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Abstract

The processes that dissolved trace metals underthe isurface microlayer are poorly
characterised due to the lack of measurements. eMenywaquatic processes are extensively
characterised and were used to infer processesroggon trace metals within the microlayer.
This work addressed this issue by studying theaijmerally dissolved fraction (042m) of iron
and other metals: aluminium, manganese, coppealicabd arsenic, in the surface microlayer
and elucidating their relationships through thegpession of a seasonal cycle in a lake. The
experimental work provides an insight into the iat#ions of reduced iron and reactive oxygen
species, especially hydrogen peroxide. Theirigglahip was assessed through three sets of
experiments: i) The addition of artificial partiate phases of aluminium, manganese and iron
to photochemically active experimental system}thie effect of different irradiating
wavelengths on production and loss of hydrogenxpeecand Fe(ll) and iii) the affect of
atmospheric ozone concentrations on hydrogen pidgaand Fe(ll). To undertake these
analyses a simple dual analyte, Fe(ll) and hydrgupeaxide, configuration was applied to a
FIA-CI system, using luminol, allowing for their gsi-simultaneous measurement.
Experimental work considers model marine microlaywrer short-term (< 1 hour). Results
from the experimental work were used to constrampke iron and reactive oxygen species
models. The model allowed a calculation of kinedite constants; amongst these were the rates
in relation to the production of superoxide, tlgahd to metal charge transfer production of
Fe(ll) and the rate of superoxide reduction of Fe(IThis work shows that dissolved metals in
the surface microlayer are balanced through tlezantions of light and particulate material and
potentially ozone and particulate material. Webpect to irradiating regime there is a distinct
measured change in the rates of change of organstituents as irradiating regime

wavelengths increase.
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Chapter One

Introduction



1.00 The Surface Microlayer

The surface microlayer is the interface betweerottean and atmosphere. It is through
this surface that ocean-atmosphere biogeochenmychdsinteract. The modern understanding
of the surface microlayer is as a hydrated gelasnoterfacial layer with a complex matrix of
dissolved organic matter (Wurl and Holmes, 200&8) as such covers 71 % of the surface of the
planet (Hardy, 1982). Studies into the surfacerofégyer began in 1773 when Benjamin
Franklin poured a teaspoon of oil on to a pondrastéd the observations, ‘the repulsive force
cleared the area of surface material (leaf littegn when the oil became invisible to the naked
eye’. Franklin had deduced through tales fronossithat oil will reside on the surface of water

and that when even not visible, affected the prigeenf the water-air interface.

The modern scientific understanding of the surfaagolayer began by showing it to
comprise of an upper organic stratum and a lowatemassociated, organic stratum (Kjelleberg
etal., 1979). The idea of a single hydrated gedas layer (Wurl and Holmes, 2008), has since
superseded the two-layer model. What modern thgnkbes agree on is that the surface
microlayer is of a variety of complex organic makrDuce et al., 1972; Garrett, 1967). Based
on our understanding of simple hydrophobic orgamatecules the theoretical depths range
from 10 A (Garrett, 1967) (1 x Tqum) to 100s A (Lion and Leckie, 1981). A purelyidip
based monomolecular layer will reach to a deptBOoA, whereas if there were no organic
material present it will be the depth of the uppest water molecule, < 3 A. Actual microlayer
depths have been calculated using proxies; gasférarates and molecular diffusion rates. The
calculated depths are similar: agh (Broecker and Peng, 1971), @& (Peng et al., 1974), 30
pm (Liss, 1975) and 4Am (Peng et al., 1979). Inferred depth measurenadritse region of
physiochemical change give a depth of 50 xuf®(Zhang et al., 2003a).

For operational purposes, so as to encompassraidarations, for example small scale
wind mixing and as a habitat for macro-neustondiyeth is extended to 10@in (Liss and
Duce, 1997). The operational depth, 1 ¥ 1@, when considering the system in context with an
oceanic water column, ~ 3.4 x*I, or depth of the atmosphere, ~ 1 R &) is negligible in
size. Yet, its importance due to the interactibmsay control between the ocean and
atmosphere is not so negligible. Standard praaticeicrolayer research is to specify the
microlayer depth through the technique used to aihpTo relate the microlayer samples to
its underlying water enrichment factors are cal@da Enrichment factors (EF) are the ratio of
the concentration of an analyte in the microlagethe concentration of the analyte in the

underlying water (Equation 1.01).



eF = Xlow Eqn. 1.01

X ULW

There have been various techniques used to sahghaicrolayer. A bubble
microtome, (Blanchard and Syzdek, 1970; McBain ldachphreys, 1932; Pattenden et al.,
1981) will collect from the shallowest microlayezpih, between 0.1 and 1uéh. However,
with the collection of such shallow microlayers thidume of sample is consequently small.
For large volume samples, three main methods heee developed: one which utilises water
tension, a screen (Garrett, 1965), and two whith @ absorbers, a glass roller (Harvey, 1966),
and a glass plate (Harvey and Burzell, 1972). Fnothin these three techniques, the majority
of modern microlayer samples are collected. Howeatber methods have been applied, such
as a floating tray (Hatcher and Parker, 1974),qvatéd Teflon plate (Larsson et al., 1974),
membrane adsorption (Crow et al., 1975), the dadation of liquid PVC (Hamilton and
Clifton, 1979), and a cryogenic plate (Turner ames[.1989). The main consideration for the

sampling device is its suitability for collectioftbe required sample (Garrett, 1974).

Large volume collection of microlayer materialdsrio be with a roller, with a
hydrophilic drum. However, recoveries of analyftesn the microlayer are dependant on the
method used. For biological characterisation (apbyll-a, pheophytine and unsaturated fatty
acids) and / or sampling inorganic pollutants aaihstreen is the most efficient (Agogue et al.,
2004; Garcia-Flor et al., 2005; Momzikoff et al002). The glass plate is more efficient at
collecting hydrophobic material, phytoplankton-eted material and fatty acids from bacteria
and higher land plants (Momzikoff et al., 2004)r Bmall volumes in relation to bacterial work

a polycarbonate filter is the most appropriate (Eenet al., 2009a).

The organically rich, physically stable structushjch is the microlayer, is the first
oceanic layer to receive atmospheric depositiondi{al982). The main body of research on
the microlayer has been on the characterisativ@ aiad enrichment of organic substances.
Studies include, for example, the bacterial stm&ta marine microlayers (Stolle et al., 2009),
the presence of semi-volatile organic compoundsctifig gas transfer (Guitart et al., 2010) and
particularly the presence of organic surface-actiestances (Duce et al., 1972; Hunter and
Liss, 1981; Wurl et al., 2009). Surface-activestahces (SAS (Hunter and Liss, 1981)) are part
of a heterogeneous biological exudate (bacteridgpdemnand/or phytoplankton sourced) and can
be responsible for trace metal binding (Strmeckilet2010). The presence of SAS suggests
that at the surface microlayer there is the paaéfar an enrichment of trace metals, through

stabilisation of atmospherically deposited matearad metals by SAS (Hunter, 1980b).



Though not absolute, there has been found todiée@ence in particulate matter in the
upper and lower microlayers; angular atmosphenitquéates in the upper organic layer and
round bodied encrusted sediment (lithogenic anbbgical) in the lower organic layer
(Hamilton and Clifton, 1979). The particulate ph&s 0.45um) or total concentration of trace
metals has been shown to be enriched in marin&kéBand Zeitlin, 1972; Cuong et al., 2008;
Hamilton and Clifton, 1979; Narvekar and Singb&93), estuarine (Trojanowski and
Antonowicz, 2011) and freshwater microlayers (Amwitz and Trojanowski, 2010). The
theory for this is due to the organic stabilisatodrthe particulate phase at the microlayer
(Hunter, 1980b). Measurements of trace metalkardissolved phase (< 0.4f) have shown
negligible enrichment even after an acid diges{@nugmann et al., 1992; Cross et al., 1987,
Grotti et al., 2001; Hardy et al., 1987; Narvekad &ingbal, 1993; Zhang et al., 2003b).
Relative enrichments in the particulate phase liamaium have been so large compared to
negligible enrichment of the dissolved phase thsiteiad total concentrations have been assessed
(Narvekar and Singbal, 1993).

The approach generally taken prior to measurewfehie dissolved (<0.4fm) fraction
of trace metals in the microlayer is through aml atgestion. Only two authors have not used
an acid digestion on their samples, these wereyHand Cleary (1992), who used APDC and
DDDC! chelated extracts, and Cuong et al. (2008), windlected a direct ICP-MS analysis of
the seawater. Both authors found the dissolvedi&q@m) fraction EFs to range from 0.9 to
1.5. With respect to the partitioning of metalsAmen their respective size fractions, Brugmann
et al. (1992) found that more than 75 % of the iroa marine microlayer was held in the
particulate phase. Any analysis of the dissolvadtion of trace metals in the surface
microlayer must include a caveat for contaminatiaring sample collection (Hunter, 1997),

which may then lead to a presumption of enrichméren in fact there is none.

Cuong et al. (2008) found trace metal enrichméartaickel, copper, arsenic and lead in
a coastal seawater microlayer off Singapore. Tkasehments were in both the total and
dissolved (<0.4%um) fractions. However, the dissolved trace metalchments were less than
the particulate phase enrichments and found tetding towards equality with its underlying
water. This in some way is explained by Jicketld &pokes (2001) who suggest that if there is
organic complexation of trace metals (specificalty) then these are potentially being
outcompeted by the hydrolysis and precipitationdgotson reactions and could easily occur in

the microlayer even with its enrichment of orgamiaterial. This then may lead to greater

! APDC — ammonium pyrrollidine dithiocarbamate DDB@iethylammonium diethyldidithiocarbamate
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enrichment of trace metals as (hydr)oxides at tiniase microlayer. The two sources of trace
metals to the microlayer are new material derivechfatmospheric deposition and recycled
material from within the water column. The biologfythe water column will indirectly
influence the concentration of trace metals inrtherolayer, through the production and
subsequent migration to the microlayer, of SASe ax of copper to the surface microlayer
was seen to increase 50 fold during a spring bloompared to winter, due to the presence of
SAS complexing the copper (Shine and Wallace, 199@hilst the presence of copper specific
complexing SAS has been shown to be enriched isulface microlayer (Plavsic et al., 2007).

The pH of a marine microlayer has also been fooraktless than that of its underlying
water, 0.1 pH unit decrease from 5 tosfi (Zhang et al., 2003b), though this degree ohgha
will not be influential on the dissolved fractiohtocace metals. At the pH of river water (7.5 —
8.5) and seawater (8.2), the pH is favourable @isogption of metal ions on to hydrous oxides

and organic particles (Stumm and Morgan, 1996).

1.01 The Research

The processes that dissolved trace metals undetbe surface microlayer are poorly
characterised due to the lack of measurements. eMenywseawater processes are extensively
characterised and as such used to infer processrogron trace metals within the microlayer.
This work aims to address this issue by first silglyhe operationally dissolved fraction (0.2
pm) of iron and other trace metals: aluminium, marega, copper, cobalt and arsenic, in the
surface microlayer and addresses their relatiosshiwugh the progression of a seasonal cycle
in a freshwater lake. Experimental work will théevelop further insight into the interactions of
Fe(ll) and reactive oxygen species (ROS), espgdilD,. The difference between the
fieldwork and laboratory work was the use of frasld marine waters, respectively. The
differences in matrix of the samples can have gelaffect on the reactivity of free aquo-ions.
Of most importance are the organic and inorgagends. Within freshwater they are primarily
oxides, hydroxides and carbonates whilst in seavtlagy will also include sulphides and
chlorides amongst many others (Millero, 1985; Stuamd Morgan, 1996). Fresh and to some
degree coastal waters, are affected by the inpteradstrial organic material that may have very
different properties to autochthonous organic niatéBlough and Del Vecchio, 2002; Stumm
and Morgan, 1996). This work primarily relatesfitglings to the surface microlayer; however,
the results can also be used in the interpretatidine water column. A second important

difference is the pH of the water, this can hadé&ect impact on the speciation and half lives of



soluble metals, freshwater pH can show large rarfges acidic lakes at pH 5 to a near

seawater pH, whilst the pH of seawater is relayiveinsistent at around pH 8.1.

1.02 The Metals

The primary analytes of interest in the work adsirggthe seasonal cycle of trace metals
in a lacustrine surface microlayer are the dissbivactions of aluminium, manganese and iron.
Aluminium solubility is low at around pH 7 and ash the stable AI(OH)will be the main
dissolved fraction of interest. For manganesis, primarily as Mn(ll) aquo-ions (Davison,

1993; Horst and Zabel, 1996). The dissolved phakeen includes Fe(ll), reactive Fe(lll),
colloidal iron and organically complexed Fe(ll) apel(lll) (Bruland and Rue, 2002). The
operationally defined dissolved fraction, < (u@ includes both a fine colloidal fraction (0.02 —
0.2um) and a soluble fraction (< 0.@@n) (Bergquist et al., 2007). The choice of a 02 p

filtered fraction removes the possibility of thejoray of colloidal material being measured.

Aluminium was chosen as it is not metabolicallguieed (Williams, 2002) though
phytoplankton can increase their internal concéiotmighrough a passive uptake mechanism
(Quiroz-Vazquez et al., 2008). In its dissolveatfron in surface waters it can be used as a tool
for inferring atmospheric deposition at the surfaderolayer (Measures and Vink, 2000).
Dissolved aluminium concentrations are also higldgendant of the pH of the water, with a
decreasing pH increasing the dissolved fractioningotential for toxicity (Havens and Heath,
1990). The toxicity of aluminium is not a key factn seawater with its large buffering
capacity but is more likely to occur in fresh watespecially in low oxygen regions of lakes.
Aluminium can also form complexes with humic adiseawater, though complexes will
exchange the aluminium for iron if available therefincreasing the free aluminium
concentration whilst decreasing the free iron catre¢ion (Yang and van den Berg, 2009).
Iron on the other hand is an important trace notyig is biologically available within seawater
as dissolved inorganic Fe(ll) and Fe(lll) (reac)jweith greater than 99 % of Fe(lll) complexed
by organic ligands (Gledhill and van den Berg, 19de and Bruland, 1995; Wu and Luther,
1995). Some of this organically complexed iroal& available for primary production
(Maldonado et al., 2005). The production of Feffidm complexed Fe(lll) can be influenced
by both light (Barbeau, 2006; Barbeau et al., 2B@iust and Hoigne, 1989; Faust and Zepp,
1993; Waite and Morel, 1984) and pH (Behra and Si§§0).

Manganese is also a biologically required elemditte dissolved phase of manganese

can be increased through the photochemical reduofithe particulate phase (Spokes and Liss,
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1995; Sunda et al., 1983) or reductive dissoluitolow oxygen waters. However, unlike iron
and also copper, manganese does not easily foramiorigand complexes (Sunda, 1984). The
primary loss mechanisms for dissolved Mn(ll) an®tigh particle scavenging and precipitation
in alkaline conditions (Stumm and Morgan, 1996pacterial-mediated oxidation (Emerson et
al., 1982; Sunda and Huntsman, 1988). Brugmanah €1992) correlated the concentrations of
dissolved and particulate fractions of iron andpmydn the surface microlayer with that of
manganese. The authors indicated that sorptiorpfecipitation during the formation of MO

was a major removal process for these metals framarane microlayer.

Copper is actively complexed by surface active srues (Plavsic et al., 2007; Shine
and Wallace, 1996) and coloured dissolved orgamittan(CDOM) (Witt et al., 2007) and these
ligands and the complexes formed can be photoclaisnaegraded (Witt et al., 2007). When
organically complexed, copper is present in itslsad form Cu (II) (Moffett and Zika, 1983).
Indication of enhanced dissolved copper in a mayret may then infer either a large
concentration of organic ligands compared to thdedging water, or an atmospheric source
such as fine atmospheric particulate matter (U}, related for example to brake pad dust
from cars (Majestic et al., 2009). By comparingwenese and copper one may be able to infer
the presence of organic ligands in the microlayediBsing the copper against the occurrence of
sorption / co-precipitation during the formationMhO, (Brugmann et al., 1992). The primary
loss mechanism for Fe(ll) is rapid oxidation byodiygen and/or hydrogen peroxide to Fe(lll);
where this Fe(lll) is uncomplexed it is convertedaitnon-bioavailable form via precipitation
and/or scavenging. Through measuring dissolvesharsone may then infer the likelihood that
iron is being lost from the system through the fatiom of particulates (iron (Ill) oxides) as they

scavenge arsenic into their matrix during formatiBarnol and Charlet, 2010).

1.03 Organic Material

The operationally dissolved fraction of trace nge(8.2um) contains both a fine
colloidal fraction (0.02 — 0.Am) and a soluble fraction (<0.@@n) (Bergquist et al., 2007).
The colloidal fraction of natural waters is not egtegorised, due to its varied composition.
Colloids can include: clays, iron and manganesdeassiviable and unviable biological
components (micro-organisms, viruses, biocolldidsils (2 — 10 nm), aggregation of exudates
and macromolecular organic matter) and colloidahituacids (Stumm and Morgan, 1996).
Microlayer samples have been found to contain rreoitoids of organic origin (Bigg et al.,
2004). With enrichments of SAS (Hunter and Liss81)%at the microlayer (Wurl et al., 2009),
these organic-based substances can cause a phage ¢tom the dissolved to particulate
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(Shine and Wallace, 1996) through coagulation &owtélation. With the chelation of trace
metals, there is a neutralisation of electrosttarges and particles then undergo attraction by
Van der Waals’s forces. With an increase in freielisgd species there will be higher rates of
flocculation as these form organic complexes apdrjloxides. On flocculation, the presence of
SAS in the system will then increase the size effibcculent though coagulation, gradually
increasing the size of the particles. With thedpigiion of a particulate phase, their subsequent
aggregation acts as a removal mechanism for tratalsnMopper et al., 1995; Zhou et al.,
1998) through gravitational settling from the mieger and through the water column.

Within the microlayer and through out the wateluom, organic complexation is an
important factor in the cycling of iron due to tha&cterial population. Bacteria produce or
excrete iron organic chelators such as sideroplardshrough their uptake use these to fulfil
iron requirements (Trick and Wilhelm, 1995). Ba@ehemselves will also reduce iron from
within marine aggregates, with the possibility ttras processes occurs in all natural waters
(Balzano et al., 2009). It is still not proven wher the microlayer is a region of increased
bacterial productivity (Aller et al., 2005; Crowat, 1975; Cunliffe et al., 2009a; Hortnag! et
al., 2010; Stolle et al., 2009) or decreased avepsoductivity (Cunliffe et al., 2009c;
Reinthaler et al., 2008) compared to the underlyimaters. The lack of consensus could be
attributed to the time at which the microlayer wampled, as the microlayer bacterial
population can show strong diel variability (Santdsl., 2009). Aller et al. (2005) found that

much of the bacteria in their surface microlayenglkes were either dead or dying.

An example of known SAS are transparent exopolyereaiticles (TEP) —
phytoplankton excreted polysaccharides (Alldredgs.e1993). TEP are found to be enriched
in the microlayer (Cunliffe et al., 2009b; Wurl aHdImes, 2008); they can also be formed in
the water column (Alldredge et al., 1993) and thegrate with other SAS to the microlayer
(Wurl et al., 2009). TEP can be produced by regidacteria, with production occurring under
UVB stress, this is either through cell lysis oradVB protection (Ortega-Retuerta et al., 2009)
suggesting a direct production mechanism in theatager due to the presence of increased
UVB compared to the underlying water. TEP are poed when dissolved polysaccharides
align via a cation bridge (Alldredge et al., 1993hey are relatively stable, however, with an
increase in concentration they flocculate to aruatsnable size and will aggregate and sink
(Logan et al., 1995). The presence of TEP enrictiimethe microlayer may not however be a
major removal mechanism for trace metals by aggi@gand gravitational settling. As the

microlayer has low attenuation of UVB radiationlafie et al., 1997), TEP (Ortega-Retuerta et



al., 2009) and polysaccharide (Kovac et al. 200@xqlysis rates will increases and as such

there is a decreased potential for their aggregatim removal of trace metals.

1.04 Photochemistry

Bacteria are the producers of fluorescent chromoplgissolved organic material
(CDOM) which originates from non-fluorescent orgamatter derived from phytoplankton
(Rochelle-Newall and Fisher, 2002). CDOM concdidres have been found to be elevated in
coastal microlayers (Hortnagl et al., 2010). Hoerethis may have been due to the large input
in to coastal and freshwater regions of allochthusnmaterial, high in humic substances from
terrestrial sources (Blough and Del Vecchio, 2002ROM is important in the redox cycling of
iron and manganese as CDOM is the initiating chiamooe in the photochemical production of
the redox species, superoxide (Micinski et al.,3t98offett and Zika, 1983; Petasne and Zika,
1987; Voelker et al., 1997) (Equations 1.02 an@).0

CDOM O . CDOM * +e~ Egn. 1.02

e +0, - O, Egn. 1.03

Even when comparing between marine visible (slaid non visible microlayers,
carbohydrates are enriched when compared to thderlying water (Garabetian et al., 1993;
Sieburth et al., 1976). Lipid enrichments in thienslayer has been seen due to the seasonal
affect of biology in the water column (Larsson ket 8974). Polysaccharides derived from
phytoplankton have also shown enrichment in theotager (Kuznetsova et al., 2005), a
component therefore of the microlayer is in therfraf recognisable phytoplankton exudates.
Even when a microlayer moves from region to regi@n,estuary to coastal seawater, the
enrichment of phytoplankton-derived sugars is ptiisent (Compiano et al., 1993). Some
phytoplankton exudates, hydroxycarboxylic acidsrtauet al., 1995) and polysaccharides
(Steigenberger et al., 2010) have been shown tease photoreduction of Fe(lll). On
illumination of natural marine surface waters thema be an immediate production of Fe(ll).
Of this production, 35 % is due to UVB (300 — 318)n30 % in the far UVA (315 — 360 nm)
and 30 % at greater than 360 nm (Laglera and varBdeg, 2007). Within the Gulf of Aquaba
surface waters, the point of maximum concentratioiRe(Il) also coincided with the point of

maximum irradiance (Shaked, 2008).

With a depth of ~ 5@um the attenuation of UVB light in the microlayergbductive

waters is around 1 % (Plane et al., 1997). Tharoogmaterial at the microlayer which absorbs



at 280 to 290 nm is enriched in the microlayer carag to the underlying waters; this organic
material has been found to contain dissolved phenwhterial (Carlson, 1982). CDOM has
been found to contain phenolic moieties (Averetlgt1989) and the absorption of light in the
UV range is the most important for the excitatidoi@anic chromophore (Petasne and Zika,
1987). Following photo excitation of organic chrgphores the free electron produced reduces
di-oxygen forming superoxide (Equations 1.02 af¥B)L(Micinski et al., 1993; Voelker and
Sedlak, 1995). Superoxide will initially react tvidlissolved metal ions and organic matter and
acts as both an oxidant (Equations 1.04) and radu{Equation 1.05), resulting in the
formation of hydrogen peroxide and di-oxygen retipely (Goldstone and Voelker, 2000;
Voelker and Sedlak, 1995).

X*®+0," +2H" - X +H,0, Eqn. 1.04
X¥+0,7 5 X™ +0, Eqgn. 1.05
1.05 Oxidation

Redox cycles in seawater have been shown to oetwelkn superoxide and both
manganese (Hansard et al., 2011) and iron (Buall. e1983; Rush and Bielski, 1985).
Manganese and iron are both biologically impor&aments. However, the manganese
reduced form is somewhat kinetically stable in sgaw(Glasby and Schulz, 1999), due to its
slow oxidation kinetics (Horst and Zabel, 1996;rf&@and Morgan, 1984), whereas the
dissolved reduced form of iron is less stable aithalf life of 2-3 minutes at pH 8. The lifetime
of Fe(ll) in oxygenated waters is related to itesaof oxidation (Millero et al., 1987) and these
rates are variable depending on the ligands prébgii¢ro, 1985). The primary oxidants of
Fe(ll) are di-oxygen (Equation 1.06) and®d4 (Equation 1.07). Competition occurs between
these as too which is the primary Fe(ll) oxidahhis competition occurs at temperatures ~>
20 °C, oxygen at equilibrium saturation with thenasphere, and hydrogen peroxide
concentrations ~> 50 to 125 nM (Croot and Laan22@bnzalez-Davila et al., 2006; Millero
and Sotolongo, 1989; Moffett and Zika, 1987; Saat&@asiano et al., 2006; Voelker and
Sulzberger, 1996). Hydrogen peroxide in seawadsmot yet been shown to produce a redox
cycle, though hydrogen peroxide reduction of Fg(#ifeasible in seawater if the pH is reduced
to approximately pH 7 (Moffett and Zika, 1987). Bquation 1.06 shows the reaction between

di-oxygen and Fe(ll) leads to further formatiorsaperoxide.
0, +Fe(ll ) -~ 0, +Fe(lln) Eqgn. 1.06
H,0, +Fe(ll) - OH" +HO™ +Fe(lll ) Eqn. 1.07
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The rates of Equations 1.06 and 1.07 are both teahype and pH dependant, both rates are seen
to linearly increase from pH 6 to pH 8 (King et 41995; Millero and Sotolongo, 1989; Millero

et al., 1987; Moffett and Zika, 1987). An importémrd oxidant of Fe(ll) is the hydroxyl

radical, (Rose and Waite, 2001), this has a redjtikigh rate of reaction, 5.0 x%®™ s but

due to the non-specific reactivity of the hydroratlical its concentrations are generally low

within aquatic environments.

The oxidation of Fe(ll) can be either inhibited (&4 and Brezonik, 1981; Rijkenberg et
al., 2008; Shaked et al., 2004; Steigenberger.,e2@10) or enhanced (Santana-Casiano et al.,
2000) by organic material. In coastal waters,aliss] concentrations of iron are high due to
the proximity of the terrestrial inputs. Humic stdnces have been shown to reduce Fe(lll)
(Skogerboe and Wilson, 1981). The dissolved camagon of iron can also remain high in the
absence of oxidants, whilst simultaneously comméatween Fe(ll) and organic material may
have a higher stability and longevity (Rose andt&/&003a). Organic material from diatom
exudates has been shown to increase the residemeeftFe(ll) in oxygenated seawater
(Rijkenberg et al., 2008; Steigenberger et al. 20T he residence time of Fe(ll) can also be
increased through increased Fe(lll) reduction ratélse presence of light. The increased
reduction rates are caused by an increased phaticdigoroduction of superoxide from those
exudates (Steigenberger et al., 2010), or thromghaease in the concentration of Fe(ll)
specific organic ligands (Roy et al., 2008). Thesence of biology therefore plays an indirect
role in controlling the mechanism of the increasegidence time of Fe(ll) in surface seawaters
and around neutral pH lake waters. At temperataresnd 25 °C the half life of Fe(ll) in
oxygenated waters, low in hydrogen peroxide is etqueto be less than 2 minutes (Millero et
al., 1987). However, Fe(ll) oxidation rates meadun algal-enriched lake water were 30-fold
slower than Fe(ll) oxidation rates in the watemalodemonstrating the potential for indirect
Fe(ll) stabilisation by lake phytoplankton exudaigbaked et al., 2004).

1.06 Reduction

The products of the superoxide reactions are ilkaly to oxidise reduced metals due
to their abundance, with oxidation by di-oxygerlit$orming a superoxide. Oxidation of Fe(ll)
to Fe(lll) and also Cu (I) to Cu (I) are througkactions with di-oxygen and hydrogen peroxide
(Barb et al., 1951; King et al., 1995; Moffett afi¢ta, 1987). When a reduced metal reacts,
with di-oxygen it will then form the metal oxidisspecies and superoxide, as seen with iron,
Equation 1.06. Hydrogen peroxide oxidation wilbguce a hydroxyl radical and hydroxide ion
(Equation 1.07), with the hydroxyl radical alsodiging a reduced metal (Equation 1.08).
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M™ +OH - M +OH" Eqn. 1.08

As well as the mechanism of photochemically produsigperoxide in the reduction of
oxidised metals, there is also a direct photochahneaction initiating a ligand to metal charge
transfer (LMCT) (Equation 1.09). For iron this damat either the surface of iron (hydr)oxides
(Faust and Zepp, 1993; Waite and Morel, 1984) arganically complexed Fe(lll) (Barbeau,
2006; Barbeau et al., 2003).

ML +hvO YT o M™ + L Eqn. 1.09

In waters exposed to light, a decrease in theafabgidation of Fe(ll) may therefore be
due to either a stronger photo reduction of Fe@ila stabilisation of Fe(ll) by organic
compounds. However, certain estuarine Fe(lll) imgaerganic ligands are not susceptible to
ultra-violet degradation and as such infer a cathstability of Fe(lll) complexes in estuarine

and maybe freshwater systems (Rijkenberg et 2060
1.07 Hydrogen Peroxide

Hydrogen peroxide is important in the redox cyglof trace metals: Iron — this is
termed the Haber-Weiss process (Haber and Wei82)1®anganese (Sunda and Huntsman,
1994) and copper (Zafiriou et al., 1998). Withatural waters the main form of production of
hydrogen peroxide is through the photo-excitatibaroorganic chromophore (Equations 1.02)
(Petasne and Zika, 1987). The excited chromopteaets with di-oxygen forming superoxide
(Equation 1.03). Superoxide will then dispropartite to form hydrogen peroxide. The
disproportionation of superoxide can be catalysetedox reactive substances, including
inorganic (Rush and Bielski, 1985) and organicatiynplexed (Bull et al., 1983) iron; inorganic
(Zafiriou et al., 1998) and organically complex&tbélker et al., 2000) copper, other metals
such as manganese (Hansard et al., 2011) and Inartg@aic material (Goldstone and Voelker,
2000). Uncatalysed disproportionation will occig@ation 1.10, O'Sullivan et al (2005))
though its rate in seawater at pH 8 will be slowf{Zou, 1990). If superoxide should
eventually attain a sufficiently high steady-sted@centration in seawater then it will have a
direct effect on reduction and oxidation of metaisl set up redox cycles, such as with iron
(Miller et al., 1995; Voelker and Sedlak, 1995).

O, +0, 0% - H,0,+0, Egn. 1.10
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As well as abiotic production there is also biddadjproduction of hydrogen peroxide
(Vermilyea et al., 2010; Yuan and Shiller, 2004)stis more important in the dark by keeping a
steady state concentration present. From measuatsmiphotochemical production in coastal
marine waters, O'Sullivan et al. (2005) found that majority of hydrogen peroxide production
occurred at wavelengths less than 340 nm, the Vak &hd UVB range, both of which are
minimally attenuated at the microlayer (Plane gt1897). Both hydrogen peroxide and
superoxide, and their cycling, are primarily iniéd photochemically and are involved in the
redox cycling of iron (King et al., 1995). The oedreactions between a metal and hydrogen
peroxide when used to catalytically oxidise orgalimpounds are collectively termed Fenton
chemistry (Walling, 1975), though this is usualdgaciated with reactions with iron (Equations
1.11 and 1.12).

Fe(ll)+H,0, — Felll )+ HO +OH" Eqn. 1.11
Fe(lll )+ H,0, - Fe(ll)+OOH +H* Eqgn. 1.12

The rate of reduction of Fe(lll) by hydrogen pedxis slower than the opposing oxidation
reaction (Barb et al., 1951). For a systems tmrad semi-equilibrium state the concentration of
Fe(lll) has to be sufficiently high.

With out a continued source of superoxide thetlimgireactions on the oxidation of
reduced metals are those with di-oxygen and hydrpgeoxide. Redox cycles are set up with
superoxide (Voelker and Sedlak, 1995) and may oethrhydrogen peroxide (Barb et al.,
1951) but this is only when the seawater pH isicieffitly low, ~ pH 7 (Moffett and Zika,
1987). The main known pathways for the productirand increased residence time of, a
reduced metal are the direct photochemical reda¢timugh a LMCT and then indirectly by
the photochemical production of superoxide.

1.08 Ozone

Ozone is an important gas in the higher-atmospa®ieis absorbs UV radiation
decreasing the levels received at the surface.n®goncentrations increase with height and the
lowest are seen at the surface, ~ 33 ppbv (Lele, @08©9), 10 — 15 ppbv (Harvey and Springer-
Young, 1988). The primary source of ozone to theahayer is through dry deposition
(Garland et al., 1980). Ozone will not directlyidige trace metals due to its reactivity with
halogens, bromide and chloride (Grguric et al.,20%hd especially iodide (Garland and Curtis,
1981; Thompson and Zafiriou, 1983) and natural migmaterial (NOM). However,
atmospheric concentrations of ozone have beenasitrg over the last 30 year, between 0.05
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and 0.68 ppb per year (Lelieveld et al., 2004), iagyease in deposition at the surface
microlayer may also increase the redox activityrate metals. The preferential ozone
scavenging in circum-neutral, low ionic waters ysdoganic material and leads to the oxidation
of the organic material and the formation of anrede radical (Equation 1.13) (von Gunten,
2003).

O, + NOM - NOM"+0O; Eqgn. 1.13

Ozone reactivity with the constituents of watecdrees inhibited when the resultant
products do not liberate further superoxide, resulproducts can include fractions of organic
material and carbonate/bicarbonate (Buxton efl@B8). At pH > 8 the ozonide will
disassociate to free-oxygen and di-oxygen (Equdti@d) with the free-oxygen reacting with
water to form a hydroxide radical and ion (Equatloi5) (von Gunten, 2003).

O, -« O +0, Eqgn. 1.14

O +H,0 - OH +0OH" Eqgn. 1.15

However, the main mechanism of ozone decompodtnitmation reactions) is by
hydroxide ion initiated decomposition (Weiss, 19&&)ding to the formation of the

hydroperoxyl radical and di-oxygen (Equation 1.16).
O,+0OH - HO, +0, Egn. 1.16

The hydroperoxyl will then react with an ozone fargithe hydroxyl radical, superoxide and di-
oxygen (Equation 1.17) (von Gunten, 2003).

O, +HO, - OH +0; +0, Eqn. 1.17

The hydroperoxyl conjugate base is superoxide amehwhey combine they form hydrogen
peroxide and di-oxygen (Equation 1.18) (Bielskif&9von Gunten, 2003).

HO,+0;” - H,0, +0, Eqn. 1.18

Both hydrogen peroxide and superoxide can setdigxreycles with trace metals as shown

previously.

These initiation reactions are important in seawahd above neutral lake waters due to
the increased pH. The products of ozone decomgoskiydrogen peroxide and its precursor,
superoxide, will be involved in redox cycles ofdeametals, such as iron. The superoxide is the
initiator in the production of hydrogen peroxidadaacts as both an oxidant and reductant in the
redox cycling of soluble trace metals. There searcity of information regarding the effect of
ozone and the products it forms on the cyclingad¢ metals within an environmental

consideration of marine and fresh waters. To astbeseffect of ozone at the surface microlayer
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the known photochemical reactions with organic miatdeading to the formation of ROS, can
be used as a modelling construct. This model lvan be used to interpret results from within a

laboratory study measuring the production and agatif ROS and potentially reduced iron.

1.09 The Research Revisited

The body of work relating to trace metals in nat@gqueous media is not exhaustive but
it is large. Since 1980, there has been less2Bgmublished works on trace metals in the
surface microlayer, some but not all of the meabuvesults are in the Appendices, Table A1.01.
This work aims to expand the knowledge of the eygebf ROS and trace metals, especially iron
in not only the microlayer but also in the lacustrand marine environments. Figure 1.01
shows a conceptual model of the sources and congahfluences of ROS and metals in the
surface microlayer. Chapter 2 of this work, intpdetails the work on the set-up of an
inductively coupled plasma mass spectrometer (ICH-fdr the measurement of the dissolved
fraction, from within freshwater samples, with higital dissolved solid loadings, and for the
measurement of manganese and total iron from wibawater. The experimental work
measures hydrogen peroxide and Fe(ll) using aifigection analysis chemiluminescence
system with luminol. The analytes were measurebigsimultaneously at 22 s intervals using a
dual-analyte set up; the development of this methad Chapter 3.

The fieldwork (Chapter 4) follows the developmehtissolved trace metals within the
microlayer and underlying water through the sealsoyde of a lake. As a multi-element
approach the analyses of these samples is by €. Both the concentrations and
calculated enrichment factors are used to distesssfationships between the dissolved phases
of the relevant metals. The result from this fiebdk is unique in relationship to microlayer

research.

The relationship between hydrogen peroxide ant)Reithin the microlayer is
developed further. This work entails three setexgferiments: i) The addition of artificial
particulate phases of aluminium, manganese andarphotochemically active model marine
microlayer systems; ii) the effect of differemaidiating wavelengths on production and loss of
hydrogen peroxide and Fe(ll) and iii) the affecatmospheric ozone concentrations on
hydrogen peroxide and Fe(ll). Experimental worksiders the model marine microlayers over

a short-term (< 1 hour).
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Figure 1.01. Conceptual model of the sources anttalling influences of ROS and metals in
the surface microlayer. POC — particulate orgaaion; DOM — dissolved organic matter.

With respect to Figure 1.01 there is one factorcituontrols the composition of the
microlayer, organic material, and three factorsalvhihay control the cycling of ROS and
dissolved trace metals in the SML, particulatedhtliand Q. This thesis will consider each
separately under specific working hypothesise€ain the seasonal progression of biology in a
lake system effect changes to the concentratiorearidhments of dissolved trace metals in the
SML; ii) Will the addition of an artificial partidate affect the cycling of Fe(ll) and ROS in a
photochemically active model SML, and will this ®m act to reduce from the particulate
phase soluble ions of iron or manganese; iii) Easure the extent changes in irradiating
regime has on the kinetics of Fe(ll) and ROS;Dwegs atmospheric {produce and is there a

subsequent cycling of, ROS and iron within a m@&@ML.
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Chapter Two

General Methods
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2.00 Introduction

This chapter introduces the laboratory protocoéduduring washing and handling
equipment. It also describes the inductively cedplasma (ICP) techniques used for the
analysis of fresh (Chapter 4) and seawater (Chapter7) samples. It then continues with an
explanation of the techniques used for the anabfsascillary samples for the broadwater work
(Chapter 4). The development of the flow injectamalysis chemiluminescence (FIA-CI)

system using luminol is described in Chapter 3.

2.01 Trace Metal Equipment, Cleaning and Sample Halling

2.01.01 Equipment Washing

Where trace metal analyses was the ultimate gbafjalpment was washed using a
specific regime. The majority of equipment forceanetal work was made from high-density
polyethylene (HDPE) recommended by Batley and Gar{it977). The exceptions were
borosilicate glass and polytetrafluoroethylene (B)l&sed for the surface microlayer screen and
plate samplers, respectively; pure quartz glasg fmehe seawater photochemical experiment
vessel and polypropylene centrifuge tubes. Théritege tubes were used to analyse samples
by ICP-optical emission spectroscopy (OES) and m@&3s spectrometry (MS). The four
material exceptions still followed the same clegniegime as HDPE plastic. However, the
centrifuge tube caps were cleaned separately inHOW. A polysulfonate filtration unit was
also used for filtration of samples but this wassed with 1 M in-house quartz-distilled (qd)
HCI later superseded by in-house double qd HBI@I then Purtite ultra pure water (UPW).

The cleaning of equipment for trace metal work ¢sted of three sequential baths;
equipment would spend a minimum of 5 days soakinggich. There was an initial cleaning in
5 % Decon 90 to remove excess plasticisers, thpegmt was then placed in a 6 M, Fisher AR
grade, HCI bath to remove organic based contansremd a final soak in a 2 M, Fisher AR
grade, HNQ bath to remove the trace metal contaminants. r &fieh bath, there were at least
three rinses in UPW. Following washing, bottlesev&ored containing UPW acidified to less
than pH 2, with qd HCI later superseded by gd HNBottles and laboratory equipment were
stored double bagged in acid washed, re-sealabfethglene bags. Sample handling and
processing, wherever possible, was undertakerciasa 100 laminar flow hood (Bruland et al.,
1979).
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2.01.02 Filtration and Storage

Freshwater samples were filtered and acidifiediwittvo hours of sampling. The
filtration of samples for trace metal analysis wWa®ugh a polysulfonate vacuum unit; the pvc
o-rings were rinsed with 1 M qd HCI followed by UPh&fore unit and o-rings were left to dry
in the laminar flow hood prior to storage. Whatn@a2um track-eteched isopore polycarbonate
filters were used to separate the required factibme filters were soaked in acid-cleaned
polystyrene culture plates containing 1.0 M qd H@i five days, before storage in UPW,
similar to Planquette et al. (2007). Vacuum ftia of all samples was undertaken at -15 kPa.
The low suction pressure prevents the rupture gfgutankton cells which, either release their
trace metals or increase the dissolved organicrmab{®OM) fraction. Using a 0.2 pum filter
will also remove most bacteria and other organi@rsept viruses). Samples were acidified to
less than pH 2, in order to prevent metal sorptitocontainer walls. Bottles were finally stored

double bagged.

2.01.03 Dilution and Standard Additions

Sample dilutions and the additions of standard$@&-OES and ICP-MS work were
undertaken using a Varian SP55 autodilutor, whsatoupled to the ICP-OES. For FIA-CL
work they were undertaken manually. Standard emiditare a form of calibration where a
known quantity of an analyte is added to a sampdethe measured response is compared to a
sample with no addition. The internal calibratimethod was used on those samples where a
rotational matrix effect occurs; rotational effacises when the size of the signal derived from a
fixed concentration of the analyte is affected byeo constituents of the test solution (Ellison
and Thompson, 2008). In terms of the calibratf@nglope is affected rather than the intercept.
ICP work was carried out using a suite of additioith a repeated zero addition sample.
Blanks were calculated through the measurementeofdncentration of the dilutant (this was
then corrected for volume of the addition to theagke) and a repeat measurement of UPW and
a standard addition for the addition blank (thiswlaen corrected by the number of counts for
UPW measurement). With respect to the standarii@as] a blank can be more easily

calculated by repeating the lowest addition stashdar
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The calculation of the concentration, sample gfeguation 2.01) and limit of detection
(LOD) (equation 2.02), were taken from Miller andllbt (1993); the concentration is given by

the ratioa/b ; intercept @) to the slopelf) taken from the linear calibration.

Se=—2{=+ Eqgn. 2.01

Sy/xis the sum of squares of the y-residuals, the idiffee between the measurgdand the

calculated value$/ using the regression line.

1
Z(Yi -V, )2 2
Sy/x = lT Eqn 2.02

n is the number standard additions made, includarg additionsy is the mean of the

machine output values for the standard additionis, the concentration of each standard

addition, X is the mean of the concentration values. The LOfhiee times the error of the

zero addition standard as calculatedy.

2.02 Broadwater Chlorophyll-a

Chlorophyll-a (chk) samples were collected using a niskin bottle barad winch and
stored in 2 L polycarbonate bottles; for approxihatwo hours prior to filtration. chl
analysis was of known volumes filtered through dF3#ter at low vacuum (3 replicates). The
GF/F was then wrapped in aluminium foil and staxeeB0°C. 24 hrs prior to analyses
scintillation vials were rinsed with 90 % acetotiesn a further 20 mL of 90 % acetone was
added. Sample filters were removed from the fregegroups of 10 and placed directly into
the acetone, the caps were replaced and the sahgpitys shaken. The pigments were left to
extract from the sample for 24 hrs at 4°C in thikdafter 24 hrs the samples were analysed in
batches of 10 at a dilution factor of 100. Phagwrents were analysed in the broadwater
samples by adding 2 drops 10 % HCI, which knockdloeicentral magnesium atom in the
active chlorophyll-a. A Turner Machines 10AU floomneter was calibrated using dilutions of
pure 1 mg [} chla standard (Sigma). Measurements were taken at6830,665 and 750 nm,
and at 665 and 750 nm following acidification, teading at 750 nm was used as the blank for
both the direct chl and phaeo-pigment measurements. The mean retasindard deviation
(RSD) of replicate samples was 7 % (range 1 — 18 Phg calculation (Equation 2.03) for the

chlo. concentration was based around that of Lorenze®i7(1
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chla=Fd Z (U - A)Vld Eqgn. 2.03

where

Fd is thex of (M] i
absA

Z= Y where)Y isthex of (absui ]
absA

U is the absorbance of the unacidified sample &tré6 corrected for the blank at 750 nm and A
is the absorbance of the acidified sample at 66Eomected for the blank at 750 nhis the
pathlength of the cell (cmy.is the volume (mL) of 90 % acetone used ¥rnd the volume

(mL) of the filtered sampla] is a correction for the dilution of the filteredmsple.
2.03 Metal/Species Specific Analytical Techniques

Two techniques were trialled to allow for a corraddamn of ICP-MS results from
samples derived from experimental work (Chaptersr), for the measurement of Mn(ll) and
aluminium, however, these were not used. A spphtitometric technique for the analysis of
Mn(Il) (Ji et al., 2009) was not found to be semsienough. The spectrofluorometeric analysis
of a micelle enhanced aluminium-lumogallion compléas not implemented during the course

of running the experiments due to time constraints.
2.04 Inductively Coupled Plasma Mass Spectrometry

The potential for analysis of trace nutrients imeous solutions by inductively coupled
plasma mass spectrometry (ICP-MS) was first sutagssealised by Houk et al. (1980). The
ability of the technique to undertake rapid mulareent analysis to sub-nanomolar / ppt levels
has been its most important contribution. Seawatdrhigh ionic matrix freshwaters have
however been difficult to measure on the ICP-MS tdugotential low concentrations and the
formation of polyatomic interferences; formed frpnecursors in the plasma gas, entrained
atmospheric gases, water, acids and sample matrang and Giglio, 1993). Techniques have
been developed to overcome interferences; the mathod has usually been through the pre-
concentration and subsequent matrix eliminatioh wiilumns containing, for example, 8-
hydroquinoline immobilised on a silica stationahape (Sturgeon et al., 1981). The pre-

concentration technique was first applied in ICP-Mfalysis by McLaren et al. (1985).
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Another sample manipulation method of note fordraetal analysis by ICP-MS has been co-

precipitation and isotope dilution with Mg(OHMWu and Boyle, 1997).

Developments to the ICP-MS hardware itself have been used to remove polyatomic
interferences allowing for the analysis of high nxasamples. The techniques include: using a
high-resolution (HR) mass spectrometer (Feldmarai. £1994; Giessmann and Greb, 1994); a
gas to promote collisions on larger polyatomic iiaslen et al., 1997); a reaction gas (Louie et
al., 2002) and kinetic energy discrimination (KE¥pmada et al., 2002). The available ICP-
MS has a quadrupole, which can be used in a senmirbi&e (it is not a true high resolution
instrument) whilst using collision cell technolo@yCT). The CCT can utilise both reaction and
collision cell gases and can produce a KED biawédet the collision cell and the quadrupole.
With the ICP-MS able to use these techniques,(aaryrialled at the university), an expected
large number of samples without a sufficiently agjean area in which to either chemically
remove the matrix or concentrate the analytesalteeations to the machine configuration were

favoured to reduce the effect of interference ions.

2.04.01 Inductively Coupled Plasma Multi-Element Tehniques

Two multi-element ICP techniques were used to aalsesh and seawater samples: the
instruments used were a Varian Vista-Pro, ICP-OfitbaaThermo X-Series 1, ICP-MS. Both
techniques use a similar sample input method poigynisation. An auto sampler with a Teflon
coated probe selects the sample, which is thesfeaed by means of a peristaltic pump, with
Accu-rated PVC tubing. For the ICP-OES the sampéxts through a sea-spray nebuliser
(2 mL min?) into a cyclonic spray chamber (50 mL volume) befihe suction from the plasma
draws the finer mist particles in. The ICP-MS atgesample through a micro-mist nebuliser
(0.14 mL min') into a cryogenically temperature controlled impaead nebuliser before the
suction from the plasma draws the finer mist pkasian.

To form an ion requires that at first plasma isdueed with which to ionise it. The
plasma used is an ionised argon gas. The ionmsptmcess commences by arcing an electrical
discharge, from a tesla unit, through the gasefsure constant plasma, an electromagnetic
field is used to continually charge particles whilsan collide with those formed during the
initial ionisation process. A radio frequency (Rfénerator is used to produce the
electromagnetic field. The RF generator runs ei#hd0 MHz (ICP-OES) or 27 MHz (ICP-
MS) around the end of a silica glass torch. Asstmaple is directed into the centre of the

plasma from behind it initially desolvates, thewaporised, atomised and finally electrons are
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stripped in the ionisation of the analyte. The tweasurement techniques used during this work
consider very different specific properties of an.i ICP-OES measures the intensity of the

light emitted at a specific wavelength, producedrduionisation. To measure the

concentration of an analyte the ICP-OES uses ay afrsemiconducting photodetector charged
coupled devices to read the light formed duringitimésation of an element. The intensity of

the light is related proportionally to the concatitin of the element based on the calibration.
ICP-MS uses a quadrupole mass spectrometer td seléon based on its mass to charge ratio
(m/z).

