight cooling in parts of the northern mid and
high latitudes below 1000 m depths and a pronounced heat uptake in the deep Southern
Ocean by the end of the 21st century (Collins et al.,2013). The heat is transported within
the ocean by its large-scale general circulation and by smaller-scale mixing processes.
Those changes in transports lead to redistribution of existing heat content and can cause
local cooling even though the global mean heat content rises (Banks and Gregory,
2006). Climate model projections reveal an increase of high latitude temperature and
precipitation, both of these effects tend to make the high latitude surface waters lighter
and hence increase their stability (Meehl et al., 2007).

1.7.2. Acidification

The acidification term implies a decrease in the pH of the seawater. The pH is a
key factors controlling Fe(II) oxidation kinetics. An increase in pH accelerates the Fe(II)
oxidation rate (Millero et al., 1987; Santana-Casiano et al., 2005). The atmospheric
CO, concentrations have increased from 280 patm at pre-industrial times to about 400
matm (Le Quéré et al., 2017) and are predicted to reach up to 1000 patm by the end of
this century (IPCC scenario RPC6.0) (Collins et al., 2013). About 30% of the released
CQO, is absorbed by the oceans (Sabine et al., 2004), affecting the carbonate system in
the oceans and leading to a decrease in pH of about 0.3 units by the end of the current
century (Ciais et al.,2014). Over the last three decades, DIC and pCO, content of surface
waters has increased, pH and saturation states for CaCO, minerals have decreased and
the capacity of the ocean to absorb CO, from the atmosphere has declined (Bates et al.,
2014). The reduction in the ocean CO, system buffering capacity is a critical response
with significant potential feedbacks (Riebesell et al., 2009). It is predicted to affect
different biogeochemical and marine biological processes, potentially resulting in
adverse effects not only on the species level but also on the community and ecosystem
level (Riebesell et al., 2007).

The seawater pH affects phytoplankton physiology, including its exudates which
can complex Fe, altering its solubility and cycling (Riebesell, 2004). The pH dependence
of iron chelation and iron hydroxide precipitation may be responsible for maintaining
elevated dFe in the high CO, environment (Kuma et al., 1996). A pH decrease may
affect iron-ligand complex stabilities, resulting in altered photolability of Fe(I1I)-ligand
complexes (Lewis et al., 1995). Reoxidation of Fe(II) to Fe(IIl) will possibly enhance
the formation of Fe colloids, which may be reflected in the higher dFe concentrations
in the high CO, treatments.
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Ocean acidification may lead to enhanced Fe-bioavailability due to an increased
fraction of dFe and elevated Fe(II) concentrations in coastal systems (Breitbarth et al.,
2010).

1.7.3. Deoxygenation

Oxygen is the main oxidant of Fe(II). Ocean warming and increased stratification
of the upper ocean will lead to declines in dissolved O, (Keeling et al., 2010). Oxygen
concentrations on continental margins are declining in many regions due to increased
anthropogenic nutrient loadings (Rabalais et al., 2002). However the oxygen content
of the ocean interior is determined by the influx of the gas across the air-sea surface
and consumption due primarily to microbial respiration (Falkowski et al., 2011). Ocean
models predict declines between 1 to 7% in the global ocean O, inventory over the
next century (Keeling et al., 2010). Deoxygenation will be more important in oxygen
minimum zones areas where O, levels are too low to support many macrofauna and
profound changes in biogeochemical cycling occur (Keeling et al., 2010). Oxygen
already appears to be declining in both the central North Pacific Ocean and tropical
oceans (Falkowski et al., 2011; Keeling et al., 2010).

1.7.4. Salinity changes

Salinity is another of the most important key factors controlling Fe(II) oxidation
kinetics in seawater. An increase in salinity slows down the Fe(Il) oxidation rate
(Millero et al., 1987). The available 5" Phase of the Coupled Model Intercomparison
Project (CMIP5) climate model projections suggest that high Sea Surface Salinity (SSS)
subtropical regions, which are dominated by net evaporation, are typically getting more
saline; while lower SSS regions at high latitudes are typically getting fresher (Durack
and Wijffels, 2010).

1.8. Models of global ocean distribution of Fe

Numerous global ocean Fe speciation and distribution models have been proposed
in order to represent the oceans Fe biogeochemical cycle, which include the Global
Change related variables.
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These numerical models have been used to describe the Fe cycling between
physical and chemical forms in the upper mixed layer (Weber et al., 2005), Fe speciation
and biogeochemistry (Ye et al.,2009), more recently the Fe(II) oxidation rate (Tagliabue
and Voelker, 2011), siderophores mediated Fe uptake (Volker and Wolf-Gladrow, 1999)
and the uptake by phytoplankton cells (Volker and Wolf-Gladrow, 2000). These models
consider the different inputs of Fe: dust, river, hydrothermal, sediments and have been
improved including variables such as iron speciation and ligand concentration, chemical
reactions, complexation and scavenging. Includes phytoplankton, zooplankton, particle
size classes, limiting nutrients (NO3, PO,, DFe, NH,, and Si(OH),), oxygen, dissolved
inorganic carbon, dissolved organic carbon, alkalinity, calcite, and biogenic silica and
the full carbon system is simulated (See Appendix D).
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Objectives

The general objective of this Thesis was to study the oxidation kinetics of Fe(II)
in the area of the Tagoro submarine volcano (El Hierro, Canary Islands) and in the
North Atlantic Ocean (Atlantic Subarctic and Labrador Sea), in order to understand the
effect of the temperature, the pH, the salinity, the oxygen concentration and the organic
matter in the control of the oxidation rate of this trace metal and to determinate the
contribution of each variable to the oxidation rate process in natural conditions.

Objectives for the Chapter I111: “Emissions of Fe(Il) and its kinetic of oxidation
at Tagoro submarine volcano, El Hierro”

I** Aim: To detect any variation in concentrations of TdFe(II) due to hydrothermal
vent emissions in the post-eruptive phase of the submarine volcano Tagoro.

2" Aim: To study the changes in the TdFe(Il) concentration of the surrounding
waters of the submarine volcano and the correlation of those changes with the pH.

34 Aim: To study the temporal variability of TdFe(II) concentration over periods
ranging from hours to days over the main and two secondary cones in the volcanic
edifice of the Tagoro submarine volcano.

4™ Aim: To study the oxidation kinetics of Fe(II) analyzing the effects of the
seawater properties in the proximities of the volcano on the oxidation rate constants

and t , (half-life time) of ferrous iron.

Objectives for the Chapter IV: “Fe(Il) oxidation kinetics in the North Atlantic
along the 59.5°N during 2016”

1** Aim: To study the Fe(Il) oxidation rate in different water masses present in
the Subarctic North Atlantic Ocean, which is one of the most sensitive areas for ocean
acidification, in order to know the time Fe(II) would be available in seawater.

2" Aim: To study the variables which controll the Fe(II) oxidation rate in the
ocean: temperature, pH, salinity and total organic carbon (TOC), under different
temperature and pH conditions.
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3 Aim: To study the combined effects of the variables that control the Fe(II)
oxidation kinetics in the ocean.

4" Aim: To understand the behavior of organic matter on the Fe(Il) kinetics
oxidation.

5™ Aim: To understand the energy requirement for Fe(II) oxidation in surface and
bottom waters.

6™ Aim: To obtain an empirical equation for Fe(II) oxidation rate constants in the
region considering the natural conditions of temperature, pH,, and salinity for the area.

Objectives for the Chapter V: “Organic Matter effect on the Fe(Il) oxidation
kinetics in the Labrador Sea”

1** Aim: To study the Fe(II) oxidation rate in different water masses present in the
Labrador Sea from coastal to open ocean and from surface to bottom waters.

2™ Aim: To study the variables that controll the Fe(IT) oxidation rate in ocean:
temperature, pH, salinity and total organic carbon (TOC), under different conditions.

3 Aim: To study the combined effects of the variables that control the Fe(II)
oxidation kinetics in the ocean.

4™ Aim: To understand the behavior of organic matter on the Fe(Il) kinetics
oxidation.

5" Aim: understand the energy requirement for Fe(I) oxidation in surface,
intermediate and bottom waters.

6™ Aim: To obtain an empirical equation for Fe(II) oxidation rate constants in the
Labrador Sea considering the natural conditions of temperature, pH, and salinity for
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the area, which is also valid for the North Atlantic Ocean and can be incorporated into
global Fe models.

7™ Aim: To obtain a theoretical approach that considers the temperature and
inorganic interactions on the oxidation kinetics to provide the organic ligand effects on
the Fe(II) oxidation rate.
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Emissions of Fe(Il) and its kinetics of oxidation at Tagoro submarine volcano, El Hierro

Abstract

The eruptive process that took place in October 2011 in the submarine volcano
Tagoro off the Island of El Hierro and the subsequent degasification stage, five months
later, have increased the concentration of TdFe(Il) (Total dissolved iron(Il)) in the
waters nearest to the volcanic edifice. In order to detect any variation in concentrations
of TdFe(II) due to hydrothermal emissions, three cruises were carried out two years
after the eruptive process in October 2013, March 2014 and May 2015. The results
from these cruises confirmed important positive anomalies in TdFe(II), which coincided
with negatives anomalies in pH, (pH in free scale, at in situ conditions) located in
the proximity of the main cone. Maximum values in TdFe(II) both at the surface,
associated to chlorophyll a maximum, and at the sea bottom, were also observed,
showing the important influence of organic complexation and particle re-suspension
processes. Temporal variability studies were carried out over periods ranging from
hours to days in the stations located over the main and two secondary cones in the
volcanic edifice with positive anomalies in TdFe(II) concentrations and negative
anomalies in pH; values. Observations showed an important variability in both pH_
and TdFe(Il) concentratlons which indicated the volcanic area was affected by a
degasification process that remained in the volcano after the eruptive phase had ceased.
Fe(Il) oxidation kinetic studies were also undertaken in order to analyze the effects of
the seawater properties in the proximities of the volcano on the oxidation rate constants
and t, , (half-life time) of ferrous iron. The increased TdFe(Il) concentrations and the
low associated pH_, values acted as an important fertilization event in the seawater
around the Tagoro Volcano at the Island of El Hierro providing optimal conditions for
the regeneration of the area.

57



58



Emissions of Fe(Il) and its kinetics of oxidation at Tagoro submarine volcano, El Hierro

3.1. Introduction

Dissolved iron is the most bioavailable form assimilated by organisms (Brand,
1991; Hutchins et al., 1993). However, it is known that Fe(II) is thermodynamically
unstable and is rapidly oxidized to Fe(IIl) in oxic waters (within seconds to minutes)
(Kustka et al., 2005; Millero and Izaguirre, 1989; Santana-Casiano et al., 2005). Fe(III)
has a very low solubility (Liu and Millero, 2002). The concentration of TdFe(II)
dissolved in shallow and deep waters depends on the rate of oxidation of Fe(II) which
is a function of both the O2 and H202 concentration, pH, temperature, [HCO3‘], 10nic
strength and nutrient concentration (Gonzalez-Davila et al., 2005; Gonzdlez-Davila et
al., 2006; Gonzdlez et al., 2010; King and Farlow, 2000; Miller et al., 1995; Santana-
Casiano et al., 2005; Shi et al., 2010). For this reason, the concentrations of dissolved
Fe(Il) in the open ocean are very low, with typical values in the 0.02 to 2 nmol L™
ranges. However, typical concentrations of dissolved iron in hydrothermal vents are
1-3 mmol L', with extreme values of about 18.7 mmol L' measured in the Juan de
Fuca Ridge (de Baar and de Jong, 2001). In these areas, Fe(Il) remains in solution over
longer time periods due to pH and p€ (reduction potential) conditions.

Hydrothermal vents require hydrothermal fluid circulation during tectonic or
magmatic and volcanic activity, which provides fluid pathways in the fractured oceanic
crust and heat sources (Mantas et al., 2011). The composition of the hydrothermal
fluid, which migrates to the subsurface and finally discharges at the sea floor, depends
on a number of critical parameters including temperature, pressure, phase separation
and host rock composition (Sander and Koschinsky, 2011). Hydrothermal emissions
of gases and particles are an important source of material of different size, texture and
chemical composition, such as gases and metals, especially reduced iron (Santana-
Casiano et al., 2013).

The hydrothermal vents affect the chemical composition of seawater (Resing
et al., 2015; Tagliabue et al., 2010) and their diffuse fluxes regulate the magnitude of
dissolved Fe in the plume to the deep ocean (Resing et al., 2015; Tagliabue et al., 2010;
German et al., 2015). These vents could provide from 9% (Sander and Koschinsky,
2011) to 12-22% of the global deep-ocean dissolved Fe budget (Bennett et al., 2008).
However, geographic variability in the production of Fe(III) particles in hydrothermal
plumes is more dependent on chemical conditions in the ambient deep water than on
compositional variations in the primary vent fluid. These variations may cause Fe(II)
oxidation rates (Field and Sherrell, 2000) and residence time scales to vary greatly
among the ocean basins which receive hydrothermal input (Nishioka et al.,2013). After

59



Chapter 111

the hydrothermal emission, Fe(Il) is oxidized under the presence of dissolved oxygen
and precipitates into various mineral forms, mainly oxy-hydroxide (de Baar and de
Jong,2001) forming massive deposits of iron, but around 4% of the total emitted iron is
stabilized against loss from solution due to complexation by dissolved organic ligands
(Bennett et al., 2008; Resing et al., 2015), or by incorporation into inorganic or organic
colloids which reside within the dissolved size fraction (Resing et al., 2015). Moreover,
reduced species of Fe and S form an FeS colloidal complex, which remains suspended
in the water and is modified as the pH changes (Luther et al.,2001). These nanoparticles
can remain suspended in the deep sea for years with slower settling rates (Yiicel et al.,
2011), solubilizing and releasing the Fe(II). The complexation significantly increases
metal content from hydrothermal systems, increasing trace-metal flux to the global
ocean. The largest and most widespread Fe anomalies have been found in the Pacific,
the Indian and the Atlantic basins (Tagliabue et al., 2010).

In 2011, Tagoro submarine volcano was formed 1.8 km south of the Island of El
Hierro, the westernmost island of the Canary Archipelago. During the eruptive stage
that was initiated on October 10 of 2011 and finished in March 2012, large amounts
of gases and reduced chemical species were emitted (Fraile-Nuez et al., 2012). During
these five first months, the carbonate system in the seawater was strongly affected and
the pH decreased to 5.1 due to CO, emissions. Fe(II) and reduced sulfur concentrations
increased to 50 pmol L' and 200 pmol L', respectively. The reaction between the
reduced species of Fe(Il) and S also contributed to the acidification of the system (Eq.
3.1) and the FeS formed contributed to stabilizing the Fe(II) (Santana-Casiano et al.,
2013).

Fe(Il) + H,S & FeS + 2H* (3.1)

Just after the molten eruptive phase, changes in the characteristics of the gas and
reduced species emissions also modified the carbonate system and decreased both p€ and
pH, which favor the presence of Fe(I). Emissions of CO, gas and carbonate alkalinity
from the El Hierro submarine volcano accounted for 60% and 40%, respectively, of the
pH change in local seawater (Santana-Casiano et al., 2016).

This work focuses on the study of the variation in the concentration of total
dissolved Fe(Il) and pHF’is in the seawater column due to hydrothermal emissions from
the shallow submarine Tagoro volcano. The presence of shallow hydrothermal vents
close to the coastal area in the post-eruptive phase of the submarine volcano (Santana-
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Casiano et al., 2016) provided the opportunity to study the emission of total dissolved
Fe(Il), the changes in the pH of the surrounding waters and the correlation of those
changes with the TdFe(II) concentration. The results obtained generated information
about both the oxidation kinetics of Fe(II) and the effects of the natural Fe(II) fertilization
process taking place in the area.

3.2. Material and methods

3.2.1. Study location

The study was conducted in the region of the Tagoro submarine volcano, south
of the island of El Hierro (Canary Islands, Spain, at 27°37°07”N-017°59°28"W, Fig.
3.1A), during the oceanographic cruises of VULCANO in October 2013 and March
2014 and VULCANA in May 2015 on board the R/V Angeles Alvarifio. A grid of CTD
stations around the El Hierro Island (Fig. 3.1B) and a high-resolution CTD study along
the main cone of the volcano edifice (Fig. 3.1C) were carried out, with samples taken
at different depths. A map of active hydrothermal vents location has been published
(Santana-Casiano et al., 2016) generated following both pH and ORP (oxidation-
reduction potential) anomalies in the Tagoro volcano.

Fig. 3.1. A) General map of the Canary Archipelago. B) Island of El Hierro and reference
stations sampled. C) Stations sampled in the high-resolution study.
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3.2.2. Reagents

3.2.2.1. Iron stock

An iron stock of 6.21 x 10 mol L' was prepared using ammonium iron(II)
sulfate hexahydrate (SIGMA-ALDRICH). HCI (HIPERPURPLUS, previously quartz
distilled, Q-HCI) was added to the water to lower the pH to 2 and retard any oxidation.
It was then stored in the dark until use. A diluted stock was prepared daily with a final
concentration of 2.42 x 10™° mol L.

3.2.2.2. Luminol

The luminol was prepared using 0.2487 g of 5-amino-2,3-dihydro-14-
phthalazinedione (FLUKA), 26.4976 g of Na,CO, (SIGMA-ALDRICH) and 188.175
mL of NH, (PANREAC) (HIPERPUR-PLUS, previously distilled) in a total volume
of 5 L of luminol reagent. The final pH was adjusted to 10.4 by adding 6 M Q-HCI. At
this pH, luminescence is optimal (Bowie et al., 1998). The luminol solution was stored
in the dark due to its light sensitivity. To ensure complete dilution, it was prepared a
few days prior to use. The solution became more stable 24 h after preparation and for
at least a month after (King et al., 1995).

3.2.2.3. Carrier

The carrier used was 0.7 M NaCl, to achieve an ionic strength similar to that
of seawater in standards and samples. All the reagents were prepared with deionized
ultrapure water (Milli-Q, 18.2 MQ.cm™!, Millipore). Milli-Q water was used as a
cleaner between injections.

3.2.3. Sampling

TdFe(II) and pH samples in the water column were collected using 10 L Niskin
bottles mounted on a 24 position rosette frame fitted with a SeaBird SBE11 Plus CTD
and with a SBE18 pH sensor. Acid pre-cleaned 50 mL polyethylene containers were
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used and fitted with 45 mL of unfiltered sample. Prior to sampling, 10 pL of Q-HCl
(6 M) was added to the containers in order to keep the seawater solution at pH 6. The
samples were stored in the refrigerator at 4 °C until analysis to reduce the rate of Fe(II)
oxidation. All the samples were always analyzed in a period of time lower than 3 h and
no statistically significant differences were observed with samples that were analyzed
immediately. The same methodology was followed for all the samples in this study.
An intercomparison exercise was done at the initial stages of the cruise at four stations
(50, 54, 59 and 61) where Go-Flo bottles with Kevlar cable and the Niskin bottles in
the CTD rosette were used at the same depth (16 m) (Supplementary material, Table
3.1). Samples were also taken at 1 m from the bottom with the Go-Flo bottles. All the
samples were transferred to a clean room on the ship for sampling and analysis.

Before use, all the material was rinsed three times with distilled water, three times
with Milli-Q water and stored in 10% HCl solution for cleaning. When the material was
going to be used, it was rinsed three times with distilled water and three times with
Milli-Q water. After the analysis, the material was cleaned and re-stored in the HCI
solution.

3.2.4. Measurements

3.2.4.1. Fe (1l) concentration

All the samples were analyzed on board. Before injection into the system, the
samples were tempered at 20 °C. In order to determine the concentration of TdFe(II)
in seawater the FeLume system (Waterville Analytical) was selected. The FIA-
chemiluminescence technique uses luminol as the reagent (King et al., 1995). Dissolved,
colloidal and labile phases of Fe(II) are determined and expressed as TdFe(II).

