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Summary

Summary

Phytoplankton growth has been shown to be limited by a low supply of iron (Fe) in large parts of
the world’s surface ocean. In oxic seawater, the thermodynamically favored Fe form is Fe(lll),
which is rapidly precipitated and scavenged out of solution. Iron bound to organic matter has
been shown to dominate Fe speciation and to buffer dissolved Fe (DFe) concentrations over the
solubility of inorganic Fe (Fe"). Our current knowledge of Fe speciation suggests that an excess
binding capacity of organic matter relative to Fe typically exists in seawater, but the sources,
nature and residence time of the Fe-binding ligand pool are still largely unclear. Organic
speciation of Fe is usually determined via competitive ligand exchange-adsorptive cathodic
stripping voltammetry (CLE-AdCSV), but its data interpretation has some limitations, e.g. the
absence of pH and temperature dimensions. The oceans are currently experiencing acidification,
warming, deoxygenation and stratification, and therefore it is important to understand the impact
of changing seawater chemistry conditions (e.g. decreasing pH) on Fe speciation. Therefore, |
applied an ion paring-organic matter model (NICA-Donnan), to thermodynamically calculate

ambient Fe speciation and derive the apparent Fe(l11) solubility (SFe(l11)app).

Iron speciation is calculated by the competition between inorganic complexes and organic
complexation with the NICA-Donnan model, using DFe concentrations from various seawater
samples. The SFe(l11)app is calculated in a oversaturated system by setting an input of DFe(l11) to
10 nmol L%, at ambient ocean pH, temperature and dissolved organic carbon (DOC)
concentrations. This will result in the precipitation of Fe hydroxide, as ferrihydrite assumed in
our system. The SFe(l11)app is defined as the sum of all aqueous inorganic species and Fe bound
to organic matter at a free Fe (Fe*) concentration equal to the limiting solubility of Fe hydroxide
(Fe(OH)z3(s)). 1 combined these predictions with observational DFe as well as Fe(ll) data, to
build a comprehensive picture on Fe speciation and DFe inventory in the ambient oceanic water

column, with further feedbacks on primary productivity.

In Chapter 3, | first calibrated predictions of Fe speciation with four different NICA parameter
sets representing a range of binding sites strengths and heterogeneities, by comparing those

predictions to determinations of Fe speciation via CLE-AdCSV in samples collected from the
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Celtic Sea. The results showed a constant low DOC concentration resulted in a slight
improvement in the fit of titration data to the simulated titrations, suggesting that the changes in
dissolved organic matter composition that occur alongside changes in DOC concentration dilute
the Fe binding site pool. Using the optimized parameters, the calculated SFe(111)app Was within
the range of DFe concentrations observed after winter mixing on the shelf and in waters >1500 m
depth at the furthest offshore stations. This supports the hypothesis that the ocean dissolved Fe

inventory is controlled by the interplay between Fe solubility and Fe binding to organic matter.

In Chapter 4, | further derived Fe(l11) NICA constants for marine DOM from samples collected
across the Peruvian shelf and slope, via the approach PEST-ORCHESTRA. Using the constants,
the modelled SFe(l11)app Showed a ca. 2 fold increase in the oxygen minimum zone compared to
surface waters. The increase results from a one order of magnitude decrease in H* concentrations
which impacts both Fe(l11) hydroxide solubility and organic complexation. Using the Fe(ll)
measurements, | calculated the dissolved Fe(ll1) concentrations (DFe-Fell). The results highlight
that the underlying distribution of ambient DFe(l11) largely reflected the modelled SFe(l111)app and
an important role of ambient pH and temperature on the speciation and solubility of Fe.

Finally, I investigated correlations of predicted SFe(l11)app and measured DFe at ocean basin
scales, using data obtained during a series of GEOTRACES cruises (Chapter 5). A similar trend
was observed in the vertical distributions of horizontally averaged SFe(l11)app and DFe.
Combining the regression analysis and proportions of DFe relative to predicted SFe(l11)app at the
basin scale, the results suggest the distribution of DFe is not solely a function of sinking organic
matter remineralization processes, but also regulated by relative changes in ambient pH and
temperature. pH has a larger impact on SFe(l11)app than DOM at basin scales, based on a
solubility gradient of Fe hydroxide that is driven by ambient temperature. Therefore,
consideration of the impact of pH and temperature on organic Fe complexation is as important
for the speciation and solubility of Fe as the characterization of Fe-binding ligands, since the
global distributions Fe-binding ligand (and DOC concentrations) are relatively invariant at the

basin scale.



Zusammenfassung

Zusammenfassung

Das Wachstum von Phytoplankton wird nachweislich durch ein geringes Angebot an Eisen (Fe)
in weiten Teilen der Weltmeere begrenzt. In oxischem Meerwasser ist die thermodynamisch
bevorzugte Fe-Form Fe(ll1), das schnell ausgefallt wird und somit nicht mehr in Lésung vorliegt.
An organisches Material gebundenes Fe dominiert nachweislich die Fe-Speziation und puffert
die Konzentration von geléstem Fe (DFe) tber die Loslichkeit von anorganischem Fe (Fe”).
Unser derzeitiges Wissen Uber die Fe-Speziation deutet darauf hin, dass im Meerwasser
typischerweise ein Uberschuss an Bindungskapazitat von organischem Material relativ zu Fe
besteht. Jedoch sind die Quellen, Arten und Verweilzeiten der Fe-bindenden Liganden noch
weitgehend unklar. Die organische Speziation von Fe wird in der Regel mittels kompetitiver
Ligandenaustausch-adsorptiver kathodischer Stripping-Voltammetrie (CLE-AdCSV) bestimmt,
deren Dateninterpretation jedoch einige Einschrankungen aufweist, z.B. das Fehlen von pH- und
Temperaturdimensionen. Die Ozeane erfahren derzeit eine Versauerung, Erwarmung,
Desoxygenierung und Schichtung. Daher ist es wichtig, die Auswirkungen der sich &ndernden
chemischen Bedingungen (z. B. sinkender pH-Wert) auf die Fe-Speziation zu verstehen. Im
rahmen der vorliegenden Arbeit wurde ein lonenparing-Modell fiir organische Materie (NICA-
Donnan) angewendet, um die Fe-Speziation thermodynamisch zu berechnen und die scheinbare
Fe(l11)-Loslichkeit (SFe(111)app) abzuleiten.

Die Fe-Speziation wird durch die Konkurrenz zwischen anorganischen Komplexen und
organischer Komplexierung mit dem NICA-Donnan-Modell berechnet, wobei DFe-
Konzentrationen aus verschiedenen Meerwasserproben verwendet werden. SFe(l11)app Wird in
einem (Gbersattigten System berechnet, indem eine DFe(I11) Konezentration von 10 nmol L, bei
ambienten ozeanischem-pH Werten, Temperaturen und geldsten organischen Kohlenstoff
(DOC)-Konzentrationen eingestellt wird. Dies fuhrt, wie in unserem System angenommen, zur
Ausfallung von Fe-Hydroxid als Ferrihydrit. SFe(l11)app ist definiert als die Summe aller
waéssrigen anorganischen Fe-Spezies und des an organisches Material gebundenen Fe bei einer
freien Fe (Fe*")-Konzentration, die gleich der begrenzten Léslichkeit von Fe-Hydroxid
(Fe(OH)a3(s)) ist. Ich habe diese VVorhersagen mit beobachteten DFe- und Fe(ll)-Daten

kombiniert, um ein umfassendes Bild der Fe-Speziation und des DFe-Inventars in der
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ozeanischen Wasserséaule, mit weiteren Riickkopplungen auf die Primarproduktivitat, zu

erstellen.

In Kapitel 3 habe ich zunachst VVorhersagen der Fe-Speziation mit vier verschiedenen NICA-
Parametersatzen kalibriert, die einen weiten Bereich von Bindungsstellenstarken und
Heterogenitaten repréasentieren, indem ich diese Vorhersagen mit Bestimmungen der Fe-
Speziation tiber CLE-AdCSV in Proben aus der Keltischen See verglichen habe. Die Ergebnisse
zeigten, dass eine konstante niedrige DOC-Konzentration zu einer leichten Verbesserung der
Anpassung der Titrationsdaten an die simulierten Titrationen fuhrte, was darauf hindeutet, dass
die Anderungen in der Zusammensetzung der geldsten organischen Substanz, die zusammen mit
Anderungen der DOC-Konzentration auftreten, den Pool an Fe-Bindungsstellen verdiinnen.
Unter Verwendung der optimierten Parameter lag die berechnete SFe(l11)app innerhalb des
Bereichs der DFe-Konzentrationen, die nach der Winterdurchmischung auf dem Schelf und in
Gewassern mit einer Tiefe >1500 m an den am weitesten entfernten Offshore-Stationen
beobachtet wurden. Dies unterstiitzt die Hypothese, dass der Bestand an geléstem Fe im Ozean
durch das Zusammenspiel von Fe-Loslichkeit und Fe-Bindung an organisches Material gesteuert

wird.

In Kapitel 4 habe ich mit Hilfe des PEST-ORCHESTRA Ansatzes weitere Fe(l11)-NICA-
Konstanten fir marine gel6ste organische Materie (DOM) aus Proben abgeleitet. Unter
Verwendung der Konstanten zeigte die modellierte SFe(I11)app in der Sauerstoffminimumzone
einen ca. 2-fachen Anstieg im Vergleich zum Oberflachenwasser. Der Anstieg resultiert aus
einer Abnahme der H*-Konzentration um eine GréRenordnung, die sowohl die Fe(l11)-Hydroxid-
Loslichkeit als auch die organische Komplexierung beeinflusst. Mit Hilfe der Fe(l1)-Messungen
habe ich die gelosten Fe(l11)-Konzentrationen (DFe-Fell) berechnet. Die Ergebnisse zeigen, dass
die zugrundeliegende Verteilung von DFe(l11) in der Umgebung weitgehend die modellierte
SFe(111)app Widerspiegelt und dass der pH-Wert und die Temperatur der umgebenden

Wassermasse eine wichtige Rolle fiir die Speziation und Loslichkeit von Fe spielen.

Schlief3lich untersuchte ich Korrelationen von vorhergesagtem SFe(l11)app und gemessenen DFe

Konzentrationen auf Ozeanbecken-GrélRenordnungen, unter Verwendung von Daten, die
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wéhrend einer Reihe von GEOTRACES-Forschungsausfahrten gewonnen wurden (Kapitel 5).
Ein &hnlicher Trend wurde bei den vertikalen Verteilungen von horizontal gemitteltem
SFe(111)app und DFe beobachtet. Kombiniert man die Regressionsanalyse und die Anteile von
DFe relativ zu vorhergesagtem SFe(l11)spp, deuten die Ergebnisse darauf hin, dass die Verteilung
von DFe nicht nur eine Funktion sinkender Remineralisierungsprozesse von organischem
Material ist, sondern auch durch relative Anderungen des pH-Werts und der Temperatur in der
Umgebung reguliert wird. Der pH-Wert hat einen gréf3eren Einfluss auf SFe(l11)app als DOM,
basierend auf einem Ld&slichkeitsgradienten von Fe-Hydroxid, der durch die
Umgebungstemperatur bestimmt wird. Daher ist die Ber(cksichtigung des Einflusses von pH
und Temperatur auf die organische Fe-Komplexierung fur die Speziation und Loslichkeit von Fe
ebenso wichtig wie die Charakterisierung von Fe-bindenden Liganden, da die globalen
Verteilungen Fe-bindender Liganden (und DOC-Konzentrationen) auf Ozeanbecken-

GroRenordnungen gesehen relativ unverénderlich sind.

Thanks to Dr. Felix GeiRler on the German translation.
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Chapter 1 - Introduction

1 Introduction

Iron (Fe) is the fourth most abundant element in the earth’s crust (Wedepohl, 1995), but it is
present as a trace element (less than 1 mg kgt) in the modern oxygenated ocean. Early in the
1930s experimental data firstly showed that Fe enrichment stimulated the growth of
phytoplankton providing evidence of Fe limitation to phytoplankton in seawater (Ruud, 1930;
Gran, 1931; Hart, 1934). In 1990, Martin. (1990) proposed the ‘Fe hypothesis’ which postulated
that increased inputs of Fe from dust into Southern Ocean during glacial periods resulted in
enhanced utilization of nutrients and significant drawdown of carbon dioxide from the
atmosphere. Iron enrichment experiments ranging from bottle incubations (Hutchins et al., 2002;
Browning et al., 2018) to large-scale open ocean studies (Boyd et al., 2007) suggest Fe supply
could stimulate phytoplankton growth in the high nitrate low chlorophyll (HNLC) regions, which
currently make up 30% of the surface ocean (de Baar et al., 2005). Furthermore, Moore et al.
(2009) suggests Fe could also have the potential to regulate nitrogen fixation by diazotrophs in
nitrogen poor low latitude waters. Therefore, low supply of Fe could affect as much as half of the

surface ocean.

1.1 Iron solubility and bioavailability in seawater

1.1.1 Iron solubility

Iron can exist in two oxidation states in seawater, the soluble ferrous form (Fe(Il)) and ferric
form (Fe(l11)). In oxic seawater the thermodynamically favored form, Fe(lll), is strongly
hydrolyzed, and tends to precipitate as particulate Fe(l11) hydroxides. Inorganic Fe has a poor
solubility at near a seawater pH of 8.0 (0.01 nmol L™, 25°C) (Liu and Millero, 2002), but
dissolved Fe (DFe) concentrations are much higher than inorganic Fe solubility (Johnson et al.,
1997). Previous work has shown Fe bound to organic matter plays a critical role in Fe speciation
and significantly enhances Fe solubility (Kuma et al., 1996; Liu and Millero, 2002; Gledhill and
Buck, 2012). The more soluble form, Fe(ll) is found in oxic waters as a transient species, and is
thus present at low concentrations (Croot et al., 2008; Croot and Heller, 2012). In some cases,
Fe(ll) forms an important fraction of DFe concentrations, e.g. in low pH or low oxygen waters

such as porewaters, hydrothermal vent fluids and oxygen minimum zone (Rickard and Luther,

1
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2007). The rate of Fe(lIl) oxidation is dependent primarily on dissolved oxygen (DO)
concentrations, pH and other reactive oxygen species (e.g. H20>), as well as temperature and
salinity (Millero et al., 1987; Millero and Sotolongo, 1989). Production of Fe(ll) via several
different processes should be considered in addition to oxidation rate only in seawater.
Photochemistry is the dominant source of Fe(ll) in surface seawater (Rose and Waite, 2005;
Barbeau, 2006), in addition to processes such as biological release (Croot et al., 2008). In bottom
seawater, Fe(ll) can diffuse from porewaters to overlying waters with rates largely dependent on
the DO gradient and biological activity (Homoky et al., 2012; Schlosser et al., 2018).

Dissolved Fe is operationally defined as Fe passing through a 0.2 um filter (or 0.45 um used in
earlier literature). This fraction will include Fe(ll), inorganic Fe(l11) complexes, Fe(lll)
complexed by organic matter, small colloids and nanoparticles (Turner and Hunter, 2001,
Raiswell and Canfield, 2012). These different Fe species are difficult to separate via filtration as
their size ranges overlap (Figure 1.1). In oxic seawater, the physical distribution of Fe based on

mass balance can be summarized as

Fetotal = Feparticulate + Fecolloid + Féesoluble (1)
Where Fe olloid 1S Usually defined as the size range between 0.02 pm and 0.2 um, and
Fegoluble represents the <0.02 um fraction. However, some of colloidal fractions of Fe may
decrease Fe bioavailability and facilitate Fe removal through transformation of the colloidal
fraction into larger particles (Wu et al., 2001). In contrast, using the chemical perspective, the
distribution of Fe on the mass balance can be summarized as

Fetotal = Fe' + FelL + Fejpert (2)

Where Fe’ represents labile inorganic Fe complexes, FelL represents Fe organic ligand
complexes exchangeable with a time scale of < 1 day, and Fe eyt represents the Fe fraction
bound up in matrices that are essentially non-labile over a period of 1 day or more. Although the
organic complexation determines Fe speciation and strongly buffers DFe concentrations, the
overall physico-chemical speciation of DFe is more complex in ambient seawater (Gledhill and
Buck, 2012). In addition, the balance between the supply of Fe and removal processes primarily
determines DFe distributions in the ocean (Boyd and Ellwood, 2010), where the organic

complexation predominantly keeps Fe in soluble.
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Figure 1.1. Size ranges of particles, colloids, nanoparticles and aqueous species in relation to
filterable iron, which is regenerated from Raiswell and Canfield (2012).

The supply/sinks of iron in seawater

The Fe cycle is driven by the rates of supply and removal in seawater. Within the Fe supply,
Boyd and Ellwood (2010) suggests it could be divided into two parts, ‘new’ (i.e. adding to
oceanic inventory) and ‘recycled’ (i.e. turnover of the inventory). Within the Fe removal, it could
also be divided into two parts, scavenging as a result of adsorption, precipitation and aggregation
process leading to soluble phases being converted into colloidal and particulate forms, and
biological uptake. The ‘recycled’ Fe and the biological part of Fe sinks, are driven by the internal
cycling that mostly depends on primary production in the ocean. In the Fe supply, there are
multiple sources of ‘new’ Fe, including e.qg. rivers, icebergs, dust, sediments and hydrothermal
sources, which are present from surface to deep water, and coast to open ocean.

River inputs are the dominant source of Fe to estuarine waters (Bruland and Lohan, 2006) and
their immediate surroundings. The overall DFe flux from rivers into the world ocean is estimated
to be 26 x 10° mol y* (Turner and Hunter, 2001). Much of this DFe is removed during estuarine
mixing (Boyle et al., 1977; Sholkovitz et al., 1978; Hunter and Leonard, 1988) as charged Fe-
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binding colloids aggregate to form larger particles and thus flocculate as salinity increases, and
this removal process may be influenced by particle size in river water (Dai and Martin, 1995;
Wen et al., 1999). Previous works have shown that organic Fe complexation plays a key role in
Fe transport over great distances from river sources to the open ocean as well as in Fe
availability to biological utilization (Powell and Wilson-Finelli, 2003; Rijkenberg et al., 2006b;
Muller, 2018). Recently, Vieira et al. (2020) used both radium isotope and trace element data,
and showed that Fe delivery from Congo River significantly contribute to offshore Fe
availability in South Atlantic gyre, possibly resulting from rapid transport and additional benthic

sources of Fe as well as the stabilization by organic ligands.

Atmospheric dust is a dominant external input of Fe to the surface open ocean, e.g. the western
north Atlantic ocean receives about 43% of global oceanic dust inputs (Jickells et al., 2005).
Volcanic dust can also act as a source of Fe and natural fertilization of Fe-depleted surface
waters through volcanic-derived ash particles has been shown to stimulate phytoplankton growth
and completely drawdown the macro nutrients nitrate and phosphate in the North Atlantic
(Achterberg et al., 2013). Previous studies have shown that Fe has a short residence time in
surface waters (Sarthou et al., 2003; Bergquist and Boyle, 2006), e.g. 17 to 28 days in the
northeast Atlantic Ocean, so that Fe is rapidly removed from surface waters by precipitation
and/or colloidal aggregation (Sarthou et al., 2003). On the other hand, photo-reduction of
colloidal Fe has been observed in surface waters (Barbeau et al., 2003; Rijkenberg et al., 2006a),

and could be an important process for maintaining elevated DFe in surface waters.

Icebergs are thought to be one of the largest Fe sources (3.9-30.5 Gmol Fe yr) to both the Arctic
and Southern Oceans (Boyd et al., 2012). Smith et al. (2007) reported increased iceberg fluxes
could result in enrichment of iceberg derived terrigenous material (e.g. organic matter and Fe),
and thus increase the abundance of phytoplankton. However, Hopwood et al. (2019) suggested
that inputs of DFe from icebergs could also be influenced by the properties of the icebergs
themselves and particularly by the speciation of released Fe from melt ice (e.g. dissolved-
particulate size and distributions of Fe content). In addition to the properties of the icebergs, Fe
complexation by organic matter is also expected to play a role and previous work has reported

that Fe is undersaturated compared to the binding capacity of organic matter in Southern Ocean
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waters (Boye et al., 2001; Croot et al., 2004a). Iron complexed by organic matter could therefore

have the potential to facilitate the stability of iceberg Fe fluxes to the overall DFe inventory.

Resuspended shelf sediments and porewaters release combined with upwelling process are likely
dominant sources of Fe to coastal surface waters (Johnson et al., 1997; Moore et al., 2004).
Previous work has reported high DFe fluxes from reduced sediments in the Peruvian upwelling
region (Bruland et al., 2005; Scholz et al., 2011, 2014; Vedamati et al., 2014) where very low
oxygen concentrations lead to the predominance of Fe(ll) in DFe pool in upwelled waters
(Schlosser et al., 2018; Croot et al., 2019). On the other hand studies of Fe speciation in OMZs
suggest the organic Fe complexation could shift the redox equilibrium away from Fe(Il) (Witter
et al., 2000; Hopkinson and Barbeau, 2007; Kondo and Moffett, 2015) and promote Fe(l1)
oxidation, thus minimizing the spatial extent of strong sedimentary Fe sources. The mechanism
of DFe supply to surface water could therefore be strongly influenced by Fe complexed by
organic matter. Furthermore, a recent study has shown that shelf humic substances potentially
complex and transport sedimentary Fe for at least 4000 km in the North Pacific, suggesting the
key role of organic complexation in shaping the distribution of Fe (Yamashita et al., 2020).

In the deep ocean, hydrothermal vents have been observed to strongly influence the DFe pool,
e.g. in South Atlantic Ocean and South Pacific Ocean hydrothermal fluids have been shown to be
enriched in Fe by more than several orders of magnitude relative to ambient DFe concentrations
(Saito et al., 2013; Fitzsimmons et al., 2014, 2017). On one hand, the study of the DFe fraction
that transports Fe from hydrothermal vents by Fitzsimmons et al. (2014, 2017) and the
investigations of ligand characteristics by Buck et al. (2018) in the South Pacific Ocean, suggest
Fe bound to organic matter could increase the stabilization of this DFe source and buffer it
against scavenging. On the other hand, studies of Fe speciation near hydrothermal vents have
shown that only small amount of hydrothermal Fe may be stabilized by complexation and that
this will limit the increase in the DFe pool in deep water (Bennett et al., 2008; Hawkes et al.,
2013; Kleint et al., 2016). Nevertheless, Fe complexed by organic matter could constrain the
input of Fe from hydrothermal vents, thus influencing the transport of this Fe and further

utilization by primary producers.
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Comparing to new Fe supply, scavenging is the main removal mechanism of Fe from seawaters
(Johnson et al., 1997). Iron is generally removed by scavenging on settling particles and vertical
export of biogenic material from the surface ocean. It has been shown that Fe scavenging is a
two-stage process, with reversible absorption to smaller and colloidal particles, and followed by
aggregation and removal on large particles (Bruland and Lohan, 2006). In surface waters, Croot
et al. (2004b) has reported an extremely short residence time with 6 to 62 days for Fe in the
equatorial Atlantic due to rapid removal by aggregation and subsequent sinking of particles. A
fraction of scavenged Fe is added to the sinking particulate Fe pool and will remineralize at
depth throughout the water column, which is also an important source of Fe in the deep ocean. In
intermediate water, Tagliabue et al. (2019) using a global model has shown that the accumulation
of Fe is largely controlled by opposing fluxes of regeneration and scavenging, suggesting
internal cycling is the main control on Fe stocks within intermediate waters. In deep ocean,
Kuma et al. (2003) has shown that DFe depth profiles are a result of sinking particulate organic
matter (POM), remineralization of sinking POM and ambient Fe solubility, suggesting ambient
Fe solubility primarily determines DFe concentrations in deep ocean. Nevertheless, the residence
time of Fe affects the DFe inventory in seawater, which is mainly driven by the process of
regeneration and scavenging, and ambient Fe solubility that is influenced by complexed by

organic matter.

1.1.2 Iron bioavailability

There is an well-defined recognition that limited availability of Fe lowers phytoplankton pigment
content and light harvesting capacities, hinders photosynthesis and growth rates, and
subsequently diminishes the production of organic matter and biogenic minerals (Boyd et al.,
2007). Shaked and Lis, (2012) defined Fe bioavailability as the degree to which a certain Fe
compound can be accessed and utilized by phytoplankton and this definition is followed in this
thesis. However, quantifying Fe bioavailability is difficult in the marine environment, since Fe
speciation is dynamic in time and space and Fe exists as a multitude of different compounds with
substantially different chemical and physical properties (Turner and Hunter, 2001; Raiswell and
Canfield, 2012). Compared to particulate Fe (pFe) or colloidal Fe (cFe), dissolved Fe is generally
regarded as a more bioavailable fraction, but there is also evidence that pFe and cFe could be
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utilized by phytoplankton (Sunda, 2001). Reductive dissolution of pFe in the presence of
siderophores could be a potential Fe source for phytoplankton (Vraspir and Butler, 2009). In
addition, phytoplankton physiology, light, temperature and microbial interactions could also
affect Fe bioavailability (Worms et al., 2006; Shaked and Lis, 2012), e.g. Fe limitation caused
the upregulation of high affinity Fe acquisition systems allows changes in access to different Fe
pool (Maldonado and Price, 2001; Maldonado et al., 2006; Allen et al., 2008).

In the dissolved Fe pool, previous results from both laboratory and field culture experiments
suggest inorganic Fe complexes (Fe”"), are highly bioavailable fraction compared to most
organically bound iron forms and small colloids (Morel et al., 2008; Shaked and Lis, 2012).
However, in addition to the most readily available fraction Fe”, organically complexed Fe is
important for phytoplankton, either via siderophore mediated Fe acquisition (Kazamia et al.,
2018; Coale et al., 2019) or a reductive iron uptake pathway (Maldonado and Price, 2001;
Shaked et al., 2005). Taken with the chemical perspective on the Fe speciation (equation 2), Fe
solubility and bioavailability are thus both a function of its chemical speciation, which is largely
influenced by the organic complexation (Boyd and Ellwood, 2010; Gledhill and Buck, 2012;
Shaked and Lis, 2012).

1.2 lron complexed by organic matter in seawater

Marine dissolved organic matter (DOM) accounts for 90% of organic carbon in the ocean that is
approximately equal to the atmosphere’s CO- load (Siegenthaler and Sarmiento, 1993; Hansell
and Carlson, 2002). Marine DOM is operationally defined as the fraction passing through a filter
of a nominal pore size (usually between 0.1 and 1.0 uM), where a major part is refractory and
resistant to chemical decomposition and the bulk of its chemical structure remains largely
unknown (Dittmar and Kattner, 2003; Koch et al., 2005; Zark and Dittmar, 2018). Interactions
between dissolved trace elements (i.e. Iron in this thesis) and organic matter not only affect trace
element availability to biota but also their mobility in biogeochemical cycles in the ocean, with
strong feedback to climate change (Figure 1.2) (Zhang et al., 2019). Primary productivity
produces organic matter that is the potential component of the Fe-binding ligand pool (Mawji et

al., 2008; Vraspir and Butler, 2009), while in turn primary productivity is potentially limited by



Chapter 1 - Introduction

insufficient Fe supply in large areas of the global surface ocean, e.g. in HNLC regions. Although
the diverse sources and molecular structures of marine DOM lead to the complex composition of
the Fe-binding ligand pool, knowledge on Fe binding to organic matter is typically acquired in
two different ways, one using comparative ligand exchange-adsorption cathodic stripping
voltammetry to directly focus on organic complexation (Gledhill and Buck, 2012), and the other
one using mass spectrometry to determine the chemical composition of organic matter (Dittmar
and Kattner, 2003; Koch et al., 2005; Zark and Dittmar, 2018).

TEs
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Figure 1.2. Interactions between dissolved trace elements (TESs) and organic matter (OM) in
seawater, which is regenerated from Zhang et al. (2019). Nus: macro-nutrient includes N, P, Si;

TEs: trace elements.

1.2.1 Determination of the organic iron complexation in seawater

Determination of organic speciation in seawater is based on either anodic stripping voltammetry
(ASV) (Plavsic¢ et al., 1982) or cathodic stripping voltammetry (CSV) (Van Den Berg, 1984).
The organic Fe complexation is usually studied via competitive ligand exchange-adsorptive
cathodic stripping voltammetry (CLE-AdCSV), by titrating water with increasing Fe
concentrations in the presence of an added artificial ligand with known stability constants
(Gledhill and Buck, 2012). The added competing ligand must form an electro-active complex

with Fe(l1l) at a certain pH, and the complex should be adsorbed onto a mercury electrode
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(hanging mercury drop electrode) at a set potential. The current generated from reduction of Fe
bound to the complex is determined by a reducing (cathodic) potential scan and this current is
assumed to be directly proportional to the concentration of Fe bound to the added ligand. Two
steps are performed during the measurement, a preconcentration step and a stripping step. During
the preconcentration step, the complex is collected on the surface of the working electrode (i.e. a
mercury drop). Then, following a brief equilibrium period, the complex is reduced from the
electrode surface back into the solution by scanning in a negative direction. An increase in the
cathodic current is observed when the potential is negative enough to reduce the Fe in the
complex on the Hg drop. The height of this peak in current is recorded for each Fe additions as a

titration point and plotted against the added Fe concentrations to generate a titration curve.

This raw titration data is interpreted in terms of the Langmuir adsorption isotherm and is
dependent on several assumptions, including an assumption of equilibrium, equal binding of
each site to Fe, no competition from other metals and reversibility of the binding between natural
ligand and added ligand (Gerringa et al., 2014). There are four artificial ligands typically used for
CLE-AdCSV titrations with Fe, 1-nitroso-2-napthol (HNN) (Gledhill and van den Berg, 1994),
salicylaldoxime (SA) (Rue and Bruland, 1995), 2-(2-thiazolylazo)-p-cresol (TAC) (Croot and
Johansson, 2000), and dihydroxy-naphthalene (DHN) (Berg and van den Berg, 2006). In this

thesis, HNN is used in the titrations and that data is interpreted as follows:

The Langmuir equation combines the equilibrium expression and the mass balance of the natural
ligands. The equilibrium expression is given by

K'rer = [FeL]/([Fe**][L]) @)
where FeL is the complex of Fe bound to ligand (L), and L" is the concentration of L that is not
bound to Fe. K'r,,, is the conditional stability constants of L with respect to Fe**. The mass
balance of natural ligand is given by

[Lc] = [FeL] + [L'] (4)
where L. is the total ligand concentration. Then inserting L” from equation 2 into 1 gives the
Langmuir equation:

[FeL] = K'per [Le][Fe®*]/ (K per[Fe**] + 1) )
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In the presence of an artificial ligand, HNN, the new mass balance of Fe in the titrations is given
by

[Felr = Fepree + X FeL + Y. FeNN; (6)
where [Fe]y is the total Fe concentration, and Fey,., is the concentration of Fe not complexed
by L or HNN. ), FeL and ), FeNN; are the total concentration of Fe bound to L and HNN,
respectively. Here, the fraction Feiaile is the concentration of Fe detected in CSV titrations, and

equal to the total concentration of Fe bound to HNN and inorganic Fe complexes, given by

[Feiapie] = [Fe'] + X FeNN; (7
The CSV peak height is related to the labile Fe concentration via the sensitivity S:
ip = S[Feiapiel (8)

S is obtained from the slope of the titration curve where L is saturated. The ratio of free to
complexed species gives the side reaction coefficient (o) for the reaction, which is also related to

the conditional stability constants as shown in equation (9),

[FeNN3]
[Fe3+]

= Qpenng = [KFeNN3] * [NN'] )
Species can only compete when their side reaction coefficient are within one order of magnitude
of each other (van den Berg and Donat, 1992). Thus ligands detectable via CLE-AdCSV are
restricted to those with side reaction coefficients within this ‘detection window’ (Ringbom and
Still, 1972). In addition, Fe* is directly related to the labile concentrations by o, the overall a-
coefficient for inorganic complexation and organic complexation by HNN with respect to Fe?*,
given by

[Fe3*] = [Feiapie] /@ (10)
The CLE-AdCSV titration is an indirect approach to determine Fe complexed by organic matter,
and produces two conditional parameters (i.e. conditional on pH), conditional stability constant
and ligand concentrations. These results are required at certain conditions (i.e. pH and
temperature) in given samples, which maybe not adequate to represent characteristics of Fe-
binding ligand in real seawater. Furthermore, since the rapidly changing seawater chemistry
conditions, characteristics in the organic Fe complexation using ambient pH and temperature is
urgent to assess the changes in Fe solubility with further feedback on the availability of Fe to

phytoplankton.

10
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1.2.2 Iron binding ligands pool

It has been shown that Fe-binding ligands are present everywhere from the surface to deep
ocean, and usually have the excess binding capacity relative to DFe concentrations in most
seawaters (Gledhill and Buck, 2012). The chemical identity of Fe-binding ligands in seawater
remains largely unknown and likely shows an intrinsic chemical heterogeneity. The possible
sources of Fe-binding ligands are generally related to terrestrial inputs (Muller, 2018), produced
by marine biota (e.g. siderophores and saccharides) (Mawji et al., 2008, 2011) and
microbiological activity (e.g. breakdown of sinking particulate organic matter (Hwang et al.,
2004). Laglera and VVan Den Berg (2009) have shown that humic substances from terrestrial
origin plays a dominant role in buffering DFe concentrations in coastal waters. Phytoplankton
can release several ligands including domoic acid, exopolymeric substances and saccharides
(Hassler et al., 2011a; Norman et al., 2015). Siderophores as a stronger Fe-binding ligand, has
been found at low concentration across the oceans, ranging from several pmol L to nmol L™
(Mawji et al., 2011; Boiteau et al., 2016; Bundy et al., 2018).

Studies of the molecular composition of organic matter suggest many different kind of binding
sites are present, where most organic ligands form coordination complexes with Fe in which Fe
is attached to one or multiple non-covalent binding sites (Zhang et al., 2019). Binding sites of
organic matter likely include amines, hydroxamates, hydroxyl, phenols and carboxy! groups.
These functional groups, are present in both terrestrial and marine DOM. Furthermore,
investigations into the molecular structure of DOM in marine and freshwater environments using
Fourier-transform ion cyclotron resonance mass spectrometry, suggest a universal structural
backbone exists possibly due to common microbial degradation process (Zark and Dittmar,
2018). This indicates that metal-organic matter competition models (e.g. NICA-Donnan model
(Kinniburgh et al., 1999) and WHAM (Tipping et al., 2011)), originally applied in freshwater
environment, could also be used to investigate the Fe speciation in seawaters as a first step, since

these models incorporates complexation changes with pH and temperature.

1.3 Application of the NICA-Donnan model in seawater

11
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The global ocean is experiencing the significant impact from climate change, e.g. accelerating
acidification, warming, stratification and deoxygenation. The release of anthropogenic CO; has
resulted in an increase in atmospheric CO concentrations from 280 ppm at the beginning of
industrial revolution (~1750) (Feely et al., 2009) to ca. 416 ppm at present

(https://climate.nasa.gov/vital-signs/carbon-dioxide/). About one-quarter of this released

anthropogenic CO: is absorbed by the ocean, which already resulted in ca. 0.1 unit decreased pH
in the surface ocean, referred to as ocean acidification (Caldeira and Wickett, 2003). This
situation will be even worse under the current trends of anthropogenic CO» emissions and ocean
CO- uptake, with a further 0.3-0.5 unit decrease in pH projected by 2100 (Feely et al., 2004; Orr
et al., 2005; Doney, 2006). Decreasing seawater pH affects biological processes (Doney, 2006),
and also the biogeochemical cycles of trace metals (e.g. Fe) (Millero et al., 2009; Gledhill et al.,
2015; Zhang et al., 2019). Increasing anthropogenic CO; into atmosphere has also resulted in
ocean warming, since ocean has absorbed more than 90 percent of all the excess heat energy
trapped by CO: (Stocker et al., 2013). Furthermore, ocean warming could thus lead to water
stratification (Li et al., 2020) and deoxygenation (Matear et al., 2000). Seawater chemistry
conditions are thus changing rapidly, and knowledge of ambient Fe speciation is essential to

evaluate the potential changes in DFe inventory with further impacts on primary productivity.