The ICP-MS (Figure 2.01) ion beam on leaving threlias accelerated, narrowed and
focused before reaching the quadrupole. The beararrowed by a set of nickel cones,
skimmer and sampler cones. The beam is then fdarse accelerated by a sequence of
magnetic lenses acting on the ion beam. A cofligigeaction cell can be fitted at the interface
between the lenses and the quadrupole. The cebbeset so that a flow of a specific gas in and
around the ion beam induces collisions (hydrogédmfimemix) or reactions (ammonia). The
mass spectrometer uses an oscillating RF runnomggadnd between four rods (quadrupole)
which focus the ion bean to a specific m/z. lomgcly are not supported by the oscillating radio
frequency do not run true through the quadrupaid,fly away from the ion beam and therefore
do not reach the collector (nickel, electron muikipdetector). Each collision registers a count,
a time integrated value is then transferred td?@erunning the control and display software.

mass spectometer _ !interface . plasma torch
1T 1
collision / reaction cell
hd
lens2 f{lensl
quadrupole caknh _
detector T Voo
I 4 skimmer",
sampler ', " lionisation .
cone © TOME L pomsaunon ) IlE.hl.lllSEI“
T ok 4 | peristaltic
!_ [ 1 . pump
N - (Ar A Ar |

to vacuum pump sample

Figure 2.01. Schematic of an ICP-MS, adapted fiigpm/iramis.cea.fr/images/astimg/886_2.gif
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All samples for ICP-MS analysis were sampled thloagCetec 500 auto-sampler. The auto-
sampler removed a sample from either Grenier oni@grl5 mL polypropylene centrifuge
tubes. For multi-element analyses, whether udisgdsaird calibrations or when undertaking
method development with standard additions, thedstals were taken from diluted Spectrosol
and BDH certified standards. For dual / tri eletmapethod development and sample analyses,
the aluminium, iron and manganese standards werkiped from serial dilutions of their
respective sulphate salts, AIK®-12H0, FeSQ- 7H,0O and MnSQ@ H,O (99+% Acros

Organics) into pH 1.6 UPW (acidified with double lgtlOs). In retrospect, soluble nitrate salts
should have been used as these have lower polyaiotaiferences than sulphate ions (Louie et
al., 2002).

2.04.02 ICP-MS

The ICP-MS was used to measure freshwater sangMdeas from the UEA Broad, and
seawater samples taken during a series of seaggieriments. During the analysis of the
freshwater samples, the analytical methodologyti®sh continually improved. This work
entailed comparisons of high and standard resolatidhe quadrupole and variations in the
flow rate and type of gas used in the collision.cBlue to these changes, only those samples
analysed with an accurate method, based on theeres of certified reference material (CRM)

from the National Research Council Canada, werd usturther work.

2.04.03  Stability

The stability of an ICP-MS can be affected by bibin matrix of the samples being
analysed and the environmental factors within g housing the ICP-MS. Following
analyses of a suite of broadwater samples, therskimand sampler cones were visually
inspected, a deposit of material was found arobedtifices of the cone. Deposition on the
cones can lead to a deterioration in stabilityhvaétween 5 and 25 % signal loss occurring
within the first 50 minutes, (Williams and Gray,88); one multi-element analysis takes around
6 minutes. Extended wash phases between sampieses some deposits (Williams and Gray,
1988); however, there is still a cumulative effeeer extended runs. The majority of machine
runs involved 60 or more samples and could lashfi@ to 24 hours. The formation of
precipitates is due to the concentrations of tke thssolved solids (TDS) (Jarvis et al., 1997)
and especially the elevated concentrations of matfd/right, 2002). High concentrations of

alkaline earth cations were found following ICP-O&flysis of the broadwater (Table 2.01).
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Table 2.01. Concentration of major cations in tr@atdwater, measured by ICP-OES
mg L* mM
calcium 84 +/-3 2.1 +/-0.07
potassium 2.8 +/-0.16 0.07 +/- 0.004
magnesium 3.3 +/-0.12 0.13 +/- 0.005
sodium 28 +/-1.2 1.2 +/-0.05
strontium 620 +/- 29 7.1 +/-0.3

The TDS loading, attributable to the major catiaas;750 mg L. The major ion TDS
level, though not as high as that advised by Jatvad. (1997) as a safe working limit of 21000
mg L, may still pose a problem if minor ions (trangitimetals) and also organic material were
also included within the TDS. A 1:10 dilution wiagtially chosen for further analyses of
subsequent broadwater samples. This dilution iséwith work by Louie et al. (2002) who
successfully analysed the complex matrix of seavadtthis dilution; the dilution would bring
the TDS concentration to ~100 mg.L

The stability of the ICP-MS was also investigatedrdong (> 4 hours) analytical runs
(Figure 2.02). Whether the instability is duehe tontinued deposition of TDS even with
diluted samples or due to the environmental comaltiwithin the room housing the ICP-MS is
unknown. Though the use of a repeat standardysedlkevery sixth sample, ~ 30 minutes) did
allow for a correction to the signal, the rangéh&f change, + > 25 % and the circumstances
affecting the ICP-MS stability, location, matri¥edts and deposition of TDS were still
considered too detrimental to analytical work unfib enable a recalibration of the instrument
during the analyses of each sample and allow maffect of matrix interference the standard
addition technique was employed. The use of stanaidditions was combined with changes to
the instrument configuration which helped mitigtte effect of polyatomic and isobaric

interferences.
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Figure 2.02. Temporal signal change of a multirelet standard. The closed (analysell 15
March 2008, day time) and open (analyseti Décember 2008, evening to night) diamonds
represents a composite of the mean counts foteaients normalised to their initial values with
the error bars the standard deviation of these ogitgs.

2.04.04

ICP-MS Signal Interference Mitigation

The Thermo X-Series mass spectrometer usuallywithsa quadrupole resolution of

0.8 m/z units, the instrument has the capabilitinofeasing the quadrupole resolution to 0.02

m/z, though this has a detrimental affect on ti& taumber of counts. CCT is a mechanism

whereby polyatomic and isobaric interference ialesramoved from the ion beam. The

polyatomic interference ions are recombinationsitifer the components of the argon gas and /

or elements within the matrix. Recombined ionslarger than the pure (single) ions and have

a subsequent higher mass to charge (m/z) ratie. CGT gases act on both the difference in

size and mass to charge ratio when removing thgapwhic interferences. CCT gas flow can

be controlled through the cell; gases availablesveehelium / hydrogen mix or a 7 % ammonia

gas. The two gases work in different ways. Thdrdgen / helium mix acts to remove energy

from polyatomic interferences through multiple @tins with the larger interference ions. The

collisions remove energy; this then prevents therfarence ions traversing the quadrupole by

spinning out of the ion beam. The ammonia gagé&aetion gas, on its dissociation in the ion

beam the protons can combine with polyatomic ieterices removing them from the m/z ratio

of interest. As well as removing them from the mindow, they can also act to displace the

interference ions whilst the ion beam is travershmgquadrupole. The Varian X-series ICP-MS
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is fitted with a kinetic energy discrimination (KERmp, the KED jump is a negative bias
between the collision cell and quadrupole masstspeeter. Recombined interference ions
with lower energy (higher m/z ratio) than pure ¢&) ions do not have the impetus to pass the
KED bias. These tools, high resolution, a collisgas, 7% He/kat a flow rate of

6.5 mL min® and the KED, were applied to the ICP-MS configorato enable analysis of
broadwater freshwater samples. Combined with theséguration changes were a 1:2 dilution

of the freshwater samples and a 1:20 and 1:40ahlulf the seawater samples.

2.04.05 Analytical Blank

The analytical blank for the analysis of the ditbsamples is a standard addition series
based in ultra pure water (UPW) acidified to ~pHi this signal incorporates that from the
UPW dilutant, the acid and the background sigmaitial work was undertaken using a non-
specific cleaned container and AR grade HN@ed to bring the dilutant to ~pH 1.8. This was
subsequently changed to a trace metal cleanedh\assdouble quartz-distilled HNO The
reason for the change in protocol was highlightdiddving an analysis of a 10 and 0.1 ppb
spiked broadwater and also SLRS-4 which showed Ihigghk values (analytical set up, He/H
CCT gas at 3.5 mL mihin HR mode). The results for the blank signahgshe clean
container and the subsequent calculated limitetéaion (LOD) are shown in Table 2.02. The
blanks and LOD were measured in HR mode with H/IGd @as at 6.5 mL mihand the KED
bias in place. LOD were calculated for UPW dilutgth the acidified UPW (dilutant).

Table 2.02. Analytical blanks and limits of deiec

blank RSD LOD

nM % (n=6) nM

Al 140 + 42 30 126
V 21 + 17 80 50
Mn 0.5+0.3 60 0.9
**Fe 24 +3 13 9.4
= 26 +3 12 9.6
Ni 14 +2 18 7.3
Co 0.1 +0.03 28 0.1
%Cu 9+2 20 5.6
%Cu 11+3 23 8.0
As 0.9+0.3 31 0.8
cd  0.7+0.05 8 0.15
Hcd  0.6+0.06 9 0.18
20tpp, 4+04 9 1.1
20tpp 4+05 13 1.6
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2.04.06 ICP-MS Accuracy — CRM Recovery

The result for a repeated analysis of SLRS-4 withdonfiguration which was applied to
the broadwater samples is shown in Table 2.03s d¢tmfiguration used the quadrupole in high
resolution with H/He CCT gas at 6.5 mL rliand a KED bias between the CCT cell and the
guadrupole. Samples were diluted to factor of E8ur elements were unable to be accurately
measured, these were vanadium, nickel, cadmiunteanld The recoveries for aluminium,
manganese and arsenic were within 10% of the isettvialues, with less than 10% RSD (n =3).
Copper and iron using two isotopes were within d%e certified values with the RSD on the
iron analysis less than 10% and on the copper sisal$p%. Cobalt measurements where within
range when the error is factored in, however, gwevery was high, 140%, also the RSD was
poor >40%; results should be handled with caut®thay are affected by noise within the ICP-
MS. All elements successfully recovered have tresipective LOD, calculated as three times
the standard deviation of an acidified UPW sambplank), below the certified concentration in
SLRS-4.

Table 2.03. SLRS-4 results from final instrumemrtfigguration. Only those elements in black
(successful recoveries) were considered for funbaak, those in grey were not used.

certified measured recovery RSD blank LOD

nM nM % % (n=3) nM nM
Al 2001 + 150 1892 + 135 106 7 140 126
vV 6+1 12 + 11 193 96 21 50
Mn 61+3 64+4 105 6 0.5 0.9
**Fe 1844 +90 2123 +187 115 9 24 9
>Fe 1844 +90 2141 +195 114 9 26 10
Ni 11+1 32+7 292 21 14 7
Co 0.6+0.1 0.8+0.3 140 41 0.1 0.1
®Cu 29+1 25+ 4 88 15 9 6
®Cu 29+1 29+1 101 14 11 8
As 9+1 8+0.3 90 3 0.9 0.8
cd 0.1+0.01 0.3+0.1 337 36 0.7 0.1
Hied 0.1+0.01 0.8+0.1 758 15 0.6 0.2
20tpyy 0.4 +0.01 20 £ 2 5040 15 4 1.1
20tpp 0.4 +0.01 18+4 4562 20 4 1.6

2.04.07 CRM Recoveries as Correction Factors

A small suite of earlier broadwater samples wete tbhave their measured
concentrations corrected through a second anabfseseries of samples collected on th8 19

March 2008. These samples had been analysed wmaléCP-MS configurations; initially
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analysed as a 1:10 diluted sample with an extealdiration and again analysed as a 1:2
diluted sample with the H/He CCT gas at 6.5 mLmidR mode and KED jump, as per the
successful recovery of the CRM, SLRS-4. The meabkaoncentrations were compared
through a one-tailed Fisher F-test, with the nypddthesis (k) indicating the results are due to
random scatter. The;hvas true for aluminium f = 268 (p>0.99), mangarfes@1 (p > 0.99),
and>®Fe, f = 81.7 (p > 0.99). Further information oe tfalculation of the correction is given in
the Appendices, Section A4.01.

2.04.08 Method for Seawater Experimental Samples

The analysis of seawater following experimentalknaitially attempted to analyse for
all dissolved elements as in the freshwater analystwever, low limits of detections and
good sensitivity were essential in the work to bke@o measure changes in the soluble fraction
(0.2 um filtered) due to the chemistry. The method tfe@eeconcentrated on aluminium and
manganese as initial experimental trials were todrelucted with the addition of particulate
phases of aluminium, manganese and iron; reduoadnas to be measured on a FIA-CI system
(Chapter 3), though total iron values for each expent were to be measured on the ICP-MS
with expected high concentrations. Aluminium thiounpt certified in the CRM CASS-4 was
measured with the aim of measuring a precise valowgver, this was not achieved so
therefore only manganese was measured from expaahsamples.

Comparing between the ICP-MS using Nhd H/He CCT gas (1:20 sample dilution)
and ICP-OES (1:10 sample dilution) measuring ddu@ASS-4 using standard additions shows
that the best method would be to use the ICP-M8 WiHe CCT gas at ~6.5 mL mitrin HR
mode and incorporating the KED to aid in the renho¥anterference ions to measure the
manganese (Table 2.04). The method provides theskoblank and a comparable LOD to the

NH3 gas whilst the accuracy and precision were b#tter the NH gas.

Table 2.04. Comparison of techniques for recoe¢manganese from within CASS-4
certified = measuredrecovery RSD blank LOD dilution
nM nM % % nM nM  factor

H/He CCT gas 50.6 + 3.5 51+ 3 101 (n=4) 6 0.2 1.3 20
NH; CCTgas 50.6+3562+11 123(n=5) 18 1.4 09 20
OES 506 +3.552+9 103 (n=5) 17 2.2 6 10

The analysis of seawater samples for total iron uvakertaken on an ICP-MS using 1:40

dilutions and standard additions. The correspand@covery of the National Research Council
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of Canada, certified reference material, CASS-B¢g@d concentration, 25.8 + 2.0 nM, was,
following the blank correction, 106% and was meedgwat 28 = 4 nM (n =3), 15 % RSD. The
blank was measured at 14.8 £ 0.09 nM with a comedimg limit of detection (3 » of 3 ultra
pure waters) of 0.3 nM.

2.04.08 ICP-MS Final Configurations

For both multi-element freshwater analysis andii@nganese total iron for the seawater
experiments the ICP-MS was used in HR mode. Thé R4tl a 7% H/He collision gas at flow
rates of ~6.5 mL mifand between the CCT cell and quadrupole a negéfi2 bias was set.
The freshwater samples were diluted to a 1:2 whédsivater samples were diluted to 1:20

(manganese) and 1:40 (total iron).
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Chapter Three

Flow Injection Analysis Method Development
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3.00 Introduction

The flow injection analysis of luminol chemilumirmesice has been used for many years,
since Seitz and Hercules (1972), for the measureofesoluble iron (II). The system’s ability
to measure in real time makes it a good analytawifor short-term (< 1 h) experiments. This
chapter details the work involved in compiling #gepuipment and enabling it to measure, quasi-

simultaneously, two analytes, hydrogen peroxideFea(dl).

3.01 Flow Injection Analysis - Chemiluminescence Wi Luminol

The FIA-Cl method utilises the chemiluminescenctiofinol as the means of
measuring the concentration of hydrogen peroxidkim (11) in agueous media. FIA-CI can
measure a range of analytes, especially the recipmsades of transition metals;
chemiluminescence occurs when the reduced fornredax pair is oxidised, (Cu(l) / Cu(ll)
(Coale et al., 1992), Co(ll) / Co(lll) (Sakamotordtd and Johnson, 1987), Fe(ll) / Fe(lll)
(Seitz and Hercules, 1972), Mn(Il) / Mn(1V) (Doi &t, 2004)). In order to induce luminol
chemiluminescence, a reduced metal e.g. Fe(ll)§&ops 3.01 to 3.03) or for &, analysis
Co(Il) (Equation 3.04) (held in the luminol reageistoxidised. These oxidation reactions
produce hydroxyl and superoxide radicals. Fe(ll) exidise when mixed with the luminol

reagent within several hundred milliseconds (Kihgle 1995; Rose and Waite, 2001).

Fe* +0, - Fe* +0;” Egn. 3.01

Fe* +0,  +2H"* - Fe* +H,0, Egn. 3.02

Fe” +H ,0, - Fe* +OH" +OH " Egn. 3.03
co(ll) . JH0 .

H,O0, - 20H ~ OH" - O, +H,0 Eqn. 3.04

OH"®

The following luminol reaction sequence (Figurel3.i@ adapted from Rose and Waite,
(2001) and Merenyi et al. (1990). The radicaldpaed from the metal oxidation react with the
luminol negative ion, held in an alkaline mediurniing a luminol negative radical; either

through primary or one electron oxidation (Figur@l3 stage 1).
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N
| + H,0
N

NH, (0]
H . [:::f:::]:: :
OH )
-
(0]
NH, (0]

2—2

-(H")

2=—2

Figure 3.01, stage

The luminol negativiradicals, (L, LH) can then pass through one of two mechan
to form the alpha-hydroxjaydroperoxide ¢hhp) intermediate. The first pathway (Figure 3

stage 2a) occurs for luminol that is present a®aaganion (I7), and involves the oxidation |

superoxide to thehhp intermediate

N~ o N
N~ N

o (H*)-O OOH

NH, o]

Figure 3.01, stage

The second pathway (Figure 3.01, stage 2b) caoralsbth the monoanion ai
undissociated forms of the luminol negative radarad requires a secondary oxidant, agair
instance OH The diazaquione (L) forms by either rapid recombination of bimminol radicals
(L™, LH") or more slowly from the reaction of the luminobnoanion with molecular oxyge

(Merenyi et al., 1990) Diazaquinone then reacts with monodissociateltdgen peroxid

(HOy) to form theahhp intermediat:



NH, (o]

lil'-(H+)
N~ NH, o) NH,
o) N  HO; N
—_— | —=» I
NH, 0 oxidant N N
T' (0} (H*)-O0 OOH
N-
O +H,0

Figure 3.01, stag2b

Theformation of theahhp is the key stage in luminol chemiluminesce(Merenyi et
al., 1990). Thexhhp intermedial deprotonates to either an undissociated or monm forms.
These forms then decompose to aminophthalate , gas (Figure 3.01, stage 3). Howeve
is only the decomposition of the monoanion to rsugd state which leads to the excitation

chemiluminescencde(iksen et al., 19¢;, Merenyi et al., 1990;)chida et al., 200).

NH, (0] NH, ﬁ
C—0O"
N
I!!I —lp + N, (+hv)
(I:=O
+)—
(H ) (0] OOH OH

Figure 3.01, stage

3.01.01 Hardware Configuration

Intensity of luminol chemiluminescence measuremesi® measured on eithe
Hamamatsu (lwata City, Japan) -06 photon multiplier tube or a Hamamatsu-11 photon
counting tube.The photon multiplier tube (PMTmeasures the lumiseenc as a change in
voltage; photons captured on an electrified griganh energ to that gri¢, the subsequent
increase in voltage is then measui The voltage passes to a DGH D1000 interface m

(DGH) (New Hampshire, US; this converts the voltage to ASCll readable format for the |
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running Windows XP. The photon counting tube (P€dynts the number of photons and
passes this directly to the control pc through &28 port. The sensitivity of the PMT is set
manually; the constant voltage across the gridoeafiom 1 to 1250 mV. The control software
was written by the computing support staff in thleaol of Environmental Science at the
University of East Anglia; coding was in MicrosaftVisual Basic 2008. Peak heights were
used during the initial system testing and develepim When the system was operational and
understood and the software had undergone furthexldpment, work continued using peak
area. Peak area is less sensitive to the systi&mgpnd changes to the peak form due to aging

of peristaltic pump tubing. It is therefore a moobust indication of the chemical reaction.

The photon tube housing is a solid uPVC block; ttukls the tube perpendicular to a
glass spiral flow-cell. To prevent light contantina a black plastic (photographic plate) bag
surrounds the block and tube. The lower half eftiag and where the two inlet and single
outlets enter the bag are covered with black ga#flee for approximately 20 cm. 1 mm id
Teflon tubing is used throughout the flow injectgystem except on the waste outlet, which is
of 3 mm id. Connectors are PTFE and supplied byi@niDiba industries, Cambridge, GBR).
Reagent, sample and carrier pump tubes are maaeTiygon ST, Upchurch Scientific
(Washington State, USA) and their flow rates anetimdled by a Rainin 8 channel peristaltic
pump (California, USA). The switching valve is &V - Valco Instruments Co. Inc. (Texas,
USA) 10 way cheminert microelectric valve actuatath control module. The FIA-CL
hardware set up for the dual analysis of analyi#is avreagent carrier (Figure 3.02) is based on
that of King (2000).

Carrier EERLEALIY
Reagent a 220mp
Reagent b 22 lng
Sample B9 mL § mig

pump

“waste

pc = |dgh~= detector

Glass flow
[ ]
- cell

Figure 3.02. FIA, hardware configuration
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3.01.02 Valve Configuration

Analysing single analytes on the FIA-CI systemaidwo plumbing configurations on
the VICI load / inject valve. The configuratiorfidure 3.03) are that of King et al. (1995), and
that demonstrated at IFM-GEOMAR (COST735 funded@YBy Dr. Peter Croot, based on
the set up for KD, analysis by Yuan and Shiller (1999), except withreereased holding loop.
The difference between configurations is wherestiraple and reagent mix. The fast kinetics
of Fe(ll) oxidation when encountering the high pihinol reagent suggest favouring the King
over the Croot set up. This is as mixing withia flow cell occurs directly under the PMT,
where as with the Croot set up mixing commences poithe flow cell. However, if a
sufficiently large volume of reagent / sample (apmmately 700uL) is used for iron (11)
analysis then this negates the problem of the eadgent sample mixing and the loss of some
signal which could be encountered with the Crobupe The King configuration mixes sample
and reagent within the flow cell. In the Croot figaration the reagent passes into the sample
flow stream prior to full mixing in the flow cellThe Croot configuration has more flexibility
than the King system because either an aliquatajent passes into a sample flow stream or
the sample passes into a reagent flow stream. flelibility is useful if there are only small
guantities of sample available. The configuratibthe valves does have some relationship to
the analyte under consideration. The formatiothefhydroxide radical during iron (ll)
oxidation has millisecond kinetics at the pH of lim@inol reagent, pH > 10, (King, 2000).

Carrier in Carrier in

Sample in Sample in

To detector To detector

Waste Waste
out out

Reagent in Reagentin

Sample in Sample in

To detector
Waste out Waste out

To detector

Figure 3.03. King et al. (1995) (top) and Cro@ddleft) /inject (right) valve configurations.
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3.01.03 Luminol Recipe

The luminol reagent requires an alkaline buffearivus buffers have been used, KOH —
H3BO;3 (King et al., 1995; O'Sullivan et al., 1995; Seitmd Hercules, 1972), NaOH (de Jong et
al., 1998), NHOH (King, 2000; Rose and Waite, 2001),,88; (Bowie et al., 1998) and
K>CQO; (Croot and Laan, 2002). The main buffer usedhis work was KCOs; (Croot and Laan,
2002) with some tests carried out using a;8H buffer (King, 2000). The key to obtaining
interference-free fluorescence is optimisationhef pH when the luminol reagent and sample
are mixed. Optimum fluorescence of the mixed sampld reagent occur at approximately
pH 10.5 to 11.0 for fresh water (O'Sullivan et 4895; Seitz and Hercules, 1972) and for
seawater at pH 9.9 (O'Sullivan et al., 1995), thotlgs is also dependant on the valve set up.

3.02 Hydrogen Peroxide Analysis

The analysis of kD, compared to iron (1l) is less susceptible to contetion and
standards are relatively stable. For these reagb@s analyses were used whilst developing
the FIA-CI system and understanding how the systenked with trials on both the PMT and
the PCT. The FIA-Cl method for measuringdd with luminol is based on #D, oxidising
cobalt (I1) which is held in the alkaline luminadlation. The oxidation of Co(ll) by hydrogen
peroxide (see Section 3.01 Eqn. 3.04) producesohidl and superoxide radicals which then
cause the oxidation of the luminol (Figure 3.0Cpbalt (Il) is used as this is the most sensitive
reduced species in a redox pairing ¥k the method was first applied to seawater by Yuan
and Shiller (1999). Their luminol reagent congisté 0.65 mM Luminol in 0.1 M NaC{
adjusted to pH 10.15 with 2 M HCI. A Co(ll) soloti produced from its sulphate salt was

added to the luminol reagent to achieve a finateotration of 6QuM.

3.02.01 BO, Standards

The HO; stock and sodium thiosulphate for its standariisavhere measured
titrametrically as per Vogel (1989). The concetitraof the 6 % HO, stock was 2.63 M.
Primary and working standards were produced thraegial dilutions into weighed, dark aged,
UPW. The primary standard was stored in a browyegploylene bottle at 4°C for up to one
week. Working standards were produced on the fagea During development,B,
standards were periodically checked. The techniigileavs that of Baga et al. (1988) where
H,0; is used to reduce copper (I) in the presencexoéss 2,9-dimethyl-1,10-phenanthroline

(DMP) (Equation 3.05) with the addition of 0.1 Mgsphate buffer to the samples as suggested
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by Kosaka et al. (1998). The copper (I)-DMP comptedetermined spectrophotometrically at
454 nm.

2Cu® + 4DMP + H,0, - 2Cu(DMP ); +O, +2H " Eqn. 3.05

The DMP solution is made by dissolving 1 g of DMiPLDO mL ethanol; this is stored in
an amber glass bottle at 4°C. A 0.01 M Cu(11)SOlution was made by dissolving copper(ll)
sulphate pentahydrate in ultra pure water (UPWHe 0.1 M phosphate buffer was made by
combining KHPO, and NaHPQO, in equal molar quantities and titrating with eitbe5 M
H,SO, orl M NaOH to achieve pH 7. The method involvesibining 1 mL of 0.01 M
Cu(IDSO, and1 mL of the ethanoic DMP solution in a 10 mluweetric flask, these are then
followed by 1 mL of 0.1 M phosphate buffer and &woee of HO, primary standard, volume
made up with UPW.

A comparisons between Baga et al. (1988) (Equakif6) the adapted phosphate buffer
version of Kosaka et al. (1998) (Equation 3.07) #amdugh the serial dilution of the stock
(Table 3.01) showed results were within 3 %. Th®ult suggests that the serial dilutions were
accurate with an operational error of ~3 % durifigtidns and that this method can be used for
the production of working standards with out thguieement for permanent checks.

[H 202] = AAA%SO(V Eqn. 3.06
DA, = £[H,0,10/ ) Eqn. 3.07

DA 4541s the difference between the absorbance of tekldnd the sample, V is the volume of
working standardg, the molar extinction coefficient - calculatedtlas slope of the calibration
based on the volumes of working standard usedtaiddabsorbance. The Baga et al. (1988)

equation has as 1500.mat.cmit implicit within its calculation.

Table 3.01. Measured and calculated concentratmrts,O, working standards
measured RSD

MM %
Baga et al., 1988 97.6 0.41
Kosaka et al., 1998 100.4 0.4
serial dilutions 102.5 0.39
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3.02.02 HO, Development

Production of a first calibration curve was aimédHzO, seawater concentrations,
Atlantic surface waters, <30 — 123 nM, (Steigegbeand Croot, 2008). Figure 3.04 shows an
example trace produced from the PMT, with the isbetving the calibration curve obtained
(based on linear response). The standard rangecaredation indicate that the basic system

was capable of measuring®; concentrations between the 10 s to 100 s nM.
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Figure 3.04. HO, calibration in aged UPW; standards 0, 41, 82,d%5412 nM. PMT trace
using Croot plumbing, (trace lifted directly frolmetsoftware). Sample and reagent flow rates
1.1 mL min?, sensitivity 1250 mV, call rate 500 ms

Within the HO; calibration the sensitivity between UPW basedddaais and the blank
was low. Following Yuan and Shiller (1999) and @rand Laan (2002) the luminol reagent
was held at a pH of 10.2. However, the optimumf@tthe luminol in the analysis ofB,, as
it follows the same mechanism as that for the amalyf iron (1) is approximately pH 11 (Seitz
and Hercules, 1972). When the luminol reagent snxigh a pH 8 medium sample its pH will
decrease. Therefore, the pH of the luminol reaglkatid be sufficiently high that when it
mixes with seawater the decrease should bringkh phat for optimum chemiluminescence,
pH 11. Figure 3.05 shows how chemiluminescenceases for a 60 nM J@, seawater
standard as the pH of the luminol reagent increaSésndards measured at pH < 10.6 were
affected most by fluctuations in the PMT basel@d®6¢ + 0.32), suggesting the sensitivity was
poor. At pH >11.2, the peaks tended to merge wid another. pH 11.2 reagent gave the
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highest sensitivity without the merging of the pealStandards in aged seawater produced

chemiluminescence signals an order of magnituderdalan those in aged UPW.

5 sk $
2
5,0
g 3
sl o
2 -
o $
1 —
0 1 1 1 1 1 1 J
10.2 10.4 10.6 10.8 11 11.2 11.4 11.6

luminol reagent pH

Figure 3.05. pH sensitivity of luminol reagent f&O, analysis. Error bars are the standard
deviations of 8 repeat samples. Solid horizom&l is the mean baseline for the analyses.

Yuan and Shiller (1999) measured a concentratid@0aiM HO, in fresh Milli-Q
water, when left in the dark overnight oxidatioagtons lead to the decay of this hydrogen
peroxide. When operational, the system attempmutedeasure kO, in dark aged UPW and
North Sea seawater via standard additions. Fdr &ibémpts, measurements were below the
limit of detections (LOD), 1.3 nM and 2.3 nM respeely. Limits of detection as calculated
from 3xc of the blank signal are dependant on the lumieagjent, strength and pH, and the
matrix of the analyte and are therefore specifiedgoh batch of luminol produced and the

medium under consideration.

3.02.03 Blank Signal

The FIA-CI signal is made up of five parts (Crontld.aan, 2002; Yuan and Shiller,
1999): Electronic noise @, light emission from sample mediay light emission from
reagent (R), light emission from reagent reactions with seawaomponents (&) other than
analytes and the signal attributed to analyte$. ($he baseline comprises of B By. with the
PMT this is dependant on the sensitivity set bymbléage. For example the baseline reading
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was around 0.96 £ 0.32 counts per 0.5 secondssitinsl is constant for standards and samples.
The blank signal B+ Bsw is specific to each reagent batch, sample mednaplumbing
configuration (external or internal flow cell mixgh this is given as a fluorescence count above
the baseline; Sis corrected for this value. The blank is therefihe fluorescence caused
through a combination of the experimental medidah@ut addition of analytes, though there
may be some latent concentration) and the lumeagent. The blank signal can be measured
for every standard analysed (n=2 for five standdidég calibrations in experimental work)
and also as a blank value itself through a contiraraalysis of the sample medium. The
standard deviation of the repeated analyses dfltink signal is that used to calculate the LOD.
As the LOD and blank are media specific they cdy ba given for each experiment (Chapters
5-7).

3.03 Iron (II) Analysis

The iron (I1) luminol chemiluminescence measuresdbluble (aquo) and organically
complexed iron (Il) (Rose and Waite, 2002). Orgaty complexed iron (II) should be present
in the system for longer due to its slower oxidatiates (Emmenegger et al., 1998), however, it
is not totally clear whether the total proportidniron (ll) which is organically complexed
(King, 1998) is also being measured. The primaegmanism by which luminol
chemiluminescence is produced in the presenceof(lf) is due to its oxidation by oxygen,
following the Haber-Weiss mechanism (Equations 3008.11), as proposed by King et al.
(1995). The by-products of the iron (Il) oxidatjdhe hydroxide radical and the superoxide ion,
are those that act on the luminol to produce ie&val chemiluminescence and not the iron (ll)

itself.
Fe(ll )+ 0, — Fe(lll )+ 0O;" Eqn. 3.08
Fe(ll )+ O, +2H* — Fe(lll )+ H O, Eqn. 3.09
Fe(ll )+ H,0, — Fe(lll )+ OH" + OH ~ Eqn. 3.10
Fe(ll )+ OH" — Fe(lll )+ OH " Eqn. 3.11
3.03.01 Iron (Il) Interferences

Primary transition metal cations which can intezfetith the Fe(ll) — luminol
luminescence ar&o(Il), Cu(l), Mn(l1), Ti(ll), V(IV), Zn(ll) (Klopf and Nieman, 1983;

O'Sullivan et al., 1995; Seitz and Hercules, 197®9ith a mixed sample / reagent pH greater
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than pH 9 this favours the iron (II) — luminol lumeiscence over other reduced metals, Co(ll)
and Mn(ll) (O'Sullivan et al., 1995; Xiao et alQ@). Ussher et al. (2009) found that it is
Co(Il) and V(IV) which are the main interferencddowever, the concentration of cobalt is
generally low enough in seawater not to be probtemaverage concentration 0.02 nmot‘kg
(Bruland, 1983). A concentration of 1 uM Co(ll) wd produce an equivalent Fe(ll)
concentration of 45 nM. V(IV) which has a seawatamcentration, 30 — 40 nM (Jeandel et al.,
1987) would be included in the blank signal (Bswjcreasing the concentration of luminol, to
greater than 1 mM allows it to compete more eftetyi for the iron (1) which is being oxidised
by copper (I) (Equation 3.12) and Ma(Equation 3.13) (O'Sullivan et al., 1995) whichnis
and precipitates at seawater pH > 9.5; this conaton of luminol was applied by Hansard and
Landing (2009).

cu(i)+Fe(ll) = cu(l)+ Fe(m) Eqn. 3.12
MnO, +4H * + 2Fe(ll ) = Mn(ll )+ 2Fe(lll )+ 2H,0  Eqgn. 3.13

King (2000) found that the relationship betweemifd) concentration and
chemiluminescence intensity was attributed soleliydn (II) concentrations from 1 nM to
1 uM. Whilst Rose and Waite (2002) found that cieminescence solely due to iron (II)
concentration could only be wholly attributed tonir(Il) concentrations from 1 to 32 nM.
Organic material can affect luminol chemiluminesmehy adsorption of the luminescent signal,
competing for radical intermediates and complexirggiron (1) (O'Sullivan et al., 1995).
However, slopes of seawater calibrations with aitdout organic material were still the same
(O'Sullivan et al., 1995). King et al. (1995) falumo effect of hydrogen peroxide at
concentrations up todIM, whilst Rose and Waite (2001) found that hydrogeroxide

concentrations greater than 100 nM affected ir§dminol luminescence.

The concentration of the luminol reagent for irdh &nalyses was set to 1.5 mM. This
concentration is three times the concentrationuwdryand Shiller (1999) and King et al. (1995)
and twice that of Croot and Laan (2002), but clase¢hat of Hansard and Landing (2009),

1 mM. Seitz and Hercules (1972) used 0.4 mM luiioub state that 5 mM luminol gave the
best response. The reason for the increased doaten of luminol was work by O'Sullivan et
al. (1995) suggesting that at higher (> 1.0 mM)ihmhconcentrations there is less effect in

measuring KO, and as such can be used to measure iron (Ilgimehiperoxide waters.
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3.03.02 Iron (II) Analysis in Acidified UPW

Measurements of pre-acidified (in-house double tgdiatilled HNGy) iron (Il) in UPW
commenced with the plumbing following that of Ki(@000) (Figure 3.03). The iron (II)
standards were produced from dilutions into UPWHAtL.6 from an iron (Il) sulphate stock
solution produced by weighing the appropriate anhamd combining with pH 1.6 UPW. At
pH 1.6 the iron (I1) will remain in this reducedrfio whilst in solution, however, new stocks
were produced monthly. The initial luminol reagesttipe followed that of Dr. Peter Croot,
0.07 mM luminol in 0.05 mM KCOs; except with no addition of tri-ethylene tetram{fi&TA)
which is used for the removal of Fe(ll) during Fg(&nalysis; this recipe was provided whilst
undertaking a COST735 sponsored visit at IFM-GEOMA®Ilowing the work of O'Sullivan
et al. (1995) the concentration of the luminol Er@gvas subsequently increased to 1.5 mM to
prevent chemiluminescence from residual redox paydrogen peroxide and to allow it to out
compete Mg(OHyfor iron (ll) during its precipitation at pH > 9.5The initial pH of the reagent
was 9.3 and the standards at pH 1.6 before buffeéopH 4.6 (Fe(ll) half-life >7days) with

2 M ammonium acetate (trace metal clean, Fishexstas.

Calibration curves for iron (l) in UPW buffered pd1 4.6 were produced using batches
of luminol reagent aged for different lengths ofi¢i (Figure 3.06), and measured on the PCT.
The calibration curves distinctly show the non dineesponse for calibrations over extended
calibration ranges (0—100 nM) compared to those skerter ranges (0-25 nM) (Croot and
Laan, 2002; King et al., 1995). The plots alsovshow luminol chemiluminescence varies
between similar batches, this has also been aitdlio differently aged luminol (Hansard and
Landing, 2009; Rose and Waite, 2003a; Yuan andeBhil999). Croot (personal communiqué)
suggested leaving the reagent for 24 hrs prios®and this time frame was used in future

works.
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Figure 3.06.Repeat calibration curves for iron (1) in UPW. adionds were analysed using
same luminol reagent (aged 1 week) where as civabes measured using a newer (age:
hrs) luminol reagent. The error bars are the stahdeviations of 4 repeat anses.

The iron (I1) calibration, Figure 3.06show a change of slope from th— 25 nM range
to the 0 =100 nM range. The change in slope between caliloraanges suggest as earlier v
the HO, that the response is r-linear and is so for Fe(Iffom ~> 20 nM. R? values for the
linear and curve-linear 025 nM calibration are 0.978 and 0.983 respectivdlge curv-linear
results agree with King et (1995) linear response up to approximately 12 nM and Rkse
and Waite (2001and Seitz and Hercul(1972). Croot and Laar2Q0z) undertook real time
analyss of Antarctic seawater, due to the non lineawityhe iron (1) calibration they kept the
calibration range as small as possible to allowafbner correlation.Yuan and Shille(1999),
King et al. (1995and Croot (personal communigisuggest that calibrations are generally
linear unless there is a small range in the stalsdiYuan and Shiller(1999) had linearity in
their H,O, system up to 300 nM. The differences in the rasfgle linear response may also
attributed to the experimental -up used; the photon counter, flow cell and dynaraits point

of mixing of the reagent and sam)

The rate at which data weloggedat the pc was far less than that used by Croot
this computational side the FIA software was obtgjrdata from the PCT at ¢.500 ms. ~
Croot set up would obtain data every 50 ms, thie$asit which the PCT undertakes c
acquisition. The fasteacquisition provides better analytical reproduitibthrough an increas
in the accuracy of the peak form. Enhanced remibdity lends itself to greater precision
the calibrations. The reproducibility was questidon closer inspection of tpeak form,

which shows intense shoulders on each peak (FRJ0®. The PMT minimum call rate
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500 ms and it was due to this limit that the ramained at 500 ms which detracted from the

sensitivity of the peak form, however, the smoagheffect removed the peak shoulders.
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Figure 3.07. PCT measured trace of a repeat 16@&() standard. The trace sample shows
intense shoulders on the peak.

Measuring iron (ll) standards buffered to pH 4.6 peecisions > 10% RSD. The poor
precision was due to a dual peak forming (Figue83.for each analysis a sharp intense peak
developed followed by a smaller but broader peltke dual peaks were not considered
problematic, their magnitude was. The Croot indnanalysis also exhibited a distinct fore
peak before a much larger second peak attributdtetoon. The trough between the two peaks
in the Croot lab was negative whereas the FIA-Gtaay here stayed positive. The fore peak
was due to the production of G@hen the alkaline luminol reagent aliquot mixeswthe
acidic sample; the change in pH produces €@m the carbonate present in the system. The

chemiluminescence of luminol by G@as been seen by Xiao et al. (2002).
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Figure 3.08. Dual peak formation during analy$iaroacidified Fe(ll) standard.

Configuration changes, reagent loop volume, loatligject timings, and pump speed,
and altering the plumbing from reagent injectiomg@) to a carrier system (King, 2000), did
not affect the formation of a pre peak nor its magle. To prevent the dual peaks the sample
analyses pH was elevated so there was les§@@ation at the reagent-sample interface.
Using pH 6 (Fe(ll) half-life 7 days) buffered sederastandards the relative size of the pre peak
dropped to a similar height as the aft peak. Tioeeeas sample pH increases the pre-peak
decreases, however, above a certain pH the Fegli)dwoxidise to Fe(lll) too quickly to be

analysed.

Calibrations in pH 6, UPW and seawater from 0 —ABDat 20 nM increments (Figure
3.09) resulted in expected non-linear responsegfibie a second order polynomial was fitted
(Hopkinson and Barbeau, 2007; Rose and Waite, 20€ihy information derived from the aft
peak. When the system was applied to seawatelothigle peaks were not present. This would
suggest that a residual radical within the procegsf ultra pure water causes or enhances this

pre-peak or that the seawater buffering capaa@slfihelps prevent the formation of €O
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Figure 3.09.Comparison of UPW (diamonds, dotted line) and sé&awaircles, constant line
Fe(ll) calibrations. Error bars are the standardiakgns of five continuous analyses of-
standard.

One caveat with a cur-linear fit for a standard additiazalibration it that a calculation
of the LOD isbased on 3 x sigma of the calculaerror on the zero addition standias if the
fit was linear Miller and Miller, 1997). The LOD (Figure 3.0%hus calculated for UPW wi
13 nMand for seawater, 11 nM, RS7%. The comparison in FiguB9 also shows that
artefacts within seawatand or differences in the preduced sensitivity to approximatel
fifth, a phenomenon also seen with the analysid,0,. With respect to the awater matrix
the change can be either through a suppressior gighal or an increase in the -light
producing luminol chemiluminescer, greater formation of the undissociaahhp
intermediate Rose and Waite, 20). The effect seawater and its constituents h
incorporated into components of the blank signatf{®n 3.02.03

3.03.03 Discrete Iron (II) Measurement

With no certifiedreferenc material (CRM)available for iron (Il), analysis we
undertaken on samples with specified total ironcentration held at pH 1.. Due to the effect
of matrix and previous history of the san (Rose and Waite, 20038pse and Waite, 20)
standard additions must be u(Croot and Laan, 200&opkinson and Barbeau, 2(; Rose
and Waite, 2002)The National Research Council of Canada C, are held at pH 1.6 usir
ultra pure HNQ. The freshwater CRM iSLRS-4, it has #otal iron concentratio
1844 +/- 90 nM, thisvas diluted 10-fold into UPW buffered to pH 6. From three replic
analyses the measured concentration was 1¢- 128 nM giving an 88 + 7 % recovs,
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assuming a linear response (Figure ). The reason for this relatively low recovery is t
even at pH 1.6, the 0.2 pfiltered CRM can still contain a highly refractgoyoportion
of iron, held inside fine clays and as stable Fegiblids, which would not be measur
by FIA-CI (de Jong et al., 19).
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Figure 3.10. SLRS-dtandard addition calibrations.he subsequent concentrin achieved
was 1618 +/- 128 nM.

The standara@ddition method was successful for the S-4 and was applied to tl
seawater CRM, CASS8; total iror, 12.8 + 1.0 nM. The CASS-4 wasalysecundiluted. The

concentration obtained was 11.¢- 2 nM giving a 92 + 16 % recove(igure 3.11).
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Figure 3.11. CASS-dtandard additiocalibration. "he subsequent concentration achieved
11.8 +/- 2 nM.
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FIA-CI can only analyse discrete samples usingdetahadditions, when it is used as a
tool for total iron analyses. The reasons thatdded additions are required are: Differences in
the pH of the sample and standard; the latenttalfithe sample to cause fluorescence (this is
through the composition of the sample prior to diciation and the changes which occur with
respect to production of, especially superoxidegnvtine sample pH is altered) (Rose and Waite,
2001); direct matrix effects between sample anddsted for example calcium and magnesium
ions at seawater concentrations suppressing chemidscence (Bowie et al., 1998), and that a
portion of the iron is still refractory (de Jongadt 1998). To overcome the refractory element
of the iron the analysis must be combined withgihighite reduction method (Bowie et al.,
1998). A blank was not calculated during the asialpf the CRMs, however, should this be
repeated the signal attributed to the blank cacab®ilated by repeating the lowest
concentration standard addition and using thisdstahdeviation as an assessment of the blank.

3.03.04 Chelex-100 Cleaned Seawater

The aged North Sea seawater being used would peadaignal (measured through
standard additions) of 7 nM. To see if this signak due to latent iron (ll) or other potential
interfering metal redox pairs the water was pasisamigh a Naform Chelex-100 column.
Figure 3.12 compares aged 0|28 filtered seawater (control) with the same watat has both
freshly passed through a Chelex-100 column andvdmeh had been aged (24 h) after passage
through a column. The freshly exchanged seawateluged the greatest signal — removal of
weakly bound divalent ions can have the effectitefriag the redox potential of the medium
with an increase in relatively short lived oxidamtsich could potentially cause luminol
chemiluminescence. Comparing the control and thle 2ged exchanged seawater there is a 12
% decrease in the signal, though they do agreenngtinor (n=4). The change in equivalent
Fe(ll) equated to ~ 0.9 nM. Due to the large vadgmequired for experiments and subsequent
treatments with humic materials and waste cultuaitemthe small relative change in the blank
due to the cleaning of the seawater was accepaabl¢herefore there was no continuation of

the cleaning of the seawater.
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Figure 3.12. Comparison of Chelex-100 cleaned aeaw Error bars are the standard deviation
of 4 repeat samples.

3.03.05 Real Time Iron (II) Calibrations

To quantify real time measurements accurately dingpde and standard would have to
be at the same pH and from within the same medidsfuture experiments were to be
conducted at natural seawater pH, the producti@nafon (1) calibration curve would be at
approximately pH 8.1, ~25°C, giving a half-lifeiadn (II) of around 2 minutes (Millero et al.,
1987). Calibrations needed to be undertaken tanmse the time between injection of iron to
the standard media and analysis of the standarthantporate the fact that during transit time
(standard to luminescence) there is iron (ll) o@a The second problem was solved as the
Teflon tubing and pump speeds were the same as thitisin the experiment therefore a

calibration would take into account the loss ohifdl) through oxidation over the transit time.

The transit time from the sample bottle, contairsegwater, to the FIA-CI mixing cell,
at a flow rate of 0.13 +/- 0.01 mif swas 19 s. Calibrations for real time iron reqdithat a
chemiluminescence peak appear at a set point iarthlgtical cycle and that it was repeatable.
One analytical cycle took 44 s, the iron (II) measoent commenced 22 s into a cycle, the iron
peaks on a signal trace would then appear at 22r)44 example shown in Figure 3.13. Work
on measuring the appearance of the most promireit) peak started by injecting small
volume additions, 5 — 20 pL, of a working standatd the bottle containing seawater. A
constant stream of seawater was being removedtfiernottle and sent to the FIA-CI| mixing
cell. The volume of the sample residing in thetlbait the point of working standard addition
was required to calculate the concentration ofitteal standard; this volume was calculated

through the flow rate of the peristaltic pump. 1& s (transit time) prior to mixing of the
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standard and luminol reagent in the mixing cellliighest peaks formed were those second and
third post injection. This indicated that insuidiot mixing time was allowed in the standard
bottle to achieve an equilibrium Fe(ll) concentrati By using the 19 s prior to mixing of the
sample and reagent as the bench mark, working atdsdvere injected 19 +10 s prior to

mixing. At 24 s prior to mixing of standard an@dgents all first peaks were consistently greater
in area and height than the second peaks indicttatghis was the optimum point for injection
of the standard. If the point of injection wasajex than 24 s prior to mixing then there would
have been greater oxidation of Fe(ll) in the stathd&®Repeat measurements of a 10.4 nM
standard for precision gave an RSD of 6 % (n =)e time for injection prior to analyses was
set at 24 s. This timing was true for both theyesd injection following the method of Croot

and also using a carrier solution as with the nmethfding.
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Figure 3.13. PMT trace for Fe(ll) in seawater.e Biandard injection is of 9.9 nM at 86 g; t
indicates the time at which the iron (ll) standerdpiked.