In the FIA system, four hoses are used and placed in a peristaltic pump (Rainin
Dynamax 15.8 V), which connects them to the mixing chamber and to the detector.
Subsequently, the pressure is regulated in the hoses while Milli-Q water passes through
it. This allows the flow to be uniform and not in pulses. After adjusting the pressure in
the hoses, the water-cleaning mode was enabled during 3 min. After this time, air was
allowed to pass and then each hose was introduced into the corresponding receptacles:
luminol, NaCl, Milli-Q water and sample. The software executed in the FeLume-
chemiluminescence was provided by Waterville analytical (WA control V105, photo
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counter control). An analysis time of 100 s was selected, to allow full recording of the
peak signal. The peak area mode was selected in order to compute the signal. Three
measurements for each sample were carried out and values were presented as average
values. After a set of analyses, Milli-Q water was used to clean all hoses, and finally air
was run to empty them.

3.2.4.2. Standards and calibration procedure

Seawater used in the calibration procedure of the chemiluminescence signal was
taken from a station unaffected by the volcano and aerated with a magnetic stirrer
during 60 min in atmospheric contact. The solution was stirred at maximum speed for 1
h to oxygenate the sample at the selected temperature and pH. This time was sufficient
to achieve complete oxidation of Fe(Il) (Hansard and Landing, 2009; Santana-Casiano
et al., 2004), and the matrix of the sample was maintained following the procedure
carried out by Hansard and Landing (2009).

25 mL flasks, into which 10 pL of 6 mol L' Q-HCl was added, were used in the
standardization process. The required diluted iron stock was added to reach the final
concentration and the flask was filled with seawater. The final pH in the flask was 6.
A control with no addition of iron was prepared at each calibration step. Every day,
three standards were performed to ensure that the initial calibration was maintained and
small changes in the sensitivity were corrected. The calibration curves used were made
in the concentration range 0.9 to 7.7 nmol L' with correlation coefficients of r* = 0.999.
The detection limit obtained was 0.09 nM (LD = 3x[STD], n = 4) and the quantification
limit was 0.3 nM (LQ = 10x[STD], n = 4).

3.2.4.3. pH

pH was measured in the whole water column using an SBE18 pH sensor that
provides the values expressed in an NBS (National Bureau of Standards) scale. It
uses a pressure-balanced glass-electrode Ag/AgCl-reference pH probe to provide in
situ measurements at depths of up to 1200 m. The pH sensor was calibrated against
precision buffer solutions of 4, 7, and 10 with +£0.02 pH units standard deviation.

Discrete samples were measured on the total scale at a constant temperature
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of 25 °C (pH,,,) by the UV-Vis spectrophotometric technique (Clayton and Byrne,
1993), using m-cresol purple as indicator (Gonzalez-Davila et al., 2003). The standard
deviation for the measurements was +0.002 and the accuracy of the system was 0.002.

In order to homogenize all pH, . values provided by the sensor and to convert
them to pH in total scale at in situ conditions, pH, ., a correlation equation was
obtained. First, the measured pH,_,, values were converted to in situ conditions using
dissolved inorganic carbon data (data not shown) and the CO, Sys program (Lewis et
al., 1998; Santana-Casiano and Gonzdlez-Davila, 2011). Then, the converted pH values
were correlated with those measured with the sensor. Due to changes in the pH sensor

reading with deployments, the equation changed for each of them.

In the kinetic experiments, pH was measured on the free scale and Tris buffer was
used (Millero, 1986). All the pH data in the text and in the figures, including kinetic and
profile data are expressed in free scale.

3.2.4.4. ORP

The ORP sensor has a platinum working electrode and an Ag/AgCl reference
electrode located in a single PEEK thermoplastic body. The sensor range was —500
to +500 mV, with output scaled to 0-5 V for an auxiliary analog channel on the CTD.
The ORP sensor does not provide an absolute electric potential, however, the sensors
respond instantaneously to the presence of reduced chemical species with a decrease
in the measured potential. ORP data were expressed as a time derivative (dorp/dz), and
anomalies were identified by negative values (Santana-Casiano et al., 2016).

3.2.4.5. Kinetic studies

The kinetic studies were carried out in a thermo-regulated cell connected to a
thermostatic bath (PolyScience). For each study, the seawater was tempered to the
chosen temperature. When the temperature was stable, the pH for the sample and for
the Tris buffer was measured.

For the kinetics studies, 75 mL of seawater samples from two different depths
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were used (341 m at station 50 and 5 m at tow-yo site_04). The initial concentration of
added TdFe(II) was 4 nM. Fe(II) concentrations of 16 nM and 9.6 nM were also used
for those kinetic studies where the oxidation rate was quick and the t, , was lower than
1.7 min. All studies were done in the dark.

For each kinetic study, the seawater was placed in the glass cell and the magnetic
stirrer was switched on for 1 h to attain the equilibrium oxygen concentration. When
the solution was tempered and the pH stable at the desired value, the sample hose was
introduced into the cell. After that, the iron stock was added and the stopwatch was
started simultaneously at time O s.

The rates of oxidation of Fe(II) (Santana-Casiano et al., 2005) were expressed as
an apparent oxidation rate, k__ (M~ min™")

d[Fe(ID] _

dt - _kapp [Fe(”)] [02] (32)

The brackets denote the total molar concentration. The oxygen concentration was
calculated using the Benson and Krause (1984) equation. In aerate solutions, the Fe(II)
kinetic studies followed a pseudofirst- order, &’ (min™")

d[Fe(ID)]
dt

= —k'[Fe(ID] (3.3)

where: k' = kg, [0,]

3.3. Results

A high spatial resolution CTD study following the alignment of the main and
secondary cones of the submarine volcano and several CTD yo-yo studies, at the
stations close to the main cone, were carried out in all the cruises (Santana-Casiano et
al., 2016). The changes in temperature and salinity due to the effect of the emissions
as the CTD approached the active vents were not appreciable in this shallow-low
temperature hydrothermal system. For that reason, chemical sensors were used. The
variables measured for each station (temperature, salinity, pH, TdFe(II) and dorp/dz)
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have been included in the Supplementary Table 3.2.

During the yo-yo studies, bottle samples were taken only when extreme
anomalies were observed in the pH and/or ORP sensors in the downward CTD-rosette
scanning. Nine hydrographical CTD stations around the whole island were used as
reference stations (13, 14, 15, 16, 18, 20, 21, 22 and p_01) (Fig. 3.1B). pHF’is and
TdFe(II) concentrations were analyzed in all the stations in order to quantify both the
contribution of the hydrothermal vent to the pool of TdFe(II) and to determine whether
the emission continued with time. Beyond the influence of the volcano, in the reference
stations, typical vertical profiles of TdFe(Il) and pH,, were obtained. For the reference
stations, TdFe(II) values below 0.1 nM were characteristic and the pH_, changed from
8.10 in the surface water to 8.03 at 200 m depths. No significant differences were
observed between TdFe(Il) samples from Go-Flo and Niskin bottles in the selected
stations where both bottles were used (Supplementary Table 3.1).

The vertical distribution of TdFe(II) concentration along the high resolution
section across the volcano is shown in Fig. 3.2A. The sea surface waters presented
low TdFe(II), with values of around 0.2 nM, except in stations 54 and 58 where
concentrations of TdFe(II) reached 2.72 and 2.32 nM, respectively. Most of the stations,
including the reference stations, showed a slight increase in iron concentration at 25
m, associated to the maximum of chlorophyll a in the section (not shown), with values
from 0.2 to 0.9 nM. Moreover, all the stations sampled over the high resolution study
presented an important increase in TdFe(II) from 50 m to the lowest measurable depth,
with the exception of the southernmost and deepest station (50), which showed only a
small increase of 0.2 nM. Values between 1.5 and 1.8 nM were measured at the bottom
(160-200m) for stations 52, 53 and 54. The maximum anomaly in TdFe(Il), 7.34 nM,
was measured at 100 m in station 55, the station closest to the top of the volcano.

The vertical distribution of pH,, at in situ conditions in the high-resolution study
along the volcano is shown in Fig. 3.2B. At the sea surface, pH, was 8.160, except in
stations 55, 56 and 58, which had values of 8.149,8.152 and 8.145, respectively. All the
stations presented a decrease in pH; values from 50 m to the bottom. However, values
were 0.01 to 0.02 units lower than those observed at station 50. Minimum pH, values
were recorded at station 55, with a pH of 7.96 at 100 m, 0.17 units lower than for station
50. This pH value increased as we moved away from station 55.
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Fig. 3.2. A) TdFe(Il) and B) pHF.iis vertical distributions in the high-resolution study along the
volcano transect in November 2013.

As can be observed in Fig. 3.2A and B, an important anomaly was observed in
station 55 for both TdFe(II) and pH_ . In order to verify this anomaly, station 55 was
measured 106 times from the surface to 1 m above the seabed during eight yo-yo CTD
studies with 22,45,6,9, 12, 5,4 and 3 CTD casts, respectively. TdFe(II) was sampled
at selected depths during casts 01, 68 and 83 on November 3 (13:00), 5 (21:00) and 7
(18:00), respectively. The TdFe(II) vertical profiles for stations 55, 55-68 and 55-83,
are plotted in Fig. 3.3A. In all the studies, an important iron anomaly was observed at
the same depth of 100 m. This anomaly reached values as high as 7.34 nM, 1.4 nM
and 48.92 nM on November 3, 5 and 7, respectively. As can be seen in Fig. 3.3B, the
vertical profiles of pH_ for stations 55, 55-68 and 55-83 also show important pH_
anomalies. Surface values ranged between 8.14 and 8.11, while at 100 m depths an
important anomalous decrease in pH, was observed, reaching values of 7.96, 8.03 and
7.91 on November 3, 5 and 7, respectively.
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In March 2014, a similar study was repeated and TdFe(Il) and pH_  were
sampled along the high-resolution section. The sea surface waters presented TdFe(II)
concentrations with values ranging between 0.1 and 1 nM. Similarly to the previous
study, a slight enhanced iron concentration was observed at 25 m for some stations,
associated to the maximum in chlorophyll a, and all the stations presented a slight
increase of Fe(Il) from 100 m to the bottom, with the highest anomaly values recorded
at station 56, in the main crater, close to station 55. The pHF’is at in situ conditions also
presented the highest values in the surface waters, 8.20, as in the previous studies, but
in this case, 0.05 units higher than in November 2013, due to the seasonal variability of
pH in the Canary region (Santana-Casiano and Gonzalez-Davila, 2011). All the stations
presented a decrease in pH, from 50 m to the bottom. However, minimum pH_, values
were measured at station 56, along the whole profile, with a pH; value of 8.16 at the
bottom.
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Fig.3.3. A) TdFe(ll) and B) pH,_ at station 55 on
three different days during the same cruise. The
stations 55, 55-68 and 55-83 were sampled on
November 2013, 3, 5 and 7, respectively.
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Fig. 3.4. A) Profiles of TdFe(II) at stations 56 and 56—03, on March 12 and 17
of 2014, respectively. B) Profiles of TdFe(II) at stations 61-42 and 61-61 on
March 19. C) Profiles of pH_ at stations 56 and 56-03 on March 12 and 17,
respectively. D) Profiles of pH__at stations 61-42 and 61-61 on March 19.

During the March 2014 cruise, 7 tow-yos were done in an area chosen specifically
to more precisely determine the extent of the pH; anomalies around the volcanic edifice
(Santana-Casiano et al., 2016). On this occasion, two stations were selected to carry out
the yo-yo CTD studies, stations 56 and 61. Fig. 3.4A and B show the anomalies in the
vertical profile of TdFe(II) at stations 56 and 61. In station 56 this anomaly was located
at all depths, especially at 90 m. The values were 0.13 nM and 2.04 nM at surface waters
and 0.74 nM and 3.52 nM at 90 m, in stations 56 and 5603, respectively. The time
difference between the two samplings was five days. In station 61, the anomaly was
more intense and located at around 120 m. The values of TdFe(II) in the bottom water
were 1278.9 nM and 281 nM in stations 6142 and 61-61, respectively. These stations
were sampled within only four and a half hours of each other. pH_, anomalies were
also observed in stations 56 and 61, at the same depths (Fig. 3.4C and D). Changes of
pHF’iS between stations 56 and 5603 were 0.01 in surface waters and 0.02 at 90 m, with
a time difference of five days between the two samplings. The anomaly was observed
all along the water column. In station 61, the anomaly was much more intense in the
deeper waters, with changes of 0.08 units between casts.
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Fig.3.5. Vertical distributions of A) TdFe(II) and B) pH_ in the high resolution study
along the volcano transect in May 2015.

One year later (Fig. 3.5A), the study was repeated and a similar pattern to that
of the previous two cruises was found. Stations 56 and 58 presented TdFe(II) surface
values that reached 3.06 and 3.24 nM, respectively. An enhanced iron concentration
was observed at 25 m for almost all stations and a sharp increase in TdFe(II) was
located at 97 m in station 56 with a value of 44.61 nM. With respect to the pH_, (Fig.
3.5B), an important decrease to 8.00 was observed in station 56, representing a change
of 0.15 units for this station. Sampling at station 56 was repeated two hours later and
values of TdFe(II) of 5.53 nM and pH_, of 8.08 were obtained at the same depth.
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resolution section of the volcano transect.

Fig. 3.6A shows the concentrations of TdFe(Il) at the bottom depth between 343
m (station 50) and 88 m (station 56), following the volcano shape. Two iron anomalies
were detected during the October 2013 cruise: the first one between stations 52 and
53, where values of 1.59 nM and 1.77 nM were obtained, respectively, and the second
at station 55, where a concentration of 6.44 nM was obtained. During the March 2014
cruise, two iron anomalies were again observed: the first one between stations 53-02 and
54, with values of 2.96 nM and 1.33nM, respectively, and the second one at station 57,
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where a concentration of 2.06 nM was obtained. During May 2015, a very strong signal
was located at station 56 of 44.61 nM and two weak signals were located at stations
52 and 58 with values of 4.16 and 3.80, respectively. Fig. 3.6B shows the results for
pH,,- A trend opposite to that showed by the TdFe(Il) (Fig. 3.6A) was observed. In the
October 2013 cruise, a low pHF’is value was observed at station 55 (8.06), the lowest for
the section. Moreover, a slight decrease in pH, was also measured in station 53 (value
of 8.10, lower than those at the adjacent stations) and at stations 50, 51 and 58 which
had values of 8.08, 8.09 and 8.10, respectively. However, in the March 2014 cruise,
low pH_, values were observed at stations 56 and 57 (8.16 and 8.13, respectively), and
at station 54, with a value of 8.13. During the May 2015 cruise, a strong decrease in
pH;;, was found in station 56,with a value of 8.00. This value represents 0.13 and 0.16
units less than the corresponding values at the same depths in October 2013 and March
2014, respectively. There were also two low values at stations 52 and 58, of 8.13 and
8.11, respectively.

The correlation coefficients between the changes in pH and those in TdFe(II) for
each 2013, 2014 and 2015 cruise were 0.6, 0.5 and 0.6, respectively, indicating that
the emitted fluids were rich in both carbonate species and TdFe(II). These coefficients
also show that the correlation between changes in pH (due to the concentration of
dissolved CO,) and changes in TdFe(Il) may vary because of other factors that control
TdFe(II). The changes in the ORP sensor values (dorp/dz) were also correlated with
the anomalies observed for TdFe(II). However, no significant correlation was found
between dorp/dz and TdFe(II), indicating that other reduced species were affecting the
change in the ORP signal.

Bearing in mind that the half-life time of Fe(II) in seawater depends principally
on the oxygen concentration, the pH, and the composition of the medium, these waters
offered a unique opportunity to study the kinetics of oxidation of Fe(Il) in an area
affected by hydrothermal conditions. For this purpose, several kinetic oxidation studies
were carried out in order to gain insight on the behavior of Fe(Il) in these conditions and
the results were compared with data presented in the literature. Kinetics studies were
done with two water samples: surface water with a salinity of 36.92 and deeper water
with a salinity of 35.46. Each kinetic study was performed at different temperatures
between 5 and 25 °C. Fig. 3.7 shows a linear dependence between the log kapp (M
min~') and the temperature (1000/T K-') for both salinities. The energy of activation
obtained was 35.5 kJ mol™" and 72.1 kJ mol™" at surface and deeper water, respectively.
It is important to note that these results obtained at different pH values and salinities
providing two different energies of activation, indicate that the oxidation mechanism
is not the same at the surface and close to the emission area, with Fe(Il) oxidation
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moreover affected by the pH, and salinity.
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Table 3.1. Measured and calculated Fe(Il) oxidation rate con-
stants at the different experimental conditions.

Salinity t(°C) pHr tin log &' Standard log kapp log kapy log kapp

(min) (min™) error M min") M'min") M min™)

(a) (b)

25 7175 4.69 0.831 0.01 2.841 2.741 2.650

25 775 491 0.850 0.01 2.821 2.741 2.650

35457 205 777 141 1.029 0.01 2.609 3.012 2.882
156 782 1093  1.198 0.01 2.400 2.331 2.221

107 784 1678 1384 0.01 2.171 2.078 1.962

57 7.94 2432  1.545 0.01 1.962 1.908 1.776

25" 813  1.61 0.365 0.01 3.222 3.176 3.077

36.924 207 821 1.71 0.392 0.01 3.154 3.023 2917
106 826 225 0.511 0.01 2.948 2.587 2473

58 834 287 0.616 0.01 2.791 2.187 2.069

[Fe(ID)],= 4.026 nM, * 16.106 nM, ** 9.664 nM

The theoretical value of log K,‘ipp (M min) in seawater enriched with nutrients
was calculated from (a) Gonzalez et al. (2010) and (b) Samperio-Ramos et al.
(2016).
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The surface waters (5 m) had pH, values of 8.13 and slightly higher and the
deeper water (343m) values of 7.75 and slightly higher at 25 °C. Values of t , (min),
log k£’ (min™") and log K, (M~ min™") are shown as a function of temperature and pH_
in Table 3.1. The oxidation of Fe(II) follows a pseudo-first-order behavior. The Fe(II)
oxidation Kinetic in surface waters with higher pH_ had faster oxidation rates than those
at deeper waters, where the pH_ was lower.

3.4. Discussion

The hydrothermal emissions around Tagoro submarine volcano off El Hierro
island affect the pH of the surrounding waters as well as the TdFe(II) distribution in
the water column. In the high resolution study along the volcanic edifice, positive
anomalies in the vertical distribution of iron concentration were observed (Fig. 3.2A),
located around 100 m depths, in station 55 in October 2013 and station 56 in March
2014 and May 2015. The iron concentration anomaly was also accompanied by an
important anomaly in the pH,, signal (Fig. 3.2B) (correlation coefficients of 0.6) at the
same transect and at the same depth, with an opposite behavior. The low pH_, values
in the vertical distribution, along the full depth, are associated to CO, emissions from
hydrothermal vents located in the volcano area. The three carbonate system variables
measured in these cruises, with high values of total dissolved inorganic carbon
and alkalinity (data not shown) together with the low values of pH, are completely
consistent with the set of carbonic acidity constants of Mehrbach et al. (1973), refitted
by Dickson and Millero (1987). These emissions also included important amounts of
Fe(Il) (Santana-Casiano et al., 2016, 2013). Low pH values help to maintain Fe(II) in
solution for a longer period of time due to a decrease in its oxidation rate.

When a yo-yo sampling was carried out at station 55 (Fig. 3.3A and B), increases
in the iron concentrations were also accompanied by a decrease in the pH,, values
for all the anomalies recorded. Both the decrease in the oxidation rate at low pH and
the formation of complexed iron can help to maintain high concentrations of TdFe(II)
in solution. The tow-yo sampling carried out across the volcano during the March
2014 cruise allowed us to more accurately determine the location of the sub-cones
and emissions (Santana-Casiano et al., 2016). During the tow-yo sampling, important
temporal anomalies were also detected in stations 56 and 61, indicating changes in the
emitted fluid composition with time.
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Although the pH_, at the bottom of station 61, 61-61, was lower than that three
and half hours before, 61-42, (Fig. 3.4B), the TdFe(II) concentration decreased. This
behavior could be explained by considering changes in the emitted iron concentration
and due to scavenging onto surfaces or the presence of less effective complexing
substances. The high value obtained at the bottom depth of station 61-42 of 1278.9 nM
was, however, three orders of magnitude lower than the range of values determined in
other hydrothermal vents, of 1-3 mmol L™ (de Baar and de Jong, 2001).