1.3.1 The NICA-Donnan model

Natural organic matter (NOM) has the tendency of changing both chemical and physical
properties of waters and NOM refers to a highly complex mixture of different organic
compounds (Adusei-Gyamfi et al., 2019). Due to its high reactivity, NOM is thought to control
the bioavailability and biogeochemical cycling of trace elements in freshwater and soil
environments (Xia et al., 1997) and also in seawaters (Zhang et al., 2019). Humic and fulvic
acids (humic substances) are widely believed to be representatives of NOM behavior in fresh
aquatic environment, since those are the most abundant colloidal and dissolved fractions of
NOM, respectively (Dudal and Gérard, 2004; Koopal et al., 2005). Carboxylic and phenolic
groups are usually major binding sites of humic and fulvic acids. Acid-base titrations of purified
humic and fulvic acids from terrestrial environments clearly show two broad peaks, with a first

maximum around pH 3-5 probably associated with carboxylic groups and second maximum at
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higher pH probably associated with phenolic groups (de Wit et al., 1993; Milne et al., 1995). The
binding site distribution is heterogeneous and two chemical equilibrium models, WHAM/Model
VIl and NICA-Donnan have been developed to describe the distribution of the deprotonated
carboxylic and phenolic groups and their metal binding affinities. Both models have been shown
to reasonably describe experimental results obtained for proton and metal binding to NOM
(Dudal and Gérard, 2004). WHAM/Model V11 uses a discrete site approach but minimizes the
number of parameters that need to be estimated by a priori assumption of a certain shape for the
distribution, which results in four types of low binding affinity (carboxylic-type groups) sites and
four types of high binding affinity (phenolic-type groups) sites (Tipping et al., 2011). Four
parameters are needed to describe the complexation of any metal cations with each type of
binding sites at carboxylic and phenolic-type groups, including two median intrinsic stability
constants and two heterogeneity values, resulting in sixteen parameters to be estimated in total.
The NICA-Donnan model characterizes binding site heterogeneity by using continuous
distribution of competitive adsorption sites (carboxylic- and phenolic-type groups, NICA
component) together with an electrostatic model component (Donnan model), which also leads
to a reduction in the number of model parameters that needs to be estimated compared to
WHAM VI (Kinniburgh et al., 1999; Koopal et al., 2005).

The theory of the NICA-Donnan model has been described in detail elsewhere (Kinniburgh et
al., 1999; Koopal et al., 2005). The NICA model describes the specific interactions between
cations (i.e. protons and metals - Fe in this study) and negatively charged surface functional
groups within NOM (i.e. marine DOM in this study). The amount of protons bound is described
using the Freundlich-Langmuir isotherm, Q, can be written as

_ . (Kyicp)™ . (KgaCp)™
QH - Qmaxl,H 1+(Kpy, Cp)™t + QmaxZ,H 1+ (Ko Cyy) ™2 (11)

where the subscript number associated with each constant (1,2) denotes groups with different
affinities for the proton. In this case 1 denotes carboxylic type groups and 2 phenolic type
groups. Qmax, g 1S the total number of proton binding sites while Ky is the median value of the
binding affinity distribution for protons. Cy is the local concentration of proton near the binding
sites, and m defines the width of the distribution. Then following equation (11), the amount of

metal (i.e. Fe) bound, Q. can be written as
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— DFe1 . (KreiCre)™M1  [X(KFe1Cpe)™H1]P!
QFe - nH1 Qmaxl,H Y (Kre1Cre)™1 1+[Y(KpeiCre) H1]P1 + (12)
Npeo (KpezCre)™? [X(KrezCre)™2]P?

Np2 ' Cmaxz .Z(KFeZCFe)nHZ 1 + [X(Kpez Cre)™H2]P?
where p;, p, represent the widths of the distribution and thus the intrinsic heterogeneity of
DOM. Ky, Ky1, Kre1, Krey are the median binding affinity for protons and Fe respectively. The
constants nyq, Ny, Nre1, Nrey define the non-idealities of proton or metal ion binding to each
group type. In the case where n=1, the proton or metal ion binds to binding sites in a 1:1 ratio.
Proton binding constants can thus be derived from three parameters (K, ny, p) for each type of

group and for metal ion binding only two parameters, K, and ng,, are estimated for each type of

group.

The Donnan model describes the nonspecific electrostatic binding to any residual negative
charge. In practice, the Donnan model assumes that a humic substance behaves like a uniform
gel, where the net negative charges attract excess cations, and the ratio of the concentration of
cations in the gel to that in the bulk solution defines a Boltzmann factor and a corresponding
Donnan potential (Benedetti et al., 1996). In the Donnan model, the critical constant is called the
Donnan volume, V;,, which is usually estimated using the empirical equation

logVp = b(1 —logl) — 1 (13)
where [ is the ionic strength of the bulk solution and b is the empirical parameter. In seawater,
the relatively high ionic strength (I = 0.7) reduces the overall contribution of electrostatic
binding. Furthermore recent work suggests that the Donnan model does not adequately describe
the impact of ionic strength on the size and charge distribution of marine DOM (Lodeiro et al.,
2020; Pinheiro et al., 2021), and ultimately use of other electrostatic models might be more
appropriate for describing e.g. changes in metal and proton binding in estuaries, where large

gradients in ionic strength are observed.
1.3.2 Speciation tools incorporating the NICA-Donnan model

Ultimately, the study of the chemical speciation of any metal aims to reliably predict the
concentration of metal species of particular importance to the biogeochemistry of the metal, e.g.

free Fe (Fe3"), the sum of inorganic complexes (Fe”") or the apparent Fe(l11) solubility. Such
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predictions require calculations of both inorganic and organic speciation and are typically
performed using equilibrium calculation tools. There are several available equilibrium
calculation tools accounting for interactions between metals and DOM, in combination with the
NICA-Donnan model, e.g. visual MINTEQ (Gustafsson, 2014) and ORCHESTRA (Meeussen,
2003) as well as PHREEQC (https://www.usgs.gov/software/phreegc-version-3/). Visual

MINTEQ combines state-of-the-art descriptions of sorption and complexation reactions with
easy-to-use menus and options for importing and exporting data to/from Excel. The source code
was originally developed from MINTEQAZ2 (United States Environmental Protection Agency,

https://www.epa.gov/ceam/mintega2-equilibrium-speciation-model). The NICA-Donnan model

has been incorporated with visual MINTEQ to predict Fe speciation in seawater (Gledhill et al.,
2015; Avendario et al., 2016). ORCHESTRA is a Java based program and all equations are
defined in text format, which makes model definitions accessible and extendible by users in
addition to visual MINTEQ. The thermodynamic database of ORCHESTRA is originated from
MINTEQAZ2. Furthermore, PHREEQC is another software to perform aqueous geochemical
calculations and includes the Pitzer model and is designed for high ionic strength systems (e.g
seawater), but without the application of the NICA-Donnan model.

The impact of high ionic strength on the calculation

In chemical equilibrium calculations, activity is a key parameter that describes how ions in
solution interact with each other as well as with water molecules. The importance of these
interactions increases with salt concentration. At higher ionic strength (1), ions behave
chemically like they are less concentrated than they really are, and the activity coefficient is used
to calculate the actual concentration. Speciation tools incorporate several equations for
calculating individual ion activity coefficients, e.g. Dehye-Hiickel/Davies equation and the Pitzer
ionic model. The Debye-Hiickel equation describes the ionic strength dependence of the activity
coefficient of species in dilute aqueous solutions using two equations, one for the molar activity
coefficient of an aqueous ion and another for the activity of solution. The key assumption of
Debye-Hickel equation is that the central ion is a point charge and that the other ions are spread
around the central ion with a Gaussian distribution. But the range of the Debye-Hickel equation

is limited to 1 < 0.1, which is not suitable to seawater (1=0.72). Davis equation is a purely
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empirical method based on the Debye-Huckel equation, by manually adding a simple term to fit
higher ionic strengths, but its range is limited (1<0.5) and not suitable for seawater. In contrast,
the Pitzer ionic model is valid to be used in high ionic strength systems, and contains a set of
equations to calculate activity coefficient and these equations are derived from a single
expression for the excess Gibbs energy of the solutions (Pitzer, 2018). Parameters in these
equations of the Pitzer ionic model are a function of temperature and pressure. Gledhill et al.
(2015) has reported that carbonate speciation produced by visual MINTEQ was different from
CO2SYS (Pierrot et al., 2006), as a result of calculation of ionic strength. Calculations via
CO2SYS, a specific software for seawater, are used a set of mass-conservation equations within
equilibrium constants as function of salinity, temperature and pressure and derived from
seawater (Lewis and Wallace, 1998). This leads to underestimation of carbonate concentration in
VMINTEQ that would result in a bias for copper speciation since the inorganic speciation of

copper is strongly influenced by carbonate complexation (Millero et al., 2009).

1.3.3 Optimization of NICA parameters

Currently, the NICA-Donnan model has been widely used to describe metals bound organic
matter in freshwater environments, within some level of accuracy (Dudal and Gérard, 2004;
Koopal et al., 2005; Town and Van Leeuwen, 2016; Town et al., 2019), and also examined
predictions of Fe speciation in seawater (Hiemstra and van Riemsdijk, 2006; Gledhill et al.,
2015; Avendario et al., 2016). In addition, a biotic ligand model which determines the
competition for free trace metal ions between inorganic/organic ligands and biotic ligands,
originally used in fresh waters (Worms et al., 2006), has also been examined to assess Cu
speciation in seawater (Sander et al., 2015). However, standard approaches for modelling metal
speciation in marine waters are still being developed (Turner et al., 2016), and those that are
available mostly focus on the carbonate system (CO2SYS, Lewis and Wallace. 1998; Pierrot et
al. 2006), and have not been extended to seawater. Ulfsbo et al. (2015) has reported a complete
combination of WHAM/Model VII and Pitzer ionic model to predict organic alkalinity in
seawater. However, since the parameters used in the Pitzer ionic model are still needed to
specifically be derived from each single experiment, the combination between Pitzer model and

metal/organic matter competition model (e.g. the NICA-Donnan model and WHAM), is
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expected to improve the predictions of seawater metal speciation in future (Turner et al., 2016).
Furthermore, the flexible definitions in ORCHESTRA makes it available to further combine the

NICA-Donnan model with the Pitzer ionic model for seawater.

Recently, Lodeiro et al. (2020) successfully derived new proton-binding constants for the NICA-
Donnan model for brackish seawater DOM, suggesting that binding sites of marine DOM behave
less heterogonous and more ideal in binding behavior, compared to generic constants (Milne et
al., 2001). Since the generic constants of the NICA-Donnan model were used in previous studies
of Fe speciation in seawater (Hiemstra and van Riemsdijk, 2006; Gledhill et al., 2015; Avendafio
et al., 2016), therefore, it is important to derive new NCIA constants for describing Fe binding to
organic matter in marine environment, in combination with these new findings (Lodeiro et al.,
2020). An empirical method has been applied to examine the impact of Fe NICA parameters
with generic constants (Milne et al., 2001) on Fe speciation in seawater, via chemical speciation
software visual MINTEQ (Gledhill et al., 2015; Avendafio et al., 2016). However, currently only
surface complexation model under the visual MINTEQ interface could be utilized with
mathematical parameter estimation software. Chemical speciation software ORCHESTRA in
combination with parameter estimation program PEST has been reported to successfully
optimize the parameters for Cd and Zn binding to standard Laurentian fulvic acid (Janot et al.,
2017). Due to the advantages of accessibility and extendibly model definitions in ORCHESTRA
and the available mathematical estimation method of PEST-ORCHESTRA, derivations of NICA
parameters for metal binding to marine DOM that incorporate with new experimental design, are

necessary and useful to understand the biogeochemical cycling of these metals.

1.4 Aim and structure of thesis

In the oxygenated seawater, the thermodynamic favored form Fe(ll1) is rapidly precipitated and
constrains the supply of Fe for phytoplankton growth in large area of the ocean. Our current
knowledge suggests that Fe complexed by organic matter largely controls the Fe speciation,
buffering Fe against precipitation in seawater. Iron solubility and bioavailability are a function of
chemical speciation, which is largely influenced by pH, temperature, and the concentration and

binding affinity of binding sites of organic matter. However, the impact of currently rapid
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changing seawater chemistry on Fe speciation and the dissolved Fe inventory remains largely
unknown, since the available analytical methodology does not incorporate with changes in
ambient pH and temperature. The overall aim of this study was to use intrinsic thermodynamic
constants to calculate ambient Fe speciation and apparent Fe(l11) solubility as a function of pH,
temperature and DOC concentrations, and improve our understanding of biogeochemical cycling
of Fe in the ocean. In order to achieve my aim, | combined laboratory speciation experiments
using comparative ligand exchange-adsorption cathodic stripping voltammetry with theoretical
equilibrium calculations using an ion paring-organic matter model (NICA-Donnan) in two
different ocean areas, Celtic Sea and Peruvian shelf and slope region. | further examined the
potential impact of pH and temperature on ambient Fe speciation and the apparent Fe(l11)
solubility at basin scales using data collected from the international GEOTRACES program. My
specific objectives were to:

e Examine the applicability of the NICA-Donnan model to the calculation of Fe speciation
in seawater via comparison of experimental results obtained with CLE-AdCSV with
predictions of Fe speciation obtained via application of the NICA-Donnan model in the
Celtic Sea.

e Derive NICA constants for Fe(lll) binding to marine DOM, and apply these new
constants to calculate ambient Fe speciation and the apparent Fe(l11) solubility in
combination with measurement of Fe(ll), to investigate the impact of pH and DOM on
the speciation and solubility of Fe in the Peruvian shelf and slope region.

e Investigate basin scales changes in the apparent Fe(ll1) solubility as a function of pH,
temperature and DOC concentrations by applying the NICA-Donnan model in

combination with observational data obtained during a series of GEOTRACES cruises.
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2 Methods

This chapter will describe both experimental protocols for determination of Fe speciation and
modelling protocols for derivation of Fe(l11) NICA constants and calculations of ambient Fe
speciation and apparent Fe(l11) solubility. The aim of this chapter is to provide further details on

the methodology presented in later chapters of this thesis.

2.1 Determination of iron speciation via competitive ligand exchange-adsorptive cathodic
stripping voltammetry

Two different titration approaches were used in this thesis, one for analysis of seawater samples
collected in Celtic Sea that used an overload titration approach (Kogut and Voelker, 2001), and
the other for analysis of seawater samples in the Peruvian shelf that used a novel pH-Fe two

dimensional titration approach.

2.1.1 Reagents and standards

All experiments used low density polyethylene (LDPE, Nalgene) bottles, and general labware
(e.g. measuring cylinders) was cleaned prior to the preparation of regents and standards
solutions. The cleaning procedure followed protocols recommended by GEOTRACES (Cutter et
al., 2017). New bottles were soaked in Mucasol detergent (Sigma Aldrich) then 6.7 mol L*
hydrochloric acid (HCI; reagent grade, Fisher Scientific) followed by 8.3 mol L nitric acid
(HNOS; reagent grade, Fisher Scientific), for one week for each step. Bottles were rinsed
thoroughly with deionized water (18.2 MQ cm™, Milli-Q, Millipore) between steps. All
chemicals were prepared in a trace metal clean laboratory, and further diluted under a Class 1000

laminar flow bench at room temperature (20°C).

The stock solution of the added ligand, 1-nitroso-2-naphthol (HNN; Sigma Aldrich), was
prepared by dissolving 0.173 g HNN in 100 mL methanol (Fisher, LC-MS grade), to give a final
concentration 10 mmol L. The two diluted HNN solutions used in titrations (0.1 and 1 mmol L-

1) were prepared from this stock solution with methanol.
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A standard solution of Fe(I11) was prepared from a 1 mg mL™* ICP-MS stock solution (Fisher
Scientific) and diluted with deionized water to a final concentration 0.1 mmol L. The standard
solution was then acidified to pHnas 2 (on the NBS scale) using trace metal clean hydrochloric
acid (HCI; Romil, SpA grade). A further diluted Fe standard solution (100 nmol L) was

prepared for titrations with deionized water and subsequently acidified to pHnaes 2.

In the overload titrations, a solution of N-2-hydroxyethylpiperazine-N"-ethanesulphonic acid
(HEPES; Fisher Aristar grade) was used to buffer titration pH. 23.85 g HEPES was dissolved in
deionized water up to 100 mL volume with a final concentration of 1 mol L, which was
subsequently adjusted to pHnss 8 using trace metal clean ammonia solutions (Romil, SpA
grade). The HEPES stock solution (1 mol L) was cleaned by HNN with the following
procedure: a concentration of 20 pmol L HNN was added to HEPES solution and left to
equilibrate for overnight (>12 h). The buffer was then passed through a previously activated Cis
SepPak column (Whatmann) (activation by 10 ml of methanol, 10 ml of deionized water and 10
ml of HCI) using the peristaltic pump, until the solution was clear (Avendaiio et al., 2016).

In the pH-Fe two dimensional titrations, a solution of Piperazine-1,4-bis(2-
hydroxypropanesulfonic acid) (POPSO; Sigma-Aldrich), was used to buffer pH during titrations.
16.31 g POPSO was dissolved with deionized water and a NaOH solution (1 mol L) up to 90
mL volume, with final concentration 0.5 mol L. The stock solutions of POPSO (0.5 mol L)
were adjusted to six different pHngs values, 7.0, 7.3, 7.6, 7.9, 8.2, 8.5 using trace metal clean
ammonia solutions (Romil, SpA grade). The pH buffer solutions were cleaned as described for
HEPES.

2.1.2 Importance of pH expression on the different scales, IUPAC and total scale

In this thesis, two different pH scales were used to report the seawater carbonate chemistry. As
suggested for seawater (Dickson, 2010), pH is typically calculated from dissolved inorganic
carbon (Cr) and total alkalinity (At) at ambient water column (i.e. salinity, temperature and

pressure) within a high level of accuracy, via CO2SYS (Pierrot et al., 2006), a speciation
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software for seawater, defined as the total scale (pHtwt). However, we used the NBS pH scale
(pHngs) because it is consistent with the NIST database (Hummel et al., 2019) based speciation
constants used in the NICA-Donnan model, via the speciation calculation tools (e.g.
ORCHESTRA, Meeussen (2003). The relationship between different pH scales for seawater can

be defined as follows,

aH = 107PHNBS = £ « Hsws (1)
Htot Hsws @)
1+TS/K2504  14TS/K2SO4+TF/KF

where aH is the activity and fH is the activity coefficient of the H ion (this includes liquid
junction effects), TS and TF are the concentrations of SO+ and fluorine, and K2504 and KF are
the dissociation constants of H25S04 and KF in seawater. For CO2SYS, we used constants from
Mehrbach et al. (1973; refitted by Dickson and Millero (1987)) and Dickson (1990) to describe
the carbonate and sulphate equilibrium with hydrogen ions, and from Uppstrom (1974) to
account for boron. In this thesis, the total scale (pHtot) is used to report ambient changes in the
seawater carbonate chemistry, whilst the NBS scale (pHnas) is used to incorporates with the
speciation calculations at ambient pH.

2.1.3 The Overload titration

The application of competitive ligand exchange adsorption cathodic stripping voltammetry
typically assumes that peak currents are proportional to the sum of Fe binding to added ligand
(AL) and would define the concentrations of metal species measured by CLE-AdCSV (Gledhill
and Buck, 2012; Pizeta et al., 2015). When the weakest ligands in the sample are completely
titrated, the slope that the top of peak current plotted against the total metal concentrations is
equal to sensitivity (S), which is thus used to calculate the concentrations of FeAL (i.e. FENN3 in
this thesis). Kogut and Voelker (2001) has shown that a high enough concentration of AL in
system could outcompete all natural ligands and improve the estimation of S in the presence of
humic substance concentrations typical of coastal waters, called ‘overload titrations’. Therefore,
the ‘overload titration’ approach is thus adopted in the analysis of samples from Celtic Sea
coastal waters. In this thesis (See Chapter 3), three different concentrations of HNN (1, 5 and 20
umol L) with detection windows (aFeNN3(Fe’)= 1.5, 184.6 and 1.2x10%), were used to titrate

the binding sites in each seawater samples. Each sample was separated into 19 vials with 10 mL
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volume in each vial. The pHngs of each vial was buffered to 8 via addition of HEPES to a final
concentration 0.01 mol L. Two blank vials were prepared via addition of 1 pmol L™ HNN with
no Fe addition at the beginning of each sample analysis. A series of Fe concentrations (0.4, 0.8,
1.5, 2, 3, 4, 5 nmol L) were added into seven vials for each of the two low detection windows
([HNN]=1, 5 umol L; aFeNN3(Fe")= 1.5, 184.6). The last three vials were prepared for the
highest detection window ([HNN=20 pmol L'; aFeNN3(Fe”)= 1.2x10%), with added Fe
concentrations (5, 10, 15 nmol L) with the aim of determination of the sensitivity according to
the overtitration method. Samples were the left to equilibrate for overnight (>12 h).
Voltammetic analysis was performed the following day using a hanging mercury drop electrode
stand model VA663 (Metrohm, Switzerland) connected to a pAutolab voltammeter (Metrohm
Autolab B.V., the Netherlands). The electrodes included a double-junction Ag/AgCl electrode, a
reference electrode filled with 3 mol L™t KCI solution, a standard Hg drop as a working electrode
and a glassy carbon electrode as an auxiliary electrode. The current generated from reduction of
FeNNs3 was determined after de-aeration of the sample with nitrogen gas (240 s). A deposition
potential of -0.15 was used with a deposition time (240 s). The scanning mode was sample-DC
from -0.3V to -0.7V at a scan rates of 50 mV s™. The reduction peak appeared at approximately -
0.48V.

2.1.4 The pH-Fe two dimensional titration

This approach incorporates changes in pH and was used to derive Fe(ll11) NICA constants, in
terms of any shift in Fe binding to carboxylic- or phenolic-type groups that can be driven by pH
changes (Koopal et al., 2005). In this thesis (See Chapter 4), a single detection window ([HNN]=
2 umol L) was used to titrate the binding sites in each seawater samples. Each sample was
separated into 30 vials, with six different pHnss values (7.0, 7.3, 7.6, 7.9, 8.2, 8.5) and five
different added Fe concentrations (0, 0.5, 1.5, 5, 7.5, 10 nmol L) for each pHngs value. To
calibrate the analysis, the titration performed at pHngs 7.9 was typically assumed to reflect
binding of all added Fe to the added ligand and thus used to calculate the sensitivity for each

sample. Samples were left to equilibrate for overnight (>12 h).
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Voltammetric analysis was performed using different instrumental conditions compared to the
overload titration. The concentrations of FeNN3 were determined after de-aeration of the sample
with nitrogen gas (180 s for first scan and 30 s for second and third scans). A deposition potential
of -0.15 was used with a deposition time (120 s). The scanning mode was sample-DC from -0.3V

to -0.7V at a scan rate of 50 mV s*. The reduction peak appeared at approximately -0.47V.

2.1.5 The calibration of sensitivity from titrations

In this thesis, either the overload titration or pH-Fe two dimensional titration was aimed to
incorporate the predictions of the NICA-Donnan model by a comparison of measured and
modelled FeNNs. Once a titration is completed, as a first step, the measured peak current for
each aliquot is plotted against the total Fe concentrations for each sample and a line fitted
through the high Fe concentrations part of the curve. Once the weakest ligands in the sample are
completely titrated, the slope of this line is equal to the sensitivity (S). Then, FeNNGs is calculated
by the peak height divided by the sensitivity. In order to assess potential changes in the
sensitivity of analysis at different HNN concentrations or pH values, we undertook a series of
measurements using UV-irradiated seawater over the range of Fe concentrations used in our
experiments, at different HNN concentrations (Chapter 3) or different pH values (Chapter 4).

Details have been shown in the following chapter 3 and 4.

Variations in the sensitivity of titrations that are dependent on the added artificial ligand (i.e.
HNN in this thesis) concentrations have been reported previously and are potentially problematic
for our approach if they cannot be ascribed to actual changes in chemical speciation in the
sample (Hudson et al., 2003). Our results have shown there is a difference between lower HNN
concentrations (1 pmol L) and higher HNN concentrations (5 and 20 umol L), and that is
because of the competition from inorganic complexation is strong and leading to conditional
stability constants of Fe binding to HNN that are indeed lower than previously used (Avendafio
etal., 2016).
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Figure 2.1. Sensitivity of voltammetric analysis using UV-irradiated seawater at each HNN
concentrations was normalized to highest HNN concentration (Panel A). Original test undertaken
before this work is indicated as circle points with deposition time (240 s), whilst new tests after
this work are indicated as square points with deposition time (240 s) and triangle points with
deposition time (120 s). Plot of simulated titrations via ORCHESTRA using the NICA-Donnan
model is shown in panel B. Modelled FeNN3 was normalized to total Fe concentration at each
titration point, which circle points indicated as input of kr.yy3 g+ iN ORCHESTRA with 29.2 (in
log scale) and square points indicated as input of kgeyn3 i+ IN ORCHESTRA with 32.5 (in log

scale).

In the pH-Fe two dimensional titrations (Chapter 4), the sensitivity is assumed not to vary with
pH. Figure 2.2 has shown there is no real difference between the sensitivity versus pH
dimensional in the UV-irradiated seawater, in the presence of two different HNN concentrations,
1 and 5 pmol L. Measured FeNN3 is thus calculated using the average sensitivity of all pH

values in each sample in the Peruvian shelf work.
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Figure 2.2. The calculated slopes from pH-Fe titrations are shown at each titration pH level,
where (a) is shown as pH-Fe titrations performed in UV-irradiated seawater (n= 8), and (b) is
shown as pH-Fe titrations performed in seawater samples collected in the Peruvian shelf and
slope region (n=31). We did the significance test by comparing the mean of slopes, via software
R using the non-parametric Wilcoxon test that shown with p-values.
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2.2 The application of PEST-ORCHESTRA to the estimation of parameters in the NICA-

Donnan model in seawater

The chemical speciation software ORCHESTRA (Meeussen, 2003) is used together with the
parameter estimation and uncertainty analysis package PEST (Doherty, 2019), to derive NICA
constants for Fe(l1l) binding to marine DOM. This approach was successfully described by Janot
et al. (2017) for deriving NICA constants for Cd and Zn binding to standard Laurentian fulvic
acid. The general procedure of the approach is shown in Figure 2.3. The approach starts by
simulating experimental titrations within ORCHESTRA, then the ORCHESTRA output data is
passed to PEST and compared to experimental results. The Levenberg-Marquardt algorithm is
used to re-estimate the NICA constants, which are passed back to ORCHESTRA. The process is
repeated until a reproducible minimum in the least square error is obtained. Here we describe
how to start with the calculation via ORCHESTRA only and then describe how to combine
PEST and ORCHESTRA to estimate the constants.

Input file

Writes model input files

ORCHESTRA

Object database

(contains model
equations in text)
Executable Program
(Generic equation solver)
Reads model ouput files
Output file

Figure 2.3. General structure of PEST-ORCHESTRA approach, was regenerated from Janot et
al.(2017).

2.2.1 ORCHESTRA

ORCHESTRA is a computer program for stimulating chemical speciation and reactive transport

processes, which is written in Java (hence Java must be installed on a computer) and runs on
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Windows, Linux and Apple OSX (http://www.orchestra.meeussen.nl/model/). In ORCHESTRA,

all source codes written in text format incorporate a user-friendly GUI (Figure 2.4). A complete
equilibrium calculation via ORCHESTRA generally includes six processing files, Input.dat,
Output.dat, Chemistry.inp, Composer.inp, Documentations.inp, Concert.xml and the general
database that includes objects.txt, minteqv4.txt and adsmodels.txt. We describe how to set up the
calculations in ORCHESTRA.

|£| ORCHESTRA-Composer (Running on Windows 10 with 1.8.0_271 Oracle Corporation, using 4 processing cores) = a X ‘
file Run Tools Help
~ e e e e
P - | Docnmemgbon
| f Ld r Chemistry
. & Lo ': 5 | Input

o

P

g ‘rﬂ L el t?oun‘:::l

RCHESTRA

An Object Oriented Framework for Composing
Chemical Speciation and Mass Transport Models

Version: 29 Februari 2020 20:21

Hans Meeussen

W/orchestra
orchestra@meeussen.nl

Figure 2.4. User Interface in ORCHESTRA when files are set up and connected.

Set up essential files and its links in ORCHESTRA

At the beginning of any calculation in ORCHESTRA, we need to firstly write each file in text
format and set up the links. The general structure of folders and files used in ORCHESTRA and

the way to store them on your computer is shown in Figure 2.5. Two sub-folders clearly contain
different files used for calculations.
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objects.txt

- - minteqv4.ixt

ehiudie adsmodels.ixt
ORGHESTRE If it incoporates with
Input.dat PEST to ci.s'me{c.
parameters, then it needs
Output.dat to add these files in this Qutput_pest.dat
ISty subfolder. ine
. Chemistry.inp of OQutput.ins
- Composer.inp — Fel calculation pst
Documentation.inp Chemistry.tpl
Concert.xml Orchestra_pest.bat
orchestra.jar

Figure 2.5. Structure of the established folders containing files used in ORCHESTRA.

In the sub-folder database, all basic program information is written in objects.txt, e.g. object
class definitions or calculations of ionic strength. All chemical reactions and thermodynamic
constants of chemical components are written in minteqv4.txt that is mostly re-written from

original database of MINTEQAZ2 V4.0 (https://www.epa.gov/ceam/minteqa2-equilibrium-

speciation-model). It is always wise to double check constants in the literature for any element of

interest since improved estimations of constants continue to be published and mistakes can be
made with database entries. The file adsmodels.txt contains all necessary information of the
NICA-Donnan model as well as some other adsorption simulation models. These three original

files can be found in the website (http://www.orchestra.meeussen.nl/model/).

In the sub-folder calculations, we can define any chemicals with a certain value in Input.dat,
and select calculated chemical species as results in Output.dat. All chemicals used in Input.dat
and Output.dat are in units of mol L. All definitions of chemicals, reaction equations and
information on the NICA-Donnan model used for calculations are written in Chemistry.inp.
Generally, both Composer.inp and Documentations.inp are unchanged, since they are not
related to any calculations. Concert.xml describes the basic procedure for how each file is read
and executed in ORCHESTRA and is only re-written when ORCHESTRA is combined with
PEST in order to estimate parameters. These above files can be found along with the original
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descriptions on the website (http://orchestra.meeussen.nl/model/) and along with the original

paper (Meeussen, 2003). Finally, all files can be linked and run for calculation in ORCHESTRA,
by the Java executable file orchestra.jar.

Calculations within the User Interface in ORCHESTRA

After the set-up of all essential files, one can start the calculation by running orchestra.jar or
runorchestra.bat, which will open the User Interface (Figure 2.4). Every calculation is executed
by clicking the Run button in the main menu. In the User Interface, one can select or unselect
chemicals as well as change the data input and output. Furthermore, one can re-define the
parameters (e.g. reactions or constants used in the NICA-Donnan model) in Chemistry.inp file
within the User Interface by clicking the GUI View button (See Figure 2.6).

|£| ORCHESTRA-Composer (Running on Windows 10 with 1.8.0_ 271 Oracle Corporation, using 4 processing cores) - m] X

File Run Tools Help

intro
chemistry1.inp Import ‘ Export GUI View Documentation

Chemist
Primary entities | Phases | Reactions = Adsorption models | Activity correction | Predominance Diagram | Output selector TmI:n
npu
Output
Pestout

nt | Coefficient | Rea Concert

Formation reactions in phase: [all w| ., depending on primary entity: [all = | Hide unselected entities Select all listed entities

Indude Name LogK Phase | Coefficient | Readant | Coefficient = Reaclant | Coeffici

EIEEREREE

No input file or directory selected.

Figure 2.6. User Interface within the function of GUI View to re-define codes.

Things to consider when undertaking calculations via ORCHESTRA:
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1) The default setting of temperature used in ORCHESTRA is 298.15 K (i.e. equal to 25°C). To
calculate the impact of temperature on chemical reactions (i.e. equilibrium constant, k), we need
to re-write the Chemistry.inp file. A function for temperature can be added to calculate

equilibrium constant k,,,.pien: at a given temperature according to van’t Hoff equation (3),

( AH >* 1 1 )
Kambient = ko * 1032303*R7 "To Tambient A3)
where k, is the standard equilibrium constant, and the reaction enthalpy AH is constant. R is the

ideal gas constant. Details can be found in source codes in the appendix to the manual.

2) The NICA-Donnan model scales metal binding to DOC concentrations via knowledge of the
concentration of binding sites per kg of dissolved organic matter (Qax,z1 @Nd Qumax n2) I
mol.kg DOM. To calculate the concentration of binding sites in any given sample, it is necessary
to estimate the concentration of DOM in the sample in kg L. In the marine environment, we
typically determine concentrations of dissolved organic carbon (DOC) in umol L%, since
concentrations of DOM are too low to determine gravimetrically. We therefore need to know the
mass of DOM equivalent that contains 1 pmol C in kg/pmol to convert from DOC concentration
in units umol L to DOM concentrations in units kg L. An estimate appropriate for the applied
values of Qqxy1 AN Quayx 12 are selected for use in the model. For example the ratio from
Lodeiro et al. (2020) for marine DOM with Q;,4x 11 aNd Qg 2 Of 2.52 and 0.8 mol (binding
sites) is 4.07 x10°® kg (DOM).umol™ (C), whilst for generic parameters for FA from Milne et al.,
(2013) where Qnax 11 aNd Qax u2 Of 5.88 and 1.86 mol (binding sites).kg™? (DOM), then a
value of 1.98 x10°® kg (DOM).umol™ (C) should be used.

3) In Input.dat file, DOC concentrations are input as DFA_kgl. This is for convenience since it
saves having to make a new adsorption model in ORCHESTRA using the NICA-Donnan
equations named Marine DOM. You must also make sure that pH is fixed and not calculated, but

the ionic strength is calculated and not fixed.

4) Since ORCHESTRA calculates activities via ion pairing using NIST thermodynamic
constants, pH in ORCHESTRA should be given on the IUPAC/NBS scale (pHngss). We calculate
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the pHngs in seawater samples from dissolved inorganic carbon (DIC) and total Alkalinity (TA)

via a specific seawater speciation model CO2SYS (Pierrot et al., 2006).

5) There is one known bug: If the calculation produces nonsense values (i.e. very large values for
ionic strength or other species are obtained), then you need to reduce the value of the pH
stepwise by 0.1 units in the first line of your input data until you obtain a solution. This is
possibly because ORCHESTRA has difficulty with balancing the charge in high ionic strength
media with many ions (i.e. seawater) when the pH is fixed.

2.2.2 PEST
PEST, the software package, interacts with another model through the model’s own input and

output files, which assist and complement model parameter estimation and uncertainty analysis

(https://www.pesthomepage.org/). Before using the PEST-ORCHESTRA approach, one needs to

download the package of PEST (i.e. version 17.1 of the PEST suite) from the website
(https://pesthomepage.org/software-0), and directly unzip the package and store in a folder

without any installation. In order to use PEST with ORCHESTRA, one needs to set up three
main files within PEST, a template file (*.tpl, e.g. Chemistry.tpl), an instruction file (*.ins, e.g.
Output.ins) and a control file (*.pst, e.g. Fel.pst). The meaning of the code in these three files is
explained generally in the appendix, and more details can be found in the User Manual Part | of
PEST (Doherty, 2019).