3.03.06 Iron (I) Sensitivity

The FIA-CI could analyse continuous samples in sg@amthough signals were low. A
strong signal needed to be robust against fluanatin the baseline and show the highest
sensitivity from the zero addition standard to pleek following addition of Fe(ll).
Measurements of real time Fe(ll) have been conduetth the pH of the mixed luminol reagent
at 10.3 (Rose and Waite, 2001), 10.2 (King et1®95) or 10.1 (Croot and Laan, 2002). Bowie
et al., (1998) worked with a reagent at pH 12.#)@as at pH 5 and a reaction pH of 10.4;
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Klopf and Nieman (1983) worked with a reaction pH.0.3, Ussher et al. (2009) used a pH
11.8 reagent. Work by Seitz and Hercules (1978)vekl that the optimum pH of the luminol

for iron (1) analysis is pH 11. A 5 nM iron (Itandard was measured with changes to the 1.5
mM luminol reagent from pH 10.2 — 11.9, Figure 3.pH 10.2 reagents failed to produce a
peak greater than the 0 nM standard, indicatingrtixed sample reagent pH was to low. What
was required was an appreciable signal above thaiba and which had the highest sensitivity
over the blank and did not bring the mixed reaganiple to a point where there was large
potential for Mg(OH) precipitation. At pH 11.2 the signal was suffidig large, that the
baseline accounted for less than 2 % of the sign@dlthe percentage change from the 0 nM
standard to the 5 nM standard is in the region1H@% increase. Reagents at pH 10.8/ 11 had
slightly better sensitivity but > 3 % of their sejrwas the baseline and fluctuations there in.
Reagents at a pH between 11.2 and 11.6 showedsseihsitivities to the pH 11.2 reagent, and
above 11.6 the sensitivity decreased. The decieamnsitivity would indicate that a
mechanism with in the mixed sample reagent is @sang the chemiluminescence, potentially
the affect of Mg(OH) precipitation. As the sensitivities were simifisom pH 11.2 to 11.6, a

pH 11.2 reagent was chosen as this would prodeckiiest pH of the mixed sample and

reagent with the lowest potential for precipitation
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Figure 3.14. Reactivity of luminol reagent for Fedue to reagent pH. Signal is due to
mixing with a 5 nM iron (ll) seawater standard.a8t diamonds and solid line show the peak
height achieved following an addition of 5 nM irif) to seawater. Red circles with dotted line
show the peak height of the 0 nM standard. Thekidiae is the baseline reading, 0.96 counts.
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3.04 Quasi-Simultaneous Analysis of Two Analytes

The FIA-CI system could measure both hydrogen pdeocand iron (1) in seawater;
further development went on to test its abilitytesi-simultaneously analyse these analytes.
The key factor was the change in the plumbing gométion of the load — inject valve, shown in
Figure 3.15. The system still allowed a choicenethods to enable analysis, either that
followed by King et al. (1995), using a carriemiix the sample and reagent directly in the flow
cell, or as with Croot, the reagent is passedtimosample flow stream prior to arrival at the
flow cell. With the change in valve plumbing aissrof tests where conducted to enable the
optimum analyses without interference from the mes sample. The valve switch timing was
altered in line with changes in the peristaltic puspeed, changes to the peristaltic pump tubing
to smaller sample and larger reagent internal diara€id) and changes in the reagent volume
injected (valve loop size) into the carrier / saengream. The final configuration was a valve
switching of 22 s between each analysis at a pypapdsof 16 rpm. Tygon ST pump tubing
(Upchurch Scientific, Washington State, USA) wasdufor the sample / carrier and had an id of
2.79 mm and a flow rate of 6.9 ml rifimt 16 rpm. The reagent tubing had an id of 1.52 m
giving a flow rate of 2.7 ml mih Figure 3.16 shows a quasi-simultaneous, bladetfor

hydrogen peroxide and iron (ll) from within seawate

Sample / carrier in Sample f carrier in

Fe(ll) reagent  H:O: reagent Fe(ll) reagent

In n

H:O: reagent
out

Fe{ll) reagent

Fefll) reagent H:Cn reagent
out

out out

detector detector

Figure 3.15. Load/inject valve configuration farall analysis using a single valve. Left - iron
(1) luminol reagent injection into a carrier omsple stream and right -J, luminol reagent
injection into carrier or sample stream.

53



9200

800

700 |

600 -

500 -

counts

400 -
300

200

NEEENUAN RN

o] 50 100 150 200 250 300 350
time, seconds

Figure 3.16. Dual analysis seawater trace. Tpkaks are due to,B,and the shorter peaks
are for iron (II). The first hydrogen peroxide gasa larger then the rest due to luminol reagent
activation by external light sources as it sitthie valve loop before analysis starts.

For the real time measurements, standard calimsivere to be used for both hydrogen
peroxide and Fe(ll). The matrix of the sample stahdards were to be the same and therefore
did not require the use of standard additions. Hé@l) could be calibrated following the
method developed based on the timing of the sampetion. HO, standards are stable over
hour time scales; however, for consistency the saahleration method based on the timings for
both Fe(ll) and HO, was used. With the system able to analyse gimasitaneously and the
output could be calibrated it was then used asatytical tool for real time measurements.
Blank and LOD measurements are dependant on thexraithe sample and all calibrations for
experiments were undertaken in the same mediutmeasxperiment. The 1.5 mM luminol
(Sigma Aldrich, Luminol 98 %) solution was buffereith 0.08 M K,CO; (Fisher), sonicated
for 5 minutes, and aged for 24 hours at 4°C. Aftehours the pH is adjusted to 11.2 with 2 M
HCI (Fisher), the luminol reagent for@, analysis is spiked to 6 uM with Co(ll) and the
reagents are placed in a water bath to speedefeilibrium to the laboratory ambient air
temperature. The luminol reagent was producedhbybining ~0.203 g luminol with ~8.25 g of
K2CQO; into a brown polypropylene container and adding . UPW.
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Chapter Four

Time Series of Trace Metals in a Lacustrine Surfac#licrolayer
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4.00 Introduction

In Chapter Four work carried out on a seasonapagof a freshwater surface
microlayer (FSML) for nominally ‘dissolved’ traceatals is presented. This is the first known
work to measure through a seasonal progressiocotieentrations of dissolved trace metals in
the surface microlayer of an aquatic system arate¢hese to the underlying water through the
calculation of enrichment factors. The <0.2 uneféd fraction will compose of: Free metal
ions, inorganic ion pairs, complexes and organcatiecompounds, chelated organic
compounds, metal species in highly dispersed asland metal species adsorbed onto colloids;
whereas the > 0.2 um fraction should contain prextgs, organic particles and in situ detrital

material (Stumm and Morgan, 1996).

The particulate phase (>0.48) of trace metals has been shown to be enriched in
marine (Barker and Zeitlin, 1972; Brugmann et H92; Cuong et al., 2008; Grotti et al., 2001,
Hamilton and Clifton, 1979; Narvekar and Singb&93), estuarine (Trojanowski and
Antonowicz, 2011) and freshwater microlayers (Amwitz and Trojanowski, 2010).

However, enrichment factors in the dissolved fiat{(i<0.45 pum) (collected by roller) suggest
that this fraction is potentially at the same cartcion as in the underlying water (ULW)
(Cuong et al., 2008) or enriched for manganesa,ara cobalt (Brugmann et al., 1992). The
surface microlayer has been described as a galatiager (Wurl and Holmes, 2008) made up
of organic surface active substances (SAS) (HuardrLiss, 1981) that are stable at the
microlayer. SAS comprises various organic compsudetived from cell death and can act to
bind trace metals (Strmecki et al., 2010). Witk tbrmation of complexes and the migration of
SAS through the water column there can also bexadl trace metals, for instance copper, to
the microlayer (Plavsic et al., 2007; Shine andls¢al, 1996). As productivity increases so to
does the concentration of coloured dissolved oaratter (CDOM). CDOM is formed by
bacterial reworking of dissolved organic carbonahkhtan be both allochthonous and
autochthonous (Blough and Del Vecchio, 2002). CD®Mhe initial point of photochemical
production of superoxide (Voelker et al., 1997) ethis involved in the redox cycling of trace
metals. Therefore, with an increase in CDOM inrtherolayer (Hortnagl et al., 2010) which
absorbs at > 280 nm (Carlson, 1982) the surfaceotaier could theoretically be an enhanced
region of redox activity compared to the ULW.

With an enriched particulate phase and little ai#tion of UV light (<0.1% absorption)
at the microlayer (Plane et al., 1997), combinetthan increase in the concentrations of organic

material e.g. Duce et al. (1972) and Wurl et 80@), the possibility exists of a reduction of
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trace metals into the soluble phase through théoghemical excitation of the elevated
concentrations of organic material. Subsequertntyof metals into the colloidal phase
through sorption by organic material (Hunter, 1988ad there release by a photochemical
ligand to metal charge transfer from for exampda ithydr)oxides (Faust and Zepp, 1993;
Waite and Morel, 1984) or organically complexed, &e(lll) (Barbeau, 2006; Barbeau et al.,
2001) could sustain an enrichment in the microlaydne < 0.2 um filtered fraction. These
processes, in order to produce a net effect otlenment, must be faster than the transformation
or loss of material, primarily through redox reans, e.g. re-oxidation of Fe(ll) to an Fe(lll)
solid phase. With the production of a particulalt@se, its subsequent aggregation acts as a
removal mechanism for trace metals (Mopper etl@B5; Zhou et al., 1998) through

gravitational settling from the microlayer.

4.01 Sampling Devices

Two sampling materials were chosen for their chtaratic hydrophobicity which
should reflect the organic gelatinous microlay€hese were a borosilicate glass (plate sampler)
and a Teflon® derivative (screen sampler — polgfkioroethylene (PTFE) frame and
ethylenetetrafluoroethylene (ETFE) mesh). The a@fiitihe study is to measure the dissolved
fraction. Within this fraction there is the pot@hfor metals to adsorb onto a glass surface and
be retained in the microporous surface; this depeoelis based on the ability of the metal to be
hydrolysed (Batley and Gardner, 1977). Teflon wiio adsorb inorganic metal-ligand
complexes, primarily oxy-hydroxides (Belzile et 41989). This is due probably to the
existence of a negative surface charge, comprispdgoxyl ions sorbed by either Van der
Waals forces or hydrogen bonding (Batley and Gardi8/7). Belzile et al. (1989) suggest
that this can occur for both iron and manganesshduld be noted that the results of Belzile et
al. (1989) were based on a Teffoplate left for 10 weeks in lake sediments to alfowa
measurable quantity to be collected. Teflon iskmaiwn to be appreciably contaminated by

trace metals and will not truly adsorb dissolvedcsps (Ashton and Chan, 1987).

The glass plate has been shown to have an affontyydrophobic amino acids,
phytoplankton derived detrital matter, fatty adidsn bacteria and higher land plants and
dissolved carbohydrates (Harvey and Burzell, 19T@nzikoff et al., 2004). Work with a
Teflon plate has shown that this material is slgtddr lipids (Kjelleberg et al., 1979) and
should therefore have similar organic sampling ati@ristics as the glass plate. Conversely a
Teflon screen used to sample an artificial labagatoicrolayer was found to show poor

recoveries for organic material (fatty acid, ola@id) based oi'C or°H activity (van Vleet and
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Williams, 1980); the authors used a methanol riosemove the sample. The rinse, to remove
/ clean the plate between samples, is importanriganic material as residual left between each
dip may affect subsequent samples. The effedteobtild-up of either hydrophobic or
hydrophilic material on the sampler and the eftaese have on the collected sample is partially
limited by the mechanical aspect of each sampghate samples after continuous dips will build
up layers of residual material. The physical readonechanism of scraping the surface with a
Teflon strip will remove some of this retained sdenfput at the molecular level will have no
affect. Using a methanol rinse to remove the samggjuires an extra step in the sampling
protocol, increasing the potential to contaminagegample in the field. With a methanol rinse
the sorption sites are re-exposed and hence tharklwe a requirement to recondition the
sampler. The screen sampler uses surface temstapture sample within the voids of the
mesh, held by surface tension. The release ofleasithrough a gentle agitation to the screen.
As long as the surface tension of the sample islrastically compromised, which may happen
with large concentrations of SAS, then that samapliected should be representative of the
microlayer. If there is loss onto adsorption sdaghe large surface area of the screen, this loss
should be minimal as the screen is immersed inveter first and pulled through the microlayer

hence these sorption sites will be filled whenhia water.

Carlson (1982) suggest that inter-comparisons iddse microlayer data collected
separately by two methods, e.g. plate and screasjvadvisable as the thickness of the
microlayer collected would be different. Howewitie authors also found that the compaosition
of a variety of organic constituents (DOC, dissd#/-absorbing phenolic materials,
chlorophyll-a (chd), adenosine tri-phosphate and POC and PON) didhaw a bias to the
sampling device and differences could be explaimedepth of sample taken. Over the
integrated depths, the plate sampler has traditiobeen shown to retrieve a shallower sample

than a screen sampler.

The act of conditioning, repeated use of the sangpler to retrieval of the first sample
should decrease the loss of sample through adsorptito the sampling material. Considering
the effect of the loss of ferric ions to (non-eduréited) different materials it was found that on
glass there was a loss of ~8% in 1 hour and forBPiTwas ~15% in 1 hour following an
addition of 1.34 nM Rg, of which 0.7 nM was th&’Fe radioisotope (Fischer et al., 2007). This
rate of loss for a readily hydrolysable ion on tlwe sampler materials, which were
unconditioned, was low enough in the first houtrst with a conditioning of the material and

retention times of the sample on the sampler irother of 30s the losses should be negligible.
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4.02 Methods

4.02.01 Sample Sitt

The collection of surface microlayer samples wasentaken within a series
collaborations examining the UEA broad. The UEA#&I (Figure 4.01) is a manmade (qua
temperate lake, which measures approximately 70thmand btween 70 and 150 m wide
The littoral zone extends for about 1 m beforeltbtom sharply drops to a depth of betwee
to 6 m. tis in close proximity to theiver Yare but is not directly affected by the riather
than by fluctuations in the grou water and as an overflow reservoir (Jamie Ketespnal
communiqué). There is a culvert on the westerndaéride lake, which is a point source
water, mainly used to allow the lake to becomeoWexflow reservoir from wetlands at that €
of the Bke. There is also a small inlet pipe at the easied of the lake, which receives surf
run off from a nearby road. The water sourceti¢dake are; these point sources, precipita
and overland and ground water flow. The grouncewtidw isthe major flux during most ¢

the year, (Kettle et al. in pres
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Figure 4.01. Location of the UEA Broad and moonagition (grey cross and circle). Gi
areas are university buildings and green areagegyetatior

To the north of the lake there are large concrete®ires, which comprise tl
accommodation and teaching facilities of the Ursutgrof East Anglia. Rt-off from these

buildings is directed through drains. Any surfage off would not reach the la as it would
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instead be taken as groundwater recharge as it tser the greater than 300 m of grassed soil
between structures and the lake. The near surmogitehd to the east, south and west are
woodlands, whilst it is primarily grass to the torfThe shoreline of the lake is a surround of
trees. This lake was chosen as a study site de@st of access from the university. Sampling
was initially undertaken at the north shore. Raliw integration of the project with other work
sampling was from a small dinghy, the position dick is shown in Figure 4.01. The mooring
location of the sample site is 30 m from the shoeglwith a water depth of approximately
5.2m.

4.02.02 Sampling

Nine sampling missions for trace metals were ua#ten from January through to
August 2008. Microlayer samples were collecteagisi glass plate and a Teflon screen. ULW
samples were taken from a depth of 10 cm dirently & bottle whilst wearing powder free PVC
gloves. When possible microlayer sampling was lisaanducted at approximately the same
time on each mission, this was between 11:00 ar@D130nly the last six sampling missions
had a corroboration of their measurements throhghreasurement of a fresh water certified
reference material from the Natural Research Co@anada, SLRS-4 (see Section 5.04); the
results from the first three sampling missions weaieulated through an application of a
correction factor between results from the fougmpling mission, which was analysed under
two different ICP-MS analytical set-ups, see Appees, A4.01.

Surface microlayer samples were collected by thegyplate (Harvey and Burzell,
1972), Figure 4.02, and screen (Garrett, 1965)r€ig¢.03. All samples were collected
windward of the dinghy; this prevented contamimafimm the dinghy itself and allowed for a
quicker reformation of the microlayer at the pamhsampling. The glass plate is passed
through the microlayer at an acute angle towardsitiderlying water; it is then turned
perpendicular to the microlayer and withdrawn biéckugh it. The plate is held in the air to
allow retained water to drain off. The rate of mal of the plate and time of drain are user
selective. On average, removal time was aroundi2isig a withdrawal rate of 0.15 ni $or
the 30 cm section of the plate used. Drain tinmetfe plate was 10 s. A Teflon squeegee was
used to remove the microlayer adhering to the plAA® TFE plate was trialled in place of the
glass plate. However, the quantity of sample ctdi@, approximately 2 mL or less per dip,
meant it was not feasible due to the time requioecbllect a reasonable size of sample, 100 mL
or more. With the glass plate it would take apprately 40 minutes to collect two 140 mL

samples.
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The screen sampler device (Figure 4.03) was addmedthat of Garrett (1965): the
frame and handles were made from PTFE whilst th&hme&s made from ETFE, with nylon
bolts (recessed into the frame) holding the sesttogether (PTFE and ETFE supplied by
Plastok Itd, Birkenhead, UK). The ETFE 230 mesith 86 um diameter thread, 4&m
aperture with 45.7% open space, was built intd38we5 by 340.5 mm, PTFE frame. When
sampling the screen was inserted at an acute amtie surface; it was then withdrawn slowly
through and parallel to the microlayer. The scnwenld then be turned to approximately 60°
for 10 s to allow water sitting on the mesh anduatbthe fame to drain. The screen was then
positioned over the waiting vessel and sample atbto drain from the screen.

For both microlayer sampling techniques the deptihe microlayer sample collected is
calculated by: (i) volume collected, (Mnfobtained by weighing the sample) divided by the
surface area of the plate (o provide the depth or (ii) volume collected (Mymiivided by
the internal surface area of the screen correcteitisfavailable open space (ff)mOrganic
material can affect the density of the sample ctdlé however the change in density due to this
affect was considered minimal and not incorporaténlthe change from weight to volume.
Enrichment factors of dissolved organic carbon (D@G marine SML range can range from
1.2 to 1.9 (Gasparovic et al., 1998). The actussared concentrations in the SML for these
EF were from 1.67 to 2.83 mg'lwith their corresponding ULW DOC concentrationsgiag
from 1.21 to 1.85 mg L in a non slick SML (Gasparovic et al., 1998). DdGon slick SML
samples is generally four times the concentratigradticulate organic carbon (POC)
(Gasparovic et al., 1998; Stolle et al., 2010; W#fis et al., 1986). Higher enrichments have
been seen in slick specific sites (Stolle et &1,® with slicks also tending to have higher POC
concentrations to DOC concentrations (Stolle e2810). In general, DOC EF are < 2,
(Gasparovic et al., 1998; Stolle et al., 2010; Wffis et al., 1986) . Assuming SML maximum
concentrations of DOC at 10 m@' then in a 100 mL of sample there would be ~ 1% @er
100 g of sample. The conversion from weight tauww involving a difference in density due
to DOC in the SML would then be small with respiecthe actual physical sampling of the

microlayer.
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Figure 4.02. Adhesion of t organic acid hydrophobic microlayer (red spheres glass plat
(black oblong with diagonal line

Figure 4.03.ETFE screen surface microlayer sam

4.03 Ancillary Parameters

Meteorological dta originated from the webswww.wunderground.cor the nearest
weather station is 2.7 km NN (latitude N 52.643 °, longitud& 1.236 °)of the sample site.
During sampling, ancillary data were gatherecharactese the water column. The wa
column was profiled for temperatuioxygen and pH usingaSI 556 mult-probe system, (YSI
Inc., Ohio, USA). Masurementsere taken from the surface, 3#0n, and every 0.5 m to tl
lake bed.The dissolved oxygen (DO) and pH were calibrateorpo each sampling missior
DO with air satvated ultra pure water and the pH using standa8TNuffers at pH 4.02 ar
7.00. The specified sensitivity of the YSI 55¢

Dissolved oxygen, (mg™) 0 — 20 mg [} + 2 %, with a resolution of 0.01 m¢™.

Temperature is accurate fr¢-5 to 45 °C, #0.15 °C with a resolution of 0.1 °C
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pH, range 0 to 14 with an accuracy of 0.2 and aluésn of 0.01.
Accompanying these data were water samples calléaen 1, 2, 3 and 4 m deep, taken by

means of a Niskin bottle on a line, and analysechérients, chi and CDOM.

4.03.01 Meteorological Data

The meteorological data: insolation, temperatwed speed and wind direction are
shown in Figure 4.04 There is a caveat withinrtieteorological data that the conditions
recorded at the weather station may not have lere tat the sampling site. Although
meteorological data were available at 15 minuteruals, only those which coincided with the
30 minutes prior to and during microlayer samplng used. The interval used is based on
work by Hunter (1980b) who adopted a residence 6D minutes for particulate matter in a

North Sea microlayer.

Insolation and temperature (Figure 4.04) are ingmtrtactors in controlling
stratification and the subsequent affect this meyeton the biology of the system. From
January to April the insolation is relatively lod50 — 470 W i) combined with low air
temperatures (6 — 10 °C). Insolation increasas f#ril to May, 210 — 960 W fwhilst air
temperature increases from 9 to 25 °C. From May duly the mean insolation decreases for
the sampling period. However, the range barstenNéay, June and August indicate heavy
passing cloud cover. Maximum air temperature iry Mhen decreases to mid July, showing a
summer minimum of 15 °C, and then increases byc b August. Temperature can have a
physical affect on the structure of the microlayedrop of 4 °C can see an increase in the
thickness of the microlayer by some 12 % (Harv&ga).
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Figure 4.04. Meteorological conditions for therBhutes preceding and during sampling. The
graphs show the mean and ranges of the data.

The wind speeds for the sampling missions aregar€i4.04. The mean wind speed
was 13.4 km . The UEA Broad is sheltered and therefore wirgespmay not have an
adverse affect on the formation of the microlayeough it has been noted that wind speeds
greater than 10.8 kni‘tcan limit the formation of slicks (Liss and Dud®97). On only two
occasions were the average wind speeds during sames$s than 10.8 kni‘hthese were in
February and March, both 5 krit.hDue to the surroundings and shape of the lakind
shadow (3 — 5 times greater than the height ofrtéhes, assuming tree height of ~ 10 m) should
prevent winds from the north and south affectirgyldtke. From April through to June the wind
is predominantly from the east (Figure 4.04) wikrage wind speeds lower than the mean,
13.4 km R"; from June the wind is predominantly from the sesuth-west (Figure 4.04) with
average winds speeds around the mean. From Jwagdsmthere is the potential that the
combination of direction and speed may have anradweffect on the formation of the
microlayer.
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4.03.02 Physiochemical Parameter

As with themeteorological data there is a higher temporal $agpesolutiol for the
temperature, dissolved oxygen anc, approximatelyfortnightly in this casehowever,
consideration is only given to those dwhich coincided with the microlayer samplii
missions. Thén situ data are presentedFigure 4.05.
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January to late March shows a mixed water colurors{ratification), with temperatures
between 4 and 7 °C (Figure 4.05). The mixing aaatlributed to cool day time air
temperatures (6 — 10 °C) combined with the influground water at ~ 5 °C (Kettle et al. in
press). From late March temperature stratificaiegins and continues through to July. The
greatest difference between surface and deep waterdlay (~ 10 °C), from warm surface
waters at 0.1 - 2 m depth (20 °C) to cool bottontengat 5 m depth (10 °C). From late May
until July there is an increase in temperaturdefwater at all depths, with the difference in
temperature from the surface waters to 4 m decrgamsier this time.

DO from January through to early March exhibitidivariation with depth (Figure
4.05). The lake system shows an increase in the@®©entration (14 — 18 mg*).and
subsequent decline (18 — 11 mid) lover the remainder of the sampling period fofaze
depths< 2m. The onset of stratification in late March BE#3 concentrations in the deep waters
> 2 m diverging, with concentrations decreasindgwig¢pth. At the point of maximum
temperature stratification, (May, maximum air temgpere, 25 °C), there is a large divergence
between surface and deep water with 4 and 5 m slepthibiting anoxia. At this point there is
also an increase in concentration of the 1 andd2ep above that in the surface water (0.1 m).
From late March through to June, there is a sugerration (> 100 % oxygen) occurring in the
surface layers (< 2m), with a maximum of 176 % iayMon occasions levels were measured at
over 200 % saturation (data not shown). Similgestsaturations have been recorded in surface
waters of Lake Kinneret in Israel, these werelatted to high phytoplankton standing stock
and low wind driven turbulence (Yacobi et al., 129Brom May onwards there is a decrease in
the DO concentration in the Broadwater at all deptiinciding with cooler air temperatures
(15 — 20 °C). Over this period there is a gradiéritecreasing oxygen with depth; 0.1 — 2m,
show a difference of ~ 2 mg'i.with water at 3m depth attaining anoxia in Jufie system
then converges for depths shallower than 3m torat@&mg L' in July from the high of
18 mg L in May.

The changes in concentration of DO can be attribtdghree affects. Temperature
controls the solubility of oxygen, as temperatum&eases solubility decreases so therefore those
waters in contact with the atmosphere will havenbaigoxygen concentrations in winter than in
summer. This can be seen when comparing wintaug@ig to early March) to summer surface
concentrations (late May to July). Within the teargiure seasonal controlled cycle there are the
underlying effects of photosynthesis increasingcentration as phytoplankton standing stock
increases and respiration decreasing concentrditiongh the biological oxygen demand

(BOD). The change in DO over the winter (Januargdrly March) when air temperatures are
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relatively stable ~ 7°C could be attributed to@obh of phytoplankton which is then removed
by an oxygen consuming organism. The effect oB®® outstripping the production of
oxygen is seen from April onwards in deep wat&8 which have low and anoxic levels of DO
compared to the surface waters. With roughly stablface water temperatures the DO
decrease from June onwards, this decrease cambestive of a gradual loss in the oxygen

production mechanism or that there is an increasiee BOD in these waters.

In January and February there is a decreasingegriaaf pH with depth (Figure 4.05).
The difference with depth over this period reach@saximum in February coinciding with the
DO maximum (~18 mg L-1). During March the wateluron pH converges to around pH 7.3
and subsequently the pH at depths are lower treautface pH. Surface (0.1 — 2 m) pH shows
a difference of around 0.1 pH units, and theseldepave an increase in pH from pH 7.3 to 7.7
from April to late May and then decrease back to7pBlin July. Bottom waters, <4 m have a
decrease from pH 7.3 to 6.4, and subsequentlyaserthrough to July (pH 6.7) with a
difference of ~-0.2 pH units between 4 and 5 m.3At the pH is variable and fluctuates by
~0.2 units around pH 7.

One of the main controlling factors of the pH ddter is the concentration of GOLike
oxygen, CQ solubility decreases with temperature. Due tcatineospheric concentration of
CO, unbuffered water at equilibrium with the atmosghwerll be at around pH 5. In the
Broadwater from January to early March the decngagradient with depth of pH can be
attributed to the atmospheric @@issolving in the surface waters. Over this pktlee water
column is not stratified so therefore there is @ima@ism in the deeper waters utilising £ADd
hence increasing the pH. From May onwards thewdiffce between shallow <2 m and deep
waters >4 m can be attributed to the affect ofdggl Surface stratified waters contain
phytoplankton (Figure 4.06) which consumes,@0ring photosynthesis, resulting in an
increase in the pH and deep waters with increaseid Broducing C@through bacterial
respiration, with lower phytoplankton standing &aad a decrease in the pH.
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4.03.03 Chlorophyll-a

The chb seasonal depth profiles are shcin Figure 4.06 Thechla concentrations are

thecalculated mean of three separate extractionsrf808ach) of one saple (1 L) taken at

each depth.
—=1m
&3 m
- 4m
01 \ | \ | \ \
Jan Feb Mar Apr May Jun Jul Aug

2008

Figure 4.06 Seasonal progression of a at depths, 1 — 4 nthrough the water colur. Error
bars are the standard detvon of three repeat sampl

From January to February, there is an increaskla of ~ 50ug L™, for all depths.
This subsequentlgecreaseby ~ 30pg L™ into early March. Late March with the onset
stratification surface waters (1 and 2 m) have @igloncentrations othla than deeper waters.
Early May shows a surface water mixing event in the oryg®file (Figure 4.05 with a
concurrent turn over in the «@; concentrations at 3 and 4 m wereater than at 1 and 2
This mixing is not seen in the temperature fle (Figure 4.05) instead it shows the poin
greatest stratification between surface and de¢grs/aThis would suggest that 1
phytoplankton which was at 1 and 2m weither,removed between March and May; a prim
loss mechanism for phytoplanktis through its grazing by zooplank or migrated to the
slightly deeper water due to the higher insolaffeigure 4.04. At 3 and 4 m cll was notl
significantly altered over this periofFrom late March onwards, over the shallow waterimg:
event andhrough the remainder of the y, water at 3 m hdsigher cha than 4 m water by

around 10 pug t.
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Following the mixing, in late May chltends to decrease with depth. June shows a large
difference between surface and bottom waters befovent in July decreases surface water
concentrations whilst increasing bottom water cotregions. A personal communiqué from
Dr Claire Hughes provided some insight into thecgden of the phytoplankton of the broad
through the year. During the first third of thené series there was a diatom bloom, which was
rapidly grazed down. This bloom coincides with tleereasing gradient of pH with depth
(Figure 4.05). Following the diatom bloom the blyreen algae become the dominant species
(late May to August). The broad as a whole is phage limited (Dr Claire Hughes personal
communiqué) and this has the affect of low grovaties in the blue-green algae. In the broad it
is the combination of stratification, light limitah and anoxia which influence the ¢hl

distribution.

The switch in the gradient to higher pH in surfaegers corresponds to the end of the
diatom bloom and the beginning of temperature iedwstratification. With the diatom bloom
the photosynthetic biomass was greater in the deegters with photosynthesis greater than
respiration whereas surface waters were equiliatiith atmospheric CO From March
onwards the deep waters have a low photosynthetnedss, BOD increases with the fall out of
detrital material into the stratified waters wittetsubsequent decrease in pH due to bacterial

respiration.

4.03.04 SML Depth

The average thickness of the microlayer sampléhiplate and screen samples were,
respectively 58 + 9 (n = 18)m (range 43 — 7@m) and 338 + 59 (n = 18)m (range 257 — 564
pum), with 45.7% void space in the mesh. On averegeh plate dip recovered ~10 mL whilst
the screen recovered ~21 mL of microlayer sam@laeen samples recovered on average a
depth of microlayer 4.5 times greater than theepl&uring plate sampling the repeat sample
collected a microlayer 9 to 18 % thinner than ih& ample. The screen repeat sample was not
as consistent with the difference in the deptthefrepeat sample from 18 % thinner to 29 %
thicker. Figure 4.07 shows the percentage difiezdrom repeat one to two for both samplers.
With microlayer work the thinner the sample coléstthe more representative this sample
should be of the microlayer. A specific point ofarest is that in early May. During this
sampling mission the ahlwas at its lowest concentrations in 1 and 2 m $esnf8 mg L,
correspondingly both the plate and screen replisateples showed the greatest difference for
thinner repeat samples, ~18% thinner. It must laésnoted that the variation in the replicate
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screen sample may also be due to operator. Sseseples were collected by the second person

in the dinghy, whilst all plate samples were cdkeicby the author of this work.

Jan (8) M screen
Feb (49) M plate
Mar (73)
Mar (87)

May (130)
May (143)
Jun (171)
Jul (199)
Aug (227)

-20 -15 -10 -5 O 0/5 10 15 20 25 30
0

Figure 4.07. Percentage depth difference from tiirsecond repeat sample. Number in
brackets refers to the 2008 Julian day.

Figure 4.08 shows a visual comparison of the theskrof the microlayer sampled. The
comparison is by means of a box plot; this intreduur sets of statistics. The median value is
represented by the central horizontal line withia inter-quartile range (25- 75" percentile)
as the black box; the mean value is representdldeblylack cross. The extent of the data that
lies within £ 2.7 standard deviations (p = 99.3& encompassed by the error bars; error bars
end at the minimum / maximum value within @.70utliers, > +2.@, are represented by the red

crosses.
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Figure 4.08. Comparison of microlayer sampling dsgor replicates and the combine data.
See text for explanation of the variables showthéplot.

The depths of the microlayer samples are consistghtprevious works studying trace
metals in the particulate phase, though in themeagnvironment. Depths collected using the
plate and screen techniques were: nylon screen=-2Z&0Dum (Brugmann et al., 1992), 200 —
400um (Hardy and Cleary, 1992), 44@n (Mignon and Nicolas, 1998); acrylic and polythene
screen 2121m (Narvekar and Singbal, 1993); glass plates hangpted depths 30 — §6n
(Hardy and Cleary, 1992) and 30 — &t (Hardy et al., 1987).

4.04 Trace Metals Analysis

Of the sampling missions only the last six missibad a validation of the ICP-MS analytical
technique for aluminium, manganese, iron, coppdralt and arsenic, through a successful
recovery of the certified reference material SLR&eke Chapter 2, Table 2.03, analytes
highlighted on black). Before analysis sample ao@rs were weighed to derive the volume of
sample collected from each microlayer techniquam@es were then filtered through an acid
washed 0.2 um Whatman nuclepore polycarbonate fiékel in a polysulfonate filtration unit.
The first ~ 30 mL of each sample was used to rihediltration unit and condition the filter
before being discarded. Between samples thetidtrainit was rinsed three times with ultra
pure water. The remaining filtrate was then staedified (< pH 2) with double distilled

HNOs; in the dark prior to analyses on the ICP-MS atadllution with calibration by means of
standard additions; for each standard additioratieal sample was analysed twice. During
each measurement of the sample on the ICP-MS thalaero addition standard was measured

twice, once at the beginning and once at the enleo$tandard addition series. The mean
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percentage difference between these duplicate sasmlyased on the counts achieved at the ICP-
MS detector is given in Table 4.01; on occasioeselare large differences between the
duplicate analyses and this was due to low conagoitr samples. As both analyses were used
in the fitting of the standard addition calibratits difference is incorporated into the

calculated analytical error of the measurementdasehe fit of the standard addition
calibration as per Miller and Miller (1993). Exadpr the dilutions, standard additions and
ICP-MS sampling of samples all handling of samplas carried out in a class 100 laminar

flow cupboard.

Table 4.01. Mean percentage difference betweettuglicate analyses of broadwater samples.

mean minimum  maximum
Al 1.1 0.01 9.5
Mn 1.0 0.03 6.9
*Fe 1.9 0.02 26
Co 2.8 0.1 32
®Cu 1.9 0.03 8.7
As 1.3 0.01 6.3

4.05 Results

The concentrations for the dissolved: aluminiumngamese, iron, cobalt, copper and
arsenic, for all samples are given in the Appergjisection A4.02, Table A4.05. The error on
the measurements is derived from the fit of thadsiad addition calibration series for each
sample. For the first three sampling missionscthrecentrations for aluminium, manganese and
iron were calculated through a correction basethenepeat analysis of one set of samples
through two different ICP-MS analytical protocalse description of this correction is given in

the Appendices section A4.01.

4.05.01 Temporal Progression of Dissolved Trace Mas

The seasonal progression of the measured condengatf the dissolved fractions from
plate and screen sampled microlayer and the ULVW@®ented in Figure 4.09. The variation
in the location and nature of lakes do not easibmafor a comparison of the concentrations of
trace metals. Due to the unique suite of measurtntieere are also no directly comparable
surface microlayer data sets. Where possibledheantrations of the samples have been
compared to an appropriate depth (< ~ 0.2 m) frasémsample also measuring the dissolved

fraction using an ICP-MS; these were taken fromd_Bkva, Japan (Sugiyama et al., 2005). If
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values are not available then the samples are aathpa appropriate marine surface microlayer

concentrations again measured as a ‘dissolvedidraon an ICP-MS (Cuong et al., 2008).

Aluminium (Figure 4.09) sample concentrations rabgeveen 200 and 700 nM.
Significant features (though not represented bgaathples at once) include a weak increase in
concentrations until late March. All samples tlexcrease to a low in early May before
showing a recovery in their concentrations untiiefduly followed by an overall decrease in

concentration into August.

The manganese (Figure 4.09) samples have elevategntrations in January 2008 at
all depths. As the year progresses the concemtratiall samples tends to decrease; ULW, 92
down to 5 nM; plate 41 down to 2 nM and screen @®@rdto 5 nM. The low end and overall
range of the manganese results are similar to &lke Biwa freshwater dissolved fraction,
manganese mean, 4.3 nM, range 0.7 — 710 nM (Sugigaral., 2005). The Broadwater
samples collected in August show slightly increasaatcentrations over those from the
preceding two months. With respect to the measen¢iof total Manganese, across a seasonal
range of surface microlayer and ULW concentratioos Lake Jasie Northern Poland, are
between 273 — 5880 nM (15 and 323 pg°dntonowicz and Trojanowski, 2010)).

Iron concentrations (Figure 4.09) range betweear80550 nM, with the lowest
concentrations tending to be derived from plategasa The ULW sample from February
measured at 556 nM, compared with its correspon8Mg samples measuring below 100 nM.
Though not statistically proven as an outlier, ttuthe concentration range of iron in all the
ULW samples, this ULW sample shows all the chargsttes of being contaminated, especially
when assessed against the concentration of irite aorresponding SML samples. The
difference in concentrations may be an artefacbotamination due to the magnitude of the
difference in relation to other sample pairs, tHotlgs sample has not been shown to be an
outlier. These results show higher concentratiorie dissolved fraction than those from Lake
Biwa, Japan (Sugiyama et al., 2005), mean 44.7raNge 4 — 68 nM. From January to
February microlayer samples decrease in concemrathilst the ULW sample increase in
concentration. From May onwards all samples shewndar pattern, an increase in their
concentrations from early to late May, then a deseauntil July, before concentrations increase
into August.
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Cobalt concentrations generally decrease in alpéas from April through to July,
<2nMto~1nM. Screen samples continue to dsaé¢o 0.9 nM in August whilst ULW and
plate samples show a marked increase in concemtratiaximum measured concentration of
4.2 nM in the ULW in August.

Copper (Figure 4.09) concentrations range betwesmmd38 nM. These samples are
slightly elevated with respect to those from Lakedd average 9 nM, range of all samples 6 —
15 nM (Sugiyama et al., 2005). The low end o&eheoncentrations are similar to work carried
out on a coastal marine microlayer with a glasergh=2, 2 replicates) 4.2 — 11.3 nM (Cuong
et al., 2008). The time series pattern shows &eveoncentrations in March, which then
decrease in May before increasing in concentratanhigh in June. From June onwards the

concentrations in all samples tend to decrease.

Arsenic (Figure 4.09) values range between 8 &M, these values are similar to
those measured by Cuong et al. (2008), 4.5 — 14,9ma coastal marine microlayer. The
concentrations decrease from April to May and thieall depths show an increase in

concentration as the year proceeds.

4.05.02 Wilcoxon Test

A Wilcoxon signed rank test (Wilcoxon, 1945) wasdiso assess whether there was
statistical significance between the sample gr@unstherefore allow for a reliable assessment
of the degree to which there is potential enrichimgthin the microlayer. The test is non-
parametric and therefore no underlying assump#oequired about the population, though it is
expected to show a normal distribution. The assiomm@f normal distribution is required to
take the Wilcoxon test one stage further and sizdiby relate the differences between the
population means. However, the Wilcoxon testfifskle to the ranking of the pairs does not
require a normal distribution as it is based onrtimking of pairs and as long as both data show

the same population distribution then this disttidruis not problematic.

The test was applied as non-directional as no gssomwas made as to implicit
differences in either the sampling technique orsdmmples. Using the null hypothesis that the
difference between the groups is random a seritsstd were applied:

1. Between replicate microlayer samples taken thighsame technique — can the
replicates be combined? i.e. sample one and tewy sandom changes in concentration and

therefore they are in fact a repeat sample.
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2. Between combined replicate plate and screempleam indicating either
differences between sample depth or technique.

3. Between the ULW and combined replicate samplessessment of enrichment
of the microlayer.

4. Finally, between the ULW and separately th&t find second replicate plate and
screen samples.

A calculation for the test involves first findinge difference between pairs in population
A and B; absolute difference is then ranked anddtranks are multiplied by the sign of the
difference. The sum of the signed difference tf@vides the Wilcoxon rank-sum test statistic,
W. A z-ratio, z, can then be calculated and thilkimdicate how significant the difference from
the mean, W is. Populations with n < 10 can naide to calculate the z-ratio as the
distribution is too small to allow an approximatitmna normal distribution. As such, the values
of W for n < 10 were compared to Table 4.02.

Table 4.02. Critical values of +/-W for small sdeg(n < 10) using a non-directional test
(http://faculty.vassar.edu/lowry/ch12a.ht(@6th January 2011)).

a 0.05 0.02 0.01
n - - - -

5 15 -- -- --

6 17 21 -- --

7 22 24 28 --

8 26 30 34 36

9 29 35 39 43

The calculation of z (populations, n > 10) requimesalculation of the standard deviation
of W (Equation 4.01). There is also the assumptiah the mean of the signed differengeg)(
should the null hypothesis be correct, equals aex0if the differences between the ranks is
random, then there is an equal quantity of negatnepositive values and these are normally
distributed so when summed equal zero. The cdlonlaf z is shown in Equation 4.02. A

+0.5 correction is applied as there could be araedk within the calculation of W and the test
uses whole integers.

o = n(n+1)(2n +1)
o)

6 Eqn. 4.01
z is then calculated using
L= (W—,uw)i 05
G Eqgn. 4.02
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z is compared against a table of critical valuegrtwide the appropriate probability that the
differences between samples A and B are randone.cdmparison was made to an online table

- http://faculty.vassar.edu/lowry/wilcoxon.htiwhich also provided the resultant probability, p,

for the null hypothesis. All tests were condud@tbwing the removal of concentration outliers
(highlighted in red in Table A4.05).

4.05.02.01 W.ilcoxon Test Results

The first test compared replicate microlayer sasip&en by the same sampling device.
Two elements from different samplers indicated tigiothe test that their differences were
statistically a non-random difference. These whleeealuminium screen samples W =26, n =7,
p = 0.02, and manganese plate samples W = 28, m=D0.02. All other analytes using the

same sampling technique indicated a random spreadwts between repeat samples.

The second test was between combined repeat myeradamples. This test was also
conducted using aluminium measurements as sampiledhe screen and manganese
measurements as sampled with the plate, even thbegirevious statistical test suggested that
these were different. The reason for using both clerepeat data then provides a higher
number of data points (two per sample) allowingdonore robust test of the data as the number
of values used is doubled allowing for a betterapnation to a normal distribution. The
results from these tests are shown in Table 4T0& sign of W indicates the direction of the
difference. If W is positive than group A values greater than group B values, in this case
plate samples would tend to have higher conceatrdhian screen samples. Should W be
negative than in this case plate samples would tiehdve lower concentrations than screen
samples. Those elements which showed a high pitdiabat their differences in
concentration were not random and that the plateks measured higher than the screen
samples were manganese (96%) and arsenic (98&6).stiows a high probability (99 %) that
the differences between the samplers are not rarhohthat the screen samples have a higher
concentration than the plate samples. Aluminiuch@pper both have a greater than 50 %
chance that the samples are random and as suadt dhaw either a preference for the sampler
or depth of microlayer collected. As the numbesaiples is small and from an environmental
context an assumption may be made that thereiffeaethce between cobalt concentrations as
sampled by each sampler, though this probabilipniy 66%, and that cobalt is enriched in

plate samples compared to screen samples.
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Table 4.03. Wilcoxon test results (2) for all plaind screen samples. The table shows the
Wilcoxon value, +/-W and test statistic, z and @iobty of random/non random association.
% probability

W z n p random non-random
Al plate vs screen -16 -0.65 12 0.54 46
Mn  plate vs screen 67 2.09 14 0.04 96
Fe plate vs screen -87 -2.75 14 0.01 99
Co  plate vs screen 22 0.96 11 0.34 66
Cu | platevsscreen -12 -056 11 0.61 39
As plate vs screen 54 2.38 11 0.02 98

The third test measured differences between caedhieplicate microlayer sampler
samples and the ULW, Table 4.04. Aluminium platd acreen and manganese plate samples
indicate that these concentrations are higheramiltrolayer samples than the ULW and would
be enriched. The only other analytes to show gtetatistically significant relationships are
iron, plate collected samples and arsenic, screbected samples, which indicate a depletion of
each in the microlayer.

Table 4.04. Wilcoxon test results (3) for a conguar between ULW and combined replicate
microlayer samples.

% probability

W z n p random non-random
Al ULW vs plate -76 214 15 0.03 97
ULW vs screen  -112 3.17 15 0.03 97
Mn  ULW vs plate -74 190 16 0.06 94
ULW vs screen -18 050 15 0.64 36
Fe ULW vs plate 90 254 15 0.01 99
ULW vs screen 46 1.18 16 0.24 76
Co  ULW vs plate -28 1.08 12 0.28 72
ULW vs screen 26 1.13 11 0.26 74
Cu  ULW vs plate 20 0.76 12 0.45 55
ULW vs screen 22 096 11 0.34 66
As ULW vs plate 16 061 12 0.54 46
ULW vs screen 46 2.02 11 0.04 96

Again, due to the small sample sizes and the feeset are environmental samples, iron
screen samples indicate that they are depletdteimtcrolayer, with a probability that these
results are not random > 76%. The sign of W f@ st corroborates the results from the test

with the plate and ULW comparison. Cobalt resatesthe most difficult to interpret as the
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chance that the differences between microlayer kgnd ULW is not random is > 72%,
however, plate samples would indicate enrichmerlstvbcreen samples would indicate
depletion. The cobalt statistics could therefaraubed as an indication that a probability of >
~75% is required to provide a higher chance offaitige result, though from the second test
the cobalt from plate samples is also enriched @wetpto the screen samples (Table 4.03).
Except for the cobalt statistics all other elemératge a W of the same sign for both sampling
devices. The sign of W if in agreement with aistatlly proven difference in the same metal
from the microlayer maybe used as a reassurant® that the test does show that there is a

potential for enrichment or depletion even if thielgability is not as significant.

The Wilcoxon test suggests that there is an enmctiraf aluminium (both) and
manganese (plate) and a depletion of iron (botH)amsenic (screen) in the microlayer and as
such allows for the data to be used in the calicnaif enrichment factors. This test has shown
statistically that there is, on a seasonal scilerenrichment or not of the dissolved fractidn o
the specified trace metals. What the test doepnamide and actually hides is the variation of
the concentrations of the metals through the seasdmwhen certain metals maybe enriched or

depleted and this being due to the environmentaligistances.

The final test was an exercise in whether thelt®sould be de-constructed into a
specific microlayer sample repeat. These tests wgain conducted on small populations
n < 10; results are shown in Table 4.05. Only ahiumn was able to show conclusively that
repeat samples taken with the screen showed ergidhimthe microlayer. Iron though not
showing depletion in both samples does show tleasdéitond plate sample has better correlation
than the first and it would be this sample thattibates most strongly when the replicates were
combined in the third test, Table 4.04.

Table 4.05. Wilcoxon test results (4) for a congaar between ULW and replicate microlayer
samples

Al ULW vs plate 1 -24
ULW vs plate 2 -12

ULW vs screen1l -26
ULW vs screen 2 -36

7 0

8 X

7 0

8 O

Fe ULW vs plate 1 16 7 X
ULW vs plate 2 30 8 O

8 X

8 X

ULW vsscreenl 16
ULW vs screen2 8
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4.05.03 Enrichment Factors

An enrichment factor (EF) is the ratio of the cemication of an analyte in the SML to
that in the ULW, Equation 4.03.

EF = [X ]SML
X Jouw Eqn. 4.03

Values above one will indicate enrichment of thadlgte in the SML, a value of one indicates

unity and less than one indicates depletion. Talflé shows the calculated enrichment factors.
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Results from the first Wilcoxon test suggest tlegigat data from each sampler for each
sampling mission can be combined. Combining da&s dhot calculate the mean of repeat one
and two, but instead calculates the enrichmentaraggly using the same ULW sample,
therefore a repeat sample. The enrichment fatothe combined replicate samples are shown
initially introduced through a series of boxpldtsgure 4.10. These plots show a simple
comparison of the screen and plate enrichments agedo unity (the explanation of the

statistics shown for the boxplot was given earkection 4.03.04).

Aluminium (Figure 4.10) in the microlayer is enrachin both the plate and screen
samples, indicated by the mean and median fromteotiniques. The interquartile ranges for
both samplers also lie above the unity line, with tnean and median values comparatively
central within the range. The range of the datdéih samplers does however extend below
the unity line. These results for combined repéatata agree with the Wilcoxon test (3) that

there is significant enrichment of aluminium in thecrolayer.

The plate sampled microlayer mean and median véduesanganese (Figure 4.10) also
indicate enrichment, or at least unity (screen aredalue). However, the plate and screen
interquartile ranges cross unity, though mean aediam values are relatively central within the
range. The screen interquartile range is sligtitwed towards enrichment. The visual
representation appears in agreement with the Waleagst (3) which indicated significant

enrichment of the plate samples but no enrichmgtiteoscreen samples.

Plate and screen iron (Figure 4.10) median and malaies indicate depletion in the
microlayer. The interquartile range does howeves unity for both samplers, more so with
screen samples. With both samples the mean anduma relatively central indicating a
normal distribution. These results agree withwWikoxon test, that the plate is depleted and

that the screen is also depleted but that duectoatiige of the screen data it is not as significant

Cobalt (Figure 4.10) sampled from within the mies@r shows contradictory results in
the boxplot when comparing between samplers. Bhatgle EFs suggest enrichment with the
mean, median and the interquartile range in agraentéowever, due to high depletion factors
for some samples (August, Figure 4.09) the randheotlata extends well below unity. Both
the screen sampled mean (depletion) and mediaty)@amd extent of the interquartile range
tending to depletion suggest that these samplesomalgpleted but, as with the Wilcoxon test,
there is not enough evidence to suggest thatghsgnificant or that should it be occurring

because the number of times it does occur is ldnite
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Figure 4.10. Comparison of broadwater enrichmactioks for combined plate and combined
screen samples. Unity with the ULW is indicatedHusy continuous horizontal line. See text for
explanation of the variables shown in the plots.

The copper from within microlayer plate sampleg(fe 4.10) would indicate depletion
with the mean and median central of the interglgardinge lying below unity. Screen samples
as with cobalt are less constrained, with the nreljimg above unity and the mean below thus
suggesting that there is little or no differencens®n these samples and the underlying water.
The range of the plate data and unconstrainedenafuhe screen data agree with the low

probability measured by the Wilcoxon test of nondam differences < 66 %.
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The microlayer samples containing arsenic (Figui®@yhave mean and medians values
indicating depletion of their samples comparech®sWLW concentration. The plate
interquartile range tends towards enrichment wisetiea screen sample interquartile range
generally lies below unity, indicating the majordgfysamples do show depletion. These agree
with the Wilcoxon test that the screen is depldtetthe range of the data for the plate does not
allow for a significant relationship to be assess@dthin the arsenic data it should also be

noted that the interquartile range of enrichmeatdies is small, = 0.08.