Moreover, values recorded for all cruises at the bottom across the volcano
transect showed TdFe(Il) concentrations (Fig. 3.6A) were a mirror image of those for
pH, (Fig. 3.6B). The relationship between low pH,, and high TdFe(II) concentrations
indicated that emissions of hydrothermal fluids rich in acid and iron were active in the
area, particularly in the proximities of station 55, during October 2013, and station 56,
in March 2014 and May 2015, which were affecting the pH,, and TdFe(Il) profiles and
the surrounding sea bottom values. However, other factors such as organic complexation
and scavenging could also be important.

The Fe(Il) oxidation kinetic studies carried out during May 2015 in the
surrounding waters affected by the volcanic emissions provided important results. Both
surface (S=36.92) and deep (341 m, S = 35.46) seawater followed a pseudo-first-order
Fe(Il) kinetic. For each value of salinity, oxidation became faster as the temperature
increased. Moreover, the oxidation of Fe(Il) was faster in surface waters with salinity
of 36.92 and pH_, over 8.12 than in deeper seawater (at 341 m) with salinity of 35.46
and pH,, over 7.75 at the same temperature.

In order to compare the log kapp with other previous data obtained at high nutrient
concentrations, the experimental conditions of these studies (pH, T and S) were
included in the empirical equation of Gonzalez et al. (2010) and Samperio-Ramos et al.
(2016), valid at high nutrient water concentration (Table 3.1). The log kapp (M~ min™)
obtained at both salinities presented values very close to those obtained by Gonzélez
et al. (2010) and Samperio-Ramos et al. (2016). These values are faster than those
expected in natural oligotrophic seawater with low concentrations of macronutrients
(Santana-Casiano et al., 2005). In deeper water, with salinity 35.46, 25 °C and pH,
7.75, log kapp (M~ min™") was 2.841, a similar value to the theoretical value of 2.741
reported in Gonzalez et al. (2010) and 2.650 in Samperio-Ramos et al. (2016). At 5.7
°C and pH; 7.94, log k (M™" min™') was 1.962. This value is closer to the 1.908
reported in Gonzalez et al. (2010) than the 1.776 reported in Samperio- Ramos et al.
(2016). However, at 20.5 °C and pH,, 7.77, the log kapp (M~ min') was 2.609, a value
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closer to the 2.882 reported in Samperio-Ramos et al. (2016) than the 3.012 value in
Gonzdlez et al. (2010). In surface water, with salinity 36.92, the rate was faster than
in the deeper waters at the same temperature. This difference can be explained by
considering the dependence of the Fe(Il) oxidation rate on pH and on the different
nutrient concentrations (data not shown) of the seawater samples and those in the
model. Log kapp presented values that were closer to those obtained in Gonzdlez et
al. (2010) for 25 °C and 20 °C. However, at colder temperatures than 10.6 °C the log
k,,, presented higher values than the theoretical ones (when temperature increases pH,,
decreases due to the temperature effect and a gradual increase in log kapp values should
be observed).

Kinetic studies carried out in the volcanic area showed Fe(Il) oxidation rates
were faster than those expected in natural oligotrophic seawater. In general, the values
were more in line with those at high nutrient concentration. Gonzdlez et al. (2010) and
Samperio-Ramos et al. (2016) demonstrated that the effect of high nutrient seawater,
particularly related to higher silicate concentration, increases the Fe(Il) oxidation
rate. During the eruptive phase, important inputs of silicate in the area were measured
(Santana-Casiano et al., 2013). The differences in log kapp between the three studies are
probably due to different nutrient contents, metal interactions and the effect of nutrient
content and type of organic matter. The emission of iron and nutrients (Santana-Casiano
et al., 2013) also increases the rate of phytoplankton production (Fitzwater et al., 1996;
Martin et al., 1994) which induces changes in organic iron complexation and Fe(II)
oxidation rates favored at the low pH values in the area (Breitbarth et al., 2010). Iron-
ligand complexes have been found in the seawater hydrothermal plumes rising above the
vents (Bennett et al., 2008; Statham et al., 2005), which will affect metal concentration
in hydrothermal fluids (Sander and Koschinsky, 2011) and change the reactivity of
the Fe species, preventing precipitation of Fe and scavenging onto particulate phases
(Bennett et al., 2008). Authors such as Breitbarth et al. (2010) observed that ocean
acidification may lead to enhanced Fe-bioavailability due to an increased fraction of dFe
and elevated Fe(II) concentrations in coastal systems. Moreover, seawater pH affects
phytoplankton physiology (Fu et al., 2008), and thus indirect effects via phytoplankton
exudates that complex iron may also alter the biological influence on iron solubility and
cycling (Breitbarth et al., 2010). In our study, sub-maxima values of Fe(II) were always
associated to the depth of the chlorophyll maximum, where organic excreted ligands
could play the aforementioned roles. The anomalies observed at the bottom areas in
pH,;, and TdFe(Il) during the three cruises confirmed the emission of gases and reduced
compounds in the volcano region, especially in the sub-cone located at station 55 in
October 2013, at stations 56 and 61 in March 2014, and at station 56 in May 2015. The
emission of hydrothermal fluids, rich in CO, and in reduced iron forms (among other
emitted metals which have not been considered), whose concentrations can change
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with time as was observed in the yo-yo studies, affects the surrounding volcanic area
and contributes to an increase in the TdFe(II) that can enhance the biological activity
as a result of this natural fertilization event.

3.5. Conclusions

The studies carried out during the three cruises in the area of the Tagoro submarine
volcano off El Hierro island, showed important positive TdFe(II) anomalies, which
were inversely correlated with negative anomalies in pHy . These studies allowed
investigation of the temporal evolution of the total dissolved Fe(Il) concentrations in
the area and an analysis of the natural Fe(II) fertilization process.

It was observed that emissions of TdFe(II) continue in the area four years after
cessation of the molten eruptive phase. The magnitude of TdFe(II) was not the same
in all the sampling periods, with high variability over a short time scale, and was also
inversely related to pH. This may be due to changes in the mixing process along the
shape of the volcano or changes in the amount of emitted fluids in the hydrothermal
vents that mixed with the surrounded oxygenated waters. The kinetic studies in
the volcanic area showed Fe(Il) oxidation rates were higher than those expected in
oligotrophic seawater. The increase in the Fe(II) oxidation rate can be explained by the
higher amount of macronutrients, in particular silicates, in these waters.

This study has showed that the increased TdFe(Il) concentrations due to the
hydrothermal emissions may be acting as an important fertilization event in the seawater
around the Tagoro submarine volcano near the island of El Hierro, providing optimal
conditions for the regeneration of the area.
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Supplementary Table 3.1. Intercomparison exercise between Go-flo and Niskin bottles.
Differences among studies were non statistically significative. Data presented in sup-

plementary Table 3.2 are all determined with Niskin bottles.

Sampling Bottom St [TdFe(ID)]
bottle depth (m) nM

50 1.79 + 0.09
| 54 1.55 + 0.08
59 1.47 + 0.07
61 0.75 + 0.04
Go-Flo 50 131+ 007
16 54 1.30 + 0.06
59 1.48 + 0.07
61 0.38 + 0.02
50 1.36 + 0.07
. 54 1.35 + 0.07
Niskin 16 59 149  + 007
61 0.43 + 0.02
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Supplementary Table 3.2. Experimental values determined for the three
cruises. Standard deviation (std) for triplicate measurements are also in-

cluded.
Station D?Eg; Salinity © CFI; PHE is std [Fe(m std
OCTOBER --2013

13 1050.50 35.32 7.75 7913 0.001 0.51 0.03
Lat: 27.5700 801.28 35.32 8.70 7.906 0.002 0.24 0.01
Long: -17.9869 601.00 35.55 11.14 7.943 0.003 0.27 0.01
299.20 36.06 14.76 8.042 0.001 0.57 0.03
200.72 36.39 16.65 8.085 0.002 0.52 0.03
100.26 36.74 19.39 8.121 0.001 1.97 0.10
50.58 36.95 22.96 8.151 0.002 0.93 0.05
26.55 36.97 23.53 8.155 0.002 0.60 0.03
5.53 36.97 23.54 8.157 0.001 0.61 0.03
14 208.47 36.32 16.22 8.105 0.001 0.67 0.03
Lat: 27.6201 153.28 36.44 16.93 8.108 0.002 0.83 0.04
Long: -17.9868 100.87 36.64 18.30 8.121 0.001 0.56 0.03
52.21 36.97 22.84 8.154 0.001 0.33 0.02
27.47 36.98 22.97 8.166 0.002 0.44 0.02
5.52 36.97 23.53 8.169 0.001 0.78 0.04
15 461.72 35.87 13.60 0.14 0.01
Lat: 27.6696 301.88 36.17 15.36 0.40 0.02
Long: -18.0367 201.33 36.45 17.01 0.14 0.01
101.24 36.74 19.04 0.22 0.01
27.85 36.97 23.41 0.57 0.03
5.05 36.98 23.63 0.25 0.01

16 1395.57 35.30 6.35 <D.L.
Lat: 27.6198 1201.55 35.34 7.21 0.15 0.01
Long: -18.0364 1001.81 35.30 7.95 0.12 0.01
801.80 35.39 9.47 0.16 0.01
602.17 35.60 11.59 3.19 0.16
301.65 36.09 14.97 0.15 0.01
202.60 36.35 16.39 0.62 0.03
102.11 36.78 19.54 0.18 0.01
27.12 36.98 23.57 0.23 0.01
5.18 36.98 23.65 0.48 0.02
18 1501.57 35.27 6.00 0.11 0.01
Lat: 27.6433 1201.38 35.34 7.28 0.10 0.00
Long: -18.0594 1101.85 35.32 7.54 0.11 0.01

1001.24 35.28 7.81 <D.L.
801.39 35.36 9.21 0.11 0.01

600.31 35.57 11.24 <D.L.

302.11 36.14 15.25 <D.L.

201.41 36.46 16.99 <D.L.

101.39 36.70 18.88 <D.L.

26.16 36.98 23.55 <D.L.

5.33 36.98 23.57 <D.L.
20 905.59 35.31 8.37 0.33 0.02
Lat: 27.6804 801.54 35.34 8.91 0.63 0.03
Long: -18.0869 702.22 35.45 10.07 0.47 0.02
601.40 35.56 11.17 0.45 0.02
301.56 36.06 14.75 0.53 0.03
201.77 36.41 16.75 0.91 0.05
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126.77 36.69 18.43 0.40 0.02

102.29 36.75 19.05 0.65 0.03

26.93 36.99 23.63 0.70 0.04

5.75 36.99 23.66 1.52 0.08

21 1726.39 35.18 5.09 0.96 0.05
Lat: 27.6547 1501.27 35.26 5.89 0.32 0.02
Long: -18.1024 1199.32 35.34 7.33 0.32 0.02
1000.82 35.29 7.76 0.40 0.02

801.50 35.34 8.98 0.51 0.03

601.92 35.54 11.04 0.33 0.02

301.51 36.05 14.69 0.35 0.02

202.11 36.40 16.66 0.36 0.02

126.28 36.67 18.29 0.39 0.02

102.10 36.75 18.96 0.35 0.02

27.67 36.98 23.73 0.83 0.04

17.45 36.98 23.75 1.03 0.05

22 2022.94 35.10 430 0.15 0.01
Lat: 27.6481 1751.12 35.17 4.92 0.66 0.03
Long: -18.1370 1501.52 3525 5.83 0.19 0.01
1201.25 35.34 7.02 0.25 0.01

1101.12 35.33 7.45 0.94 0.05

1001.56 35.30 7.72 0.23 0.01

801.45 35.33 8.84 0.44 0.02

600.99 35.56 11.16 0.29 0.01

299.48 36.12 15.11 2.81 0.14

200.78 36.41 16.71 0.14 0.01

125.44 36.68 18.37 0.20 0.01

100.34 36.78 19.20 0.21 0.01

26.24 36.97 23.71 0.50 0.03

4.74 36.97 23.82 0.41 0.02

50 334.58 35.99 14.34 8.085 0.001 0.28 0.01
Lat: 27.6156 251.61 36.12 15.06 8.084 0.002 0.17 0.01
Long: -17.9906 200.92 36.33 16.31 8.099 0.003 0.16 0.01
151.11 36.55 17.63 8.117 0.001 0.36 0.02

124.31 36.59 17.89 8.124 0.002 0.49 0.02

101.38 36.67 18.66 8.130 0.001 <D.L. 0.00

75.24 36.74 19.30 8.140 0.002 0.11 0.01

51.12 36.98 22.88 8.149 0.002 0.40 0.02

25.69 36.97 22.93 8.157 0.001 0.68 0.03

16.75 36.97 23.11 8.159 0.001 0.82 0.04

6.06 36.97 23.24 8.160 0.002 0.28 0.01

51 246.17 36.23 15.71 8.097 0.003 0.49 0.02
Lat: 27.6168 202.32 36.37 16.54 8.103 0.001 <D.L. 0.00
Long: -17.9913 150.06 36.50 17.35 8.107 0.002 0.73 0.04
101.26 36.65 18.41 8.127 0.001 0.22 0.01

75.66 36.75 19.51 8.137 0.002 0.29 0.01

50.58 36.96 22.69 8.149 0.002 0.34 0.02

25.70 36.98 2291 8.156 0.001 0.46 0.02

15.80 36.98 23.36 8.157 0.001 0.27 0.01

6.44 36.99 23.53 8.159 0.002 0.43 0.02

52 202.29 36.34 16.37 8.110 0.003 1.56 0.08
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Lat: 27.6177 151.22 36.55 17.66 8.117 0.001 0.79 0.04
Long:-17.9920 126.06 36.59 17.99 8.121 0.002 0.45 0.02
101.88 36.65 18.43 8.129 0.001 0.35 0.02

76.36 36.79 19.89 8.141 0.002 0.50 0.03

49.63 36.97 22.71 8.149 0.002 0.41 0.02

24.60 36.96 23.09 8.157 0.001 0.26 0.01

15.77 36.99 23.53 8.158 0.001 0.27 0.01

3.92 36.99 23.53 8.160 0.002 0.27 0.01

53 196.63 36.37 16.53 8.101 0.003 1.72 0.09
Lat: 27.6185 149.85 36.62 18.17 8.110 0.001 1.49 0.07
Long:-17.9920 125.86 36.65 18.45 8.112 0.002 0.87 0.04
101.61 36.71 19.03 8.124 0.001 0.69 0.03

75.53 36.82 20.34 8.135 0.002 0.41 0.02

49.71 36.96 22.63 8.142 0.002 0.46 0.02

25.90 36.96 23.12 8.149 0.001 0.37 0.02

16.56 36.98 23.38 8.149 0.001 0.17 0.01

5.71 36.97 23.54 8.151 0.001 0.22 0.01

54 162.71 36.60 18.05 8.113 0.001 1.45 0.07
cast:11 125.73 36.65 18.44 8.122 0.002 1.28 0.06
100.17 36.69 18.70 8.126 0.003 0.75 0.04

75.81 36.75 19.49 8.133 0.001 0.70 0.03

56.23 36.91 21.90 8.143 0.002 0.27 0.01

25.53 36.96 23.04 8.150 0.001 0.17 0.01

16.64 36.98 23.36 8.152 0.002 0.16 0.01

5.56 36.99 23.55 8.155 0.002 2.55 0.13

55 129.71 36.69 18.74 8.063 0.001 5.83 0.29
Lat: 27.6193 101.37 36.71 19.09 7.962 0.001 6.63 0.33
Long:-17.9930 75.85 36.79 19.88 8.107 0.002 1.12 0.06
50.80 36.95 22.42 8.129 0.003 0.40 0.02

25.90 36.97 23.02 8.142 0.001 0.46 0.02

17.51 36.98 23.27 8.145 0.002 0.92 0.05

7.43 36.99 23.52 8.149 0.001 0.21 0.01

55 129.28 36.53 17.61 8.067 0.001 <D.L. 0.00
cast: 68 103.66 36.64 18.47 8.038 0.002 <D.L. 0.00
86.64 36.69 18.88 8.057 0.003 0.14 0.01

76.26 36.71 19.04 8.061 0.001 0.19 0.01

52.08 36.81 20.33 8.095 0.002 <D.L. 0.00

25.38 36.94 22.81 8.103 0.001 0.13 0.01

16.29 36.94 23.03 8.108 0.002 0.18 0.01

5.38 36.97 23.17 8.109 0.002 0.09 0.00

55 133.73 36.62 18.29 8.062 0.001 4.13 0.21
cast: 83 118.92 36.64 18.52 8.050 0.001 0.54 0.03
110.44 36.69 18.99 8.013 0.002 3.97 0.20

100.87 36.68 18.99 7.915 0.003 49.92 2.50

76.34 36.76 20.00 8.080 0.001 0.65 0.03

49.31 36.86 21.42 8.108 0.002 0.15 0.01

4.78 36.89 23.18 8.120 0.001 0.14 0.01

56 90.87 36.75 90.87 8.138 0.001 0.35 0.02
cast:2 90.91 36.74 90.91 8.128 0.002 0.20 0.01
75.07 36.81 75.07 8.142 0.003 0.17 0.01

49.21 36.96 49.21 8.146 0.001 0.20 0.01
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25.37 36.97 25.37 8.152 0.002 0.22 0.01
15.75 36.98 15.75 8.152 0.001 0.21 0.01
58 176.71 36.54 17.60 8.110 0.001 0.28 0.01
Lat: 27.6217 151.46 36.58 17.91 8.109 0.002 0.30 0.01
Long:-17.9932 125.75 36.61 18.07 8.111 0.003 0.27 0.01
101.19 36.63 18.30 8.114 0.001 0.32 0.02
75.36 36.77 19.87 8.122 0.002 0.23 0.01
51.16 36.88 21.63 8.135 0.001 0.26 0.01
26.29 36.96 22.97 8.142 0.002 0.29 0.01
16.07 36.97 23.09 8.144 0.002 0.26 0.01
5.27 36.99 23.45 8.146 0.001 2.20 0.11
MARCH --2014
13 1044.26 3535 7.92 8.206 0.001 <D.L.
Lat: 27.5700 900.75 35.39 8.89 8.205 0.002 <D.L.
Long: -17.9869 700.79 35.46 10.16 8.212 0.001 <D.L.
500.31 35.66 11.98 8.261 0.001 0.17 0.01
249.84 36.10 15.11 8.333 0.002 <D.L.
126.39 36.62 17.88 8.383 0.001 <D.L.
76.08 36.91 19.02 8.418 0.001 0.17 0.01
25.63 36.91 19.02 8.414 0.002 0.15 0.01
5.11 3691 19.03 8.411 0.001 0.33 0.02
14 211.97 36.09 14.90 8.303 0.001 0.42 0.02
Lat: 27.6201 147.60 36.38 16.59 8.335 0.002 3.03 0.15
Long: -17.9868 125.54 36.53 17.34 8.348 0.001 2.00 0.10
102.27 36.77 18.45 8.379 0.001 0.76 0.04
74.83 36.83 18.70 8.390 0.002 0.18 0.01
52.13 36.86 18.80 8.391 0.001 0.35 0.02
25.11 36.86 18.83 8.390 0.001 0.13 0.01
4.68 36.86 18.82 8.390 0.002 0.30 0.02
15 467.18 35.72 12.44 8.276 0.001 <D.L.
Lat: 27.6696 301.30 3593 13.97 8.313 0.001 <D.L.
Long: -18.0367 200.22 36.18 15.46 8.341 0.002 <D.L.
101.63 36.79 18.54 8.406 0.001 <D.L.
24.74 36.81 18.72 8.423 0.001 0.41 0.02
6.67 36.82 18.90 8.421 0.002 0.13 0.01
16 1198.98 3535 7.14 8.240 0.001 0.52 0.03
Lat: 27.6198 1000.41 3535 7.94 8.227 0.001 0.94 0.05
Long: -18.0364 800.73 35.40 9.17 8.222 0.002 0.22 0.01
600.63 35.57 11.08 8.257 0.001 0.46 0.02
300.65 36.00 14.37 8.333 0.001 0.33 0.02
200.51 36.26 15.96 8.359 0.002 <D.L.
98.52 36.82 18.66 8.419 0.001 <D.L.
23.49 36.88 18.93 8.433 0.001 <D.L.
4.29 36.89 19.26 8.426 0.002 0.56 0.03
18 1199.79 35.34 7.17 8.229 0.001 <D.L.
Lat: 27.6433 1100.69 3535 7.50 8.226 0.001 0.75 0.04
Long: -18.0594 1000.59 3533 7.93 8.213 0.002 <D.L.
799.97 35.38 9.10 8.209 0.001 1.30 0.06
601.12 35.56 11.02 8.249 0.001 <D.L.
299.78 35.92 13.90 8.316 0.002 <D.L.
200.94 36.25 15.95 8.353 0.001 0.92 0.05
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101.24 36.83 18.69 8.421 0.001 0.17 0.01

20 909.39 35.37 8.96 8.191 0.002 0.61 0.03
Lat: 27.6804 801.86 35.39 9.31 8.197 0.001 <D.L.
Long: -18.0869 500.87 35.63 11.75 8.252 0.001 <D.L.
250.66 36.17 15.51 8.336 0.002 <D.L.