Chemistry.tpl

This file is identical to the ORCHESTRA chemistry file, except the parameters to be optimized
are written in between hash signs (#) within the expressions and model equations. Within each
iteration step, PEST writes the chemistry file in which the variable between the hash signs are

replaced with the updated estimates of the parameter values.

Output.ins
This file instructs PEST where and how to read the ORCHESTRA output from each model

simulation.
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Fel.pst

This file gives the instructions to PEST for performing the parameter fitting, i.e., gives the names
of the template and instruction files, names of the parameters to be optimized with their
minimum and maximum values, observation data and number of data points to be used in the fit,

options and criteria for the parameter optimization and the instruction lines to run the model.

2.2.3 Procedure for running PEST-ORCHESTRA in Windows

Figure 2.7 shows how to start the estimation using PEST-ORCHESTRA step by step. | have only
used PEST-ORCHESTRA in Windows. Firstly, | set up the calculation in ORCHESTRA. Then,

| ran the calculation in ORCHESTRA to be certain a successful solution to the problem can be
obtained. After the successful calculation in ORCHESTRA, I set up the files for PEST.
Importantly, all PEST files need to be written and stored in the same sub-folder used for the
ORCHESTRA calculation (i.e. calculations, see Figure 2.5). Finally, | started PEST-
ORCHESTRA directly via the Command Prompt in Windows.
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Set up files in ORCHESTRA

\
-—

Test run in ORCHESTRA by the

Java executive program
orchestra.jar
Set up files in PEST, and
store these files with the same
sub-folder as
Run the emd order using B Command Promen T o«
Command Prompt in windows. Microsoft Windows [Version 10.0.18363.1198]

. . (c) 2019 Microsoft Corporation. All rights reserved.
Firstly, using ¢d order to find

B . \>c:

the folder within PEST-

C:\>cd PEST_ORCHESTRA/calculations

ORCHESTRA. Then, start the
PEST by running pest.exe
under this folder.

C:\PEST_ORCHESTRA\calculations> c:/PEST/pest.exe Fel.pst

Figure 2.7. Procedure for running PEST-ORCHESTRA in Windows.

2.2.4 Processing the results from PEST-ORCHESTRA

The derivation takes several minutes (e.g. ca. 10 mins for the example given with this protocol)
and a suitable fit may not be obtained with the first run. Initial guesses need to be adjusted until
constants with reasonable confidence intervals can be obtained. After the successful derivation,
one will have several files for results. Results files can be read with a text reader like Notepad.
One uses the .rec file. In .rec file, and one can find details for the whole derivation process, e.g.
iterations, estimated constants and residuals, which are all automatically calculated during the

run.
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2.3 Calculations of ambient Fe speciation and apparent Fe(l11) solubility in seawater

Fe speciation and apparent Fe(l11) solubility (SFe(111)app) Were thermodynamically calculated
using the NICA-Donnan model at ambient seawater conditions (i.e. pH, DOC concentrations and
temperature) based on methods described previously (Gledhill et al., 2015; Avendafio et al.,
2016). The main changes during the modelling calculations is that the chemical speciation
software ORCHESTRA was used in this thesis instead of visual MINTEQ applied previously
(VMINTEQ); Gustafsson (2014). Simulated titrations using the NICA-Donnan model via both
softwares ORCHESTRA and VMINTEQ were compared, suggesting there is no significant
differences between the result outputs from these two softwares (See chapter 4). The procedure

of calculations of Fe speciation and SFe(l11)app Were shown as follows.

The stability constants of inorganic and organic complexes used in ORCHESTRA were taken
from NIST database (Smith et al., 2004), which are based on the pHngs scale. The salinity of
each sample was used to derive the molality of major ions in seawater, Na*, K*, Mg?*, Ca*",
Sr?*, Cl', S04%, Br-, BO3%, F-, for the temperature 20°C and a density 1025 kg m™=. The
Davies equation was used to correct for ionic interactions. The ionic strength of seawater is at the
upper end of the valid range for this correction method, which leads to an underestimation of ion
activities and thus the ionic strength. Gledhill et al. (2015) has reported carbonate concentration
was underestimated via VMINTEQ comparing to calculations produced by CO2SYS (Pierrot et
al., 2006). Therefore, total CO5~ concentrations input into ORCHESTRA was forced as the
relationship described in (Gledhill et al., 2015).

To calculate ambient Fe speciation (i.e. Fe(lll) species) without consideration of non-equilibrium
process such as the production of Fe(ll), all data including major ion concentrations, total CO5~
concentrations, temperature, pH, DOC concentration as well as DFe concentration in seawater
samples, were directly input into ORCHESTRA. In addition to calculation of ambient Fe
speciation, the SFe(l11)app With respect to ferrihydrite was calculated at ambient seawater
conditions. The DFe(l1l) concentrations in the calculation were set to a constant level (10 nmol
L) that resulted in binding sites saturation and precipitation of Fe(OH); as ferrihydrite. This

hypothetical system results in ‘precipitation’ of ferrihydrite when the concentration of Fe3*
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increases to the point that the solubility product for ferrihydrite is exceeded. Thus the SFe(111)app
is defined as the sum of aqueous inorganic Fe(l11) species and Fe(l11) bound to DOM at a free Fe
(Fe**) concentration equal to the limiting solubility of Fe hydroxide (Fe(OH)s(s)). The solubility
of Ferrihydrite was defined by the solubility constants derived by (Liu and Millero, 1999). Our
calculations does not account for the effects of pressure, which can also be expected to affect

metal solubility (Moore and Millward, 1984).
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Abstract

We used a combined ion pairing - organic matter speciation model (NICA-Donnan) to predict the
organic complexation of iron (Fe) at ambient pH and temperature in the Celtic Sea. We optimized our
model by direct comparison with Fe speciation determined by Adsorptive Cathodic Stripping
Voltammetry using the added Fe-binding ligand 1-nitroso-2-naphthol (HNN) in the presence and
absence of natural organic matter. We compared determined Fe speciation with simulated titrations
obtained via application of the NICA-Donnan model with four different NICA parameter sets
representing a range of binding site strengths and heterogeneities. We tested the assumption that
binding sites scale to dissolved organic carbon (DOC) concentrations in marine waters. We found
that a constant low DOC concentration resulted in an improved fit of our titration data to the
simulated titrations, suggesting that inputs of fresh DOM may not increase the heterogeneity or
concentrations of Fe binding sites. Using the optimal parameter set, we calculated pFe(I11)” (-

log(Y Fe(OH)3™)) and apparent Fe(l11) solubility (SFe(111)app) at ambient pH and temperature in the
water column of the Celtic Sea. SFe(l11)app Was defined as the sum of aqueous inorganic Fe(l11)
species and Fe(l11) bound to DOM formed at a free Fe (Fe*) concentration equal to the limiting
solubility of Fe hydroxide (Fe(OH)a3(s)). SFe(l11)app Was within range of the determined dissolved Fe
concentrations observed after winter mixing on the shelf and in waters >1500 m depth at our most
offshore stations. Our study supports the hypothesis that the ocean dissolved Fe inventory is
controlled by the interplay between Fe solubility and Fe binding by organic matter, although the
overall number of metal binding sites in the marine environment may not be directly scalable to DOC

concentrations.

Keywords: trace metals, ocean acidification, intrinsic binding constants.
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3.1 Introduction

Iron (Fe) is an essential micronutrient for marine phytoplankton growth, and its low supply and
solubility limits primary productivity in large parts of the world’s ocean (Boyd and Ellwood, 2010).
Iron limitation mostly occurs in high—nitrate, low-chlorophyll (HNLC) regions, which make up
approximately 30% of the surface ocean (Boyd et al., 2007). However, both Fe limitation and the
potential for seasonal Fe limitation have also been reported for coastal regions and shelf seas,
including European shelf seas (Birchill et al., 2017; Hogle et al., 2018; Hutchins & Bruland, 1998).
The bioavailability and solubility of Fe in seawater is a function of its chemical speciation (Boyd &
Ellwood, 2010; Gledhill & Buck, 2012; Hutchins et al., 1999). Inorganic Fe(lll) is the
thermodynamically favoured form of Fe in oxygenated seawater but, as a result of hydrolysis
(equation 1), it has a low solubility that reaches a minimum between pH 7 and 9 (Byrne et al., 2000;
Kuma et al., 1996; Liu & Millero, 2002). Hydrolysis competes with binding by organic matter
(equation 2), thus complexation by dissolved organic ligands (i.e. those <0.2 um in size) has the
potential to reduce free Fe** concentrations and consequent formation of insoluble iron hydroxides
(Fe(OH)3(s)) and thereby increase the concentration of Fe(l1l) observed in the dissolved fraction
(<0.2 um) (Kuma et al., 2000, 1996; Liu and Millero, 2002).

Fe3t + 30H™ - Fe(OH)(s) (1)
2Fe3* + (3 — ))OH™ + DOM*~ & Fe(OH)3™ + Fe(DOM)3~* @)

Reduction to Fe(ll), via e.g. photolysis or biological activity, can also change Fe speciation,
potentially increasing both the bioavailability and solubility of Fe (Barbeau, 2006; Rose and Waite,
2005; Schlosser et al., 2018). Complexation by organic matter, hydrolysis, and redox speciation thus
all play important roles in ocean Fe biogeochemistry, and as a result the global Fe cycle is influenced
by ocean acidification, water column stratification, warming and deoxygenation (Hutchins & Boyd,
2016). Given the role of Fe as an essential micronutrient, there is thus a need to develop reliable
approaches that can be used to predict the impact of environmental change on oceanic Fe speciation
and biogeochemistry (Ye et al., 2020). Ideally, such approaches would be based on a set of intrinsic

thermodynamic and kinetic equations that would describe the chemical speciation and rates of
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reaction of all Fe species in seawater according to ambient temperature, salinity and pH (Turner et
al., 2016; Ye et al., 2020).

With respect to Fe(ll1) speciation in seawater, the work of Liu and Millero (1999) and Byrne et al.
(2000) has provided a set of intrinsic thermodynamic constants that describe Fe hydrolysis and the
formation of fresh Fe(l11)-hydroxide colloidal precipitates (retained on a 0.02 um filter). In contrast,
for organic complexation, determination of metal speciation in seawater has traditionally adopted an
approach where the observed strength and concentrations of metal-binding ligands were related to
specific conditions of the sample (i.e. salinity, dissolved Fe concentration) and analysis (i.e. pH
typically 8.0-8.2 depending on the method employed). Ocean sections of conditional ligand
concentrations published as part of the GEOTRACES research programme (Buck et al., 2018, 2015;
Gerringa et al., 2015) showed that, at pH 8 and room temperature, average conditional ligand
concentrations range from 1-2 nEq of M Fe, and typically correlate with dissolved Fe concentrations,
exceeding them by an average of ca.1 nEq of M Fe (Caprara et al., 2016). This covariance can at least
partially be explained by application of analytical experimental designs and mathematical
transformations that simplify a heterogeneous group of binding sites to an “average” site that can be
observed under the applied experimental conditions (for further information see e.g. Gledhill and
Buck, (2017); Town and van Leeuwen, (2005)). Whilst assuming two or more binding sites could
overcome the covariance between ligand and dissolved iron concentrations (Buck et al., 2018),
results are still specific to the titration pH rather than the sample pH and such assumptions come at
the cost of increased parameter uncertainty (Pizeta et al., 2015). Thus, whilst the conditional
approach demonstrates that organic complexation is important for the biogeochemistry of Fe, the
conditional nature of the obtained results constrains our ability to predict how Fe(l11) speciation is
likely to change in a future ocean, since it provides no mechanistic knowledge of how Fe(l1) binding

to organic matter is influenced by pH or temperature.

Exactly how Fe(l1l) binding to organic matter changes as a function of pH depends on the functional
group characteristics of the metal binding components of marine dissolved organic matter (DOM)
(Shi et al., 2010; Zhang et al., 2019). Dissolved organic matter is a highly diverse mix of compounds
(Koch et al., 2008) that will also potentially change in a future ocean (Lenborg et al., 2020). Metal

binding components likely make up only a minor subset of the overall DOM pool (Zhang et al.,
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2019). Previous studies have shown that bacteria and phytoplankton can release Fe binding ligands,
including siderophores and polysaccharide exudates into their environment (Hassler et al., 2011a;
Hassler et al., 2011b; Mawji et al., 2011; Vraspir and Butler, 2009). In addition, ligands can be
released following viral lysis (Poorvin et al., 2011) or delivered by terrigenous sources in the form of
humic-like substances (Muller, 2018). The organic ligand pool thus shows an intrinsic chemical
heterogeneity, which is still not well understood (Gledhill and Buck, 2012), but is likely analogous to
metal binding to natural organic matter in terrestrial and freshwater environments (Lodeiro et al.,
2020).

Binding models for describing metal binding to organic matter using intrinsic constants (i.e.
independent of pH) that account for heterogeneity are widely applied in terrestrial and freshwater
environments. Perhaps the most widely used models are the Non-Ideal Competitive Adsorption
(NICA)-Donnan model (Kinniburgh et al., 1999), Windermere humic acid model (WHAM) (Tipping
etal., 2011), and Stockholm humic model (SHM) (Gustafsson, 2001). A primary assumption in these
models is that binding sites scale proportionally to the concentration of dissolved organic carbon
(DOC; “dissolved’ in this context is typically defined as <0.7 pum in size). The appeal of such an
approach lies in the potential for describing the influence of Fe(lll) binding to organic matter as a
function of ambient pH and DOC concentrations, using a limited set of constants that could be
applied to the estimation of Fe speciation across the whole ocean (Hiemstra and van Riemsdijk,
2006; Stockdale et al., 2016). Indeed, a step in this direction has recently been made in Ye et al.
(2020), where the NICA-Donnan model has been used to parameterise the impact of future changes
in ocean pH on ocean productivity in a global biogeochemical model. The NICA-Donnan model
describes the binding behavior of metal ions to a heterogeneous mix of binding sites using a
continuous bimodal distribution based on the Langmuir-Freundlich adsorption isotherm (Kinniburgh
et al., 1999), while both the WHAM and SHM models rely on a set of empirically derived
relationships and a set number of binding sites with different affinities to calculate metal speciation
(Gustafsson, 2001; Tipping et al., 2011). A further key difference between the three approaches
relates to the application of electrostatic sub-models to describe the impact of ionic strength on
binding of metals to the organic matter phase. In the NICA-Donnan model, the Donnan component is
used to describe non-specific electrostatic interactions on metal binding to DOM, while the SHM

model uses the Basic Stern model (Gustafsson, 2001) and WHAM uses a correction based on the
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Debye-Hiuckel and Gouy-Chapman theory (Tipping et al., 2011). All three approaches have been
successfully used to predict metal speciation in seawater (Avendafio et al., 2016; Hiemstra & van
Riemsdijk, 2006; Ndungu, 2012; Stockdale et al., 2011, 2015; Tipping et al., 2016). However, since a
direct intercomparison study has yet to be undertaken, it is not known if one model is superior to the

others in seawater applications.

In order to further test the applicability of such heterogeneous models to Fe(l1l) speciation in the
marine environment, we wished to examine predicted and observed relationships between DOC
concentrations and Fe speciation in more detail. In this study, we tested the underlying assumption
that Fe speciation determined with a given set of intrinsic NICA constants could be scaled to DOC
concentrations, at least within the range of DOC concentrations typically observed in marine waters.
In coastal waters, average DOC concentrations are ca. 300 pmol L because of enhanced
productivity or localized DOC inputs from terrestrial sources (Barrén and Duarte, 2015), while in the
open ocean DOC concentrations are lower and vary by at most a factor of two (40-80 umol L*,
Hansell, 2013). Since DOC composition changes with concentration (Hansell, 2013), we also
implicitly tested a second assumption, that the changes in DOC composition resulting from microbial
production and utilization of organic matter does not significantly impact the binding properties of
DOM. We used samples collected on three cruises in the Celtic Sea during three different seasons.
The Celtic Sea is a productive, temperate sea located on the northwest European shelf (Carr et al.,
2018; Muller-Karger et al., 2005). Our three cruises transected from a productive shelf environment
out to the open ocean and our samples therefore incorporated a range of DOC concentrations and
DOM compositions from fresh DOM produced during phytoplankton bloom conditions to aged
DOM from deep waters (>500 m). To test scalability to changing DOC concentration, we compared
the concentrations of observed Fe species to those predicted using two sets of NICA constants
previously described in the literature (Gledhill et al., 2015; Hiemstra and van Riemsdijk, 2006) and
two sets more specific to DOM in our research area that we re-derived from raw titration data
obtained in a previous study in our region (Avendario et al., 2016). We used the NICA/Donnan
model to calculate the equilibrium speciation of Fe(l11) at ambient pH and temperature in our region.
We estimated the impact of Fe bound to organic matter on the inorganic Fe fraction (Fe") in our study
region. Since Fe(l11) solubility is also directly related to Fe speciation, we also examined the

saturation state of Fe at ambient pH and temperature in our study region by calculating the apparent
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Fe(111) solubility (SFe(111)app). We define SFe(111)app as the sum of aqueous inorganic Fe(l11) species
and Fe(111) bound to DOM formed at a free Fe (Fe*) concentration equal to the limiting solubility of
Fe hydroxide (Fe(OH)s(s); Zhu et al., 2021). We discuss the observed trends in the context of

observed total dissolved Fe concentrations in order to understand the relative importance of different

physico-chemical drivers that influence Fe speciation.

3.2 Materials and Methods

Sampling

Samples were collected during three cruises: DY018 in autumn (November 2014), DY029 in spring
(April 2015) and DY033 in summer (July 2015) in the Celtic Sea on board the RRS Discovery as part
of the UK Shelf Sea Biogeochemistry programme (Birchill et al., 2017; Rusiecka et al., 2018). Here,
we examine Fe speciation at the central Celtic Sea site (CCS), a shelf edge station (CS2) and an off-
shelf transect through a submarine canyon (C01-06) (Figure 1). Salinity, depth and temperature were
measured using a Seabird CTD attached to a titanium rosette frame equipped with 24 x 10 L Ocean
Test Equipment bottles (Birchill et al., 2017). Trace metal samples were collected following
GEOTRACES protocols (Cutter et al., 2017). Samples for the determination of Fe speciation were
filtered (0.2 um cartridge filters; Sartobran-300, Sartorius) into acid-cleaned 250 ml low density
polyethylene (LDPE) bottles (Nalgene) and frozen immediately (-20 °C). Samples were subsequently

analyzed in a trace metal clean laboratory at GEOMAR.
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Figure 1. Map of study area with stations indicated by red dots. Map generated using Ocean Data View
(Schlitzer, 2015).

Determination of dissolved Fe, dissolved organic carbon and pH

Samples for DFe analysis were collected after filtration through 0.2 um cartridge filters. The samples
were stored in acid cleaned LDPE bottles (Nalgene) and acidified to pH 1.7 (0.024 mol L™ HCI,
Romil-UpA). Dissolved Fe concentrations were determined using flow injection with
chemiluminescence detection (Birchill et al., 2017; Obata et al., 1993). The accuracy and analytical
uncertainty of the method was assessed by applying the top down NordtestTM approach to the
analysis of SAFe and GEOTRACES consensus materials, the combined uncertainty was calculated to
be 9.5 % (Worsfold et al., 2019).
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Samples for the determination of DOC were collected after filtration (ashed glass fibre filters, 0.7 um
nominal pore size, Whatman), and acidified to pH 2 using hydrochloric acid. The DOC samples were
analyzed onshore using high temperature catalytic oxidation on a Shimadzu TOC-VCPN. Consensus
reference materials (CRM; University of Miami) were used to determine accuracy and precision of

analysis daily, which were both better than 4 %.

Samples for dissolved inorganic carbon (Ct) and total alkalinity (Art) were collected via silicone
tubing into 250 ml borosilicate glass bottles following established protocols (Dickson, 2010). For the
off-shelf transect, samples for Cr and At were collected only during DY018 and DY033. Each bottle
was sealed shut with a greased ground glass stopper after introducing a 2.5 ml air headspace and
sterilising the sample with 50 pl of saturated mercuric chloride solution. All samples were stored in
the dark until analysis with VINDTA 3C instruments (Marianda, Germany). The Crand Ar
measurements were calibrated using measurements of certified reference material obtained from Prof
A. G. Dickson (Scripps Institution of Oceanography, USA) (Humphreys et al., 2019). The pH of our
seawater samples was calculated on the IUPAC/NBS scale (pHngs) from Ct and At using CO2SYS
(Pierrot et al., 2006). In CO2SYSS, the constants describing the carbonate and sulphate equilibrium
with hydrogen ions were from Mehrbach et al. (1973) (refitted by Dickson and Millero (1987)) and
Dickson, (1990), respectively, and the total boron concentration was estimated from salinity
following Uppstrom, (1974). We used the NBS pH scale because it is consistent with the speciation

constants in the applied NICA-Donnan and ion pairing models.

Determination of iron speciation via adsorptive cathodic stripping voltammetry

Iron speciation was determined by competitive ligand equilibrium with adsorptive cathodic stripping
voltammetry (CLE-AdCSV), using 1-nitroso-2-naphthol (HNN) as the added ligand (van den Berg,
1995). HNN (Sigma-Aldrich) was diluted in methanol (Fisher, HPLC grade) to make a stock
solution. To clean the stock buffer solution of N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic
acid) (HEPES; Sigma-Aldrich), HNN was added and equilibrated with the buffer overnight. HNN
and FeNN3s were subsequently removed using a pre-activated C18 SepPak column (Whatman). The

pHngs of the buffer solution was adjusted to 8 prior to the titration work with ammonium hydroxide
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(20-22%) (Optimal, Fisher Scientific), and the pHngs of each buffered sample was determined to be
between 7.9 and 8.1, with an overall average of 8.00+0.08 (n=93).

Since the speciation measurements are thermodynamic, it is important that voltammetric peaks are
stable and equilibrium is achieved (Laglera & Filella, 2015; Van Leeuwen & Town, 2005). In
previous studies, a reaction time of > 6 h was assumed to be sufficient to reach equilibrium
conditions (Avendario et al., 2016; Boye et al., 2001; Boye et al., 2003; Gledhill & van den Berg,
1994). However, Wu and Luther (1994, 1995) waited 24 h to reach the equilibrium condition
between FeL (i.e. Fe bound to natural ligand) and HNN. Here, we tested equilibration time prior to
analyzing Fe speciation in our seawater samples. Our test indicated that a reaction time > 12h was
needed to obtain consistent, reproducible peak heights, which we took to approximate equilibrium
conditions between FeL and HNN for our method and we therefore allowed for a 16 h equilibration

period.

Our speciation measurements are based on establishing an equilibrium between HNN, Fe3*, binding
sites (L") and the remaining inorganic Fe species (e.g. hydroxides) in the solution. The ratio of free to
complexed species gives the side reaction coefficient (o) for the reaction (Ringbom and Still, 1972),
which is also related to the conditional stability constant (k£2r% 5 res+) and the concentration of

ligand not bound to Fe ([NN]), as shown for the formation of FeNNj3 in equation (3).

[FeNNs] _ _ d 3
Feit] @ FennsFres+ = Kionnsres+ X [NN'] 3

Species can only compete when their side-reaction coefficients are within an order of magnitude of
each other, hence ligands detectable in a CLE-AdCSV titration are restricted to those with side
reaction coefficients (a’g.;) within this “detection window” (Van Den Berg et al., 1990; Hudson et
al., 2003; Kogut & Voelker, 2001). However, there may be a considerable range of ligand strengths
in seawater and the use of at least two detection windows has previously been recommended to
ensure the full range of ligand strengths can be accounted for (Buck et al., 2012; Pizeta et al., 2015;
Sander et al., 2011). We therefore used three different total HNN concentrations, [HNN+t] =1, 5 and
20 umol L.
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We combined our different HNN concentrations with seven different Fe additions between 0 and 5
nmol L? at the two lower HNN concentrations (1 and 5 pmol L) and 3 concentrations (5, 10, 15
nmol L) at the highest HNN concentration (20 umol L) to create a matrix of 18 titration points. All
titration data for one sample were obtained on the same day. Our aim was to estimate the slope using
our highest HNN concentration and calculate [FENN3] according to the “overload titration” method
(Kogut and Voelker, 2001). Examination of the sensitivity observed for each HNN concentration in
seawater in our samples at Fe concentrations > 3 nmol L showed no significant difference between
sensitivity at 5 and 20 pmol L HNN (details in supplementary information, Figure S1). On the other
hand, the titration point with the highest added Fe concentration (15 nmol L) was often lower than
expected, suggesting non-linearity in the titration at higher Fe concentrations, possibly caused by
adsorption of the hydrophobic FeNN3z complex on the walls of the voltammetric cell (Supplementary
Figure S2). We thus used the data with 5 and 20 umol L* HNN and added Fe concentrations from 3

to 10 nmol L™ to calculate the sensitivity of our analysis and determine the FeNN3 concentration.

The concentration of HNN not complexed by Fe ([NN]) and the conditional stability constant
(k;‘;ﬁ‘}\,&peﬂ) of the FeNN3 complex were used to derive the free Fe3* concentrations in the sample at
the fixed titration pHngs of 8.0 over the range of Fe concentrations according to equation (3). Since
[HNN+T] >> [Fe], we assumed that [HNN+] = [NN]. The cumulative random error for Fe3* is largely
dependent on the random error in the FeNN3 concentration, as the 95 % confidence interval for the
estimation of k,‘é‘e’%{,g,,;e3+ was 0.2 % of the determined value (see results). We estimated an average
analytical precision for our determined FeNN3s concentrations of 9 % based on the mean variability of
observed peak areas. However, we note this estimate does not account for errors incurred during

calculation of the sensitivity, which will result in an additional random error between titrations.

The difference between the total Fe present in the solution and [FeNN3] were used to determine the

non-labile dissolved Fe concentration (DFe*):
DFe* = [TFe] — [FeNN;] 4)

where [TFe] is the concentration of total Fe (i.e. DFe + added Fe). DFe* is subject to error
propagation from the determinations of both FeNNs3 (9 %) and dissolved Fe (7 %) and thus will be
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subject to the combined error of 11.4 %. We therefore only report values of DFe* where [FeNN3] is
at least 11.4 % less than [TFe].

Derivation of equilibrium constant for FeNNs for application in ion pairing models for

seawater

To ensure consistency between our observed FeNN3s concentrations and our speciation calculations
we derived an equilibrium constant valid for seawater (S=35) between pHnss 7.2-8.5 that accounts

for competition between Fe and hydrogen ions for NN".
Fe3* + 3HNN < FeNN; + 3H* (5)

We distinguish this constant from previously derived conditional stability constants (logk£on% 3 res+
by denoting it 10gkgeyys 1+~ We used the equilibrium constant for HNN of 107° (NIST, Smith et al.
2004). Derivation was carried out by combining the chemical speciation program ORCHESTRA
(Meeussen, 2003) with the parameter estimation software PEST (Doherty, 2019). Speciation
calculations in ORCHESTRA were set up with input, chemistry and objects files as described
previously (Janot et al., 2017; Zhu et al., 2021). Further details can be downloaded from protocols.io

(dx.doi.org/10.17504/protocols.io.brcdam2yw). We used the Minteqv4 database for thermodynamic

constants, which is consistent with the database used previously in visual MINTEQ (Avendafio et al.,
2016; Gledhill et al., 2015) and we also verified that calculations in ORCHESTRA and visual
MINTEQ were comparable. For the derivation of logkr.yy3 .+ We specified an initial estimate of 31,
with an allowed range of 28 to 32. Parameter derivation is performed by calculation of the FeNN3
concentration in ORCHESTRA for each measurement, which is then passed to PEST and compared
to the observed values. PEST provides a new value for 109k genn3 1+, Which is then passed back to
ORCHESTRA for a fresh calculation of FeNN3. The procedure is iterated to minimize the residuals
between observed and calculated FeNN3 calculations via the Levenberg-Marquardt algorithm. The
PEST output comprises a value for l0gkryn3 i+ With 95% confidence intervals, together with a full
record of the optimization in the output file. Consistency was then further assessed by comparison
between observed and calculated FeNN3 and Fe®* in UV irradiated seawater as a function of HNN
concentration, within the HNN concentration range applied in this study.
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Assessment of relationship between observed and calculated concentrations of iron species to

DOC concentrations assuming binding sites behave according to the NICA-Donnan model.

The NICA-Donnan model was used to calculate the speciation of Fe at equilibrium for each titration
point at pHngs 8.0, via speciation calculation tool ORCHESTRA (Meeussen, 2003). We tested the
assumption that one set of NICA-Donnan parameters could describe variability in [FeNN3] and [Fe3*]
by adding the “Fulvic acid” NICA-Donnan adsorption model to the dissolved ion pairing model used
for the derivation of 10gkreyy3 1+ Marine DOM was thus considered analogous to terrestrial and
freshwater DOM (Gledhill et al., 2015; Laglera & Van Den Berg, 2009; Lodeiro et al., 2020). The
applied NICA model assumes a continuous Sips bimodal distribution of binding sites. The
distribution of the affinities of the two groups of binding sites (Denoted (1): Carboxylic-type groups,
and (2): Phenolic-type groups) are described by three constants per binding site group: the width of
the binding site distribution (p1 and p2), NICA affinity constant (logKj,.; and logK,., for a metal
cation or logKy; and logKy, for the protonation constants) which represents the median of the
distribution, and non-ideality constant which represents non-ideal behavior of ion adsorption (1,1,
Nye2, N1, Nz), With ng; = 1 representing non-heterogeneous binding (i.e. one binding site per
group; Kinniburgh et al., 1999). The binding of a metal by marine DOM, Q. is then described with

reference to proton binding by marine DOM according to the following equation:

p1
Npe1 (Kpe,1-Cue) Mot {(Kp,1-C)"HA +(Kpge1.Cme) ™M1}

. . 1
ny1 " (Kp1Cr) "B+ (Kye 1 -Cre) ™8t " 14{(Kyy 1.C1) " +(Kpge,1.Crre) ™Met )P

Qme = Qmax1,T

p2
Npe2 (KMe,2 Cme)™Me:2 {(Kp2 C)"H2+(Kppe2.Cye) "Me2} (6)
. . 5
Npz  (KH2-Ch)"H2+(Kpe,2-Cre) "Me2 1+{(Ky 2.Cy)"*H:2 +(I(Me,2.CMe)nM€'2}p

QmaxZ,T

where Qmax1r: @maxz,r refer to the total number of proton binding sites per binding site type, and Cy

and Cy. are the concentrations of protons and metal, respectively.

In the NICA-Donnan model, electrostatic interactions are described by the Donnan component of the
model which is based on the Boltzmann equation (Benedetti et al., 1996). However, at the ionic
strength of seawater the apparent Donnan volume becomes very small and concentrations of metals
electrostatically associated with DOM become negligible (Lodeiro et al., 2020; Pinheiro et al., 2021).
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In this study, we used two previously published sets of NICA constants and two new NICA
parameter sets (Table 1). The previously published sets were derived from surface waters collected in
the Sargasso Sea (Set A: Hiemstra and van Riemsdijk, 2006) and surface waters obtained from an
estuarine system on the English south coast (Set B: Gledhill et al. 2015), whilst the new parameter
sets C and D were re-derived from surface waters in the Northwest European Shelf Sea based on
titration data obtained in Celtic Sea samples first reported in Avendario et al. (2016). We re-derived
the set C and D values because the original reported values were empirically estimated using a
l0gkrenns n+ Of 32.5, which was considerably higher than the value we derived in this study (see
results). We used PEST-ORCHESTRA to re-derive the NICA constants following a similar
procedure used for the derivation of 109k reyn3 1+ and described in Zhu et al., (2021). Since this
work was focused on the Celtic Sea, we only used the titration data obtained from Celtic Sea samples
in this derivation (samples collected at stations 1, 3, 4, 5, 6 18, 19, 20 from Avendafio et al. (2016)).
We provide the raw titration data, required input files and a description of the protocol used in this
derivation on protocols.io (dx.doi.org/10.17504/protocols.io.brc4Am2yw). We followed the PEST-
ORCHESTRA approach that was first used to derive NICA constants for Cd and Zn binding to
Laurentian fulvic acid by Janot et al. (2017). Typically, both equilibrium constants and non-ideality

constants are derived from experimental data. However, we found during preliminary derivations that
since titrations were undertaken at only three pHnas values (7.2, 7.6, 8) and encompassed a relatively
narrow pH range, data from Avendario et al. (2016) were not sufficiently well constrained in pH
space to reproducibly derive all four parameters. We therefore fixed ng, (), and used the
relationship between n; and n, from Milne et al. (2003) (n,= 0.76 x n,) to calculate ng.(),. We
then estimated 109Ky, (1111, 109Kre 1112 Using initial estimates of 3 and 9, and allowed ranges of 2 to
4 and 8 to 10, respectively. Generic parameters from Milne et al. (2003), (2001) were used to
describe binding of proton and major cations (H*, Ca?*, Mg?*, Sr?*) to be consistent with parameter
sets A and B.

To investigate goodness of fit at different ambient DOC concentrations, we compared our observed

FeNN3s concentrations with FeNN3 concentrations calculated in ORCHESTRA. We then compared

Fe3* calculated from observations using equation (3) with those calculated in ORCHESTRA and
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observed versus calculated DFe* calculated using equation (4). For speciation calculations, pH was
set to the analysis pHnags (= 8.00+0.08).

Prediction of apparent Fe(111) solubility and inorganic Fe concentrations at ambient pH and

temperature in our study region

We predicted Fe speciation in our study area at ambient pH and temperature using the NICA
constants with the best fit to our observed titration data. To calculate SFe(l111)app We set our total
Fe(111) concentration to 10 nmol L™ and allowed for the formation of Fe(OH)s(s) (ferrihydrite) within
ORCHESTRA. We use a solubility product of logKs = 3.2, derived from (Liu and Millero, 1999) to
determine iron solubility according to equation (7).

*Kg = [Fe3*] + [HT]® = 1032,AH, = —100.4 k] mol* @)

We therefore consider organically bound Fe as soluble, but freshly precipitated Fe(OH)3(s) as
insoluble. We compare our SFe(l11)app With observed dissolved Fe concentrations. However, given
the potential size of both freshly formed Fe(OH)s(s) (defined in Liu and Millero (1999) as >0.02
pm) and organic matter (determined in the < 0.7 um fraction), the Fe associated with both DOM and
Fe(OH)3(s) may both be colloidal in nature (>0.02 but <0.2 pum) and this should be kept in mind

when comparing the absolute values.

We calculated the sum of soluble inorganic species and express these concentrations as pFe(l11)

using:
pFe(IlI)’ = —Log ([FeOH?**] + [Fe(OH)3] + [Fe(OH)3] + [Fe(OH)Z]) (8)
In these calculations, we set the total Fe concentration to be equal to the determined DFe

concentration, but Fe(OH)3(s) was also allowed to form to account for possible formation of
insoluble iron hydroxides when Fe** becomes oversaturated, according to equation (7).
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3.3 Results and Discussion

3.3.1 Establishing consistency between observations and calculations in the absence of organic

matter.