Using the comparisons from Figure 4.10 combinet wie Wilcoxon test results has
allowed for the suggestion that certain trace rsetatheir dissolved fraction show enrichment
(aluminium and manganese) or depletion (iron asdrac) in the microlayer. The box plots
indicate that there is also an argument for usiagyaificance of more than 75 % to indicate
enrichment or depletion, as there needs to be jareaipble shift in both the mean and median
values from unity. The box plots also highlightahthe depth of microlayer recovered will
affect the enrichment. If the assumption is vtk the thinner the sample collected the more
representative of the microlayer it is, for disgmlvmetals, then screen samples should tend more
towards unity than plate samples. This would appakd for manganese, iron, cobalt and
copper with screen mean and median values closaritypthan plate samples, with aluminium
tending to show a greater deviation from unity vatehallower microlayer sample. Also, the
enrichment factors should fall within a smallergarmue to the increased dilution factor

narrowing the interquartile range. This is showraluminium, manganese, iron and copper.

4.05.03.01 Annual Average EF

Variability is present through the year, as evidghby the changes in the difference
between the concentrations of the trace metalsamticrolayer and ULW. However, when the
EFs were averaged over the year, Table 4.07, ttenpal variability is lost and the microlayer
tends to unity with its ULW. For all analytes, doiming their microlayer replicate samples for
each sampling device indicates that unity is withiie standard deviation of both the mean and
median values of these combined samples. Thisshggests that over a time integrated period
the dissolved fraction of the specified trace nsetakolves to unity with the ULW. The data in
this simple form may be over simplified and igntre implications of the variability due to the
temporal progression of the water body. If therdepletion/enrichment within the microlayer
then for the dissolved fraction of aluminium, mangse, iron, cobalt copper and arsenic this
occurs within a small range and only on specificastons would significant(+ 1 0)

enrichment occur.

85



Table 4.07. Annual average microlayer enrichmaatdrs for combined replicate samples
through 2008. * calculation of the manganese @ments has the outliers (day 87) removed.

mean median min max n
plate
aluminium 1.3+04 1.3 0.55 1.91 15
manganese* 1.6+ 1.0 14 0.14 3.24 14
iron 0.7+04 0.7 0.07 1.17 15
cobalt 1.1+04 1.1 0.19 1.62 12
copper 1.0+04 1.0 0.18 1.62 12
arsenic 1.0+0.08 1.0 0.86 1.11 12
screen
aluminium 1.3+0.3 1.2 0.93 1.89 15
manganese* 1.1 +0.6 1.0 0.12 2.35 14
iron 09+04 0.9 0.17 1.52 16
cobalt 0.9+0.3 1.0 0.34 1.15 11
copper 0.9+0.2 1.0 0.66 1.17 11
arsenic 1.0 £ 0.07 0.9 0.87 1.08 11

Based on the information in Table 4.07 a Studdrest was used to provide an idea of
which elements in there dissolved phase havetatistically different mean values from unity,
EF = 1.0; and ii) which samples have statisticdlfferent mean SML sample enrichments or
depletions. The equations and results from thests aire in the Appendix, section A4.03.

Those elements that show significant enrichmethenplate sampled microlayer are:
Al, p=99%,t=2.7,df =14 and Mp,= 97.5 %, t = 2.2, df = 13.

Only aluminium shows significant enrichment in #oeeen sampled microlayer:
Al, p=99.5 %, t = 3.5, df = 14.

Iron is the only element to show significant dejpletof the plate sample relative to the
ULW: Fe,p=99.5%,t=-3.3, df = 14.

Cobalt and arsenic in the screen sampled microkgershows significant depletion
relative to the ULW: Cop =90 %, t=-1.4,df =11 and As= 95 %, t =-2.2, df = 10.

With respect to whether there is a significantediéhce between the plate and screen
sampled microlayers, only two elements show a Bagmit difference: Manganese is enriched,
p=90%,t=1.39, df = 26 and iron is depleted, 90 %, t = -1.52, df = 30. As these results do

not deviate from the assessment using the Wilcteestfurther discussions concentrate on those
results from the Wilcoxon tests.
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4.05.04 Temporal Progression of Enrichment Factors

Based on the Wilcoxon test (3) results (Table 4.6#)he six analytes only aluminium
and manganese are statistically enriched with cgpaJLW at 0.1 m in their nominally
dissolved fraction. Those analytes which, basethein Wilcoxon test (3) results are depleted,
are iron and arsenic, whilst cobalt and copperlt@suggest that they are tending towards unity
with the ULW. Work by Cuong et al. (2008) foundtlthe enrichment factors for dissolved
(<0.45 pum) copper and arsenic in a coastal mariceofayer (~50 pm) were close to unity, an
EF of 1.0, their results were, copper, EF = 0.92; 4nd arsenic, EF = 0.9 — 1.1, (n=2 with 2
replicates). For the Broadwater samples, the s@apoogression of surface microlayer EF of
the enriched trace metals, aluminium and mangaitsesbown in Figure 4.11. Plate samples
are presented in black and screen samples ingpéat one is a solid line whilst repeat two is a
dashed line. Mean of the combined repeat dagpiesented by a thin light grey line, whilst the

grey box represents sifrom this mean. Error bars are the relative shathdleviation.
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Figure 4.11. Seasonal progression of EFs for tiedeelements statistically said to be enriched
in the surface microlayer. See text for descriptbfigure.
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Of the enriched analytes the only discernable trerieF is that of manganese plate
samples from early May through to August. Thiansncrease in the EF in May followed by a
steady decline through the remainder of the yeadihg towards unity as the season
progresses. This coincides with the blue greeaealjoom, with the manganese enrichment
peaking during the initial growth of the blue gredgae at 1 and 2 m, ehincreases from 20 to
55 pg L. As the cyanobacteria population stabilises,o(&3 — 65 pg ') and then declines
(chla 65 to 40 pg L) the enrichment of Mn in the microlayer decreasEse steady decline in
enrichments is also seen in the screen samplesJuom onwards. There is also a consistent
difference between plate sampled replicate oneweadand screen sampled replicate one and
two (except in June) with two measuring lower tbae. This is also true for aluminium screen
and plate samples with one exception, those caédifar February. This may suggest that a
dilution of the microlayer is occurring from re@ie one to two as the microlayer is removed

from the sample site.

Results from Wilcoxon test (3) results (Table 3.idlicate that iron (plate 99% and
screen 76% probability) and arsenic (plate 46%szmeen 96% probability) are depleted in the
microlayer. The seasonal progression of their lidwsthat there are times of both enrichment

and depletion (Figure 4.12) therefore the staat@malysis is masking this seasonal variability.
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Figure 4.12. Seasonal progression of EFs for tiedeelements statistically said to be depleted
in the surface microlayer. See text for descriptbfigure.

Iron EF for both the plate and screen show sintiégriin their temporal pattern. Using
the progression of the screen samples for the sabdescription; between January (EF 1.2) and
March (EF 1.5) there was a large decrease in Bkhdo 0.2. This decrease in EF corresponds
with the diatom bloom in the beginning of the ygaaximum chd in deep waters and
concentrations increase with depth) then as thgsazed down in March the EF for iron
indicates enrichment in the microlayer. Prograssibthe time series shows a decrease in the
iron EF, close to unity, as there is the secondgpignkton bloom (blue green algae) in late
March, with maximum ch (~ 60 pg [*) occurring at 1 and 2 m. To early May, the irbows
depletion within the microlayer with ahhighest in the deep waters and lowest (~ 20 PigrL
the surface waters. As the cyanobacteria bloomstakf in the surface waters the EF for iron
increase and these show a point of maximum enriohpeeurring in June as the cyanobacteria
standing stock is at its highest. There are threaounced times of depletion of iron in the
microlayer: the first, in February, coincides wilie diatom bloom; the second in May coincides
with the chb at 3 and 4 m being greater than that at 1 and ZIme. third point occurs at the end
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of the time series as the blue green algae bloataadkning and chd at 1 — 3 m are tending
towards a similar concentration. The calculateddFhe plate samples during times of
depletion is similar to those of the screen. Hosvethe screen samples indicate higher levels of
enrichment suggesting that changes in iron witherhicrolayer, with respect to its enrichment,
are also dependant on the depth of the samplevetti The points of maximum EFs in late
March and June coincides with the grazing dowrhefdiatom bloom and the point of

maximum chd at 1m attributed to the slow growing, blue grelga@ bloom. The second point

of strong depletion in iron (May) in the microlayaincides with the time manganese indicates

a strong enrichment in the microlayer.

Arsenic plate EFs show two points of increasedchment, the first is during May
whilst the second is in July. The point of maximanrichment in May is also represented in the
screen samples. This point corresponds to a deplet iron and the point of maximum
enrichment in manganese plate samples. During ti@es the water column has a progression
from one phytoplankton species to another andubsexjuent decline of the second species,
respectively. The screen samples from the peri@hachment in May gradually decrease
through the rest of the year with replicate oneagisvgreater than replicate two. The gradual
decrease in the enrichments is similar to thatamganese samples over the same period,
though the arsenic decline precedes that of thegareese. Plate samples do not show a bias
between the first and second repeats, whereastbernssamples did, suggesting that this depth

is being diluted on removal of the microlayer.

Cobalt and copper concentrations when comparedj tisenWilcoxon test (3), Table
4.04, did not exhibit a significant tendency towaitther depletion or enrichment and as such
are being termed as at unity with the ULW. Thesseaal progression of the microlayer EFs are
shown in Figure 4.13 and highlights how the sta@test, with a smaller population does not

provide a robust result.
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Figure 4.13. Seasonal progression of EFs for aldsratatistically said to be at unity with the
ULW. See text for description of figure.

Cobalt measured from within the microlayer sampigdhe plate is enriched or close to
unity, except for that in August. The point of nmaum enrichment occurs in late May during
the growth phase of the blue green algae. Cotmatt fvithin a shallower microlayer (plate
samples) like aluminium shows a continued enrichrivethe microlayer during April and May,
when there are large changes in the speciatiohyibplankton in the Broad. For all, except the
August plate sample, enrichments in the first cgpé are greater than in the second, however,
none of the two previous statements could be statily corroborated due to small data sets
(n =6). EF and the degree of depletion are gelydmier in the screen sampled microlayer.
The screen sampled microlayer does show a periedradhment which occurs during the
growth and stabilisation of the blue green algaay kb June. Using the first replicate sample in
both the plate and screen sampled microlayer c@8paihcrease from March to late May. EFs

then show a gradual decrease as the season pexyress
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Copper EFs for both screen and plate (disreganeig, replicate two, late March
sample) have a point of maximum enrichment occgrinate May, during the growth stage for
the blue green algae. From this point of maximumcbment, EFs tend to decrease as the
season progresses. For screen samples the filisate EF is always greater than the second
replicate. The difference between plate replicete®t as clear as on three occasions, early
May, June and August, the calculated EF are similhereas other times there is no discernable

bias.

What the seasonal progressions of EF do showtisvitian the +1 of the mean of the
combined enrichments there is variability and thatdirection of change can be consistent.
This is shown, for example, in the decrease infidfta a maximum occurring in May for
manganese, arsenic, cobalt and copper. This fomeides with the succession of the blue
green algae bloom. There are points of referematdccur, such as the high in enrichment
factors occurring in May, for manganese (plategeaic (both) and copper and cobalt (both)
whilst there is depleted iron. In May the cld low in the surface (1 and 2 m) concentrations,
~ 20 pg [* whilst at 3 and 4 m it is 55 and 35 pg tespectively. The water column is also at
its stage of maximum thermal stratification, piiorthe formation of the blue-green algae
bloom. Manganese (screen), aluminium (screenjrandboth) have a high point in
enrichment occurring in June during the blue gr@lgae bloom. Clalconcentrations at 1 m are
~ 63 mg L.

4.06 Discussion

As there has been little published work on thealiged fraction of trace metals in the
surface microlayer and none relating to freshwatarsh of the following discussion relating to
oxidation states, speciation and organic compleras speculative. Undertaking such
speciation measurements would have provided a dae mobust insight into the processes and

environmental conditions affecting trace metalthm surface microlayer.

There is an argument for suggesting that the phamdgon standing stock may affect the
concentrations of dissolved trace metals withinsimgace microlayer. Though not statistically
proven there are points of correlation betweerctiie concentrations at 1m and the EF for the
dissolved fraction of metals. Of the metals aluommdoes not appear related to thexcdi 1m.
There is a point of reference occurring as the entration of cht decreases from 60 pg'L
(late March) to 18 pgLat 1 and 2 m (early May) with a concurrent incesimsEF for

manganese (plate), arsenic (plate and screen)agmcand cobalt (plate and screen) and an
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increase in the depletion of iron in the surfacerolayer. The progression of the ehnélated to
the blue green algae then increases to a maximunmie, 65 ugt, at this point, iron shows
enrichment in plate and screen samples, arsertie danples become depleted, manganese
screen samples exhibit their maximum enrichmentbanh cobalt and copper have shown a
period of enrichment. The work of Shine and Wal&t996) indicated that copper can migrate
to the microlayer with phytoplankton derived SASiamder this theory there is the suggestion
that as SAS derived from the blue green algae ase®it has resulted in increased EF for the
dissolved fractions for manganese, iron, cobalt@pper.

Sampler Devices / Depth

Though inadvisable to directly compare samplesrtalsing different sampling
techniques (Carlson, 1982) some information mdljtsiobtained from the result from the
comparison. The EF results can indicate that tiseaadifference in those samples from the
depth of the microlayer taken or that each sammpkey have a bias towards certain fractions of
material, i.e. preferentially collect hydrophobrganic material or readily adsorb aquo-ions.
From Wilcoxon test (2) results, Table 4.04, usinghbined repeat one and two data, aluminium,
copper and cobalt results suggest that the chaatehte depth of the microlayer makes a
difference towards the enrichment of these analgtésss than 66 %. For these metals it is
possible to make one or some of three possibleecanes: (i) Statistically there is no
difference in the concentration of these metals/beh SML depths of ~ 60 um (plate) and ~
330 um (screen). (ii) The sampling techniquesaldchave a bias towards, for instance
hydrophobic or hydrophilic organic surfactants tb@inpose the two upper most strata of the
surface microlayer (Hardy, 1997) and may contandrmetal complexes. (iii) Conversely if
each sampler has a bias towards hydrophobic oopiic organic material then any organic

complexation of trace metals there in are at siné&ative concentrations.

Manganese, iron and arsenic results, from the \W@odest (2) Table 4.04 indicate that
there is a statistical difference between the senmgphethods. Manganese and arsenic plate
samples are consistently higher than their respestireen samples whilst the opposite is true
for iron. For manganese the plate sample is eadidompared to the ULW (Table 4.04).
Arsenic screen samples are depleted with respelcetdLW (Table 4.04). Their opposing
sampling devices indicate that there is no sigaifidifference between those concentrations
and the ULW. For iron it is the plate samples wtrsbow significant depletion compared to the
ULW. The screen samples also indicate depletlmmchance that this is non random is 76%.

The results would indicate that dissolved mangarsesencentrated in the upper region of the
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microlayer, < 60 um and/or the speciation of thegamese, for instance Mn(ll) aquo-ions or
organically complexed manganese, in the microlas/brased towards the plate sampler. As
manganese is not significantly organically comptet@unda, 1984) the assumption can be
made that it was collected as an inorganic solpb&ese. It is therefore this phase which is
enriched at < 60 um and an argument maybe givérnhbalate sampler may have a preference

towards the sampling of inorganic soluble ions.

The microlayer is depleted in dissolved iron whistdepletion decreasing with depth,
[Felpiate < [F€kcreen< [FELiLw, Suggesting that dissolved iron is removed atiiwzolayer.
Conversely both microlayer samplers may not saitgdorm of dissolved iron which is
present in the microlayer though this is potentiatlikely. If the dissolved phase of an
element is depleted that element must thereforde@gthin another phase, i.e. particulate.
Brugmann et al. (1992) found a dissolved phasetgtn) enrichment of iron using a glass
roller on a marine microlayer, however, over 75%hafir total iron was in the particulate form.
This may then suggest that iron within in the Bratér microlayers 60 and 300 pm, is within a
particulate form > 0.2 pum.

Arsenic is interesting in that the difference bedw¢he plate and screen is non-random
(98 %) with plate concentrations higher than thespective screen samples. However,
depletion of arsenic, in relation to the ULW, igrsficant only in screen samples, 96 %,
corresponding plate statistic is 46%. Arsenidse aoteworthy in that the range of its EFs was
far more constrained, EFs 0.86 to 1.11, than thmlsmeThe results for arsenic may then
suggest that samplers may collect different forfrergenic; that the screen samples are being
diluted by the ULW would not be the case as thegtigshow a depletion, for the microlayer to
be depleted its concentration must be lower tharidiW and therefore any mixing with the
ULW would increase the EF. Arsenic may either tganically complexed (Andreae, 1986) or
within the matrix of particulate ferric oxides (Bwl and Charlet, 2010) or iron oxy-hydroxides
(Belzile et al., 1989), with dissolved iron als@gling depletion in the microlayer. The plate
maybe shows a bias towards an inorganic solublsephs argued in the case for manganese.
Organically complexed arsenic can be present aplaynkton excreted mono and
dimethylarsonic acids (Andreae, 1978), this carmantfor up to 50 % of the total arsenic,
occurring at the height of the phytoplankton gragveeason (Sohrin et al., 1997). Arsenic as
inorganic As(lll) (arsenite) in the lake environmeacounts for usually 10 — 20 % of the total
arsenic (Andreae and Froelich, 1984; Barringef.e2@11) with the remaining as oxidised
As(V) (arsenite). This reduced form is presentranganese and iron oxides (Peterson and

Carpenter, 1983; Scott, 1991). The probability glate sampled arsenic is due to random
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chance is 54 %, yet the sign of the Wicoxon testfaitest (3) comparing against the ULW, is
still in agreement with that calculated for theesar samples. If on occasions there is sufficient
arsenic in organic form this may be a limiting tadh plate collection. What cannot be ruled

out due to the lower relative depletion of arseniplate samples is that it has an atmospheric
source (Majestic et al., 2009). Assuming a sparatihospheric source or a sporadic
appearance of a SML that can retain a constantsghaoic source than arsenic will

occasionally be enriched in the shallower microtagéative to the deeper microlayer. The key
factor would then be the loss mechanism, whichtdues general depletion can also be assumed
to be rapid. The loss mechanism is most probdiobugh the formation of iron and manganese

colloidal and particulate material and its subsegjgettling from the microlayer.

Paradox of Microlayer Removal

The physical sampling of the microlayer has produc@aradox in the results. Under
the assumption that following sampling the micrelaig refreshed both vertically and
horizontally one of these sources is depletedivelab the other and causes a dilution of the
microlayer at the point of sampling. Generally tapeat samples have a lower enrichment
factor than the first sample. When the microlagesnriched logically any dilution occurring
vertically is with the ULW, this then cause the rolayer to be less enriched and hence show a
lower EF as the results tend to show, Figures 4.4113. However, when the microlayer is
depleted than any mixing with the higher concerdraULW should result in an increase in the
EF, which does not tend to occur. The decrea&#iwhen the microlayer is depleted would
indicate the horizontal migration of the microlaged the mixing of depleted microlayer at the
sample site decreases the EF. A third theoryaisttte water which is diluting the microlayer is
from a layer directly beneath the microlayer aneéewthe sampled thicknesses of the microlayer
are removed this layer of water which reforms therotayer is also depleted but more so than
the microlayer with respect to the ULW. This theaould then suggest that the gradient of
change for dissolved metals through the microlay@tches further into the water column than

the screen sampled depth, ~ 330 um.

Aluminium

Aluminium is not generally thought to be biologigalequired (Williams, 2002), though
in seawater it has been shown that phytoplanktartaiee it up passively (Quiroz-Vazquez et
al., 2008). Aluminium can be complexed by humjeetynaterials, though these materials will

readily swap the aluminium for iron if iron is aladle (Yang and van den Berg, 2009). Within
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a freshwater system aluminium can be in 4 potefarahs, which may pass through a 0.2 um
filter. lonic aluminium, which if present will hydlyse to a particulate aluminium hydroxyl
complex, alumina-silicate clays and organically ptered aluminium. There is the potential
(though no measurements were made) that fine @#icles may pass through the filter pores.
If these are present then their stabilisation enrtticrolayer could be due to the enhanced
organic material. Clays have relatively high scefanergies and as such are wettable (Hunter,
1980b) however, this high energy will also causarthio readily adsorb natural organic
surfactants (Hunter, 1980a) and hence decreagestitéace energy. This is important for those
particles that are in a shallower depth of micretagloser to the air-water interface. With
decreasing depth of the microlayer the sorptiohyarophobic and amphipathic (lipid-like
organic molecule with opposing hydrophobic and bpdiilic moieties) organic material on the
clays and particulate material becomes less stddeticles that are organic rich and have low

surface energies will have enhanced residence imté& microlayer (Hunter, 1980b).

If the assumption is made that there is some ocglipicomplexed aluminium, it has
been shown that light at 300 nm will photochemichlleakdown these organic complexes in
freshwater and release aluminium into the ionicsph&opacek et al., 2005). With less than 0.1
% adsorption of light at the microlayer (PlanelgtZ097) UVB (280 — 315 nm) is present with
which to initiate photochemical activity. In th@nic phase aluminium will then undergo
hydrolysis forming a particulate phase which again adsorb organic material. Stabilisation of
fine aluminium particulates by organic materiathie microlayer increases relative

concentrations of 0.2 um filterable material anddeeshows enrichment to underlying water.

The main sources or elements to a lake systemvar@e input, groundwater flow,
overland flow and atmospheric inputs. As mentioimesection 4.02.01, the broadwater is an
enclosed system with the main inputs from groundwiidw and atmospheric deposition.
During thermal stratification of the Broad (late Mla onwards) the groundwater source of
material to the microlayer is minimised to diffusionly rates. Thermal stratification will also
minimise the effect of groundwater flow at the ladges as only input to the top layers can
affect the microlayer. Particulate material in thigrolayer has residence times of ¢.10 minutes
(Hunter, 1980b); though laboratory studies havewshincreased residence times from 1.5 to 15
hours for particulate material these were subsdtuérastically decreased when a wind (3.6 m
s1) was applied to the microcosm (Hardy et al., 198% generally low residence times will
minimise the affect of the groundwater flow as skngpwas not undertaken in wet conditions.

The remaining source of new material is therefooenfatmospheric deposition.
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Aerosol dust is primarily alumina-silicate minesalil material (Jickells and Spokes,
2001). Using the crustal abundances of elemened@pohl, 1995) the concentration in the
dissolved fractions were normalised to aluminiufime only element in Broadwater samples to
show a similarity in its relationship to aluminiumthat of their crustal abundances is iron
sampled from within the ULW, Table 4.08. From witkthe microlayer there is depletion in the
ratio of iron to aluminium compared to their crustundances. All other elements showed an
elevation (2 to 3 orders of magnitude) in theissdlsed phase ratio to aluminium compared to
their crustal abundances.

Table 4.08. Comparison of dissolved phase meanconcentration, normalised to aluminium,
to the average crustal abundance

Wedepohl, 1995 ULW % difference SML % difference
Fe 0.54 053+0.31 -2 0.3+0.2 -39

The results of the normalisation of iron to aluramimay suggest that in the microlayer
the enrichment of aluminium has a baseline valuehvban be attributed to aluminosilicate
material. In addition to the aluminosilicate matkthere are also aluminium hydroxide (Stumm
and Morgan, 1996) and organically complexed alunmm{Kopacek et al., 2005). In the ULW
the relative concentration of the inorganic solubtes and organically complexed aluminium
are lower compared to the microlayer. If aluminiisnmydrolysed in the microlayer from
organically complexed forms (Kopacek et al., 2080B)ch are photosensitive at UVB
wavelengths (Yang and van den Berg, 2009), nohadtied at the microlayer (Plane et al.,
1997), this can ultimately produce a colloidal mialevhich will be iron poor in relation to fine
aluminosilicate minerals. Whilst in the ULW theigeof iron to aluminium is tending towards
average crustal aluminosilicate values (Wedepd®85) with these clays held in suspension by
the neutralisation of their surface charge as #usporb surface active substances (Hunter,
1980a). The other metals at all depths showelhfger ratios to aluminium than suggested by
a purely crustal source. What cannot be delineatedhether their excess is due to
anthropogenic material deposited at the microlayen situ cycling of elements (sourced
initially from ground and point sources) as no flmeasurements (point sources, atmosphere —
deep waters — sediments) were undertaken. Tharsparsity of measurements for aluminium
in the surface microlayer, the only available daafrom Narvekar and Singbal (1993),
measured in the Eastern Arabian Sea, found theldexsaluminium to be so close to unity they
only measured the particulate phase with which tbagpd an average EF of 2 with a range
from 0.9 to 10.8.
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Manganese

That the microlayer is a region of enhanced readixity, due to the combination of
increased concentrations of organic material andU¥ light attenuation (see Section 4.01),
may be shown by the enrichment of manganese. Betyl 6-8, Mn(ll) aquo ions account for
more than 95 % of the solution species in freshm@avison, 1993); as such the dissolved
fraction is the major contributor to total Mn. M) (can be formed by organic reduction
mediated by humic materials, this occurs in thé daut the rate is increased in the presence of
light (Spokes and Liss, 1995; Sunda et al., 198%)-oxidation is slow for Mn(ll) (Horst and
Zabel, 1996; Stone and Morgan, 1984), the primasyg mechanisms being particle scavenging
or precipitation in alkaline conditions (Stumm didrgan, 1996) or bacterial-mediated
oxidation (Emerson et al., 1982; Sunda and Huntsit@88). The oxidation of Mn(ll) to
Mn(IlI/IV) results in a efficient trace metal scanger, this process has been hypothesised to
reduce enrichment factors of iron in a marine mayer (Brugmann et al., 1992). The
oxidation of Mn(lIl) can then be proposed as a meisgma for removal of iron and arsenic
(Peterson and Carpenter, 1983; Scott, 1991). Wgpect to iron the enrichment of manganese
is interesting as the properties of iron and maegarare similar; they are biologically required
and redox active but with one major differenceirtheduced forms have very different
oxidation rates, Fe(ID>>Mn(ll). The reductionhOyx can also be increased through an
electron transfer to the Mndrom reduced iron (Hem, 1978; Scott, 1991).

Manganese has been measured from within surfaa®layers in primarily a variety of
marine locations and shows a range of enrichmdoesa Grotti et al. (2001) measuring the
total manganese in Antarctic Ice leads estimateilaof 4.6. In the Baltic sea the dissolved
fraction (< 0.45 um) of manganese in the microlaj@mwed an EF of 2.5 (Brugmann et al.,
1992), whereas Hunter (1980b) measuring total maesgain the coastal North Sea measured a
mean EF of 1.2 (range 0.3 to 2.1). In a freshwsystem Antonowicz and Trojanowski (2010)
measured seasonal changes in total manganesegmatverage EF for plate samples of 2.25
and for screen samples of 1.69. The range of E8i$solved phase manganese in this study,
for the plate is 0.14 to 3.24 and for the screénhig to 2.35.
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Iron

These results are the first known measurementssoblded iron in a freshwater
microlayer. The general depletion of iron in thenomlayer observed in this study though
contrasting the findings of Brugmann et al. (199#)p found EFs of 1.1 in the brackish Baltic
Sea, were within a similar range. Where the asthssessed 20 microlayer seawater pairs and
attributed their low, though enriched, enrichmexttdrs to low air temperature and minimal
biological activity; hence little formation of orgig chelates. The authors did find that in the
microlayer > 70 % of the total iron was in the parate form and attributed this to adsorption
and co-precipitation with MnQ Within an aquatic environment, dissolved iromergoes
hydrolysis reactions to form colloidal iron oxy-hgaides but these are still biologically
available (Rich and Morel, 1990) and can be rethimean active biological iron recycling
mechanisms (Hutchins et al., 1993). The ultimaidation rate of iron is dependant on the
ligands present assuming a well oxygenated systéiliefo, 1985). In freshwater these will
primarily be carbonate and oxygen as well as omgtumm and Morgan, 1996). Iron-
hydrated ions and Fe(ll) complexes are water seluliereas Fe(lll) occurs largely in the
particulate or colloidal phase (Stumm and Morg&®6). The photoreductive dissolution of
Fe(lll) (oxy)hydroxides decreases rapidly with easing pH (Sulzberger and Laubscher, 1995;
Waite and Morel, 1984) whereas organic materialthagpotential to increase the rate of Fe(lll)
photo-reduction (Waite and Morel, 1984) but, depeg@dn the relative stability of Fe(ll) and
Fe(lll) organic complexes, the rate of Fe(ll) rae@tion can be enhanced (Emmenegger et al.,
1998) or slowed (Miles and Brezonik, 1981; Rijkerpet al., 2008; Shaked et al., 2004,
Steigenberger et al., 2010). Such organic compilaxaeeds to be sufficiently fast to out-
compete hydrolysis and precipitation / adsorpteections (Jickells and Spokes, 2001).
Though no work has been done on the speciatiomofin the microlayer it can be suggested
from the results of this study that oxidation aduieed iron is faster than both organic
complexation and photoreductive dissolution of Fe(hydr)oxides. This conjecture is based
on the general depletion of dissolved iron in theratayer which is a known region of organic
material enrichment relative to the ULW. As ennnt of the dissolved iron is not present
than iron may either be in the colloidal or partate phase (> 0.2 um), these can be associated
with either biological detrital material (Stumm akidrgan, 1996) and also adsorbed onto

manganese oxides (Brugmann et al., 1992).

If the case were that there was some soluble mondd through a LMCT of iron
(hydr)oxides (Faust and Zepp, 1993; Waite and Md@84) or organically complexed Fe(lll)

(Barbeau, 2006; Barbeau et al., 2003) then theespanding loss mechanism is rapid in respect
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to the formation. Surface hydrolysis (Stumm anddam, 1996) and the subsequent
flocculation of charged particles could be saitbeécoccurring faster than the sorption of organic
hydrophobic material which leads to a neutralisabbthe surface charge. Flocculation leads to
eventual aggregation and is the mechanism forquéate matter removal from the microlayer.
What may then be seen in the ULW is a remineratisaif this iron. The formation of soluble
inorganic iron hydroxides as with the manganese shayv an affinity for the plate but due to
their rapid adsorption on to detrital material thencentrations are lower in the microlayer than
in the ULW. Speculatively, the fate of dissolveohi in the SML is due to rapid oxidation and
scavenging from the microlayer by either organititéé material or Mn(lll/IV). The inability

to compare between iron and manganese agrees alim&ns and Baccini (1986) who suggest

that within a lake system the manganese and irolesyare practically independent.

Three previous sets of work have measured iraherSML and calculated EFs. The EF
have been calculated for: total Fe, EF = 7.3 uaingjler to sample an Antarctic ice lead (Grotti
et al., 2001); particulate Fe (> 0.4 um filterdsly, = 0.8 range 0.6 — 1.3 in the Costal North Sea
(Hunter, 1980b); and dissolved Fe (< 0.45 um ®#itgy EF = 1.1, using a screen to sample in the
Baltic Sea (Brugmann et al., 1992). The rangdeiHermeasurements from this study, EF 0.1 to
1.2 (Plate) and EF 0.2 to 1.5 (screen) are of daimange to both those of Brugmann et al.
(1992) and Hunter (1980b) though the filtered fiacmeasured is smaller and generally the
results suggest that there is depletion (Table,AMEEoxon test 3).

Arsenic

Arsenic oxy-anions can pass through cell membralwe®y the same pathway as
phosphate (Mehlorn, 1986); As(V) is a phosphatdéognganders and Windom, 1980). The
broad is phosphate limited (Claire Hughes persooaimuniqué) so there is therefore a rapid
internal cycling of the phosphorous within the syst If the phytoplankton are actively seeking
phosphate there is the potential that there isaisiacrease in the passive uptake of arsenic and
subsequent excretion of an organically complexeah f{dAndreae and Klumpp, 1979). There is
therefore the potential for a larger concentratbtiresh’ organically bound arsenic. One of
the two main sources of organic ligands to a Ialstesn is fresh material derived from
phytoplankton; this has a turn over rate of upato teeks. The other source being refractory
organic matter to which 70 — 80% of the total digsd organic molecules belong and is the
result of enzymatic degradation (Stumm and Mord&@06). Inorganic arsenic can be as either
arsenate or arsenite; arsenite can occur in lastersg through the reductive dissolution of

MnO, and ferric (hydr)oxides by arsenate, this occarsristance on the surface of Mn(lll,1V)
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oxides (Scott, 1991). After formation of the ins@here complex electrons are transferred from
As(l1) to the Mn which result in the release ofidised As(V) and reduced Mn(ll) (Scott,

1991). The results indicated that the two elemgateerally depleted in the microlayer were
arsenic and iron (Figure 4.12; Wilcoxon test 3, [€ab05), so therefore any mechanism where
both are removed could be said to be an importargss, one such mechanism in the
scavenging of arsenic into its matrix during therfation of ferric (hydr)oxides (Burnol and
Charlet, 2010). The potential for a proportioracgenic to be bound to ‘fresh’ organic material
also had interesting implications for the samplilegice as explained in Section 4.06.01. The
small range in arsenic EF, plate 0.86 — 1.11 aneksc0.87 — 1.08 are similar to the range
calculated by Cuong et al. (2008) for a coastalotayer in Singapore, EF 0.9 — 1.1.

Cobalt and Copper

Both cobalt and copper are essential trace nagri@owen, 1966). Organic
complexation can also occur for both cobalt (Naaal., 1992) and copper (Shine and Wallace,
1996). During the formation of manganese and (oxy)-hydroxides both cobalt and copper
are known to be incorporated into their matrix (Burand Charlet, 2010). Organically
complexed copper has been seen to migrate to trelayer with the presence of SAS (Shine
and Wallace, 1996). Whilst in an inorganic fornpger within in colloidal and / or particulate
material will be under the influence of gravitatisettling. Therefore, for these metals, these
processes, migration with SAS to the microlayer gravitational settling from, maybe
occurring at similar rates and is why the microlagestatistically at unity with the underlying
waters. However, what could also be postulatédasan atmospheric source for these metals
to the microlayer is depositing material at a samrate to the microlayer as they are lost from it.
Both Hunter (1980b) and Shine and Wallace (199gysst that the primary source of copper to
the microlayer is from the water column. Enrichiseior cobalt and copper occur for the
screen sampled microlayer during May and June anthé plate sampled microlayer during
May (Figure 4.13). During this period the bluearalgae is slowly growing and stabilising
within the surface waters (1 — 2 m, Figure 4.0@ tould suggest that the times of enrichment
for cobalt and copper are affected by phytoplanktamduction in the water column and the

subsequent production of phytoplankton derived $3t8ne and Wallace, 1996).

With respect to published values of calculated &@fcbbalt and copper the results from
this study are in good agreement, even when comsgdifferent fractions (Table 4.09).
However this study was conducted in freshwaterstiaill other published values are derived

from seawater.
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Table 4.09. Comparison of cobalt and copper Hbutdished values.

Reference
Cobalt

Brugmann et al.
(1992)

Pattenden et al.
(1981)

This study

Copper
Cuong et al. (2008)

Grotti et al. (2001)

Brugmann et al.
(1992)

Hunter (1980b)

This study

sample local

Baltic Sea

North Sea coastal
waters

Singapore coastal
waters

Antarctic ice lead
Baltic Sea

North Sea coastal
waters

sampler

screen

Bubble

microtome

plate
screen

roller

roller
screen

screen

plate
screen
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fraction EF
0.45 um dissolved 1.2
total (normalisedto  1.3-76
sodium)
0.2 um dissolved 0.2-16
0.2 um dissolved 03-1.2
0.45 pm dissolved 09-1.2
tbta 1.6
0.45 pm dissolved 15
particulate 0.6(0.2-1.1)
(> 0.45 um)
0.2 um dissolved 0.2-16
0.2 um dissolved 0.7-1.2



4.07 Conclusions

The above work has measured concentrations afisiselved fraction (0.am filtered)
of aluminium, manganese, iron, cobalt, copper arsdrac in a lacustrine surface microlayer and
related these to a corresponding underlying watewde collected at a depth of 0.1 m. The
concentrations have been used to develop a resfijpibased on the ratio of the measured
concentrations, termed an enrichment factor. Tkasehment factors can be dependant on the
microlayer sampling techniques, which remove défeérthicknesses of microlayer. Table 4.10

shows a summary of the enrichment factor relatigsstor the six metals / metalloids.

Table 4.10. Summary of the Wilcoxon test relatiops between surface microlayer and
underlying water for the dissolved trace metalssatered.

depth 60 umVs 340 um 60 umVs-10cm 340 um VA0

samples plate Vs screen plate Vs ULW screen Vs ULW
Al Unity Enriched Enriched
Mn Enriched Enriched Unity
Fe Depleted Depleted Depleted
Co Unity Unity Unity
Cu Unity Unity Unity
As Enriched Unity Depleted

Aluminium is enriched compared to the ULW in miegér thicknesses of 60 and 330
pum. There are two reasons: UVB induced photoct&oicling (Kopacek et al., 2005) from
organically complexed aluminium (Yang and van deng32009) and its subsequent formation
into hydrolysed inorganic soluble ions (Stumm anar§hn, 1996) occurring in the SML. Due
to little correlation with the biology of the wateolumn there is the supposition that the
aluminium is sourced from fine grained aluminaesite atmospheric dust. The neutralisation of
the surface charge of this atmospherically depositaterial through the sorption of SAS can

lead to an enhancement of its residence time iI5¥e (Hunter, 1980a).

Manganese is enriched in the shallow microlaye®irb in depth. The dissolved phase
manganese is probably as a Mn(ll) aquo-ion (Davi4883). Theoretically there can be
increases in the concentration of Mn(ll) due torthierolayer itself: Increased photochemical
oxidation of organic material subsequently incnegshe rate of Mn(lll/IV) reduction (Spokes
and Liss, 1995; Sunda et al., 1983). There isthis@ossibility of the reduction on Mn(lll/IV)
by reduced iron and arsenic (Scott, 1991), bothedeg in the microlayer increasing the Mn(ll)

concentration. Though a 0.2 um filtration can beduto physically separate manganese
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oxidation states (Stone and Morgan, 1984), it iy 80 % efficient and does not preclude the
presence of dispersed colloidal Mn(lll/IV) material

Dissolved iron is depleted at all depths in therolayer and this depletion increases as
depth of the microlayer decreases. There appestrerag causal relationship between dissolved

iron in the microlayer and the succession of biglogthe water column.

Cobalt and copper appear close to unity at alllgejt the microlayer and with the
ULW, when they show enrichment this is relatedh® growth of slow growing cyanobacteria.

Arsenic is depleted in the microlayer at thicknesslearound 330um. The paradox of
the arsenic being depleted in screen sampled tbssdas of microlayer, yet at unity in a plate
sampled thicknesses of the microlayer may be daebias within the sample collected.
However, a caveat must be suggested in that thefuseall number of data, six samples, did

not allow quantitative statistical calculation.

For iron and manganese the depletions / enrichsnemlate samples are greater than
screen samples suggesting that depletion / enrichimerease as depth of the microlayer
decreases. Barker and Zeitlin (1972) suggesteédethahould increase as the thickness of the
microlayer decreases, less dilution with ULW, aesuits for manganese would suggest that this
occurs. The results suggest that for dissolvedtings does not occur so as the microlayer
thickness decreases there is an increase in thieamiem converting the dissolved to the

particulate fraction.

The results show that there is variability in thesolved fraction of trace metals in the
surface microlayer. This variability can be dudtth processes occurring within the water
column, and in the microlayer itself. Those witkiie microlayer are related to the
mineralisation of reduced species of metals anid sibsequent loss from the microlayer on

and in particulate material.
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Chapter Five

Water-Particle Interactions in a Photochemically Adive System
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5.00 Introduction

This work is the first of three experimental chapteoking at what can affect changes
in the production and redox cycling of hydrogenopéte and iron in model marine surface
microlayers. This chapter is an initial set oflteaperiments comparing the formation of
photochemically active redox species and the affadiculates have on them. The reason for
the addition of particles to a system comes froewtiork in Chapter 4, comparing the
concentrations of 0.2 um filtered metals in a fregter microlayer. Those results indicated that
there is an enrichment of dissolved manganeseistigispected to be as Mn(ll) as a 0.2 um
filtration should remove greater than 90 % of Mn)(fkom the solution, but a depletion of
dissolved iron. These elements, similar in theteptial for photochemical reduction were
controlled by different processes. Mn(ll) was hyysised to be enriched due to the
photochemical reduction of Mn@ninerals and a subsequent long half life of th€INaquo
ion. Iron on the other hand, following photocheahieduction was depleted due to its
hydrolysis and subsequent sorption on to collomalerial. This material then under went fast
sedimentation from the microlayer and remineratisain the underlying water, dissolved iron
concentrations increased with the thickness okthitace microlayer sampled and on into the
underlying water. Though there are differencestduge ionic strengths of freshwater and
seawater the processes these metals undergo @ .siifhis work was at an initial stage of
research with the findings used to define a moreprehensive suite of experiments (Chapter
Six). There were two initial aims of these expems: i) Produce a photochemically redox
active analogous sea-surface microlayer systenacong hydrogen peroxide and reduced iron
and manganese. ii) Induce further reduction af mod manganese into the soluble phase

following the addition of an artificial particulate

This chapter also introduces the experimental nietimal categorises the light spectrum
used during these and subsequent experimentsexplegiments used either a natural seawater
phytoplankton exudate or humic acid combined ingopin filtered North Sea seawater to
represent a surface microlayer. The systems wer@iated to induce the production of®3
and Fe(ll) (and potentially Mn(ll)) and then a pautate phase was added. The organics and
seawater itself were the sources of superoxidéhande HO, and the oxidised iron and
manganese for the production of Fe(ll) and Mn(TThe experiments were formulated from a
series of published works (see below) looking dhltbe production of Fe(ll) from extracted
and concentrated natural marine organic (NMO) aeceffect that organic material has on the
oxidation of Fe(ll). This work uses NMO that hast been chemically extracted, though it was

size fractionated; instead it was freshly obtaifrech an iron limited phytoplankton culture.
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The primary difference within these experimenthesaddition of the artificial particulates to a
photochemically active system induced from the NMKDhese experiments also employed a
guasi-simultaneous Fe(ll) -8, analysis system using a single valve, flow ing@ttanalysis
chemiluminescence (FIA-CI) system with luminol, sd=apter 3.

The experiments were initially based on irradiatsperiments of Miller et al. (1995);
these were the first seawater incubations (withwvarticbut added dissolved organic matter
(DOM)) measuring and kinetically modelling, Fe@nd HO, production. Though the
experiments in this work have a higher temporablgsn (44 s compared to 14 minutes for the
Fe(ll) and 44 s compared to 3-5 minutes for th®M) The work was also influenced by
Meunier et al. (2005) who modelled Fe(ll) angd-in marine and freshwater system
specifically with added extracted NMO; though tlveynpared different size fractions and used
a kinetic model with a parallel set of organic egures to explain the reactions of Fe(ll). Stone
and Morgan (1984) measured the light induced oogaeduction of MnQ in two stages —
consecutive dark and light phases. None of theique works included an addition of an
artificial particulate into their photochemicallgteve seawater systems. The experiments were
also developed from iron photo-dissolution expentaavhich included seawater enhanced with
organic material and additions of iron prior to ¢oencing the incubation of the media with
artificial particulates. These experiments are Kwhal. (1992), additions of 1 and 5 uM
Fe(lll) in the presence of 50 uM various organibsgances; Voelker et al.(1997) who used low
pH seawater with 40 pM lepidocrociteEeOOH) and 10 mgt Suwannee River fulvic acid
(SRFA) and Rose and Waite, (2006), additions fr@up to 1000 nM Fe(lll) in the presence of
SRFA from 0.1 to 5.0 mgt. Particles used in the previous experiments weeesingle type
and experiments concentrated on measuring the ehargpncentration of reduced iron;
whereas the following work used mixed metal paltites and the affect they have on an active
photochemical system. The experiments also incatpd the work of Sunda and Huntsman
(1994) and Spokes and Liss (1995) who showed tiea¢ tis a photochemical reduction of
MnOx to Mn(Il). To measure the effects of changes ghv@bout by the perturbations, a FIA-
Cl system was used to measur®kland Fe(ll) (Chapter 3) and an ICP-MS (Section 284
was used to measure soluble Mn(ll). The analye®, and Fe(ll) were measurable quasi-

simultaneously, every 44 s, and Mn(ll) measuread tonger temporal scale, c. 6 minutes.

There are two caveats within these experiment® fifét is that the effect particulates
had on the luminol chemiluminescence was not asdgs$or to the experiments. The second is
more integral to the measurements. Organic ma{@igullivan et al., 1995) and superoxide

can affect the luminol chemiluminescence signad @hperoxide radical reacts with luminol
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negative ion forming a luminol negative radicak first step in the formation of alpha-hydroxy-
hydroperoxide ¢hhp) intermediate (Merenyi et al., 1990; Rose arait¥y 2001)), however, the
affect of the organic material is usually incorgerhinto the calculation of the blank (ie signal
attributed to seawater components, see Section03)0&hilst the affect of superoxide is
usually not expected to be relevant; this is agptbduction of superoxide within the flow cell
related to the oxidation of Fe(ll) at high pH i480 times greater than in the sample based on
sample Fe(ll) concentrations between 1 and 100@Rd4e and Waite, 2001). The experiments
utilise UV radiation and as such there will be dsin the composition of the organic material
through time due to photo- (Del Vecchio and Bloug®02) or hydroxyl induced oxidation
(Goldstone et al., 2002; White et al., 2003). Atbere will be changes in the production of
superoxide through the photochemical excitatioDOM and the subsequent oxidation of
oxygen (Micinski et al., 1993) or Fenton like raans with iron (Voelker and Sedlak, 1995),
copper (Gray, 1969; Moffett and Zika, 1983) and gaarese (Hansard et al., 2011), therefore a
component of the blank signal can also changetower The experiments themselves
encompassed three stages; a dark, light and patécstage. The dark stage itself allows for a
control to the light stage (identical media thouglthe dark). One set of experiments used the
base media North Sea seawater only, so changearéhdifferent from this system are due to
the additions of the organic material.

No explicit work was done on the affects of changfethe organic material to the
chemiluminescence, for this analytical set up gssumption that the changes to the organic
material would make negligible difference to thartd and that the production of superoxide
would also have negligible effect on luminescend@ch has been cautioned by Rose and
Waite (2001), had to be used throughout. Fe(HI2Q0 nM), Cu(l), Mn(ll) (>117 nM) and
V(IV) have all been shown to strongly affect thenlnol based analysis of both®& and Fe(ll)
(O'Sullivan et al., 1995; Seitz and Hercules, 19T7&her et al., 2009; Yuan and Shiller, 1999),
whilst H,O, itself can affect the chemiluminescence attributeBe(Il) (O'Sullivan et al., 1995;
Yuan and Shiller, 1999). Catalytic reactions ohiby Cu(ll) and Mn@at the pH of the mixed
sample and reagent can reduce Fe(ll) and remdramtthe sequence of reactions that induce
luminol chemiluminescence. With an increased cotiagon of the luminol reagent, 1.5 mM
(O'Sullivan et al. (1995) recommend >500 pM) therifierences due to Cu(ll) and Mp@re
not strong and the luminol reagent will favour theperoxide formed during oxygen Fe(ll)
oxidation, due to the fast kinetics of the readdi¢@'Sullivan et al., 1995). J&, will affect the
Fe(ll) analysis though this will only occur at centrations > 100 nM (Rose and Waite, 2001)
or > 1000 nM (King et al., 1995). Conversely Fellds been shown to have only minimal

affect on the luminol chemiluminescence in the enes of HO, (Klopf and Nieman, 1983)
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with Fe(ll) affecting the analysis of.B, when the HO, concentrations are low ~ 2 nM (Yuan
and Shiller, 1999).

5.01 Experimental Method

5.01.01 Seawater, Reagents, Organics and Partictda

Seawater was collected from a variety of off sidoeth Sea locations, this had one
affect on the experiments in that they all did Imate the same base material, however, the
assessment of the experimental blank would inclhdalifferences in these samples. The
salinity of the various North Sea waters was ardshé® (Bristow, 2009). The seawater on
collection had been filtered through a Whatman G and frozen (Bristow, 2009).
Following defrosting the water was then filterecbtigh a Whatman 02m track-etched
polycarbonate filter. This water was then sto@dup to five months in the dark at 4 °C before
it was refiltered again through a Quin filter and again stored in the dark for use wittiie next

four weeks.