151.61 36.44 17.00 8.362 0.001 0.67 0.03

124.89 36.65 17.96 8.387 0.001 0.28 0.01

44.14 36.82 18.68 8.411 0.002 0.23 0.01

25.63 36.83 18.73 8.417 0.001 1.17 0.06

6.96 36.85 18.91 8.419 0.001 0.24 0.01

21 1199.50 35.36 7.20 8.211 0.002 0.36 0.02

Lat: 27.6547 998.15 35.36 7.94 8.201 0.001 0.51 0.03
Long: -18.1024 798.61 35.40 9.33 8.192 0.001 <D.L.
601.99 35.56 10.99 8.232 0.002 <D.L.
300.70 35.94 14.02 8.305 0.001 <D.L.

200.84 36.16 15.45 8.331 0.001 0.80 0.04

126.09 36.59 17.69 8.374 0.002 0.17 0.01

100.54 36.78 18.50 8.407 0.001 1.08 0.05

25.17 36.84 18.76 8.419 0.001 1.48 0.07

5.33 36.84 18.87 8.415 0.002 0.21 0.01

22 1199.92 35.36 7.24 8.222 0.001 1.01 0.05

Lat: 27.6481 1101.30 35.34 7.52 8.216 0.001 0.93 0.05

Long: -18.1370 1000.82 35.35 7.94 8.211 0.002 0.52 0.03
599.75 35.54 10.94 8.234 0.001 <D.L.

300.42 36.03 14.68 8.325 0.001 0.57 0.03

200.41 36.41 16.88 8.358 0.002 1.19 0.06

126.01 36.85 18.78 8.412 0.001 0.23 0.01

101.75 36.86 18.80 8.412 0.001 0.15 0.01

25.15 36.90 19.04 8.420 0.002 0.27 0.01

4.84 36.91 19.19 8.417 0.001 1.40 0.07
50 343.57 35.97 14.16 8.080 0.001 <D.L.
Lat: 27.6156 250.76 36.12 15.14 8.101 0.002 <D.L.
Long: -17.9906 200.86 36.47 17.11 8.133 0.003 <D.L.
150.88 36.59 17.73 8.150 0.001 <D.L.
125.82 36.67 18.06 8.155 0.002 <D.L.

100.65 36.70 18.18 8.163 0.001 0.33 0.02
74.63 36.78 18.52 8.170 0.002 <D.L.
51.55 36.81 18.66 8.176 0.002 <D.L.

25.36 36.86 18.98 8.182 0.001 0.47 0.02

5.41 36.86 18.98 8.183 0.001 0.50 0.03

51 24727 36.20 15.56 8.104 0.003 0.50 0.02

Lat: 27.6168 201.19 36.42 16.80 8.136 0.001 0.70 0.03

Long: -17.9913 150.45 36.49 17.16 8.142 0.002 0.48 0.02

125.81 36.66 17.99 8.160 0.001 0.44 0.02

101.05 36.77 18.47 8.172 0.002 0.46 0.02

72.67 36.84 18.80 8.179 0.002 0.20 0.01

50.68 36.86 18.98 8.181 0.001 0.42 0.02

25.05 36.87 18.99 8.182 0.001 0.65 0.03

4.79 36.87 18.99 8.182 0.002 0.34 0.02
52 205.42 36.45 16.97 8.133 0.003 <D.L.

Lat: 27.6177 151.80 36.58 17.59 8.148 0.001 0.62 0.03
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Long:-17.9920 124.89 36.72 18.29 8.171 0.002 0.39 0.02

101.24 36.80 18.61 8.179 0.001 0.62 0.03
76.13 36.87 18.99 8.183 0.002 <L.D.

50.02 36.87 19.00 8.184 0.002 0.77 0.04

24.51 36.87 18.99 8.186 0.001 0.60 0.03

5.38 36.87 19.00 8.189 0.001 1.06 0.05

53 184.89 36.52 17.30 8.140 0.003 2.97 0.15
Lat: 27.6185 151.09 36.56 17.52 8.150 0.001 <D.L.

Long:-17.9920 125.14 36.77 18.52 8.176 0.002 0.32 0.02

101.28 36.80 18.62 8.179 0.001 0.63 0.03

75.83 36.86 18.93 8.186 0.002 0.69 0.03

50.64 36.87 18.99 8.187 0.002 0.54 0.03

26.46 36.87 18.99 8.190 0.001 0.69 0.03

2.23 36.87 19.03 8.194 0.001 0.76 0.04

54 167.77 36.42 16.81 8.135 0.003 1.34 0.07

Lat: 27.6188 123.62 36.65 17.94 8.163 0.001 0.56 0.03

long: -17.9927 99.66 36.72 18.28 8.170 0.002 0.10 0.01
75.17 36.79 18.59 8.183 0.001 <D.L.

4921 36.88 18.99 8.193 0.002 0.15 0.01

24.09 36.88 19.00 8.193 0.002 0.14 0.01

5.40 36.88 19.03 8.195 0.001 0.18 0.01

55 133.03 36.68 18.07 8.174 0.002 0.15 0.01
cast:2 101.45 36.80 18.63 8.183 0.002 <D.L.

72.62 36.87 18.97 8.194 0.001 0.11 0.01
50.43 36.88 18.98 8.195 0.001 <D.L.

24.64 36.88 19.01 8.195 0.002 0.12 0.01

4.73 36.88 19.03 8.198 0.003 0.48 0.02

56 88.27 36.76 18.40 8.165 0.001 0.74 0.04
Lat: 27.6203 74.95 36.77 18.45 8.169 0.002 <D.L.
long: -17.9933 50.02 36.83 18.68 8.178 0.003 <D.L.
24.08 36.84 18.76 8.185 0.001 <D.L.

4.86 36.84 18.76 8.186 0.002 0.14 0.01

56 92.67 36.68 18.09 8.136 0.001 3.53 0.18

cast:3 73.52 36.84 18.82 8.193 0.002 0.22 0.01

50.34 36.88 18.98 8.199 0.002 0.14 0.01

24.04 36.88 19.01 8.200 0.001 0.48 0.02

5.03 36.88 19.02 8.200 0.001 2.05 0.10

57 146.14 36.46 17.07 8.135 0.002 2.07 0.10

Lat: 27.6211 100.58 36.81 18.65 8.190 0.003 0.13 0.01
long: -17.9934 75.70 36.85 18.81 8.193 0.001 <D.L.
52.39 36.87 18.96 8.195 0.002 <D.L.

25.58 36.88 19.06 8.196 0.001 0.41 0.02

58 183.73 36.52 17.32 8.150 0.002 0.91 0.05

Lat: 27.6217 150.35 36.53 17.39 8.155 0.002 0.71 0.04

Long:-17.9932 124.52 36.58 17.62 8.162 0.001 0.19 0.01

101.40 36.56 17.53 8.160 0.001 0.19 0.01

81.13 36.69 18.15 8.172 0.002 0.32 0.02
61.42 36.83 18.72 8.199 0.003 <D.L.

24.89 36.88 19.00 8.201 0.001 0.60 0.03

5.27 36.88 19.04 8.201 0.002 0.19 0.01
59 166.17 36.58 17.62 8.161 0.002 <D.L.
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Lat: 27.6222 149.17 36.63 17.87 8.168 0.002 <D.L.
long: -17.9930 124.31 36.58 17.63 8.163 0.001 <D.L.
99.87 36.79 18.59 8.192 0.001 <D.L.
74.71 36.85 18.81 8.196 0.002 <D.L.
50.60 36.88 18.97 8.201 0.003 <D.L.
24.73 36.88 19.03 8.200 0.001 0.18 0.01
60 360.34 35.90 13.72 8.080 0.002 <D.L.
Lat: 27.6199 300.85 36.15 15.35 8.117 0.001 <D.L.
long: -17.9990 249.10 36.19 15.53 8.121 0.002 <D.L.
200.65 36.42 16.87 8.135 0.002 <D.L.
150.38 36.60 17.70 8.163 0.001 0.43 0.02
125.71 36.76 18.43 8.180 0.001 0.66 0.03
101.24 36.76 18.44 8.181 0.002 0.21 0.01
76.24 36.86 18.90 8.195 0.003 0.12 0.01
51.29 36.88 19.02 8.195 0.001 0.19 0.01
26.26 36.88 19.06 8.194 0.002 0.19 0.01
5.34 36.88 19.07 8.194 0.001 0.98 0.05
61 125.09 36.40 16.98 7.875 0.001 1278.90 63.95
cast:42 116.32 36.38 16.67 8.083 0.002 17.32 0.87
107.27 36.60 17.90 8.152 0.003 2.23 0.11
99.96 36.62 17.95 8.156 0.001 0.51 0.03
52.25 36.85 18.87 8.188 0.002 0.39 0.02
61 119.84 36.58 17.88 7.792 0.001 124.78 6.24
cast:61 112.79 36.57 17.82 7.970 0.002 281.05 14.05
101.69 36.69 18.15 8.112 0.002 2.79 0.14
88.92 36.77 18.49 8.184 0.001 0.16 0.01
26.15 36.84 18.81 8.183 0.001 0.19 0.01
MAY --2015
1 1318.71 35.29 6.35 7.940 0.001 0.74 0.04
Lat: 27.7051 1200.08 3531 6.95 7.927 0.002 2.59 0.13
Long: -17.9246 1100.30 35.30 7.31 7918 0.001 0.51 0.03
1001.78 35.29 7.61 7.909 0.001 2.58 0.13
900.99 35.28 7.90 7.900 0.002 1.20 0.06
801.38 35.27 8.33 7.891 0.001 0.54 0.03
601.23 35.46 10.54 7.925 0.001 0.76 0.04
501.89 35.62 11.74 7.968 0.002 1.12 0.06
301.24 35.96 14.14 8.053 0.001 1.90 0.09
250.72 36.06 14.80 8.069 0.002 0.75 0.04
202.90 36.29 15.98 8.099 0.001 1.11 0.06
149.62 36.51 17.07 8.128 0.001 0.64 0.03
124.61 36.61 17.47 8.139 0.002 0.43 0.02
102.62 36.64 17.60 8.144 0.001 1.48 0.07
74.68 36.72 17.97 8.155 0.001 0.96 0.05
50.58 36.72 18.13 8.152 0.002 1.13 0.06
25.18 36.90 20.78 8.173 0.001 1.28 0.06
4.82 36.90 20.79 8.177 0.002 1.97 0.10
50 341.08 35.89 13.67 8.078 0.001 2.45 0.12
Lat: 27.6156 251.56 35.97 1422 8.088 0.002 2.33 0.12
Long: -17.9906 202.77 36.04 14.63 8.096 0.003 0.92 0.05
149.97 36.34 16.26 8.128 0.001 0.84 0.04
124.68 36.46 16.76 8.145 0.002 0.45 0.02
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97.54 36.58 17.51 8.150 0.001 0.43 0.02
7433 36.77 18.35 8.183 0.002 0.44 0.02
51.05 36.83 19.01 8.196 0.002 <DL
24.98 36.91 20.91 8.196 0.001 <DL.
4.02 36.92 21.09 8.197 0.001 2.10 0.10
51 251.21 36.12 15.09 8.088 0.003 1.26 0.06
Lat: 27.6168 200.51 36.29 15.99 8.102 0.001 2.09 0.10
Long: -17.9913 150.38 36.50 16.99 8.124 0.002 0.30 0.02
124.36 36.57 17.37 8.132 0.001 1.68 0.08
99.88 36.61 17.57 8.134 0.002 0.33 0.02
75.30 36.72 18.16 8.146 0.002 0.59 0.03
51.06 36.83 19.11 8.177 0.001 1.07 0.05
25.41 36.91 21.03 8.173 0.001 1.08 0.05
4.94 36.92 21.13 8.176 0.002 <D.L.
52 206.31 36.43 16.69 8.135 0.003 4.17 0.21
Lat: 27.6177 149.60 36.52 17.10 8.147 0.001 2.18 0.11
Long:-17.9920 124.36 36.58 17.37 8.152 0.002 0.53 0.03
100.72 36.62 17.52 8.159 0.001 0.45 0.02
74.49 36.70 18.03 8.165 0.002 0.37 0.02
50.74 36.83 19.37 8.196 0.002 0.78 0.04
25.13 36.91 20.98 8.189 0.001 5.06 0.25
3.94 36.92 21.11 8.192 0.001 <D.L.
53 194.58 36.50 16.98 8.149 0.003 2.29 0.11
Lat: 27.6185 150.69 36.54 17.17 8.154 0.001 3.28 0.16
Long:-17.9920 124.69 36.59 17.42 8.155 0.002 0.80 0.04
100.18 36.65 17.79 8.159 0.001 0.34 0.02
75.44 36.74 18.33 8.165 0.002 4.02 0.20
55.14 36.83 19.42 8.199 0.002 1.53 0.08
25.89 36.91 21.14 8.189 0.001 3.54 0.18
5.12 36.92 21.19 8.191 0.001 2.10 0.11
54 162.83 36.58 17.40 8.130 0.003 0.44 0.02
Lat: 27.6188 122.44 36.60 17.50 8.129 0.001 0.11 0.01
long: -17.9927 100.17 36.63 17.69 8.133 0.002 <D.L.
74.86 36.68 17.99 8.134 0.001 0.39 0.02
50.49 36.84 19.87 8.169 0.002 0.61 0.03
24.95 36.90 20.89 8.160 0.002 3.79 0.19
4.85 36.90 21.06 8.158 0.001 0.70 0.04
55 132.57 36.58 17.44 8.119 0.001 0.27 0.01
Lat: 27.6193 92.00 36.65 17.83 8.133 0.001 0.10 0.01
Long:-17.9930 75.40 36.76 18.43 8.166 0.002 <DL.
50.27 36.82 19.37 8.174 0.003 <D.L.
24.58 36.88 20.69 8.165 0.001 0.40 0.02
4.05 36.90 21.07 8.163 0.002 0.22 0.01
56 96.82 36.63 17.68 8.000 0.001 44.61 2.23
Lat: 27.6203 69.78 36.80 19.03 8.171 0.002 2.05 0.10
long: -17.9933 48.95 36.88 20.74 8.170 0.003 1.32 0.07
29.58 36.89 20.84 8.168 0.001 1.52 0.08
19.07 36.89 20.85 8.168 0.002 498 0.25
3.36 36.89 21.15 8.164 0.001 3.07 0.15
56 92.74 36.44 16.74 8.085 0.002 5.54 0.28
cast:2 92.66 36.45 16.74 8.086 0.002 6.14 0.31
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83.45 36.66 17.72 8.140 0.001 17.00 0.85
74.66 36.71 18.06 8.154 0.001 0.58 0.03
65.50 36.77 18.83 8.173 0.002 0.79 0.04
54.97 36.81 19.27 8.174 0.003 10.85 0.54
25.17 36.88 20.96 8.162 0.001 1.63 0.08
432 36.90 21.25 8.159 0.002 3.33 0.17
57 115.98 36.36 16.36 8.111 0.001 0.21 0.01
Lat: 27.6211 74.89 36.72 18.10 8.160 0.002 1.52 0.08
long: -17.9934 51.68 36.81 19.49 8.182 0.003 2.42 0.12
25.04 36.88 20.86 8.169 0.001 4.69 0.23
3.50 36.90 21.33 8.164 0.002 <D.L.
58 177.72 36.18 15.48 8.111 0.001 3.81 0.19
Lat: 27.6217 149.18 36.32 16.21 8.127 0.002 0.79 0.04
Long:-17.9932 125.43 36.47 16.88 8.139 0.002 0.30 0.02
100.06 36.54 17.25 8.142 0.001 <D.L.
75.35 36.69 17.91 8.163 0.001 2.18 0.11
50.97 36.83 19.46 8.186 0.002 1.09 0.05
24.26 36.87 20.62 8.177 0.003 1.10 0.06
3.31 36.89 21.30 8.172 0.001 3.24 0.16
59 171.73 36.44 16.77 8.134 0.001 0.81 0.04
Lat: 27.6222 124.42 36.58 17.43 8.147 0.002 0.36 0.02
long: -17.9930 100.18 36.60 17.55 8.147 0.002 0.50 0.03
75.62 36.78 18.51 8.156 0.001 0.52 0.03
54.01 36.83 20.20 8.180 0.001 0.37 0.02
24.91 36.93 21.38 8.171 0.002 5.97 0.30
3.97 36.92 21.49 8.174 0.003 1.02 0.05
61 116.34 36.56 17.28 8.135 0.001 0.47 0.02
Lat: 27.6196 99.42 36.57 17.44 8.138 0.002 1.05 0.05
Long: -17.9931 71.70 36.76 18.60 8.182 0.002 0.74 0.04
50.67 36.83 19.44 8.183 0.001 0.17 0.01
24.09 36.89 20.61 8.176 0.001 0.70 0.04
3.63 36.90 21.05 8.168 0.002 1.60 0.08
p01 3 361.78 35.83 13.33 8.041 0.001 0.97 0.05
Lat: 27.6208 343.77 35.86 13.48 8.046 0.002 0.20 0.01
Long: -17.9996 316.65 35.94 14.00 8.058 0.001 0.31 0.02
298.40 36.00 14.40 8.063 0.002 0.35 0.02
200.71 36.38 16.47 8.107 0.002 0.70 0.04
99.47 36.68 17.93 8.145 0.001 0.35 0.02
4.67 36.94 21.67 8.162 0.001 2.09 0.10

Values of pH,, were obtained with the pH sensor in NBS scale and then converted to
pH in situ at free scale. In October 2013, there was not pH reading from the sensor
for stations 15-22.
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The eruptive process that took place in October 2011 in the submarine volcano Tagoro off the Island of €l Hierro
and the subsequent degasification stage, five months later, have increased the concentration of TdFe(ll) (Total
dissolved iron(ll) ) in the waters nearest to the volcanic edifice. In order to detect any variation in concentrations
of TdFe(ll) due to hydrothermal emissions, three cruises were carried out two years after the eruptive process in
October 2013, March 2014 and May 2015.The results from these cruises confirmed important positive anomalies
Keywords: in TdFe(ll), which ccincided with negatives anomalies in pHgss ( pH in free scale, at in situ conditions) located in
Fe(ll) the proximity of the main cone. Maximum values in TdFe(1) both at the surface, associated to chlorophyll a max-
Oxidation imum, and at the sea bottom, were also observed, showing the important influence of organic complexation and
Acidification particle re-suspension processes. Temporal variability studies were carried out over periods ranging from hours
Submarine volcano todays in the stations Jocated over the main and two secondary cones in the volcanic edifice with positive anom-
alies in TdFe(ll) concentrations and negative anomalies in pHg ;, values Observations showed animportant var-
iability in both pH; and TdFe(ll) concentrations, which indicated the volcanic area was affected by a
degasification process that remained in the volcano after the eruptive phase had ceased. Fe(ll) oxidation kinetic
studies were also undertaken in order to analyze the effects of the seawater properties in the proximities of the
volcano on the oxidation rate constants and t,  (half-life ime ) of ferrous iron. The increased TdFe{ll) concentra-
tions and the low associated pHg;, values acted as an important fertilization event in the seawater around the

Tagoro volcano at the Island of El Hierro providing optimal conditions for the regeneration of the area.