An understanding of how pH and temperature might influence trace element speciation at equilibrium
can be obtained via iterative algorithms based on thermodynamic principles using sets of
thermodynamic constants valid for the physico-chemical conditions to be explored in the study. We
applied “off the shelf” ion pairing software packages in our study that incorporate ionic strength
corrections based on the extended Debye-Hiickel equation, but we highlight this is not fully optimal
and warn that absolute values predicted via our speciation calculations will be affected by systematic
bias as a result of overestimation of activities. The impact of the ion pairing approach is illustrated by
an approximate 15% underestimation in ionic strength in our calculation (1=0.6 M), which is
consistent with previous estimates of the error introduced by application of the Debye-Huickel
equation (Stockdale et al., 2016). Nevertheless, valuable information — with respect to the extent that
changes in physico-chemical properties such as pH and temperature may have on metal speciation —
can be obtained if a system can be calibrated such that its observed and calculated values are
consistent for a given critical species. In our study, we used a value for logkgeny3 .+ Within an ion
pairing model, which would account for competition between NN-, H*, Fe** and OH" at the ionic
strengths and pH relevant to our study. In previous work, a first attempt at such a system was made
by manually changing constants to obtain an empirical estimate for l0gkreyn3 1+ (Avendario et al.,
2016). In this study, we sought to improve on this by first calibrating logkr.yns 5+. We particularly
focused on establishing consistency between determined and calculated Fe®** and FeNN3
concentrations, since FeNN3 is the measured species from titrations and Fe" is the Fe species that
reacts with the added ligand, hydroxide ion and natural organic matter.

Estimation of logkr.yns z+ USING the parameter estimation software package PEST (Doherty, 2019)
in combination with the ion pair speciation program ORCHESTRA (Meeussen, 2003) resulted in a
logkrenns n+ Of 29.5+0.1. With this value, the Pearson correlation coefficient between observed and
calculated log[FeNN3] was 0.962 with a root mean squared error (RMSE) of 1.12 nmol L™ over the

pHngs range 7.2-8.5 and at an HNN concentration of 2 umol L. Predicted Fe** concentrations
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(Fe**carc) correlated with Fe3* calculated from the observed FeNN3 concentrations (Fe**itation)
(log[Fe**]caic = 0.95 x log[Fe**iitration -0.83, r?= 0.97, n=456) (Figure 2a). The modelled distribution
of the relative proportion of Fe present as FeNN3 as a function of pH suggests that FeNNz will be the
dominant species between pHnss 7 and 8, with a maximum predicted response at pHnss 7.5 (Figure
2b), which is consistent with the relationship between pH and the voltammetric response for FeNN3
previously reported by van den Berg (1991). However, our derived value of 29.5 for l0gkrenn3 1+ 1S
three orders of magnitude lower than the empirical estimate of 32.5 given by Avendafrio et al. (2016).
Further comparison with literature values showed that our calculated conditional stability constant at
pHngs 8 is within the reported range after calibration against hydroxide and EDTA but lower than
obtained at pHngs 6.9 (Supplementary Table 1). The difference between the calibrated constants
could be explained by the ionic strength corrections applied during the calculations, the choice of
conditional constants for Fe binding to EDTA, and the applied inorganic side reaction coefficient for
Fe (Lagleraet al., 2011).
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Figure 2 Predicted Fe** and FeNNs for seawater after ultra violet irradiation to destroy organic matter. (a)
Predicted Fe®" is plotted versus determined Fe** from titrations using HNN concentrations at 2 and 5 pmol L™
over the pHwes range 7.2-8.5. (b) The proportion of FeNNs relative to total Fe from titrations using HNN
concentrations at 2 and 5 pmol L™, is shown over the pHygs range 7.2-8.5, where measured FeNN is
indicated as colored points and predicted FeNNs is shown by the solid line. (c) Predicted Fe** is plotted
versus determined Fe3* from titrations undertaken at constant pHwgs (~8.0) over the range of HNN
concentrations. (d) The proportion of FeNNs relative to total Fe from titrations undertaken at constant pHngs
(~8.0), is shown over the range of HNN concentrations, where measured FeNNs; concentrations are shown as

colored points and predicted FeNNs is shown by the solid line.
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We next examined the relationship between calculated and determined FeNN3 and Fe®*
concentrations using the derived logkr.yns3 ;4 OVer the range of HNN concentrations (1, 5 and 20
umol L) employed in this study at pHnes 8.0 using the ‘overload titration’ method. We obtained a
linear relationship between observed and calculated [Fe**] (log[Fe*]cac=1.07+0.03 x log[Fe**]sitration
+ 8.7x102°46.5x102°, r?=0.93, n=98, Figure 2c). The positive intercept implies a slight systematic
overestimate of FeNN3 by the ion pairing model, which is supported by the relationship between the
proportion of Fe bound to FeNN3z and the HNN concentration (Figure 2d). The observed proportion
of Fe(l11) that was detected as FeNN3 at both 1 and 5 umol Lt HNN was thus slightly lower (by an
average of 10 and 15 % respectively) than predicted by the ion pairing model. Our calculated side
reaction coefficients were 109 reyns res+ = 9.1, 11.2 and 13 for 1, 5 and 20 pmol L™ HNN,
respectively. These values compared to a loga ', of 8.95 calculated by the ion pairing model at
pHngs 8.0. The similarity between loga’renns re3+ and loga g, at an HNN concentration of 1 pmol
L means that hydroxide ions will compete with HNN at our lowest HNN concentration (Figure 2c).
Given the low solubility of Fe hydroxides (at pHngs 8.0 and 293 K, Fe(OH)s(s) is predicted to form
at an [Fe3*] concentration of 7.58x1072° mol L, equivalent to pFe(I11)" = 10.2), the relatively high
proportion of Fe* (maximum calculated Fe3* in UV irradiated seawater = 5.7x1078 mol L) should
theoretically result in formation of Fe(OH)s(s) at both 1 and 5 pmol L™t HNN concentrations.
Nevertheless, the linear relationship between observed and calculated Fe3* suggests that Fe(OH)s(s)
formation did not impact on the determination of FeNNs3, possibly because we always added HNN
prior to addition of Fe. The binding of Fe to HNN therefore occurred more quickly than formation of
Fe(OH)s(s). If we assume no formation of Fe(OH)s(s) occurred, then Fe* concentrations are
consistent over the range of pH and HNN values examined here.

We concluded that our experiment - speciation calculation framework was adequately consistent
within the time frame of our titration experiments. However, we caution that our experiments are
likely not at true equilibrium, and while it was not detectable over the <24-hour equilibration period
of our titrations, we cannot completely rule out formation of Fe(OH)3(s). Although our calculations
simplify the complex kinetic and thermodynamic processes that influence chemical Fe speciation in
aqueous solutions, we argue that they are sufficiently consistent to be used to investigate the
relationship between DOC concentration and Fe speciation predicted by the NICA-Donnan model.
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As a final step in the development of our experimental framework for examining the relationship
between DOC concentrations and the fit of observed Fe speciation to different sets of NICA
parameters, we re-derived the NICA constants from Avendario et al. (2016). We carried out this re-
derivation to improve upon the empirical nature of the original estimates and to account for the
difference in logkreny3 1+ USed to generate the estimates for the NICA affinity constants reported by
Avendario et al. (2016). When fitting for four parameters (nge i1, Mreqinz, 109Kreqin1,
l0gKFe(1r)2) We found that repeated estimations (n>3) using the same initial arbitrary parameter
values did not produce reproducible results, likely as a result of overfitting the data set. The value of
n; and its relationship to ny as described in equation (6) have been related to reaction stoichiometry
between H* and the metal ion (Hiemstra and van Riemsdijk, 2006), thus determination of n; requires
experimental data with sufficient density and range in pH space (Zhu et al., 2021). Unfortunately, we
found that this criterion was not satisfied by the data of Avendario et al. (2016), since titrations at
only 3 pH values within a relatively restricted range (less than one pH unit) were undertaken. We
therefore initially set the value for ng,(;;;); to 0.31 based on previously reported values available for
marine organic matter (Avendario et al., 2016; Gledhill et al., 2015; Hiemstra and van Riemsdijk,
2006). The value of ng.(;;), was calculated using the formula n,= 0.76xn; which has previously
been shown to describe the covariance between n, and n, observed for multiple cations (Milne et al.,
2003). Our re-derived NICA affinity constants (set C) are presented in Table 1 along with a further
two sets of constants (sets A and B) taken from the literature (Gledhill et al., 2015; Hiemstra and van
Riemsdijk, 2006) that we use directly. As expected, the combination of fixing n;, the mathematical
rederivation and the change in l0gkr.ny3, 1+, resulted in differences in the derived logKg, ), and
109KFe(11)2 Used in this study compared to the values empirically estimated (0.26, 3.6, 0.23 and 8.3
for ngein1, 109Kre(iny1: Nrein2: 100Kk 1112 respectively) by Avendario et al. (2016).We further
examined the impact of n; by increasing the value of n; and n, (set D) to consider the possibility that
marine DOM is less heterogeneous than typically observed for terrestrial organic matter (Lodeiro et
al., 2020; Zhu et al., 2021). As well as influencing the effective competition between the metal and
protons (Milne et al., 2003), the non-ideality constant influences the relationship between the free
metal ion concentration and the total dissolved metal concentration (also termed the concentration
dependency, Milne et al. 2003). Incorporation of heterogeneity results in an exponential increase in

Fe3* as DFe concentrations increase, which arises because stronger binding sites in the distribution
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are occupied first. Higher values of n; result in a shallower exponential curve for the relationship

between Fe®* and DFe concentrations.

Table 1. Four sets of constants for Fe(l11) binding to the two dissolved organic matter binding site
types of the NICA-Donnan model. Parameter sets A and B were taken from the literature, Hiemstra
and van Riemsdijk (2006) and Gledhill et al. (2015), respectively. Parameter sets C and D were re-
derived for this study based on raw titration data obtained in Celtic Sea samples previously reported
in Avendaiio et al. (2016). We fixed the non-ideal constants (ng. ;) to derive the binding affinity
(IogKge(11)) for both parameter sets C and D. The goodness of fit is indicated as root mean square
error (RMSE).

Fe(I11) NICA constants set A set B set C set D

FAZL: Carboxylic-type groups

Mreqin 0.36 0.3 0.31 0.4

FAZ2: Phenolic-type groups

109K Fe 1112 8.3 11.2 9.04+0.01  9.80+0.01
Nren?2 0.23 0.15 0.24 0.3
RMSE for parameters rederived in this study NA 0.7908 0.2149

3.3.2 Influence of dissolved organic carbon concentration on determined and calculated Fe

speciation at constant pH

In this work, we analyzed 106 samples from three cruises undertaken in November (DY018, 47
samples), April (DY029, 34 samples) and July (DY033, 28 samples) by CLE-AdCSV and present
raw titration data in the SI (Supplementary Figure S2). We first compared FeNN3s concentrations
calculated with the NICA-Donnan model using parameter sets A-D with the observed FENN3
concentrations for the whole data set (Table 2, Supplementary Figure S3). Simulated FeNN3 using
parameter set B systematically underestimated the observed FENN3 concentrations, resulting in a
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larger RMSE in comparison to sets A, C and D (Table 2). Parameter set B thus overestimated the
binding strength of organic matter in our study region. The stronger binding represented by
parameter set B could reflect the estuarine nature of the samples used for the parameter estimation,
which might be more strongly influenced by terrestrial organic matter. However, we caution that the
data set used for the estimation in Gledhill et al. (2015) was based on analysis of one sample and the

authors of that study emphasized that it was intended as a proof of concept.

Table 2. Relationships between calculated (y) and observed (x) FeENN3 concentrations obtained using
four sets of NICA constants. Sets A and B and are taken from the literature, Hiemstra and van

Riemsdijk (2006) and Gledhill et al. (2015), respectively. Sets C and D were re-derived for this study
based on titrations data taken from Avendario et al. (2016). The number of observations was 643. The

goodness of fit is indicated as root mean square error (RMSE).

Fe(lll) NICA constants set A set B set C set D
Linear equation y=1.03.x+0.36 y=8.05x-0.79 y=1.03x+0.50 y=1.03x+0.39
r? 0.85 0.78 0.84 0.85
RMSE (nmol L) 0.95 1.52 0.89 0.98

FeNNs is a dominant species at 5 and 20 umol L™* HNN in our titration experiments, and variability
in less abundant species might be expected to be more sensitive to changes in binding site
concentrations and better highlight systematic bias with respect to DOC concentrations. Therefore,
we next compared the relationship between [Fe**]iiwation and total Fe with calculated values for Fe3*
obtained from combining the ion-pairing and NICA model ([Fe**]nica) using our four sets of NICA
constants for samples binned into three different DOC concentrations: 45-55, 55-65, and >65 pmol L°
1 (Figure 3). The DOC bins broadly align with concentrations typically observed for semi-refractory,
semi-labile and labile DOC respectively (Hansell, 2013), although the division between the different
DOC fractions is likely less well defined than implied here. Figure 3 shows that the relationship
between [Fe** Tuitration and total Fe was quite well described by A, C and D, but not well described by

parameter set B, although some differences between Fe3* at 1 umol L™ HNN at low total Fe
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concentrations was evident for all sets at DOC concentrations > 55 umol L. Results of correlation
between [Fe** iitration and [Fe3*]nica are given in Table 3. Calculated [Fe**]nica using parameter sets
A, C and D again showed better agreement with [Fe3*Jiitration (Table 3) than parameter set B.
Combining information from intercept, slope and r? and Akaike Information Criteria (AIC), A and D

were found to be a better fit to the data than C.
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Figure 3. Plots of Fe** versus total Fe concentrations obtained for titrations binned into three DOC
concentration ranges (45-55, 55-65 and >65 pumol L™). Points show Fe** concentrations obtained from
measured FeNN; concentrations at three different HNN concentrations: 1, 5 and 20 pmol L™. Lines show Fe**
concentrations calculated using the NICA-Donnan model combined with an ion-pairing model. Four different
NICA parameter sets were applied: parameter set A was reported in Hiemstra and van Riemsdijk, (2006), B in
Gledhill et al. (2015), whilst C and D were re-derived for this study based on titration data from Avendafo et
al. (2016) (Table 1). Scenario D2 used NICA parameter set D, but assumed that DOC concentrations were

constant at 43.7 pmol L™
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We noted that goodness-of-fit of [Fe**]nica to [Fe* Tiitration tended to decrease with increasing DOC
concentration (Table 3). We therefore further examined the scenario that binding sites did not scale
with DOC concentration by calculating the Fe speciation using parameter set D and fixing the DOC
concentration to the lowest value observed in our study (43.7 umol L). We found similar goodness-
of-fit results for this fixed-DOC scenario (D2) across the whole range of DOC concentrations
observed in our study, suggesting that binding sites are not necessarily more abundant at higher DOC

concentrations.

Table 3. Correlations of log[Fe* itation (X) Observed in titrations undertaken at different HNN
concentrations with log[Fe**Inica (Y) calculated using a combined ion-pair/NICA-Donnan model.
Sets A and B and are taken from the literature, Hiemstra and van Riemsdijk (2006) and Gledhill et al.
(2015), respectively. Sets C and D were rederived for this study based on titration data taken from
Avendafio et al. (2016). The D2 scenario used parameter set D but assumed a constant DOC

concentration of 43.7 umol L.

DOC NICA Intercept Slope R? AIC

concentration parameter

(umol L) set

4555 (n=612) A 121#0.16  0.930.01 0.95 55
B -10.8+0.6 0.50+0.03 0.27 1655
C -2.67+0.18 0.85+0.01 0.93 116
D -1.24+0.16 0.93+£0.01 0.96 -80
D2 -1.05+0.16 0.93+£0.01 0.96 -89

55-65 (n=643) A -1.34+0.14 0.92+0.01 0.96 -138
B -10.0+0.8 0.55+0.03 0.23 2008
C -2.83+0.2 0.85+0.01 0.91 289
D -1.38+0.14 0.92+0.01 0.97 -202
D2 -1.04+0.13 0.93+0.01 0.97 -249

65-200 (n=234) A -2.06+0.32 0.89+0.02 0.92 117
B -13.1+1.7 0.43£0.09 0.09 881
C -4.20+0.48 0.79£0.03 0.80 303
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D -2.04+0.29 0.89+0.01 0.94 62
D2 -1.18+0.25 0.92+0.01 0.96 -16

For our final assessment employing our titration data, we examined the relationship between the non-
labile Fe concentrations (DFe*) and [Fe*'Jsitration Observed in our titrations and compared the
relationship to values calculated using the NICA model. For both titration data and simulated results
using the NICA-Donnan model, DFe* was calculated using equation (4); at 1 pmol L™ HNN, this
fraction therefore incorporates a portion of the Fe bound to hydroxides. Figure 4 shows the
relationship between DFe* and Fe3* of measured (DFe*iiwation) and calculated data (DFe*nica),
binned according to DOC concentration. We observed larger scatter in the calculations of DFe* at
each HNN concentration and weak correlations (r>< 0.2, data not shown) between DFe*iation and
DFe*nica, Which likely reflects increased error propagation and the limited range of DFe* values that
can be observed using AACSV. However, for the most part, observed DFe*iitation fell between
calculated values obtained for parameter set B and those obtained in the absence of organic matter
(no DOM) and overlapped with parameter sets A, C and D. The overload titration method assumes
that DFe* will be negligible at 20 pmol L™ HNN, and indeed we rarely observed DFe* values greater
than 11 % of total Fe (the threshold of uncertainty) at this HNN concentration. Data points where
DFe* was detected at 20 pmol Lt HNN were scattered through the data set and thus result from
random error rather than systematic offsets associated with individual samples. Furthermore, we note
that at 5 pmol L™t HNN, concentrations of [FeNN3]caic Were overestimated in our UV seawater
experiments (Figure 2d), which could contribute further to discrepancies between DFe*iitration and
DFe*nica. The analytical limitations of CLE-AdCSV should also be considered here, since its results
are known to be influenced by the estimation of sensitivity, lack of equilibrium conditions, and the
number and distribution of titration points (Gledhill and Gerringa, 2017; Hudson et al., 2003; Pizeta
et al., 2015; Town and Filella, 2000). In particular, the calculation of DFe* is sensitive to bias in
estimation of the slope (Hudson et al., 2003), and the ability to detect significant concentrations of
DFe* is strongly influenced by the sensitivity of the method. In our case, we note that HNN is one of
the least sensitive ligands that can be used to detect Fe by CLE-AdCSV (Ardiningsih et al., 2021),
although it has the advantage that it forms one dominant species (Waska et al., 2016), which
simplifies application over a range of added ligand concentrations (Abualhaija and van den Berg,

2014). Importantly, the FeNN3 complex can also be detected over a relatively wide pH range (van
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den Berg, 1991), allowing speciation analysis to be applied over a range of pH values (Avendafio et
al., 2016; Gledhill et al., 2015).
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Figure 4. Plot of DFe* (i.e. total Fe - FeNNs) versus Fe** concentrations. Calculated DFe* and Fe** from
titrations are shown as grey points. Open symbols show values where DFe* was below detection and are set
to the value of the detection limit. Lines show values predicted for each titration using the NICA-Donnan
parameter sets (A-D), at pH 8.0 and temperature 20° C with ambient DOC concentrations. Scenario D2 is the
same as set D but with a constant DOC concentration of 43.7 umol L™ whilst no DOM shows the expected
result in the absence of Fe bound to organic matter. Data is faceted according to HNN concentration

(horizontal facet, pmol L™) and DOC concentration range (vertical facet, umol L™?).

Taken together, the calculated [Fe**]nica values in our titrations suggest parameter sets A and D
provide the best approximations of [Fe**Jsitration. Examination of DFe* suggests that NICA parameters
A, C and D predict DFe* within the range of observed values. Considering NICA sets A and D,
binning the data into three different DOC concentrations showed that goodness of fit decreased
slightly with increasing DOC concentration (Table 3). The increase in negative intercept with
increased DOC concentration suggests that this was because the NICA model slightly overestimated

Fe binding to DOM at higher DOC concentrations, and this effect was largely eliminated by
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assuming a constant DOC concentration of 43.7 umol L™ with scenario D2. The overestimation of
the impact of increasing DOC concentrations could point to dilution of the Fe-binding functional
groups by input of fresh DOM with a lower binding site density. Since the main source of fresh DOC
in our study area is phytoplankton (Carr et al., 2018; Davis et al., 2018), this would imply that the
overall binding affinity of DOM produced by phytoplankton is lower than the aged DOM pool.
However, such a trend could also be observed if the use of generic NICA constants from Milne et al.,
(Milne et al., 2003) results in an overestimation of binding site heterogeneity for marine DOM. There
IS a paucity of data investigating the acid-base binding characteristics of marine DOM, so we
recommend further investigation of total binding site concentrations and binding site heterogeneity as
a function of DOM mass (Lodeiro et al., 2020), particularly with respect to the changes in DOM
composition as a function of productivity. Furthermore, we recommend that alternative experimental
designs for titrations are explored for their ability to derive intrinsic, rather than conditional, metal
binding constants (e.qg. titrations over a wider range of pH values (Avendafio et al., 2016; Gledhill et
al., 2015) or with higher pH resolution (Zhu et al., 2021)).

3.3.3 Prediction of Fe(I11) speciation in the Celtic Sea using ambient pH and dissolved organic

carbon concentrations

3.3.3.1 The combined impact of variability in pH and DOC concentration and choice of NICA
constants on calculated Fe speciation.

For a heterogeneous group of binding sites, DFe, pH, and DOC all influence pFe(l11)". We illustrate
the relative importance of the key parameters for driving variability in pFe(I11)” with model
experiments (Figure 5a and b). We calculated pFe(l11)” with three scenarios based on the minimum
and maximum observed values for pH and DOC we encountered in our study area: i) pHnes = 8.1,
DOC = 45 pmol L ii) pHnes = 8.3, DOC = 45 pumol L™ and iii) pHngs = 8.3, DOC = 150 umol L™,
We compare these scenarios with values calculated using ambient pH and DOC, without considering
the formation of Fe(OH)s(s). The different scenarios show that the DOC range encountered in our
study area has a greater potential impact on pFe(l11)” than pH does, especially for parameter set D,

where scenarios (i) and (ii) overlap. The low impact of pH arises because pH did not vary greatly in
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the study region (range of ~0.2) and because the lower heterogeneity described by parameter set D

reduced the impact of pH.

We compared the data points and the solid curve in Figure 5 (a) and (b) and observed a decrease in
pFe(111)" of approximately 1 and 0.5 log units at our lowest DFe concentrations and 2 and 1 log units
at our highest DOC concentrations for parameter sets A and D, respectively. These values provide an
estimate of the likely error in pFe(l11)” introduced by scaling to DOC and, not surprisingly, show that
the greatest impact will occur at the highest DOC concentrations. The differences between the
magnitude of the estimates for sets A and D relate to the degree of heterogeneity, as described by the
non-ideality constant, with set D describing a less heterogeneous distribution of binding sites than set
A.
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Figure 5 (a), (b) Plots of pFe(l11) “as a function of dissolved Fe concentration (DFe) and (c),(d) apparent

Fe(111) solubility (SFe(l11)app) as a function of temperature for NICA parameter sets A and D respectively. The
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impact of pH and DOC concentration are shown by the colour and size of the points, respectively. The lines
show the trend if pH and DOC are assumed constant at (i) solid line: pH = 8.09 and DOC =43.7 pumol L™ (ii)
short dashes: pH = 8.31 and DOC =43.7 umol L™ and (iii) long dashes: pH = 8.31 and DOC =150 pmol L™,

3.3.3.2 Impact of pH, DOC and temperature on apparent Fe(l11) solubility in the Celtic Sea

Fe(I11) solubility strongly influences the overall Fe inventory in the ocean (Johnson et al., 1997) and
in the absence of ligands the oceanic DFe inventory would be significantly lower (Hunter and Boyd,
2007; Liu and Millero, 2002). Previous work has suggested that the ocean is saturated with respect to
Fe(l11) hydroxide (Byrne & Kester, 1976; Kuma et al., 1996, 1998, 2003). However, CLE-AdCSV
determinations suggested that ligand concentrations are in excess of DFe, which implies that Fe(l11)
hydroxide might be undersaturated at the pH of the measurement (Caprara et al., 2016). The
saturation state of Fe in the ocean is thus subject to some uncertainty. Furthermore, the interplay
between scavenging and solubility is poorly constrained (Tagliabue et al., 2016), and the potential
impact of changes in ambient seawater pH on Fe solubility has rarely been considered (Millero et al.,
2009; Ye et al., 2020).

Our calculations of [Fe*'] at the ambient pH and DOC concentrations described above resulted in a
maximum value of 4.5x107*° nmol L™* for both parameter sets A and D, obtained at the highest DFe
concentration of 1.9 nmol L. At pHnas 8.0 and 20°C, our ion pairing model predicts formation of
Fe(OH)s(s) at an Fe®* concentration of 7.58x10°2° mol L. Therefore our predicted Fe**
concentrations were oversaturated with respect to Fe(OH)s(s). We therefore used iterative speciation
calculations to investigate the potential interaction between Fe(l11) solubility, temperature, pH and Fe
binding to DOM in our study area. We calculated apparent Fe(l11) solubility (SFe(l11)app) by setting
the total Fe(111) concentrations to 10 nmol L for all samples in the model, thereby ensuring
formation of the insoluble Fe(OH)3(s) species. SFe(l11)app Was then expressed as the sum of the

concentrations of aqueous inorganic Fe(l11) species and Fe(ll1) bound to DOM.

Figure 5 (c) and (d) shows the variation of calculated SFe(l11)spp plotted as a function of temperature
for parameter sets A and D respectively. Trends for SFe(l11)app for both parameter sets were similar
and the highest SFe(l11)app Was observed at maximum DOC concentrations. Whilst DOC was an

important influence on SFe(l11)app, decreased temperature and pH also both lead to increasing
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SFe(l11)app as a result of changes in the hydrolysis according to equation (1) (Figure 5, ¢ and d). We
assessed the relative importance of pH and temperature by calculating SFe(l11)app using the same
scenarios described for calculation of pFe(l11)” (section 4.3.2). We observed that pH had a greater
impact on SFe(l11)app than on pFe(l11)". However, in the scenario where Fe binding does scale with

DOC concentration, DOC was more important than pH for our study area.

Comparisons between NICA parameter sets A and D showed that SFe(l11)app Was 0.05 nmol L
higher for parameter set A than for parameter set D at our lowest DOC concentration (43.7 pmol L)
and 0.2 nmol L higher at our highest DOC concentration (111 pmol L) (Figure 5, ¢ and d). The
difference was driven by changes in the affinity constant and the relative non-ideality of the binding
sites, which effectively results in a lower binding affinity for parameter set D in comparison to
parameter set A.

Both parameter sets predict maximum SFe(l11)app Values (1.2 and 1.1 nmol L) that are lower than
the determined maximum DFe concentrations (1.9 nmol L). We emphasize that absolute values
have to be compared with caution because of systematic errors in the calculations from e.g. ionic
strength corrections. Here, we also need to consider the influence of physical size and filter size cut-
off, since the solubility product used in this study was determined using 0.02 um filter cut off (Liu
and Millero, 1999), whilst Fe binding characteristics were determined with a 0.2 um filter cut off
range and DOC concentrations used in this study were determined in the <0.7 um fraction. We note
that fresh Fe hydroxide nanoparticles can be as small as 2-3 nm (Cismasu et al., 2011; Janney et al.,
2000) and would thus be classed as dissolved when a 0.02 um filter cut off is employed. In addition,
scavenging processes in which DFe is potentially reversibly adsorbed onto solid phases present in the
water column are thought to be an important influence on DFe concentrations (Achterberg et al.,
2018; Fitzsimmons et al., 2017) but are not considered in our approach. It is therefore difficult to
precisely map our predicted SFe(l11)app Onto DFe concentrations. Nevertheless, we considered being
able to predict SFe(l11)app to within 58 % of the determined DFe concentration as encouraging and
hence further examined the temporal and spatial variability of Fe species calculated at ambient pH,
DFe and DOC in the Celtic Sea.
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3.3.3.3 Calculated Fe speciation at ambient pH and temperature in the Celtic Sea

We examined spatial and temporal variability in Fe speciation that results from changes in DFe and
pH in our study region using parameter set D. However, we note that the differences in both
calculated pFe(111)” and SFe(l11)app between A and D were limited (maximum for pFe(111)” of 1.2 log
units and 0.2 nmol L for SFe(l11)app), especially at low DOC concentrations (negligible for pFe(l11)’
and 0.05 nmol L™ for SFe(I11)app). We re-calculated Fe speciation using ambient DFe concentrations
and allowed for formation of Fe(OH)s(s) where DFe > SFe(l11)app. We first examined the temporal
variability in SFe(I111)app and pFe(l11)” on the Celtic Sea Shelf and then spatiotemporal variation
across the shelf break using i) ambient DOC and ii) a fixed DOC concentration set to the lowest

deep-water DOC concentration observed in our study area (43.7 umol L™).

Seasonal variability in the Central Celtic Sea (site CCS) on the shelf.

The hydrography and the seasonal cycles of DFe, DOC and pH of the Celtic Sea during our sampling
period has been described in detail elsewhere (Birchill et al., 2017; Carr et al., 2018; Humphreys et
al., 2019; Rusiecka et al., 2018). Briefly, DFe concentrations varied both in the surface mixed layer
and deeper waters, with the spring bloom resulting in significant drawdown of DFe in surface waters
(0.08 +0.01 nmol L, n=2) to levels similar to observations in open ocean regions, while in deeper
waters DFe increased from 0.82 + 0.02, n= 3 (April) to 1.48 + 0.06 nmol L%, n= 3 (July) (Birchill et
al., 2017). In the surface mixed layer, DOC concentrations were highest in April (73.3 £2.9 umol L
1 n=3) and lowest in July (57.7 + 4.0 pmol L%, n=5) (Figure S4). DOC concentrations tended to
decrease with increasing depth in April and November, and concentrations in all three samples below
the thermocline were 64.8 = 0.0 umol L (n= 3) in April and 58.7 + 1.8 umol L (n=4) in
November. In July, the trend of DOC was opposite, such that above the thermocline DOC decreased
with increasing depth, whilst higher DOC was observed below the thermocline (67.6 + 4.6 pmol L,
n=2). pH was higher in surface waters compared to deeper waters during all three sampling
campaigns (Figure S4). A vertical gradient in pH was observed in November with a difference of

0.11 between the surface mixed layer and below the mixed layer.
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The changes in DFe, pH and temperature throughout the seasonal cycle resulted in changes in both
SFe(l11)app and pFe(l11)” (Figure 6). In surface waters in July and November, DFe was consistently
lower than calculated SFe(l11)app and as expected, DFe was thus undersaturated with respect to
Fe(OH)3(s) formation in our calculations (Figure 6a). Below the mixed layer (>75 m),
remineralization of sinking organic matter in the bottom mixed layer resulted in increased DFe
(Birchill et al., 2017) and formation of Fe(OH)s(s) in our calculations (Figure 6a). With the constant
DOC scenario, SFe(l11)app changed by < 0.03 nmol L™ at station CCS. For the ambient DOC scenario
SFe(111)app Was overall higher by 0.3 nmol L? as a result of the increased DOC concentrations
(Figure S4), however variability was also low (<0.02 nmol L). We found that the SFe(111)app
determined by our speciation model for the bottom mixed layer were very similar (0.54-0.87 nmol L
! Figure 6a) to the concentrations of DFe determined throughout the well-mixed water column in
April (0.82 + 0.04 nmol L, n=6). Our results therefore suggest that when the water column is
stratified, water below the mixed layer is oversaturated with Fe as a result of constant supply of DFe
by remineralization. Winter mixing subsequently resets the DFe inventory to one that our results

suggest could be based on Fe solubility.
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Figure 6. (a) Seasonal changes in the vertical distribution of observed dissolved Fe (<0.2 um, point and solid line) and calculated
apparent Fe(I11) solubility (SFe(l11)app = Fe(l11) #+Fe bound to DOM) using NICA parameter set D. Lines show values calculated using
a fixed DOC concentration of 43.7 umol L (long dashes) or ambient DOC concentration (dotted line) and the shaded area highlights
the difference between the two scenarios. For calculation of SFe(l11)app, we assumed a total Fe(l11) concentration of 10 nmol Lt in our
calculations and DFe was therefore not an input parameter in the calculations. (b) pFe” (-logio(Fe(111))) was calculated allowing for
the formation of ferrihydrite when DFe was greater than SFe(I11)app with ambient (dots) and fixed (dashes) DOC concentration
scenarios. Calculations were performed using ambient pH and temperature for samples collected on the shelf in autumn (November
2014), spring (April 2015) and summer (July 2015).

Above the mixed layer, pFe(l11)” was primarily dependent on DFe concentrations, with pH having a
minor influence (Figure 6b) because of the low degree of heterogeneity predicted by parameter set D
(Figure 5b). Below the surface (>75 m), the over-saturation of Fe in July and November meant that
pFe(111)” was rather constant (10.04+0.02) and controlled by the formation of Fe(OH)3(s) in our
calculations rather than by the strength of binding to organic matter. In April, surface water (<75 m)
pFe(111)” was similar to those in deeper waters as the water column was well-mixed, whilst a marked
increase of pFe(l11)” was observed from surface to deeper waters in July and November (Figure 6b).

pFe(111)” was thus predicted to increase in surface waters from summer through to spring in both

69



Chapter 3 - Equilibrium calculations of iron speciation and apparent iron solubility in the Celtic Sea at ambient seawater pH using the
NICA-Donnan model

constant and ambient DOC scenarios. The increase in pFe(111)” was thus largely driven by the
drawdown of DFe in April resulting from phytoplankton productivity (Birchill et al., 2017). After
July, the slight increase in vertical exchange due to mixing and the on shelf circulation pattern
resulted in a decrease surface water pFe(I11)” from July to November, even though the water column

remained stratified.

Spatiotemporal variation in key variables and Fe speciation over the Shelf break

Temperature and salinity data over the shelf break are provided in Figure S5. Dissolved Fe ranged in
concentration between 0.03-1.90 nmol L along the transect and was lower in surface waters
(0.22+0.12 nmol L* in November, 0.20+0.28 nmol L in July), and enhanced in deeper waters below
~500 m (1.04+0.24 nmol Lt in November, 0.87+0.14 nmol L in July, Figure 7). The distribution
and concentration of DFe are broadly consistent with previous observations in the Celtic Sea
(Nedelec et al., 2007) and neighbouring Bay of Biscay (Laes et al., 2007; Ussher et al., 2007). A
notable exception is that the DFe observed in this study during July 2015 in the surface mixed layer
include the lowest reported DFe concentrations (< 0.1 nmol L) for waters in this region. These are
attributed to biological Fe uptake during the spring bloom coupled with low external inputs to the
surface mixed layer (Birchill et al., 2017). In contrast to surface waters, concentrations of DFe in
excess of 1.00 nmol L (to a maximum of 1.90 nmol L) were observed at inner shelf stations in
November (C03-C06, CS2) and July (C04-06) at depths >500 m, which we attribute to a lateral flux
of DFe from the Celtic Sea shelf slope (Nedelec et al., 2007).

Average DOC concentrations of 60.1 + 9.2 umol L™ (n= 48) were observed in November, and 58.4 +
14.2 pmol L™ (n= 28) in July (Figure 7). Higher DOC concentrations were occasionally observed in
surface waters (station C06 in November (98.23 umol L) and station C02 in July (111 pmol L™?)).
Between 200-1000 m, DOC was higher at CO3 station than at other stations in November, a feature
that partly coincided with higher DFe concentrations. In the deep ocean (> 1000 m), DOC was
slightly lower in July (49.2+3.19 pmol L) than in November (52.3+3.3 pmol L.
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Figure 7. The distribution of dissolved Fe (DFe), dissolved organic carbon (DOC) , pHtwtal (0N the total scale) during autumn (DY018,
November 2014) and summer (DY033, July 2015) over the shelf break.