1.5 mM luminol (Sigma Aldrich, Luminol 98 %) solatis buffered with 0.08 M ¥CO3;
(Fisher) and aged for 24 hours at 4 °C was adjustp#i 11.2 with 2 M HCI (Fisher). The
luminol reagent for kD, analysis was spiked to 60 uM with Co(ll). The loot reagent is
produced by combing ~ 0.203 g luminol with ~ 8.26fd¢K,CO; into a brown polypropylene
container and adding 750 mL UPW. The reagentngated for 5 minutes before placing in
the fridge. HO, and Fe(ll) standards were produced by dilutiothefr appropriate stocks.
The primary HO, standard was made by adding 2 mL gOkistock (Fisher), 2.63 M, into a
weighed volume of UPW, nominally 50 mL, giving ancentration of ~100 mM. The primary
standard was stored in the dark at 4 °C for upday®. The ~18M Fe(ll) (Fe(ll) sulphate,
Fisher) stock was produced by combining the requiveight into 30 mL UPW acidified to less
than pH 2 with double quartz distilled (in hous&J®. The primary and working standards
were produced through a serial dilution of thisktoThe Fe(ll) stock was renewed every
month. The mixed experimental seawater media &/ Lused for the production o%8,
standards, were stored in the dark overnight tsmalatent HO, to decompose and any Fe(ll) to
oxidise. The limits of detection (LOD) for all tlexperiments are, for Fe(ll), 0.6 &)(0.5 nM
(range 0.004 — 1.9 nM, n = 31) and fau@4, 8 = () 8 nM (range 0.01 - 34 nM, n =31).
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Three organics were used: an aged (>4 months)reuiesidue fronThalassiosira
pseudonangrown in F2 medium in a chemostat; a fresh (238ddd) culture residue from
Fragilariopsis cylindrusgrown in low iron, Aquil medium and humic acidcancentrations of
0.5, 1.0 and 2.0 mgt(Sigma). Théragilariopsisexudate was obtained as a [t filtrate
and stored in the dark at 4 °C. Thealassiosiraexudate was used as either ajih2filtered
extract (repeat experiments), or as aifhrdfiltered extract (light regime comparison
experiments Chapter 6). The humic acid stock wtasrefreshly prepared and directly mixed
with the seawater, resulting in approximately p# @ the stock was left for 24 hours before
combining with the seawater, 24 hours before inttabaresulting in a slight decrease in pH of
approximately 0.2 units to the seawater. Withimfwacids there are large concentrations of
carboxylates (Averett et al., 1989), on mixing withter these will deprotonate decreasing the
pH (Fox and Whitesell, 2004). If this is left ouene the carboxylate ions will achieve
equilibrium. Small volume additions to seawatelt thierefore be neutralised by the buffering
capacity of the seawater again if sufficient tima@llowed. However, this may not occur if there
is insufficient time between mixing of the humiadhand subsequently combining this within
the seawater.

The particulate additions used in the experimeatsisted of either single or combined
artificial particulates containing Fe(lll) ferrihgite, a mixed state manganese (ll11/IV) oxide
(MnO,.g) and aluminium hydroxide, Al(OH) The iron and manganese phases are both known
to be photochemically active (Spokes and Liss, 19efzberger and Laubscher, 1995; Sunda et
al., 1983; Waite and Morel, 1984). The Fe(lll) pbavas produced according to Wells et al.
(1991). Briefly, ferric chloride, (FegbH,O, Sigma-Aldrich (Puriss ACS) was weighed into a
container and a quantity of UPW was added givifiga iron concentration of 0.4 mM. This
was left for an hour in which time the iron polynsess forming a colloidal ferrinydrite. This
ferrihydrite is the starting material for naturatigcurring crystalline iron oxyhydroxides
(Crosby et al., 1983). Taking aliquots of this d&meting them for 5 minutes by means of a
water bath increases their crystalline structuveatds goethite (~ 50 °C) and then hematite
(~90 °C) (Johnston and Lewis, 1983). The followexgeriments used ferrihydrite heated to
50 °C, goethite, FeO(OH), (FERR50) as the ironipaldte phase; this particulate is less
crystalline than the hematite, &8 (FERR90) and more labile to photochemical reductio
(Sulzberger and Laubscher, 1995).

A 1.4uM MnOq g suspension was prepared according to Sunda(@o8i3) and Spokes
and Liss (1995) by stoichiometrically combining rganese chloride (MnglSigma),
potassium permanganate (KMy@&igma) and potassium hydroxide (KOH, Fisher) 8124
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molar ratio, respectively. Briefly, the method smts of combining KMn@and KOH to the
required concentration and taking a 20 mL aliqunat adding this by means of a burette to 180
mL MnCl; solution whilst vigorously stirring. The pH ofefsample is measured over an hour
and appropriate small volume additions of KOH ardid4 are used to maintain a neutral pH
whilst the system is mixing. The manganese pddielphase should be stable for up to two
years (van den Berg and Kramer, 1979). Recovefid® manganese particulate were tested
by reducing five 1 mL aliquots by adding them tmB of 1 M oxalic acid (Fisher) filtering
them and comparing against these against the gtomkgh analysis by an ICP-MS. The
resultant recoveries of the four samples were 21595 and 96 %. Using a Quin filtrate for
analysis has the effect of removing greater tha#e3f the Mn(IV) particulate from a solution

allowing physical separation to identify oxidatistate (Stone and Morgan, 1984).

The aluminium hydroxide is stable in the neutrahpproximately pH 8 range. Due to
its amphoteric nature (Baes and Mesmer, 1976; &l and Frausto da Silva, 1996), as the pH

decreases and increases the precipitate will disg6lurrer and Stumm, 1986).

5.01.02 pH and Temperature

pH and temperature were measured on a Jenway@3180d temperature meter. pH
was measured on the NBS scale (Covington et @3)1@s such the measurements can be an
over estimation of the sample medium due to ioiffer@nces from the reference to the test
solutions. This uncertainty can be in the ordeoofyreater than, 0.01 pH units (Dickson,
1984). The Jenway 3150 meter has a resolution0df inits with an accuracy of = 0.02 units
therefore the error on the meter will incorpordie minimum expected differences. With
respect to inter-comparing pH measurements withighdd values the differences in the liquid
junction potential for each pH probe can be differ@®ickson, 1993) therefore for very accurate
pH measurements > = 0.01 this is inadvisable, thauth respect to this work an

intercomparison is not required.

5.01.03 Experimental Setup

The FIA-CI system including the photon multipliebe (PMT) was powered up; whilst
these were warming, ultra pure water (UPW) wadheough the system as a rinse. The
reagents and seawater were removed from the fri@ige.luminol reagents were altered to pH
11.2 and Co(ll) (final concentration 6 pM) was aditie the HO, reagent. Seawater and

reagents were then placed in a covered water leath he ambient laboratory temperature.
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When the reagents were at the ambient air temperttay were removed from the water bath.
At this point the experimental seawater was dechint® a wash bottle for use with the
standards and into the quartz glass incubatioreVésslowing UPW and three seawater rinses).
The incubation vessel was then placed in a plasticand re-immersed in the water bath. The
bath was at ambient laboratory temperature plusomibree degrees to compensate for the
additional temperature within the light box, depamidon the number of bulbs being used for
that experiment.

The test calibrations were then started; thesevaliican understanding of how the
luminol reagents were working on the day and weezluo set the sensitivity of the PMT. The
test calibrations also gave an idea of what comaganhs were being seen in the experiment to
allow preparation of a comprehensive set of staiglfor the calibration directly following the
experiment. The calibration of the signal faiQ4 was undertaken in the same way as that for
Fe(ll), Section 3.03.05. Briefly, the calibrationinimises the time between addition and
analyses of a reactive species such as Fe(ll\wdat addition and analyses the transit time is
the same for both the experiment and the calibraiad the experimental medium is the same
so therefore any reactions taking place are indwdéhin the calibration. As the flow rate of
the pump tubes is known then the volume of thedstahis also known at the point of addition
of a small volume (~ 10 uL for Fe(ll) work) aliquot the working standard. Both the standard
and sample are mixed by means of a Teflon coatephetie flea. There are two unaccounted
differences in the calibration these are; the serta volume ratios, and the surface absorption
of the HDPE standard container compared to thetzjgéass reaction vessel. Concerning the
surface absorption both containers were rinseck ttinges with the seawater prior to use, this
should act to decrease the amount of reactionwsites the system.

With the initial calibration finished, the lighbk was moved to the laminar flow hood.
The bulbs had been switched on for at least 30 t@snprior to moving. The incubation vessel
was placed in the light box to which a magnetie,figH and temperature probe and the Teflon
tubing from the FIA system were added. The systa® then stirred; the stirring was to such a
degree that a small vortex would be present asdiniace inhibiting migration of hydrophobic
material to the surface. As the volume decreasedigh the experiment so also did the stirring
rate. Figure 5.01 is a diagram of the experimesgtip. Two further Teflon tubes were added,
these were to enable a sampling for the analysisasiganese and for the introduction of the
particulate phase. Sub-sampling was undertakarsiog a 15 mL syringe. Initially two 4 mL
sample aliquots were extracted, these were usedsb the syringe, rinse the Quéh

polycarbonate filter and then rinse a 15 mL cengieéftube. A further 10 mL of sample was
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then extracted; this was passed through the &lhercollected. This sample was acidified to
less than pH 2 with (quartz double distilled) HNO enable storage before analysis of 0.2 um
filtered manganese (Mn(ll)) by the ICP-MS. On cdetipn of the experiment, there was a
second calibration, which was used to produce tbasored Fe(ll) andJ@- results. Finally,
with the calibration finished the FIA system wastserun for an hour with 0.1 M HCI acting as

a wash.
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Figure 5.01. Experimental set up.

5.01.04 Light Spectra

The seawater incubations were undertaken in azjgkass beaker holding 750 mL of
the model sea surface microlayer. This was plat&de a light cabinet containing three
halogen bulbs; from top to bottom these were; #g3hTLD 18W/840 used as the source of
photosynthetically active radiation (PAR, 400 — T00), a Glassguard F20W/BL350 used as
the UVA (315 — 400 nm) source and a Reptisun F2(REPT used as the UVB (280 — 315 nm)
source. The light flux of the bulbs and their canalbions was measured using a Macam
spectroradiometer, model SR9910, measurementstalae from within the quartz glass
beaker with the sensor facing towards the primawAldource. The PAR and UVB bulbs were
within 5¢cm (above and below) of the UVA bulb. Figlb.02 shows the breakdown by light
regime for each bulb or combination. The percemtagntributions have been normalised as a

spectral irradiance through a correction basedenength of the irradiating regime. Single
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bulb sources are not purely within their specifiegimes and there are some overlaps. The
UVB bulb has only ~ 5% UVB light with the remainiimgadiance as ~ 20 % UVA and ~ 75 %
PAR, the proportion of the UVA light in the bulbirsthe far UVA, < 360 nm (Figure 5.03).
The UVA bulb also contains 1 % UVB and 23 % PARe PAR only bulb contains 0.2 %
UVB and 1% UVA within its regime. For the initialork a full spectrum incubation was used
throughout which involved all bulbs; the spectreddiance was made up of 3 % UVB (1.4 W
m?), 32 % UVA (15.2 W rif) and 65 % PAR (30.1 W ).

100%
Q0%
30%0
T0%
60%
50%
40%
30%
20%0
10%

00 - DOBHE ool . . .
UvB Full UVA+PAR VA PAR

m250-315nm £0315-400nm 8400 -700 nm
Figure 5.02. Percentage spectral irradiance fon @aadiating regime

The light fluxes were compared to the American 8tydior Testing and Materials,
terrestrial reference spectra G173-03 (SSI), wii@composite spectrum for all mainland
USA over the space of a year (Figure 5.03). Watpect to light in the UVB range (290 — 315
nm) there is approximately twice that received wtienUVB bulb is in use. The Full spectrum,
UVA+ PAR and UVA irradiating regimes produce godahess within the UVA range from
315 — 350 nm. From their maximum irradiance inWh&A range at ~ 350 nm the irradiating
regimes decrease to 400 nm whilst the compositesuneaent increases towards the cross over
into the visible light range. The PAR irradiatifum combinations and the pure PAR bulb are

greatly reduced compared to the measured refesgremtra.

As well as the measured reference spectra thdatnagl regimes were compared to the
bench mark calculated values of Zepp and Cline {Lav40°N for spring noon (Figure 5.04).
The Full light spectra provides ~160 % of UV-R d&h8l % of PAR when compared to these
values. In general the incubating regimes providsd than 1% of natural light in the visible
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range but comparativelyreater than 100 ‘of thenaturally occurring U-R for those
irradiating regimes containing the UVA soul

1.4+
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1.2 —Full
1 UVA+PAR
- —UVA
N"’ 0.8- -~ PAR
' Reference
€ 0.6-
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Figure 5.03. Light spectrum fluxes fror90 nm to 70 nm. Vertical dashed lines indicate
starting wavelengthot the UVA and PAR wavelengtl
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Figure 5.04.Percentage comparison of experiment irradiatingmeg (}-axis) for both UV-R
(blue) and visible (red) light produced by thesgimes to modelled 40°N spring noon vali
from Zepp and Clinel®77).
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5.01.05 Fe(ll) Half Life

As the experimental work was carried out in qugtéss an assessment was made o
half life of Fe(ll) in a pure water (Figure 5.05)he half life measurement would allow for
understanding of Fe(ll) loss within the experiméertarironment, the were conducted using
UPW buffered to pH 7.4 and 8 using 0.1 M Nak3; with small volume additions (< 1uL) of
Fe(ll) held in 2.5 M quartz distilled HCI. The aiwwas to measure the rate of loss olll)
which would include sorption to and reduction & surface of the quartz glass and reductic
solution in an oxygenated, particulate free wateéha pH of seawater. Figure 5.05 shows
loss of Fe(ll) at both pH 7.4 and pH 8, additioreyevof226 and 107 nM Fe(ll) respectivel
The calculated half lives are 824 s (-8.4 x 16 M s*, pH 7.4) and 138
(k =-5.02 x 16 M™ s*, pH 8), the kinetic rates were calculated as pileh et al.(1987) and
are in good agreement with Millero e. (1987); Fe(ll) halflife at 25 °C and pH 8, 2 mir
What is shown, as expected, is that the-life of Fe(ll) decreases as pH increases and the

FIA-Cl is capable of measuring Fe(ll) oxidation fronthwn the experimental environme
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Figure 5.05. Hgl) oxidation and sorption on to quartz gl at pH 7.4 and 8, (L:oratory lights
on). The plot assumdigminol chemiluminescence linearity Fe(ll). King et al. (1995)
plumbing was used to enable a continuous mixingaaiple and reagent in the flow c
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5.02 Experiments

The addition of the particulate phase was carrigdar two reasons: The first was to
assess the effect an addition of particulates hassea-surface microlayer system containing
photochemically produced.B, and Fe(ll). The second was to measure over &-dron the
photochemical production (if any) of reduced irond ananganese from the particulate. Within
each experiment there are three phases, thesfitis¢ idark phase and lasts for 600 s; this phase
of the experiment is only represented by a singlatgand corresponds to the mean value for the
phase or the LOD which ever is higher. The furtihgr phases are the light phase where there
is a constant illumination of the sea-surface ntegrer analogous medium followed by the third
phase, termed the particulate phase, where thareasldition of the particulates to the medium

whilst undergoing continued illumination.

The following experiments are in two sets; thetfuses phytoplankton exudate, NMO as
the initiator source of reactive oxygen speciescWwisiubsequently act in the redox cycling of
iron and manganese. The second set uses humiasathe initiating source. Experiments were
carried out in two repeats. These may not be ida@nteplicates because: i) There may be a
change occurring in the organic material through@a the NMO experiments; ii)
experiments were mixed independently so will noptexisely the same and finally, iii) the

addition of the particulate phases were not theesameach occasion.

The experimental design for this and the followseg of experiments was not rigidly
governed with respect to the addition of the paléites but was adaptive based on the results of
the preceding experiments. The use of up to tpaegculates simultaneously was intentional as
in an environmental context the deposition of @leirrlement particulate would likely be
judged a rare event. Concentrations of specifitqudates were to be increased / decreased
dependant on the production of reduced iron or raaege from the particulate phase. Using
known photo-reducible particulate phases of iroth mEanganese was required to show that the
analytical system and experimental time frame weagble of measuring this photo-reduction
should it occur. The inclusion of an aluminiumtgarate phase was of a purely inquisitive
nature and follows from the argument that the nilgja@f atmospheric deposition is as
aluminosilicate minerals (Jickells and Spokes, 2@0H therefore the majority of deposition to
the sea-surface microlayer would contain aluminiurhe changes in the concentration of the
NMO was initially planned to cover three increméimareases in the concentration of the
Fragilariopsis cylindrusNMO but was altered to include a mixed NMO duértoted
availability of theFragilariopsis cylindrusNMO. As with the NMO the concentrations of

117



humic acid used was also set to provide resulsutir which changes could be contrasted
based on increasing concentrations of humic awitiaf was not initially factored in was the

change in pH caused by the use of freshly prepawedc acid stock.

5.02.01 Set 1, NMO Experiments

Table 5.01 shows the particulate additions to tMEONexperiments and provides the
respective LOD for Fe(ll) andJ@,. The LOD are calculated as 3»of the zero concentration
standard. In table 5.01 the Fe(ll) LOD range &erders of magnitude, 0.024 — 1.4 nM, with a
mean of 0.6 nM. One reason for this was the oogawaterial within the experimental media.
Organic material can suppress the signal attribtaéee(Il) though this is consistent across all
Fe(ll) concentrations (O'Sullivan et al., 1995; asd Waite, 2001) and therefore the
sensitivity of the PMT needs to be increased withgubsequent affect of increasing base line
noise and decreasing reproducibility. Conversiellyge PMT sensitivity is too low then the
reproducibility increases as the base line stghititreases though the actual sensitivity towards
the chemiluminescence signal decreases. The badiemm of 0.2um filtered North Sea
seawater had additions of three NMO organics; tese:

4.4 % viv 0.2um filteredFragilariopsis cylindrug(iron limited culture)

8.8 % v/v 0.2um filtered Fragilariopsis cylindrug(iron limited culture)

8.8 % v/v (combined in equal parts) Qua filteredFragilariopsis cylindrus(iron

limited culture) and 0.2m filtered Thalassiosira pseudonana

Table 5.01. Particulates and LOD for NMO experitaen

Medium experiment Metal total LOD
reference FERR50 MnO. g Al(OH); particulate Fe(ll) H,O
nM nM nM mgL® nM nM
0.2 um filtered sw-1 1000 80 200 49.5 0.27 121
North Sea seawater Sw-2 100 80 200 18.8 0.34 15
4.4 % v/vFragilariopsis  Fc4.4-1 100 4.7 1.4 29
cylindrus Fc4.4-2 100 4.7 0.34 04
8.8 % v/vFragilariopsis  Fc8.8-1 1000 100 27.9 0.68 14.2
cylindrus Fc8.8-2 1000 100 27.9  0.0243.9
4.4 % v/vFragilariopsis = mxd8.8-1 10000 80 23 0.68 14
& 4.4 % vivThalassiosira mxd8.8-2 10000 80 23 0.75 0.69
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During the experiments the pH and temperature wenaitored (Figure 5.06). The pH
in this set of experiments was generally stabklaénlight phase + 0.02 units. The largest
changes in pH following addition of the particukateas in the mixed NMO experiments (+ 0.04
units following an addition containing 10000 nM HEBO) and in the seawater only experiment,
sw-1, (+ 0.04 units following an addition contaigiAl(OH)s). The mean starting pH for the
experiments was 8.31 £ 0.05. Initial starting tenapures were 28.9 + 0.4 °Eragilariopsis
only experiments show a linear temperature increédsel.5 °C and ~ 0.7 °C for both of the
4.4 % and 8.8% experiments, respectively. The aavwonly experiments show linear changes
of + 0.5 °C and - 0.5 °C for sw-1 and sw-2 respebti Based on the temperatures and using
the oxygen solubility calculation of Weiss (1976 tinitial average oxygen concentration for

these experiments was 194.2 pM'kg
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5.02.02 NMO Results — Light Phase

The results for Fe(ll), D, and Mn(ll) in the experiments with NMO are presehin
Figures 5.07 to 5.09, respectively. The experimerdre expected to have low concentrations
of reduced iron as both the base mediumEmlassiosiraNMO had been aged in the dark (c. 4

months) and th&ragilariopsiswas grown under iron limited conditions.

Fe(ll) Light Phase

In the light phase (Figure 5.07), five systems magsurable amounts of Fe(ll); two of
these, Fc4.4-2 and Fc8.8-2 NMO experiments shaweaaly state in place. The mixed organic
experiment, mxd8.8-2, shows an increase of ~ 1nMredms Fc8.8-1 from the single NMO
experiments shows a decrease of ~ 1 nM, thoughstipismarily due to two sudden losses in
concentration occurring at ¢c. 300 and 900 s ineditiht phase. Experiment, mxd8.8-1, has a
sudden increase of ~ 3 nM occurring at 900 s imdlight phase with its subsequent loss to
beneath the LOD (0.75 nM) over the following c. ¥/0Within the NMO experiment, Fc8.8-2,
the signal for both Fe(ll) and B, suddenly decreases before the addition of théecpkates,
this was attributed to the PMT and not an artedathe chemistry due to the magnitude and
direction of change and its simultaneous occurrémb®th analytes. Except for Fc4.4-1 (Fe(ll)
LOD 1.4 nM) all other experiments had Fe(ll) LO®<Z5 nM (Table 5.01), the second 4.4 %
NMO experiment, Fc4.4-2, with a LOD of 0.34 nM slsothat there are large variations in
concentration occurring for the Fe(ll), which weid seen with the higher LOD. No significant
change to the Fe(ll) occurred within the light phasthe seawater only experiments. Though
sw-1 does show a sudden increase of ~ 1.5 nMI4t0f s there are no following points to
indicate an oxidation of this Fe(ll), suggestingttthis sudden increase may not be caused by
Fe(ll). There is an increase in Fe(ll) at the bagig of the light phase in sw-2, the change of
concentration is approximately 0.05 nM indicatihgttonly a small potential reducible iron is

present in the base medium.

H,O, Light Phase

The light phases (Figure 5.08) of the seawater experiments show different forms;
sw-1 has slowing kD, production through three stages, sw-2 has a moiwiacrease
throughout the light phase. The experiments wdlitheal NMO generally show a two-stage
production in their light phases, with the secomatpction stage slower than the first,(4
production in the 4.4 % NMO experiments is 4 tirhegger in Fc4.4-1 than in Fc4.4-2; total
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H,O, production (10 nM) in Fc4.4-2 is low relative tb@her experiments. Production in the
8.8 % NMO experiments are similar, though the |ergjttime in stage 1 increases from F8.8-1
to Fc8.8-2, approximately 100 nM production ove2@0 and 400 s respectively in stage 1 and
approximately 25 nM production in stage 2 for bexiperiments. In the mixed experiments, the
first stage, comparing between mxd8.8-1 and mx@8r&t production decreases from 60 to 40
nM, whilst in their second stages both experimshtsys an increase of around 25 nMROK
LODs were in the range 0.4 — 15 nM, the seawatlrexperiments had LODs of 12 and 15 nM
whilst those with added NMO had lower LOD, this vexpected as organic material has been
shown to suppress luminol chemiluminescence (l@wllet al., 1995). Within the NMO
experiments the first experiments always had higl@dds (> x 4) than the second experiment
(Table 5.01).

Mn(Il) Light Phase

Mn(Il) light phase results are given in Figure 5.0Fbllowing ICP-MS analysis through
the standard addition method there is an unceytamthe calculation of the concentration due
to the fit of the calibration, this uncertainty wasplied to all measurements. For all
experiments the changes were greater than thisexcept for the NMO experiment Fc4.4-2.
The 0.2 um filtered manganeséaotal soluble Mn(ll) (Stone and Morgan, 1984) camitations
are relatively stable through the light phase. f@seilts do not indicate that there is either a
consistent production or loss of Mn(ll) in this gka In Fc8.8-1 and mxd8.8-1 there were small
decreases of 5 nM in the light phase, whilst F&@a8d mxd8.8-2 had slight increases of 7 and
6 nM, respectively. The LOD for manganese anallysi® the ICP-MS was 1.3 nM. For the

seawater only and 4.4 % NMO experiments, changes close to or less than the LOD.
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5.02.03 NMO Results — Particulate Phase

The particulate phases are introduced in orderaréasing concentrations of FERR50,
100, 1000, 10000 nM and end with the particulat@sphwhich included the aluminium
component. This order refers to: 4.4 % Fragilariopsis cylindrusg(Fc4.4-1 and Fc4.4-2), 8.8
% vl/v Fragilariopsis cylindrugFc8.8-1 and Fc8.8-2), 8.8 % v/v mixed in equatgar
Fragilariopsisand Thalassiosiradmxd8.8-1 and mxd8.8-2), and the seawater onlgexyents
(sw-1 and sw-2). Concentrations were taken u@d@ nM to see if the elevated
concentrations could force the system to show aatezh from the particulate phase to the
soluble phase of either Fe(ll) or Mn(ll).

100 nM FERR50

The 4.4 % viFragilariopsis cylindrusexperiments had 100 nM FERR50 added to a
total of 4.7 mg [* particulate phase. The nano-molar concentratialitian is inline with that
used by Rose and Waite (2006) and Spokes and198%). The Fe(ll) (Figure 5.07) in Fc4.4-2
is the only system to show an increase in its Fe@hcentration following a particulate
addition. The reason for this would be a photodbehtigand to metal charge transfer (LMCT)
between sorbed organic material and the FERR5@pkatie phase (Waite and Morel, 1984).
This indicates that with low #D, concentrations (< 10 nM) there are measurablecgabd

Fe(ll) produced through this photochemical mechanis

Following particulate injection there is an initedike in HO; in Fc4.4-1. Both
experiments, Fc4.4-1 and Fc4.4-2, then show a momincrease in pO; at similar rates to
that prior to injection. The differences in théalgroduction of HO,, Fc4.4-1 to Fc4.4-2,
suggests that the production of Fe(ll) is dependarthe photochemistry occurring prior to the
addition. Mn(ll) shows an increasing productiori@fand 15 nM respectively for Fc4.4-1 and
Fc4.4-2. The rapid increase in Mn(ll) may sugdgleat there is either an addition of Mn(ll)
include within the FERR50 or that within the pautate phase there are reduced metals.
Reduced metals, for example Fe(ll) when they carteinner sphere contact with oxidised
manganese undergo an electron transfer to the masgdeading to its reduction (Scott, 1991;
Villinski et al., 2003) with the subsequent oxidatiof the donor metal. If this is occurring then
this mechanism is slower than the photochemicalagoh of iron under low KD,
concentrations indicated by the production of FefllFc4.4-2.
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1000 nM FERR50

The 8.8 % v/\Fragilariopsis cylindrushad 1000 nM FERR50 and 100 nM Mp§30 a
total particulate concentration of 27.9 mg.LThe Fe(lll) phase is at the maximum
concentration used by Rose and Waite (2006) battiimes less than that used by Kuma et al.
(1992). The manganese concentrations are in littetinose of Spokes and Liss (1995) who
used 140 nM (with 0.7 nM as radio labelled) anddguet al. (1983) who used i/
concentrations (100 % radio labelled). In Fc8idre is no apparent direction in the Fe(ll)
trace due to the large amount of noise in the §ignd5 nM. Following injection of
particulates there is a decrease in th®4toncentration prior to it returning to a similar
production rate prior to injection. In Fc8.8-2egewvith the drop in signal prior to injection,
following injection there follows a production o%8; at a similar rate to that prior to injection.
Except for the initial loss of $#D, following addition of the particulates the prodoatrates for
H,0O, do not change, indicating that over the coursh@®xperiment there is no lasting effect
on the photochemical production 0$®5.

With 100 nM MnQ o added there is an initial increase of 35 and theatal 100 nM
Mn(Il) to the system. Spokes and Liss (1995) andda et al. (1983) following radio labelled
isotope work measured photochemical reductions m®M to Mn(ll) in the region of ~20% in
6 hrs, with less than 5 % production occurringhie first hour using natural marine humic acids
(Sunda et al., 1983). A 100 % reduction of M@ the short analytical period, c. 7 minutes
therefore seems potentially unlikely. Mn(Il) mag jresent in the FERR50 addition, from the
100 nM FERR50 additions this may be ~13 nM Mn(B)y pddition of 100 nM FERR50 though
this is unlikely as the specified concentratiomof within the Fe.6H,0 is< 0.1 %. The
remaining mechanism for the rapid increase in NJwgbuld be the reductive dissolution of
MnO g (Scott, 1991; Villinski et al., 2003). With Mnl)lin solution its oxidation will occur,
however, its kinetics with oxygen are slow in seawv@Horst and Zabel, 1996; Stone and
Morgan, 1984). The extent of this experiment dballow for a suggestion of oxidation

occurring.

10000 nM FERR50

The 8.8 % v/v combineHBragilariopsisand ThalassiosiraNMO had an addition of
10000 nM Fe (Ill) and 80 nM Mn@Q to 23 mg L*. On injection, both mxd8.8-1 and mxd8.8-2
show a sudden increase in Fe(ll), 1.7 and 1 nMyets/ely. That this increase could be due to
residual Fe(ll) within the FERR50 cannot be ruled ¢the specified Fe(ll) content of the
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FeCk.6H,0 is 0.002% which equates to 0.2 nM but the effecthange to the concentration of
Fe(ll) in the FERR50 following processing was unswad. In mxd8.8-1 the concentration of
Fe(ll) then falls to below the LOD, 0.68 nM. In d&8-2 there is a loss of Fe(ll) for the
following c. 800 s, which is set against the grdgwaduction seen in the light phase. Th®©H
also shows a sudden increase in production of antiZz50 nM for mxd8.8-1 and mxd8.8-2,
respectively. Following the sudden increase tigeeereduction in kD, concentration for both
experiments over the next c. 800 s. This reductias also seen in the NMO experiment
Fc8.8-1, though not to the same extentOjand Fe(ll) follow similar trends in mxd8.8-2
suggesting that there is a link between their o&dds. With a decrease ip(d4to around 25

nM in both mixed organic experiments there thetofe$ a net production of @, for the
remainder of the experiment. With a decrease,D,khe remaining primary Fe(ll) oxidants
are oxygen, and superoxide and hydroxide radid@lse or more of these is therefore is in

excess and acting to oxidise the Fe(ll).

FERRS50 with 80 nM MnQ and 200 nM Al(OH)

Only one set of experiments had aluminium incluitkeithe particulate phase addition,
these were the 02 filtered North Sea seawater only systems. Tj@ltraces react
singularly to the particulate phase with a suddecrehse in concentration in both experiments,
sw-1 and sw-2. The only difference between thepem@ments and those with NMO was the
inclusion of the aluminium in the particulate aduiit The two seawater experiments had
different total concentrations of particulates atjdt9.5 and 18.8 mgifor sw-1 and sw-2
respectively. Due to the order of magnitude défere in the FERR50 concentrations (sw-1
1000 nM and sw-2 100 nM) the difference in the ltsstannot be due purely to the
concentrations of the particulates. Al(QH stable at the experimental pH and not
photochemically active. However, there is the fplty, as seen with the manganese
particulate phase, that there was a change on oamglthe aluminium to an acidic FERR50
(pH 5.4), and this resulted in an ionisation of #@H) to Al(OH)," (Baes and Mesmer, 1976;
Williams and Frausto da Silva, 1996). This wikithlend itself to the idea that during the
hydrolysis of the aluminium, Fe(ll) will be scavetginto the aluminium hydroxide matrix
(Bertsch et al., 1989). This then removes a prodienechanism from within the catalysed
dismutation of @™ and through the formation of the aluminium patate phase the increased
surface area will increase the rate of catalytimodeposition of HO, leading to the sudden

decrease in }D,.
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5.02.04 Set 2, Humic Acid Experiments

The following set of results compares betweeredsifit concentrations of humic acid,
0.5 and 2.0 mg £, combined into 0.2 pm filtered North Sea seawalére humic acid
experiments are not directly comparable as thew ladgifferent pH; 2.0 mg'tis at ~ pH 7.4
and 0.5 mg L} is at pH 8.1. The difference in the pH from the ® the 0.5 mg t humic acid
experiments was due to the use of a freshly prefaumic acid stock in the 2.0 mg'lhumic
acid experiment, and the length of time that thelioma was left to equilibrate. The 0.5 mg L
humic acid experiment was given time (18-24 hrd)utier itself following the addition. A
freshly prepared stock was used to spike seana0tmg L, the stock was added 2 hours
before the experiment, this decreased the pH tovhdreas an aged (24 hours) stock was used
to spike the seawater in the 0.5 ni§jéxperiments, 18 — 24 hours before the experiment,

leading to a decrease of approximately 0.2 pH units

The experiment sets, 0.5 and 2.0 mighumic acid also have a difference in the time of
injection of the particulates. The point of injectinto the experiment increased from 1200 s to
2220 s (post illumination) for the 2.0 mg humic acid experiments. The later point of
injection was to allow the ¥, and Fe(ll) systems to represent the directiomeir thet
production / loss in the light stage or attainesadl-state. The particulates used for the humic
acid experiments are given in Table 5.02. Thelpigure 5.10) was relatively stable over the
first c. 1200 s for all experiments, then it in@ed by ~ 0.15 units for the first two experiments
in both sets, whilst in the third experiment of th6 mg L* set it increased by around 0.5 units.
The changes in pH are around four times greateriththe NMO experiments and all show an
increase in the pH suggesting that the photolyisiseohumic acid over the course of the
experiments may act to increase the pH. Temperatmnges (Figure 5.10) during the light
stage for the experiments were in the range +0.8xcept for the first 2.0 mg'Lthumic acid
experiment, which had a change of - 0.6 °C. Okermfarticulate phase, temperatures increased
by 0.5 °C for the first and third experiments ie th5 mg [* set whilst the other experiments
were relatively stable. The average starting teatpee for these experiments was 28 + 0.7 °C,

(n = 5) giving an approximate initial oxygen contation of 197 pM kg.
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LODs (Table 5.02) for the 0.5 mg*lhumic acid experiments are around 0.09 and 10
nM for Fe(ll) and HO,, respectively. For the lower pH, higher concarmrahumic acid
experiments the LODs is ~ 0.28 nM for the Fe(ll)lgtifor the HO, there is a large difference
between the two experiments. The first 2.0 rifchumic acid experiment has a high LOD as
the PMT sensitivity was increased to compensatéhsuppression of signal caused by the

increased concentration of organics.

Table 5.02. Particulates and LOD for humic acigezkments.
0.2 um filtered North = experiment metal total LOD
Sea seawater plus ... reference’ FERR50 MnO,y Pparticulate Fe(ll) H,0,

nM nM mg L* nM | nM

0.5 mg L* Humic acid HAO0.5-1 90 5.2 0.12 1C
HAO.5-2 100 6.6 0.05 11
HAO0.5-3 400 300 22.4 0.11 10

2.0 mg ! Humic acid HA2.0-1 500 300 24.8 03 34
HA2.0-2 100 300 12 026 1.5
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0.5 mg L' Humic Acid 2.0 mg [* Humic Acid

Do ‘ainresadwa |
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8.30+ : : : ‘ 290  7.90 ‘ : : : —29.0
8.241 -285 7.75] -28.5
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o
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8.06+ \ \ \ \ 270 7.30 ‘ ‘ ‘ ‘ —27.0
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Figure 5.10. pH (blue line with) and temperature (red line with change for humic acid
experiments. Zero seconds corresponds to poifitiofination; the vertical grey line
corresponds to the injection of particulates (T&b02).
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5.02.05 Humic Acid Results — Light Phase

Fe(ll) Light Phase

Both humic acid systems showed a production oflfFe(Iring the light phase, Figure
5.11. That there is Fe(ll) production is consistgith the presence of high concentrations of
photosensitive carboxylate/iron complexes foundumic substances (Averett et al., 1989),
with these able to directly reduce Fe(QHp Fe(ll) (Skogerboe and Wilson, 1981). The Be(ll
traces have three stages, an initial stage shoaviagid production, ~ 1 nM for all 0.5 mg'L
experiments over the first 300 s. For the 2.0 nigYstem the initial production of Fe(ll) is
also over c. 300 s and the concentration increaseapproximately 4 and 2 nM for the first and
second experiments. The second stage is a qeaslysstate Fe(ll) concentration; this is longer
in the first experiment than in the second andithis mg [* experiments. The ending of the
second stage in the 2.0 mg kxperiments is indicated by a sudden loss of Feéfore the

system enters a continuous, linear loss of Fe(ll).

H,O, Light Phase

As with the previous set of experiments contaifiidO (Figure 5.08) the pD, traces
in the humic acid experiments (Figure 5.12) shdawastage production. There is an initial
rapid net production (first 300 — 400 s) which thends to a slower net production. In the
longer light phase of the 2.0 mg lexperiments both experiments show a loss in the
concentration of kD, ¢. 1200 — 1800 s after illumination, this is mprenounced in the second
experiment. The loss in,B, is seen for the first time, due to the point oftigalate injection
to this experiments occurring c. 1000 s later. eAlnss for HO; indicates that the D, sinks

have increased or that the production mechaniswes thecreased, or a combination of both.

Changes in concentration over time and concentrati@hieved for pD- in the light
phases of each set of NMO repeat experiments shtiweel were differences and these were
probably due to the aging of the NMO. The lighagh in the humic acid experiments show a
repeatability in their KO, and Fe(ll) traces. With respect to thglhl the 0.5 mg [* humic
acid, pH 8.1 experiments, over the first c. 40@terallumination, all experiments have an
increase in concentration of 92 + 7 nM and therl th¢ point of addition of the particulate
phase a total increase in concentration of 11 %1 The 2.0 mg I* humic acid, pH 7.4
experiments, over the first 400 s has an incraasencentration of 121 £ 5 nM and up until the
point of a net loss in production (transition ppian increase of 155 + 5 nM,8,. Lengthening
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the time between illumination and injection of fhaticulates has allowed the 2.0 m§ humic
acid experiment to show a definite trend with respe the changes in concentration o0

and Fe(ll). For the 2.0 mg'Lexperiments this is a loss o0§®h within the system, however this
case may not be true for either the NMO experimenthe 0.5 mg 1! humic acid experiments.
That these systems have yet to attain either dytdate or show that the system can tend
towards a constant production / loss may have &nawn affect on the addition of the
particulates as the underlying photochemical syssestill in flux. Secondly, if the light phase
of the experiment has not achieved a steady stdtetlier this is as a constari®4 production
and steady-state Fe(ll)) then potential model datmns of the system would be inherently

flawed.

Mn(Il) Light Phase

Mn(Il) concentrations are stable throughout tigatliphase for all the humic acid
experiments, with changes of generally + 2 nM, Fedght13. The one exception is the second
experiment in the 0.5 mg'Lset; this has an increase of 7 nM in the firstibutes followed by

a loss of 11 nM during the remaining light phase.
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Figure 5.11. Fe(ll) traces from humic acid expemts. Zero seconds corresponds to point of
illumination; the vertical grey line correspondghe injection of particulates (Table 5.02). Red
points are data within the calibration range whetdae points are those outside of the
calibration range (<LOD or >concentration higheaahdard). All values have a calculated
error; this is represented as a light grey envedopand the data.

134



0.5 mg L Humic Acid

2.0 mg [* Humic Acid

HAO.5-1 HAZ2.0-1
175 250
501 225
o 200- r
% 1251 o0 ._"5.‘--- ’... ‘ .. 1754 ..--.."-..-.u B 'w‘...”"““'.'
S 0] S T, ot '
S ' il 1254
g A Tt 1004
g 50_ ¢ 757 ¥ ',.....
"o I
I 25
0 ‘ ‘ ‘ 0 ‘ ‘ ‘
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
HAO.5-2 HAZ2.0-2
175 250
1501 225+
sy 200+
% 1254 sy ..,_-“... ! -.'.-'-' . 1751
§ 100, ‘u!. 2 . 150' ot R l'..' 'uuo.'.....“
© $ 1254 +* " ':;:.
§ 757 .. 1 007 .. ... .
g 50_ ¢ 757 ] ".. .n
} 25 ol "
251,
0 ‘ ‘ ‘ 0* ‘ ‘ ‘ ‘
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
HAO.5-3
175 .
..‘n.
150- ! wei
Z 45| SV
c
Q1004
@
2 75
(O] i
o
(@]
25,
0 T T T
0 600 1200 1800 2400 3000
time, s

Figure 5.12. KO, traces from the Humic Acid experiments. Zero selsacorresponds to point
of illumination; the vertical grey line corresporidsthe injection of particulates (Table 5.02).
All values have a calculated error; this is repnése as a light grey envelope around the data.

135



0.5 mg L' Humic Acid 2.0 mg [* Humic Acid

HAO.5-1 HA2.0-1
140 160
120- 140-
Z 100 : 120 o
c ' 100-
S 80 \
E 0 80’
£ 60 )
§ 40 O ™
S 40+
209 g 20 . ;
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
HAO0.5-2 HA2.0-1
140 160
120- 140
Z 100, 1201
c 1001 ’
S 80
< 80-
£ 80
§ 40 o
S 40-
20 N 201 5 o 6 5 d
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
HAO0.5-3
140
120 '
= 400
c e,
O 801
©
2 60
[¢D)
=
S 40
(&)
20-
0 o ‘0 o ‘ ‘ ‘
0 600 1200 1800 2400 3000
time, s

Figure 5.13. Mn(ll) traces from humic acid expezimts. Zero seconds corresponds to point of
illumination; the vertical grey line correspondgte injection of particulates (Table 5.01). All
values have a calculated error; this is represesdeallight grey envelope around the data.
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5.02.06 Humic Acid Results — Particulate Phase

An initial aim of these experiments was to seat tn addition of an artificial particulate
to an analogous photo-chemically active sea-surfaceolayer a reduced soluble phase would
be produced. From the experiments containing NM@as noted that changes seen in the
Fe(ll) and HO, could also be due to changes in the organic nahiEsiit ages when in storage.
Humic acid was then used for further experimenthagpotential for this to alter during storage
was lower and would provide a material that woulovafor better reproducibility. Each of the
five humic acid experiments also had a differemtipalate phase added (Table 5.02). In the
NMO experiment, Fc4.4-2, there was iron photochahreduction from the 100 nM addition of
FERR50, therefore further FERR50 additions werd e the range of 100 — 500 nM.
Aluminium was not included in the particulate phdse to the effects seen on thglhl
(seawater only experiments Figure 5.08) and itemi@l for removing Fe(ll) from the

experiment (Bertsch et al., 1989).
0.5 mg ! Humic Acids with 90 nM MnQ

On addition of particulates containing Mp§the NMO experiments had shown
increases in the Mn (1l) concentration (Figure %.€§ual to and above the concentration of the
manganese addition. Only HAO.5-1 (Figure 5.13y &a addition of purely MnQ, this was to
a concentration of 90 nM and a particulate conagiotn of 6.2 mg *. The Mn (I1) increased
from the light phase concentration of 20 nM up® HhM Mn (II) post injection. Over the
1800 s of the particulate phase the Mn (1) conegimn decreased by 50 nM, indicating
oxidation of Mn (Il). HO, (Figure 5.12) and Fe(ll) (Figure 5.11) systemsashameneral net
decrease in production, however, the Fe(ll) issnobntinuous loss from the system. The Fe(ll)
shows a sudden increase followed by a rapid losshwiads first into a single production and
loss cycle before the concentration of Fe(ll) fhkneath the LOD, 0.12 nM. This suggests that
the addition of only Mn@gy causes an uncoupling of the photochemical cyairige(ll) and
H20-, and this is linked to first the reduction of the®} o particulate phase and than its re-

oxidation.
0.5 mg ' Humic Acids with 100 nM Fe (Il1)

The second 0.5 mgLhumic acid experiment had an addition of 100 nMIRg total
particulate concentration 5.2 mg L Directly after injection both the Fe(ll) (Figubell) and
H,0, (Figure 5.12) traces show a small increase i tiedi production above their respective
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directions. From the NMO experiments Fc 4.4-1 (Fég5.07) also with the same concentration
of FERR50 added, had a small measurable increddginthough no change was measured in
the Fe(ll) for this experiment. Within the HAO.5eRperiment at c. 2800 s there is a net
increase in B, production. At the same time, the Fe(ll) appe¢amnter a steady-state. For
excess KO, to be produced there is a requirement for theab® "™ dismutation to increase
suggesting the experiment has reverted back ttysathQ™ dismutation, or that a loss
mechanism decreases, for example the removal dj Bepther reduced metals by competing
reactions. The Mn(ll) post injection of partic@datincreases by 4 nM. For the 4.4 % NMO
experiments with the same concentration of Feffiéye was an increase in Mn(ll) of
approximately 13 nM. The concentrations of Fggtpr to injection of the FERR50 to 100 nM
is approximately 0.8 nM in HAQ.5-2 (Figure 5.113dan the 4.4% NMO experiments (Figure
5.07) the Fe(ll) is approximately 1 nM. The di#faces in HO, concentration are however
larger, ~ 120 nM in the 0.5 mg'lexperiment compared to ~ 50 nM or less in the?4 MMO
experiments, the factor of two difference in theantrations of kD, may then be the cause of
the different increases in concentration of Mn{ithe higher the 0O, concentration prior to
injection of the FERR50 the lower the productiorivof(ll) from within the experimental

medium.

0.5 mg [ Humic Acids with 300 nM MnQand 400 nM Fe(lll)

The third 0.5 mg & humic acid, HA0.5-3, experiment had a combinedtadof 300
nM MnO, g and 400 nM FERRS50 to a total concentration of6gsL™. Fe(ll) is initially
unchanged from the light phase before a suddepaserin concentration of ~ 1 nM, this is
followed by, decreasing in concentration, productimd loss cycles, before the Fe(ll)
concentration falls below the LOD, 0.11 nM. Thera net loss in the J@, for c. 300 s.
Following this loss, the system then transitiorie ennet production. The changes in th©H
system may be attributed to both the manganes&€BR&®R50. As HAO.5-1 indicated, the
manganese particulate phase can produce a nemlbis®, and as HA0.5-2 indicated after
c. 800 s there is a net production increase witRRED. The net production increase would
indicate the production mechanism, increased datayperoxide dismutation, for,B, is
slower then the loss through reductive dissolutibthe MnQ and is more important over

longer time scales.
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2.0 mg [ Humic Acids with 500 nM Fe(lll) and 300 nM MpO

For the first 2.0 mg t: humic acid experiment on addition of the partitelighase there
is a drop in Fe(ll) of ~ 1 nM within 88 s. All filver measurements were beneath the LOD, 0.3
nM. The HO, shows a near linear decrease in concentration(lIMmncentrations increase
from 16 to 151 nM, approximately 50% of the additaf MnQ,; some of this increase,~ 37 nM

is then oxidised in the following 5 minutes.
2.0 mg [ Humic Acids with 100 nM Fe(lll) and 300 nM MpO

The second 2.0 mgLhumic acid experiment has Fe(ll) concentratioss juior to
addition very close to the LOD, 0.26 nM. Followiaddition all subsequent changes to the
Fe(ll) are beneath the LOD. As with the first thf L'* experiment there is a net loss ipQ4
at an apparent greater rate than in the light pltheagh this is less than the first experiment
indicating it is the concentration of Fe(lll) aslixas the presence of MR@vhich affects the
rate of HO, loss. With the shortened particulate phase tipe@xents were unable to show
whether there would be an increase in Fe(ll) pridoafter c. 800 s as seen in the 0.5 rifg L

experiments.

5.03 Discussion
5.03.01 Light Phase
Fe(ll)

The three primary mechanisms for the productioRegfl) in sunlight waters are: the
reduction of Fe(lll) by superoxide (EmmeneggerletZ2®01; Goldstone and Voelker, 2000;
Voelker and Sedlak, 1995) and®} (Barb et al., 1951; Weiss, 1935) and a photochamic
LMCT. The initial rapid increase in Fe(ll) in theimic acid experiments (Figure 5.13) may be
due to the photochemical LMCT at the surface dfi ifloydr)oxides (Faust and Hoigne, 1989;
Faust and Zepp, 1993; Waite and Morel, 1984) anfavganically complexed Fe(lll) (Barbeau,
2006; Barbeau et al., 2001). Natural marine orgamaterial is important as it determines the
overall rate of Fe(ll) oxidation (Craig et al., )0 Organic complexes of iron retain their
solubility and prevent hydrolysis (Rose and Wa2@0Q3a). For Fe(ll), its rate of complexation

with natural organic material is slower than thatFe(lll) organic complexation and the
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complexes are less thermodynamically stable (RondéMaite, 2003a). The initial stage of
rapid Fe(ll) production is not seen in the NMO expents (Figure 5.07) except for a slight
increase in mxd8.8-2. Either, the NMO does nospss the organic complex that can rapidly
photochemically reduce iron (lll) for the initigiage or that the comparative concentrations to
the humic acid are low. The assumption that theepat possess this rapid organic-Fe(lll)
complex may be valid as the NMO are from iron ledibr aged (> 4 months) culture residues.
This complex may then either be in very low concaidans with respect to the total available
iron concentrations of the NMO or available ironnis semi-refractory state and will not form
these organic-complexes when mixed with the orgaliithe iron is as an aged hydroxide then
the photo-reductive dissolution is on time scallesn@ hour or more (Wells and Mayer, 1991)
SO may not play a major role in initial changessed/ithin the initial stage there is a large
production of Q" as evidenced by the formation of®3 in both the NMO (Figure 5.08) and
humic acid (Figure 5.12) experiments. Superoxiidation of Fe(ll) is four to five orders of
magnitude faster than that by (-ujii et al., 2010) with the presence of humibstances
decreasing Fe(ll) oxidation by,@Miles and Brezonik, 1981). Usually the low O
concentrations in the marine environment, pico-msieady state concentrations (Goldstone
and Voelker, 2000; Heller and Croot, 2010b), waubdl mean that superoxide is a primary
oxidant, of Fe(ll); however, the inferred rapid guation of HO, may indicate high

concentrations of superoxide in the initial phases.