©2017 Elsevier BV. All rights reserved.

1. Introduction

Dissolved iron is the most bioavailable form assimilated by organ-
isms (Brand, 1991; Hutchins et al,, 1993). However, it is known that
Fe(ll) is thermodynamically unstable and is rapidly oxidized to Fe(1ll)
in oxic waters (within seconds to minutes) (Kustka et al., 2005;
Millero and lzaguirre, 1989; Santana-Casiano et al, 2005). Fe(lll) has a
very low solubility (Liu and Millero, 2002). The concentration of
TdFe(ll) dissolved in shallow and deep waters depends on the rate of
oxidation of Fe(1l) which is a function of both the Oz and H;0; concen-
tration, pH, temperature, |[HCO5 |, ionic strength and nutrient concen-
tration (Gonzdlez-Davila et al., 2005; Gonzdlez-Davila et al., 2006;
Gonzilez et al, 2010; King and Farlow, 2000; Miller et al., 1995;
Santana-Casiano et al., 2005; Shi et al, 2010). For this reason, the con-
centrations of dissolved Fe(Il) in the open ocean are very low, with typ-
ical values in the 0.02 to 2 nmol L™' ranges. However, typical

* Corresponding author.
E-mail address: magdalena santana@ulpgc es (JM. Santana-Casiano).

http://dx.doiorg/10.1016/j marchem 201 7.02.001
0304-4203/0 2017 Elsevier B.V. All rights reserved.

concentrations of dissolved iron in hydrothermal vents are 1-
3 mmol L', with extreme values of about 18.7 mmol L™ ' measured
in the Juan de Fuca Ridge (de Baar and de Jong, 2001). In these areas,
Fe(Il) remains in solution over longer time periods due to pH and pe
(reduction potential) conditions.

Hydrothermal vents require hydrothermal fluid circulation during
tectonic or magmatic and volcanic activity, which provides fluid path-
ways in the fractured oceanic crust and heat sources (Mantas et al,,
2011). The composition of the hydrothermal fluid, which migrates to
the subsurface and finally discharges at the sea floor, depends on a num-
ber of critical parameters including temperature, pressure, phase sepa-
ration and host rock composition (Sander and Koschinsky, 2011).
Hydrothermal emissions of gases and particles are an important source
of material of different size, texture and chemical composition, such as
gases and metals, especially reduced iron (Santana-Casiano etal., 2013).

The hydrothermal vents affect the chemical composition of seawater
(Resing et al., 2015; Tagliabue et al,, 2010) and their diffuse fluxes reg-
ulate the magnitude of dissolved Fe in the plume to the deep ocean
(Resing et al., 2015; Tagliabue et al, 2010; German et al., 2015). These
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Oxidation kinetics of Fe(Il) along 59.5°N in the North Atlantic in 2016

Abstract

The Fe(II) oxidation rate was studied in different water masses present in the
Subartic North Atlantic ocean along the 59.5°N transatlantic section. Temperature,
pH, salinity and total organic carbon (TOC) in natural conditions, fixed temperature
conditions and both fixed temperature and pH conditions, were considered in order
to understand the combined effects of the variables that control the Fe(II) oxidation
kinetics in the ocean. The study shows that in natural conditions, temperature was
the master variable which controled 75% of the pseudo-first order kinetics rate (k’).
This value rose to 90% when pH,, (free scale) and salinity were also considered. At a
fixed temperature, 72% of k’ was controlled by pH and at both fixed temperature and
pH, salinity controled 62% of the Fe(Il) oxidation rate. Sources and characteristics of
TOC are important factors influencing the oxidation of Fe(II). The organic matter had
both positive and negative effects on Fe(Il) oxidation. In surface and coastal waters,
TOC accelerated k’, decreasing the Fe(II) half-life time (t, ,). In Subpolar Mode Water,
Labrador Sea Water (for the Irminger Basin) and Denmark Straight Overflow Water,
TOC slowed down k’, increasing Fe(I) t, . This shifting behaviour where TOC affects
Fe(Il) oxidation depending on its marine or terrestrial origin, depth and remineralization
stage proves that TOC cannot be used as a variable in an equation describing k’. The
temperature dependence study indicated that the energy requirement for Fe(II) oxidation
in surface waters was 32% lower than the required for bottom waters at both pH 7.7
and 8.0. This variability confirmed the importance of the organic matter composition of
the selected samples. The Fe(II) oxidation rate constants in the region can be obtained
from an empirical equation considering the natural conditions of temperature, pH,, and
salinity for the area, producing an error of estimation of 0.0072 min'. This equation
should be incorporated in global Fe models.
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Oxidation kinetics of Fe(Il) along 59.5°N in the North Atlantic in 2016

4.1. Introduction

Oceanic Fe distribution has been extensively studied in the Atlantic Ocean
(Bergquist and Boyle, 2006; Bergquist et al., 2007; Bowie et al., 2003; Bowie et al.,
2006; Bowie et al., 1998; Bowie et al., 2004; Bowie et al., 2002; Boye et al., 2006;
Buck et al., 2016; Cullen et al., 2006; Fitzsimmons and Boyle, 2014; Fitzsimmons
et al., 2013; Laés et al., 2005; Mills et al., 2004; Mohamed et al., 2011; Powell et al.,
1995; Saito et al., 2013; Ussher et al., 2010; Wu et al., 2001), the Pacific Ocean (Chase
et al., 2005; Coale, 1991; Hong and Kester, 1986; Mackey et al., 2002; Nishioka et al.,
2001; Resing et al., 2015; Roy et al., 2008; Schmidt and Hutchins, 1999; Wu et al.,
2001; Wu et al., 2011), the Indian Ocean (Nishioka et al., 2013; Statham et al., 2005),
the Southern Ocean (Bowie et al., 2004; Bucciarelli et al., 2001; Chever et al., 2010;
De Jong et al., 1998; Klunder et al., 2011; Tagliabue et al., 2012), the Arctic Ocean
(Campbell and Yeats, 1982; Crusius et al., 2017; Klunder et al., 2012; Thurdczy et al.,
2011; Wehrmann et al., 2014), the Arabian Sea (Measures and Vink, 1999) and the
Mediterranean Sea (Sarthou and Jeandel, 2001).

In the past, global ocean Fe distribution models have been proposed (Tagliabue
et al., 2014; Tagliabue et al., 2010; Tagliabue et al., 2017). However, there is a lack of
knowledge in the processes that control the behaviour of the different iron species and
the transference between them. Iron(III) is the thermodynamically stable form of iron in
seawater (Millero and Izaguirre, 1989), but significant concentrations of Fe(Il) can also
be found in the ocean. This aspect is very important because Fe(II) is more bioavailable
for marine phytoplankton than Fe(IIl) (Morel et al., 2008; Shaked et al., 2005; Shaked
and Lis, 2012). The bioavailability of Fe in aquatic environments is strongly affected
by redox reactions which cycle Fe between Fe(Il) and Fe(III) oxidation states and by
complexation with organic ligands (Daugherty et al., 2017). The concentration of Fe(II)
in the photic zone and in deep waters depends on the rate of oxidation of Fe(II). Iron(II)
is oxidized in a period of seconds to minutes by O, and H,O,, temperature, [HCO,],
and ionic strength with the rate dependent on pH (Gonzélez-Davila et al., 2005, 2006;
King and Farlow, 2000; Kustka et al., 2005; Miller et al., 1995; Santana-Casiano et al.,
2004; 2005, 2010; Shi, 2012 ; Trapp and Millero, 2007). At the pH of seawater, O, is
the most important oxidant when H,O, concentration is below 200 nM and [Fe(ID)] is
at nanomolar levels (Santana-Casiano et al., 2006).

The complexation of iron by organic ligands often alters the Fe(II) oxidation
kinetics by either accelerating or retarding the oxidation rate, depending on the source
and characteristics of the Fe-binding organic ligands (Emmenegger et al., 1998;
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Gonzdlez et al., 2014; Pham and Waite, 2008; Rose and Waite, 2002, 2003; Roy and
Wells, 2011; Santana-Casiano et al., 2000, 2004; Theis and Singer, 1974). Roy et
al. (2008) proposed the complexation of Fe(II) by organic ligands as an underlying
mechanism to explain the decrease in Fe(Il) oxidation rates in the Western Subarctic
Pacific. A similar behaviour was found by Bowie et al. (2002) in several stations in the
Atlantic Ocean. The effect of individual organic compounds on the oxidation kinetics of
Fe(II) in seawater showed that EGTA (Ethylene-bis(oxyethylenenitrilo)tetraacetic acid)
inhibits and EDTA (Ethylenediaminetetraacetic acid) accelerates Fe(II) oxidation, while
negligible effects were observed with alanine and glutamic acids (Santana-Casiano et
al., 2000). Cysteine accelerated the effective rate of the reaction by complexing Fe(II)
while catechol regenerated Fe(II) in the pH range 7.0-8.2, demonstrating that catechol
can quantitatively reduce Fe(III) in natural waters in a pH-dependent process (Santana-
Casiano et al. 2010). Kuma et al. (1995) studied Fe(II) oxidation in the presence of
hydroxycarboxylic acids in seawater from Funka Bay (Japan), showing that glucaric,
glucaric acid-1,4-1actone and citric acids accelerated the Fe(II) oxidation rate while
glucuronic, glycolic, gluconic, lactic, tartaric, glyceric and malic acids retarded it.

In the Eastern Subarctic Pacific, Roy and Wells (2011) showed that Fe(Ill)-
complexing ligands were found in both surface and deep waters, and higher Fe(II)
oxidation rates were measured only near the chlorophyll maximum, suggesting that the
chemical nature and perhaps origin of natural Fe(IlI)-complexing organic ligands differ
between surface and deep waters. In laboratory cultures of diatoms (P. tricornutum),
Santana-Casiano et al. (2014) reported that the presence of excreted organic compounds
decreased the rate of oxidation of Fe(II) in the solution, while the same behaviour was
also found for phenolic compounds such as catechin and sinapic acid. The exudates of P.
tricornutum, both decrease the Fe(I) oxidation rate and reduce Fe(III) to Fe(II). Lee et
al. (2016) demonstrated that Fe(II) oxidation is enhanced in the presence of humic-type
dissolved organic matter (DOM) with a high aliphatic content. Hay and Myneni (2007)
also showed that carboxyl groups clustered on aliphatic structures, including succinic
and malonic acids and humic substances (which also provide multidentate coordination
sites for divalent metals) likely play dominant roles in the oxidation properties of
natural organic matter (Leenheer et al., 1998; Manceau and Matynia, 2010). Lee et al.
(2017) showed the importance of hydrophobic and allochthonous DOM in accelerating
Fe(Il) oxidation in freshwater systems in the Shizugawa Bay watershed. The Fe(II)
oxidation rates observed were slower compared to organic ligand-free seawater and
freshwater at fixed pH, however carbonate concentrations were not fixed. This work
also demonstrated Fe(II) oxidation was retarded in the presence of cellular exudates of
Chaetoceros radicans and Microcystis aeruginosa. However, it still remains unclear
how the origin and molecular composition of DOM influence the variation in Fe(II)
oxidation in natural waters (Lee et al., 2016), and how the changes in composition of

104



Oxidation kinetics of Fe(Il) along 59.5°N in the North Atlantic in 2016

strong ligands across different nutrient regimes (Boiteau et al., 2016), could affect the
Fe(II) oxidation rate and steady-state concentration (Daugherty et al., 2017).

This work studies the Fe(II) oxidation kinetics rate in the Subarctic Atlantic Ocean,
one of the most sensitive areas for ocean acidification (Garcia-Ibafiez et al., 2016). The
study was carried out in the Rockall Trough, the Iceland basin and the Irminger basin,
along the 59.5° N transatlantic section. The Fe(II) oxidation kinetics was studied in
different water masses found in the water column along the transect. The studies were
performed considering temperature (T), salinity (S) and pH, under in situ conditions
and also T and pH under fixed conditions. The amount of total dissolved organic carbon
(TOC) present in the samples was also considered. The Fe(Il) oxidation rate allows
us to know the half-life of Fe(Il) in seawater that would be available for uptake by
organisms, taking into account the role of organic compounds in the biogeochemical
cycle of the Fe(II)-Fe(Ill) system in seawater which is affected by ocean acidification
and global warming. This study aimed to understand how the combined effects of
variables such as T, pH, S and TOC affected the Fe(II) oxidation rate and to what
extent. The effects of spatial distribution (depth and longitude) were also considered.
This study provides new insights into the Fe(II) oxidation kinetics in different water
masses. Furthermore, it describes the effect of different physicochemical conditions on
the Fe(II) oxidation process for both surface and bottom waters.

4.2. Methods

4.2.1. Study location and water mass characteristics

The study was carried out on cruise 51 of the Russian oceanographic vessel
Akademik Toffe which took place from June 8 to July 11 2016. The samples were
collected from northern Scotland to the southern tip of Greenland along the 59.5°N
transatlantic section in the Rockall Trough, Iceland Basin and Irminger Sea (Fig. 4.1).

The Rockall Trough, Iceland Basin and Irminger Sea, in the North Atlantic,
are characterized by warm and saline surface waters as well as cold and less saline
intermediate and deep waters (Garcia-Ibanez et al., 2016). The water masses located
in these basins are defined by their potential density (o,) limits: Subpolar Model Water
(SPMW, 27.3< o,< 27.6), Labrador Sea Water (LSW, 27.6< o, < 27.80), Iceland-
Scotland Overflow Water (ISOW, 27.80< ¢, < 27.88) and Denmark Strait Overflow
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Water (DSOW, o, > 27.88) (Garcia-Ibafiez et al.,, 2016; Gladyshev et al., 2017;
Sarafanov et al., 2009).
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Fig. 4.1A) The North Atlantic Transept location; and B) The longitudinal distribution of the
stations where dots represent sample depth and the o, (kg/m’) lines indicate the potential
density limits between seawater masses in the area of study.

4.2.2. Reagents

Iron stock. An iron stock of 6.21 x 10 mol L! was prepared using ammonium
iron(Il) sulphate hexahydrate (Sigma-Aldrich). 0.01 mol L' HCI (Hiperpur-Plus -
Panreac, Barcelona, Spain) was added to water samples to lower the pH to 2 and slow
down any oxidation. The solution was stored in the dark until use. A diluted stock was
prepared daily with a final concentration of 2.42 x 10 mol L.
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Luminol. 5 L of luminol reagent was prepared using 2.71 x 10* mol L' of
5-amino-2,3-dihydro-1,4-phthalazinedione (Sigma), 4.93 x 10? mol L' of Na,CO,
(Sigma-Aldrich) and 0.4 mol L' of 25% NH, (Panreac) previously distilled. The final
pH was adjusted to 10.4 by adding 0.06 mol L' Q-HCI. At this pH, luminescence is
optimal (Bowie et al., 1998). The luminol solution was stored in the dark due to its light
sensitivity. To ensure complete dilution, it was prepared a few days prior to use. The
solution became more stable 24 hours after preparation and remains usable for a month
(King et al., 1995).

HCI.0.01 M HCI (Hiperpur-Plus) was used to set the pH in the kinetic experiments.

NH,. 4.28 x 10 mol L' of 20% NH, (Hiperpur-Plus) was prepared in Milli-Q to
increase the pH in the water samples for the kinetic experiments.

Ammonium acetate buffer. 0.04 mol L' ammonium acetate was prepared at pH
5.5 using acetic acid (glacial) to set the pH.

The reaction vessel and the tubing for the peristaltic pump were rinsed three times
with distilled water, three times with Milli-Q water and stored in 10% HCI solution.
Immediately prior to use, it was re-rinsed three times with distilled water and three
times with Milli-Q water. After the analysis, the material was cleaned and re-stored in
the HCI solution.

4.2.3. Sampling

Water column samples were collected using 12 L Niskin bottles mounted on a
24-position rosette frame fitted with a SeaBird SBE11 Plus CTD.

Acid pre-cleaned polyethylene containers were used to collect the unfiltered
samples. 15 mL low density polyethylene (LDPE, Nalgene) containers were used for
the samples of total dissolved Fe(Il) (TdFe(Il)). To keep the seawater solution at pH
6 and avoid any oxidation of Fe(II) until the analysis, 10 pL of 2 M HCI was added to
the containers prior to sampling. TdFe(II) was analysed on the sampling day. 250 mL
LDPE (Nalgene) containers were used for the kinetic studies with zero air headspace
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when sampling. TOC samples were collected in 50 mL polyethylene bottles and frozen
until land-based laboratory analysis. All samples were kept in the dark until analysis.

4.2.3.1. TdFe(ll) samples

The TdFe(II) unfiltered and acidified samples at pH of 6 and measured before 2
h were analysed on board. The concentration of TdFe(Il) in seawater was determined
using a FeLume system (Waterville Analytical). The Flow Injection Analysis by
chemiluminescence (FIA-CL) technique uses luminol as the reagent (King et al.,
1995). In the FIA system, four tygon tubes are placed in a peristaltic pump (Rainin
Dynamax 15.8 V) which transfers the sample and reagents to the mixing chamber
and to the detector. The tubing pressure is manipulated to allow a uniform flow. After
adjusting the pressure in the tubing, the water-cleaning mode was enabled during 3
min. After this time, air was allowed to pass and then each line was introduced into the
corresponding bottle: luminol, NaCl, Milli-Q water and sample. The software executed
in the FeLume-chemiluminescence was provided by Waterville Analytical (WA control
V105, photo counter control). An analysis time of 100 s was selected to allow full
recording of the peak signal. The peak area mode was selected in order to compute the
signal. Triplicate measurements were carried out for each sample and the results was
obtained from the average. After each set of analyses, Milli-Q water was used to clean
all the lines and finally air was run to empty them.

4.2.3.2. Standards and calibration procedure

The standard addition method was used to determinate TdFe(II) concentration
at 15°C, adding 3 standards to each sample. The required diluted iron stock was added
after the sampling.

4.2.3.3. Kinetic studies

For the kinetic studies, the samples were measured directly using a connection
between the sample and the buffer just before the introduction into the detector. The
samples (1 mL min flux), ammonium acetate buffer (0.125 mL min™! flux) and luminol
(1 mL min' flux) were introduced into the detector with a peristaltic pump. This
modification provided a continuous registration of the measure.
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The kinetic studies were carried out in a thermo-regulated cell connected to
a thermostatic bath (Julabo) with a control to 0.01°C. For each study, the seawater
sample was tempered to the desired temperature (in situ and 15°C) as soon as they were
sampled. When the temperature was stable, the pH_ for the sample and Tris buffer was
measured. For each kinetic study, 50 mL of seawater sampled without any headspace
from different seawater masses and depths were used. The initial concentration of
added Fe(II) was 0.97 nM and all studies were performed in the dark. The seawater
was placed in the thermostated cell and the magnetic stirrer was switched on for 1 h to
attain the equilibrium oxygen concentration. When the solution stabilized at the desired
T and pH, the sample line was introduced into the cell. After that, the iron stock was
added and a stopwatch was started.