Surface waters in the area exhibited higher, relatively uniform pH (Figure 7). Higher surface water
pH at C04-06 stations coincided with higher DOC in autumn, which suggest that both of these
features were driven by increased productivity as observed at CCS. At depth (> 1000 m), changes in
pH corresponded to changes in salinity and temperature and were thus likely influenced by water

mass circulation and the biological carbon pump (Figure S5).

For both the ambient and constant DOC scenarios, SFe(I11)app Was >0.8 nmol Lt in the deep ocean
(>1500 m) at stations C01 and C02 in November and July (Figure 8). Mean SFe(l11)app (0.96+0.08
and 0.88+0.08 nmol L for the ambient and constant DOC scenarios respectively) was again
remarkably close to the mean observed DFe concentrations (0.9+0.1 nmol Lt). We emphasize here
that the DFe concentration is not a parameter included in the calculations of SFe(l11)app, since the
total Fe concentration is set to 10 nmol L™ for all samples and our calculated SFe(111)app
concentrations are thus independent of DFe. The potential impact of scaling to DOC concentration is
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illustrated by increases in the difference between SFe(l11)app calculated where ambient DOC
concentrations were high (>70 pmol L) relative to the assumed constant concentration scenario of
43.7 umol L1 at stations C03-CS2 in November or at station C06 in July (Figure 8). Nevertheless the
difference between SFe(l11)spp calculated at constant DOC and ambient DOC was always less than
0.54 nmol ! (Figure 8) and scaling to DOC thus has a limited overall impact on determined
SFe(11)app.

In surface waters, DFe was consistently lower (<0.25 nmol L) than SFe(I11)app predicted using both
DOC scenarios and Fe®* was thus undersaturated with respect to Fe(OH)s(s) formation in our
calculations (Figure 8), as observed for surface waters at CCS. The depth at which DFe became less
than SFe(111)app shoaled with the DFe concentration (Figure 7 and 8). In waters close to the seafloor
on the inner shelf (C03-C06), DFe concentrations were in excess of the SFe(l11)app cOncentration. As
described for station CCS and observed on the Peruvian Shelf (Zhu et al., 2021), we suggest that
these waters were influenced by non-equilibrium processes. Our speciation calculations are
considered to be at equilibrium and thus do not account for any non-equilibrium processes that may
be occurring in the water column, such as remineralization, scavenging, inputs from sediments or
changes in redox state. Our study region is known to experience inputs of DFe along with other
metals in nepheloid layers that propagate offshore from the sediments over the shelf break (Laées et
al., 2007; Rusiecka et al., 2018), and previous work found that the authigenic or scavenged fraction
of particulate Fe becomes increasingly important close to the seafloor (Marsay et al., 2017). Such
sediment-derived benthic inputs can be expected to be scavenged from the water column and
adsorptive processes are likely to depend on particle concentrations (Bergquist and Boyle, 2006;
Fitzsimmons et al., 2013; John et al., 2018). However, the mechanisms and processes governing
scavenging in the ocean are poorly constrained (Boyd and Ellwood, 2010; Tagliabue et al., 2014) and
scavenging rates are effectively treated as “free” parameters in biogeochemical models and thus
tuned to achieve realistic Fe concentrations (Tagliabue et al., 2014). Our work confirms previous
studies (Hiemstra and van Riemsdijk, 2006) suggesting that the solubility of Fe is an important

constraint on the extent of Fe scavenging in the ocean.
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Figure 8. (a) Changes in the vertical distribution of calculated SFe(l11)app using NICA parameter set D - observed dissolved Fe (<0.2
pum, point/diamond and solid line) are provided for reference. Lines show values calculated using a fixed DOC concentration of 43.7
umol Lt (long dashes) or ambient DOC concentration (dotted line) and the shaded area highlights the difference between the two
scenarios. For calculation of SFe(l11)app, we assumed a total Fe(l11) concentration of 10 nmol L in our calculations and DFe was
therefore not an input parameter in the calculations. (b) pFe(ll1)” (-logio(Fe(l11))) was calculated from DFe, or SFe(111)app when
DFe > SFe(Ill)app. Calculations applied the ambient pH and temperature for samples collected over the shelf break in autumn
(November 2014) and summer (July 2015) seasons. DOC concentrations were not determined for C03-C05 and CS2 in July 2015.

Grey bars show the depth of the water column at each station.

Calculated pFe(l11)” was lowest in deep waters and highest in surface waters indicating an increase in
Fe(l11)” in deeper waters (Figure 8b, pFe(ll)” scale is reversed). Below ~500m, pFe(ll1)
(10.04+0.02) was relatively constant throughout the water column in November and July and
irrespective of the DOC scenario, largely because it is set by the solubility product of Fe(OH)3(s) in
our calculations (i.e. pFe(111)” 01 [Fe**] which in turn is limited by Fe(OH)s(s)). In surface waters,
when pFe(l11)" is dependent on the DFe concentration, pFe(l11)” increased towards the open ocean
from a minimum of 10.8 (constant DOC) or 11 (ambient DOC) at C06 to a maximum of 13.2
(constant DOC) or 14.6 (ambient DOC) at C01 (Figure 8). For the stations furthest offshore, the
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potential impact of scaling to DOC for calculation of pFe(lll)” was more important. For example, a
30 pumol Lt increase in DOC resulted in an increase of two units in pFe(I11)” in surface waters at
station CO1. We found that values of pFe(l11)" predicted using parameter set D under both constant
and variable DOC scenarios encompassed the range of values found to support both iron-replete and
iron-limited growth in families of phytoplankton including cyanophytes, haptophytes and diatoms
which have been observed in our study area (Blain et al., 2004). For example, reduction in growth of
Synechococcus sp. was shown to begin at pFe” values of 14 (Timmermans et al., 2005), close to the
lowest values predicted by parameter set D with ambient DOC concentrations, while Sunda &
Huntsman (1995) found onset of growth was limited at 20 pmol L (pFe(111)” = 10.7) for the small
haptophyte Emiliania huxleyi and at 160 pmol L (pFe(l11)" = 9.8) for the diatom Thallassiosira
weissflogii. However, we have not considered the role of redox chemistry in our calculations. Fe(ll)
is known to be more readily available to phytoplankton (Shaked and Lis, 2012) and significant
concentrations of Fe(ll) can be formed via photochemical reduction in surface waters, with Fe(ll)
concentrations of up to 175 pmol L previously reported for surface waters (<50 m) in this region
(Ussher et al., 2007).

3.4 Conclusions

In this work, we combined analysis of Fe speciation by AdCSV with an ion-pairing/NICA-Donnan
model to determine Fe(l11) speciation at equilibrium in the Celtic Sea. We first calibrated our
competing added ligand (HNN) in the absence of organic matter for the experimental conditions
applied in our study. We then compared titration data obtained by varying both Fe concentrations and
HNN concentrations with calculations of Fe speciation predicted via the NICA-Donnan model with
four sets of parameters and found that the parameter sets that predicted relatively weak binding with
low heterogeneity best described our titration data. We further found that fits improved on
application of a constant low DOC concentration of 43.7 umol Lt across the data set, rather than
assuming that binding scaled to ambient DOC concentrations. This suggests that binding sites may be
more strongly linked to the refractory component of marine DOM and fresh inputs of DOM that
result from phytoplankton productivity may not result in increased binding site concentration or

heterogeneity.
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We used the NICA-Donnan parameters that fitted most closely to our titration data to predict
SFe(l1l)app and pFe(l11)” at ambient seawater pH and temperature with both ambient and fixed DOC
concentrations. Calculated SFe(I11)app concentrations (ca. 0.9 nmol L) were within the range of the
water column DFe concentrations observed on the shelf after winter mixing and also the furthest off-
shore deep water DFe concentrations. In surface waters DFe concentrations were lower than
SFe(I11)app as result of the drawdown of DFe by phytoplankton. On the shelf in July and November
and over the shelf break DFe exceeded SFe(l11)app in deeper waters close to the seafloor, which could
potentially be ascribed to inputs of DFe from remineralization and sediments. Although the proximity
of our calculated SFe(111)pp to the observed DFe concentrations is very encouraging, we highlight
that our calculations are a simplification of the real system since we do not account for non-
equilibrium processes, and the physical size of our SFe(l11)app fraction may not map directly onto the
DFe concentration. Comparing the fixed and ambient DOC scenarios suggests that scaling binding
site concentrations to DOC concentrations has a limited overall impact on Fe speciation and the
impact was mostly restricted to surface waters where DFe concentrations are lower than SFe(111)app.
Since SFe(l11)app is controlled by the solubility of Fe(OH)s(s), relative changes in SFe(111)app Will
depend on both pH and temperature. In our study region, changes in temperature resulted in a
potential 0.5 nmol L* change in SFe(l11)app, Whilst the pH range observed in our study area was too

limited to detect a strong pH effect.

We also calculated pFe(l11)” in our study region and predicted values between 10 and 14, a range
which encompasses the range of pFe(lll)” shown to limit growth in phytoplankton. The lower limit
on pFe(I11)” was set by the solubility of Fe(OH)s(s). The upper limit and changes in pFe(l11)” were
strongly influenced by the DFe concentration, although DOC concentrations also had an impact if
binding site concentrations are scaled to DOC. The limited pH range and low binding site
heterogeneity meant that pH did not have a strong influence on pFe(l11)” in this study region.

We suggest that the use of intrinsic binding parameters for Fe binding to DOM has the potential to
improve understanding of the influence of organic matter on Fe solubility at ambient pH and
temperatures and allow for more confident disentangling of the different processes affecting the DFe
inventory, although further work is required to refine NICA constants for Fe in seawater.
Furthermore, our results suggest it may be possible to further simplify calculations of Fe speciation in

marine waters by assuming a constant binding site concentration, at least in waters remote from
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terrestrial influences, although this finding should be confirmed in further work employing more
sensitive analytical approaches for determination of Fe speciation than we applied in this study. A
robust parameterization of the relationship between pH, DOC, temperature and DFe with respect to
both Fe bioavailability and solubility also has the potential to provide for a more mechanistic

description of Fe binding in global biogeochemical models.
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Abbreviations

Terms Description

7l — — ——
k;gzmpe,lor ot Conditional stability constants describing the strength of a complex

FeNN; relative to inorganic Fe concentration or free Fe®* concentrations

ArennzFe or Fez+ | Olde reaction coefficient for FeNNs expressed relative to inorganic Fe

concentration or free Fe®* concentrations

kEomda ne Stability constants of HNN used in an ion pairing model, that would

account for competition between NN-, H*, Fe®* and OH" at the ionic

strengths and pH relevant to our study

Detection The detection window describes the range over which competition
window between NN and binding sites (L") can be detected. It is traditionally

defined as + 1 or 1.5 log units of ar.yn3 re- (Van Den Berg et al., 1990)
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k;‘;g‘;e, Conditional stability constants describing the strength of a complex FeL

relative to inorganic Fe concentration

ApeL Fer Side reaction coefficient for metal-natural ligand expressed relative to

inorganic Fe concentration

logKrein1or2 | The median value of distribution of binding affinity of Fe(I1l) binding to

organic matter in the NICA-Donnan model

Npe(i)1 or 2 The non-ideal constants describe the ratio of Fe(l11) to binding sites
[Fe**titration Free Fe concentrations determined in titrations
[Fe*]ca Free Fe concentrations calculated using an ion pairing model in the

absence of organic matter

[Fe**Inica Free Fe concentrations calculated using the NICA-Donnan model in the

presence of organic matter

DFe*titration The non-labile fraction of Fe determined in titrations (i.e. total Fe —
FeNNs3)
DFe*nica The non-labile fraction of Fe calculated using the NICA-Donnan model

in the presence of organic matter (i.e. total Fe — FeNN3)
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Methodology for titration experiments

Titrations were carried out using a static mercury drop electrode (Metrohm, 663 VA stand), a saturated
Ag/AgCI (in 3 M KCI) reference electrode and a glassy carbon counter electrode controlled by a
potentiostat (LAutolab, Metrohm) via NOVA 2.0 software (Metrohm). For samples collected on Cruise
DY029 we used an integrated autosampler (Model 858, Metrohm) to deliver titration aliquots to the FEP
voltammetric cell. Titration aliquots were equilibrated in pre-conditioned 50 mL centrifuge tubes (FEP,
Nalgene) which fitted directly into the autosampler. Vials were preconditioned using aged trace metal
clean seawater and rinsed with high purity water (18.2 MQ cm™, Milli-Q, Millipore) between titrations.
The use of the autosampler required 15 mL sample volume (10 mL was added to the cell, the remaining
solution was used for rinsing the tubing or remains in the vial), and thus 15 titration points in total. For
analysis of samples from DY033 and DY018, we increased the number of titration points to nineteen x 10
mL, which meant that we could not use the autosampler. Equilibration was undertaken in the same vials
and aliquots were directly added to the volatmmetric cell. Titration experiments started with cruise
DY029, and ended with DY018. For DY033 and DY 018 the sequence of Fe additions was 0, 0, 0.4, 0.4,
0.8,0.8,15,15,2,2, 3,3,4,4,5,5,5, 10, 15 nmol L. The concentration of FeNN3 was determined
after de-aeration of the sample with nitrogen gas (240 s). A deposition potential at -0.15 V was used with
deposition time of 240 s. The scanning mode was sample-DC from -0.35 V to 0.80 V at a scan rate of 50

mV s, the reduction peak of FeNN3 appeared at approximately -0.46 V.
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Supplementary Table 1. Comparison of literature values of conditional stability constant logK <%,
with those calculations in the study at the same pHnss. The competing ligand used for the calibration is
given in Column 1. A key factor influencing the discrepancy in the data is likely ionic strength. lon pair
models underestimate the activity of ions at high ionic strength, which leads to a lower estimated ionic
strength in the ion pair model (e.g. | = 0.59 M calculate in ORCHESTRA at S=35), compared to that of
seawater (I =0.7 M) assumed when K524, and loga're are calculated directly from intrinsic stability
constants, even if the same ionic strength correction algorithm (e.g. the extended Debye Hiickel or Davies

equation) is applied in the calculations.

Competing ligand | pHnes KER4, | loga're | KSR, | loga're Calculated Reference
reported in | reported | reported | calculated | KR4, at the
the study in the in the in this same pHnes
study study study at
the same
pHnes
Hydroxide 8.05 5.12x10% | 9.8 - 9.08 1.3 x10% Hawkes et al.
(2013)
EDTA 8.07 2.51x10% |10 16.7 9.12 1.4 x10% van den Berg
(1995)
EDTA 6.9 6.31 x 107 | 8.3 16.7 6.69 8.3 x10% Wu and
Luther.
(1995)
EDTA 6.9 3.16 x 10%® | 8.45 16.34 6.69 8.3 x10* Gledhill and
van den Berg
(1994)
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Supplementary Figure S3. Comparison of experimentally determined versus simulated FeNN3
concentrations for titrations undertaken on seawater samples collected from the Celtic Sea. Determined
FeNNs concentrations were obtained at three different HNN concentrations: 1 umol L (dark circles), 5
umol Lt (green circles) and 20 pmol L (yellow circles). Simulated FeNN3 concentrations were predicted
using a combined ion-pair/NICA-Donnan model within the computer program ORCHESTRA. Four
different NICA parameter sets were applied: parameter set A from Hiemstra and van Riemsdijk, (2006),
B from Gledhill et al. (2015), and C and D rederived for this study based on titrations data taken from
Avendafio et al. (2016). The solid blue lines are the fitted linear curve between experimental FeNN; and

simulated FeNNj3 concentrations, while the dashed dark line represents a slope=1.
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Supplementary Figure S4. Seasonal variation of temperature, salinity, pH and dissolved organic carbon
(DOC) concentrations during autumn (November 2014), spring (April 2015) and summer (July 2015) at
the shelf sea site (CCS).
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Supplementary Figure S5. Seasonal variation of temperature and salinity during autumn (November
2014), spring (April 2015) and summer (July 2015) at the shelf edge (CS2) and over the canyon transect
stations (C01-C06).
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Abstract

The chemical speciation of iron (Fe) in the ocean is influenced by ambient pH and dissolved
oxygen, and concentrations and strengths of binding sites of dissolved organic matter (DOM). We
derived new NICA constants for Fe(l11) binding to marine DOM via pH-Fe titrations. We used the
constants to calculate Fe(lll) speciation and derive the apparent Fe(ll1) solubility (SFe(l11)app) in
the ambient water column across the Peruvian shelf and slope region. We define SFe(l11)app as the
sum of aqueous inorganic Fe(lll) species and Fe(lll) bound to DOM at a free Fe (Fe®")
concentration equal to the limiting solubility of Fe hydroxide (Fe(OH)s(s)). We predicted a ca. 2
fold increase in SFe(l11)app in the oxygen minimum zone (OMZ) compared to surface waters. The
increase results from a one order of magnitude decrease in H* concentration which impacts both
Fe(I11) hydroxide solubility and organic complexation. A correlation matrix suggests changes in
pH have a larger impact on SFe(l11)app and Fe(111) speciation than DOM in this region. Using Fe(l1)
measurements, we calculated ambient DFe(l1l) and compared this to predicted SFe(l11)app. The
underlying distribution of ambient DFe(l11) largely reflected the predicted SFe(l11)app indicating
decreased pH as a result of OMZ intensification and ocean acidification may increase SFe(l11)app

with potential impacts on surface DFe inventories.

Keywords: trace metal, ocean deoxygenation, Fe(ll), humic substance, PEST, ORCHESTRA,

biogeochemical cycling
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4.1 Introduction

The Peruvian upwelling region comprises the largest oxygen minimum zone (OMZ) (i.e. dissolved
oxygen (DO) <20 pmol L at 100-1000 m) (Karstensen et al., 2008) in the world’s ocean.
Upwelled waters along the Peruvian coastline are known to act as a significant source of Fe along
with other nutrients (e.g. N, P, Si) to surface waters (Carr and Kearns, 2003; Noffke et al., 2012).
Previous work has shown that enhanced dissolved Fe (DFe) observed in bottom waters on the shelf
and slope is primarily related to suboxic sedimentary inputs (Hong and Kester, 1986; Bruland et
al., 2005; Vedamati et al., 2014; Rapp et al., 2020) due to exceptionally high benthic Fe fluxes in
the region (Scholz et al., 2011, 2014). Whilst benthic Fe supply along the Peruvian shelf is clearly
high in a global context, Fe limitation of primary productivity in proximal open ocean surface
waters (Hutchins et al., 2002; Browning et al., 2017, 2018) suggests that a short residence time of
any Fe supplied by benthic sources in the inner shelf may have limited impact on primary
producers further offshore. This raises important questions about the mechanisms restricting the
transport of Fe from OMZs to offshore surface waters and how this transport will respond to

perturbations such as OMZ expansion and ocean acidification (Stramma et al., 2008b).

In oxic surface waters, Fe has a short residence time (e.g. hours (Scholz et al., 2016; Croot et al.,
2019) to a few days to weeks (Croot et al., 2004b)) since Fe(lll), the thermodynamically favored
Fe form, is hydrolyzed and rapidly scavenged and precipitated, and thereby removed from solution
(Boyd and Ellwood, 2010). Complexation by dissolved organic matter (DOM), which occurs
predominantly in the <0.02 um size fraction (Cullen et al., 2006; Boye et al., 2010; Fitzsimmons
et al., 2015) reduces the concentration of free Fe3*, and thus effectively reduces hydrolysis of
Fe(111) and the formation of insoluble iron hydroxides (Fe(OH)s(s)). One important consequence
of Fe complexed by organic matter is thus an increase in the apparent solubility of Fe(lll)
(SFe(1)app) in seawater, with SFe(l11)app defined as the sum of aqueous inorganic Fe(l1) species
and Fe(l11) bound to DOM at a free Fe (Fe®*) concentration equal to the limiting solubility of Fe
hydroxide (Fe(OH)3(s)). Organic Fe(lll) complexation thus plays a key role in determining the
overall DFe inventory and residence time in the surface ocean (Kuma et al., 1996; Liu and Millero,
2002; Hiemstra and van Riemsdijk, 2006). A potential control on offshore Fe transport from the

Peruvian upwelling region is thus the capacity for organic Fe(l11) complexation to mitigate against
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DFe scavenging and precipitation (Liu and Millero, 2002; Hiemstra and van Riemsdijk, 2006). A
transient, minor fraction of DFe in oxic waters also exists as Fe(ll) mainly due to photochemical
reduction (Barbeau, 2006). This fraction also increases under suboxic conditions, with Fe(ll)
dominating DFe speciation close to sediments within OMZs (Hong and Kester, 1986; VVedamati et
al., 2014; Schlosser et al., 2018).

The upwelling of nutrient rich deep waters off Peru results in enhanced primary productivity and
dissolved organic carbon (DOC) concentrations in surface waters, with remineralization of sinking
biogenic particles leading to oxygen depletion and reduced pH values. The OMZ is significantly
more acidic (pH 7.5 on the total scale (Paulmier and Ruiz-Pino, 2009)) than surface waters (pH
8.1, total scale (Caldeira and Wickett, 2003)), whilst DOC varies from concentrations below 50
pumol L in the OMZ to more than 120 pmol L7 in surface waters (Loginova et al., 2016).
Furthermore, acidification resulting from oceanic uptake of anthropogenic atmospheric CO3 is
more acute in upwelling regions since the upwelling process takes CO2-rich intermediate water to
the ocean surface with a consequent lowering of the buffering capacity (Feely et al., 2008, 2018;
Osborne et al., 2019). A thorough investigation of Fe speciation and its influence on Fe
biogeochemistry in the Peruvian coastal region should therefore account for variations in chemical
Fe speciation driven by pH, DO and DOC.

The marine Fe(l11)-binding ligand pool is known to be heterogeneous (Gledhill and Buck, 2012),
and includes compounds that have properties similar to humic and fulvic acids (Laglera et al.,
2007; Laglera and van den Berg, 2009; Muller, 2018) but also microbially produced siderophores
(Mawji et al., 2008; Boiteau et al., 2016; Bundy et al., 2018). Whilst siderophores are very strong
ligands, they are generally present at very low concentrations (<20 pmol L) (Mawiji et al., 2008;
Boiteau et al., 2016; Bundy et al., 2018). Heterogeneous humic-like materials, have a weaker Fe
binding strength, yet appear to be more widely distributed (Muller, 2018). These different pools
of Fe binding ligands will exhibit different Fe binding affinities as a function of pH, which can be
described by intrinsic Fe and proton binding constants (Millero et al., 2009; Gledhill et al., 2015;
Zhang et al., 2019). Such competitive interactions can be accounted for via application of metal-
binding models, e.g. the Non-ideal Competitive Adsorption (NICA) model (Kinniburgh et al.,
1999) or Windermere humic acid model (WHAM) (Tipping et al., 2011), which have been
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developed to describe interactions between cations and complex heterogeneous mixtures of
binding sites in natural waters, and have been shown to be broadly comparable (Christensen et al.,
1998; Dudal and Gérard, 2004). Recent work has shown that the proton binding behaviour of DOM
derived from the brackish Baltic Sea can be described using the NICA-Donnan model (Lodeiro et
al., 2020) and that this model is also consistent with Fe speciation measurements typically
undertaken in seawater (Hiemstra and van Riemsdijk, 2006; Avendafio et al., 2016; Gledhill and
Gerringa, 2017). Briefly, the NICA model describes the binding behaviour of metal ions to a
heterogeneous mix of binding sites with varying binding strengths using a continuous bimodal
distribution representing carboxylic-like groups and phenolic-like groups (here called DOM1 and
DOM2, respectively), based on the Langmuir-Freundlich adsorption isotherm (Kinniburgh et al.,
1999). The NICA model contains three key parameters, the median value (logK), and width (p) of
the distribution of binding affinity, and the non-ideal constants (n) that describe the ratio of ions
to binding sites. The NICA model accounts for the impact of pH and DOC concentrations on metal-
binding, allowing Fe speciation to be predicted for ambient conditions in the water column. The
NICA model is combined with the Donnan model to describe electrostatic interactions; however
the high ionic strength of seawater (1=0.72) reduces the volume of the Donnan phase which can
then be neglected (Town and Van Leeuwen, 2016; Town et al., 2019; Pinheiro et al., 2021).

In this study, we aim to build a comprehensive picture of DFe speciation in the Peru upwelling
region and assess implications for Fe biogeochemistry via determinations of Fe(ll) concentrations
and calculations of equilibrium Fe(l11) speciation using the NICA-Donnan model under ambient
conditions of pH, temperature and DOC. We applied a novel experimental design, varying pH and
Fe concentrations, in titrations undertaken on samples collected on the Peruvian shelf and slope.
We used the titration data to derive new intrinsic NICA constants for Fe(lll) binding to marine
DOM using the total proton-binding site concentrations determined for marine DOM
(Qmax,n*pom1 aNd Quax u+ pomz) (Lodeiro et al., 2020) in combination with the parameter
estimation program PEST and speciation calculation software ORCHESTRA (Janot et al., 2017).
We then applied our derived constants to calculate SFe(lll)app and DFe(lll) speciation at
equilibrium across the Peruvian shelf and slope. We interpret our calculated equilibrium speciation

within the context of observed changes in pH, DOC, DFe, and DFe(l11) concentrations.
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4.2 Materials and Methods

Samples were collected during RV METEOR cruise M136 (11 April - 3 May 2017) on the
Peruvian shelf and slope. Samples from four stations (No. 54, 56, 58 and 66) were used for NICA
constant derivations (Figure 1, panel a). Depth, temperature, salinity and DO were measured using
Seabird CTD sensors attached to a powder-coated aluminum GEOTRACES compliant rosette
system (Seabird) equipped with 24 x 12 L Ocean Test Equipment samplers. Sampling protocols
and methods for determining DFe (Rapp et al., 2017), Fe(Il) (Croot and Laan, 2002; Hopwood et
al., 2017), DOC (Engel and Galgani, 2016) and pH (Dickson, 2010) have been described in detail

elsewhere and are provided in the Supporting Information (SI).

Briefly, DFe samples were collected in acid-cleaned low-density polyethylene bottles (Nalgene)
via filtration (0.8/0.2-um AcroPak 500 cartridge filters) following GEOTRACES protocols (Cutter
et al., 2017), acidified at sea to pH ~1.9 (adding 150 pl HCI (OPTIMAL grade, Fisher Scientific)
per 125 ml sample) and determined >6 months later via inductively coupled plasma mass
spectrometry after pre-concentration using a cation chelating resin on an automated SEAFAST
system as per Rapp et al. (Rapp et al., 2017). The detection limit for Fe was 100 pmol L. Samples
for Fe(Il) were collected unfiltered in acid-cleaned opaque high density polyethylene bottles
(Nalgene) which were filled to overflowing and analyzed onboard via flow injection analysis using
luminol chemiluminescence without preconcentration (Croot and Laan, 2002; Hopwood et al.,
2017). Calibration via standard addition was conducted for each station on the day of sample
analysis from at least four standard additions made to water from a mid-depth sample immediately
after analysis of all Fe(ll) samples for each station (total analysis time per station ~4 hours). The
detection limit was ~200 pmol L. Samples for DOC were collected after filtration with combusted
GF/F filters (0.7-um, Whatman), acidified with 80 pl of 85% phosphoric acid per 20 ml and stored
at 4 °C in the dark, with analysis via Shimadzu TOC-VCPN following standard protocols (Engel
and Galgani, 2016). Consensus reference materials (University of Miami) were used to determine
accuracy and precision of analysis. The detection limit was 1 umol L™ C. Samples for dissolved
inorganic carbon (Ct) and total alkalinity (At) were collected via silicone tubing into 250 ml

borosilicate glass bottles following internationally established protocol (Dickson, 2010), and
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stored in the dark until analysis with VINDTA 3C instruments (Marianda, Germany). The lo

measurement precision was 2.74 pmol kg™ for Ct and 0.45 umol kg* for Ar.

pH expression on IUPAC and total scales

The pH of our seawater samples was calculated on the IUPAC/NBS scale (pHngs) from Ct and
At using CO2SYS (Pierrot et al., 2006), a speciation model specific for seawater. We used the
NBS pH scale because it is consistent with the NIST based speciation constants used in
ORCHESTRA. We also used the total pH scale (pHtot) to report the seawater carbonate chemistry.
For CO2SYS, we used constants from Mehrbach et al. (Mehrbach et al., 1973) as refitted by
Dickson and Millero (Dickson and Millero, 1987) and Dickson (Dickson, 1990) to describe the
carbonate and sulphate equilibrium with hydrogen ions, and from Uppstrom (Uppstrom, 1974) to

account for boron.

Determination of Fe(l11) speciation via adsorptive cathodic stripping voltammetry

A pre-requisite for the derivation of Fe(I1l) NICA constants is to incorporate changes in pH in the
experimental design. Therefore, we applied a two dimensional pH-Fe experimental design for
titration experiments, using competitive ligand equilibrium with adsorptive cathodic stripping
voltammetry (CLE-AdCSV) as the detection method. Fe(l11) speciation was determined by CLE-
AdCSV at room temperature (20 °C), using 1-nitroso-2-naphthol (HNN) as the added ligand
(Gledhill and van den Berg, 1994) after a 16 h equilibrium period (Boye et al., 2001). The CLE-
AdCSV method has been widely applied in seawater (Hunter, 2005; Laglera and van den Berg,
2009; Gledhill and Buck, 2012), and the limit of detection is 0.13 nM Fe when using HNN
(Ardiningsih et al., 2021). We used a single window titration ([HNN]=2 umol L) with six
different pHngs values (7.0, 7.3, 7.6, 7.9, 8.2, 8.5) and five different Fe concentrations (0, 0.5, 1.5,
5, 7.5, 10 nmol L) for each pHnas value, resulting in a two dimensional pH-Fe titration matrix
with a total of 30 titration data points per sample (an example titration is shown in Figure S1 in
SI). We observed no significant difference in voltammetric sensitivity over the pHngs range 7.0-

8.5 in seawater that had been irradiated with ultra violet light to remove DOM (Figure S2). For
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our samples, we used the sensitivity determined at pHngs 7.9 to calculate the FeNNz concentration

at each pH.

1-nitroso-2-naphthol (HNN; Sigma-Aldrich grade) was diluted in methanol (Fisher, HPLC grade)
to make the stock solution of HNN (10 mmol L?). Piperazine-1,4-bis(2-hydroxypropanesulfonic
acid) (POPSO; Sigma-Aldrich) was used to buffer the pH of samples in this work, since POPSO
buffers over the pHngs range 7.2-8.5, which is close to the complete pHngs range applied in our
study. To clean the stock buffer solution (POPSO, 0.5 mol L), HNN (final concentration, 10 umol
L1) was equilibrated with the buffer solution overnight. HNN and FeNN; were subsequently
removed using a pre-activated C18 SepPak column (Whatman) (Avendafio et al., 2016). The pH
of the buffer solution was adjusted with ammonium hydroxide (20-22%, Optima, Fisher Scientific).
pHnes was determined post titration for each titration point using a pH-meter (inoLab® pH 720,
WTW).

Application of the NICA-Donnan model within the speciation program ORCHESTRA

A key assumption of the approach is that the bulk properties of marine DOM can be represented
by a limited number of binding site coefficients that describe intrinsic affinities between cations
and different types or groups of binding sites. Furthermore, it is assumed that both groups of marine
DOM binding sites (i.e. via the NICA-Donnan model) scale proportionally with DOC. To date,
there have been only a few derivations of NICA parameters for marine DOM. Available Fe(ll1)
NICA constants for waters with salinities over 30 have been derived from solubility experiments
undertaken in oligotrophic open ocean water from the Sargasso Sea (Liu and Millero, 1999, 2002;
Hiemstra and van Riemsdijk, 2006), or empirically from titration experiments on samples from an
estuary and a temperate shelf environment (Gledhill et al., 2015; Avendafio et al., 2016). The
NICA-Donnan model scales metal binding to DOC concentrations via knowledge of the number
moles of binding sites per kg of DOM (Q ax 5+ pom1 aNd Quax n+ pomz2)- Marine DOM has been
shown to have a lower total amount of available proton binding sites (i.e. Qqxu+ pon) Within
both the carboxylic and phenolic fractions (Lodeiro et al., 2020) in comparison to generic fulvic
acid (Milne et al., 2001). We applied a value of 4.07x10® kg (DOM)/umol (C) (Lodeiro et al.,
2020) to convert the concentration of DOC (umol L) to DOM (kg L) and values of 2.52 mol
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/kg for DOML1 and 0.80 mol /kg for DOM2, for the concentration of each group of binding sites
(Lodeiro et al., 2020). These values were combined with generic fulvic acid constants (Milne et
al., 2001, 2003) for the remaining NICA-Donnan constants (all constants are shown in Table S2
in SI).

We provide full details of our procedure and the original code in an online protocol (DOI:
dx.doi.org/10.17504/protocols.io.brc4m2yw).  Speciation  calculations in  ORCHESTRA

incorporate pH, DOC, temperature, Fe(l11) and major ions of seawater (Na*, K*, Mg?*, Ca?",
Sr?*, Cl~, S0%Z~, CO%~, Br~, B3*, F~) with molarities calculated from salinity and pressure. For
inorganic ions, ionic strength corrections were made via the Davis equation (i.e. extended Debye-
Hiickel equation) within ORCHESTRA. Seawater ionic strength (1=0.72) is at the upper limit of
the valid range of this correction method, which likely results in a systematic offset for ions with
higher charge (e.g. 20% underestimation for the activity of the carbonate anion (Gledhill et al.,
2015)). Stability constants for inorganic complexes were taken from the NIST database (Smith et
al., 2004), whilst marine DOM was described using the NICA-Donnan model (Laglera and van
den Berg, 2009; Gledhill et al., 2015; Muller, 2018). The impact of temperature on the inorganic

complexes is calculated using the van’t Hoff equation.

Derivation of Fe(l1l1) NICA constants (109 Kgeinpom1,2 @and Ngenpomsz) via PEST-
ORCHESTRA

We used PEST-ORCHESTRA to derive the NICA binding affinity constants (I109Kre(inpom1.
|OgKFe(HI)D0M2) and nOn-Idea“ty COﬂStantS (TLFeU")DOMl, nFe(]H)DOMZ ) fOf Fe(“l) blndlng tO the

carboxylic-like (DOM1) and phenolic-like (DOM2) binding sites of marine DOM. To derive the
constants, we simulated the pH-Fe titration with assumed initial values for logKreinpom1,
logKreinpomz: Mreainpom1 aNd nreinpomz and defined a range for their variability within
ORCHESTRA. The simulated pH-Fe titration was then passed to PEST and Fe(lll) NICA
constants estimated iteratively to obtain the lowest sum of squared residuals between experimental
and modelled FeNN; via a Levenberg-Marquardt algorithm. PEST adjusted the fitted constants in
a step wise manner within the provided range and passed the new constants back to ORCHESTRA

to complete the estimation loop. The procedure is repeated multiple times (n>10) with a range of
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initial guesses and ranges until a given set of initial values produced a reproducible solution. We
chose the solution with the lowest root mean square errors. We used the same approach to firstly
derive the stability constant for logkr.yy3 i+ Used in ORCHESTRA from titrations undertaken in

UV-irradiated seawater (Details in Sl).

Calculations of ambient dissolved Fe(l11) speciation and apparent Fe(l11) solubility using the
NICA-Donnan model via ORCHESTRA

Derived Fe(lll) NICA constants from our seawater samples were then used to calculate DFe(l11)
speciation in the ambient water column (pHngs, temperature, and DOC) across the Peruvian shelf
and slope. We derived the apparent Fe(lll) solubility (SFe(lll)spp) by setting total Fe(lll)
concentrations to 10 nmol L in each sample. This will result in precipitation of Fe(OH)s(s) (as
ferrinydrite in our calculations) following Liu and Millero (Liu and Millero, 1999). Ferrihydrite
formation was calculated using the solubility product (logKs, = 3.2) to determine iron solubility
according to equation (1).