The loss of Fe(ll) following initial production ithe humic acid experiments (Figure
5.11) implies that either the oxidation of Fe(H)dccurring at a greater rate or that the LMCT
has decreased compared to the NMO experimentsréd~g07). In the NMO experiments the
systems with measurements above the LOD suggésadysstate is in place. For a steady-state
Fe(ll) concentration to occur then the rate of mtiun of organically and inorganically
complexed Fe(lll) must be the same as the oxidatfdre(ll) and its complexes and organic
stabilisation of Fe(ll). Phytoplankton NMO havesheshown to increase the half life of Fe(ll)
in seawater (Kuma et al., 1995; Rijkenberg et24108; Steigenberger et al., 2010). Within the
NMO experiments (Figure 5.07) for a steady stateeeithe organically complexed Fe(ll) is
photochemically stable or there is a rapid cycletween the organically complexed Fe(lll) to
Fe(ll) and back again. Organic Fe(lll) complexag;h as those with carboxylate ligands, are
more photochemically labile than aquo complexessfiRat al., 1990; Sedlak and Hoigne, 1993)
leading to an increased cycling of Fe(ll) and #pparent steady-state. The form of the Fe(ll)
traces in the humic acid experiments (Figure 5ahi) the changes in concentrations over the
three stages, especially those of the 0.5 thgxperiments, show how using a known organic

material, that is not liable to change through ggmstorage such as the NMO, can produce
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better reproducibility within the light phase oktkxperiments. The loss of Fe(ll) can also be
increased through its oxidation by Cu(ll) (Moffatid Zika, 1983).

H20;

H,O; is primarily formed following the dismutation ohptochemically produced O
(King et al., 1995; Micinski et al., 1993; Petasmal Zika, 1987; Voelker et al., 1997; Voelker
and Sedlak, 1995). The formation is usually catdyby organic material and dissolved metal
ions, but will continue uncatalysed when the supiei®concentration is in excess of these
(O'Sullivan et al., 2005), though this is slow ab@H 8 (Zafiriou, 1990). The initial light phase
H.O, production can therefore be attributed to thelgs¢al Q™ dismutation. The initial phase
of the humic acid experiments with a high photoduciion of reduced iron and presumably
other metals such as copper (Witt et al., 2007)acdo enhance the production of @vith the
effect of potentially forming a direct replacemémt any HO; lost through its oxidation of
reduced metals. The H@adical produced from the oxidation of Fe(ll) aster reduced
metals by HO, will be scavenged by organic material. This orgamermediate formed from
this reaction can reduce,@ O, with its subsequent reaction with Fe(ll) producih,
(Voelker and Sulzberger, 1996). However ‘@kin also oxidise Fe(ll) (Barb et al., 1951) and
there is also the possibility that with an orgameiducing agent present Fe(ll) may be
regenerated from Fe(lll) (Voelker and Sulzberg886). The combination of catalysed
superoxide formation and the organic intermediatdaiion of Q can lead to the rapid initial
phase increase in,B- if sufficient reduced metals are present throughato-chemical LMCT
of organically complexed Fe(lll) (Barbeau, 2006yizau et al., 2001).

The second stage with a slower increaseJ@-Hvould suggest that the catalyst
concentrations have decreased and increasegdndancentration are due primarily to the
uncatalysed dismutation 0,0 The extended light phase in the 2.0 migelxperiments (Figure
5.12) show that there is an eventual loss fd+at ~ pH 7.4. KO, has a long half life, at its
lowest it will be 5 hrs or more in productive trogi seawater (Moore et al., 1993) though rates
of photodecomposition increase in irradiation expents compared to the natural environment
(Petasne and Zika, 1987).,®b photodecomposition in natural seawater runs &3 the
production rate, however, it is dependant on tie saphotoreductants produced with the
primary mechanism being the oxidation of Fe(ll)HpD. (Moffett and Zafiriou, 1993). To
decrease the concentration of04 would require a sink. D, at elevated concentrations (>
100 nM (Gonzalez-Davila et al., 2006; Moffett an#laZ 1983)) and temperature (~> 25 °C)
outcompetes oxygen for Fe(ll) and Cu(l) (Croot &adn, 2002; Millero and Sotolongo, 1989;
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Moffett and Zika, 1987; Voelker and Sulzberger, 899It is the pH 7.4 / 2.0 mg Lhumic acid
system which show a definite loss of®4 from the system (Figure 5.12). These experiments
have higher concentrations of Fe(ll), 2 to 4 timmsnpared to the pH 8.1, 0.5 mg humic

acid experiments (Figure 5.11) and therefore trmimstances of the increased concentrations
of Fe(ll) combined with the lower pH indicates thia¢ HO, is outcompeting &for the

oxidation of Fe(ll) and this is known to occur irganic free seawater at < pH 7.5 (Gonzalez-
Davila et al., 2006).

Mn(Il)

Changes in the light phase concentrations of Mi{lBither the NMO (Figure 5.09) or
humic acid (Figure 5.13) experiments were incorigkug proving (under experimental
constraints) the photochemical production of Mnifijm within the media. This was not
unexpected as previous works (Spokes and Liss,; R8%a et al., 1983) required an addition
of artificial MnO, g particulates that have photochemical reductioesr&t6 times faster than
MnOy produced through bacterial oxidation of mangaris@da and Huntsman, 1994) to show

measurable changes, whilst using radioactive tsageMn(ll).

5.03.02 Particulate Phase

Fe(lll) Additions Only

Three experiments had single additions, to 100 @iNton in the form of FERR50, these
were; Fc4.4-1 and Fc4.4-2 (Figures 5.07 — 5.09)H#0.5-2 (Figures 5.11 -5.13). From these
3 experiments the Fe(ll) (Figure 5.07) in Fc4.4-2hie only system to show a continuous
increase of Fe(ll) following a particulate additiomhis experiment is also unique in that the
measured concentration of® was low, < 10 nM (LOD 0.4 nM) prior to and postatn.
What may have contributed to low photochemical pobidn of HO, (Figure 5.08) (Fe(ll) was
in a steady state) was the aging of the fresh acgaaterial (4 days) combined with the low
concentration addition (4.4 % v/v). The increas€&e(ll) following addition could be through
either photo-reduction of the particulate phasei{®&nd Morel, 1984; Wells and Mayer, 1991)
or by an organic LMCT on surface complexed Fe(Bdrbeau, 2006; Barbeau et al., 2001).
For a steady state these reduction mechanismsanering at a similar rate to the Fe(ll)
oxidation by Q. The low concentrations of;B,, ~ 10 nM, in the system ruling this out as the
primary oxidant (Gonzalez-Davila et al.(2006) swgid®O, concentrations > 125 nM, in
organic free seawater, are when it will outcomgiéor Fe(ll) at ~ pH 8.2) of Fe(ll) at the
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experimental temperature (28.4 °C). The chang#weiMn(ll) seen for additions of 100 nM
FERR50 suggest that the redox chemistry relatingaoganese is not straight forward. The
specified concentration of manganese &1 % of the FERR50 and with initial Mn(ll)
increases in the particulate phase of + 4 nM, HAD(bigure 5.13) or ~13 nM, Fc4.4-1 and
Fc4.4-2 NMO experiments (Figure 5.09), which amatgr than the concentration of
manganese, the remaining source of manganesehsskeseawater itself. The®}
concentrations prior to injection of the particelatare different for the three experiments. In
Fc4.4-1 and Fc4.4-2 NMO experiments (Figure 5.88)final concentrations in the light phase
are 50 and 5 nM, respectively, whilst in HAO0.5-2 timal light phase concentration 0$®} is ~
110 nM. The production of reduced manganese refihie apparently independent of thglA
concentration with respect to the NMO experimei@s. addition of the particulates there is
some form of perturbation in the experiments amglldads to a reduction mechanism for
manganese which was not present within the lighsph One proposed mechanism would be
the photo-reduction of Fe(lll) at the surface @& #ERR50 (Sulzberger and Laubscher, 1995),
the Fe(ll) is re-oxidised or organically comple>aidl at the surface of the FERRS50, re-
oxidation occurs faster at the surface then whe¢h)kg in solution (Hem, 1977; Sulzberger and
Laubscher, 1995). Even with faster surface re-atiod rates of Fe(ll), there are still elevated
levels of Fe(ll); when these reduced ions come imber-sphere contact with M@ than
undergoes a reductive dissolution (Hem, 1978; St681) increasing the concentration of
Mn(ll). That the NMO experiments reduce more marege than the 0.5 mg'thumic acid
experiment may be due to a greater formation off F@(ganic complexes. That the
experiments do not show an increase in Fe(ll) srilesre are low concentrations of(4

would indicate that this photo-reduction of surf&e£lll) and reductive dissolution of M@
occurring rapidly (greater than a 44 s analytigale) in the presence of higher concentrations
of H0..

Combined Additions

The addition of the10000 nM FERR50 particulate pitashe combined NMO
experiments, mxd8.8-1 and mxd8.8-2, had the affedecoupling the cycling of Fe(ll) (Figure
5.07) and HO, (Figure 5.08). Following an initial increase (0ee 80 s) in both Fe(ll) and
H,0O, — photochemical LMCT at the surface of iron (hgdijles (Faust and Hoigne, 1989;
Faust and Zepp, 1993; Waite and Morel, 1984) anfavganically complexed Fe(lll) (Barbeau,
2006; Barbeau et al., 2001) increasing Fe(ll); sttthe continued photo-excitation of organic
chromophores subsequently reducesddD;,” (Petasne and Zika, 1987) with its catalysed

dismutation, in the presence of excess Fe(ll), fognih,O, (O'Sullivan et al., 2005). For a loss
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of analytes within the system which was activelgwimg H,O, production and Fe(ll) in a
steady state during the light phase means thdb#iseactors become dominant on addition of
the particulates. The proposed now dominant mestmawithin the experiments which is
acting to decrease,B; is the reverse Fenton reaction (Barb et al., 195d)ation 5.01) with

Fe(ll) being favoured as the reductant over oteduced metals (Moffett and Zika, 1987).
Fe(ll )+ H,0, — Fe(lll )+ OH +OH ~ Eqn. 5.01

The concentrations of J@- attained prior to injection of the10000 nM FERR5® the
combined NMO experiments (Figure 5.08), mxd8.8-d arxd8.8-2 are ~ 100 and 70 nM,
respectively. These , concentrations are similar to the average seawaterentration, 100
nM (Moffett and Zika, 1983) or experimentally cdited concentration, 125 nM (Gonzalez-
Davila et al., 2006) limit on when @, becomes the primary oxidant of Fe(ll) in warm wsite
(Millero and Sotolongo, 1989; Moffett and Zika, I8 These results suggest that with the
NMO the HO, concentration need only be above 25 nM for ittact with the Fe(OH)ion
(Millero and Sotolongo, 1989) or with the NMO F¢(iband. With the reverse Fenton reaction
as the dominant #D, reaction decreasing the Fe(ll) and assuming tisare change in the
photochemical reduction of iron and organic matefeaming Q,", then the products of the
photochemical reactions are being utilised elseath&he half-life of HO,, has also be shown
to increase on the filtration of a sample indicgtihe presence of particulate material can act to
shorten its half life (Moore et al., 1993; Petaand Zika, 1987).

With a decrease inJ4@, to around 25 nM (Figure 5.08) in mxd8.8-1 and m&d8 the
remaining primary Fe(ll) oxidants are oxygen, amel superoxide and hydroxide radicals. One
or more of these is therefore in excess and attingidise the Fe(ll) (Figure 5.07). For
measurable photoreductive dissolution of Fe(libnirthe particulate phase to occur the Fe(ll)
formed must detach from the interface, if this deesoccur the rate of Fe(ll) oxidation by O
(and potentially also ¥D,) at the interface is faster than in solution (H&8y/7; Hem, 1978;
Sulzberger and Laubscher, 1995). Assuming thame reductive dissolution due to the
addition of MnQ g, changes in the 8.8 % NMO experiments with onl9f@M FERR50 did
not show a similar loss of Fe(ll) (Figure 5.07) wihe same concentration addition of MO
(except a small decrease in®4 in Fc8.8-2), then it is the addition of 210000 nEAAR50 which
causes the loss in both analytes. For Fe(ll)dbidd be due to the increased surface area
increasing the potential for surface sorption diilFrand its hydrolysis to Fe(lll). The addition
of 1000 nM FERR50 (8.8 % NMO experiments) was imbasive in respect to a change from a
steady state in the Fe(ll) (Figure 5.08). The @aldiof FERR50 may then be said to have an
affect on the type of Fe(ll) complex present.t [sian organic complex that retards the
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oxidation of Fe(ll) by @and HO,, producing a quasi steady-state Fe(ll) (Millealet 2009)
than the stability of this complex may be decreasitia the addition of the particulate phase,
i.e. forming a competition between organic compliexaand surface hydrolysis of Fe(ll) as
proposed by Jickells and Spokes (2001). Rulingchanges in D, concentration during the
10000 nM FERR50 (Figure 5.08) due to the Mg@oes not suggest that there is a reaction
occurring between the addition of Mp@and HO,. The increase in Mn(ll), ~ 90 nM, (Figure
5.09) on injection of particulates may be througkhlorganically mediated reductive
dissolution (Stone and Morgan, 1984), and Fe(duotion of manganese oxides (Equation
5.02) (Grassian, 2005; Hem, 1978). With Mr@resent in the experiment this will also

catalytic increase the rate of®, decomposition (Kohler et al., 1975).

H,0; in the 10000 nM FERR50, combined NMO experimerjyfe 5.08) particulate
phase after its initial decrease in concentratfoows the beginning of a second phase
production of HO;; this is also seen in HA0.5-2 and HA0.5-3. Fas tb occur the loss
mechanism seen preceding this production must hemsied and for an increased rate of
production there must be the catalytic dismutatibthe Q™ (O'Sullivan et al., 2005). What is
of interest in mxd8.8-2 with 10000 nM FERR50 (Fig& 07 & 5.08) and HAO0.5-2 (Figure 5.11
& 5.12), is a simultaneous production of Fe(ll) aD,. If it was the surface sites on the
FERR50 where rapid oxidation of Fe(ll) occurs amese have now been minimised or that the
photochemical production of Fe(ll) has entered agoang cycling through organic
complexation then the continued organic LMCT (Bahe2006; Barbeau et al., 2001) could
account for the further production of Fe(ll). Fexcess KO, to be produced there is a
requirement for the superoxide dismutation to iasee LMCT are reducing Fe(lll) at the same
rate as its oxidation leading to a steady statbahpart of the system. The superoxide is in
excess of the reduced metals and organic matesading to uncatalysed dismutation
(O'Sullivan et al., 2005) formingJ@. as well as catalysed dismutation (King et al.,5;99
Micinski et al., 1993; Petasne and Zika, 1987; Weekt al., 1997; Voelker and Sedlak, 1995)
and a net increase in production. The net prodngticrease would indicate that as a
production mechanism, increased catalytic supegogismutation, for b, is potentially
slower than its loss through the catalytic reducty MnQ, o (Kohler et al., 1975), though it
may be important on longer time scales. Howewtctive dissolution may become more
important with continuous inputs of MgO What the 2.0 mg't, pH 7.4 experiments suggest is
that the concentration of FERR50 does play a rotée rate of loss of #D, (Figure 5.12) and
this is related to the concentration of Fe(lll)hefe were lower concentrations of FERR50, 100
nM compared to 500 nM, from HA2.0-1 to HA2.0-2, e MnQ o concentrations were kept
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the same. With lower concentrations of FERR50#e of loss of KO, on the particulate

phase decreased.

MnOy Addition Only

MnO; is a strong catalyst in the decomposition gDk(Kohler et al., 1975). That it is
capable of reductive dissolution is seen in HAO&igyure 5.12) with an addition of 90 nM
MnO1 g only. The HO; following addition of the particulate decreasesir~120 to 75 nM
(Figure 5.12), whilst the increase in Mn(ll) (90 hbtcurs within the first 5 minutes following
addition of the particulate (Figure 5.13). Thergin the Fe(ll) (Figure 5.11) in the
particulate phase for this experiment has decrgasincentration production and loss cycles.
The first cycle increases by > 2nM Fe(ll) followiaddition of the particulates. If.B; is
reacting with both Fe(ll) and Mn@then as it decreases to below ~ 100 nM, theresi®d net
production of Fe(ll) (~ 1 nM), with the subsequkrss due to other oxidants, e.g.. Ohe
initial increase in the particulate phase of Mn(HRjgure 5.13) for this experiment also suggests
that reactions within the particulate phase whigdymeduce the MnQy when it is mixed with
the FERR50 were minimal; within the particulate ghéhere are reduced metals (FERR50 at
pH 5.4) which when in inner sphere contact resu#lectrons being transferred to the MRO
leading to its reduction (Hem, 1978; Scott, 1991his is one hypothesis as why there was large
increases of Mn(ll) in the NMO experiments. If ta(ll) is being oxidised by kD, than
Fe(1l) will be hydrolysed and lost through sorptiomo the particulate post formation of MnO
(Brugmann et al., 1992). This outer-sphere bous(dlff undergoing photochemical reduction
(Faust and Hoigne, 1989; Faust and Zepp, 1993;e/dail Morel, 1984) or LMCT which may
account for the decreasing cyclic behaviour of lF&{lHA0.5-1 and HA0.5-3 (Figure 5.11)

with MnO, g in their particulate additions.

Al(OH); Additions

The aluminium hydroxide was produced as Al(@thpugh on its mixing with the
FERRS50, at pH 5.4, underwent ionisation to Al(@HBtumm and Morgan, 1996; Williams and
Frausto da Silva, 1996). A positively charged alhuom hydroxide when added to water cause
the coagulation of dissolved organic carbon (DQzggence indicated through the production
of H,O,) leading to a sudden loss mechanism for both Fa(id HO- in the seawater only
systems (Urban et al., 1990).
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5.03.03 Organic Material

NMO

The sequential experiments (Figures 5.07 and 5viB)increasing concentrations of
NMO, 0.2 um filtrate frontragilariopsis cylindrusexudates, suggest that the organic material
is being degraded over time, probably through edteeworking whilst in storage, and this
affected the production of 8, during each experiment, Fc4.4-1, Fc4.4-2, Fc8a8d Fc8.8-2
(Figure 5.08). Final KD, concentration achieved in the 4.4 % experimenpsifoom ~60
(NMO 2 days old) to ~ 5 nM (NMO 4 days old}®}, Fc4.4-1 and Fc4.4-2 respectively.
Though the final concentrations 0$®} attained in the 8.8 % NMO experiments are similar
150 nM, Fc8.8-1 (NMO 5 days old) has a rapid inseeap to ~ 125 nM in the first 80 s and
then gradually increases to ~150 nM, whereas F2Z§NMO 6 days old) has a two stage,
gradual slowing of production up to 150 nM. Tlssriteresting, as bacterial reworking of
phytoplankton exudates forms CDOM (Rochelle-Newalll Fisher, 2002) the initiating
chromophore for photochemical superoxide produdfitetasne and Zika, 1987). On mixing
the long term aged (4 months) NMO, frdrhalassiosira pseudonanwith the fresh NMO
(now 8 and 9 days old), the maximurs@4 concentrations decrease, mxd8.8-1 ~ 100 nM,
mxd8.8-2 ~ 70 nM. The initial stage net productidso decreases from 60 to 40 nM for
mxd8.8-1 to mxd8.8-2 with large differences afteP@0 s. With storage time scales of greater
than 60 days less than 5 % of the original phytdglan produced material will remain and > 60
% of this will be a semi-refractory low moleculaeight (LMW) material (Hama et al., 2004).
With an expected stable, aged organic, the changbeg 8.8 % mixed experiments would
suggest that this is due to the aging of the ‘fréshgilariopsisand not thé halassiosira
Fe(ll) quasi steady-states were generally seemamNMO experiments (Figure 5.07 light phase)
and this may be due to formation of a slow photauhbally reactive organic Fe(ll) (Miller et
al., 2009; Rose and Waite, 2003a). Meunier €28I05) found that it was the LMW fraction
that allowed Fe(ll) to achieve a steady-state agd molecular weight (HMW) had greater net
H,O, production rates. From their modelling work tladgo found that terrestrially derived
organic material, such as humic materials, haddrighotochemical reactivity towards Fe(ll)
than NMO.
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Humic Acid

Humic materials have similar characteristics as @D&hd contain large concentrations
of carboxylate ions able to form metal complexeggtt et al., 1989). The carboxylate
complexes can act in two ways in the photochenub&C T of Fe(lll) to Fe(ll). They can
directly complex Fe(lll) with the subsequent phodduction to Fe(ll) and an organic radical
(Voelker et al., 1997); with oxygen present theamig radical formed will reduce o O,".

The second way is the formation of surface Fe¢diboxylate complexes on Fe(lll)
(oxy)hydroxides and their subsequent LMCT (Fausttdoigne, 1989; Faust and Zepp, 1993;
Waite and Morel, 1984), however the rate of oxwaf Fe(ll) on the surface is faster than in
solution (Hem, 1977). That the humic acid experite€Figure 5.11) show an initial rapid
production not seen in the NMO (Figure 5.07) expents would suggest that these carboxylate
complexes act rapidly when photo-excited. The sgbent losses would suggest that the
formation of organic Fe(ll) complexes keeping tie€lF in a quasi-steady state (Miller et al.,
2009; Rose and Waite, 2003a) is minimal with huaaid (Figure 5.11) compared to the NMO
experiments (Figure 5.07). Contrasting humic &sigeriments contained different
concentrations, 0.5 and 2.0 mg,land were at different pHs, 8.1 and 7.4, and fbezedo not
allow for a direct comparison. Changes seen irctimeentration of Fe(ll) (Figure 5.11) may be
due to either factor. However, the similaritiegheir forms suggest that the reactions that the
photochemically labile fractions undergo are esatipthe same. The #D, (Figure 5.12) also
shows similar light phase forms; a comparison easuggested as the concentrations attained

are higher with higher concentrations of organgslao seen in the NMO experiments.

5.04 Conclusions

There were two initial aims of these experimen}$?roduce a photochemically redox
active analogous sea-surface microlayer systenacong hydrogen peroxide and reduced iron
and manganese. ii) Test if the system followiddigon of an artificial particulate acts to
reduce some or all of the particulate phase tdubkophase. With respect to the first aim the
experimental set-up was successful in quasi-simedtasly measuring the production through
photochemical initiation of Fe(Il) and.B,, though non was seen for Mn(ll). Though a
reduction of a particulate phase was seen for Mntbe results for FERR50 were inconclusive.
With respect to the MnQ) particulate phase the rapid reduction seen waathdiuted to
photochemistry but instead it was due to the reiigti state of the system on addition of the

particulates.
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The experiments introduced three factors for caraitibn in the photochemistry of
analogous sea-surface microlayers: an organic coemtpa light phase and a particulate phase.
Of the three, the two most closely linked weredhganic component and the light phase. The
combination of these factors showed different pobida stages in kD, and Fe(ll) on initiating
the incubation and differences in form from NMQtie humic acid experiments; these were
due to age and concentration,Q4 and Fe(ll) became coupled within the light phasewing
similar trends during the humic acid experimentd te 8.8 % combined NMO experiments;
rapid initial production and then the subsequemdation of Fe(ll) due to the high concentration
of H,O,. The systems were also coupled as under theiexgr@al conditions, temperatures >
22°C, B0, is the primary and favoured oxidant of Fe(ll) lhexcept one experiment. It was
therefore decided, that further research was tendlertaken on those reactions within the light
phase and due to better reproducibility of thoggeements containing humic acids, these were

to be central to these experiments.

With respect to the particulate phase the variatiarthe additions were too great for a
real consensus of the results, though they do apjegendent on the B, in the light phase —
tentative conclusion from one experiment. Withltreger light phase the experiments tend
towards a steady-state / net production / netdbise analytes in the system; to add particulates
to a system that is not in a steady state woulnlralske interpretation of those results more
difficult. Due to the small time scales of the exments it was difficult to assess what could be

long term trends on addition of the particulatBsugh some conclusions could be made.

There is production of Fe(ll) from FERR5O if the@4 concentration is low, ~ 10 nM,
experiment Fc4.4-2.

H.O; at concentrations above 25 nM is the apparentgrgiroxidant of Fe(ll) in warm
waters (> 25 °C) containing organic material esgggcwhen their photochemical productions
are decoupled by the addition of particulates.

LMCT at the surface of particulates producing Fefte a large sink for D, acting to
decouple the solution phase photo and redox cptlEg(ll) and HO..

Decoupled systems will realign when the particuéatdition sink for the analytes is
removed.

Fe(ll) sorbed to and oxidised to Fe(lll) at thefaoe of particulates will undergo
photochemical reduction when the systems are readig

Short lived, c. 2 mins, increases of Fe(ll) oosith small concentration additions of
FERR50 (< 400 nM) to active systems.
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The presence of MnQ will decrease KD, concentrations faster than uncatalysed
superoxide dismutation production rates.

The oxidation of Mn(ll) and the subsequent presesfananganese particulates
combined with its reductive dissolution can promogeles of production and loss of Fe(ll).

Single additions of Mn@, only have short term (< 800 s) affects osOblif there was a
corresponding addition of FERR50.

The hydrogen peroxide is affected by reduced maegmand at lower pH with

increased organics it will be actively sourced m®@dant.

Environmental Implications

From within the experiments, more importance shéelghlaced on those with NMO.
These are representative of materials which magudned in an organically enriched sea surface
microlayer. These NMO also show the productioflgd, is dependant on the age of the
organic material, though no work was undertakernery fresh (< 1 hour) NMO material. The
addition of particulates to a photochemically agti@nalogous marine surface microlayer will
cause a decrease in the(d concentration. In warm waters with®} acting as the primary
oxidant this may increase the half-life of redu€edll). NMOs appear to retain Fe(ll) in a
photochemically stable complex where as humic suosts show a rapid photochemical
reduction of iron, with little stability of the oagic complexes subsequently formed, therefore
differences in half lives of Fe(ll) from freshwatercoastal to open ocean microlayers may be
expected. The presence of both types of orgahNib¥ ) and humics) could contribute to a long-
term presence of reduced iron during the daytim&jib materials producing high
concentrations and NMO retaining this concentraitioa steady state. If the NMO is not
available for the formation of Fe(ll) organic cormpés, due to UV degradation than the Fe(ll)
concentrations would decrease rapidly. Referrnth¢ previous work on the measurements of
dissolved species in a freshwater microlayer, thitase microlayer itself may have low
concentrations of these organics leading to lowceatrations of Fe(ll) relative to underlying
water. Reduction of MnQis rapid when introduced to an active photochehsigstem and
could be a causal effect for elevated concentratadrMn(ll) in freshwater surface microlayers.
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Chapter Six:

Effect of Irradiating Regime on Reactive Oxygen Spaes and Iron in

Model Marine Microlayer Systems
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6.00 Introduction

Cycling of reactive oxygen species (ROS) and iroegawater can be dependant on the
light regime of the irradiating radiation (Coopé¢raé, 1988; Gerringa et al., 2004; Laglera and
van den Berg, 2007; Rijkenberg et al., 2005; Sdrad.£2005). UV-radiation (UV-R) has
previously been shown to increase the productigch@tuperoxide radical 0 (Petasne and
Zika, 1987) in seawater through the excitationrgiamic chromophores (Moffett and Zika, 1983)
with the subsequent dismutation of thg @ hydrogen peroxide, 0, (Bielski, 1978).

Oxidised iron, Fe(lll), has also been shown to betp-reduced when either organically
complexed (Barbeau, 2006; Barbeau et al., 2001h, wB9.9 % Fe(lll) organically complexed
in seawater (Gledhill and van den Berg, 1994; RneeBruland, 1995; Wu and Luther, 1995), or
via a ligand to metal charge transfer (LMCT) ocmgrat the surface of iron (hydr)oxides
(Faust and Hoigne, 1989; Faust and Zepp, 1993;e/daitl Morel, 1984). In cold arctic waters,
low in chromophoric dissolved organic matter (CDOQMith dissolved iron estimated to be
around 0.9 £ 0.1 nM, ~ 30 % of Fe(ll) productiordise to UVB radiation, 35 % due to UVA
and the remainder due to PAR (Laglera and van a#g,2007). Though photoreactions with
dissolved inorganic Fe(lll) is not significant iraters above pH 6.5 (King et al., 1993), when it
does occur the photo-reductive dissolution is our tisne scales (Wells and Mayer, 1991).
With the organic complexes of ferric iron retainingn in a soluble form, these show a greater
potential for photo-reduction with irradiation poedinantly in the visible / near UV-R range
(Sima and Makanova, 1997). However, the type gaonic complex can also dictate its photo-
reactivity with those from some estuarine wateisaghg little reactivity towards UV-R
production of Fe(ll) (Rijkenberg et al., 2006). eThresence of organic material can also affect
the rate of Fe(ll) oxidation, through either inhitn (Miles and Brezonik, 1981; Rijkenberg et
al., 2008; Shaked et al., 2004; Steigenberger.,e2@10) or enhancement (Santana-Casiano et
al., 2000).

The disproportionation of £ can be catalysed by redox reactive substancdading
inorganic (Rush and Bielski, 1985) and organicatiynplexed (Bull et al., 1983) iron; inorganic
(Zafiriou et al., 1998) and organically complex&bélker et al., 2000) copper, other metals
such as manganese (Hansard et al., 2011) and Inartg@aic material (Goldstone and Voelker,
2000). Uncatalysed disproportionation will occOrSullivan et al., 2005), though its rate in
seawater at pH 8, will be slow (Zafiriou, 1990).0b™ should attain a sufficiently high steady-
state concentration in seawater then it will had#rect affect on the reduction and oxidation of
metals and set up redox cycles, such as with bhef et al., 1995; Voelker and Sedlak, 1995).

The disproportionation of © forms HO.. H,O, in sunlit seawater can attain"1® or higher

152



concentrations (Moffett and Zika, 1983; Moore et #993) where as O will attain
concentrations of I M (Goldstone and Voelker, 2000; Heller and Cr@1.0b). The half
life of H,O, is also far greater than,Q minimum of 5 hrs in productive tropical seawater
(Moore et al., 1993) compared to a maximum fef i@ Antarctic waters of c. 194 s and from
purely uncatalysed dismutation 0fQn coastal waters, the half-life can range from 20
minutes (Petasne and Zika, 1987),0Oplwill act as the primary oxidant in competition kvi-
oxygen at temperatures of ~ 20 °C or more andratentrations exceeding > 50 to 125 nM
(Croot and Laan, 2002; Gonzalez-Davila et al., 20@@ero and Sotolongo, 1989; Moffett and
Zika, 1987; Santana-Casiano et al., 2006; Voelkdr@ulzberger, 1996). However, unlike' QO
H,O; in seawater has not yet been shown to producecx i®y/cle, though kD, reduction of
Fe(lll) would occur in seawater if the pH is redd¢e approximately pH 7 (Moffett and Zika,
1987).

The following series of experiments compares thatg@themistry of the ROS, 49,
and iron between different irradiating regimes, UB0 — 315 nm), UVA (315 - 400 nm) and
photosynthetically active radiation (PAR, 400 — TD0) in model seawater microlayers. These
results were than modelled with the aim of prodgdimetic constants related to the production
and cycling of, HO, and reduced iron, Fe(ll). This work assessegtieet irradiating
wavelength has on the production and loss ratés©$ and Fe(ll) over a c. 3000 s incubation,
in which time the primary analytes,®, and Fe(ll) can achieve either a steady-state tdoeg
/ production. The comparisons using irradiatingjme required to some degree a consistency
in the magnitude and form of the cycles efddand Fe(ll), therefore the organic material used
in the analogous microlayer systems were chosethéar storage stability over time. The
experimental systems include humic acid at 1.0Z6dng > and a 2.0 pm filtered, aged (> 5
months) natural marine organic (NMO) obtained frawulture ofThalassiosira pseudonana
added to 11% v/v to the base media, 0.2 um filtdtedh Sea seawater. Set 1 of these
experiments considers only the light phase of tlexgeriments conducted in Chapter 5 using
0.2 um filtered NMO. The results from the expemtsecan be examined in two respects. The
first is an assessment of the affect the irradjategime has on the sea-surface microlayer (SML)
and the second is a comparison of how the photctivétgt of H,O, and Fe(ll) changes with
depth due to preferential absorption of UV-R witpth (Figure 6.01).
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Figure 6.01. Comparison of seawater 10 % irradiatepths for UVB and UVA from Tedetti
and Sempre (2006). Values are average depthsewihbars indicating the range of the
authors collated data.

6.01 Materials and Methods

The materials used, experimental method and therigéen of irradiating lamps were
presented previously in Chapter 5. Table 6.01 shiw irradiance produced during each set of
experiments. What must be noted as a possibleiexpaal artefact is that the Full and UVA +
PAR spectrums both utilise multiple bulbs. Theréherefore the possibility that results seen
may be due more to the total energy received raltaer only the irradiating regime. However,
this argument can still be used in an interpretatibthe data as a depth dependent study from
Full spectrum to UVA+PAR to PAR as wavelengths reatbare those which are preferentially

absorbed as depth increases from the surface ayenol

Table 6.01. Irradiance values for light regimeerkpents, with comparisons to certain
published experiments.

band width 280—-315nm 315-400nm 400-700 nm otalt
energy received

experiment W m? W m* W m? W m?

UvB 1.1 3.8 15.5 20.4
Full 14 15.2 30.1 46.7
UVA+PAR 0.2 11.7 14 25.9
UVA 0.2 13.4 3.9 17.5
PAR 0.02 0.1 11.6 11.7
Steigenberger et al.(2010) 0.3 17.6 3.8 21.7
Meunier et al. (2005), solar simulator 1.0 kW m?
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6.02 Numerical Model

A numerical model describing the concentrationblgd,, O,", OH, Fe(ll) and Fe(lll)
was developed in MATLAB using a stiff ordinary difential equation solver (ODE 15s). A
Stiff solver is required when the range in the tade@endant changes of the model parameters
are large and small changes in one may have |diget®on the stability of other parameters,
thus affecting the overall stability of the atteegbsolution. This for example can be due to the
differences in the model concentrations of say @l Fe(lll), concentration differences are
over six orders of magnitude, but small changaglénconcentration of the OMill have large
effects on the time dependant concentration ofF{dl).

The resultant time dependant changes in mog@} ldnd Fe(ll) were then fitted to the
experimental observations for the changes in cdaratgons of HO, and Fe(ll) from each
experiment. The corresponding model reactionslaog/n in Table 6.02 with a visual
representation of the model in Figure 6.02. The@haitially utilised ideas from Miller et al.
(1995) and Steigenberger et al. (2010), and itialsloded a suite of similar reactions to Rose
and Waite (2002), Meunier et al. (2005) and Santaasiano et al. (2006). The model differs
from Miller et al. (1995) in four ways: it includéise hydroxyl radical oxidation of Fe(ll); all
Fe(lll) is involved in photo-reduction rather tharspecific Fe(lll)-L; it also includes O photo-
production and a sink term fo,O The hydroxyl radical oxidation of Fe(ll) and theneral
0O," sink term are also included above that of theg8tdierger et al. (2010) model. Meunier et
al. (2005) and Rose and Waite (2002) models bdtérdntiate between inorganic and
organically complexed iron with Meunier et al.(2Q@&plicitly giving an Q™ sink term and
Rose and Waite (2002) measuring an estimated cappeentration as one of the Ginks,

though both systems include Fe(ll) oxidation byhlgdroxyl radical.
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Table 6.02. Model equations involved in the cyafleeactive oxygen species and redox cycling
of iron.

reference

R1 Fe(ll )+nv — Fe(ll)+ products Kren st fitting parameter 1
R2 0,+CDOM +7v - O, + products Kcoom Ms' fitting parameter 2
R3® 0,+ Fe(ll) oy + Fe(lll) Koz M1 s! calculated as per (i)
R4 Oy +2H" +Fe(ll) » H,0,+Fe(lll) 10x10  M's' (i)
R5® H,0, + Fe(ll) - OH +OH" +Fe(lll) Kooz M1 s! calculated as per (iii)
R6 OH" +Fe(ll) -~ OH ~+ Fe(lll) 5.0 x 16 M*st (iv)
RT O +Felll) - O, +Fe(ll) Kro M*s' fitting parameter 3
R8  30H" +Fe(lll ) — Fe(OH ), 25x1¢  M'st ()

c) . + 1g1 Icultaed [
RY 202 +2H o H202 + 02 ksop M 1 sl calcultaed as per (vi)
R10 O{ + sinks— products- 02 Ksos M~ s fitting parameter 4

(i) Millero et al. (1987 (i) Rush and Bielski (1985); (iii) taken froMiller et al. (1995}
as per Millero and Sotolongo (1989); (iv) takeonfi Rose and Waite (2002) (v) taken from
Rose and Waite (2002); (vi) Zafiriou (1960)

(a) kinetic rate is pH and £dependant, the calculation ofJ(Millero et al., 1987) is as
follows,
log(kal) = 21.56 — 1545/T, where T is temperatweected to °K
log(ka2) = log(kal) — 3.29 ¥P + 1.52 x I, where the ionic strength is calculateil =
19.9201 x S/ (1.0 x 101.00488 x S), where S is salinity in practicairsty units.
log(ka3) = -1 x log(ka2) + 1.87 x pH, (Ms?)
ko2 = ka3 x [Q], O, concentration calculated through temperature aalihgy
dependant.

(b) kinetic rate is pH dependant, the calculatidrk@o, (Millero and Sotolongo, 1989) is as
follows,

log(kb) =-3.04 + 1.0 x pH

Kn2o2 = kb

(c) kinetic rate is pH dependant, the calculatidrksnp (Zafiriou, 1990) is as follows ,
log(kc) =12.7 — 1.0 x pH
Ksob= ke
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Fe(OH);

Figure 6.02. Model of combined cycles of reactxggen species and iron through pl-
reduction and redox reactio Red arrows indicate the light induced reductioirafi. R
numbers refer to the corresponding reaction in & &k:

The model was fitted simultaneously to th,O, and Fe(ll) experimental observatic
based on the sum of their sum of squares error)(8&f the data to the model output.
ensure thathere was no bias due to an order of magnitudereifice or greater in tl
concentrations of HD, and Fe(ll) observations were normalised; this wasedvia thei
maximum values, with these values subsequently tesedrmalise the model output. T
resduals for each stage and the total combined relsidizulated from the actu
concentrations are shown in Table A6.01 and AGQBRé appendix. Model fitting wi
initially undertaken manually then completed udimg Nelde-Mead algorithr(Nelder and
Mead, 1965) To ensure that the results of the Ne-Mead algorithm were not thin a local
minimum the results were repeated whilst varyirgithtial guesses of the fitting paramete
The final model fits are not necessarily those Whomovided the lowest value for the sum of
residual sum of squares for bot,O, and Fe(ll)fits. The reason for this was that even with
normalisation the noise in the;O, data still affected the sum of the residual valgseshat the
subsequent fit to the Fe(ll) was poor; on thesasions finessing of the fit reverted to mar

control.
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Models were not fitted to the whole data set bhataad to set stages of the experiment.
The transition point between stages was chosermtiygithe difference in the gradient of the
H,0, data when it was placed on a log scale. Tk@,Mvas used to dictate the transition point
due to its formation being dependant on the pradn@nd cycling of the photochemically
produced @ and under the experimental environmental conditimuld be the primary
oxidant of Fe(ll) (Croot and Laan, 2002; Gonzalezvia et al., 2006; Millero and Sotolongo,
1989; Moffett and Zika, 1987; Santana-Casiano.e2806; Voelker and Sulzberger, 1996) and
therefore one of its controlling influences. Tleasoning for the use of different stages is based
on two theories that are directly dependent offitiag parameters and a series of model and
fitting trials. Complex models, such as those @uvier et al. (2005) and Rose and Waite (2002)
allowed for the fitting of all organic reactions,/>parameters, to achieve appropriate fits to the
data. Whereas simple models such as Miller ¢1.8P5) and Steigenberger et al. (2010) only
used 2 or 3 fitting parameters, these, when appdid¢de experimental data, where unable to
constrain the model to the experimental resulifting trials using extensive MATLAB toolbox
applications, GlobalSearch and MultiSearch witledént fitting algorithms did not provide a
good simultaneous fit to both analytes, thoughfitie H,O, was superior to the Fe(ll) fit,
again due to the noise in the signal. Closer icispe of the work by Meunier et al. (2005)
shows that their D fit is not so good in their seawater experimewts)st Steigenberger et al.
(2010) model their KD, data as a curve through two data points! Dubddarge array of
experiments to undertake a fitting to the resultaatlel erred towards a simple model with four
fitting parameters. The third stage of the experita termed the constant stage, could be
judged to be the most environmentally applicabléhasexperimental system has undergone in

essence a warming up period.

The fitting parameters are: (i) the photochemieduction of Fe(lll) and Fe(lll) species
since their concentrations were not measured treepat explicitly prescribed in the model; (ii)
reduction of oxygen to £ through photo-reduction of organic material (corication and type
unknown); (i) Q" reduction of Fe(lll) (species and concentratioknawn) and (iv) a sink
term for Q" — unknown concentrations of other metal ions. g@ofgZafiriou et al., 1998) and
manganese (Hansard et al., 2011) are known to watcO,” and an oxidative process can
occur through organic material (Goldstone and VelR000). The theories for why the system
should be split into stages is due to the choiddefitting parameters; three of these parameters
are directly related to the cycling obQwhich itself is the primary source ob®. (i) H.O»
production is from both catalysed and uncatalysschdtation of @". Therefore the rate of
H,O, production is dependant on both trace metals agahic material; as the concentrations

of these catalysts change so to does the typehanefore rate of © dismutation, suggesting
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the potential for two sets of kinetic values. Ripduction of @ and the potential for retaining
reduced iron in a steady-state are dependant corgfa@ic material present. Due to UV
radiation affecting the type of organic materiabtigh photo-bleaching (Goldstone et al., 2002;
Micinski et al., 1993; Miller et al., 1995; Rijkealy et al., 2005; Rose and Waite, 2003b) this

will change through the course of the experiment.

Initial Fe(lll) concentrations for each experimeavitich were used in the model were
assumed to be equal to the total iron concentratidghe medium prior to commencing the
experiment. The analysis of the samples for iobal (Table 6.03) was undertaken on an ICP-
MS using 1:40 dilutions and standard additionse G¢brresponding recovery of the National
Research Council of Canada, certified referencenadt CASS-5, specified concentration, 25.8
+ 2.0 nM, was 106% and was measured at 28 = 4 ndBJnl5 % RSD. The blank was
measured at 14.8 £ 0.09 nM with a corresponding lifndetection (3 » of 3 ultra pure waters)
of 0.3 nM.

Table 6.03. Total iron concentrations of experitabmedia

medium nM

0.2 um filtered North Sea seawater 134
4.4 % v/vFragilariopsis cylindrus 134
8.8 % v/vFragilariopsis cylindrus 134
4.4 % vivFragilariopsis plus4.4 % v/vThalassiosira 254

11 % 2.0 um filtered halassiosirgpseudonana 679
1.0 mg L* humic acid 287
2.0 mg L* humic acid 301

6.03 Experimental Results

Four sets of experimental results are present#ukeifollowing section. The first set is
the light phase results from the experiments indander a Full spectrum regime described
in the previous chapter. The further three setspane different irradiating regimes on the
photochemical initiated production ob®&, and Fe(ll) in model marine surface microlayere. T
represent the sea-surface microlayer the threeiexgets have additions of organic material as
follows; an aged (> 5 months) 2.0 um filtered NM#Ren fromThalassiosiraand humic acid
added to a concentration of 1 and 2 myg L
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6.03.01 Set 1. 0.2 um Filtered NMO, Full Spectrurkxperiments

The pH, temperature and LOD for these experimeete wiscussed in Chapter 5,
Section 5.02.01.

Stage times

To enable modelling of the results each experirhadtto be split into respective stages.
Experimental NMO light stage times for the repegieziments (Figure 6.03) show the extent to
which the reactivity of the initiating chromophdog superoxide production changes whilst the
NMO is within storage. Within the NMO experimetite second 4.4 % NMO experiment is
singular in that there was low,8, concentrations < 6 nM, and as such there could baen a
choice of fitting the model as a single intermeelistiage; if this was done then there is
consistency between each NMO replicate. Of thetagperiments in Figure 6.03, only the
first seawater experiment showed an initial, rgpigduction an increase of ~ 40 nM within the
first analytical cycle of 44 s. If only a singleodel was fitted to the second 4.4 % NMO
experiment then both setskfagilariopsisNMO experiments show an increase in the length of
the intermediate stage from repeat one to two. tidresition point between stages in the mixed
NMO experiments occurs at a similar time for botpexriments. The experiments of Miller et
al. (1995) and Meunier et al. (2005) do not havéndial rapid HO, production; however, their
experiments were conducted using concentratedfrsizgonated DOM: HMW < 0.2 um
(Miller et al., 1995) and LMW < 1 kDa and HMW < 8.am (Meunier et al., 2005). The
intermediate stage is that governed by the curtkanog plot of the kD, data before the
systems shift to one of three states; (i) steadtestii) net production, (iii) net loss.
Experiments with no initial rapid production aretéfore the two stages of a log plot. That
these NMO experiments using 0.2 um filtered NMhdbshow a rapid initial b, production
is consistent with the findings of the near conspanduction using HMW (< 0.2 or < 0.45 um
filtered) organic material (Meunier et al., 200518t et al., 1995).
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Figure 6.03. Stage timings for the NMO experimamdertaken with Full spectrum incubation.

H,O, apparent rates

H,0, apparent production rates for the NMO experimantsshown in Table 6.04. For
those experiments containing NMO, the apparentymtiah rates, for both stages, decrease
from the first to the second repeat with the sedB8d% NMO experiment showing a loss of
H,0,. Photochemical yD, apparent production rates have been determindguiAtlantic and
Antarctic waters; they range from 0.2 to 11 nM tGerringa et al., 2004; Yocis et al., 2000;
Yuan and Shiller, 2001). Higher production ratesexpected with an increase in temperature.
With a difference of ~ 25 °C between incubating penatures and Antarctic seawater, and using
as per Yocis et al. (2000) an estimated correafor0.2 nM k' °C* provides an additional 5
nM h* though this still does not account for the proituctates in the experiment. Generally
the apparent production rates in the intermediaigesare 3 — 21 times greater than in the
constant production stage. The differences fragntermediate to the constant production
stage may be due to the change from catalysed éBall, 1983; Goldstone and Voelker, 2000;
Hansard et al., 2011; Rush and Bielski, 1985; Veedt al., 2000; Zafiriou et al., 1998) to
uncatalysed (O'Sullivan et al., 2005) @ismutation, or that both are occurring, but thie of
catalysed dismutation has decreased. When theeaggaoduction rates for the constant stage
are compared to Moore et al. (1993), witsOplproduction rates of between 24 — 134 n¥ h
from a study in the Caribbean, influenced by higbNDinputs, they are in good agreement.

That only the constant stage can achieve reasoappbrent rates would suggest that the
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experiments can be compared to environmental ctajteut the systems require an initiation

period to achieve these apparent rates.

Table 6.04. NMO experiments,&, apparent stage rates. NC — none calculatedw HgD,
production in the experimengc — Fragilariopsis cylindrus

experiment HO;
apparent stage rates (nM)h

initial = intermediate constant

sw— (1) 3118 579 97
sw — (2) NC NC 159
4.4%Fc — (1) NC 283 63
4.4%Fc — (2)* NC 31* 5
8.8%Fc — (1) NC 1402 -2
8.8%Fc — (2) NC 676 32
8.8% mixed — (1)  NC 975 131
8.8% mixed — (2)  NC 795 46

Results with Model Fits

Figure 6.04 shows the results from the NMO Fullcspan experiments combined with
the fitted model data. Represented in Figure @&r@é4he data that are within the calibration
range (< LOD or > concentration highest standara®d and those outside of this range in blue.
The data are surrounded by a grey envelope whicalcsilated for each point based on the error
from the calibration calculation. There are thmeedel parameters shown: the corresponding

H,O, and Fe(ll) models are thick black lines and theleh@,” output is a thin black line.
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Figure 6.04.a. NMO, Full spectrum incubation expents with model fits. See text for
explanation of parameters
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Figure 6.04.b. NMO, Full spectrum incubation expents with model fits. See text for

explanation of parameters
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H20,

The experiments with added NMO show a two-stagdymtion in their light stages,
with the second production stage slower than tisg¢, fas indicated by the apparent production
rates (Table 6.04). 4, overall production in the 4.4 % NMO experimentd igmes higher in
repeat 1 than repeat 2; total®4 production (10 nM) in the second 4.4 % NMO expemtnis
low relative to all other experiments. Total protion in the 8.8 % NMO experiments are
similar, though the length of time in stage 1 iases from repeat 1 to 2, with a concurrent
decrease in the apparent production rates, appadaiyn100 nM HO, produced over c. 300
and 600 s, respectively. In the mixed NMO expentsgthe first stage, comparing between
repeats 1 and 2, net production decreases frorm 80 hM, whilst in their second stages both
experiments show an increase of around 25 nMD,HHODs were in the range 0.4 — 15 nM.
The seawater only experiments had LODs of 12 anaM Svhilst those with added NMO had
lower LOD.