The Fe(Il) oxidation rate (Santana-Casiano et al., 2005) was expressed as an
apparent oxidation rate, k_ (M'min™)

AEUD = —kgpplFeID][0,] 4.1

The brackets denote the total molar concentration. The oxygen concentration was
calculated using the Benson and Krause (1984) equation. In aerate solutions, the Fe(II)
kinetic studies follow a pseudo-first-order, £ (min™)

AreUD) _ ot (in)] h

where: k' = kqpp,[0,] (4.3)

and half-life time is t , (min)

tijs = 5 (4.4)

In the presence of organic ligands (L), the organic complexed ferrous iron can be
oxidized to the corresponding ferric complex and the organic complexed ferric ion can
be transformed into the ferrous one, modifying the generation of redox reactive species
that acts together with the different H,O, content already present in the water sample
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(Santana-Casiano et al., 2004). An averaged vertical profile of H O, in the ocean with
a typical exponential decrease in the upper 50-100 m from 50 to 25 nM and with H,O,
concentrations below the euphotic zone lower than 10 nM was assumed (Heller et
al., 2013; Heller et al., 2016; Steigenberger and Croot, 2008). The presence of organic
ligands and H O, could affect the observed linear behaviour.

4.2.3.4. TOC samples

TOC was measured with a continuous flow analyser (TOC-V, Shimadzu),
previously calibrated with hydrogen phthalate standard (Sigma-Aldrich) (Aristegui,
2014). 10 mL of sample was acidified with 10 uL 85% H,PO, and sparked with CO,-
free oxygen for at least 10 min to remove inorganic carbon. The sample was then passed
into the quartz combustion tube packed with Pt gauze (Aldrich), 7% Pt on alumina
catalyst. The Pt gauze and Pt beads were heated to 800°C in the upper zone while the
remaining packing material was heated to 600°C in the lower zone. The resulting CO,
flowed through two water traps and a final copper halide trap before detection with a
CO, analyser (Hansell, 2001).

4.2.3.5. Statistical analysis

For the statistical analysis, the free R studio software (Team, 2016) was used.
A correlation study between six independent variables (T, pH,, S, TOC, depth and
longitude) was performed to avoid any correlated independent variables effects.
A principal component analysis was performed to study the combined effect of
independent variables on the measured t , for the three sets of conditions considered
in the present study. Two components were selected for the principal components
analysis; the first component (PC1) was a combination of T, pH_, TOC and depth and
the second (PC2) a combination of TOC, S and longitude. The criteria to select two PC
was that cumulative proportion and the proportion of variance could explain more than
70% of the variability. After the principal components study, a generalized additive
model (GAM) (Hastie and Tibshirani, 1990) was used to determine the best fit between
t,, and each variable with empirical distribution functions which define the degree of
the polynomial.
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4.3. Results

4.3.1. Oxidation kinetics of Fe(Il)

Iron(IT) oxidation rate is independent of the initial Fe(II) concentration (Millero et
al., 1987). Nevertheless, the oxidation rate can be affected when Fe(Il) concentrations
are low and when the H,O, concentration change in the water column. The TdFe(II)
concentration present in all the water samples used for the kinetic studies were measured
and considered (see Table 4.1). The initial Fe(II) in the samples was the initially present
plus the added Fe(II).

Table 4.1. TdFe(Il) concentrations in the seawater
used for the kinetics studies

Basin Depth (m) TdFe(Il) std n
nM
Rockall 0-200 0.43 0.01
Trough 200-1000 0.55 0.01
1000-2000 0.34 0.01
844 (11.33°W) 2.11 0.01 *
Iceland 0-200 0.89 0.18
200-1000 0.88 0.08
1000-2000 0.71 0.17

2000-bottom 0.37 0.03
2758 (20.001°W) 0.53 0.01
2495 (24.711°W)  0.84 0.01
Irminger ~ 0-200 1.41 0.28

*

37 (42.927°W) 0.04 0.01 *
37 (38.666°W) 0.65 0.01 *
51 (41.535°W) 0.72 0.01 *
178 (32°W) 0.45 0.01 *
200-1000 0.5 0.04
1000-2000 0.46 0.17
1382 (34.329°W) 1.82 0.01 *
2000-bottom 0.5 0.12
2413 (34.329°W) 2.6 0.01 *

—_ = W = RN W = = = = QN == N DN N == = N

2918 (39.332°W) 0.95 0.01

* Exclusions
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In order to prove if the rate was affected by the initial Fe(Il) concentration,
different Fe(Il) concentrations were added: 0.48, 0.97, 2.42 and 4.83 nM to a 3119 m
deep sample (S = 34.986; 59.49558°N, 37.99138°W) at 25°C and pH =8.0 (n=3). They
showed similar £’ (min') values for the different Fe(II) additions (Table 4.2). These
results agree with Roy and Wells (2011) for samples below the euphotic zone in the
ocean indicating that H O, was low and in steady state in our samples. If H,O, produced
any changes in the oxidation rate, it did it at a level inside the experimental error. These
results were assumed valid for all samples in our study.

Table 4.2. Oxidation rates at different Fe(II) initial concentration

[Fe(I)]o nM k' (min™) In &' (min™) t;» (min)
0.48 0.147 +0.007 -1.918 +0.044 472 +021
0.97 0.148 +0.001 -1.913 +0.009 4.69 +0.04
2.42 0.156 +0.005 -1.857 +0.029 444 +0.13
4.83 0.153 +0.003 -1.879 +0.020 454 +0.09

The Fe(II) kinetic studies were carried out under three different sets of conditions:
1) in situ conditions of temperature and pH_, ii) fixed conditions of temperature (15°C)
and iii) fixed conditions of both temperature (15°C) and pH,, (8). A pseudo-first order
kinetic reaction for the Fe(II) oxidation at nM levels for samples saturated with O, was
observed in all samples before the t ,. This behavior indicated that both the organic
matter present in the sample and changes in the H,O, levels in the water column do
not affect (or are compensated by) the observed pseudo-first order distribution. The
pseudo-first order rate constant, k’, was calculated using Eq. 4.2 for the different
samples selected to cover all the water masses found in the three basins. For the natural
conditions study, representative Fe(Il) decay curves are depicted in Fig. 4.2A together
with the plot of log [TdFe(II)] versus time in Fig 4.2B. The t,, was calculated using
Eq. 4.4. The k’” was correlated with the experimental conditions used. A description of
k’is given in sections 4.3.1.1 to 4.3.1.3.
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4.3.1.1. Recreating in situ conditions

For each water sample, the oxidation kinetics studies were carried out considering
pH, and temperature under in situ conditions. The bath temperature was fixed at the
same value than that indicated in the CTD for each sample. Temperature equilibrium
was reached before the addition of Fe(II). Values computed using carbonate system
variables (total alkalinity and total dissolved inorganic carbon) at in situ conditions
of temperature and salinity were always inside 0.01 pH units (Gonzélez-Davila et al.,
unpublished data). Oxygen was not depleted in any initial seawater sample (Gladyshev
et al., unpublished data). To keep a constant oxygen concentration along the kinetic
study, the samples were aerated for 1 h prior to the study. The k" and t, , values are
represented in Table 4.3 and Fig. 4.3, together with the values of T, pH,, S, TOC, depth
and longitude. For each water mass, k" is represented in Fig. 4.3E. From the measured k£’
values, t , was calculated using Eq. 4.4. The statistical analysis was applied considering

> 712
all water masses and basins in the studied transatlantic section.

The results of the statistical analysis for the dependence of k' on the
physicochemical variables revealed that the main variable that explained 75% of the
variation in k’(also in t, ) was T. When T and pH_ were considered, this value remained
at around 75%, and when S was also incorporated the dependency increases to 90%.
However, when TOC was combined with S and pH_ only 75% of k’ observed was
explained (Table 4.4). This implied that TOC effects on k£ were strongly dependent on
the water mass. Individual correlations between k&’ and TOC were analysed for each
seawater mass and basin, obtaining the ratio £ :TOC (min"//uM TOC). The ratio was
negative for surface samples with a value of -1.17 (r>=0.995, n=4) (excluding samples
with TOC concentrations of 52.69 and 70.62 uM in Table 4.3) and for the LSW in the
Iceland basin with -1.09 (r>=0.689, n=5) (excluding samples with TOC concentrations
of 48.51 and 38.53 uM TOC in Table 4.3). The ratio was positive in the SPMW with
a value of +3.57 (r’=0.778, n=7) and for the LSW in the Irminger basin with +2.83
(r’=0.903, n=5) for samples west of the Irminger current.

When spatial distribution (potential density, depth and longitude) was considered
with the physicochemical variables, 74% of the observed k’ was explained after
recreating in situ conditions for all water masses and basins The Fe(II) oxidation rate
increased as T, pH_ and TOC increased but slowed down with increases in S, depth and
longitude (°E).
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The k’ value was highly dependent on T, the main variable that controls the redox
process. Surface water masses and the SPMW (Fig. 4.3) had the warmest and saltiest
values, decreasing in an east-to-west direction. This was also observed in the pH,
variable, with a pH_ value of 8.10 in Rockall Trough, which decreased to 8.00 in the
Greenland coast. The surface waters (including the SPMW) also presented the highest
k’ values (> 0.03 min'), with the lowest also found in the Greenland coast (0.013
min'). Below the SPMW, the intermediate water is formed by LSW. The potential
temperature of these waters ranged from 3°C to 6°C and decreased with depth. The
pH_, values for intermediate waters ranged from 7.95-8.00 in the transatlantic section
considered in this study, except for the Iceland basin with slightly lower pH_ values of
7.92-7.96. Intermediate waters presented lower &’ values than surface waters, ranging
from 0.010 min™ to below 0.004 min™'. In addition, low k£’ values of 0.001 min™! were
found in the Irminger basin (588 m, 36.669°W), which presented a pH_ of 7.96 and
the lowest salinity values (34.87+0.01). It was observed that most of the lowest k’
areas presented low TOC concentrations, especially in the LSW in the Irminger Basin,
with values as low as 28.31 M. Exceptions were found closer to the Greenland coast,
where TOC values ranged from 50 pM to 65.29 uM and k£’ was 0.012 min™', higher
than the corresponding values of the surrounding water. The deep water masses are the
densest waters and are composed of ISOW and DSOW that feed the Atlantic meridional
overturning circulation (AMOC). They were the coldest waters in the section (Fig.
4.3), with temperatures below 2.5°C, and high salinity values (>34.8). These samples
presented low &k’ values of 0.005+0.002 min™'.

115



ST00 8000 LIO0  L000  SO'T ¥ TOOIT  20-dy ¥ ST YO~y F 9000 €6L T¥ LT6'Th 91 ey 99'%€
€200 TIOO €200 $I00 TS0 F SIPS  To-HF F b9l +0-H6 F €100 8 ¥'9 SESTH Is 66'€9 96'7€
6200 LIOO  STO0 0200  6v'0 F €IS To-HF F €91 $0-H6 F €100 608 €9 6£€°6€ 8¢ 60°sS 4323
€200  TIOO €200 FIO0  FEO0 F SSSE C0-Ay F 08T  €0-dI F 6100 66L 99 999'8¢ L€ 61°SL 4323 0B
1200 TI00 1200 €100 190 F 65°€9 oAb ¥ 9T  +0-A8 F 1100 8 8's 699'9¢ 6¢ €TLY €6'v€
2200 TIOO0  TTO0 €100 69T F €LLLT  TOHY F ¢l $0-HE F 4000 108 LS 67€7E 6t 9¢°LE 76'7€ MINAS
v200  TI00  ¥200  ¥100  9¥0 F S'Lb 0-aF ¥ LT €0-A1 F S100 L6L YL 43 0s $6'CS 6'vE
L1000 0100  LI00 0100  TI'0 F LTI 0-9y ¥ 1TC  £0-AF F SS00 LOS T LT6'TH Lg 9°0L 10°€€ soppang
v100 L0000 9100 L00O  S91 F €LI 20-dF F 60T +0-d€ F 000 86L 9T 100°0T 8SLT L1y 86'7€ MOSd
v100 L0000 9100 L0000  LOT F STII 20-ar ¥ STT  vO-Av F 9000 I16L ¥ 959'6T €0pT s0g 86'v€
v10°0 L0000  LIO0  L0O0O €K1 F 0SI 09y F 0T1  p0-dy F S000 €6L 6€ £99'97 821 SY6 1 T6'vE
L100 6000 6100 6000  00C F ¥00Ic CO-Ab F 660 ¥0-AC F €000 T6L LS £99'97 769 8LTS P0'SE
1100 S000  SI00  S000 90T F 19917 T0-AF F L60 +0-AT F €000 S8L € 100°0T 690T £6'8¢ €6'7E
€100 9000 9100 9000  ¥LT F I+'T81  20-gr F II'l  p0-HE F 000 98L LY 100°0T 9801 70°6€ 96'7€
L100 6000 8100 6000 €01 F €801 0-Ay F LTT v0-AY F 9000 66L 8'€ 81 1591 158t T6'vE PUELR21
8100 6000 0200 0100  Lv'l F €O¥SI  20-HF F ¢l $0-AF F S000 ¥6L 6§ 31 0£8 679 S0's€ MST
0200 0100 1200 1100  L80 F TI6 20-9r F €41 $0-H9 F 8000 ¥6'L SO £99'97 Lt1 YLLS 10°6¢€ MINAS
T€00 8100 6200 €200 Iv0 F TSty To-AP F SLT €0-AI F 9100 08 S8 959'6T or 29'08 L6'¥E
0€0°0  LIO0  LTOO 1200 950 F ST'8S  C0-HF F 91  $0-H8 F TI00 €08 '8 £99'97 e L6'FS 16t€
1700 €200  ¥€00  TEO0 910 F 6TLI 20-dF ¥ 91T €0-d€ F 0v00 SO'8 Ol 100°0T 9T 69°CS 96'%€
SPO'0 9200 SE0°0  LEOOD  STO F 9597  20-dy F L6'1  €0-HT F 9200 608 10l 81 61 16'2y L6'7E sogjmg
9100 6000 8100 6000 19T F 90691 T0-HF F OI'l $0-HE F 000 66L L€ seell L091 ejep ou 1333 MOSI
v200  TI00  ¥200  ¥100  6L°0 F TSTS  CO-AF F v¥l  p0-H9 F 8000 €6L €3 SECTI P8 wep ou TTse
$20'0 TIO0  STO0 100 €60 F €9°L6  T0-HF F 6€1  $0-HS F LO0O 6L 16 £€€°L 86¢ Bjep ou £s¢ MINAS y300,1 ooy
6500  ¥E00 €00  ¥SO0  8TO F 88'6T  CO0-AF F b6l  €0-AC F €200 1'8  ¥TI  SECII 8 ejep ou 1¢€°se
LEO0 6100  €€00 9200  8€0 F 196¢  TOo-AY F 08T  €0-Al F LIOO0 664 80T €L o€ eep ou zese
0S00 6200  8€00 €400 €10 F ¥S€I 20-9r F 8TT  €0-HF F IS00 608 TII  €€L o1 ejep ou 1333 soejng
mGOﬁ:uEOQ ﬁ.mHDHNZ

4 > 4 v (uyu) w0 (,.uyu) 00 %) (w) ssen

(u)  (uiw)  (upw) o (upw) oy Nddoy gory Yy igd L apnySuory wdaq () DOL  Anures 123eMEdS uiseq

A A A A

Chapter IV

SIIpNIS UONEPIXO SONAULY (I[)3] "€ SqBL

116



2016

ic in

Oxidation kinetics of Fe(Il) along 59.5°N in the North Atlant

LY0°0 €200 w00 9¢0°0 960 F PL'8S 0-dy ¥ 89l  $0-48 F CI00 leL SI 100°0¢ 9801 ¥0°6¢ 96'v¢

LEO0 L10°0 LEO0 ¥20°0 190 F 8I't9 gy F ¥9°1  +v0-d8 F 1100 1I8L SI 81 191 15781 wre

¥70'0 120°0 0%0°0 €00 6v'0 F $¢IS 04y F SL'T €0l F #1000 88L &I 81 0¢8 67’97 S0'sE MST

w00 61070 6£0°0 620°0 6’0 F T0°66 0-dy F S¥'I v0-dS F L000 98L SI $99°9¢C Lyl YL'LS 10°s¢ MINAS purjeo]

£v0°0 0200 0¥0°0 1€0°0 LTO0 F 81'8C c0-dy F 00C  €0dC F SC00 L8L SI 959°6C oy 908 L6VE

150°0 $20°0 ¥¥0°0 1700 o F $6'TC 04y ¥ 80'C €0-HT F 0¢00 v6'L Sl $99°9¢C 143 LO6YS [6'7€

L9070 9€0°0 050°0 2900 o F oyraa gy F 9¢€C  €0dy F LSOO +0'8 Sl 100°0T 9T 69°CS 96'v¢

L90°0 9¢0°0 0500 2900 Iv'0 F 65ty c0-dy F 181  €0-dl F 9100 +0'8 SI 81 ! 16’y L6'vE QoeIng

LS00 6200 9%0°0 8¥0°0 LTT F ¢¢el gy F 0€T  v0-dy F S000 86'L SI SEEII L091 ejep ou £33 MOSI

70°0 1200 0%0°0 €00 60 F €5°0F 0-dy F €81  €0dl F LI0O 88L Sl SECTl 778 ejep ou [14%3

§90°0 S£0°0 6¥0°0 6500 L00 F €LL c0-dy F 9§°CT €049 F 0600 €08 SI £eeL 86¢ ejep ou £6¢ MINdS ySno17 [exooy

LLOO ¥¥0°0 £€50°0 9L0°0 ST'0 F ¥S°¢I c0-dy F 9TC  €0dE F S¥00 608 S SEETI 8 ¥jep ou 1e€¢e

8700 €200 €700 LE00 9L'0 F L9'6L w04y F 95T $0-H9 ¥ 6000 cT6'L Sl €eeL 0¢ ejep ou [42%3

¥L0°0 w00 500 €L0°0 €00 F €€°¢ c0-dy F C6'Cc  To-dl F 80C0 808 SI €L 0l €jep ou [ese doejIng
DoST e X1

0100 S00°0 €10°0 ¥00°0 €0C F ¢€IT w0-dy F 60 $0-HT F €000 I6L Tl [43%13 816C LL9S 6'vE

¥€0°0 L70°0 120°0 LT0°0 190 ¥ 8I'¥9 04y F IST  $0-H8 F 1100 T€8 €1 999°8¢ 986C yI'vy 6'v¢

S10°0 800°0 L10°0 8000 L6'0 F €610l  cody F+ €€ ¥0-dS F LO0O 66L T¢€ 6CE e €Ive oy Yo'y

<100 900°0 S10°0 S00°0 060 F S6'76 0-dy F ¥€1  $0-HS F LO00 88L V'€ [43 9lel 6¢ 76've MOSI

L10°0 600°0 810°0 60070 190 ¥ 8I'%9 w4y F v ¥0-d8 F L1000 L6L €V SES Iy 9sy 67°S9 Yo'y

L10°0 600°0 8100 600°0 Ly'1 ¥ €0vSI cody F 6I'l  +v0-dy F S000 TO8 ¢€°¢ [43%13 L6l LO'TS wre

910°0 800°0 L10°0 800°0 0€'C F LS9PE  Cody F 6,0 0l F T000 86'L S'€ (43413 10v71 w9 88'7¢

0200 [4X0] 6100 100 90°C ¥ 1991C Tody F L60 +0-HC F €000 LO8 9¢ 999°8¢ i44! 'ty 16've

6100 110°0 6100 110°0 9L'0 F L96L 0-dy ¥ S¥'I ¥0-H9 F 6000 ¥0'8 ¥ 999°'8¢ 16 w9 6'7¢