_ [
Koo = Ta7p

= 1032, AH, = —100.4 k] mol™! 1)

The SFe(l11)4pp is thus defined as the sum of aqueous and organic Fe species (equation 2) formed
at an Fe3* concentration equal to the limiting solubility of Fe hydroxide.

SFe(IIl) gpp = X Fe(OH)} ™" + Fe(I11)DOM (2)

where Fe(lI1)DOM s the total concentration of Fe bound to DOM calculated using the NICA-
Donnan model, and ¥ Fe(OH)3~" is the sum of inorganic Fe complexes. The assumed total Fe
concentrations of 10 nmol L for the calculation of SFe(lll)app, Means that neither DFe nor
DFe(lll) is an input term in our calculations and SFe(ll1)app is independent of observed DFe
concentrations. Our approach does not account for the effects of pressure, which can also be

expected to affect metal solubility (Moore and Millward, 1984).

4.3 Results and Discussion

4.3.1 Derivation of Fe(l11) NICA constants (09K re1inpom1,2 and Ngeinpom,2) for the

Peruvian shelf and slope region
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A total of 32 pH-Fe titrations were completed in this study and we derived one general set of
Fe(l1l) NICA constants for the Peruvian shelf and slope region (Table 1). Results showing
measured and predicted FeNN5 concentrations and Fe bound to DOM are given in the SI (Figure
S3).

For DOML1, the binding affinity (109Kge(1rypom1, With respect to Fe3") is lower than the value
derived by Avendaiio et al. (Avendafo et al., 2016), while higher than the value reported by
Hiemstra and van Riemsdijk (Hiemstra and van Riemsdijk, 2006) (Table 1). For DOM2, the
binding affinity (I09Kre11pom2) is higher than that derived by Avendario et al. (Avendaiio et al.,
2016) and Hiemstra and van Riemsdijk (Hiemstra and van Riemsdijk, 2006). The results indicate
that organic matter in the Peruvian coastal region has a different Fe binding affinity from either
oligotrophic open ocean water of the Sargasso Sea (Hiemstra and van Riemsdijk, 2006), or the
shelf waters in the north east Atlantic (Avendario et al., 2016). DOM in the Celtic Sea is likely
more strongly influenced by terrestrially-derived organic matter (Carr et al., 2019), while DOM in
the Peruvian coastal regime (Loginova et al., 2016, 2019) originates predominantly from
autochthonous primary production. Furthermore, intense mineralization of organic matter, which
can also generate dissolved organic ligands for Fe(l11)-binding below the euphotic zone (Witter et
al., 2000; Gerringa et al., 2006) could lead to differences in binding affinities between the Sargasso
Sea and Peru coastal regime (Carlson et al., 2004). Our results also showed that the non-ideal
constants (n) were higher than those reported in previous work, which suggests that binding sites
in marine DOM are closer to ideal (n=1) and less heterogeneous than the literature values
(Hiemstra and van Riemsdijk, 2006; Avendafio et al., 2016), consistent with recently derived
proton binding constants for marine DOM (Lodeiro et al., 2020).

We point out that there are additional uncertainties with our derived constants. The pH range used
in our titrations is limited in extent, a factor which is constrained by the pH range over which CLE-
AdCSV method can usefully be applied. Furthermore the total binding site concentrations for
marine DOM used in this study were derived from DOM isolated from brackish waters of the
Baltic Sea and may not be fully representative of the Peruvian upwelling regime and might not
fully account for phenolic-like groups (Li et al., 2016, 2017; Lodeiro et al., 2020). It should also
be noted that the majority of our samples (n= 13) were obtained from below the surface mixed
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layer, with only three samples originating from surface waters. The number of surface samples
was insufficient for detection of systematic differences between fresher, surface DOM and deeper,
more strongly remineralized DOM. Our derived constants in this study are thus likely more
representative for aged, remineralized DOM since this would be expected to dominate the DOM
pool at depth (Hansell and Carlson, 2001).

Table 1. Derived NICA constants for Fe(lll) binding to marine DOM. Goodness of fit indicators
are shown by the root mean square errors (RMSE) and correlation coefficient (r?). Two available
sets of Fe(lll) NICA constants previously used in seawater with salinity over 30, are shown for
comparison (Hiemstra and van Riemsdijk, 2006; Avendario et al., 2016).

Fe(l1l) NICA constants

DOML.: carboxylic-like groups

This work Avendano et al. 2016 Hiemstra and van
(Avendario et al., Riemsdjik. 2006
2016) (Hiemstra and van
Riemsdijk, 2006)
109K e pom1 2.94 +0.19 3.6 27+11
NreqnpoML 0.32+0.0 0.26 0.36 + 0.05
DOM2: phenolic-like groups
109K Fe11rypom2 9.60 £ 0.0 8.3 8.3+35
NFe(IInDOM2 0.30+£0.02 0.23 0.23 £0.09
RMSE 0.1792 NA
Correlation 0.9012

coefficient (r?)

4.3.2 Physico-chemical environment of the Peruvian shelf and slope region

The main hydrographic feature along this coastal region off Peru is upwelling that occurs all year
round and was relatively strong in austral winter at the time of our cruise (Strub et al., 1998) (Figure

S4). The upwelling results in a high supply of nutrients to surface waters, which promotes
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enhanced primary productivity of marine phytoplankton (Carr, 2001; Carr and Kearns, 2003;
Loginova et al., 2016). The enhanced productivity and subsequent organic matter remineralization
impact DO, pH and DOC, which are thus intricately connected in this region (Jiao et al., 2010;
Carr et al.,, 2019; Loginova et al., 2019). We observed higher pHwt (> ~7.8) and DOC
concentrations (> ~80 umol L) in oxic (DO> ~120 pmol L) surface waters (<20 m) as a result
of high productivity (Figure 1). In subsurface waters, sluggish ventilation and microbial
remineralization of sinking phytoplankton biomass decreased DO and DOC concentrations
(Brandt et al., 2015; Loginova et al., 2019), and pHtwt (Bates, 2018). Upwelled CO»-rich acidic
waters from the OMZ also affected the distribution of pHiot in surface waters of the Peruvian shelf
and slope (<200 km distance), leading to lower pHiot (~7.8-8.0). The lowest pHiot (7.04) in this
work was observed close to sediments at the shelf break due to enhanced organic matter
remineralization occurring at the sediment-water interface (Mosch et al., 2012; Dale et al., 2017).

Dissolved Fe and Fe(l1) distributions

Dissolved Fe concentrations were rather constant throughout the water column at the station
closest to the coast (ca. 3.6 km offshore) (5.78+2.41 nM, number of samples (n) =5, value
expressed as mean +1c; Figure 1, panel €) as a result of enhanced mixing. On the shelf (between
>15 km and <50 km offshore), DFe concentrations decreased (1.42+1.01 nM, n=9) in surface
waters (<20 m). In subsurface waters, we observed elevated DFe (range from ca.1 to 35 nM), with
highest DFe concentrations found in near-bottom waters over the shelf (35.5 nM). Offshore (>50
km from the coast), DFe in surface waters was consistently lower (0.69+£0.22 nM, n=6) than on
the shelf. In subsurface waters, DFe concentrations increased with depth reaching an average of
1.81+0.45 nM, (n=16) at depths >400 m, with the exception of station 58, where DFe reached 3.29
nM between 200~300 m.

On the shelf (<50 km off shore), Fe(ll) concentrations were low (0.28+0.09 nM, n=3, Figure 1,
panel f) in surface waters, and Fe(ll) made up 27.0£5.3% of the DFe inventory. In subsurface
waters, we observed elevated Fe(ll) (ranging from ca.0.5 to 10.9 nM), with highest Fe(ll) in near-
bottom waters (10.9 nM), making up 31% of the DFe inventory. Offshore (>50 km), Fe(ll) was
consistently low (0.23+0.03 nM, n=3) in surface waters (<20 m) compared to onshore stations. In

subsurface waters, enhanced Fe(ll) and DFe concentrations were observed between 50~200 m
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extending offshore to station 56 (DFe = 4.10£0.93 nM, n=6; Fe(ll) =1.92+1.09 nM, n=3). Elevated
Fe(I) concentrations were also observed between 200~300 m at station 58 (1.30 nM) where Fe(l1)

made up 40% of the DFe inventory.

Overall, DFe and Fe(ll) concentrations on the shelf were in agreement with earlier observations
for this area (Bruland et al., 2005; Vedamati et al., 2014; Rapp et al., 2020). The increased DFe
inventory in shelf and offshore waters was likely influenced by higher Fe(ll) concentrations as a
consequence of the combination of the depleted oxygen conditions and upwelling (Croot et al.,
2019). Enhanced DFe and Fe(l1) concentrations observed at station 58 in the upper OMZ (200~300
m) can be related to laterally transported Fe from sediment sources (Heller et al., 2017; Cutter et
al., 2018; Rapp et al., 2020). Sediments are known to be a dominant source of Fe(ll) and DFe to
the overlying waters in this area, caused by reductive dissolution of Fe oxyhydroxides in anoxic
sediments and subsequent high diffusive Fe(l1) fluxes from pore waters (Scholz et al., 2011, 2014),
and also by resuspension of surface sediments (Noffke et al., 2012; Vedamati et al., 2014). Our
work shows a marked decrease of DFe in bottom waters across the slope at depths between
300~500 m. This gradient was previously reported (Scholz et al., 2011; Vedamati et al., 2014),
and is likely caused by lower benthic DFe and Fe(ll) inputs into bottom waters despite low oxygen
conditions (DO<20 pmol L1). The presence of reactive oxygen species may also accelerate Fe(ll)
oxidation (Barbeau, 2006; Croot et al., 2008) in the presence of strong organic ligands, even under
low oxygen condition (Witter et al., 2000; Rose and Waite, 2002; Hopkinson and Barbeau, 2007,
Kondo and Moffett, 2015). Furthermore, Fe(ll) oxidation may have been facilitated by microbial
nitrate reduction either enzymatically through anaerobic iron oxidation or by providing nitrite for

an abiotic reaction (Scholz et al., 2016).
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Figure 1. (a) Map of the Peruvian shelf and slope region with sampling sites. Samples for

derivation of Fe(l11) NICA constants were collected from two shallower sites (Station No. 54, 56

with water depth 243 and 749 m, respectively) and two deeper sites (Station No. 58, 66 with water

depth 5410 and 2065 m, respectively). (b) The distribution of dissolved oxygen across the Peruvian

shelf and slope region. Measured ambient (c) pHtt (total scale) (d) Dissolved organic carbon
concentrations, (e) dissolved Fe, (f) Fe(ll), (g) DFelll (DFe-Fell), and modelled (h) apparent
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Fe(111) solubility (SFe(l11)app) for discrete samples from selected stations. Figures are generated by
Ocean Data View (Schlitzer, 2015).

4.3.3 Equilibrium calculations of apparent Fe(l11) solubility for the Peruvian shelf and

slope region

The overall DFe inventory is determined by the interaction between organic Fe(l11) complexation
and Fe solubility as regulated by the precipitation of hydroxide or oxyhydroxides (Liu and Millero,
2002; Hiemstra and van Riemsdijk, 2006), which is influenced by pH and DOC concentrations.
The application of chemical speciation models facilitates equilibrium calculations of SFe(I11)app at
ambient pHnss, temperature and DOC concentrations via the use of intrinsic binding constants and
consideration of competition between binding by organic matter (in this case calculated via the
NICA-Donnan model) and hydroxide ions with consequent Fe(OH)3(s) formation (See method
section). We calculate SFe(111)app in this study based on solubility constants derived for Fe(OH)z3(s)
formation defined as the >0.02 um fraction after one week of equilibrium) (Liu and Millero, 2002).
However, given our DOM fraction was determined as the <0.7 pm fraction, it is not
straightforward to map the chemical speciation calculations we made in this study onto size
fractions (soluble, colloidal, dissolved) that are typically determined in field studies. The Fe
predicted to be bound to DOM and the formed Fe(OH)s(s) in our calculations may both be colloidal
in nature (>0.02 but <0.2 um) and this should be considered when comparing the absolute values
of SFe(111)app With DFe or DFe(l11). For example, size-fractionation of the DFe pool suggests that
as much as 50 % of the DFe pool could be present as colloids (0.02-0.2 um) (Cullen et al., 2006;
Boye et al., 2010; Fitzsimmons et al., 2015) and inert to coordination exchange. Although this
significant colloidal fraction is suggested to comprise nanoparticulate Fe (oxyhdr)oxides, rather
than complexed Fe(ll1) (Raiswell and Canfield, 2012), a portion of the dissolved ligand pool has

nevertheless been found to occur in the colloidal fraction (Kondo et al., 2021).

We further emphasize that our calculations are equilibrium calculations and thus do not include
non-equilibrium processes such as scavenging, biological uptake or redox processes. These
processes can be expected to have an important impact on DFe inventory in the water column,

with scavenging of DFe onto particles or biological uptake of DFe acting to reduce the DFe
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inventory (Tagliabue et al., 2016; Ye et al., 2020) and redox process affecting the distribution of
DFe in the Peruvian shelf and slope region (Croot et al., 2019).

Here, we use our derived constants to calculate SFe(lll)app and compare its distribution to the
measured ambient DFe(l11) concentrations (Figure 1, panel g and h). In surface waters (<20 m),
modelled SFe(l11)app Was consistently low (0.86+0.09 nM, n=6), and less than double the observed
ambient DFe(l111) (0.52+0.28 nM, n=4). Modelled SFe(lll)app increased with depth in offshore
waters (>50 km off shore), averaging 1.53+0.22 nM, n=7 in the top of the OMZ (80~400 m), and
2.2 nM in deeper waters (>400 m) of station 56. Observed DFe(lll) increased with depth in
offshore waters (>50 km) from ca. 0.5 nM in surface waters to ca. 1.2 nM at depth (>400 m),
except at the furthest offshore station (58) where a maximum of 1.76+£0.32 nM (n=2) between
200~400 m was observed. Near the coast, modelled SFe(l11)app Was near constant through the water
column (1.38 and 1.42 nM). The maximum SFe(Ill)app (3.9 NM), was found in bottom waters,
coincident with the lowest measured pHwt (7.04, total scale) and highest observed DFe

concentrations on the Peruvian shelf.

Overall modelled SFe(lll)app showed good agreement to measured ambient DFe(lll) in the
Peruvian shelf region with a correlation coefficient (r = 0.67, n=14, p< 0.05, Figure S5). Ambient
DFe(111) apparently exceeded the solubility of Fe as a result of enhanced benthic Fe fluxes in near-
bottom waters (Figure 2, panel a) where DFe is under Kinetic rather than thermodynamic control
and thus out of equilibrium with ambient pH and ligand properties. We also observed a contrast
between offshore stations 58 and 66 (Figure 1), where in subsurface waters (>100 m) the observed
DFe (including DFe(Il)), 1.81+£0.73 nM, n=13) was close to modelled SFe(l11)app (1.62+0.23, n=
4), and our coastal station 63 where observed DFe (including DFe(ll)), 5.78+2.41 nM, n=5)
concentrations were much higher than modelled SFe(l11)app (1.40£0.03 nM, n=2). This contrast is
again potentially a result of important non-equilibrium processes in coastal waters, where the
transient Fe(ll) species and elevated Fe inputs from sediments determine the DFe inventory. On
the other hand, the similarity between measured DFe(lll) and observed DFe concentrations in
offshore waters (station 58 and 66), suggests a system that is close to our predicted equilibrium

conditions in subsurface waters.
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In surface waters, modelled SFe(l11)app Was higher than observed DFe(l11) by 0.33£0.21 nM, n=4.
This discrepancy is consistent with a role for biological Fe uptake and abiotic particle scavenging,
with enhanced particle concentrations in surface waters (Moore and Braucher, 2007; Boyd and
Ellwood, 2010; Heller et al., 2017). In the OMZ interior, modelled SFe(l11)app Overall exceeded
measured DFe(l11) by 0.5-1 nM. This difference is likely linked to excess Fe-binding capacity as
reported previously in the OMZ, and caused by the release of Fe-binding ligands during organic
matter degradation (Witter et al., 2000; Kondo and Moffett, 2015).

Our results show that the distribution of SFe(l11)app is strongly influenced by pH throughout the
water column (Figure 1 and 2). We examined the correlations among modelled SFe(l111)app, pH,
DOC and temperature (Figure S5). pH showed a stronger correlation with SFe(I11)app (r = -0.95,
n=21, p<0.05) than temperature (r = -0.82, n=21, p<0.05) or DOC (r =-0.72, n=21 p<0.05). When
expressed as a proportion of the SFe(lll)app fraction, then inorganic Fe increased from 6% of
SFe(l)app at pHnes 8.1 to 20% at pHngss 7.16, whilst the proportion bound to DOM decreased
from 94% to 80% in our calculations (Figure 2, panel b and c). Thus the increase SFe(l11)app Was
driven by increased Fe(OH)3 solubility and not by stronger Fe binding. Modelled SFe(111)app Values
using the constants derived in this work were lower than would be predicted using NICA constants
from the Celtic Sea (Avendafio et al., 2016), but higher than would be predicted using constants
reported by Hiemstra and van Riemsdijk (Hiemstra and van Riemsdijk, 2006) for the Sargasso Sea
(Figure 2, panel b). The change in solubilities between studies reflects changes in heterogeneity of
the NICA binding sites (i.e. ngeipom1, Nreinpomz) @ Well as changes in the binding affinity
of the DOM2 group (109Kr.mpomz) (Figure 2, panel b and d). This is consistent with recent work
on protonation constants derived using the NICA-Donnan model, which showed marine DOM has
different acid-base properties compared to terrestrial DOM (Lodeiro et al., 2020). Since the value
of logKreqimpom represents the median of the binding affinity distribution via the NICA-Donnan
model, differences in 109K, 11)pom between studies could reflect the DOM pool changing from
coastal environments to the oligotrophic open ocean environment (Hansell and Carlson, 2002;
Seidel et al., 2017). However, since there are few Fe(lll) NICA constants available for marine
DOM, further work is required to confirm this preliminary finding. Nevertheless, even use of one
set of Fe(I11) NICA constants throughout the water column results in SFe(l11)app Within the range
of observed DFe(l11) concentrations and trends in SFe(l11)app that are similar to observed trends for
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DFe(l11) concentrations, highlighting the importance of ambient pH and DOC conditions as
important controls on changes in ambient DFe concentrations. Furthermore this link to pH and
DOC, which will likely change as a result of increasing atmospheric CO2 concentrations, has
important implications for future shifts in Fe availability within OMZs but also other systems.
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Figure 2. Modelled apparent Fe(l11) solubility (SFe(l11)app) determined from competition between
binding to DOM and assumed ferrihydrite precipitation. We used ambient pHngs, temperature and
DOC concentrations, but assumed the total Fe(lll) concentrations of 10 nmol L in our
calculations. (a) Modelled SFe(I11)app plotted against measured ambient DFelll (DFe-Fell), where
the linear dark line is slope of 1. (b) Modelled SFe(l11)app sShown in log scale plotted as a function

of pHit and DOC concentrations, where simulated dashed lines are the model results using two

103



Chapter 4 - Influence of pH and dissolved organic matter on iron speciation and apparent iron solubility in the Peruvian shelf
and slope region

previously reported sets of NICA constants (see Table 1) (Hiemstra and van Riemsdijk, 2006;
Avendafio et al., 2016). (c) The proportion of inorganic and organic complexes of Fe relative to
modelled SFe(l111)app is shown as a function of pHit. (d) The amount of Fe bound to DOM (per kg
DOM), is plotted as a function of pHiot, where simulated lines are the modelling results using two
previously reported sets of NICA constants (see Table 1) (Hiemstra and van Riemsdijk, 2006;
Avendafio et al., 2016).

We conducted a sensitivity analysis of the NICA-Donnan model on derived values of SFe(l11)app
and evaluated percentage changes in ASFe(l11)app induced by 10% changes in both groups (DOM1
and DOM2) of the binding affinity and non-ideal constant (Figure S6). In our calculations a
relatively constant 13£1% increase in SFe(lll)app was induced by a 10% increase in
109K reinpom1, but SFe(ll)app increased by 45% at higher pHiwt (~8.1) as a result of a 10%
increase in 109 Kreinpomz- FOr the non-ideality constants, SFe(lll)aspp Was most sensitive to
Nrenpom1 (-33%) across the pHiot range, whereas SFe(l11)app decreased by 17% as a result of a

10% increase in nge (1) pom2 at higher pHiot (~8.1).

4.3.4 Fe(ll1) speciation in the Peruvian shelf and slope region

The NICA model assumes the presence of two binding site groups, a low proton binding affinity
group with a Ky in the range of carboxylic-like groups, and a higher proton binding affinity group
with a Ky in the range of phenolic-like groups. Since the degree of proton occupation of each
group of sites varies with Fe(lll) NICA constants and pH, the importance of each group with
respect to Fe(I11) binding will vary through the water column (Lodeiro et al., 2020), with increasing
pH resulting in increased binding to phenolic-like groups (DOMZ2). In Figure 3, the detailed
speciation of Fe(lll) bound to marine DOM (in log scale) calculated using the NICA-Donnan
model with our derived constants, is provided as a function of pH. We also repeated these
calculations using Fe(l1l) NICA constants from Hiemstra and van Riemsdijk (Hiemstra and van
Riemsdijk, 2006) (Table 1) with generic constants (Milne et al., 2001). Our results show that both
types of binding sites are important for Fe(lll) speciation in the ocean, but the binding shift
between DOM1 and DOM2 within the pH range reported in this work is different from previous
work with generic constants (Hiemstra and van Riemsdijk, 2006). Firstly, the total amount of
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binding sites derived for marine DOM (Lodeiro et al., 2020) is considered less than generic
constants (Milne et al., 2001), and thus resulted in a difference in binding behaviour. Also the ratio
of non-ideal constants ng.pom/ny could be interpreted as a reaction stoichiometry. For
DOML1, a calculated ratio of g1 pom1/ny1 = 1: 2 was similar between this work and Hiemstra
and van Riemsdijk (Hiemstra and van Riemsdijk, 2006). For DOM2, the ratio of ng.11pom2/Mu2
was 1:2.5 compared to that (1:3) reported in Hiemstra and van Riemsdijk (Hiemstra and van
Riemsdijk, 2006). As discussed in Hiemstra and Riemsdijk (Hiemstra and van Riemsdijk, 2002),
our derived ratio of ng.npomz/nuz (1:2.5) resulted in a larger difference between that ratio and
the mean number of OH groups per Fe(l11) ion in inorganic Fe species with increasing pH. Thus
our calculations showed a lower Fe(l11)-binding per kg DOMZ2, in combination with the effect of
binding sites of marine DOM (Figure 3). We have assumed that both groups of marine DOM
binding sites scale proportionally with DOC. However, the molecular composition of marine DOM
(e.g. the aromaticity index, Al) is known to change during degradation (Koch and Dittmar, 2006;
Hansen et al., 2016). Although we had insufficient sample numbers from surface waters to test the
hypothesis that NICA constant change with DOM composition in this study, we cannot rule out

this possibility.
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Figure 3. Dissolved Fe(lll) speciation was calculated using the NICA-Donnan model with our
derived Fe(Ill) NICA constants (Table 1) at ambient pHnas (the NBS scale), DOC and measured
DFe(l11) (DFe-Fell) in the case of equilibrium with ferrihydrite. The proportion of carboxylic-like
(DOM1) and phenolic-like (DOM2) groups to ambient DFe(l11) speciation plotted versus pHiot

105



Chapter 4 - Influence of pH and dissolved organic matter on iron speciation and apparent iron solubility in the Peruvian shelf
and slope region

(total scale), are shown as data points (circle: Fe(Ill) binding to DOMZ1; triangle: Fe(lll) binding
to DOM2). The colored lines indicate the simulated curve via the NICA-Donnan model using all
constants from this work (solid lines), and Fe(ll1l) NICA constants derived by Hiemstra and van
Riemsdijk (Hiemstra and van Riemsdijk, 2006) with generic constants (Milne et al., 2001) (dashed

lines).

4.4  Environmental implications

We have applied a pH-Fe experimental titration design in combination with a speciation model
and parameter optimization software to determine the binding affinities between Fe(lll) and
marine DOM in the Peruvian shelf and slope region. Subsequent calculations of DFe(lll)
speciation for the ambient water column show close agreement between measured DFe(lll)
concentrations and modelled apparent Fe(111) solubility (SFe(l11)app) in offshore waters, suggesting
an important role for both pH and DOM as drivers of DFe distributions in the ocean. We observed
a strong vertical gradient in pH distribution (ca.1 units) in this region, that will likely be influenced
by on-going ocean acidification and deoxygenation. Our calculations suggest pH is more important
for DFe(lll) speciation and SFe(lll)s;pp than DOM, and that contributions from inorganic Fe
complexation are more important than increased organic complexation at lower pH. We adopted
a new way to account for the impact of both changes in pH and DOC, and redox process on DFe
speciation in the Peruvian upwelling region, via a comparison of equilibrium calculations of
DFe(ll1) speciation using the NICA-Donnan model and measured DFe(lll) by in situ Fe(ll)
measurements. Although we predicted one set of Fe(I11) NICA constants for the whole region, we
cannot rule out a potential change in Fe binding characteristics between surface and deeper waters

which should be explored in future studies.

Our work suggests that the combination of pH and DOM caps the maximum concentration of DFe
that can be held within the shelf waters at equilibrium. Our findings work towards constraining the
mechanisms that control Fe retention in the system but we note that the transfer of Fe to the water
column is still controlled by benthic interactions, river and aeolian supply. On the Peruvian shelf,
benthic DFe fluxes generally increase in response to deoxygenation, but our work suggests the

corresponding DFe concentrations in the water column in contact with sediments are inherently
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transient and will thus rapidly decline towards the maximum stable Fe(lll) concentration. The
lateral transfer of DFe offshore within the OMZ is therefore not necessarily increased by higher
benthic DFe inputs on the shelf. However, it is possible that the lateral transfer of DFe will increase
in response to ocean acidification. Such an increase could potentially be amplified by processes,
such as increased productivity, that also drive ocean deoxygenation. Our approach provides a
framework within which to explore the impacts of such feedbacks. Further determinations of
intrinsic constants for marine DOM will likely improve our understanding of the influence of pH
and DOM concentration and composition on DFe distributions in the ocean.
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1 Sampling protocols and methods for determinations of dissolved Fe, Fe(ll), dissolved
organic carbon and pH in seawater samples

1.1 Sampling protocols

Seawater samples were collected following GEOTRACES protocols (Cutter et al., 2017) using a
trace metal clean CTD (Sea-Bird SBE25) and a rosette frame equipped with 24 trace metal clean
samplers (12 L, Ocean Test Equipment (OTE)). The bottles were transferred to a clean-laboratory
container for sampling and filtration, and pressurized to 0.2 bar overpressure using filter N2 gas.
Samples for the determination of dissolved Fe (DFe) (<0.2 um), Fe(ll) (unfiltered), dissolved
organic carbon (DOC, <0.7 um) and total alkalinity (Ar)/dissolved inorganic carbon (Ct) were
collected across the Peruvian shelf and slope region. All low density polyethylene (LDPE,
Nalgene) bottles used for DFe sampling and high density polyethylene (HDPE, Nalgene) bottles
for Fe(ll) sampling, were acid washed according to the protocol (Achterberg et al., 2001b). New
bottles were soaked in Mucasol detergent (Sigma Aldrich) then 6.7 mol L™ hydrochloric acid (HCI;
reagent grade, Fisher Scientific) followed by 8.3 mol L nitric acid (HNO3; reagent grade, Fisher
Scientific), for one week for each step. Bottles were rinsed thoroughly with deionized water (18.2
MQ cm?, Milli-Q, Millipore) between steps. Samples were subsequently analyzed in the clean
laboratories at GEOMAR, except Fe(ll) samples which were analyzed immediately (within 10

minutes of collection of seawater from samplers, full details in Section 1.3) onboard.

1.2 Determination of dissolved Fe

Dissolved Fe samples were collected after filtration (AcroPak1000 capsule 0.8/0.2 um filters) in
trace metal clean low density polyethylene (125 ml LDPE, Nalgene) bottles and acidified to pH
1.9 by addition of 180 pL 32-35% HCI (ROMIL, UPA) per 125 ml. Dissolved Fe samples were
preconcentrated using an automated SeaFAST (Elemental Scientific Inc.) with a cation chelating
resin (WAKO, Wako Pure Chemical Industries, Japan), and determined by high resolution
inductively coupled plasma-mass spectrometry (Element XR, Thermo Fisher Scientific) exactly
as per Rapp et al. (2017) with calibration by isotope dilution. Briefly, DFe samples were UV-
digested prior to preconcentration to breakdown organic complexation by organic matter. Samples

were online buffered to pH 6.4 + 0.5 using 1.5 mol L™* ammonium acetate buffer, before loading
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onto the resin. After preconcentrated on the resin, DFe was eluted into 1 mol L distilled HNOs3,
from supra-pure HNO3 (SpA grade, Romil). Analysis of DFe via ICP-MS were achieved with a
combined (buffer + manifold) analytical blank 20+25 pmol L. The detection limit (3*standard
deviation) of this method is 100 pmol L for DFe. Reference materials were regularly analyzed

alongside samples and were in good agreement with consensus values for DFe (Table S1).

Table S1. Certified and consensus reference materials (CRM) for dissolved Fe (DFe)

concentrations determined in this study.

CRM Measured concentrations | Certified/consensus concentrations | units
NASS-7 6.27 +0.75 6.16 + 0.47 nmol kg*
CASS-6 27.17+2.29 27.40 £ 2.15 nmol kg
GSC 1.48 £0.023 1.54 £ 0.115 nmol L

1.3 Determination of Fe(ll)

Fe(I1) samples were collected from GO-FLO bottles within the trace metal clean container on
deck without filtration and immediately prior to other trace metal samples. Fe(Il) samples were
then passed to an analyst sequentially such that the time between subsampling from GO-FLO
bottles and the completion of analysis (i.e. the completion of chemiluminescence peaks for a
sample) was consistently <10 minutes for every sample. The order of sampling GO-FLO bottles

was always deepest first for consistency.

Fe(Il) samples were collected in trace metal clean opaque high density polyethylene (HDPE,
Nalgene) bottles which were filled to overflowing. Analysis was via flow injection analysis using
luminol chemiluminescence without preconcentration on a modified FeLume system as per
Croot and Laan (2002) (Croot and Laan, 2002) using 10-port valves (Valco, Vici), a
photonmultiplier tube (PMT, H9319-11, Hamamatsu) and a glass flow cell with a mirrored base
(Waterville Analytical Products). Seawater, luminol reagent and deionized water were pumped
using a peristaltic pump (MiniPuls 3, Gilson). The PMT was secured inside an electrical box to
minimize background light, and all reagent and sample tubing was opaque (black PTFE, Global

FIA, 0.8 mm internal diameter) except peristaltic pump tubing (PVC, Gradko). Luminol (5-
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amino-2,3-dihydro-1,4-phthalazine-dione, Fluka) was used as received and luminol reagent
prepared as per Croot and Laan (2002) (Croot and Laan, 2002) in opaque HDPE bottles.
Luminol reagent was stored refrigerated in the dark for >2 days prior to use.

Fe(I1) stock solutions were prepared from ammonium Fe(ll) sulfate hexahydrate (99.997%
Sigma Aldrich) in de-ionized water acidified with 0.1% by volume concentrated HCI (UPA
grade, Romil). A diluted Fe(II) stock solution (1 pmol L) was prepared daily. The detection
limit (defined as 3 standard deviations of a blank measurement) varied slightly between

analytical runs but was consistently <200 pmol L.

Calibration via standard addition was conducted at each station on the same analytical run as
sample analysis with peak height used to calibrate Fe(ll) concentrations. Reported Fe(ll)
concentrations are derived from at least 3 chemiluminescence peaks obtained at 1 minute intervals.
At least four standard additions were made to water from a mid-depth sample immediately after
analysis of all Fe(ll) samples for each station (total analysis time per station ~4 hours). Test with
shallower/deeper water produced similar Fe(Il) responses in the range 1-10 nmol L. A notable
exception to this was found with water collected from benthic landers, as per Plass et al., 2019
(Plass et al., 2019), from near-bottom depths (< 5 m) over some parts of the inner shelf where the
luminol response to Fe(ll) was markedly suppressed possibly due to insufficient O2 in the
reagent/seawater mixture within the flow cell. Attempts to quantify Fe(ll) under these conditions

were therefore abandoned.

1.4 Determination of dissolved organic carbon

Samples for the determination of dissolved organic carbon (DOC) were collected (20 ml) in
combusted glass ampoules after filtration with combusted GF/F filters (Whatman) (8 h at 500°C).
The filtered samples were acidified with 80 pL of 85% phosphoric acid per 20 ml, heat sealed
immediately and stored at 4°C in the dark until analysis. DOC samples were analyzed onshore
using high temperature catalytic oxidation on a Shimadzu TOC-VCPN following the protocol from
Engel and Galgani. (2016). The calibration for instrument was conducted every 8-10 days by
measuring the standard solutions of 0, 500, 1000, 1500, 2500 and 5000 pg C L™, prepared from a
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potassium hydrogen phthalate standard (Merck). For each measurement day, deionized water (18.2
MQ cm?, Milli-Q, Millipore) was determined for the blank of instrument, and standard solutions
were determined between samples for quality control in the same day. The precision was <4%
estimated as the standard deviation of replicate measurements divided by the mean. Consensus
reference materials (University of Miami) were used to determine accuracy and precision of
analysis daily, with the certified values ranged from 42-45 pmol C L. The detection limit of DOC

measurements was 1 umol L.

1.5 Determination of pH

Samples for dissolved inorganic carbon (Ct) and total alkalinity (At) were collected via silicone
tubing into 250 ml borosilicate glass bottles following internationally established protocols
(Dickson, 2010). Each bottle was sealed shut with a greased ground glass stopper after introducing
a 2.5 ml air headspace and sterilising the sample with 50 ul of saturated mercuric chloride solution.
All samples were stored in the dark until analysis according to the method (Humphreys et al.,
2019). The determination of Ct was conducted using VINDTA 3C instruments (Marianda,
Germany). Using 10% phosphoric acid to acidify seawater samples, then converted aqueous CO;
from all Ct was transferred to the detector by nitrogen gas flow. At in samples was determined by
potentionmetric titration, using 0.1 M hydrochloric acid (HCI), via VINDTA 3C instruments
(Marianda, Germany). Both results of Ct and At were calibrated using measurements of seawater
certified reference material (CRM) obtained from A.G. Dickson at Sripps Institution of
Oceanography (Dickson et al., 2003). The 1o measurement precision was calculated as the
absolute difference between duplicates divided by 2/Yn (Thompson and Howarth, 1973), within
2.74 umol kg* for Cr and 0.45 umol kg* for Ar.

The pH of our seawater samples was calculated on the IUPAC/NBS scale (pHngs) from Ct and
AT using CO2SYS (Pierrot et al., 2006), a speciation model specific for seawater. We used the
NBS pH scale because it is consistent with the NIST based speciation constants used in the NICA-
Donnan model via ORCHESTRA. We also used the total pH scale (pHtot) to report the seawater
carbonate chemistry. For CO2SYS, we used constants from Mehrbach et al. (Mehrbach et al.,
1973) as refitted by Dickson and Millero (Dickson and Millero, 1987) and Dickson (Dickson,
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1990) to describe the carbonate and sulphate equilibrium with hydrogen ions, and from Uppstrom

(Uppstrom, 1974) to account for boron.