H.O, is primarily formed following the dismutation ohptochemically producedO
(King et al., 1995; Micinski et al., 1993; Petasmal Zika, 1987; Voelker et al., 1997; Voelker
and Sedlak, 1995). The formation is usually caedyby organic material and dissolved metal
ions, but will continue uncatalysed when th€ @oncentration is in excess of these (O'Sullivan
et al., 2005), though this is slow above pH 8 (@adi, 1990). That there is minimal change
from a steady-state concentration of Fe(ll) or edlany production (seawater only
experiments) would indicate that the initial / miediate stage #, production could be
attributed to the catalytic affect of species othan Fe(ll). These can include; organic material
(Goldstone and Voelker, 2000) and / or other redunetals such as copper (Voelker et al.,
2000; Zafiriou et al., 1998) and manganese (Hanstadl, 2011). The combination of the
catalysed superoxide formation and the organicnmeeiate reduction of eading to, in the
intermediate stage, relatively high apparent ratd4,0, production (Table 6.04).

Fe(ll)

Four experiments show consistent measurements(ibf,Fepeats 2 of the 4.4% and
8.8% NMO experiments, these show a steady-stgiage. Repeat 2 in the mixed experiment
shows an increase of ~ 1nM where as repeat 1 i8.8h& NMO experiment shows a decrease
of ~ 1 nM, though this decreases is through twalsndosses in concentration occurring at c.
300 s and 900 s into the experiment. No significliange to the Fe(ll) occurred within the

seawater only experiments. That there was no ehamag anticipated and was probably due to
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the reactivity of iron (oxy)hydroxides especially®,” deceasing with aging (Fuijii et al., 2006).
The mechanisms for the production of Fe(ll) in gyhtlwaters are: The reduction of Fe(lll) by
superoxide (Emmenegger et al., 2001; Goldstonevaetker, 2000; Voelker and Sedlak, 1995)
and HO, (Barb et al., 1951; Weiss, 1935), or a photochahtigand to metal charge transfer
(LMCT) of iron (hydr)oxides (Faust and Hoigne, 198aust and Zepp, 1993; Waite and Morel,
1984) or from organically complexed Fe(lll) (Barbe2006; Barbeau et al., 2001). Natural
marine organic material is important as it detesnithe overall rate of Fe(ll) oxidation (Craig
et al., 2008). Organic complexes of iron retarirtkolubility and prevent hydrolysis (Rose and
Waite, 2003a). For Fe(ll), its rate of complexatimith natural organic material is slower than
that for Fe(lll) organic complexation and the coexads are less thermodynamically stable
(Rose and Waite, 2003a). None of the NMO expertmenrplicitly show a consistent loss of
Fe(ll) but instead those systems with measurenadase the LOD suggest a steady-state
concentration is in place. For a steady-statelFeghcentration to occur the rate of reduction of
organically and inorganically complexed Fe(lll) mbe the same as the oxidation rate of Fe(ll)
and its complexes and organic stabilisation ofllre@hytoplankton exudate NMO have been
shown to increase the half life of Fe(ll) in seaavdiKuma et al., 1995; Rijkenberg et al., 2008;
Steigenberger et al., 2010). Within the NMO experts for a steady-state, either the
organically complexed Fe(ll) is photochemicallytdéaor there is a rapid cycling between the
organically complexed Fe(lll) to Fe(ll) and backaag Organic Fe(lll) complexes, such as
those with carboxylate ligands, are more photochalhyilabile than aquo complexes (Rush et
al., 1990; Sedlak and Hoigne, 1993) leading tonareiased cycling of Fe(ll) and a potential

mechanism for the apparent steady-states.
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6.03.02 Set 2: 11 % v/v 2.0 um Filtere@halassiosira pseudonana, Light

Regime Comparison Experiments

pH & Temperature

Changes in pH and temperature for the light regioraparison experiments containing
11% v/vThalassiosiraNMO are shown in Figure 6.05. The pHs for theggeements were
generally similar; average initial pH 8.14, range&13 — 8.16. The starting temperatures were
relatively poorly constrained for this set of expents, range 22.8 to 28.7 °C. This equates to
initial O, concentrations, assuming equilibrium with the apieere, ranging between 194.8 to
214.9 pM kg, using the solubility data of Weiss (1970). pHds to decrease over the first 300
— 900 s following illumination. After this timehé Full spectrum experiment shows a gradual
increase in pH for the remainder of the experimtrd;UVA experiment shows a gradual
decrease in pH whilst the pH in the remaining eixpents is relatively constant. Temperatures
within the UVB (24.4°C), UVA+PAR (25.3°C) and PAR4(3°C) remain relatively stable for
the first 1500 s and then decrease by ~ 0.4 °Gh#latter half of those experiments. The
stability of the temperature over the first 1500shiese experiments would suggest that the
change in the measured pH is not caused by cham¢g®mperature. The Full spectrum
experiment with an initial temperature of 28.7 ¥cmkases linearly over the course of the
experiment by 2.3°C, this change equates to apaserin oxygen due to the temperature
change of ~ 12.7 pM Ky The UVA only experiment has a near linear insesi temperature
from 22.8 to 23.9 °C, the change in temperaturateguo a decrease in oxygen concentration

due to temperature of ~ 6.2 uM*kg
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Stage Times

For the comparisomhalassiosiraNMO experiments the stage times are shown in Eigur
6.06. The initial stage from these experimentsahegid HO, production, which was not seen
with additions of only HMW NMO material (<0.2 pnitéred). Within theThalassiosiraNMO
experiments those containing UVB also had a coraumapid, initial Fe(ll) production. This
would indicate that the initial Fe(ll) rapid prodion is due to UVB when using 2.0 um filtered
NMO. The length of time, based on thgd, in the initial stage appears influenced by thalto
UVA light received; the more UVA light the shortiée initial stage with no production seen at
all within the PAR experiment. The experimentd/bifer et al. (1995) and Meunier et al. (2005)
do not have an initial rapidJ@, production and this may be due to the use of HM®/2<um
(Miller et al., 1995) and LMW < 1 kDa and HMW < 8.4m (Meunier et al., 2005) material,
whereas a 2.0 um filtered NMO was used throughwutNMO light regime comparison
experiments. This would again suggest, as witlFg{#) that the initial rapid stage ot,8;
production in the NMO experiments is due to a >u@nZraction in the aged NMO. The
intermediate stage is that governed by the curtkanog plot of the kD, data before the
systems shift to one of three states; (i) steadtestii) net production, (iii) net loss. Due teet
UVB only system entering a net loss ia®4 for the final c. 800 s of the experiment, the
intermediate stage result is not directly comparasl it encompasses the point of inflection in
the log plot and the time of net®, production prior to loss in the system. The other
experiments containing either a large proportio A or PAR only, all show a continuous
net production of KD, in the final stage; this suggests that to ensw@éinued net production
there must be specific wavelength set effecting-}@, production. As the UVB system
contains a large proportion of PAR (U¥R&r) > PARpar) and only far UVA (< 360 nm), this
continued net production would have to be due ¢oUKWA radiation > 360 nm. UVB is also the
major environmental wavelength that decomposesnrgaaterial to LMW constituents
(Kieber et al., 1990; Mopper et al., 1991).
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Figure 6.06. 11 % v/v 2.0 um filterThalassiosira pseudonaméMO stage time

H,O, Apparent Rates

H,O, apparent production rates for {Thalassiosiraexperiments are shown in Tal
6.05. Those NMO systems contair a majority of UVA in their irradiating spectra shdww
the apparent production rate 0,0, decreases, for all stages, as the amount of thklitgitt
and UVA received decreases. The calculated appeesults for all stages are comparabl
the calalated rates of Moore et (1993)with apparent production rates betwe
24 — 134 nM H. The Full spectrum appareproductionrates in the intermediate stage are
order of magnitude less than in the mixed NMO Bp#ctrum experiment (Table 6.0whereas
the constant stage is of a similar rate to thersg:cepeat mixed NMO experime This
comparison is difficult to assess further as tt#p0n filtered fraction only contained a v/v 4.4

whereas the 2.0 um filtered fraction was addedLt&olv/\.

Table 6.05. 11 % v/v 2.0 um FilterThalassiosira pseudonamMéMO experiments: LODs ar
H,O, apparent stage rates. - none calculated.

experiment LOD H,0,
H,0,  Fe(ll) apparent stage rates (nI"™)
nM nM initial intermediat constant

UVvB 1.3 0.31 107 49 -8
Full 4.8 0.44 193 76 46
UVA + PAR 1.2 0.14 128 58 26
UVA 0.01 091 118 11 24
PAR 2.5 0.64 NC 0 22
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Limits of Detection

Table 6.05 also provided the LOD for each analgtetlie light regime comparison
NMO experiments with 11 %halassiosira LOD were calculated based on 8 »f the sea-
surface microlayer analogous material only - blaike blank signal is made up of all potential
reactants of luminol from within the experimentadara that induce chemiluminescence, except
the analytes. TheJ@, LODs are all below 5 nM, this is an order of magde greater than
those of Yuan and Shiller (1999) however, this L®&s low enough not to impact on the
modelling of the changes seen within the experisiefitie Fe(ll) LODs are all below 1 nM and
again are generally sufficient to see initial chesgithin the experiments. Calibration of the
Fe(ll) data was similar to that of Meunier et 2005) who also produced a calibration curve
within identical experimental media directly afteeir experimental runs; their Fe(ll) LOD was
0.2 nM.

Results with Model Fits

H,O, and Fe(ll) results with their model fits are shawrrigure 6.07. ¢ and hence
H,O, production is seemingly influenced by both UVA andB and these may affect different
organic initiating sources. The reasoning for king different initiating sources is based on the
total H O, concentrations attained from those experimentsowit UVB, UVA+PAR and UVA
only. These experiments have approximately 4 timese UVA and 5 times less UVB in their
irradiating regimes than the UVB experiment andiatsimilar HO, concentrations. The UVB
experiment also shows after c. 2400s of illuminmaamet loss in kO, whilst those containing
substantially more UVA do not show a net loss. ldeer, bleaching of the organic material
(Goldstone et al., 2002) by UVB cannot be ruled thaugh the Full spectrum experiment,
which also contains UVB, does not show a net Ind$,0,. The stage at which there is net loss
in H.O, during the UVB experiment occurs prior to a pahhet loss in the Fe(ll) data; a lag

that has been seen in previous experimental wosk€Rnd Waite, 2003b).
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What also cannot be ruled out is that a®fhet production decreases in the UVB
experiment there is a possible strong sink mechafos HO,,which is required due to its long
half-life, > 5 hrs (Moore et al., 1993). A potaitsink for HO, which will also decrease the
concentration of Fe(ll) would be model reactiorfEsquation 6.01 below). A second potential
sink would be increased photodecomposition of draraterial due to the UVB. Conversely
the experiments containing UVB eventually show astant production of Fe(ll) and this would
agree with Laglera and van den Berg (2007) who slwowmcrease in the half-life of Fe(ll) as
the irradiating wavelength decreases. The prewbapters work also suggested that reactions

on particulate surfaces could decrease the coratemtrof HO-.

H,O, + Fe(ll) - OH' +OH ™ + Fe(lll) Eqn. 6.01

Within the modelling of the data, the kinetics fois reaction, Equation 6.01 (Millero
and Sotolongo, 1989), were kept constant, butntiaig not be the case as there may be catalytic
processes occurring. Further sinks fgOkimay be a similar reductive reaction as equation
6.01 but with reduced copper. Subsequent oxidatidre(ll) may also occur through the
reductive dissolution of oxidised copper (MoffeatidaZika, 1983) and manganese (Grassian,
2005; Hem, 1978).

The 11% NMO results based on Fe(ll) can be catsggdiinto three groups. The first
group contains UVB in its irradiating spectrum amdw a rapid initial production which then
moves into a constant net production — UVB and §jpdictrum experiments. The second group
are those experiments with their UV-R in the preti@mtly UVA range, these show oscillating
production and loss cycles. Maximum concentratmetur approximately half-way through
these UVA experiments. Except for the Full speatexperiment the remaining experiments
containing UVA tend towards a net loss of Fe(lugh this is curtailed by the termination of
the experiments. There are four measurable pgalks (of data) above the Fe(ll) LOD, 0.64
nM in the PAR experiment suggesting there is soe{(#)Hproduction but it is not significant
when compared to irradiating regimes containing UAM UVB. The result for the PAR only
experiment would also suggest that the changesis¢ba UVB experiment are due primarily
to the UVB and not to the 15.5 WTPAR within its irradiating spectrum. The PAR vifttthe
irradiating regimes, UVB, Full and PAR experimemsdess than 1 % of that in the natural
environment, based on the calculations of ZeppGimak (1977). Thus the experiments cannot
rule out the photo-production of Fe(ll) from lighithin the visible light regime; with ~ 35 % of
Fe(ll) photo-production in Arctic waters attributedlPAR (Laglera and van den Berg, 2007)
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As explained earlier, model fitting was carried ontHO, stage times and was
simultaneously constrained by both®4 and Fe(ll) observations. As these functions effih
are based around the®} stage times and the relative changesj@ittoncentration are larger
than those in Fe(ll) concentration, the fits areegally better for KHO,. The resulting Fe(ll) fits
suggests that for the developed model there dreraitsufficient fitting parameters to achieve a
good fit for both constraints and / or that the elad incomplete with respect to the cycling of
Fe(ll). H,O, model fits are generally good, though they camtbieve the general curvature of
the data, they do tend to stay within the erroredopes of the data. Fe(ll) model fits for those
systems containing UVB are poor. The model wagaity developed from a series of models
that assume the continued oxidation of Fe(ll) aadbiss from the system. This loss of Fe(ll)
the model can show but it cannot be forced (asutds) to show a continued net production, nor
a relatively (in terms of the model) slow initia¢ () production. The model also has difficulty
in representing the oscillatory production / lostdviour of Fe(ll) in the irradiating regimes
controlled by UVA. However it takes a reasonabld point following the initial production in

each stage.
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6.03.03 Set 3: 1.0 mgLHumic Acid at ~ pH 8.3, Light Regime

Comparison Experiments

pH & Temperature

The initial temperature and pH of the 1.0 mighumic acid experiments were generally
similar between experiments. The starting pH lier éxperiments ranged between pH 8.27- 8.3
whilst initial temperatures were within = 1 °C @.2 °C. Changes in pH and temperature for
each experiment are shown in Figure 6.08. pH gdlyatecreases over the first 900 — 1200 s of
illumination for all except the Full spectrum exipeent. Following this decrease experiments
generally show a constant pH after this time. ifiteal decrease in pH for these experiments
last 300 - 600 s longer then those in the NMO (F@dgui05) experiments. The decreasing order
for the change in pH over the first third of thevesiment of the 1.0 mg thumic acid
experiments, is Full > UVA+PAR > UVA, with changesthe UVB and PAR experiments
similar. This is the same order as initial pH apesduring the NMO experiments, suggesting
there is a potential reaction which can decreasamHis based on the total UVA received.
Temperatures were generally stable throughoutighé $tage of the experiments, except for the
UVB only experiment which decreased by ~ 1 °C akerfull term, 3000 s and the Full
spectrum experiment which increased by ~ 0.4 °C thelast 2400 s. The average initial
starting temperature, 25.4 °C, allows for an apjpnate calculation for the concentration of, O
205.6 pM kg, based on the methodology of Weiss (1970).

LOD for both HO, and Fe(ll) in the 1.0 mgthumic acid experiments (Table 6.06) are

higher by around a factor of 2 when compared tsatfoom the NMO experiments (Table 6.05)

at a similar pH.
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Stage Times

Stage timings for the 1.0 m¢* humic acid experiments are shown in Figure 6.08e
initial stage is different to the rapid productieeen in the 2.0 um filtered NMO experimel
rather it appears that there is a lag in the sy$teiore production of ,O, increases above the
experinental LOD, ~ 6 nM. The ,0, experimental data fronMeunier et al., 200) show an
increase in the rate of production c,0, after c. 5 minutes, the initial stage in the 1.01lc™
humic acid experiments lasc. 300s. Unlike the NMO experiments (Figure 6.1bié)fastes
production of HO, occurin the intermediate stage for the 1.0 n"* experiment. Except for
the UVA+PAR experiment the change from intermediateonstant stage occurs at a sirr

point, ¢ 900 s into the experime

uve B e
Full | HH] e
par HEH e

uva  EHH —_— =
PAR - - —«— =
. T T T T T
time. (s
O 600 1200 1800 2400 3000
Hinitial Adintermediate E constant

Figure 6.09. 1.0 mgthumic acid stagtimes

H,O, Apparent Rates

The apparent production 01,0, from the 1.0 mg I* humic acid experiments
dependant on the light regime.,O, concentrations achieved by the end of the expeti
decrease based on the irradiating regime, the éwdéne decrease in total concentrat
achieved is Fulk UVA+PAR > UVA > UVB >> PAR. This result suggegtsat the irradiating
regime affecting theroduction of F,0, is the UVA range, and it is this which produces
greatest concentration 0b,O,. The experiments indicate that as depth frormtlueolayer
increases kD, production should decrease based on humic acitteasitiating chromophos.
The calculation of apparent rates (Table 6.06pisperfect, as the transition point betw:
stages may coincide with a spike or dip and thlkaffiect the calculation. However, they

give an idea if the experiments are showing sintidgr to in environmental context. Tt
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apparent rates in the initial stage of these erpants are examples of apparent rates that are
skewed by a sudden change; this is as at the efisadtage in the Full and UVA only
experiments, where there are increases,®,H The 1.0 mg ! humic acid experiments have
approximately two times higher,B, apparent production rates compared to the 11%a .0
filtered NMO experiments. The intermediate ratethie 1.0 mg ' humic acid experiments are
of a similar range, 127 — 199 nM hto the initial stage in the 2.0 pm filtered NM&periments,

107 — 193 nM H, and relate mainly to those irradiating regimetauring a large proportion of
UV-R.

Table 6.06. 1.0 mgthumic acid experiments: LODs and®3 apparent stage rates. NC —
none calculated.

experiment LOD H,0,

H.O, Fe(ll) apparent stage rates (nNhh

nM nM initial intermediate constant
uvB 8.1 1.0 0 127 49
Full 5.6 1.7 80 166 97
UVA + PAR 6.7 1.7 0 199 57
UVA 3.4 0.67 107 164 69
PAR 7.2 0.68 NC 0 1

cold water, Yocis et al. (2000)  range 0.2-11nMh
warm water, Moore et al. (1993) range 42 — 134 nMh

Intermediate stage apparent production rates argistently high in all except the PAR
experiment which correspondingly has an order ajmtade less UV-R. The constant stage of
the experiments all show a net production pOkwithin the range of apparent rates measured
in warm tropical seawater affected by dissolvedetdrial (riverine input) organic material
(Moore et al., 1993). The constant stag®japparent production rates for 1.0 migtumic
acid in seawater are directly related to the UVé&iaton received, Figure 6.10.
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apparent HO, production, nM H

Figure 6.10. Relationship between constant stpgarant HO, production rates and
irradiation received in the UVA (315 — 400 nm) rang
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Results with Model Fits

The Fe(ll) in the 1.0 mg thumic acid experiments show distinct differenagated to
the irradiating regime (Figure 6.11). The Full andA+PAR experiments show a dampening
oscillatory form before their Fe(ll) concentratidiadl to below their LODs, 1.7 nM. In the Full
spectrum experiment there is a dual frequencylasioih with amplitudes of around 10 and 3
nM; whilst the UVA+PAR experiment shows a singleitiation of around 2nM, frequency c.
600s. Fe(ll) has been shown to have an oscilldiehaviour with additions of dissolved
organic material (DOM) (Rose and Waite, 2003b; Seingl., 2005). The Fe(ll) behaviour in
the 1.0 mg [* experiments could then be attributed to changéséiOM within the system
and as this is photo-oxidised, Fe(lll) is beingueed through a LMCT, the subsequent Fe(ll) is
then oxidised or organically complexed. Fe(lll)igrhis subsequently organically complexed
then goes through the cycle again with the subseqieto-oxidation of the corresponding
DOM fraction releasing Fe(ll) into the cycle. Chas in Fe(ll) species cannot be differentiated
with the experimental set up though, inorganic clexgs, Fe(Cg), Fe(CO)}OH) and FeCl
would form at amounts equal to or greater tharFeféaquo- ion (King, 1998), with Fe(l1)
organic complexes greatly in excess of the inoigaomplexes (Nolting et al., 1998; Volker
and Wolf-Gladrow, 1999) and therefore potentiatiytibuting more to the overall redox
chemistry than inorganic complexes (Emmeneggel,et@08). That the oscillatory behaviour
of Fe(ll) decreases from Full > UVA+PAR > PAR wowdggest that this may also occur with
depth in the surface ocean and that steady-stél@ iReshallower waters influenced by

terrestrial organic material is in fact highly \atie.

179



H>0, Fe(ll)
120- 12
100 10-
80 8
§ 6
- 4
2 ! PR e eate aTe — —
- ‘(' Z _—
0 - : - - Ol. . : : y 1
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
120- 12
100’ o, 10’ 2 .
8
3 o\
L / ‘ !
4 / | e L s
Pmmmm/
0= ; . : . ol : : : ‘
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
120- 12
100- e 10
EE: iy 8
o
+ 6
<>E ;
> - =
iy S , ‘ , gl | | | |
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
120- 42
100 10-
8,
<
3 ot
PRI . e A .
ol . : : : oL ; ; ‘ v
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000
120- 42
100 10-
80 8
T 6 :
[ Lk
40+ 4- " . J .
20 " 2 <] e g |
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000

time, seconds
Figure 6.11. 1.0 mgthumic acid experimental results (concentrationanomolar) with
model fits. See text for explanation of coloursd #nes.

180



Over the first c. 260 s of those experiments coirtginear UVA (>360 nm) in their
irradiating regimes, the increases in Fe(ll) astdiathan in the UVB and PAR only experiments.
The UVB and PAR experiments show similar formsgge increase in Fe(ll) before attaining
a transition from a production to a loss at c. 800'he loss stage then tends towards a steady-
state Fe(ll) concentration ~ 2.5 nM. The UVA expemt attains a maximum Fe(ll)
concentration, 5.8 nM, within c. 600 s; the follogiloss leads on to a steady-state
concentration of ~ 2 nM. A steady-state also aeetiter c. 900s in both the UVB and PAR
experiments. The contrasting forms of the expeanisevould indicate that both PAR and UVA
radiation can affect Fe(ll) cycling. UVA producas oscillatory behaviour whilst PAR
produces a gradual increase which then declinasteady-state. This would agree with Sima
and Makanova (1997) that it is near UV-R and vesiht which affects the cycling of organic
ferric iron complexes. However, there is an appyesynergistic effect occurring in the Full
spectrum experiment with 1.0 mg' lhumic acid between UVA and UVB light causing irgen

cycling of Fe(ll).

Assuming there is little © production under PAR due to minimaj® formation
(achieved modelled £ < 0.5 nM); though it may be the case that in faete are low
concentrations of catalysts fop'Cdismutation. What can be supposed is that theezirations
of Fe(ll) seen would then be only due to a photaghbal organic LMCT and not a reduction of
Fe(lll) by either Q" or H,0,. That there are similarities between the PAR A&
experimental Fe(ll) traces even with the differeniceH,O, production, maximum achieved
H,O, concentrations 10 and 60 nM respectively (Figutd ¥ then suggest that the®}
concentration achieved in the UVB experiment isiffisient to greatly affect the redox cycling
of Fe(ll). That the oscillatory Fe(ll) behaviouwaurs concurrently with more rapid.®,
production, as in the Full, UVA+PAR and UVA expeénis, which attain higher
concentrations, maximum concentrations, 90, 1008&ndM respectively, may then suggest
that under those experimental conditions involtimg UVA influenced production of 4,

there is a coupling of the,B, and Fe(ll) cycles.

Model fits on the HO, data (Figure 6.11) are reasonable, though the himadetrouble
being constrained to the constant increase in tilespectrum experiment, as the Fe(ll)
generally shows a decrease in concentration. ®tleetoscillating behaviour of Fe(ll) in those
experiments containing UVA, model fits are gengrptbor. However, they do represent a mid
point for the Fe(ll) observations but not the véia, as is the case for the PAR experiment. In
the PAR experiment the slow initial increase inlfepuld not be modelled. This inability in

the model is a systematic fault as it was also lenmbadapted to the NMO experiments under
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the influence of UVB radiation (Figure 6.04) whialso show an initial linear increasing

production of Fe(ll).

6.03.04 Set 4: 2.0 mg'tHumic Acid at ~ pH 7.5, Light Regime

Comparison Experiments
pH & Temperature

The starting pH for the 2.0 mg*thumic acid light regime comparison experiments was
similar for all but the UVA+PAR experiment; mostpeximents range between pH 7.56- 7.59
whilst the UVA+PAR experiments starts at pH 7.3atial temperatures were within £ 0.8 °C
of 26.6 °C. The @starting concentrations from the range of init&hperatures was between
198.9 — 204.2 pM k§based on the methodology of Weiss (1970). Chaingeld and
temperature for each experiment are shown in Fi§ur2. pH is relatively stable over the first
c. 900 s of the light phase of the experimentsciviavas not seen in the previous experiments at
a higher pH. After c. 900s the pH then increasesll experiments by between 0.1 and 0.2 pH
units. Temperatures were generally stable througthe experiments for all except the UVA

only experiment which decreased by ~ 1 °C ovefuhéerm, 3000 s.
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Stage Times

Stage times used to govern the model fits for tBen®y L'* humic acid experiments a

shown in Figure 6.13. The 2.0 m™ humic acid experiments have three stages basduk

form of the HO, results; these correspond to an initial rapid potidn, an intermediate sta

and in the case of these experimentsthird stage represents a loss O, from the system.

Only two previous experiments indicated rapi,O, production, these were NMFull

spectrum experiments (Figure 6.(- seawater only, repeat one, and the 8.8 % 0.2 jienefd

NMO, repeat one. With respect to the 1.0 n* humic acid experiments, though there
doubling of the humic acid concentration, the selcaator withir the experiments was tl

lower pH medium and this may have had an affe¢herproduction of LO,. As the rate of

disproportionation of HQ the conjugate base o%,", decreases with decreasing (Millero,

1987)the rapid increase must instead be related toatadysed dismutation of,”. The

decreased pH can act torease the half life of Fe(ll) in seawater fro minutes (pH 8.1) to c.

22 minutes (pH 7.5)Millero et al., 198). The lower pH may also alter the dissociatio!

organic materialNlillero et al., 200). Intermediate phases show a decreasing lendime
from Full > UVB >PAR > UVA+PAR > UVA

UvVB

Full

LTWVA+

PAFR.

VA

PAR

time. (s) o

O initial

Hintermediate

1200 1300

Figure 6.13. 2.0 mgthumic acid stage tim
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H,O, Apparent Rates

The apparent production rates for the ~ pH 7.5n&A* humic acid experiments are
given on in Table 6.07. The initial productionesiare between ~1000 nM HUVA+PAR) and
~2500 nM R (UVB). These high initial apparent rates can thebaited to the organic catalysed
dismutation of @ from within humic substances. This can be pritydhrough the redox
structures, quinone-hydroquinone, (Goldstone anelkéw, 2000), which with a lower pH 7.5,
compared to pH 8.3, become more reactive. Whalsinteresting is the change in order for
the reactivity of the organic material to the iiedohg regime in the intermediate stage; in the
1.0 mg L* experiments, the apparent rates decreased from+#8¥R > Full~ UVA > UVB >>
PAR where as in the 2.0 m@'lexperiment the apparent rates decreased from U¥8lI>>
UVA = PAR > UVA+PAR. In the 1.0 mgLexperiments the UVA irradiation induced the
fastest production of 4D, whereas in the 2.0 mg'lexperiments it was the UVB. With UVB
light being primarily responsible for the photodeygmosition of humic acid based organic
materials (Kieber et al., 1990; Mopper et al., J99inay be that this photodecomposition will

increase with the lower pH.

Table 6.07. 2.0 mgthumic acid experiments: LODs and®3 apparent stage rates.

experiment LOD H>O, apparent stage rates
H,O,  Fe(ll) (nM hh)
nM nM initial  intermediate  constant
UVvB 0.8 0.54 2521 443 -294
Full 1.5 0.26 1512 165 -142
UVA+PAR 18 0.41 1027 129 -40
UVA 18 0.39 1552 148 -54
PAR 25 0.39 1552 148 -54
cold water, Yocis et al. (2000) range 0.2-11 nMh
warm water, Moore et al. (1993) range 42 — 134 nMh

Fe(ll) LODs from within the 2.0 mgt.experiments range between 0.26 — 0.54 nM and
are comparable to those from within the 2.0 prerdd NMO experiments (Table 6.05). The
H,O, LODs cover an order of magnitude, those for theAWFAR, UVA and PAR experiments
are around 20 nM. These are high relative tothkkioexperiments and are due to an increase in
the sensitivity of the PMT and the affect it hastloa stability of the measurement of

chemiluminescence.
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Results with Model Fits

H.O, experiment results (Figure 6.14) indicate that WMBiation has a large effect on
the production of KD,. Over the first two stages this irradiating regipromotes the fastest
apparent production and has the fastest rate sfilothe constant stage (Table 6.07). What is
interesting is the antagonistic affect in the Fefime experiment on the production g4
which also includes the UVB bulb. With ~ 100 n\M3e+40O, produced and a 50 % slower
apparent rate of loss, the initial pHs for the Uatid Full spectrum experiments are 7.56 and
7.59 respectively and they both increase by 0.10a2g¢H units respectively, suggesting that the
difference is not due to the pH. Therefore theran effect of near UVA (>360 nm) radiation
acting to retard the affect of UVB photo-bleachofdgiumic organic material (Kieber et al.,
1990; Mopper et al., 1991). With respect to theAitere is also a synergistic affect with PAR
as the UVA+PAR experiment does not show a pronaiiiess but instead a steady-state in the
system. This is contrary to the calculation ofaygpt HO, rates (Table 6.07); the difference
can be explained by the transition point betweages coinciding with a spike or dip. The
lower pH in these experiments has promoted thdivégof humic acids towards PAR. There
is a 2-stage production of,8, under the influence of PAR, not seen in eitherltifemg L*
humic acid, pH 8.3 experiments (Figure 6.07) oraltepm filtered NMO, pH 8.1 experiments
(Figure 6.11).
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All experiments show an initial rapid increasd-g(1l) concurrently with the rapid
increase in KO, (Figure 6.14). For the UVB incubation this ingeas in the region of 1.5 nM
whereas with the incubations with predominantly Uk&diation this is > 2 nM; the PAR
experiment has an initial increase of ~ 1.5 nM.thidithe UVA+PAR and PAR only
experiments there is a phenomena directly aftemithation where the Fe(ll) concentration
decreases. Following the initial increase, ther@ short-term stabilisation of Fe(ll), which lasts
the longest in the PAR experiment, c. 1200 s ard@s in the UVA+PAR and UVB
experiments indicating that it is probably lighttire visible range acting to retain Fe(ll) within
the experiments, potentially through the cyclindesfic-organic complexes (Sima and
Makanova, 1997) as also seen with the 1.0 fhdplimic acid experiments. This was not seen in
the 2.0 um filtered NMO experiments indicating ttieg organic molecule involved in the
cycling of the ferric-organic complexes is eithet present or it is at low concentrations in

those experiments.

The model fits for the initial and intermediategsta for Fe(ll) concentrations were
relatively good. The model could not be forcedhiow a slower initial rapid production as with
previous experiments, but the end of the initiagstwas reasonably approximated by the model.
With respect to the intermediate phase, this weea fair representation of a mid point, or
followed the loss of Fe(ll) reasonably well ashe Full spectrum experiment. For the UVA
and Full spectrum experiment, Fe(ll) shows a liness from the system in the constant phase.
For these experiments the model was unable to aetymimic this rate of loss, instead it
tended to produce an exponential decline. Eitle¢h)Hs being oxidised at a slower rate than
predicted by the model or there is a productionhmaatsm in place. The @, observations
show a loss from the experiments in the constagestor all except the UVA+PAR experiment;
this experiment has a corresponding Fe(ll) modetfich is a good representation of the
observations. The loss o%&, during short-term (< 2 h) photo-irradiation expegnts has
been seen in freshwater at pH 6 (Southworth andkéne2003). For a decreased rate of Fe(ll)
loss coupled with a decrease in thgklconcentrations requires a sink fof®4 which can
regenerate Fe(ll) into the system which is notudeld within the model. The proposed
mechanism for this is the catalytic reduction pkof Fe(lll), Equation 6.02, generalised from
Barb et al. (1951).

Fe(lll )+ H,0, - Fe(ll )+OOH" +H " Eqn. 6.02

The initiation for this reaction is a hydroxyl iomduced decomposition of @, -
equation 6.03 (Barb et al., 1951). For all expeniis pH is seen to increase from c. 900s

onwards into the experiment. Equation 6.02 willyayccur when the ratio of #D, to Fe(ll)
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increases and as shown the 2.0 rifgekperiments have produced the highest relati@,H
concentrations. This result suggests that atxperenental pH there is sufficient,8, for
there to be to kO, decomposition by the hydroxyl ion. The preserceeduced copper will
initially react with HO,. However, when this has been preferentially reduanly then will

equation 6.02 occur and may explain why therex980 s lag with the experiments.

H,0,+0OH - H,O0+HO, Eqgn. 6.03

6.04 Model Discussions

Model fitting to the observations of,B, and Fe(ll) was through four fitting parameters;
two of these are directly related to the irradigtingime, kpom (M s*) (Equation 6.04) and
krep (S7) (Equation 6.05).

O, +CDOM+nv - O, + product Eqgn. 6.04

Fe(lll )+nv - Fe(ll) + products Eqgn. 6.05
The further two fitting parameters are relatedimd serms for @, the first being directly
related to the cycling of iron through the redustaf Fe(lll), kko (M™ s*) (Equation 6.06). The
second of these incorporates all other sinks £0r these are related to the cycling of other trace
metal species and organic materigb&M™ s*) (Equation 6.07). However, this sink, which
includes reactions with copper does not includeH}@, production mechanism through the

reaction of reduced metals and organic material@d
O, +Fglll) - O, +Fe(ll) Eqgn. 6.06
O, +sirks - products-O, Eqn. 6.07

Estimates from model fits forcdkom ranges from 1.2 x 1§ M s* (Weber et al., 2005) to
9.5 x 10" M s* (Meunier et al., 2005), with a range based orriasef fits from 9.2 x 18 to

1.43 x 10" M s* (Steigenberger et al., 2010).

The first experimentally based calculation for sa@wof kkep was, 6.3 x 13 s* by
Miller et al. (1995). From modelling work by Webetral. (2005) the value was calculated as
1.53 x 10° s*. In Arctic waters the apparent production of Bef{as been measured between
9.1 x 10° and 5.3 x 18 s* and decreases as irradiating wavelength decrézagiera and van
den Berg, 2007).

For inorganic and organically complexed Fe(lIRokas been calculated as 1.5 £ 10
Mt stand 1.2 x 1BM™ s* respectively (Rose and Waite, 2002) and througtehfittings has
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been estimated at <iM™ s* (Meunier et al., 2005) or 8.56 xlBI™ s* (Steigenberger et al.,
2010). The results from Rose and Waite (2002) ssigipat there is little difference between
the rate of @ reduction of organically and inorganically comméexFe(lll). However the large
range > 4 orders of magnitude may be explainedhéywtganic material used - SRFA (Rose and
Waite, 2002) and ~0.4 um filtered non specific NMDJW organic material (Meunier et al.,

2005) or specificallfPhaeodactylum tricornuturexudate (Steigenberger et al., 2010).

The model estimation forsksis treated as a second order rate reaction;slugferent
to most other authors. Steigenberger et al. (28ithpot use a sink for O, where as Meunier
et al. (2005) used a first order rate constan 1 which was estimated from Voelker et al.
(2000) and Goldstone and Voelker (2000). RoseVdade (2002) did invoke a second order
reaction though this was only with inorganic cop@u(l), 2.0 x 18and Cu(ll), 6.6 x 1DM™ s
! with a copper concentration of 0.45 nM. The tieacwith Cu(ll) has been measured up to
1.1 x 16°M™ s* (Zafiriou et al., 1998). With respect to Mn(It} ireduction by & in seawater
has been estimated to be of the order of 6°¢da x 10 M™ s* (Hansard et al., 2011). With
only organic material, superoxide dismutation hesrbcalculated in the tropical open ocean and
ranges between, 1.0 x“1® 3.5 x 18 M s (Heller and Croot, 2010a). The primary organic
constituents in 0.2 um filtered seawater which Hasen suggested to induce this dismutation
are, quinones, glutathione and/or siderophored¢Hahd Croot, 2010a). Coastal humic
substances have higher first order rates of distoataf superoxide (Goldstone and Voelker,

2000) compared to open ocean waters (Heller andtC2610a).

6.04.01 NMO Full Spectrum Experiments Kinetics

kCDOM

From within the seawater only and 0.2 pum filteldO experiments &om
ranged from 3.3 x I8 to 2.9 x 10 M s* (Figure 6.15). The ranges in theokw values are
generally higher than the calculated publishedeshf Weber et al. (2005), Meunier et al.
(2005) and Steigenberger et al. (2010). Only threstant stage in the second seawater
experiment and the second 4.4 % and 8.8 % fresh Nkf@riments haddsom of a comparable
magnitude to the published values. The rate ofqah@mical @ production decreased for all
NMO experiments from intermediate to constant staghe experiments; the rate also
decreased from the first to the second repeat empaets relative to both stages. During the
intermediate stage the rate of production tendedd®@ase with increasing concentration of
NMO from 4.4 to 8.8 %, and again to an equival@mtoentration but with 50 % of the NMO as
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aged (> 4 months), this trend in the productida imalso true for the second 4.4% experiment
with low, <10 nM, production of bD,. In the constant stage the first repeat experisnaih
increase in the same order as in the intermediatge showever, for the second 8.8 %
experiment the rate otkowm is an exception as it decreases from experiméml
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Figure 6.15. kpowm rate constants for the 0.2 um filtered NMO Fukb&pum experiments.

CDOM is produced through the bacterial reworkingloytoplankton exudates
(Rochelle-Newall and Fisher, 2002) and the expemtaleesults suggest that as the fresh NMO
ages under storage the sensitivity of the orgamiterial towards photochemical oxidation
decreases. However, the sensitivity increased whkang the mixed NMO, suggesting that a
lengthened storage time increases the bacteriarkavg of the NMO towards a more photo-
reducible material. The initial bacterial reworgiof phytoplankton exudates may not have
initially formed the requisite CDOM. THeragilariopsis cylindrus grown in a low iron, Aquil
medium, was grown as an axenic culture and asthectequired bacteria should not have been

present.

Comparing, the first and second experiments, thedlest relative differences occur
within the mixed experiments; assuming a relatigtible photochemically reactive organic
material in the aged NMO 'halassiosira pseudonapthan the difference maybe due to the use
of the fresh NMO Fragilariopsis cylindru3. As a measure of the photo-induced reactivity of
the organic material towards the reduction of oxydke results would suggest that this reaction
rate decreases with the aging of the organic nadtee. from repeat one to two. The reaction
rate also decreases with the continued irradiaifadhe sample indicating either the affect of the
UV photo-bleaching (Micinski et al., 1993; Millet &l., 1995; Rijkenberg et al., 2005; Rose and
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Waite, 2003b) or the change from HMW to LMW orgamaterial (Hama et al., 2004) on the
reactivity of the organic material. The reactiaterfor the second seawater experiment is
within the same order of magnitude; 20 s*, as the second 8.8 % fresh NMO experiment.
This again indicates that bacterial reduction gfamic material to form HMW organics, suitable
for photochemical reactivity, may occur on timelesdonger than a week, as suggested by
Hama et al. (2004).

kRED

With respect to the model fits for Fe(ll) they werot as well constrained. However, in
terms of the calculation of the sum of squaresefdrror, residuals, from the observations they
are generally four to five orders of magnitude lo&ppendix, Table A6.01) than the.®, fits.

In the experiments containing NMO, those with orgamaterial (aged and fresh) to 8.8 %
indicate that kep in the repeat experiments is higher (Figure 6.18)e second 4.4 %
experiment with low KO, production had a loweRkp than in the first experiment; this
comparison would suggest that the production #9-Hs related to the production of Fe(ll).
Low H,O, production subsequently requires lower photo-rédnof Fe(lll) to sustain the
lower HO, and Fe(ll) steady-states in the experiments (Eigud4). Two experiments did
however show a slight trend away from a Fe(ll) dyestate; these were the second 4.4 % and

first 8.8 % NMO experiments, showing a slight protilon and loss respectively.
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Figure 6.16. kep rate constants for the 0.2 um filtered NMO Fubapum experiments.
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For a Fe(ll) steady-state to be in place requimas ¢ither the organic complexation of
Fe(ll) is faster than its oxidation — organic megtkecan either inhibit (Miles and Brezonik, 1981,
Rijkenberg et al., 2008; Shaked et al., 2004; 8tdigrger et al., 2010) or enhance (Santana-
Casiano et al., 2000) this rate of oxidation —hait the photo-chemical cycling between organic
Fe(lll) to Fe(ll) is rapid in terms of the analygldimings. Organic complexes of ferric iron
retain iron in a soluble form, with these orgarocnplexes showing a greater potential for
photo-reduction (Sima and Makanova, 1997). With@t2 pum filtered NMO tending to show
near Fe(ll) steady-states and the rategghkn the first experiments indicating a lower reeaity
than in the second experiments, it may be that frésher organic material it is complexes with
Fe(ll) retaining the Fe(ll) in the steady-state veas as the fresh organic material ages there are
less complexes with Fe(ll) but to compensate thegheactivity of the Fe(lll) complexes

increase.

The question arises that with low®} and the required decrease kto require the
requisite Fe(ll) steady-state, is it the reducéd od oxidation of organically complexed Fe(ll)
(Miles and Brezonik, 1981; Rijkenberg et al., 2088aked et al., 2004; Steigenberger et al.,
2010) by the lower kD, concentration or an increased photo-reductionegdfify organic
complexes? That it is organically complexed andimarganic iron species which are
considered is because the rate of inorganic prextaation of Fe(lll) is relatively slow
(Sulzberger and Laubscher, 1995; Wells and May@91)1L For the constant stage of the
experiments the second seawater only experimerthbdsghest rate of photo-chemical
reduction of Fe(lll), for all except the first 24 NMO experiment. This high photo-reduction
may be indicative of the findings of Rose and W&@02) that there is little difference between
the photo-reduction rate of organically and inoigare(lll), especially if the assumption is
made that through storage there are lower condentsaof residual organically complexed
Fe(lll) retained in the system. The intermediatd eonstant stages in all the NMO experiments
and the constant stage in the seawater only expatinhave calculategiio values in line with
those of Miller et al. (1995) 6.3 x TG&*, and Weber et al. (2005) 1.53 x21§".

kRO

Under the assumption that available Fe(lll) isitéd in the redox cycling with © due
to aging of the seawater and fhiealassiosira pseudonanaging acts to reduce the reactivity of
iron (oxy)hydroxides (Fujii et al., 2006). Alscedause there are low iron concentrations within
theFragilariopsis cylindrusorganic material, g would become important when Fe(ll) is in a

steady-state, and subsequent redox cycling wouiditieted from newly organically
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complexed Fe(lll) occurring within the experimelkko is a mechanism for O to be directly
involved in the redox cycling of trace metals (Batlal., 1951), and ultimately decreases the
O, available for the dismutation to,8,. For the fresh NMO experiments (4.4 and 8.8 %) in
the intermediate phase (Figure 6.14g Hecreases from the first to the second experinveht
an order of magnitude difference in the 8.8 % NM@eat experiments. The second 4.4 %
NMO experiment with low KO, is the only experiment using fresh NMO which hasrerease
in kro in the constant phaserdfor the seawater only experiments showing botireet stage
increase in KO, or a constant production have similar values fgy; K.1 x 16 to

8.6 x 16 M™ s*, though these are less than those containing N&€ept for the second 8.8 %
NMO experiment constant stage and are in line thighestimations of Steigenberger et al.
(2010) 8.56 x 1OM™ s*, and Meunier et al. (2005) <Am™ s*.
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Figure 6.17. ko rate constants for the 0.2 um filtered NMO Fuk&pum experiments.

All other sinks for @~ were utilised within the model under the;ksecond order rate
constant; however, there is a caveat within thedr as they do not induce the catalysed
dismutation of @ to H,O,. The calculated range of second order reactibresdor kosis,
1.7 x 10 to 1.0 x 16° M* s* (Figure 6.18). These calculated values are indiitle those for
O," reactions with inorganic copper species, Cu(),210 and Cu(ll), 6.6 x 1DM™ s* (Rose
and Waite, 2002) and 1.1 xPov™ s* (Zafiriou et al., 1998). For the fresh NMO expeents
it appears thatdpsdecreases with increasing storage time, poteptradicating that the
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photochemical reactivity of the organic materiahttMCT on Cu(ll) to Cu(l) (Moffett and
Zika, 1983) decreases. As expected this rate aonhkad to be increased within the model
when the observed concentrations gDkiwere low, as in the second 4.4 % NMO experiment,

though it was in a similar order of magnitude asnixed NMO experiment.
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Figure 6.18. kosrate constants for the 0.2 um filtered NMO Fubcpum experiments.

6.04.02 Light Regime Comparisons —dgowm

11 % v/v 2.0 um Filtered Thalassiosira pseudonana

The values for kpowm in the 2.0 um filtered halassiosira pseudonar@mbined to 11%,
NMO experiments shows a distinct trend relateddtd lirradiance and wavelength (Figure
6.19). As irradiance decreases from Full specttorVA+PAR to single light regimes (Table
6.01) the rate ofdpom decreases within the intermediate and constagéstaHowever, in the
initial stage the UVA source has a higher produrctate than the UVB source indicating that it
is the UVA during the initial stage affecting theereased production rate. The UVB
experiment during the constant stage was the oMPNXxperiment to indicate an apparent loss
of H,O,, -8 nM h' (Table 6.05); this was with a corresponding praiducof superoxide at
1.1x10°Ms™.
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Figure 6.19. kpom (M s?) light regime comparisons.

The measured PAR contained approximately 1.5 %\6RJ0.1 W m?) and 0.3 % of
PAR (11.6 W rif), compared to Zepp and Cline (1977), and wasdafft to enable an
observed production of @, in the constant stage of the experiment. Thespred reactant for
catalysed dismutation ofOis Fe(ll) (Fuijii et al., 2010). The Fe(ll) condgation in the
experiment with 2.0 um filtered NMO and PAR waseglied to be low, < LOD of 0.64 nM.
Under these light conditions and assuming th&JHbroduction is due to uncatalysed, slow,
dismutation of @", low Fe(ll) concentrations, than the apparent potidn rate for HO,, over
the constant stage of this experiment, 22 AMTable 6.05), may then be indicative of
uncatalysed dismutation. That this rate was simwi¢hin also the UVA+PAR and UVA
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experiment constant stages of @gain suggest that this rate can be dependangp@nimental
conditions. Interestingly this rate is inline wittocis et al (2000) (with temperature correction)
for their measured apparent®} production rates in Antarctic waters low in trawetals and
organic material. Comparing the 0.2 um filteredx@gd) NMO Full spectrum experiment
(Figure 6.15) and the Full regime experiment (Fegbirl9) utilising 2.0 um filtered NMO the

rate of Q" production increases by 2 orders of magnitude.
1.0 mg [ Humic Acid

Trends in the 1.0 and 2.0 m@ bhumic acid experiments are not as apparent asnthat
the NMO experiment (Figure 6.19). In the initiflgse of the 1.0 mgtexperiment kpowm
values are similar for the UVB (5.5 x 1OM s?), UVA+PAR (6.4 x 10°M s?) and UVA (6.4
x 10%° M s?) experiments, and the total energy received wassimilar, 20.4, 25.9 and 17.5 W
m?, respectively. The Full spectrum incubation, lteteergy received 46.7 W fshows the
fastest initial rate of @ production. As the majority of irradiance for thell spectrum
experiment is in the UVA and PAR ranges it wouldioe combination of these that affects the
rate in the initial stage with the light in the UVAnge (315 — 400 nm) as the primary energy
source. The UVB does contain some UVA, 3.8 W& in the far UVA range < 360 nm.

The PAR experiment (1.0 mg*).does not show significant changes ¥Onabove the
LOD, 7.2 nM. The rate ofdgowm in the intermediate and constant stages for thie Brly
experiment is in range of the other experimenist a=ystem under the influence of PAR
radiation this suggests that this is a minimum pobién rate required to sustain a
photochemically produced steady-stat©kconcentration, &om 1 X 10° M s. This is one to
two orders of magnitude lower than the models ob&/et al. (2005), Meunier et al. (2005) and
Steigenberger et al. (2010).