¥10°0 L00°0 910°0 L0070 90C ¥ 199IC Tody + L60 ¥0-dT F €000 €6L S'€ 699°9¢ 180¢ 8¢6¢ €6'vE

S10°0 80070 L10°0 8000 80'¢ F ol'tees Co0-HY ¥ 6v'0 S0HL F 1000 96L L€ 699°9¢ 88¢ 1€°8¢ 68'1¢

¥10°0 L00°0 L10°0 L00°0 Pl F TI91 -4y ¥ 60l  ¥0-HE F ¥000 S6'L S'¢ 6CEPE (4131 66'C¢ 88'9¢

40X 900°0 S10°0 S00°0 060 F S6't6 w0-dy F v€l  $0-HS F LO00 88L €€ [4% 9161 6€ yo've

9100 6000 8100 8000 68'1 F $0'861  Co-dy ¥ OI'l  +¥0-HE F 000 86'L 8¢ 43 LEL o6v'1¢ 6'7¢

810°0 6000 610°0 600°0 68°¢ F €LL0V CO0-HY F 180 ¥0-HI F TO00 96'L S [43 8L1 LL'IS y6'v¢ MST

117



Chapter IV

S¥0°0 1200 00 £€0°0 LEO F 9T°6€ 0-dy ¥ 981  €0-dl F 8100 68°L SI [43 N3 816C LL9S 6'vE

¥¥0°0 120°0 0¥0°0 €00 LEO F ¥6'8¢ c0-dy ¥ 981 €0-dl F 8100 88L SI 999'8¢ 986C 14844 6'v¢

¥¥0°0 1200 0¥0°0 €00 90 F ¥y c0-dy ¥ SL'T  €0dl F $I100 88L SI 699'9¢ 060¢ LEOY 6'v¢ MOosd
£v0°0 0200 0¥0°0 1€0°0 650 F 6819 w-dy F ¥9°1  v0-d8 F 1100 L8&L Sl 6TEve €1ve Ir've Y6've

170°0 6100 6£0°0 8200 $§°0 F SE€96 0-dy ¥ 691  ¥0-d6 F TI00 S8L Sl [43 9161 6¢ Yo've MOSI
700 1200 0700 €00 6L0 F 16°€8 -9y ¥ 0S'1  ¥0-d9 F 8000 8L Sl Ses'ly 9s¥ 6T'S9 Y6'v¢

£70°0 0200 0700 1€0°0 9¢'0 F ¥T6S 0-dy ¥ 891  ¥0-d8 F TIO0 L8&L Sl [43% 13 L6l LOTS w're

LY0°0 €200 woo 9¢0°0 0Tl ¥ €09¢1 -9y ¥ 0€°1  v0-dy F <000 16L SI [43%13 10%1 w9 88'v¢

¥¥0°0 1200 0¥0°0 €00 90 F 8LY9 -9y ¥ ¥9'T  ¥0-48 F 1100 88'L &I 999'8¢ vl I'vy 16've

6€0°0 81070 8¢0°0 9200 wo F oLV c0-dy F 8L1  €0dl F SI00 €8L I 999°8¢ 16 w9 6'vE

9%0°0 00 woo S€0°0 0S'0 ¥ TI'CS gy F IL'T  ¥0-H6 F €100 6L S1 699°9¢ 180T 8¢°6¢ €67

05070 §20°0 €700 6€0°0 9C0 F 8I'LC 0-dy ¥ ¢0'C  €0HT F 9700 €6'L Sl 699'9¢ 88¢ 1€°8¢ 68'v¢ o8uruy
£70°0 020°0 0¥0°0 1€0°0 08°0 F LSV8 0-dy ¥ 05T $0-H9 F 8000 L8L SI [Y4%4% 8¢l 66'C¢ 88'¥¢

1¥0°0 61070 6€0°0 8200 $$°0 F SE€96 0-dy ¥ 89l  $0-48 F CI00 S8L I [43 916l 6¢ Y6'vE

0¥0°0 81070 8¢0°0 LT0°0 0L0 F PLEL gy F 95T $0-H9 F 6000 ¥8L SI [43 LEL 6v'1S 6'v¢

$0°0 120°0 170°0 £€0°0 6£0 F LLOV 0-dy ¥ €81  €0-dl F LI0O 68L Sl [43 8L1 LLTS Y6'v¢ MST
9¢0°0 9100 9¢0°0 €200 Iv'0 ¥ SO0ty 0-dy F 081  €0-dl F 9100 6LL Sl LT6'TY 791 ey 99'v¢

8700 ¥20°0 £70°0 L£0'0 IT0 ¥ v6'IC -9y F 11 €0-dT ¥ TEO'0 TOL Sl Se' Y IS 66'¢9 96'7¢

€700 0200 0¥0°0 1€0°0 90 F 8LY9 -9y ¥ ¥9'T  ¥0-d8 F 1100 L8L SI 6€£°6€ 8¢ 60°SS [4:84%

100 §20°0 ¥90°0 1700 91’0 F €¥9I1 -9y ¥ TCT  €0dE F W00 v6'L S 999°8¢ LE 61°SL [4:84%

100 §20°0 ¥90°0 100 610 F 8561 gy F ¥I'C  €0-dT F €00 vo'L S 699'9¢ 6¢ €TLY £6'7¢

050°0 ¥20°0 £v0°0 6€0°0 0€0 F TCIE 0-dy ¥ v6'l  €0-HT F TW00 €6'L SI (Y4043 84 9¢'LE Y6've MINdS
8%0°0 ¥20°0 €700 LE00 SI'0 ¥ €8¢l gy ¥ vTc  €0dHe F P00 T6L Sl [43 0$ S6'CS 6've

£50°0 L20°0 S¥0°0 ¥¥0°0 600 ¥ S0'6 0-dy ¥ 8Y'C  €0-HS F LLOO S6L Sl LT6'TY LE 79'0L 10°€€ Q9elINg
S¥0°0 1200 00 £€0°0 PI'T FOIS611 0-dy ¥ 8¢l ¥0-H¥ F 9000 68°L SI 11L%C seve ySov 86'7¢

7500 L20°0 S¥0°0 ¥70°0 870 F S0S 0-dy ¥ SLT  €0dl F #1000 96°L Sl 100°0C 8GLT L'y 86'7¢ MOSsd
S0°0 1200 170°0 £€0°0 001 F T0°s0I 0-dy ¥ S¥'lI $0-HS F L000 68°L SI 11L%C 601T LL'SY 96'7¢ MOSI
w00 6100 6£0°0 6200 9¢°0 F ¥T6S -9y ¥ 891  ¥0-d8 F TIO0 98°L Sl 959°6C €ovl Sog 86'7¢

LY0°0 €200 woo 9¢0°0 8¢0 F LOOY -9y F €81  €0dl F LI0O 16L S ¥99'9¢ ¥8¢1 6’1y w're

700 61070 6€0°0 8200 9¢'0 F 88LE 0-dy F 981  €0-dl F 8I00 S8L Sl ¥99°9C 69 8L'CS $0°S¢

S¥0°0 1200 1700 £€0°0 10T _F #9901 0-dy F 8€T  ¥0-dHy F 9000 68L SI 11LYT LY [4N44 [ N4%

118



2016

ic in

Oxidation kinetics of Fe(Il) along 59.5°N in the North Atlant

0900  1€00  LPOO  TSO0 800 F IE6 0-Ar F LFT  €0°AS F L00 008 SI LT6TY 91 ecy 99'%¢
0900  1€00  LYO'O  TSO0  OT0 F OU'TI  TO-Ay F 6£C €0-AF F 7900 008 ST SESTY Is 66°€9 96'¥€

0900  1€00  LYO'0O  TSO0  8TO F vTTE  C0AP F Tl €0-Al F 1200 008 ST 6£€°6€ 8¢ 60°SS (A543

0900  1€00  LY0O'O  TSOO 010 F 6SII T0-dr F 8€T €0 F 0900 008 SI 999'8¢€ LE 61°SL [£:373 JoBuuy
0900  1€00  LYO'O  TSO0 €10 F L8PT  TO-AY F LTT  €0-AE F LYOO 008 ST 699'9€ 6¢ €TLY €6'vE

0900  1€00  LPO'O  TSO0  1TO F 8SHT  CO-AP F SOT  €0-AC F 8200 008 SI 67€vE 6 9¢€'LE v6'7€ MINAS

0900 €£00 800  ¥S00 SO0 F €79 09y F 9T €08 F 1110 008  SI LT6'TY LE 79°0L 10°€€ 20rjINg

0900  1€00  LPO'O  TSO0 bSO F 6819  COAP F ¥91  v0-AS F 1100 008 ST 11LvT S6vT vs 6 86'7€

0900  1€00  LVO'O  TSOO  6€0 F E€¥bF  TOAR F 181 €0l F 9100 008 I 100°0T 85LT L1y 86'v€ M0sd

0900  1€00  LV0OO  TSO0 €60 F €19 TOAY F ¥9L  $0-A8 F 1100 008 Sl 11LT 6012 LLSY 96't¢ MOSI

0900  1€00  LPOO  TSO0  OE0 F 86'€E  COAP F 061 €0Al F 0T00 008 ST 959°6C €0b1 S0¢g 86'€

0900  1€00  LYOO  TSO0  8T0 F 9TIZ  CO-AY F TI'T  €0-AT F €00 008 ST ¥99°9C 8Tl SY6' 1Y T6'vE

0900  1€00  LYO'O  TSO0  €€0 F L9LE  TO-AY F 98T €0-Al F 8100 008 ST £99'97 769 8L'TS v0'S€

0900  1€00  LYO'O  TSO0  0SO F 9LLS  TOAY F 89T +0-A8 F CTI00 008 SI 1Ly 9LY1 Ty T6'vE

0900  1€00  LPO'O  TSO0 €40 F L86v  COAP F SLT €0l F $I00 008 ST 100°0T 690T £6°8¢ €67 —
0900  1€00  LPO'O  TSO0  SE0 F 100K  TOAP F €81 €0l F LI0O 008 SI 100°0T 9801 0°6€ 96'%¢€

0900  1€00  LPO'O  TSO0  9€0 F 9TI¥  TOAP F €81 €0l F LI0O 008 ST 81 1591 15°8 T6hE

0900  1€00 YOO  TSO0  0€0 F IE€pE  CoA¥ F 061 €0Al F 0200 008 Sl 81 0£8 6797 S0'sg MST

0900  1€00  LY0O'O  TSO0  SE0 F €50F  COoAF F €81 €0l F LIOO 008 Sl ¥99°9C Lyl vLLS 10°5¢€ MINAS

0900  1€00  LYO'O  TSO0  TTO F 6£SCT  COAY F €0T €0-AT F LTOO 008 ST 959'6T o 7908 L6'¥E

0900  1€00  LYO'O  TSO0 610 F TCTC  TOAY F 60T €0-AC F 100 008 I £99°97 € L6'YS 16'7€

0900  1€00  LPO'O  TSO0 €10 F T8Vl COAP F LTT €0AE F LWOO 008 ST 100°0T 9z 69°CS 96'%¢€

0900  1€00 YOO  TSOO  TL'0O F 6vEl  TOAF F I€T  €0AF F 1S00 008 I 81 61 16y L6'PE opng

0900  1€00  LP0OO  TSO0 860 F EO0EIl  TOAP F 8ET  0AF F 9000 008 ST SEETL L091 eJRp OU 1£'5€ MOSI

0900  1€00  LPOO  TSO0  6C0 F 6VE€EE  COAP F T61 €0l F 1200 008 ST SEETI 18 eJEp OU TTsE

0900 1€00  LYO'O  TSO0 600 F SEOI  TOAY F £4'CT  €0-AS F L900 008 ST €E€°L 867 ejep ou £s¢ MINAS 50011 [espoy
0900  1€00  LYO'O  TSO0 €20 F 91'9C  TO-AY F T0T €0-AT F 9200 008 ST SECII 8 ejep ou 1e's€

0900  1€00  LPOO  TSO0 €S0 F 809 0-dy F ¥91 $0-A8 F 1100 008 SI €€€°L o€ wjEp ou Tese

0900  1€00  LPOO  TSO0  LOO F €v'8 0-dy F ST €0-H9 F 7800 008  SI €€L 01 vjEp ou 1£'5€ orjINg

8=1Hd DoS1 1€ X114

119



Chapter IV

090°0 1€0°0 LY0°0 500 S0°0 ws 0-d¢ LT €046 €ero 008 SI ceeee 816C LL9S 6'7¢

0900 1€0°0 LY0°0 500 o 1rse 0-d¥ S0'C  €0-dcC 8¢0°0 008 SI 999°8¢ 986C 14924 6'vE

0900 1€0°0 LY0°0 500 LEO 6L°TY 0-d¥ 081  €0-dI 9100 008 SI 699'9¢ 060¢ LEOY 61¢ MOSd
090°0 1€0°0 L¥0°0 500 670 [4%%% 0-d¥ 6’1 €0dl 1200 008  SI 6TEvE 3844 Iv've Y6'vE

090°0 1€0°0 Lv0°0 500 610 s1ee 0-9v 0I'C  €0-9C 1€00 008  SI 43 9161 6¢ Y6'v¢ MOSI
0900 1€0°0 LY0°0 500 Svo cres 0-9¥ L1 v0-d6 €100 008 SI SESIY 9sYy 6C°S9 Y6've

0900 1€0°0 L¥0°0 500 870 144% 0-9¥ 6’1 €0dl 1200 008  SI (43413 L6l LO'TS w're

090°0 1€0°0 LY0°0 500 &0 IS6v 0-9¢ SLT €0l 100 008  SI [43 1% 10¥1 (422 88'7¢

0900 1€0°0 LY0°0 500 LT0 861 0-d¥ yI'c  £0-d¢ €00 008 SI 999°8¢ Yvl I'vy 16've

090°0 1€0°0 LY0°0 500 600 £8°6 0-9¥ Sv'c  €0-dS 1L0°0 008 SI 999'8¢ 16 w9 6've

090°0 1€0°0 LY0°0 500 0T’0 wee 0-d¢ 80'C  €0-d¢C 0€0'0 008 SI 6999¢ 180T 8¢6¢ €6'1¢

0900 1€0°0 LY0°0 500 91°0 €981 0-d¥ LT'T  £0-dE LE00 008 ST 699°9¢ 88¢ 1€°8¢ 68'v¢

0900 1€0°0 LY0°0 500 LEO LTy 0-9¥ 081  €0-dI 9100 008 SI 6TEVE 8¢l 66'C¢ 88'¥¢

0900 1€0°0 L¥0°0 500 61°0 SI'ee 0-d¥ 60C  £0-d¢ 1€0°0 008 SI [43 916l 6¢ Y6'vE

090°0 1€0°0 L¥0°0 500 £€°0 L9'LE 0-dv 981 €04l 8100 008 Sl [43 LEL 6v'1S 6'7¢

120



Oxidation kinetics of Fe(Il) along 59.5°N in the North Atlantic in 2016

4.3.1.2 Fixed temperature conditions

Iron(Il) oxidation rates are dependent on temperature (Santana-Casiano et al.,
2005). Kinetics studies were carried out at a fixed temperature of 15°C and at the
resulting pH,.. The k’ data were plotted in Fig. 4.4B and the corresponding values for
k’,t and pH, are shown in Table 4.3.

172

pH,, values are also temperature dependant, and the effects have to be considered.
Deep waters, normally at 1-3°C, presented the highest changes in pH, while surface
waters with initial temperatures of around 13°C showed the lowest changes. Temperature
gradients in surface waters had an important effect on the pH, values, with T decreasing
east to west.

Notable differences in the Fe(IT) oxidation rate and t , were observed (also at
in situ conditions) for surface waters and SPMW (Fig. 4.4B), as these waters had the
highest temperature differences within the same water mass. These waters had both
the highest pH, values and pH_ range, from 8.03 to 8.09, with a k” value of 0.089
min' obtained at station 3521. The highest k£’ values were obtained from the Rockall
Trough (0.208 min at 10 m) to the central branch of the NAC, the Subarctic front in
the Iceland basin (0.057 min™' at 26 m). The pseudo-first order kinetics rate values fell
below 0.04 min! as seawater samples approached the Greenland coast. An exception
was found over the Greenland plate, at 37 m depth, where a sample with a low pH_ of
7.96 gave a k’ value of 0.077 min™', the reason behind this phenomenon could be that
these waters were polar overflow waters from the Greenland coastal current (Vage et
al., 2011).

For intermediate waters, the Fe(Il) oxidation rate displayed a much lower
variation compared to those at the surface waters, ranging from 0.010 to 0.015 min™! for
most of the section (Fig. 4.4B). Some exceptions were observed in the western part of
the section, where high pH_ values of 7.93 (compared to 7.88 at a nearby station) were
accompanied by high k£’ values in LSW of 0.035 min"! (compared to nearby stations
with a relatively constant value of 0.009+0.001 min™'). The differences were related to
the strong gradient in depth of those water masses between the east and west, which
affected the initial temperature of the samples. Deep waters had an initial small T range.
After being fixed at 15°C, the k’ values changed in a very narrow range (0.012+0.002
min') (Fig. 4.4B).
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A statistical analysis for the 15°C fixed samples (pH was allowed to vary) was
carried out for all three basins and water masses. In this case, the dependence of k’ was
evaluated on pH,, which is the master variable that controls k’. pH_ was able to explain
72% of k’ measured values. When pH_and salinity were considered, they explained 82%
of k” and when TOC was also included only 66% of k’ was explained. Iron(II) oxidation
rate increases with higher TOC and pH, but slowed down as S increases. When the
physicochemical variables were considered together with the spatial distribution, only
69% of k’ could be explained. The Fe(Il) oxidation rate decreased as depth increased

and in an east-to-west direction (Table 4.4).

k' (min™")
== { 0.05

0.04
0.03

0.02

Ocean Data View

-
=3
S
)

Depth (m)
S
S

3000

40°w 30°w 20°w 10°W

v
S
°
@

H
S
A
3
H
8

15°C, pHr =8
40°w 30°w 20°w 10°W

=,

Fig. 4.4A) pseudo-first order constant k£’ (min™') in natural conditions; B) &’
(min') at a fixed temperature of 15°C; and C) k£’ (min™) at a fixed temperature
of 15°C and fixed pH_, of 8.

Table 4.4. Principal Components Analysis

Conditions Components:
Component T T+pH T+pH+S T+pH+S+TOC T+pH+S+TOC *
In situ Standard deviation 107.0610  107.0610 107.0610 110.6008 107.6954
conditions Proportion of Variance 0.9996 0.9996 0.9996 0.9912 0.0126
Cumulative Proportion 0.749 0.752 0.899 0.749 0.740
Component pH pH+S pH+S+TOC pH+S+TOC *
15°C Standard deviation 31.55153  31.55153 28.42381 26.47547

Proportion of Variance 0.99998 0.99998 0.88420 0.00069
Cumulative Proportion 0.717 0.815 0.662 0.687
Component S S+TOC S+TOC *

15°C and pH=8 Standard deviation 19.69602  10.1525761  14.42049
Proportion of Variance 0.99996 0.3050516 0.000206506
Cumulative Proportion 0.622 0.753 0.749

* Include the spatial distribution variables: longitude, depth and potential density
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4.3.1.3. Fixed temperature and pH, conditions

The Fe(Il) oxidation kinetics rate is both temperature and pH dependent
(Gonzalez-Davila et al., 2005; Santana-Casiano et al., 2005). Kinetics studies were
performed at a fixed pH,, of 8 and a constant temperature of 15°C (Fig. 4.4C). Data for
k’and t, , are presented in Table 4.3.

Under the fixed T and pH conditions, the S and the fraction of the TOC affecting
the oxidation rate should account for the observed changes. Surface waters and SPMW
presented higher k’ (Fig. 4.4C) than deeper waters (Fig. 4.5). In surface waters, the
k’ values obtained were higher than 0.07 min! while values for SPMW were between
0.020 to 0.060 min™'. The highest rates in surface waters were accompanied by the
highest TOC concentrations (60.08+17.17 uM).