2 Determination of Fe(l11) speciation via adsorptive cathodic stripping voltammetry

In this work, we combined a new experimental design of pH-Fe two dimensional titrations, by
varying both pH and total Fe(l11) concentrations, to derive new NICA constants for Fe(l11)
binding to marine dissolved organic matter (DOM) via the PEST-ORCHESTRA (Janot et al.,
2017) (an example titration shown in Figure S1). We firstly derived the stability constant of
l0gkrenns n+ Used in ORCHESTRA for describing the competition of Fe, H+ to HNN at our
titration conditions (i.e. the NBS pH scale, temperature, salinity, DOC, HNN and total Fe(ll)
concentrations) (see section 4 in SI). To complete the NICA constants/stability constant of HNN
estimation loop via PEST-ORCHESTRA, the analytical species FeN N3, during pH-Fe titrations
is firstly predicted using the NICA-Donnan model in ORCHESTRA, and then compared that
with determined FeN N5 via adsorption cathodic stripping voltammetry in PEST to obtain the
lowest sum of squared residuals between experimental and modelled FeN N5 calculated using a
Levenberg-Marquardt algorithm. Therefore, the reliable measurements of FeN N concentrations

are important for confidential derivations.

Typically, measured FeNN; is calculated from peak height of titrations divided by the
sensitivity. The sensitivity is calculated by plotting peak height versus total Fe concentrations,
and equal to the slope of the part where organic matter is considered to be saturated with respect
to Fe (Gerringa et al., 2014). In our case we observed a linear response at concentrations of
added Fe > 1.5 nmol L. The sensitivity is largely dependent on the artificial ligand
concentrations used in the titrations, i.e. HNN in this work but can also be influenced by pH and
sample matrix. We therefore examined the sensitivity at each individual pH for both UV-
irradiated seawater and samples collected across the Peruvian shelf and slope region. Figure S2
shows there was no significant difference of slopes calculated from titrations with respect to
varying pH in UV-irradiated seawater. In contrast we observed a significant difference in slope
(p> 0.01) between pHngs (on the NBS scale) 7.2, 8.2 and 8.5 and between pHngs 7.4 and 8.5 in
samples collected across the Peruvian shelf and slope region. We therefore assumed the
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sensitivity of the FeNNz3 response did not vary with pH within the pH range used in this work
and that the variability in sensitivity observed in the samples was a result of binding by weak
binding sites present in the sample. To calculate the concentration of FeNN3s observed at each
titration point within each titration, we used the sensitivity determined at pHnss 7.9.

7.2 4 76 4~ 8.2
A 8.5

log [FENN;]

875 -850 -825 -8.00
log [Fe]

Figure S1. An example of pH-Fe titration undertaken on seawater samples collected in the
Peruvian shelf and slope region, is shown as triangle data points. The simulated lines are the
modelling results using the NICA-Donnan model with our derived Fe(l11) NICA constants
(Table 1 in main text). [Fetwt] and [FeNN3] are indicated as total Fe concentration (i.e. dissolved

Fe + additional Fe) in each titration point and analytical species of voltammetry, respectively.
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Figure S2. The calculated slopes from pH-Fe titrations are shown at each titration pH level,

where (a) is shown as pH-Fe titrations performed in UV-irradiated seawater (n= 8), and (b) is

shown as pH-Fe titrations performed in seawater samples collected in the Peruvian shelf and

slope region (n=31). We did the significance test by comparing the mean of slopes, via software
R using the non-parametric Wilcoxon test that shown with p-values.
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3 Application of the NICA-Donnan model within the speciation program ORCHESTRA

Table S2. All constants used in the NICA-Donnan model in order to derive Fe(l11) NICA constants
for marine dissolved organic matter (DOM) in the Peruvian shelf and slope region are shown.
DOML represents carboxylic-like groups while DOM2 represents phenolic-like groups. a: taken
from Lodeiro et al. (2020); b: taken from Milne et al. (2001, 2003).

DOML (carboxylic-type groups) DOM2 (phenolic-type groups)
lon i logkpom Npom1 logkpom: Npom2
H* 2.34° 0.66" 8.60° 0.76"
Ca** -2.13° 0.85° -3.00° 0.80°
Mg?* 2.1 0.77° 2.4 0.59°
Sr2* -2.5° 0.85° -4.6° 0.70°

Donnan constants: b = 0.57°
Qmaxpopyy = 2.52%, Qmaxpouy, = 0.807

p; = 0.59°, p, =0.70°,

4 Derivation of stability constant logkpeyns g+ Used in ORCHESTRA from UV-irradiated

seawater

In this work, we applied sets of ion-paring model based on thermodynamic principles to
understand how pH and temperature might influence trace element speciation at equilibrium (at
least) valid for the physico-chemical conditions. Nevertheless, valuable information with respect
to the extent that changes in physico-chemical properties such as pH and temperature might
change metal speciation can be obtained if a system can be calibrated in such a way so that it is

consistent between observed and calculated values for a given critical species.

To combine competitive ligand exchange with adsorption cathodic stripping voltammetry (CLE-
AdCSV) method with derivation of Fe(l11) NICA constants using the PEST-ORCHESTRA, both
the reliable calculations and predictions of the analytical species FeENN3 from titrations, are

required. We did the assessment of measured FeNN3 in pH-Fe titrations prior to predictions (see
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section 2 in Sl). Therefore, we further attempted to achieve the reliable predictions via derivation
of a specific logkreny3 1+ TOr application within an ion pairing model, that would account for
competition between NN-, H*, Fe3* and OH" at the ionic strengths and pH relevant to our study.

We distinguish this constant from previously derived conditional stability constants

(|09k§‘é%‘fv3,pe3+) by denoting it I09krenns3 1+

Previous work suggested that the conditional stability for the complexation of Fe(I1l) by HNN
(logk£2r4 5 res4) resulted in little variability over the pHnes range 6.8-8.3 (Gledhill et al., 2015)
and a value for the pH independent 109k r.yn3 i+ Of 32.5 for | = 0 was empirically estimated
after taking into account the protonation constant for HNN (pKaHNN= 7.9, taken from NIST
database (Smith et al., 2004)) and competition for Fe(l11) between HNN and EDTA at different
pH values (Gledhill et al., 2015). However, since this value was empirically derived and given
that logk£or% 3 ress+ has been shown to vary over three orders of magnitude in previous work
(26.7 to 29.5) (Gledhill and van den Berg, 1994; van den Berg, 1995; Wu et al., 1995; Laglera et
al., 2007; Hawkes et al., 2013), we chose to recalibrate logkr.yy3 y+ for the conditions applied
in this study, utilizing the PEST parameter optimization method to derive logkg.yys g+ Thus,
we firstly performed pH-Fe titrations undertaken in UV-irradiated seawater. Titrations were
repeated over the pHngs range 7.2 to 8.5 at two different adding HNN concentrations ([NN]= 2
umol L, n=5; [NN]=5 umol L%, n=3).

Full details and files used in these derivations are described and can be downloaded from
protocols.io (dx.doi.org/10.17504/protocols.io.brc4m2yw). Briefly, we assumed an initial value

of 31(in log sacle) for the derivation of logkr.yy3 g+, With an allowed range of 28 to 32.
Parameter derivation is performed by calculation of the FeNN3 concentration in ORCHESTRA
for each measurement, which is then passed to PEST and compared to the observed values.
PEST guesses a new value for logkreny3 g+, Which is then passed back to ORCHESTRA for a
fresh calculation of FeNNs. The procedure is iterated to minimize the residuals between observed
and calculated FeNN3 calculations via the Levenberg-Marquardt algorithm. The thresh-holds for

obtaining an acceptable solution were also set in the PEST control file. The PEST output
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comprises a value for logkr.nys z+ With 95% confidence intervals and the root mean squared

error (RMSE), together with a full record of the optimisation in the output file.

The value of logkr.yn3 n+ (29.5, Table S3) determined in this study was lower than that used in
previously in visual MINTEQ (32.5 (Gledhill et al., 2015; Avendafio et al., 2016)), but
nevertheless within the range of error for Iogklﬁ‘e’ﬁ‘j{,&m3+ determined previously. The difference is
likely due to the improved methodology used for parameter optimization, and also reflect the new
derived logkr.yns3 n+ that account for competition between NN°, H*, Fe** and OH" at the ionic

strengths and pH relevant to this study.

Table S3. Derivation of log kryy3py+ Via the PEST-ORCHESTRA from pH-Fe titrations
undertaken in UV-irradiated seawater. Goodness of fit indicators are shown by the root mean

square errors (RMSE) and correlation coefficient (r?).

l09krenns 1+ 29.5+0.09
Root mean square errors during the comparison of FeNN3 | 0.1202

(in log scale)

Correlation coefficient (r?) 0.9623
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5 Further Figures and Tables in the Supplementary

Figure S3. Results of simulated titrations using the optimized parameters derived in this work
(Table 1 in main text) compared with results obtained from experimental titrations. (a)
Concentrations of FeNN; (in log scale) (y= 0.966+£0.012 x —0.284+0.099, RMSE=0.176) and (b)
concentration of the non-labile fraction of Fe that is not binding to HNN (in log scale) (named as
DFe*, equal to total Fe — FeNN3) (y= 0.524+0.029 x — 4.058+0.253, RMSE= 0.189). The dashed
line in panel (b) is the detection limit of DFe* in this work and all values to the left of this line
were thus below detection, which were removed from panel (b) (ca. 23%). Positive detection of a
ligand relies on establishing a significant difference between expected Fe and determined Fe
concentration in the linear part of the titration curve (>5 nmol L™). Taking our highest titration
point (10 nmol L) and the practical precision of our analysis, we estimate a cumulative error (c)
for total Fe — FeNN; of 0.36 nmol L. The cumulative error results in an estimated detection limit
(30) for binding sites of approximately 1.08 nmol L.

(a) (b)
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Figure S4. The distribution of temperature and practical salinity across the Peruvian shelf and slope

region.
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Figure S5. The correlation matrix of modelled apparent Fe(l11) solubility (SFe(l11)app), dissolved
Fe (DFe), ambient measured dissolved Fe(l11) (DFe(I11)= DFe - Fell) and ambient conditions (i.e.
pH, temperature and dissolved organic carbon (DOC)) in discrete samples collected across the
Peruvian shelf and slope region, which was generated via software R using the Spearman

correlation method that shown with p-values. Not significant correlations (p>0.05) were cross out.
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Figure S6. The Sensitivity analysis of the NICA-Donnan model for modelled apparent Fe(l11)
solubility (SFe(I11)app). We evaluated the percentage change in ASFe(III)app induced by 10% and
20% in both the binding affinity and non-ideal constants. These parameters with changes are
within the value range reported previously (Hiemstra and van Riemsdijk, 2006; Gledhill et al.,
2015; Avendario et al., 2016).
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Table S4. All data of ambient pH, temperature, dissolved inorganic carbon (DIC), dissolved
organic carbon (DOC) and measured ambient DFe(l11) (DFe-Fell) used in the calculations for
the side reaction coefficient ar,;, r.-, With respect to inorganic Fe (Fe") , using the NICA-Donnan
model via ORCHESTRA.

Sampling | Depth | Temperature | Dissolved pHnes | Dissolved DFe(lIl) | Calculated
stations (m) (°C) inorganic (the Organic (nmol L™ | apep pe (in
carbon NBS | carbon D) log scale)
(umol kg1) | scale) | (umol L?)
58 8.46 23.77 2090.70 8.09 97.13 0.52 1.71
58 100.66 | 14.49 2269.84 7.66 57.56 1.13 1.03
58 300.67 | 11.79 2284.03 7.63 52.68 1.99 0.68
66 9.55 22.20 2134.64 8.06 76.33 0.13 2.80
66 97.05 |14.33 2358.87 7.74 53.05 0.32 1.95
56 9.27 23.05 2121.15 8.07 104.65 0.76 1.50
56 97.66 | 14.82 2277.01 7.67 57.88 1.89 0.79
56 299.54 | 12.35 2253.89 7.75 55.95 0.46 1.73
56 746.22 | 6.58 2311.25 7.65 48.75 1.19 0.98
54 9.04 21.03 2092.95 8.12 86.90 0.66 1.39
54 109.79 | 14.80 2316.59 7.56 52.99 6.87 0.72
54 179.78 | 14.36 2277.16 7.62 54.11 4.27 0.74
54 235.15 | 13.58 2335.33 7.35 54.46 5.16 0.66
60 8.26 20.07 2183.80 7.94 76.71 0.70 1.38
60 4731 | 16.82 2257.22 7.71 60.13 1.53 0.86
60 80.77 | 16.19 2252.16 1.77 60.91 1.80 0.87
60 119.89 | 14.91 2281.03 7.64 60.91 11.73 0.81
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Abstract

A low supply of iron (Fe) limits phytoplankton growth in large parts of the global surface ocean,
and thus restricts oceanic uptake of atmospheric carbon dioxide (CO.). In turn, uptake of
anthropogenic CO2 by the ocean results in a decrease in pH, which influences the
biogeochemical cycling of Fe. Here we used an ion paring - organic matter model (NICA-
Donnan) to thermodynamically calculate the apparent Fe(111) solubility (SFe(l11)app) at ambient
ocean temperature, pH and dissolved organic carbon (DOC) concentrations. The SFe(111)app is
defined as the sum of aqueous inorganic Fe species and Fe complexed by organic matter at a free
Fe (Fe*) concentration equal to the limiting solubility of Fe hydroxide (Fe(OH)s(s)). SFe(I11)app
was calculated by setting total Fe(l11) to 10 nmol L and allowing for formation of Fe(OH)s(s)
when the free ion concentration exceeded its solubility in seawater. Using data obtained during a
series of GEOTRACES cruises, our results showed that there was a similar trend in the vertical
distributions of horizontally averaged SFe(l11)app and DFe, suggesting the underlying basin-scale
distribution of DFe likely reflect relative changes in the SFe(l11)app. Regression analysis showed
correlation coefficients of 0.44 and 0.55 for DFe-P and DFe-Si, respectively, and 0.5 for DFe-
SFe(111)app, suggesting the distribution of DFe is not solely a function of sinking organic matter
remineralization processes, but also regulated by relative changes in ambient pH and
temperature. This hypothesis was confirmed by the proportions of DFe relative to predicted
SFe(111)app, that were overall less variable through the water column at basin scales. In addition,
changing pH was observed to be more important for determining SFe(l11)spp at basin scales,
based on a solubility gradient of Fe hydroxide that is driven by ambient temperature. Therefore,
consideration of the impact of pH and temperature on Fe speciation is as important for the
speciation and solubility of Fe as the characterization of Fe-binding ligands, since the global
distributions Fe-binding ligand (and DOC concentrations) are relatively invariant at the basin

scale.
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5.1 Introduction

Over the past 270 years, the ocean has taken up ca. 30% of the emitted anthropogenic carbon
dioxide (COz), which has resulted in 0.1 unit pH decrease in the surface ocean relative to the
preindustrial period, referred to as ocean acidification (Feely et al., 2009). This decrease in ocean
pH is projected to continue and pH could drop by a further 0.33 pH unit by the end of this
century under the IPCC RCP8.5 ‘business-as-usual’ scenario (Jiang et al., 2019). Ocean
acidification is known to affect biological processes, e.g. the ability of marine calcifiers to build
shells or skeletal structures (Doney, 2006), but also has the potential to affect biogeochemical
cycling of trace metals such as iron (Fe) (Millero et al., 2009; Gledhill et al., 2015; Stockdale et
al., 2016; Ye et al., 2020).

Iron is an essential micronutrient and known to limit marine primary productivity (Boyd et al.,
2007) as a result of a low supply and a low solubility of the thermodynamic favored form Fe(l1)
in oxic seawater (Liu and Millero, 2002). Iron is complexed by organic matter, which strongly
increases Fe solubility and controls Fe speciation in seawater (Liu and Millero, 2002; Gledhill
and Buck, 2012). Current understanding suggests there is an overall excess binding capacity for
Fe, and only slight variations in binding characteristics are observed at basin scales, especially in
deep waters (Buck et al., 2015, 2018; Gerringa et al., 2015). This indicates that the
concentrations and characteristics of dissolved organic matter (DOM) that binds Fe may not vary
greatly over spatial-temporal scales. Furthermore, the lack of variability in binding
characteristics may be a reflection of a lack of variability in the composition and concentration of
the overall DOM pool in time and space (Zark and Dittmar, 2018). Iron binding in the marine
environment has been shown to be heterogeneous although the ligands still remains largely
uncharacterized. Iron binding organic ligands likely include siderophores produced by bacteria
and humic substances of terrestrial origin (Gledhill and Buck, 2012). Siderophores are present at
very low concentrations and have a strong binding affinity for Fe (Mawiji et al., 2008; Boiteau et
al., 2016; Bundy et al., 2018), whilst humic substances are thought to dominate the Fe-binding
DOM pool in estuarine and coastal areas, but with weaker binding strength (Muller, 2018).
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The capacity of organic matter to bind Fe is not determined by the concentration and affinity of
the binding sites alone, but also by changes in ambient physico-chemical conditions such as pH,
temperature and ionic strength. Seawater pH varies by nearly one unit from ca. 8.2 (on the total
pH scale) in the subpolar and polar surface waters (Takahashi et al., 2014) to ca. 7.6 (on the total
scale) in the eastern boundary upwelling regions (Bates, 2018), whilst temperatures up to ca.
35°C are observed in the tropical surface waters compared to ca. 1°C in the subpolar and polar
deep waters (Abraham et al., 2013). Iron complexed by organic matter is considered to buffer the
dissolved Fe (DFe) concentrations and thus potentially regulate scavenging, suggesting the
overall DFe inventory is dependent on the interaction between Fe solubility and the binding
capacity of DOM (Johnson et al., 1997; Liu and Millero, 2002; Kuma et al., 2003), which in turn
is strongly influenced by pH (Millero et al., 2009; Gledhill et al., 2015; Ye et al., 2020) and
temperature (Liu and Millero, 2002).

Marine DOM contains acidic and basic binding groups which typically have different acidities
and thus different relative affinities for H* and metal ions (Zhang et al., 2019). To account for
changes in Fe speciation with pH given a heterogeneous Fe-binding ligand pool(Gledhill and
Buck, 2012; Muller, 2018), intrinsic equilibrium constants are required. Such approaches are
provided by e.g. the NICA-Donnan model (Kinniburgh et al., 1999) and WHAM/Model VII
(Tipping et al., 2011). These models simulate competition between protons, major cations and
metal ions binding to heterogeneous groups of binding sites such as fulvic acid and humic acids,
which are considered to be the dominant form of organic matter in terrestrial and freshwater
aquatic environments. Both models use two major types of binding sites, carboxylic-type
(averaged pKa, ca. 4.5) and phenolic-type groups (averaged pKa, ca. 10) (Perdue, 1985). The
NICA-Donnan model assumes continuous binding sites for each type, whereas the
WHAM/Model VIl employs four sets of discrete binding sites for each type. The parameters of
both models are derived from experimental data of isolated humic substances, which thus leads
to a key assumption that the binding properties of environmental DOM is similar to isolated
humic substances. Both the NICA-Donnan model and WHAM/Model V11 provide consistent
results to Fe solubility and titration experiments in seawater (Hiemstra and van Riemsdijk, 2006;
Stockdale et al., 2011, 2015; Gledhill et al., 2015; Avendario et al., 2016). However, all of these

aforementioned studies have used proton-binding characteristics of terrestrial DOM to determine
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Fe binding in marine systems. Recently the first set of proton binding constants for marine DOM
has been derived for the brackish Baltic Sea (Lodeiro et al., 2020). Combining these new
constants, Zhu et al, (submitted) specifically derived NICA constants for Fe(ll1) binding to
marine DOM and subsequently calculated Fe(l11) speciation using the NICA-Donnan model in
the water column of the Peruvian shelf and slope. Results indicated that decreased pH as a result
of intense organic matter remineralization in the oxygen minimum zone (OMZ) and ocean
acidification could increase the apparent solubility of Fe(lll) and thus potentially facilitate the
supply of DFe to surface waters. Furthermore, a global Fe model that incorporated a novel
parameterization of organic Fe complexation derived using the NICA model, showed that
accounting for the impact of pH and DOM improves the prediction of global DFe concentrations,
suggesting that both pH and DOM could have an important influence on the global DFe
inventory (Ye et al., 2020).

In this work, we used the NICA-Donnan model for cation binding to organic matter applying
newly derived proton- and Fe(l11)-binding constants for marine DOM (Lodeiro et al. 2020; Zhu
et al., Submitted). We incorporated the chemical speciation tool ORCHESTRA (Meeussen,
2003) with its ion-pairing model to predict the apparent Fe(l11) solubility (SFe(I1l)app) in the
Atlantic and Pacific Oceans at ambient pH, temperature and dissolved organic carbon (DOC)
concentrations. Discrete samples for determinations of pH, DOC and DFe were collected during
a series of GEOTRACES cruises, along a West Atlantic transect, Subtropical North Atlantic
transect and Southeast Pacific transect. We compared the modelled SFe(l11)app to measured DFe
at basin scales, and then examined the correlations among the SFe(l11)app, DFe, pH, temperature
and DOC and nutrients. Our work aims to account for the impact of changes in ambient
conditions, such as pH and temperature, on the prediction of SFe(l11)app With further impact on
the overall DFe inventory in the ocean. We also discuss the combined impact of pH and low

oxygen condition on Fe speciation (see Chapter 4).

5.2 Materials and Methods
5.2.1 Observational data
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Observational data used in this work was collected during a series of GEOTRACES cruises,
along a West Atlantic transect (GA02), Subtropical North Atlantic transect (GA06) and
Southeast Pacific transect (GP16) (Figure 1). Depth, temperature, salinity and dissolved oxygen
(DO) were measured using CTD sensors attached to rosette frames. pH, DOC and DFe were
obtained from discrete sample data from the following sources. For cruise GA02, results of
dissolved inorganic carbon (Cr), total alkalinity (At), DOC and DFe were directly taken from the
GEOTRACES database IDP2017 (Schlitzer et al., 2018). For cruise GP16, results of DOC and
DFe were directly taken from the GEOTRACES database IDP2017 (Schlitzer et al., 2018), while
Crand At in GP16 were obtained from a published database by Bates (2018). For cruise GAQ6,
trace metal samples were collected using Ocean Test Equipment samplers on a Ti frame and
deployed using a conducting Kevlar wire following the GEOTRACES protocol (Cutter et al.,
2017). Samples for the determination of DFe were obtained after filtration using 0.2 um
Acropack filters with N2 overpressure and acidified to pH 1.8 by addition of 140 pL ultraclean
HCI (Romil, UpA) to 125 mL samples. Dissolved Fe was analyzed onboard using an online flow
injection analysis (FIA) systems with a Toyopearl column with luminol chemiluminescence
(Schlosser et al., 2014). Samples for the determination of Ct and At were collected following
(Dickson et al., 2007), into 250 mL Schott Duran borosilicate glass bottles. Ct and At were
analyzed onboard using a VINDTA 3C instrument, by coulometric titration and potentiometric
titration, respectively (Tynan et al., 2016). Samples for the determination of DOC were filtered
through combusted (450 °C, 4-6 h) glass fibre filters (Whatman, GF/F) into combusted (450°C,
4-6 h) glass ampoules and acidified with 30 puL of 50% (v/v) HCI (Romil, UpA). After
acidification, the ampoules were flame-sealed. DOC was analyzed by high temperature catalytic

oxidation following (Badr et al., 2003).

5.2.2 Calculations of the apparent iron solubility in the ambient water column

The NICA-Donnan model has been described previously for calculating dissolved Fe(I11)
speciation in seawater (Hiemstra and van Riemsdijk, 2006; Gledhill et al., 2015; Avendario et al.,
2016). The NICA-Donnan approach assumes that bulk properties of marine DOM can be
represented by a limited number of binding site coefficients that describe intrinsic affinities

between cations and different types or groups of binding sites in analogy to binding between
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metals and humic substances (Gledhill and Buck, 2012; Muller, 2018). Briefly, the NICA model
calculates the proton/metal competition within a heterogeneous mix of binding sites, which is
generally defined as two major groups, carboxylic groups and phenolic groups (here called
DOML1 and DOM2, respectively). The NICA model has three key parameters: median value of
binding affinity distributions (logK) and their width (p), and non-ideal constants (n) for
describing the exchange ratio of metal ions/protons to binding sites. The Donnan model accounts
for any residual electrostatic interactions dependent on the specific volume of humic substances
relative to ionic strength. The uniformly high ionic strength (1=0.72) in seawater limits the
impact of electrostatic effects in the ocean (Lodeiro et al., 2020; Pinheiro et al., 2021). A further
key assumption is that both groups of binding sites (DOM1 and DOMZ2) scale proportionally
with DOC. The NICA-Donnan model scales metal binding to DOC concentrations via
knowledge of the number moles of binding sites per kg of DOM (Q a1+ pom1 @nd
Qmax.n*.pomz)- We calculated a value of 4.07x10°® kg (DOM)/pmol (C) (Lodeiro et al., 2020)

and converted DOC (umol L) into binding sites (kg L) using values of 2.52 mol /kg and 0.80
mol /kg for DOM1 and DOM2, respectively, derived for marine DOM (Lodeiro et al., 2020).

Full details of the calculations on the apparent Fe(ll) solubility are described in the Method
chapter of this thesis, and also can be downloaded from the online protocols.io (DOI:

dx.doi.org/10.17504/protocols.io.brc4m2yw). Briefly, we use a uniform concentration of total

Fe(111) of 10 nmol L™ in our system and incorporate an inert insoluble phase of Fe hydroxide (as
ferrihydrite, assumed in our calculations) defined by the solubility constants given in Liu and
Millero (1999). The SFe(l11)app is thus defined as the sum of aqueous inorganic Fe species and Fe
complexed by organic matter at a free Fe (Fe**) concentration equal to the limiting solubility of
Fe hydroxide (Fe(OH)s(s)). We emphasize that the observed DFe concentrations are not an input
term for the determination of SFe(l11)app. Our approach does not account for the effects of
pressure, which can also be expected to affect metal solubility (Moore and Millward, 1984).
Also, non-equilibrium processes such as Fe(ll) production have not been calculated in this
approach, though Fe(l1) could also significantly enhance the DFe pool especially in e.g. OMZs
(Croot et al., 2019).
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5.2.3 Seawater carbonate chemistry reported on the total scale/lUPAC NBS scale

pH was calculated on the total scale (pHtot) from Ct and At using CO2SYSS (Pierrot et al., 2006),
a speciation model specific for seawater. We also calculated pH on the IUPAC/NBS scale
(pHngs), because the ion-pairing model used in this work is dependent on stability constants
taken from NIST (Smith et al., 2004), which are derived relative to the IUPAC/NBS scale. The
relationship between the NBS scale and total scale is linear and described by the following
equations

aH = 107PHNBS = £ « Hsws (1)

Htot _ Hsws )
1+TS/K2504  14TS/K2SO4+TF/KF
Where aH is the activity and fH the activity coefficient of the H™ ion (including liquid junction

effects), TS and TF are concentrations of SO4% and fluorine, and K2504 and KF are the

dissociation constants of H2504 and KF in seawater. For CO2SYS, we used constants from
Mehrbach et al. (1973; refitted by Dickson and Millero (1987)) and Dickson (1990) to describe
the carbonate and sulphate equilibrium with hydrogen ions, and from Uppstrom (1974) to

account for boron.

Ocean Data View
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Figure 1. Map of the stations sampled during a series of GEOTRACES cruises, along a West
Atlantic transect (GA02), Subtropical North Atlantic transect (GA06) and Southeast Pacific
transect (GP16), was generated using Ocean Data View (Schlitzer, 2015).

5.3 Results

5.3.1 Modelled apparent iron solubility in the Atlantic and Pacific oceans
5.3.1.1 Ambient seawater chemistry conditions

pH

In the top 1000 m (Figure 2, 3 and 4), ocean pHtot sShowed higher values (>8.05) in surface
waters (<50 m) in highly productive regions of the Western North and South Atlantic during
spring-summer months, and the Subtropical North Atlantic, compared to the Southeast Pacific
(pHtot >8). In subsurface waters (~100-1000 m), ocean pHzot decreased with increasing depth in
the Atlantic and Pacific Oceans, with minimum values found in OMZs in the Western Tropical
Atlantic (<7.8), Subtropical North Atlantic (<7.7) and Southeast Pacific (<7.6). The low pH
values are related to intense remineralization of sinking organic matter (Stramma et al., 2008a;
Paulmier et al., 2011)(Bates, 2018). Below 1000 m (Figure 2, 3 and 4), ocean pHiot distribution
in the West Atlantic corresponded with water masses, while that pHiot distributions in the
Subtropical North Atlantic and Southeast Pacific were rather constant, with values of 7.92+0.04,
n=43, and 7.80%0.04, n=232, respectively.

Dissolved organic carbon

In the top 1000 m (Figure 2, 3 and 4), concentrations of DOC were >80 pmol L* in surface
waters (<50 m) in the Atlantic and Pacific Oceans and decreased with increasing depth. In
subsurface waters (~100-1000 m), DOC concentrations decreased from <80 umol L at ~100 m,
to values <50 pmol L at ~1000 m in the West Atlantic and Subtropical North Atlantic, and to
values <40 pmol Lt at ~1000 m in the Southeast Pacific, respectively. There were exceptions of
enhanced DOC concentrations (>60 pumol L) observed at ~300 and 700 m between 10-20°S in
the West Atlantic. Below 1000 m (Figure 2, 3 and 4), DOC concentrations were consistently low

(~35-50 pmol L1) in the West Atlantic, and slightly decreased from north to south following the
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path of the deep global thermohaline circulation.

However, high DOC concentrations (>70 pmol

L) were observed at ~1000-2000 m at ~10-20°S in the West Atlantic. In the subtropical North
Atlantic and Southeast Pacific, DOC concentrations were consistently low (<42 pmol L) below

1000 m through the water column. The distributions of DOC in both ocean basins were

consistent with previously reported data (Hansell et al., 2009).
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Figure 2. The distributions of pHiot (total scale), dissolved organic carbon (DOC), modelled
apparent Fe(l11) solubility (SFe(l111)spp) and dissolved Fe, were shown for full datasets along a
West Atlantic transect (GA02). SFe(l11)app Was calculated using the NICA-Donnan model at
ambient ocean temperature, pHngs (the NBS scale) and DOC concentrations.
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5.3.1.2 Modelled apparent iron solubility

In the West Atlantic, values of modelled SFe(111)app Were <0.6 nmol L in the upper 200 m
(Figure 2)and increased with increasing depth down to 1000 m and towards the north (~50-
60 °N). Below 1000 m, values of modelled SFe(l11)app Were near constant between 1-1.4 nmol L
! following the path of North Atlantic Deep Water, and slightly increased in the southern part of

the West Atlantic transect and in Antarctic Bottom waters (>4000 m).

In the Subtropical North Atlantic (Figure 3), surface modelled SFe(I11)app (<50 m) showed low
values (<0.6 nmol L) in offshore waters (in the west of 20°N) and slightly increased towards to
the coast. In the subsurface waters (~100-1000 m), modelled SFe(l11)app increased with
increasing depth down to 1000 m with values >1.4 nmol L. Values of SFe(I11)app Were similar
(ca. 1.2 nmol L) at ~1000-4000 m and slightly increased in the deep waters (>4000 m).

In the Southeast Pacific (Figure 4), surface modelled SFe(111)app (<50 m) showed low values
(<0.6 nmol L) in offshore waters (west of 90°W) and slightly increased towards to the coast. In
subsurface waters (~100-1000 m), values of SFe(l11)app increased with increasing depth, and
were higher than 1.6 nmol L below 400 m near the coast. Below 1000 m, values of SFe(l11)app

showed consistently high (>1.4 nmol L) through the water column.
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Figure 3. The distributions of pHiot (total scale), dissolved organic carbon (DOC), modelled
apparent Fe(l11) solubility (SFe(l11)app) and dissolved Fe, were shown for full datasets along a
Subtropical North Atlantic transect (GA06). SFe(l11)app Was calculated using the NICA-Donnan

model at ambient ocean temperature, pHngs (the NBS scale) and DOC concentrations.

5.3.2 Comparison of the apparent Fe(l11) solubility and dissolved Fe in the Atlantic and
Pacific Oceans

The distribution of DFe in the West Atlantic Ocean has been described previously (Figure 2)
(Rijkenberg et al., 2014). Dissolved Fe concentrations were generally <0.4 nmol L in the upper
200 m and increased with increasing depth to ca. 0.8 nmol L™ at ~1000 m. There were
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exceptions of elevated DFe concentrations observed in surface waters (<50 m) that related to
lateral transport or atmospheric dust input. Elevated DFe concentrations were observed at ~100-
1000 m between 0-20 °N, as a result of intense remineralization of sinking organic matter in the
OMZ. Below 1000 m, DFe concentrations ranged from 0.4 to 0.8 nmol L, and slightly
decreased to <0.4 nmol L below 4000 m. Hydrothermal vents were observed to strongly
enhance DFe concentrations between 0-20°S over the 2000-3000 m depth range. A similar
pattern was observed in the distributions of measured DFe and modelled SFe(l11)app With
SFe(111)app concentrations <0.4 nmol L and <0.6 nmol L™, respectively, observed down to 500

m at ~10-40°N. Below 1000 m, values of SFe(l11)spp Were overall twice as high as DFe.

In the Subtropical North Atlantic (Figure 3), surface DFe concentrations (<50 m) were low (<0.4
nmol L) in offshore waters (in the west of 20°W), and enhanced near the coast. In the
subsurface waters (~100-1000 m), DFe concentrations increased with increasing depth to ca. 1.2
nmol L at 1000 m in offshore waters. Elevated DFe concentrations were observed (>1.2 nmol
L) between 100-1000 m near the coast. Below 1000 m, DFe concentrations slightly decreased
with increasing depth (<0.8 nmol L) in offshore waters, while DFe concentrations were
consistently high (>1.2 nmol L) near the coast. A similar pattern was observed in the
distributions of measured DFe and modelled SFe(l11)app in the top 1000 m. Below 1000 m, DFe
concentrations slightly decreased to <0.8 nmol L™, while SFe(I11)app increased to values >1.4

nmol L.

The distribution of DFe along the Southeast Pacific transect (Figure 4) has been described
previously (Resing et al., 2015; Fitzsimmons et al., 2016). Dissolved Fe concentrations were
generally <0.4 nmol L in the top 1000 m. There were exceptions of elevated DFe
concentrations near the coast, as a result of inputs from suboxic sediments on the Peruvian shelf
(Heller et al., 2017; Cutter et al., 2018; Rapp et al., 2020). Below 1000 m, a significant input of
DFe from hydrothermal vents was found at mid depth (~2500 m) to the west of the east Pacific
Rise, and extended to the western end of the transect (Fitzsimmons et al., 2014, 2016; Resing et
al., 2015). A similar pattern was observed in the distributions of measured DFe and modelled
SFe(11)app in the top 1000 m. Near the coast, both DFe and SFe(l11)app Showed lower values in
surface waters (<50 m) and increased with depth down to 1000 m. Offshore (in the west of
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90°W), lower values were observed in the distribution of DFe and SFe(l11)app in the upper ~300

m, which increased with increasing depth down to 1000 m. Below 1000 m, DFe concentrations

ranged from 0.4 to 0.8 nmol L with elevated values from hydrothermal vents, while the

SFe(111)app generally showed twice the DFe concentration with a slight decrease to the west of

the section.
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Figure 4. The distributions of pHit (total scale), dissolved organic carbon (DOC), modelled

apparent Fe(l11) solubility (SFe(l11)app) and dissolved Fe, were shown for full datasets along a

Southeast Pacific transect (GP16). SFe(l11)app Was calculated using the NICA-Donnan model at

ambient ocean temperature, pHngs (the NBS scale) and DOC concentrations.
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5.4 Discussion
5.4.1 Underlying distributions of dissolved Fe associated with relative changes in the

apparent Fe(l11) solubility at basin scales

Johnson et al. (1997) suggested that the DFe distribution in the ocean is maintained by a
mechanism that reduces the scavenging rate of DFe at concentrations less than the apparent
solubility of Fe(l11) (~0.6 nM), with apparent solubility of Fe(l11) set by organic Fe
complexation. However, determination of the organic Fe complexation via CLE-AdCSV show
conditional ligand concentrations (i.e. conditional on pH) that generally exceed DFe
concentrations by ca. 1 nmol L™ (Caprara et al., 2016). The determination of the Fe(l11)
hydroxide solubility in filtered seawater samples (<0.025 um) at temperature 20°C and pHnas
range 8-8.2, suggests Fe is oversaturated with respect to the Fe(lll) hydroxide solubility in
seawater (Kuma et al., 1996, 1998, 2003). Both interpretations of the speciation and solubility of
Fe do not account for the impact of ambient seawater conditions such as pH and temperature,
even though pH is known to strongly affect inorganic complexation of trace metals (Millero et
al., 2009).

In this work, overall values of modelled SFe(l11)app Were higher than measured DFe
concentrations through the water column in the Atlantic and Pacific Oceans (Figure 2, 3 and 4).
This is not unexpected, since traditional titrations via CLE-AdCSV, show total ligand
concentrations generally exceed the DFe concentrations in the West Atlantic and Southeast
Pacific (Gerringa et al., 2015; Buck et al., 2018). The similarities and differences between
measured DFe and modelled SFe(l11)app in both ocean basins suggest a strong influence of point
sources on the DFe distribution, but the underlying distribution of DFe shows some
correspondence to changes in the SFe(l11)app, particularly when considering the vertical
distribution. This confirms earlier findings that DFe depth profiles are governed by release of
DFe from remineralized organic matter, scavenging and Fe(l11) hydroxide solubility (Kuma et
al., 2003, 1998). To further explore this comparison, we plotted depth profiles in the Atlantic
Ocean of horizontally averaged measured DFe and predicted SFe(l1)app (Figure 5, panel A, n=
1079 and 798 profiles for DFe and SFe(l11)app, respectively) and Pacific Ocean (Figure 5, panel
B, n= 492 and 555 profiles for DFe and SFe(l11)app, respectively). We omitted measured DFe
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profiles that were strongly influenced by source signatures from e.g. hydrothermal vents,
atmospheric dust and suboxic sediment inputs in both ocean basins (Fitzsimmons et al., 2014;
Rijkenberg et al., 2014; Milne et al., 2017).

Atlantic Ocean Pacific Ocean
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Figure 5. The depth profiles of horizontally averaged apparent Fe(I11) solubility (SFe(I11)app,
solid line) and dissolved Fe (DFe, blue triangle points). SFe(l11)app Was calculated using the
NICA-Donnan model at ambient ocean pH, temperature and dissolved organic carbon
concentrations for the Atlantic Ocean (a West Atlantic transect and Subtropical North Atlantic

transect) and Pacific Ocean (a Southeast Pacific transect). Panel A, n= 1079 and 798 profiles for
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DFe and SFe(l11)app, respectively; panel B, n=492 and 555 profiles for DFe and SFe(l11)app,
respectively. We omitted measured DFe profiles that were strongly influenced by source
signatures from e.g. hydrothermal vents, atmospheric dust and suboxic sediment inputs in both
ocean basins (Fitzsimmons et al., 2014; Rijkenberg et al., 2014; Milne et al., 2017).

We observed a similar trend in the vertical distributions of horizontally averaged DFe and
SFe(111)app in the top 2000 m at the basin scale, i.e. both DFe and SFe(l11)spp have regeneration-
like depth profiles (Figure 5). There were similar correlation coefficients between DFe to
nutrients (r (ore-phosphate) = 0.44; I (DFesilicate) = 0.55), and DFe to SFe(111)app (I (DFe-sFe(ii)app) = 0.5)
(Figure S1). Regeneration-like (or nutrient-like) profiles are assumed to arise from remineralized
organic matter, which transfers particulate elements to dissolved phase. However, the low
solubility and particle reactivity of Fe leads to a hybrid type distribution indicating that Fe is also
removed from dissolved phase via scavenging or precipitation. Figure 5 shows that the apparent
solubility of Fe increases with depth in parallel with remineralization of organic matter.
Remineralization simultaneously releases Ct and reduces the pH of water column. Whilst
ambient temperature decreases with increasing depth. The depth profiles of DFe thus likely lies
within a range defined at the lower limit by supply from remineralization and the upper limit by

the apparent solubility of Fe.

We also calculated the ratios of measured DFe to predicted SFe(l11)app across our transects. The
overall relationships of modelled SFe(l11)app and measured DFe was DFe = 0.29+0.02*SFe(111)app
+0.15+0.03 (r? = 0.29, p<0.001, n= 439 profiles) for the Atlantic Ocean, and DFe =
0.44+0.02*SFe(I11)app - 0.14+0.02 (r? = 0.71, p<0.001, n= 333 profiles) for the Pacific Ocean.
Figure 6 shows that distributions of the ratios of measured DFe to predicted SFe(l11)app Were
apparently influenced by source signatures, such as atmospheric dust input and hydrothermal
vents in the West Atlantic leading to ratios of DFe/DFe > 0.7, or sediments fluxes and
hydrothermal vents in the Southeast Pacific leading to values >0.6. However, away from these
source-influenced waters, similar values of DFe/SFe(l11)app through the water column indicated
that DFe depth profiles likely reflected relative changes in the SFe(l11)app. Differences in the
upper 200 m could be associated with biological uptake of Fe in the (sub)surface layer (Cullen,

2015). In addition, a potential dilution of the Fe-binding DOM pool by enhanced primary
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production, could invalidate the assumption that binding sites scale to DOC (see Chapter 3).
Below 2000 m, there could be several reasons for the differences between SFe(l11)app and DFe.
Firstly, the solubility constants of Fe hydroxide (Fe(OH)s(s), as ferrihydrite assumed in the
work) applied in our calculations are representative of relatively fresh (one week old)
precipitates and thus comprise an upper limit for Fe solubility in seawater (Byrne et al., 2000;
Liu and Millero, 2002). Aging of ferrihydrite leads to conformational changes within the
minerals that decreases solubility with time (Raiswell et al., 2010). Furthermore, the impact of
temperature strongly affects the vertical distribution of Fe(l11) hydroxide solubility based on
derived solubility constants of Fe(OH)3(s) derived from Liu and Millero (1999). Secondly,
although a major fraction of the marine DOM pool is thought to be recalcitrant, especially in
deep old waters (Hansell, 2013), the diversity of functional groups are likely to be subject to
spatial-temporal changes (Hansman et al., 2015; Medeiros et al., 2015). Such variability could
result in differences in predicted SFe(l11)app, Since the NICA constants used to calculate
SFe(I1)app in this work were derived from titrations undertaken on samples dominated by waters
<800 m (see Chapter 4). Thirdly, differences in trends in the distributions of SFe(l11)spp and DFe
in deep waters could also be related to source signatures of the transported water masses. For
example, Antarctic Bottom Water formed in the Southern Ocean reflects low DFe concentrations
in source waters (Figure 2). Furthermore, our calculations of SFe(l11)app do not included non-
equilibrium process, such as the scavenging (Johnson et al., 1997; Tagliabue et al., 2016; Ye et
al., 2020).
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Figure 6. Ratios of measured dissolved Fe (DFe) to modelled apparent Fe(l11) solubility
(SFe(1)app) that was calculated using the NICA-Donnan model at ambient ocean pH,
temperature and dissolved organic carbon concentrations, shown for a West Atlantic transect
(GAO02), Subtropical North Atlantic transect (GA06) and Southeast Pacific transect (GP16). We
omitted measured DFe profiles that strongly influenced by source signatures from e.g.
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hydrothermal vents, atmospheric dust and suboxic sediment inputs in both ocean basins
(Fitzsimmons et al., 2014; Rijkenberg et al., 2014; Milne et al., 2017).

5.4.2 Both pH and temperature affect the apparent iron solubility in the deep ocean

A global biogeochemical model (REcoM) combined the parameterized constants calculated
using the NICA-Donnan model, and suggests pH is more important than DOC for determining
the speciation and solubility of Fe in seawater (Ye et al., 2020). Here we investigated the factors
influencing the SFe(l11)spp at the basin scale, using data obtained from the Atlantic and Pacific
Oceans, in order to understand which physico-chemical parameters (pH, temperature) have the

most impact on SFe(l11)app and thus have the potential to further impact on the DFe inventory.

Figures 2, 3 and 4 show that a large gradient was observed in pH distributions through the water
column, while distributions of DOC concentrations mostly varied in the upper 200 m and DOC
concentrations were 41.9+6.2 umol L, n= 1085 below 200 m. In addition, ambient ocean
temperature showed a strong vertical gradient that decreased from >20°C in surface waters (>50
m) to <2.5 °C below ~3000 m in the Atlantic Ocean, and below ~2000 m in the Pacific Ocean
(Figure S2). We plotted SFe(l11)app Versus pHiot using the data collected below 200 m, with
points colored according to ambient temperature. Our results showed that modelled SFe(l11)app
increased with decreasing pHiot from the Atlantic (West Atlantic transect and Subtropical North
Atlantic transect) to the Pacific (Southeast Pacific transect), as well as from intermediate waters
(~200-2000 m) to deep waters (>2000 m) (Figure 7). The negative slopes for pH-SFe(l11)app Were
similar between the Atlantic Ocean and Pacific Ocean, and decreased from intermediate waters
(Atlantic Ocean: y=-1.22+0.12 x + 10.8+0.93, r>= 0.30; Pacific Ocean: y=-1.69+0.13 x +
14.5+1.0, r’>= 0.41) to deep waters (Atlantic Ocean: y= -3.04+0.11 x + 25.4+0.87, r>= 0.75;
Pacific Ocean: y=-3.18+0.14 x + 26.3+1.08, r’= 0.78). These differences between slopes for pH-
SFe(11)app, likely reflect the relative changes in temperature distributions (Byrne et al., 2000; Liu
and Millero, 2002; Raiswell et al., 2010). Our results suggest the increase in SFe(l11)app With
decreasing pH would be mitigated by lower solubility of Fe hydroxide in warmer seawaters. The

impact of pH on SFe(l11)app is Not unexpected, since DFe concentrations has been observed to be

144



Chapter 5 - Impact of pH and temperature on apparent iron solubility and dissolved iron inventory in seawater

enhanced in the presence of excess particulate Fe, with decreasing pH as a result of ocean

acidification during a coastal mesocosm experiment (Breitbarth et al., 2010).
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Figure 7. Apparent Fe(l11) solubilities (SFe(l11)app) Were calculated using the NICA-Donnan
model in the ambient water column using the data collected below 200 m. SFe(111)app Were
plotted versus pHot (total scale) at the basin scale, which points are colored according to ambient
temperature. Left: Atlantic Ocean (West Atlantic transect and Subtropical North Atlantic

transect); Right: Pacific Ocean (Southeast Pacific transect).

To understand the combined impact of pH and temperature on SFe(l11)app, We further did a

sensitivity analysis by doubling H* concentrations, resulting in a 0.3 unit decrease in pHiot, and
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calculated the SFe(l11)app at ambient temperature and DOC concentrations. We used the data
collected below 200 m in the Atlantic and Pacific Oceans (West Atlantic transect, Subtropical
North Atlantic transect and Southeast Pacific transect). Figure 8 shows that relative changes in
predicted SFe(111)app (ASFe(I1)app) ranged from increases of 21% to 164%. An increase over
150% in ASFe(I1T)app Was observed when ambient pHtot and temperature both showed lower
values (<7.8 and <5 °C, respectively). Condisdering ambient temperature was between 10-15 °C,
the decrease in pHiot resulted in a doubling of ASFe(I1I)app. On the other hand, when ambient
temperature was higher e.g. over 20°C, the ASFe(III)app Was strongly influenced by the relative
change in pH at basin scales, but the impact of decreasing pH was mitigated by low solubility of
Fe hydroxide that driven by high temperature. Overall, our results indicate that pH has a strong
impact on SFe(l11)app, although increased temperature (or warmer waters) reduces the solubility

of Fe hydroxide and thus mitigates that impact of decreasing pH in seawater.
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Figure 8. Visualization of the sensitivity of change in the apparent Fe(l11) solubility
(ASFe(1I)app) for a doubling of H™ concentration, as a function of ambient temperature and pHtot,
using the data collected below 200 m in the Atlantic and Pacific Oceans (West Atlantic transect,
Subtropical North Atlantic transect and Southeast Pacific transect). The point color is highlighted
with respect to the pHiot scale, where decreasing pH shown as changing from black to red.
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5.4.3 The combined impact of pH and low oxygen conditions in the Subtropical North

Atlantic and Peruvian shelf and slope

The ocean is currently experiencing warming, acidification and deoxygenation. Increasing
temperatures decrease the solubility of oxygen in surface waters and enhance stratification with a
consequent reduction in the ventilation of the ocean interior (Bopp et al., 2002; Stramma et al.,
2009). (Stramma et al., 2008b) reported a vertical expansion of the OMZ in the eastern tropical
Atlantic and equatorial Pacific. Previous work using the NICA-Donnan model has shown that
decreasing pH values as a result of intense remineralization of organic matter and ocean
acidification could increase the apparent solubility of Fe with consequences for the surface DFe
inventory of the Peruvian shelf and slope region (see Chapter 4). Here we further investigate this
combined impact of pH and low oxygen conditions on the apparent solubility of Fe, by

comparing the calculations in the Subtropical North Atlantic and Peruvian shelf and slope.

In surface waters (<50 m), overall, modelled SFe(I11)app Showed lower values (<0.4 nmol L) in
the Subtropical North Atlantic (Figure 3) than on the Peruvian shelf and slope (ca. 0.9 nmol L?).
In the interior of OMZs, values of modelled SFe(l11)app Were similar for the Subtropical North
Atlantic and Peruvian shelf and slope, but the highest value of SFe(l11)app predicted over the
Peruvian shelf and slope was up to ca. 3 nmol L, and ca. 1.7 nmol L™ for the Subtropical North
Atlantic. Differences in the distributions of SFe(l11)app between in the Subtropical North Atlantic
and Peruvian shelf and slope were predominantly determined by variations in pH distributions.
The pHtot values observed in the Subtropical North Atlantic (Figure 3) were ca. pHwt 8.1 in
surface waters and ca. pHiot 7.7 in the interior of the OMZ , and ca. pHiot 8.0 in surface waters
and ca. pHiot 7.2 in the interior of the OMZ of the Peruvian shelf and slope (see Chapter 4). The
distributions of DOC concentrations and temperature were similar across these regions (Figure 4,
S2 and see Chapter 4). The higher modelled SFe(l11)app Observed in surface waters (<50 m) of the
Peruvian shelf and slope resulted from low pH values as a consequence of upwelled acidic

subsurface waters (Bates 2018).
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Milne et al. (2017) compared the distributions of particulate Fe, labile particulate Fe and DFe in
the Subtropical North Atlantic, suggesting a dynamic equilibrium between labile particulate and
DFe phases whereby particles buffer the DFe and maintain elevated DFe concentrations
especially in the open ocean waters. Here we compared the distributions of modelled SFe(l11)app
and measured DFe for the Subtropical North Atlantic (Figure 9). As observed for the Peruvian
shelf and slope region, predicted SFe(l11)app Was similar to DFe measured in the upper 200 m and
~200-1000 m in offshore waters. Our work thus supports equilibrium conditions in the open
ocean waters as reported by (Milne et al., 2017). In addition, Milne et al. (2017) showed lateral
shelf fluxes of labile particulate Fe were similar in magnitude to observed soluble aerosol-Fe
deposition. However, values of DFe and SFe(l11)app Were both higher in the OMZ (~200-1000 m)
than that in the upper 200 m in offshore waters. This indicates that decreasing pH due to
remineralization of organic matter, in combination with decreasing temperatures could increase
the apparent solubility of Fe, and thus enhance the cap of Fe dissolved in the ambient water

column.

Near the coast, elevated DFe was observed throughout the water column as a result of
atmospheric dust inputs (Powell et al., 2015) and benthic release, and mostly exceeded the
maximum predicted values of SFe(l11)app,. Considering those comparisons in the Subtropical
North Atlantic and Peruvian shelf and slope, our results suggest the non-equilibrium process
such as the production of Fe(Il) and particulate Fe play a key role in maintaining elevated DFe
concentrations, with enhanced SFe(l11)app due to low pH values and an increase in solubility of

Fe hydroxide by low temperatures.
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Figure 9. Apparent Fe solubilities (SFe(l11)app) calculated using the NICA-Donnan model in the
ambient water column, plotted versus measured dissolved Fe (DFe) in the Subtropical North
Atlantic. The solid lines have a slope of 1, while the dashed lines are equal to the maximum

concentrations of modelled SFe(111)app (1.67 nmol L?).

5.4.4 Implications for future changes in ocean pH
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Shi et al. (2010) reported a decrease in Fe bioavailability as a result of ocean acidification from
laboratory culture experiments using various Fe chelates. The Fe requirement of model
phytoplankton remained unchanged with increasing CO», however a slower uptake by a model
diatom with decreasing pH was observed in the experiments. This indicates that decreased Fe
availability was a result of changes in Fe speciation rather than changes in the uptake process. A
few studies have addressed the impact on trace metals speciation of a decrease in pH as a result
of ocean acidification. Millero et al. (2009) used a Pitzer interaction model, and examined the
effect of ocean acidification on inorganic complexation of trace metals. They indicated a 40%
increase in solubility of inorganic Fe(l11) with pHngs decreasing from 8.1 to 7.4. However
changes in organic complexation of Fe that controls Fe speciation remains largely unclear. Using
the NICA-Donnan model with generic constants, Gledhill et al. (2015) suggested a decrease in
Fe(111) binding to organic matter and an 3-fold increase in inorganic Fe(l1l) complexes at lower
pHnas (7.41) compared to pHngs 8.18. This is in contrast to results by Stockdale et al. (2016)
who used the WHAM/Model VI and showed an increase in the organic Fe(l1l) binding fraction
and free Fe (Fe**) concentration and decreases in inorganic complexes as a result of ocean
acidification. Both model results suggested Fe may become more available for marine organisms

responding to ocean acidification.

Our work aims to mechanistically describe relative changes in the apparent Fe(l11) solubility as a
function of pH, temperature and DOM with potential impact on the overall DFe inventory. This
provides a way to assess the maximum dissolved Fe concentrations under the ambient seawater
condition, rather than describing certain changes in different Fe species. To date, Zark et al.
(2015) has shown effects of ocean acidification on marine DOM are not detectable over a
succession phytoplankton growth during mesocosm experiments, suggesting relative changes in

DOM composition could be less to include into the calculation over a temporal period.

Considering our results, a 0.3 unit decrease in pHiot could result in 21% to 164% increase in
SFe(11)app , While the increases are affected by the solubility gradient of Fe hydroxide that is
driven by ambient temperature across ocean basins. For example, the Southern Ocean is one of
most important sinks of natural and anthropogenic CO> (Sabine et al., 2004; Gruber et al., 2009).

Fe limitation has been observed in the Southern Ocean (Boyd et al. 2007). Icebergs are thought
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to be one of the largest Fe sources (3.9-30.5 Gmol Fe yr™) to both the Arctic and Southern
Oceans (Boyd et al., 2012). Smith et al. (2007) reported increased iceberg fluxes could result in
enrichment of iceberg derived terrigenous material (e.g. organic matter and Fe), and thus
increase the abundance of phytoplankton. As a pH decrease combined with a higher solubility of
Fe hydroxide resulting from low temperatures in sub surface waters, then increases in SFe(111)app
could enhance caps of the maximum DFe concentrations and therefore facilitate the supply of
DFe to surface waters. However, increasing ocean surface temperature could reversely reduce
those impacts of decreasing pH on surface DFe inventories. Therefore, the way of calculating the
apparent solubility of Fe(l11) could be used to combine with other global biogeochemical models,

to modify relative changes in the primary productivity.

5.5 Conclusions

We derived the apparent Fe(l11) solubility at ambient ocean temperature, pH and DOC
concentrations, using the NICA-Donnan model applying the newly derived proton/Fe(l11) NICA
constants for marine DOM. Using data obtained during a series of GEOTRACES cruises, we
investigated the correlations between modelled SFe(l11)app and measured DFe at basin scales. A
similar trend was observed in the vertical distributions of horizontally averaged SFe(l11)app and
DFe, especially in the top 2000 m, suggesting DFe distributions were largely influenced by
sources, but the underlying distributions of DFe could also be potentially regulated by
SFe(l11)app. Statistical analysis suggests that vertical DFe distributions are determined by
remineralization of sinking organic matter, and also by relative changes in ambient pH and
temperature. We observed large gradients in the vertical and horizontal distributions of ocean pH
and temperature, compared to rather constant distributions of DOC concentrations especially
observed below 200 m (41.9+6.2 umol L), A further sensitivity test indicates pH largely
affected the SFe(l11)app through the water column, based on a solubility gradient of Fe hydroxide
influenced by ambient temperature especially in deep waters (>2000 m). Our results reaffirm that
considerations of the impact of changes in ambient pH and temperature are important for Fe
cycling in the ocean. We highlight that the calculation of the apparent Fe(ll1) solubility is useful
for constraining the maximum potential DFe concentrations, based on the dynamic equilibrium

of the production of Fe and scavenging process. However, given the uncertainties of acid-base
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properties of marine DOM and Fe-binding constants used in the NICA-Donnan model, and also
the solubility constants of Fe hydroxide (as ferrihydrite assumed in our calculations), it is
difficult to conclude how the apparent solubility of Fe will change in response to decreasing pH
as a result of ocean acidification. Therefore, further work is needed to characterize the behaviour
of proton-/Fe- binding to marine DOM via such ion paring — organic matter model, e.g. NICA-
Donnan and WHAM/Model VII.

152



Chapter 5 - Impact of pH and temperature on apparent iron solubility and dissolved iron inventory in seawater

Supporting Information

Figure S1. The correlation matrix among the apparent Fe(l11) solubility (SFe(111)app) that
calculated using the NICA-Donnan model, measured dissolved Fe (DFe), pHtt (total scale),
temperature and dissolved organic carbon (DOC) concentrations, nutrients (phosphate and
silicate), were shown using data obtained in the Atlantic and Pacific Oceans. We omitted
measured DFe profiles that strongly influenced by source signatures from e.g. hydrothermal
vents, atmospheric dust and suboxic sediment inputs in both ocean basins (Fitzsimmons et al.,

2014; Rijkenberg et al., 2014; Milne et al., 2017).
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Figure S2. Distributions of ambient ocean temperature were shown for a West Atlantic transect
(GAO02), Subtropical North Atlantic transect (GA06) and Southeast Pacific transect (GP16).
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6 Conclusions and future works

The overall aim of this PhD project was to use an ion-paring-organic matter model (NICA-
Donnan) to account for the impact of relative changes in seawater chemistry, such as pH,
temperature and DOM, on the speciation and solubility of Fe, in order to better understand Fe
biogeochemical cycling with respect to e.g. ocean warming, acidification and deoxygenation. |
derived the apparent solubility of Fe(111) (SFe(111)app) by setting the total Fe(111) to 10 nmol L™
using ambient ocean pH, temperature and DOC concentrations. The SFe(l11)app is defined as the
sum of aqueous inorganic Fe(l11) species and Fe(l11) bound to DOM at a free Fe (Fe*")
concentration equal to the limiting solubility of Fe hydroxide (Fe(OH)z(s)). The term SFe(I11)app,
therefore represents caps of the maximum Fe could be dissolved at equilibrium in the ambient

water column.

6.1 Conclusions

In the absence of organic matter, I simulated pH-Fe titrations using a set of ion paring models via
ORCHESTRA (Meeussen, 2003), and compared those results to determined titrations via CLE-
AdCSV in UV-irradiated seawater (Chapter 3). The determined species of voltammetric analysis
(FeNN3) and most sensitive species (free Fe®") were regarded as the criteria to optimize the
stability constant of kpeyys 4+ that would account for competition between NN, H*, Fe** and
OH-" at the ionic strengths and pH relevant to this thesis. The results indicated that titration
experiments - speciation calculation framework were of adequate consistency within the time
frame, though uncertainties of both equilibrium conditions during titration and underestimations
of ionic strength using the Debye-Huickel equation would be expected to have an impact on the

comparisons.

In the presence of organic matter, | simulated pH-Fe titrations using an ion paring-organic matter
model (NICA-Donnan) via ORCHESTRA, and compared those results to determined titrations
via CLE-AdCSV in seawater samples collected in the Celtic Sea (Chapter 3). The determined
species in voltammetric analysis (FeENN3), most sensitive species (free Fe*) and non-labile

fraction of Fe (DFe*=total Fe- FeENN3), were regarded as the criteria to optimize the model with
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four different NICA parameter sets representing a range of binding site strengths and
heterogeneities. | also examined the assumption that the binding sites used in the NICA-Donnan
model scale proportionally to DOC concentrations. The results showed that fits improved on
application of a constant low DOC concentration of 43.7 pmol L™ across the data set, rather than
assuming that binding scaled to ambient DOC concentrations. This suggests that binding sites
could be diluted by fresh inputs of DOM that result from phytoplankton productivity, and may be
more strongly linked to the refractory component of marine DOM. The results highlight an
important role of pH in the derivations of NICA constants for Fe(l11) binding to marine DOM.

In Chapter 3, using the NICA-Donnan parameters that fitted most closely to our titration data,
calculated SFe(l11)app concentrations (ca. 0.9 nmol L) were within the range of the water column
DFe concentrations observed on the Celtic shelf following winter mixing and also within the
range of DFe concentrations for the furthest off-shore deep waters. In surface waters DFe
concentrations were lower than SFe(l11)app as result of the drawdown of DFe by phytoplankton.
On the shelf in July and November and over the shelf break, DFe exceeded SFe(l11)app in deeper
waters close to the seafloor, which could potentially be ascribed to inputs of DFe from
remineralization and sediments. The results shown in the Celtic Sea supports the hypothesis that
distributions of DFe likely reflect the interplay between regeneration of Fe from remineralization

of organic matter, the scavenging process and the solubility of Fe .

The use of intrinsic binding parameters for Fe binding to DOM (e.g. via the NICA-Donnan
model) has been shown to allow for more confident disentangling of the different processes
affecting the DFe inventory. Therefore, in Chapter 4, | applied a novel two dimensional pH-Fe
titration experimental design that incorporates changes in pH. Using newly derived total amounts
of binding sites (Qmax,u+,10r2) from marine DOM preconcentrated from the brackish Baltic Sea
(Lodeiro et al., 2020), I derived NICA constants for Fe(ll1) binding to marine DOM from
samples collected in the Peruvian shelf and slope region, via the approach PEST-ORCHESTRA
(Janot et al., 2017). The derived Fe(ll11) NICA constants suggest Fe(l11) binding to marine DOM
behaves more ideally, compared to generic constants derived from fresh water environment
(Milne et al., 2003).
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In Chapter 4 and 5, using the newly derived proton/Fe(l11) constants for marine DOM (Lodeiro
et al., 2020, Zhu et al. Submitted), | investigated the speciation and solubility of Fe in the
ambient water column from the Peruvian shelf and slope region to basin scales. In the Peruvian
shelf and slope region (Chapter 4), modelled SFe(l11)app showed a ca. 2 fold increase in OMZ
compared to surface waters. The increase results from one order of magnitude decrease in pH,
which impacts both the solubility of Fe hydroxide and organic Fe complexation. The results
highlight an important role of pH and temperature on iron speciation and solubility, similarly as
the DOM pool (or Fe-binding ligands). Also, the redox process has been reported to strongly
affect the DFe pool on the Peruvian shelf (Croot et al., 2019). Thus | adopted a new way to
account for that impact of Fe(Il) production by calculating the dissolved Fe(lll) concentrations
(DFe-Fell). Comparisons of modelled SFe(l11)app and measured DFe(l11), with a further
correlations test, indicate the underlying distribution of DFe(l11) likely reflects changes in

ambient pH and temperature.

The role of pH and temperature on the speciation and solubility has been further examined at
basin scales (Chapter 5). Using data obtained during a series of GEOTRACES cruises, a similar
trend was observed in the vertical distributions of horizontally averaged SFe(l11)app and DFe,
especially in the top 2000 m, suggesting DFe distributions were largely influenced by sources,
but the underlying distributions of DFe could also be potentially regulated by SFe(111)app.
Statistical analysis suggested that DFe vertical distributions are determined by remineralization

of sinking organic matter, and also by relative changes in ambient pH and temperature.

Large gradients in the vertical and horizontal distributions of ocean pH and temperature were
observed at basin scales, compared to rather constant distributions of DOC concentrations
especially observed below 200 m. The results show pH has a large impact on the SFe(l11)app
through the water column, based on a solubility gradient of Fe hydroxide influenced by ambient
temperature especially in deep waters (>2000 m). This reaffirms that considerations of the

impact of changes in ambient pH and temperature is as important for Fe cycling in the ocean.

This thesis highlights the way of calculating the apparent Fe(l11) solubility that accounts for the
impact of relative changes in ambient ocean pH, temperature and DOC concentrations, is useful
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for constraining the maximum potential DFe concentrations, based on the dynamic equilibrium
of the production of Fe and the scavenging process. Combining with other global
biogeochemical models, it would be helpful to improve our understanding of Fe cycling in
seawater, e.g. a preliminary work described in (Ye et al., 2020). To date, Those calculations
made in the thesis are a simplification of the real system since it does not account for non-
equilibrium processes and the physical size of our SFe(l11)app fraction may not map directly onto

the DFe concentration.

6.2 Future works

lon paring-organic matter models (e.g. using NICA-Donnan or WHAM/Model V1I) have been
shown to provide consistent results with determinations of metal speciation in seawater
(Hiemstra and van Riemsdijk, 2006; Stockdale et al., 2011, 2015; Gledhill et al., 2015;
Avendafio et al., 2016). On the other hand, calculations of the speciation and solubility of Fe
shown in this thesis provide a way to improve our understanding of Fe biogeochemical cycling
under changing ocean chemistry conditions. Future research should therefore focus on
calculations of the ion paring-organic matter model (e.g. using NICA-Donnan or WHAM/Model

V1) applied in seawater.

Firstly, studies of the chemical speciation of any metal require calculations of both inorganic and
organic speciation, which are typically performed using equilibrium calculation tools. In
chemical equilibrium calculations, activity is a key parameter that describes how ions in solution
interact with each other as well as with water molecules. The importance of these interactions
increases with salt concentration. At higher ionic strength, ions behave chemically like they are
less concentrated than they really are, and the activity coefficient is used to calculate the actual
concentration. The impact of the ion pairing approach is illustrated by an approximate 15%
underestimation in ionic strength in the calculation (1=0.6 M) based on the extended Debye-
Hiickel equation. This is consistent with previous estimates of the error introduced by application
of the Debye-Huckel equation (Stockdale et al., 2016). Gledhill et al. (2015) has shown this leads
to underestimation of carbonate concentration in visual MINTEQ that would result in a bias for

copper speciation since the inorganic speciation of copper is strongly influenced by carbonate
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complexation (Millero et al., 2009). Many efforts have been made to develop the Pitzer
interaction model and subsequently calculate dissolved components in seawater (Turner et al.,
2016). However, the application of the Pitzer interaction model in combination with metal-
organic matter model is much more complex, since the difficulties present in the execution
program of chemical speciation calculation tools. Recently, a chemical speciation tool,
ORCHESTRA (Meeussen, 2003), has been shown that an alternative ion activity model (i.e.
specific ion interaction theory, SIT) is successfully testified instead of using the Davies equation.
Similarly, the flexible definitions in ORCHESTRA provide an opportunity to allow the
combination of the Pitzer interaction model and NICA-Donnan model to calculate Fe speciation

at high ionic strength in seawater.

In addition, in the presence of organic matter, such calculations using the NICA-Donnan model
in this thesis assumes that the bulk properties of marine DOM can be represented by a limited
number of binding site coefficients that describe intrinsic affinities between cations and different
types or groups of binding sites. Furthermore, it is assumed that both groups of marine DOM
binding sites (i.e. via the NICA-Donnan model) scale proportionally with DOC. Marine DOM
has been shown to have a lower total amount of available proton binding sites within both the
carboxylic and phenolic fractions (Lodeiro et al., 2020) in comparison to generic fulvic acid
(Milne et al., 2001), though those constants for marine DOM are only evaluated from the
brackish Baltic Sea. A study of individual molecular component of DOM from a set of four
marine and one freshwater environments, indicates there is likely a universal background of
DOM structures as a result of a cascade of degradation processes or common synthetic pathways
(Zark and Dittmar, 2018). Further work could be useful to investigate the acid-base properties of
marine DOM from surface to deep waters, coastal to open ocean, though there are still

challenges with the efficiency on the preconcentrated marine DOM (Li et al., 2016, 2017).

Also, the fully understanding of Fe biogeochemical cycling should consider the ambient physico-
chemical speciation of Fe. For example, size-fractionation of the DFe pool suggests that as much
as 50 % of the DFe pool could be present as colloids (0.02-0.2 um) (Cullen et al., 2006; Boye et
al., 2010; Fitzsimmons et al., 2015). The non-equilibrium processes have also an important

impact on DFe inventories, e.g. the production of Fe(ll) strongly influences the distribution of
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DFe in the Peruvian shelf (Croot et al., 2019). However, given our DOM fraction was
determined as the <0.7 um fraction, it is not straightforward to map the chemical speciation
calculations we made in this study onto size fractions (soluble, colloidal, dissolved) that are
typically determined in field studies. Therefore, further considerations of those impact on the
speciation and solubility of Fe should be examined, e.g. calculating the dissolved Fe(lll) (DFe-
Fell) to accounts for the impact of Fe(ll) production when comparing the modelled and

measured results in the Peruvian OMZ (Chapter 4).

Finally, the way shown in this thesis could be further applied for other metals that binding to
organic matter in seawater. The biogeochemistry of the transition metals (TMs) manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd) and lead (Pb)
have been shown to be either important essential trace nutrients (TM-nuts) for microbial growth
(Mn, Fe, Co, Cu, Ni, Zn (Moore et al., 2013)) or toxic (TM-tox) at elevated concentrations (Cu,
Cd, Pb, Zn). For example, in most surface waters, organic complexation dominates the speciation
of Zn and reduces the fractions of free ions Zn?* to levels as low as 1 pmol L™ (Bruland et al.,
1991; Ellwood and Van den Berg, 2000). Such calculations using an ion paring-organic matter
model (NICA-Donnan), account for the impact of changes in the ambient water column and
therefore predict the relative changes in Zn concentrations that would be as nutrient or toxic

element for phytoplankton and bacteria (Sunda and Huntsman, 1996, 1998).

Future works on trace metals speciation should therefore couple different approaches, e.g.
investigations on the structure (Koch et al., 2005), and acid-base properties of marine DOM
(Lodeiro et al., 2020). In addition, interactions of trace metals complexed to organic matter
would be possibly indirectly examined using mass spectrometry e.g. ICP-MS, in combination
with thermodynamic calculations in future works. This may provide a way to investigate the
organic complexation of more than one single trace metal at the same time, and therefore be
useful to understand of the toxicity and bioavailability of trace metals with response to ocean
acidification. In the future, trace metals speciation would be likely examined using intrinsic
constants with collected data of pH, temperature and DOC concentrations. The calculations
could be therefore associated with biogeochemical models, and enhance fully understanding of

the cycling of trace metals.
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