Intermediate waters presented more homogeneous k’ (with rates lower than
0.030 min' (Fig. 4.4C)) and t , (Fig. 4.5) values. The Irminger basin presented higher
k’ values than the Iceland basin (in the order of 0.01 min'). Similarly, the Irminger
basin’s rates were 0.02 min™ higher than in the Rockall Trough (Fig. 4.4C). These
differences may be due to the S gradient between basins, which decreased in an east-
to-west direction (from 35.1 in the Rockall Trough to 34.9 in the Iceland basin and 34.8
in the Irminger basin (Fig. 4.3B)).
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Fig. 4.5) Staked bar chart of half-life time in the study section separated by water mass and
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Deep waters showed homogeneous &’ values lower than 0.028 min™ (Fig. 4.4C).
An east-to-west increase in k” was observed, with mean values of 0.006 min™' in the
Rockall Trough, 0.013 min™ in the Iceland basin and 0.022 min™ in the Irminger basin.
This increase could be due to changes in S, in accordance with S decreasing in an east-
to-west direction (Fig. 4.3B), but also due to the different water masses present in each
basin. A particularly high £’ value of 0.133 min" was observed at 2918 m (39.332°W)
in the DSOW in the Irminger basin close to Greenland, where high TOC concentrations
were also found (56.77 uM). A linear correlation was observed between k” values and
TOC in these three samples (+0.007 min"'/uM, r>=0.983).

In these studies, the dependence of k’on S was evaluated. Salinity explained 62%
of k’, which increased to 75% when TOC was also considered (Table 4.4). The Fe(II)
oxidation rate increased as TOC values rose, but slowed down as salinity increased.
An exception was found with a positive k:TOC ratio in the DSOW of +0.0075 min
/uM (r*=0.984, n=4), excluding the sample with 49.54 uM TOC (Table 4.3). The
consideration of the spatial distribution did not provide any improvements in the fitting
values (75% of k’ was explained). Iron(II) oxidation rate slowed down with depth and
in an west-to east direction.

4.3.2. Temperature dependence study

Temperature was the main controlling factor for the kinetic process. To follow the
temperature effect, two water samples from different depths were selected. A bottom
seawater sample (3119 m depth) and a surface seawater sample (53 m depth). The
bottom seawater sample was collected in the Irminger Basin at 37.991°W, 59.496°N
in the DSOW water mass with a salinity of 34.896. The surface seawater sample was
collected at 32.832°W, 59.501°N in the SPMW water mass with a salinity of 34.909.
The kinetic studies for each sample were performed at two fixed pH values of 7.7 and
8.0, and at temperatures of 2,5,7.5,10, 12.5 and 15°C (Fig. 4.6).

The results were used to compute the energy of activation (Ea) for the oxidation
reaction using the Arrhenius equation (Egs. 4.5-4.6).

k = Aewr (4.5)
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Fig. 4.6) Plot of In k£’ (min) and temperature (1/K T*)
for the kinetics studies in surface and bottom water at
pH, 7.7 and 8.0.

This study provides new knowledge about whether the oxidation process of Fe(II)
in the surface water differs from that for the bottom water. For the bottom seawater
sample, the Ea increased from 153.73 kJ mol ' at pH_ 7.7 to 218.62 kJ mol" at pH,
8.0. The Ea increased from 105.05 kJ mol" at pH_ 7.7 to 149.21 kJ mol" at pH_8.0
for the surface sample. These results suggest that the mechanism controlling Fe(II)
oxidation in surface seawater involves different chemical species to those in bottom.
Iron(II) removal is favoured in the surface water, with an energy requirement that is
32% lower at both pH values than the energy requirement for the bottom water. In the
Fe(Il) kinetic studies pH 7.7-7.8 1s a critical pH range, where an inflection point in the
Fe(II) species contribution to the kinetic process has been observed (Santana-Casiano
et al., 2006). When pH is lower than 7.7-7.8 the Fe** species predominate, while when
the pH is higher than 7.7-7.8 the Fe(OH), is the most important species controlling the
Fe(II) oxidation rate (Santana-Casiano et al., 2006). When pH, was fixed, differences
between both samples indicated that organic matter composition also controls the

125



Chapter IV

oxidation mechanism. The most recent and less remineralized organic matter at the
surface behaves as the one requiring less energy but, in general, accelerating the process,
while the deepest and more remineralized organic ligands (both more refractory and
single ligands) decreased the oxidation rate but demand more energetic requirements.

4.3.3. Empirical equation

The Fe(II) oxidation kinetics studies conducted under natural conditions enabled
the generation of an empirical equation (Eq. 4.7) for the estimation of £’ as a function
of T (°C), pH, and S for the Northern North Atlantic seawater, with r>=0.79 (p<0.0001)
and a standard error of estimate of 0.0072 min"'. TOC was not considered in this fitting
procedure because it can both increase and decrease the oxidation rate. Values of k’
measured and calculated from the empirical equation are represented in Fig. 4.7.

k” (min~1) = 0.6930 — 0.0004T + 0.0003T2 + 0.0389pHy — 0.0287Sal 4.7

Eq. 4.7 offers a fast method to obtain the Fe(Il) oxidation rate in the Northern
North Atlantic inside any water mass from surface to deep waters. More studies are
planned to validate the equation in other regions and seasons.
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Fig. 4.7) Plot of £’ (min™') measured in natural conditions
and &’ (min') calculated for the empirical equation.
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4.4. Discussion

Current oceanic Fe biogeochemical cycles are still lacking in Fe(II) oxidation
kinetic relationships and equations. Using the Fe(II) oxidation kinetics rate constant, k’,
it was possible to determine the t, , for Fe(Il) in different water masses in the Subarctic
North Atlantic. For this area, kK’ was evaluated for the main variables that control the
Fe(Il) oxidation rate: T, pH, and S. The organic matter effect (measured as TOC) on
the oxidation rate of Fe(II) was also considered. The TdFe(Il) samples were unfiltered
and acidified to pH 6. As such, the concentrations observed in this study seem high in
comparison to filtered samples obtained in the Atlantic Ocean (< 0.2 nM) (Sedwick et
al., 2015).

Temperature was the master variable controlling 75% of the Fe(Il) oxidation
kinetics. At a fixed T, pH controlled 72% of the Fe(II) oxidation kinetics. In all cases,
the principal component statistical analysis indicated that k” increased as T and pH,
increased, but decreased with S, as it has been reported in previous laboratory studies
(Millero and Izaguirre, 1989; Millero et al., 1987; Santana-Casiano et al., 2005).

Organic matter played an important role in controlling the Fe(Il) oxidation, as
reported by Lee etal. (2016) and Craig et al. (2009). However, when correlation analyses
were performed in this study, both positive and negative effects on the rate constant
were observed. This behaviour clearly indicates that organic matter characteristics
could be an important factor influencing the oxidation of Fe(II). The kinetics studies
were carried out in the dark to avoid photo-reduction processes and under oxygen
saturated conditions. However, Fe(IlI) reduction could have also occur in some cases
due to organic matter presence in the sample. Even if all these processes took place in
the solution, a pseudo-first order oxidation dependence was always followed, at least
until t . This indicates that the dissolved organic carbon (DOC) ligands, which affect
the oxidation kinetics as shown in the T dependence studies, are controlled by the
oxygen in the solution. Evidence shows that the measured effects are caused by ligands
that can accelerate or slow down Fe(II) oxidation kinetics. The lack of effects in the
Fe(Il) oxidation kinetics could be due to a balance of the acceleration and slow down
caused by ligands or due to difficulties in the measurement under the oxygen control
conditions.

The study area in the Subarctic North Atlantic included coastal and surface
and bottom oceanic waters. Different mixes of marine and terrestrial origin organic
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matter were present in these waters. Moreover, water masses at different depths with
differences in ventilation/remineralization affecting the organic matter composition,
even with the same TOC content, were considered. The differences between the various
effects could explain why the Fe(II) oxidation rate is sometimes accelerated or slowed
down by TOC and why TOC cannot be included in the Eq. (4.7). As a general trend
in the Subarctic North Atlantic area, TOC accelerated k’. However, some exceptions
were found where TOC slowed down k’, indicating a different effect of TOC on the
Fe(II) oxidation kinetics rate. The pseudo-first order kinetics rate was strongly affected
in surface waters and in waters below the mixed layer when the same T and pH_ were
considered along with only small changes in S. In the SPMW and DSOW of the Iceland
and Irminger basins and also in the LSW of the Irminger basin TOC slowed down
k’. High fluvial fluxes of terrigenous organic matter combined with a highly stratified
surface layer produce a DOC-enriched surface Arctic Ocean (Dittmar and Kattner,
2003). The stratification favours the slow accumulation of organic matter resistant to
biological degradation (Bhatia et al., 2013; Hansell et al., 2009). These surface waters
accumulate a more biologically resistant fraction of TOC (Hansell and Carlson, 1998),
which remains as biologically semi-labile DOC (Carlson, 2002; Hansell, 2002).

The highest variations in k&’ values were observed in surface samples. Roy and
Wells (2011) reported similar results. They observed a faster Fe(II) oxidation rate within
the chlorophyll maximum and in surface seawater, where strong Fe(Ill)-complexing
organic ligands were more abundant than in deep waters. They concluded that
differences in the chemical nature and origin of natural Fe(IlI)- and Fe(II)-complexing
organic ligands between surface and deep waters could explain their findings. This
same process could affect the oxidation kinetics of Fe(Il) in surface waters. The organic
matter located in the surface and bottom seawater does not have the same degree of
remineralization. In deep waters the organic matter is more degraded and therefore the
type of ligands is different which could affect the oxidation rate in a different way.

Spatial distribution affects k£’ due to the chemical characteristics of each water
mass. This is further influenced by water mass changes along the transect. Seawater
transformation that takes place along the path of the North Atlantic Current (NAC)
(Brambilla and Talley, 2008) makes the Iceland basin warmer and saltier than the
Irminger basin. Importantly, the mixing of SPMW, which flows around the Reykjanes
Ridge, in conjunction with air-sea heat loss, results in a colder and fresher SPMW layer
in the Irminger basin (Garcia-Ibéfiez et al., 2016). In addition, the LSW layer changes
its properties due to mixing with the surrounding waters during its journey from the
formation regions (Bersch et al., 1999; Garcia-Ibéfiez, 2015; Pickart et al., 2003). The
ISOW layer comes from the Iceland-Scotland sill and flows southwards into the Iceland
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basin, where it mixes with the older North Atlantic Deep Water (NADW). It then
crosses the Reykjanes Ridge through the Charlie-Gibbs Fracture Zone where it mixes
with the LSW and DSOW, becoming fresher. At the bottom of the Irminger basin, the
DSOW becomes the coldest, densest and freshest layer of the section (Garcia-Ibafiez et
al., 2016). Samples in this study close to the Scotland plate and also in the Greenland
plate present faster Fe(II) oxidation rates than in the open ocean. The rate of oxidation
was affected by water mass characteristics, with different trend behaviour when the
samples were located in the limit zones between water masses or had Mid-Atlantic
Ridge influences. Even considering these differences in the physical properties, the
empirical equation (4.7) was able to fix the observed values to an extent of the 79%
with a standard error of estimate of 0.0072 min™'.

The interaction of Fe(II) with organic matter of both different origin and chemical
characteristics produces a variety of interactions between Fe(Il) with the multiple
organic ligands present in the solution that generate different Fe(II)-L and Fe(III)-L
species. This is in accordance with the observations made in a study of the complexation
and redox buffering of Fe(II) by DOM (Daugherty et al., 2017). The Ea is an indicator
of the mechanism that controls Fe(II) oxidation in seawater and signals the minimum
energy required to carry out the chemical oxidation process (Arrhenius, 1889). For
the Subarctic North Atlantic, surface samples presented lower Ea than bottom waters
at both pH 7.7 and 8.0. The results show that different species must be involved in
the two cases, with the surface waters having a 32% lower Ea requirement for Fe(II)
oxidation than the bottom waters. The organic matter in the surface water is fresher
and less remineralized than the one located deeper, and the interaction with both Fe(II)
and Fe(IlI) could act on the oxidation mechanism accounting for the observed changes.
Moreover, the differences in pH in the two studies also affect organic speciation and
also the species complexation (Santana-Casiano et al., 2006). More studies are being
carried out in this and other oceanic regions, including coastal, upwelling and temperate
oceans in order to accounting for the different processes and to obtain a more general
equation valid under all conditions.

4.5. Conclusions

The Fe(II) oxidation kinetics studies carried out in 2016 in the Subarctic North
Atlantic along the 59.5°N section in the Rockall Trough and the Iceland and Irminger
Basins show that T, pH and S were the master variables controlling the Fe(II) oxidation
kinetics under natural conditions. The sources and characteristics of the organic matter
present were important factors influencing the oxidation of Fe(Il), displaying both
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positive and negative effects on the Fe(Il) oxidation rate. Spatial distribution affected
k’ due to the chemical characteristics of each water mass and their modification as the
water mass moved from basin to basin and from the surface to the deep ocean. Surface
waters required lower energy for Fe(Il) oxidation than bottom waters indicating that
the species involved in the Fe(Il) oxidation kinetic must be different. In this work, a
general equation was obtained which allows computation of &’ taking into account
the effect of T, pH and S under natural conditions. It is valid for the Subarctic North
Atlantic, and can be incorporated into global Fe models. TOC cannot be used as a key
variable in natural environment oxidation studies due to its heterogenity and the lack
of specificity in the composition of the organic matter of this non-distinctive variable.
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ARTICLE INFO ABSTRACT

The Fe(ll) oxidation rate was studied in different water masses present in the subarctic North Atlantic ocean
along the 59.5° N transatlantic section. Temperature, pH, salinity and total organic carbon (TOC) in natural
conditions, fixed temperature conditions and bath fixed ¢ and pH conditi were considered in
order to understand the combined effects of the variables that control the Fe(ll) oxidation kinetics in the ocean,
The study shows that in natural conditions, temperature was the master variable which controlled 75% of the
pseudo-first order kinetics rate (k). This value rose to 90% when pHy (free scale) and salinity were also con-
sidered. At a fixed temperature, 72% of k* was controlled by pH and at both fixed temperature and pH, salinity
controled 62% of the Fe(ll) oxidation rate, Sources and characteristics of TOC are important factors influencing
the oxidation of Fe(Il). The organic matter had both pasitive and negative effects on Fe(ll) oxidation. In surface
and coastal waters, TOC accelerated k’, decreasing the Fe(ll) half-life time (t;2). In Subpolar Mode Water,
Labrador Sea Water (for the Irminger Basin) and Denmark Straight Overflow Water, TOC slowed down k’,
increasing Fe(ll) ty . This shifting behaviour where TOC affects Fe(ll) oxidation depending on its marine or
terrestrial origin, depth and remineralization stage proves that TOC cannot be used as a variable in an equation
describing k’. The temperature dependence study indicated that the energy requi for Fe{ll) oxidation in
surface waters was 32% lower than the required for bottom waters at both pH 7.7 and 8.0. This variability
confirmed the importance of the organic matter composition of the selected samples. The Fe(ll) oxidation rate
constants in the region can be obtained from an empirical equation considering the natural conditions of tem-
perature, pHy and salinity for the area, producing an error of estimation of 0.0072 min ~*. This equation should
be incorporated in global Fe models.
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1. Introduction Arctic Ocean (Campbell and Yeats, 1982; Crusius et al., 2017; Klunder

etal, 2012; Thurdezy et al., 2011; Wehrmann et al., 2014), the Arabian

Oceanic Fe distribution has been extensively studied in the Atlantic
Ocean (Bergquist and Boyle, 2006; Bergquist et al., 2007; Bowie et al.,
2003; Bowie et al., 2006; Bowie et al., 1998; Bowie et al., 2004; Bowie
et al., 2002; Boye et al., 2006; Buck et al,, 2016; Cullen et al., 2006;
Fitzsimmons and Boyle, 2014; Fitzsimmons et al., 2013; Laés et al.,
2005; Mills et al, 2004; Mohamed et al,, 2011; Powell et al., 1995;
Saito et al., 2013; Ussher et al,, 2010; Wu et al., 2001), the Pacific
Ocean (Chase et al., 2005; Coale, 1991; Hong and Kester, 1986; Mackey
et al., 2002; Nishioka et al., 2001; Resing et al., 2015; Roy et al., 2008;
Schmidt and Hutchins, 1999 Wu et al., 2001; Wu et al., 2011), the
Indian Ocean (Nishioka et al., 2013; Statham et al., 2005), the Southern
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Sea (Measures and Vink, 1999) and the Mediterranean Sea (Sarthou and
Jeandel, 2001).

In the past, global ocean Fe distribution models have been proposed
(Tagliabue et al., 2014; Tagliabue et al,, 2010; Tagliabue et al., 2017).
However, there is a lack of knowledge in the processes that control the
behaviour of the different iron species and the transference between
them, Iron(111) is the thermodynamically stable form of iron in seawater
(Millero and Izaguirre, 1989), but significant concentrations of Fe(Il)
can also be found in the ocean. This aspect is very important because Fe
(I1) is more bioavailable for marine phytoplankton than Fe(Ill) (Morel
et al., 2008; Shaked et al., 2005; Shaked and Lis, 2012). The bioavail-
ability of Fe in aquatic environments is strongly affected by redox re-
actions which recycle Fe between Fe(lI) and Fe(I11) oxidation states and
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Organic Matter effect on the Fe(Il) oxidation kinetics in the Labrador Sea

Abstract

The Fe(Il) oxidation rate was studied in one latitudinal and one longitudinal
transect crossing the Labrador Sea. The studies considered the temperature, pH, salinity
and total organic carbon (TOC) content. The pseudo-first order kinetic rate, £’ (min™'),
variability was controlled by temperature (77%) when recreating in situ conditions,
by pH, (75%) at a fixed temperature of 15°C and by salinity and TOC (80%) when
samples were fixed in both temperature and pH, 8. Sources and characteristics of TOC
affected the oxidation of Fe(II). Organic matter produced positive and negative effects
on the Fe(Il) oxidation rate. A theoretical approach that considers the temperature and
inorganic interactions on the oxidation kinetics has been included to provide the organic
ligand effects on the Fe(Il) oxidation rate. An empirical equation for the calculation
of Fe(II) oxidation rate constants was obtained considering the in situ conditions of
temperature, pH_ and salinity for the North Atlantic.
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Organic Matter effect on the Fe(Il) oxidation kinetics in the Labrador Sea

5.1. Introduction

The Labrador Sea (LS) is the coldest and freshest basin of the North Atlantic
Ocean. It is the source of the intermediate depth water mass Labrador Sea Water (LSW)
(Lazier et al., 2002; Nielsen, 1928). The deep convection caused by the cold air blowing
off the Canadian landmass during winter destabilizes the water column, extending as
deep as two kilometers (Pickart et al., 2002). LSW is important because it contributes
to the global meridional overturning circulation (McCartney, 1992) and to the oceanic
flux of heat (Dickson et al., 2003; Talley and McCartney, 1982). It is characterized by
low salinity and temperature. It is well ventilated providing a transport of atmospheric
gases to intermediated depths of the North Atlantic Ocean (Azetsu-Scott et al., 2003)
and a climate connection between the high-latitude atmosphere and mid depth ocean
(Pickart et al., 2002). The LS contributes to the net poleward heat transport by the
ocean—atmosphere system and experiences a net annual heat loss to the atmosphere of
approximately 1 GJ m™. The LS is unique in distributing this heat loss over a depth of
a kilometer or more (Straneco, 2006).

Other water masses are also present in the LS basin. Irminger Water (IW) is
transported into the LS from the Irminger Sea in the East and West Greenland Currents.
These saline waters lie over the continental shelf and slope (Yashayaev et al., 2003).
Northeast Atlantic Deep Water (NEADW) is originated from the dense overflow
entering the North Atlantic through the deep trenches 