The 1.0 mg [* initial stages apparent production rates shoule theen 0 nM T for
H,O; transition region between stages has the irstade increasing at the end which distorts
the calculation of the apparent production ratgestalculations. The intermediate and constant
stages do show apparent®4 production rates (Table 6.06)cdewm for the initial stages, except
for the Full spectrum experiment, were less thanl®® M s*. The experiments of note are the
Full spectrum and UVA+PAR experiments. The UVA+P&kperiment has the lowest values
of kepowm in the intermediate and constant stages, apprda&iynan order of magnitude lower
than the other experiments, and has the longestgpant in the intermediate stage, c. 1200 s.
This is approximately twice as long as the UVB, ELHnd UVA experiments. The UVA+PAR
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experiment with kpow et to less than 1 x 2V s was the experiment with the highest
observed KO, concentrations in the 1.0 m@' lhumic acid experiments. For the Full spectrum
experiment, kpow, is relatively low, when compared to the differesin the NMO experiment.
What may be occurring is that UVB, UVA and PAR affdifferent sections of the organic
material and antagonistic effects in those expertmwith combined irradiating regimes are
reducing the rate of O production in the intermediate and constant stafjésose experiments.
Or that the different regimes promote differenksifor Q" and this in turn affects the
production of HO,. This antagonistic affect does not occur for Uil PAR; this is as there

is a high proportion of PAR within the UVB irradiag regime (Table 6.01). In general the
effect of irradiating regime is not as straightfard as the experiment using NMO and appears

affected by antagonistic effects of irradiatingineg on the humic acid.
2.0 mg " Humic Acid

Initial phase photo-production of,0in the 2.0 mg ! experiments tends to decrease as
UVB decreases (Figure 6.19). This trend is natigitt forward, as the UVA experiment has a
higher production rate than both the Full and UVARPexperiments; this was also seen in the
intermediate and constant stages of the 1.0 thgumic acid experiments. The difference from
the 1.0 mg [* humic acid experiment may be attributed to thedlopH, and the effect this has
on the reactivity of the humic acids and may bermwting those organic constituents reactive to
UVB. The trend is similar within the intermedigtiease, however, following its initial rapid
production rate, &om in the UVA experiments is lower than in both théA*¥PAR and PAR
experiments. The model was unable to fit welht® O, and Fe(ll) observations in the
constant production phase of the 2.0 mighiumic acid experiments. The exception to this was
the UVA+PAR and to some degree the PAR experimBoth of these experiments have a
steady-state D, concentration in their constant stage which the@hwas able to represent
(within the scatter of the observation or calcudageror of the observations). The other three
experiments show a definite loss of®1 which the model was unable to represent. Theegalu
of kepowm for these experiments are given as the maximuimatgd value before the model,

during this stage, predicts further increases éréte of HO, production.
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6.04.03 Light Regime Comparisons —d¢p

11 % v/v 2.0 um Filtered Thalassiosira pseudonana

The Fe(ll) observations of the 2.0 um filtefgthlassiosira pseudonar@mbined to
11%, NMO experiments can be split into three groupisose influenced by UVB, those by
UVA and finally the PAR experiment. With respeeithe model fits those for the UVA+PAR,
UVA and PAR experiments are a fair representatajribe Fe(ll) observations. The UVB and
Full spectrum experiments have similar initial st&gep values (Figure 6.20). The lowdo
value for the UVA+PAR experiment in the initial geamay be a value which could indicate for
that stage the fitting parameters were at a logaimum and not the global minimum; this, in

part, could be due to the poor fits to the Fe(hiervations.

The initial, intermediate and constant stages ateéisimilar photo-chemical reduction
rates, kep, in the UVB and Full regime experiments, rangiranf 7 x 10 to 1.2 x 10*s*. As
both UVB and UVA decrease so too dogsk indicating it is these wavebands that are
influential on lkep. Compared to the production o Qwhich shows a distinct affect with the
total energy received, with UVA being the primanmitiating source, Fe(ll) photo-production
appears related more to UV-R, with UVB the modluieftial in the rate of reduction. This
suggest there should be higher concentrations (i) lethe surface microlayer and near
surface seawater due to the presence of UVB. Congpine UVB and Full spectrum
experiments, the model results suggests an antstgoeifect between UVB and UVA, as the
Full spectrum experiment in the intermediate anustant stages indicates lower rates of
reduction than the purely UVB experiment. As therkttle change in kep across the three
stages this suggests that there is little UV-Rdileay of NMO affecting this rate.
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Figure 6.20. kep (sY) light regime comparisons.

1.0 mg [ Humic Acid

Unlike the NMO experiments, it appears that this UVA radiation which controls the
photo-reduction of Fe(lll); with higherzkp values in those 1.0 mg'iexperiments containing
UVA (Figure 6.20). In all stages of the 1.0 md humic acid experiments, those experiments
containing significant UVA photo-reduce Fe(lll) fasthan those with UVB or PAR only.
Those systems containing a large quantity of UVAhiir irradiating regimes, Full spectrum,
UVA+PAR and UVA experiments also show an oscillgtire(ll) trace. The model was unable
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to represent these oscillations, though reasomalalpoint values were achieved. Oscillations
in Fe(Il) have been shown in laboratory experimémtsugh repeated inputs of organic material
(Song et al., 2005). If as proposed for tegds humic acid experiments, that in fact there are
different organics reacting with different waveldmgy these organics may not be involved in
krep as the rate does not show a significant changedest stages. The humic acid appears less
reactive to UVB compared to the NMO. That thersame bleaching of the organic material
(Micinski et al., 1993; Miller et al., 1995; Rijkbarg et al., 2005; Rose and Waite, 2003b) is to
be expected and it may be this, that when causéatiyUVB and UVA, results in the
oscillatory Fe(ll) behaviour. The intermediategeis of these experiments indicate that the
UVA+PAR radiation has the strongest affect @adk This agrees with Laglera and van den
Berg (2007) who estimated that 70% of the apparduction of Fe(ll) was due to UVA and
PAR wavelengths, and also with Sima and Makano987}, who suggest that the organic
complexes of ferric iron show the greater poteribaphoto-reduction with irradiation

predominantly in the visible / near UV-R range.
2.0 mg [ Humic Acid

The initial stage kp values would indicate an enhancement of the antago effect
occurring in the 1.0 mgthumic acid experiments (Figure 6.20). With respethe Fe(ll)
observations in the 2.0 mg'lexperiments, they show a marked difference in foompared to
the 1.0 mg [* humic acid experiments and NMO experiments withduB. UVA irradiation
of humic acids at a lower pH relative to the 1.0 Iffghumic acid experiments induces the
highest rate of reduction, which decreases as ttigrregimes are introduced, followed by
PAR and then UVB, with the antagonistic effect dfRJgreater then that for PAR. As the rate
of reduction in the initial stage is greater in theB then in the Full spectrum and PAR
experiments then potentially the changes induceélde@rganic material and probably the
organically complexed Fe(lll) undergoing photo-retiton are again in different complexes.

6.04.04 Light Regime Comparisons —dg

kro as a second order rate constant for all the exyertis (Figure 6.21) are generally
between the ranges of Meunier et al. (2005)*410 s* and Steigenberger et al. (2010) 8.56 x
10° M™* s*. Unlike kepom and kep the reaction rates of the loss terms faf @re not directly
related to the irradiating regime. However, assunthat Fe(lll) becomes organically
complexed following its initial photochemical redionn and subsequent oxidation (noting that >

99.9 % Fe(lll) organically complexed in seawatele@ill and van den Berg, 1994; Rue and
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Bruland, 1995; Wu and Luther, 1995)), and as tlteseplexes may alter under different
irradiating regimes, then there is the potentiakiie Q™ rate of reduction to also alter in line
with the changing complexes.
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11 % v/v 2.0 um Filtered Thalassiosira pseudonana

With low production rates of £ for the UVB NMO experiment there is a correspogdin
low rate for lgo, (Figure 6.21). This experiment has high conadian Fe(ll) observations, and
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high values for ko suggesting that it isggp and not the redox reaction withh'Qwhich is
producing the Fe(ll) for the NMO. The UVB experim& result is in contrast to the other
experiments with UV-R, with its order of magnitudever reaction rate,do. The Full
spectrum experiment, which shows a continued iser@aFe(ll) throughout the experiment
requires an increase@d(relative to the other experiments in the sameia)ed the constant
stage for the model to represent this. This sugdbat for this experiment and the UVA and
UVA+PAR with oscillatory Fe(ll) tracesde becomes more important and what may be
occurring is that the £ and iron are entering redox cycles. The PAR erpatt shows an
interesting comparison between stages. Interneediage, steady-state® and gradual loss
of Fe(ll) with a higher rate ofd¢, compared to the constant stage witlOkproduction but
steady-state Fe(ll) and a lowe{dk So to attain a steady-state Fe(IRe knust decrease and for
the PAR experiment a steady-state Fe(ll) then leatise Q™ being utilised elsewhere, as
indicated by the production of,B..

1.0 mg [ Humic Acid

kro is relatively consistent across the three stafiéiseal.0 mg [* humic acid
experiments, ranging between 4.2 % i®2.4 x 16 M s*, with the higher values related to the
PAR experiment (Figure 6.21). The PAR experimextt & low lgep value to allow a modelling
of the observed Fe(ll) production and steady-dtatéhis experiment. To compensate for this
low krep Value and knowing that model behaviour requiremarease in Fe(ll) to produce an
increase in KO,, for the PAR experimenigk was required to be increased in the model. This
suggests that the Fe(lll) reacting with"®@nay not be available or is of limited reactivior f
photo-chemical reduction under PARzoks generally constant for the remaining experirsent
containing UV-R and they show initial increase$-@{ll) followed by either a pronounced
redox cycle or a steady-state. These experimentstbwards an eventual loss of Fe(ll)
suggesting that an oxidation mechanism is occuatragfaster rate and this initiates within the

intermediate phase of the experiments.
2.0 mg [ Humic Acid

Excluding four exceptions across the three stdgesyl the experiments the rate gfdk
in the 2.0 mg [ experiments at pH ~ 7.5 was in the range, 8.3%d.0.3 x 16 M™ s* (Figure
6.21). The exceptions are a low value, 1.5%M0 s* in the intermediate phase of the UVA
experiment, with a low corresponding stageds value and higher values in the constant stage
for the UVB, UVA+PAR and PAR experiments, all of isin have appreciably better model fits
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(Figure 6.14). That the range in values for theeginents are similar to the 1.0 mg humic
acid experiments at pH 8.1 would indicate that jaid kitle effect on this rate. As mentioned in
relation to the NMO, to attain a steady-state Fé@b must decrease, the 2.0 mg tonstant
stage has high values afde 1 x 16 M s* and it is during this stage of these experimemds t

there is a constant loss of Fe(ll) from within geriments (Figure 6.14).

6.04.05 Light Regime Comparisons —dgs

11 % v/v 2.0 um Filtered Thalassiosira pseudonana

Within the constraints of the model, and unlikg,kksosappears directly related to
kcpowm for the NMO experiments (Figure 6.22). Table 6s@8ws the normalised ratios Gids
to kepowm for each experiment and stage; excluding thenmeliate stage in the PAR experiment
with no apparent production of,8, and therefore an increased rate value fgglall other
experiments average a ratio of 1.1 within the reh@do 1.7. To some degree this may either
indicate that the major sinks forCare related to its production mechanism and f@r a
influenced by the irradiating regime. As the proitbn mechanism is related to the organic
material then its photo-oxidation either increabesrelative sinks by either promoting the

reduction of trace metals or itself becoming a majok within the system.

Table 6.08. Ratio ofdps: kcpom for the NMO experiments, normalised to the Fudctpum
constant stage. NC — none calculated.
initial  intermediate Constant

uvB 11 1.7 1.7
Full 0.7 1.2 1.0
UVA+PAR 0.3 0.6 1.3
UVA 0.4 1.7 1.4
PAR NC 27.3 0.9

ksosValues for Full and UVA+PAR experiments are > 1¥10* s (Figure 6.22),
which is the value proposed as the rate of readtio®,” and inorganic copper species
(Zafiriou et al., 1998). With the reaction with(R§ and Fe(ll) modelled there are therefore
other potentially strong sinks remaining. Thes&simay be other redox sensitive trace metals
or a fraction of the organic material that is geeat size than CDOM. The estimated reaction
rate of Q" with CDOM is 1.0 x 1Hto 3.5 x 186 M s* (Heller and Croot, 2010a).
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Figure 6.22. kos(M™s?) light regime comparisons.

1.0 mg [ Humic Acid

For the 1.0 mg t humic acid experimentsksis less than 1 x TOM™ s (Figure 6.22).
Within the initial phase dosdecrease in line with reductions in irradiatioonfr far to near
UV-R as would be expected with a decrease in thdymtion of Cu(l) from a LMCT of organic
Cu(ll) complexes (Moffett and Zika, 1983). Thisaclge with the irradiating regime would
suggest that from within the humic acid the singhstochemically produced and is in range of

that for reactions of copper with,O
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2.0 mg " Humic Acid

The 2.0 mg [ humic acids for the initial and intermediate ptsasee generally
<1 x13°M* s* (Figure 6.22). Unlike the 1.0 mg'lexperiments there does not appear to be a
relationship in the initial phase with light regiraed/or UV-R. Within the constant phase the
model fits that are slightly better to the Fe(llbservations are from the UVB, UVA+PAR and
PAR experiments; these have correspondingly lowares for kosby one to two orders of

magnitude compared to the Full spectrum and UVAeexpents.
6.04.06 Discussion

Two different organic materials were used to aéithe production of O. Those from
the NMO would be more representative of marine wigmaterial and to some degree
autochthonous organic material in a freshwaterrenment rather than the soil derived humic
acids. However, due to the storage, > 60 days,thes 5 % of the original phytoplankton
exudate remains so if compared to a marine envieoimh may be more similar to material seen
in upwelling regions or during the winter overturgiin the surface mixed layer. For this reason
discussions will concentrate on the NMO experimeavriien discussing differences within the
SML and those with depth through the water coluiowever, the comparison of humic acids
at ~ pH 7.5 and pH 8.1, even though the experim&ate undertaken with different
concentrations, may be enlightening. Within thenparison of pH between experiments it
should be noted that the humic acids in the loweepvironment would show a lower potential
to flocculate and ultimately be removed from thetegn due to their inherent acidity, so these

experiments may not be as directly comparablen@ane environmental context.

As indicated earlier it would appear that UVB has greatest effect on the reduction of
Fe(lll) to Fe(ll), kep (Figure 6.17). The 10 % light level for UVB rasgeom approximately
1 m (near coastal waters) to 10 m (open oceanyf€i§.01). The available UVB for the UVB
and Full spectrum experiments was 1.1 and 1.4 Weapectively, referring back to the
comparison of the irradiating regimes and the measspectrum over mainland USA (Chapter
5, Figure 5.03) the irradiation is very similarhi3 would suggest that within the sea-surface
microlayer the production mechanism for Fe(ll) wbhbk directly related to the available UVB
irradiation and there should theoretically be ahagrtement of Fe(ll) within the surface
microlayer. This result agrees with Rijkenbergle{2005) though, as with Laglera and van den
Berg (2007), their experiments were conducted Id e@ters, < 4 °C. Whereas the experiments

presented here were conducted at > 25 °C whegithary oxidation mechanism for Fe(ll)
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shifts from Q to H,O, (Croot and Laan, 2002; Gonzalez-Davila et al.,&2®00illero and
Sotolongo, 1989; Moffett and Zika, 1987). The neatklifference between the observations of
Fe(ll) under UVB and UVA, i.e. approximately 4 timbigher steady-state concentrations, in
the NMO experiments also suggests the potentidiifgrer Fe(ll) concentrations in the SML.

Both k-pom and kep were calculated (NMO experiments) to have decngasites as the
wavelength of UV-R increased (Figure 6.19 and 6f&ih far to near-visible light.
Intriguingly, ksosalso shows the same trend gsdss. Relating the decrease in UV-R to depth,
due to preferential absorbance of lower waveleytiR as depth increases, would suggest that
the ultimate effect of the redox cycling of Qnay not be as strong with depth due to its
effective removal mechanism, as indicated &yskshowing a near constant ratio kv
(Table 6.08). What the observations do show is AWl PAR induced redox cycling of Fe(ll)
and this was found in both the NMO and the 1.0 idiumic acid experiments. Whether this
was due to &, H,O, (reduction reaction of Fe(lll) by J@, not used in the model though the
results in the 2.0 mgLhumic acid experiments suggests that this maycberdgng) or with
organic material as suggested by Skogerboe andk\l981) could not be determined with

the model.

The effect of pH appeared to be more stronglytedito the photo-reactivity of the
organic material (Millero et al., 2009) rather thaorease in the half life of reduced iron
(Millero et al., 1987). Humic acids contain a langroportion of carboxylate metal ligands
(Averett et al., 1989) and as the pH decreasewithachieve a higher equilibrium
concentration (Fox and Whitesell, 2004). The iaseal reactivity of &om (Figure 6.19), seen
for the lower pH experiments and being attributetiumic acids, are still lower than those for
NMO and also appear more strongly influenced by UNNBMO appears more strongly
influenced by UVA.

6.05 Conclusions

The above work is one of the first attempts aatly relating the effect of the irradiating
regime on kinetic rate constants for certain pregagactions of ROS and iron. The estimation
of the rate constants is based on observationg(®f And BHO, in seawater incubation
experiments. These results can be related torbatttions occurring within the surface

microlayer and how the rates can change with déptdugh the water column.
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Results have shown a range of Fe(ll) observatiotisding a continued increase in
production, oscillatory behaviour and a steady tfigse(1l) but not as usually measured the
exponential decay of Fe(ll). The experiments iatBdhat as depth from the microlayer
increases, hence UVA decreaseg)Hproduction should decrease based on both hunds aci

and aged NMO (2.0 um filtered) as the initiatingachophores.

Rapid HO, production will occur with NMO material > 0.2 pumader the influence of
UV-R. UVA light influences this rapid productiothis agrees with the results from O’Sullivan
(2005); the lower the available UVA the slower thee of this rapid production but the longer
time over which it will occur. Only UVB will indue rapid Fe(ll) production when using 2.0
pm filtered NMO. HO, apparent production from aged 2.0 um filtered N decrease by
an order of magnitude compared to 0.2 um filteredif NMO. @~ and hence kD, production
appears influenced by UVA and UVB, and these regimay be affecting different organic

initiating sources.

UVA will induce periodic oscillations in Fe(ll) winarradiating aged NMO and humic
acid in seawater at its natural pH. This oscithatoehaviour will decrease as depth in the water
column increases. The steady-state Fe(ll) in galVaters influenced by terrestrial organic
material may in fact be highly variable. UVB inflocing NMO produces a constant production
of Fe(ll); this agrees with Laglera and van deng8@007) who show an increase in the half-life

of Fe(ll) as the irradiating wavelength decreases.

There is a synergistic affect between UVA and UYgBt occurring with humic acid at
seawater pH causing intense oscillatory behaviote(ll). The results suggest itis a
combination of organic material and® that controls this oscillatory behaviour. Shastipd
Fe(ll) oscillations end whenJ, increases above ~70 nM, when irradiating humid acti
natural seawater pH, whereas longer period Fegtilllations occur with KO, concentrations <
40 nM with NMO. For NMO a net loss in,B, can occur. When it does it will precede a net
loss in Fe(ll) and this lag has also been seenanipus experimental work (Rose and Waite,
2003b). When the pH is reduced this lag does po¢ar.

With a decrease in pH the influence of UVB incresaséh respect to the production of
H,0O, from humic acid initiating chromophores. UVB ligh primarily responsible for the
photodecomposition of humic acid based organic nadsg Kieber et al., 1990; Mopper et al.,
1991). With increased 4@, production under UVB the photochemical decompositf the
humic substances can induce a loss 41 At a lower pH an antagonistic affect was seen in
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the combined UVB and UVA irradiation on the prodastof H,O, from humic acid initiating
chromophores. Within the microlayer the potertiahis antagonistic affect, related to UVB,
will be limited as there is also a synergistic effeetween UVA and PAR which will act to
retain a steady-state;8, in surface waters. The decreased pH of the 2.Q frfgumic acid
experiments may have acted to promote the react¥ihumic acids towards PAR. PAR at
lower pH will retain Fe(ll) within a steady-statetlvhumic acids, potentially through the
cycling of ferric-organic complexes (Sima and Matea, 1997). The ferric-organic complexes
with respect to the NMO are at low concentratiomairpresent. The decreased pH results in
either Fe(ll) being oxidised at a slower rate theadicted by the model or there is a production
mechanism in place. For a decreased rate of He¢g)coupled with a decrease in th€k
concentration requires a sink fop® which can regenerate Fe(ll) into the system. The
proposed mechanism for this is the catalytic radadby HO, of Fe(lll), this is simplified in

Equation 6.02, generalised from Barb et al. (1951).
Fe(lll )+ H,0, — Fe(ll )+ OOH" +H* Eqn. 6.02

H.O, at warm temperatures has been estimated to h@ithary oxidant of Fe(ll), when
H,O; is in excess of ~ 125 nM (Santana-Casiano €2@06). The results from the
experimental work suggest that with the additiooranic material the minimum B,

required to become the primary Fe(ll) oxidant ishea range 25 to 70 nM.

kcpowm, @s a measure of the photo-induced reactivitygdioic material towards the
reduction of oxygen, will decrease with the agifggesh NMO material. The rate of
photochemical @ production also decreases as the length of thdiation increases when
using NMO, indicating either the affect of UV phditeaching (Micinski et al., 1993; Miller et
al., 1995; Rijkenberg et al., 2005; Rose and Waid®3b) or a change from a HMW to lower
reactivity LMW organic material (Hama et al., 2004eunier et al., 2005). dgsom for NMO
shows a distinct trend related to both irradiante \@avelength. As total irradiance and UVA
decreases the rate afdom decreases. The reactivity of the NMO increase® bxders of
magnitude from the 0.2 um filtered NMO to the 21 filtered NMO.

Antagonistic affects occur when irradiating humetdebetween UVB and UVA and
UVA and PAR, these result in reduced rates f @oduction. This may in fact be the affect of
promoting different sinks for £, which in turn may be reactive to specific irraitig regimes.
As pH decreases the rate gbky shows lower reactivity to UVA light and UVB becosihe

controlling irradiation when incubating humic acidseawater.
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As both UVB and UVA decrease so to dogggdndicating it is these wavebands that
are influential in controlling the reduction of amjcally complexed Fe(lll). © production
showed a distinct correlation with the total energgeived, with UVA being the primary
initiating source. Fe(ll) photo-production on thier hand appears related more to UVB, and
increasing UVB will result in higher concentratiaoisFe(ll) in the surface microlayer, though
there appears to be an antagonistic affect betw&#hand UVA on lgep. However, there
appears to be little affect on the long term reagtof the non specific Fe(lll) from UV-R.
When compared to NMO the humic acids show a prefedeaffect from UVA on kep.

For NMO the low values forde suggest that it isge¢p and not the redox reaction with
O, which is the major production mechanism for Fe(lRs ko increases under the influence
of UVA irradiation there is subsequently an ostits behaviour in Fe(ll) which suggests that
as lgo increases @ and iron enter a redox cycle. Changes in pH higleeaffect on lgo for
humic acids. For Fe(ll) to be present in a stestdye, as when influenced by PAR only, then
kro must be low; increasingk has the overall affect of decreasing Fe(ll) cotregions under
the experimental conditions this is due to thedapte of reaction between Fe(ll) angd4.

ksosappears directly related tedom for the NMO experiments. As the production
mechanism is related to the organic material tteephoto-oxidation either increases the relative
sinks by promoting the reduction of trace metalgs@if becomes a major sink within the
system. With humic acids the rate gbkis similar to the measured reactions with copper
(1998).

The experiments took a broad approach with redpebie composition of the
experimental media analogous to the sea-surfacelayer. To enable a modelling of this
broad range of experimental results, and in conteagublished works, ROS were judged to be
of more importance than Fe(ll). With respect t® tange of experimental results the model
could be said to represent the chemistry of ROSFa(t) reasonably well. This is especially
true as the model was required to produce botloduetion and loss of ROS and Fe(ll) whilst
being constrained by two sets of observations. mbdel was kept to a simple ROS and Fe(ll)
model with a minimal set of fitting parameters. oligh the model may not have been able to
represent the Fe(ll) observations as well, it dghlght areas of knowledge which are lacking
with respect to ROS, for example the catalysed diation of Q™ forming HO,. What was
also noted was that as the model fits deteriolede the relationship of the rate constants

becomes more subjective. The resulting Fe(ll)ditggests that for the developed model there
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are either insufficient fitting parameters to aski@ good fit for both constraints and / or that

the model is incomplete with respect to the cycbihge(ll).
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Chapter Seven

Ozone Initiated Cycling of Hydrogen Peroxide and Reuced Iron, in a Batch
Reactor Containing Seawater
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7.00 Introduction

Ozone concentration in the tropical Atlantic mardomeindary layer is approximately 32
ppbv (Lee et al., 2009). Concentrations of ozdmmva the Atlantic have increased over the last
30 years (Lelieveld et al., 2004). The increas@4dmas been between 0.05 and 0.68 ppbv per
year, but is dependant on latitude (Lelieveld gt20104). The primary cause fog €se is
attributed to the increasing emissions of anthrepagNQ, (Lelieveld et al., 2004), because of
this, G; concentrations in the marine boundary layer apeeted to rise further in the coming
centaury. In seawaters@ecomposition is primarily initiated by iodide (&and et al., 1980;
Thompson and Zafiriou, 1983) and natural organitenid (NOM) (Hoigne et al., 1985;
Staehelin and Hoigne, 1985; von Gunten, 2003)eastiiface microlayer; it can also be
potentially decomposed by the hydroxide ion, thothgé has not been proven in seawater
(Sehested et al., 1984; Staehelin and Hoigne, 18&%ss, 1935). Except for iodide initiated
decomposition all other reactions can result inftmmation of reactive oxygen species (ROS).
One of the four possible reactions between ozode\#dM is through a 2-electron transfer (von
Gunten, 2003); iron that is organically complexealyrmpotentially undergo a ligand to metal
charge transfer (LMCT) through the 2-electron reactesulting in a release to the soluble
phase of reduced iron. With the formation of R@&e is also the potential for redox cycles to
be initiated, which will affect the cycling of redoeactive metals, for instance that between
superoxide, g, and iron (Barb et al., 1951; Voelker et al., 199@elker and Sulzberger,

1996).

Ozone itself is not assumed to directly affect dsetaseawater due to its high reactivity
with other components of the seawater: Reactitwith iodide is ~1 x 70M™* s* (Garland et
al., 1980; Liu et al., 2001), Atlantic surface sasav concentration ~100 nM (Campos et al.,
1996; Campos et al., 1999) and with bromide 2.950M* s* (Clifford and Donaldson, 2007;
Haag et al., 1982; Liu et al., 2001) average seaveaincentration 0.86 mM (Millero, 2006).3 O
will also react with chloride, though it has a slmate of reaction, 0.003 ¥s* (maximum),

(Haag and Hoigne, 1983b; Hoigne et al., 1985), awthe high concentration of chloride ion
in seawater can act as a near permanent sink éoreafsrguric et al., 1994). Reactions initiated
by the products of ozone decomposition are terndedraced oxidation processes (AOP)
(Hoigne and Bader, 1975; Hoigne and Bader, 19%&)ptimary advanced oxidant is the

hydroxide radical (OH, increasing the ©decomposition rate.

As well as the inorganic constituents of seawd€&M will also decompose £XHoigne
and Bader, 1983a; Hoigne and Bader, 1983b). vantgbu2003) suggests that reactions
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occurring directly between NOM and; @re generally attributed to double bonds, activate
aromatic systems, amines and sulphides. Reaafdd®M with OH can lead to the formation
of O, which reacts with € propagating its decomposition (von Gunten, 2008hat has

been found is that even using a batch reactor congaseawater (small volumes, 100s mL, with
constant @throughput) there is a near infinite capacitytfe reduction of @(Garland et al.,
1980).

The four experiments presented in this work arditeesuch experiments to measure
guasi-simultaneously production of®, and Fe(ll) in seawater with added organic mateus
to the presence of atmospherig¢ O'he estimated experimental atmospheric condsorsa
range between 30 and 90 ppbv. The results magentuly representative of a marine
environment due to the use of an enclosed batctareawith an enclosed system the primary
O3 reactants, especially iodide, will become limitddowever, under certain environmental
conditions, if there is insufficient surface mixjray with waters low in NOM and iodide, than at
the microlayer there will be a change to the rétezone oxidation through the formation of
non-reactive species (McKay et al., 1992) and pyapan reactions occurring. The first of the
four experiments contained only 0.2 um filtered tRd@@ea seawater with a corrected headspace
O3 concentration of 30 ppbv, this was used as thelin@scomparison. The NOM was then
increased through the addition of 1.0 mghumic acid (Sigma) with increased head spage O
concentrations (corrected for reactions with glag<g)5, 68 and 90 ppbv. For clarity the
concentration of @from the production source will be used throughoutame the four

experiments and not the corrected values which wsed during model calculations.

7.01 Materials and Methods

The analytical method for the experiments is theesas for the previous experiments
described in Chapters 5 and 6. For the ozone ewpet the quartz glass beaker was placed in a
larger (5 L) borosilicate glass beaker (covereblatk plastic), a blacked out watch glass-plate
was used as a lid on the 5 L beaker. The Ozonesdgsee below), a 2B Technologies Ozone
Calibration Source tubing and FIA-CI tubing (Cha@gwere placed though the beaker spout
which was then sealed. All experiments were cotetlin the dark so as to prevent any
photochemical production of0Dand Fe(ll). The ozone source was directed oveqthartz
beaker with an initial headspace of ~ 300 mL; lye¢hd of the experiment this had increased to
~ 800 mL. There was a large glass surface arteeireaction vessel; the underside of the
watch glass-plate, the inside of the 5 L beakeriaside and outside of the quartz glass beaker.

Due to the reactivity of @with glass, the concentration o @ith in the experimental medium
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would not be that produced by the ozone sourcatsT&owed an approximately 50 % loss of
O3 due to reactions with the glass — headspaoguiing testing was measured using a 2B
Technologies, Model 205, Ozone Monitor. An appnexiely 50 % loss of £has also been
seen previously in a 2 L glass cell (Martino et 2009). The background (laminar flow hood)
0zone concentration was measured at approximafetyl® ppbv (n = 21, 3 measurements a
day over 7 days). The experimental concentratqpdied from the @source to the model sea-

surface microlayer material were, 60, 90, 135 &8l dpbv.

The ozone was produced using 2B Technologies, n8fifelOzone Calibration Source
(OCZ2). The OCZ can produce ozone in the range B00O ppbv with a precision of 2.0 ppbv /
1% O; concentration (which ever is highest), at a comdtaw rate of 2.5 L miit. The ozone is
produced through the UW (L85 nm) photolysis of £in the ambient air. The air used during
photolysis is initially scrubbed prior to photolysind then the re-circulated into a scrubbed

clean air stream to the required concentration.

Total iron concentrations for each experiment wesed within the model to represent
the total Fe(lll) concentration prior to commencthg experiment. The analysis of the
experimental media for total iron (Table 7.01) waslertaken on an ICP-MS using 1:40
dilutions and standard additions. The correspandacovery of the National Research Council
of Canada, certified reference material, CASS-B¢Higd concentration, 25.8 £ 2.0 nM, was
106% and was measured at 28.0 £ 4.0 nM (n =3), B8SW. The blank was measured at 14.8

+ 0.09 nM with a corresponding limit of detecti® X o of 3 ultra pure waters) of 0.3 nM.

Table 7.01. Total iron concentrations of experitabmedia

medium nM

0.2 um filtered North Sea seawater 134

1.0 mg L* humic acid 287
7.02 Numerical Model

A numerical model (Table 7.02) was produced conmisf 28 reactions, set within 16
single order differential equations. The reacBoheme for reactions ofs@n water was based
on Westerhoff et al. (1997) and adapted to thauggested by Lovato et al.(2009) for reactions
of ozone in basic solutions with the exceptionhaf teaction of Fe(ll) and{O The results of the
model were fitted simultaneously to the®4 and Fe(ll) observations, based on the sum of their

sum of squares errors (SSE), from the model outptite data. To ensure that there was no
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bias, due to an order of magnitude difference eatgr in the concentrations 0§® and Fe(ll),
they were normalised; this was via their maximunues, with these values subsequently used
to normalise the model output. Model fitting wagially undertaken manually then completed
using the Nelder-Mead algorithm (Nelder and Me&§5). To ensure that the results of the
Nelder-Mead algorithm were not within a local minim the fitting was cycled between fitting
each analyte singly and then both combined. Reswdte then checked by applying the results
from the other experiments and re-analysing thegbainitial parameters. The final model fits
are not necessarily those which provided the lowalstes for the residual of the sum of the SSE
for both HO, and Fe(ll) fits, as on occasions a preferentidabfone of the analytes was
detrimental to the other. Good model fits wereooaasion discarded if on further analyses of
the model output, looking at all experimental viales, one or more indicated that they were
unstable, i.e. negative values or very large uasusble concentrations.

The Henry’s Law constant for the solubility of oedior ionic media was calculated as
per Kosak-Channing and Helz (1983), Equation 7.01.

InK, =—-2297T * + 26591 -6880 I T +12.19 Eqgn. 7.01

Where T is the temperature in °K and | is the maaic strength. The molar ionic strength was

calculated through the salinity by the equatioidfero (1985), Equation 7.02.
19.9201S /(L0x10° -~ 1.004865) Eqn. 7.02

Where S is the salinity in practical salinity unitsthe case of the North Sea seawater, the
salinity was 34.5, mean value of seawater sampfeBristow (2009). The transfer of;@ the
seawater in the experiment was not corrected @mpesitional velocity which can change due
to O; reactions within the seawater. Deposition vejooftozone can also increase with stirring
(Hsu et al., 2002; McKay et al., 1992) and alsdwih increase in both organic material
(McKay et al., 1992) and iodide as stated earlidre system was instead assumed to be at
equilibrium with the concentration within the hepdse of the reactor, corrected with the 50 %

reduction of Q due to reactions with the glass.
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Table 7.02. Model equations
Equation rate reference

R1 30,+1 - I0; +30, 1.2x16 M*'s' Liuetal (2001)
R2 0,+Br~ - O, +OBr - 1.6x16 M*s' Grguric et al. (1994)
R3 0,+O0Br ~ - 20, +Br- 33x16 M's?
R4 20,+0Br - - 20, +BrO ; 1.0x16 M*s!
R5 0,+Cl~ - 0,+O0Cl - 3.0x10° M's?
R6 0,+0Cl -~ - 20, +Cl" 1.1x16 M*s!
R7 20,+0CI~ - 20,+CIO; 3.0x10 M*'s?
R8 0,+O0H - HO, +0, 7.0x10 M's' Staehelin and Hoigne
R9 0,+HO; - HO; +0; 22x16 mtgt (1982)
R10 0, +0; - 0, + O, 1.6x16 M*'s' Sehested et al.(1984)
R11 O:" +H,0 - OH" +0, +OH" 25x10 s* Glaze and Kang (1989)
R12 OH " +0, -~ HO; + 0, 3.0x10 M's' Tomiyasu et al. (1985)
R13 OH " +0; - O, +OH - 25x160 M's' Tomiyasu et al. (1985)
R14 OH " +HO,; - HO, +OH - 75x168 M*s' Christensen et al. (1982)
R15 OH * +H,0, -~ HO; +H,O 2.7x10 M*'s' Christensen et al. (1982)
R16 OH" + sinks — products Koms st fitting parameter
R17 NoM +0, - 0,  +products Knowm st fitting parameter
+ -1 <1 .
R18 20, O R H,0, +0O, Ksop M™ s~ calculated as per (i)
+ -1 o

R19 20, +Z 0 MH H,0, + O, +products Kespo S fitting parameter
R20 HO; - O,  +H " pKa 4.8
R21 O, + Fe(ln ) -~ Fe(ll )+ products Krep Mt fitting parameter
R22 0; + Fe(lll )~ 0, + Fe(ll) Kro M*s! fitting parameter
R23 30H "+ Fe(l ) - Fe (OH )., 25x1d M*'s' asper(iv)
R24 0, +Fe(ll)O PP~ OH " +OH -~ +0, + Fe(ll ) 57x10 M's' Logager et al.(1992)
R25 0, + Fe(ll) - 0, + Fe(n) Koz st calculated as per (i)

. 1ol ; ;
R26 o) + Fe(ll ) O H,0, + Fe(lll) 1.0x10 M™s® Rush and Bielski (1985)
R27 H,0,+Fe(ll) -~ OH * +HO ~ + Fe(lll ) K202 M*s! calculated as per (iii)
R28 OH " + Fe(ll ) ~ OH ~ + Fe(lll) 50x1d M's' Rose and Waite (2002)

(i) ksopcalculated as per Zafiriou (1996%; (ii) ko calculated as per Millero et al. (198%)
(i) kuz02taken from Miller et al. (1995} as per Millero and Sotolongo (1989); (iv) Rosela
Waite (2002)

(a) kinetic rate is pH dependant, the calculatidrk&p (Zafiriou, 1990) is as follows ,

log(ka) =12.7 — 1.0 x pH
Ksop= ka
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(b) kinetic rate is pH and £dependant, the calculation afk(Millero et al., 1987) is as
follows,
log(kbl) = 21.56 — 1545/T, where T is temperatweeacted to °K
log(kb2) = log(kb1) — 3.29 ¥ + 1.52 x I, where the ionic strength is calculates]
| =19.9201 x S/ (1.0 x £0 1.00488 x S), where S is salinity in practicainity units.
log(kb3) = -1 x log(kb2) + 1.8% pH, (M* s
koz = kb3 x [0], (s1), O, concentration calculated through temperature aalihity.

(c) kinetic rate is pH dependant, the calculatidrk@o, (Millero and Sotolongo, 1989) is as
follows,

log(kc) =-3.04 + 1.0 x pH

Kn202 = ke

Below is a list of the composition of the experitaemedia wherein the reaction rates of ozone
and AOP reactions were measured.

Reaction 1: Trate measured in pure water at pH 6.7, tempera&éC, ionic strength
0.1 M (various buffers) (Liu et al., 2001).

Reactions 2 to 7: Band CI rates measured at pH 8.0 in NaBr and NaCl solgjon
respectively, with equivalent bromide and chlosg@awater concentrations (Grguric et al.,
1994)

Reactions 8 and 9: Rates measured in pure watpHatO0, ionic strength 0.15 M
(Staehelin and Hoigne, 1982).

Reaction 10: Rate measured in pure water betweeh(tol3, temperature 20 °C
(Sehested et al., 1984).

Reaction 11: Rate measured in pure water at pH@ B8, temperature 23 £2 °C, with
bicarbonate concentrations ranging from 0 -6.0 n®laze and Kang, 1989).

Reactions 12 and 13: Rates measured in pure veatempH 10, with sodium carbonate
buffer between 0 and 3.0 mM (Tomiyasu et al., 1985)

Reactions 14 and 15: Rates measured in pure watée pH range 6.8 to 13.8,
temperature range 14 to 160 °C (Christensen etl&i82).

7.03 Experimental Results with Model Fits

During the experiments the pH and temperature wenaitored (Figure 7.01). Initial
pH values for the four experiments ranged from pt9&lown to pH 8.12. pH was generally
stable through the course of the experiments widnges of less than 0.02 pH units — this
stability was not seen in the change of irradiagaperiments (Chapter 6). The starting
experimental temperatures range between 24.7 8°26. The changes in temperature through
the course of the experiments were less than Q.5THe experiments with 90 and 180 pphy O
had temperatures linearly decreasing whilst thp@fy G experiment had a linear increase in
temperature; the temperature in the 135 ppbv exyeri was stable throughout the experiment.

Based on the calculation for oxygen solubility, ¥&{1970), and assuming equilibrium with the

218



atmosphere, the oxygen concentration for the exymeris was betwe 208.0 and

202.6 pM kg
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Figure 7.01 pH (blue line witt+) and temperature (red line with change for experimen
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The experimental results with model fits are shanvhRigure 7.02 for KO, and Fe(ll)
and for Fe(ll) only, using an expanded axis in Fegr.03. Within the Figures theG,
observations are indicated by diamonds and thd)Hs(kircles. The observations are
surrounded by a grey envelope which is an erramest for each point based on the fit of the
non-linear calibration. The red line is the@d model output and the blue line is the Fe(ll)
model output. The black dashed line is the modghut for Q. Zero seconds corresponds to
the introduction of @into the headspace. All observations which wetew the limit of
detection (LOD), Table 7.03, were treated as benpgpl to the LOD.

Table 7.03. Limits of detection for,B, and Fe(ll) analyses for experiments.

medium and @input concentration Limit of Detection, nM
H>0- Fe(II)
seawater with 60 ppbv 15 1.1
seawater and 1.0 mg'lwith 90 ppbv 2 1.9
seawater and 1.0 mg'lwith 135 ppbv 1.1 1.3
seawater and 1.0 mg'lwith 180 ppbv 7.5 0.04
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The HO, observations indicate a two stage production as¢hexperiments, which
contain humic acid, 90, 135 and 180 ppbv experim@figure 7.02). This two stage production
is contrasted against the seawater only which slamnapproximate linear increase, 15 up to 60
nM, in the first 1200 s before the®, observation indicate a steady-state for the reimgin
600 s. The kKD, apparent production rate (APR) for the seawatr experiment over the first
1200s is 105 nM i (Table 7.04). This APR is comparable to that Seethe photochemical
production of HO, in organic rich seawater in the tropical Atlanfd,— 134 nM H (Moore et
al., 1993). The change of the® APR in the 90 and 180 ppbv experiments occurs 34@0 s
and 1000 s, respectively. There is a change pesiothe 135 ppbv experiment, though this
occurs later at c. 2150 s. The®4 APR before (APR 1) and after (APR 2) the changsape
are given in Table 7.04.

Table 7.04. HO, apparent production rates
Oz headspace APR1 APR?2

ppbv nM K

60 105 -15
90 13 169
135 75 330
180 0 185

Fe(ll) in the 60 ppbv experiment shows a stramyfwird production and loss cycle
commencing 300 s into the experiment (Figure 7.083ximum Fe(ll) obtained is ~ 6 nM
occurring at c. 1150 s. The 90 ppbv experimert s®ws a single production and loss cycle
commencing c. 300 s into the experiment; maximuih Febtained is ~ 10 nM and this occurs
c. 1400 s into the experiment. The 135 ppbv expant has a c. 1000 s lag before Fe(ll)
production commences, the maximum Fe(ll) produsesimilar to that in the 60 ppbv
experiment, ~ 6 nM. Following the Fe(ll) productiof ~ 6 nM in the 135 ppbv experiment,
Fe(ll) is gradually lost from the system; the 1680 s of the experiment show the concentration
both gradually decreasing whilst fluctuating aroun8 nM. There is relatively low production
of Fe(ll) in the 180 ppbv experiment, that whicled@ccur is over three cycles. The first cycle
occurs at the initial input of £30 the experiment, and shows a production anddgsle over
700 s attaining a concentration of 3 nM. The sdamd third cycles commence at 1200 and

1900 s, and attain 3 and 2 nM Fe(ll), respectively.

That Fe(ll) shows decreasing production with iasieg Q may be due to potentially
three mechanisms; i) The increased concentratib@s in the aqueous phase is available to

rapidly oxidise the Fe(ll). This may be occurreiga faster rate than that stated in the model,
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5.7 x 1§ M s*, which was measured at pH 2 (Logager et al., 1998)s rate may indeed be
pH dependant as seen with that for(@illero et al., 1987) and ¥, (Millero and Sotolongo,
1989). ii) The model results with the increasedasmtrations of organic material indicate an
increase, near doubling concentration gf.OThis higher concentration of superoxide actimg t
oxidise the Fe(ll); this theory may also be comdinéth, iii) a higher production of OHvhich

is also acting to oxidise Fe(ll).

It is interesting that the change in®% APR occurs at significant points in the Fe(ll)
observations. With respect to the seawater ontgement (60 ppbv ¢ when the HO,
observations indicate a steady-state ~ 55 nM, #{#)fobservations are showing a loss of Fe(ll)
from the experiment. The first 1.0 mg bumic acid experiment (90 ppbv) shows a loss of
Fe(ll) from the system commencing around 140Q ss dt this point in the experiment that the
H,0, observations show an increase in the APR frompbtbd69 nM H. Increasing the
atmospheric @concentration to 135 ppbv had two affects: i) AR&eases from 13 to 75 and
169 to 330 nM 1 for APR 1 and APR 2, respectively: ii) productiaiiFe(ll) does not
commence until c. 1000 s into the experiment; arpants with 60 and 90 ppbvsBhow Fe(ll)
production occurring after c. 300 s. The chang&Ri in the 135 ppbv experiment occurs after
a production and loss of Fe(ll), with the Fe(ljlicating a steady-state / net loss from the
experiment. The change in the®4 APR in the 180 ppbv experiment (Figure 7.02) oscar
line with the start of the second Fe(ll) producteycale (Figure 7.03).

Model Fits

With respect to the ¥D, model fits, the best fits were for the experimenmith lower
concentrations of £ 60 and 90 ppbv (Figure 7.02). The same is &lscase for the Fe(ll)
model fits (Figure 7.03). The 135 ppbv model shavesmilar Fe(ll) form, though it occurs c.
300 s before the observations. The correspondy@y fit is poor and the model is unable to
represent the two consecutive@® APR. The point of APR change in the model is appthy
governed by the concentration of iodide. The catestant used in the model was 1.2 X0t
st (Liu et al., 2001), Garland et al. (1980) estirdagevalue of 2.0 x oM™ s*. These rates
may in fact be too high or alternately with thehegconcentrations of{here is some other
mechanism at work. The 180 ppbv model fits wergblmto represent the oscillatory behaviour
in the Fe(ll) cycle (Figure 7.03), instead onlyteasly-state was established following an initial
production of Fe(ll). In the 180 ppbv experimeht change in the modeb®&, APR occurs
600 s prior to the observations, with the secoadesbf HO, production lower than the

observations.
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To obtain the numerical model fits, 5 fitting paeters were used to alter the form of the

model. Fitting parameter rate constants are givdrable 7.05 and compared in Figure 7.04.

Table 7.05. Calculated rate constants for fitpagameters

experiment  Knowm Kpspo KoHs Kreo Kro
st st st Mtst Mtst
60 ppbv 5.0 48x10 8.1x10° 53x10° 12
90 ppbv 19 92x16 50x10° 33x10° 2.8x10
135 ppbv 6.8 50xI0 4.8x10¢ 25x10° 7.6
180 ppbv 11 37xI0 16x16 52x10" 3.1x1d
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7.04 Discussion

The results of the experiments have shown thabgpireric Q under the correct
circumstances, and within environmental constracda induce a net production of® and
Fe(ll). G; decay in natural waters is characterised by arésl decrease followed by a
second phase where @ecreases with first order kinetics (von Guntél3). Part of the
reason for this is its reactivity with the orgamaterial (Garland et al., 1980; Hoigne and Bader,
1983a; Hoigne and Bader, 1983b; Joy et al., 1980;Gunten, 2003) and iodide (Garland et al.,
1980) present. With respect to dissolved orgaaiban (DOC), its decomposition increases
with increasing atmospheric;®ut at the same time the rate af d@composition also increases
(Joy et al., 1980). Joy et al. (1980) discuss Ddyever, the same process could also occur
with all fractions of NOM. This increase ins@ecomposition relative to the rate of NOM
decomposition may be the reason why the formsef®, observations change as thge O
concentration increases. Table 7.06 gives a conakjoea based on the form of theQd and
Fe(ll) observations as to the predicted chang#isemates of NOM decomposition and O

decomposition.

Table 7.06. NOM and £inear and stepwise conceptual decompositionivelaates.
experiment NOM decomposition s;@ecomposition

60 ppbv slow slow

90 ppbv medium similar rate to 60 ppbv
135 ppbv fast faster

180 ppbv very fast similar rate to 135 ppbv

The conceptual idea when applied to the surfaceahaiger has @decomposition
increasing stepwise whilst NOM decomposition inse=alinearly. Whilst there is slonsO
decomposition, relative to the rate of NOM deconipms, Fe(ll) will increase relatively
quickly from initiation of the @source, (60, 90 and 180 ppbv experiments, Figu}@),7 With
increased @decomposition at highers@nput rates there is less or low Fe(ll) productidrhis
is seen as no Fe(ll) production over the first20A.s of the 135 ppbv experiment, and also as
the G increases again (180 ppbv) there is some inigéllFproduction but the concentration

produced has decreased.
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Modée

lodide concentrations were explicitly stated witthie model (reaction 1, Table 7.02);
however, the concentrations were not measured.eXplkcit values were initially calculated as
a model fitting parameter, in a range of 40 to AN before being implemented as explicit
values. lodide Atlantic and Pacific surface seawabncentrations are approximately 100 and
200 nM, respectively (Campos et al., 1996; Campas €1999). Based on an iodide half-life
of 70 days (Campos et al., 1996) and using aralra8sumed concentration of ~ 100 nM
combined with the length of time the water had besnoved from frozen storage, c. 90 days,
the residual iodide in the seawater only experimeiith 60 ppbv @, was estimated to be
around 40 nM. The sensitivity analysis for theidadfor the three experiments undertaken with
model marine microlayer experiments (1.0 mgHumic acid) indicated an iodide concentration
of ~ 170 nM. The reaction between iodide andi@es not produce free radicals which either

accelerate @decomposition or take part in AOP (Bichsel and Gmten, 1999).

Reactions with bromide and chloride have beensetliin the model, reactions 2 to 7
(Table 7.02), as a known sink mechanism farkidit do not affect further model reactions.
With respect to the usual discussions involvingd@position to the sea surface seawater
reactions within OH Br and Cl are not usually given due to their low relativaatvity or
concentration with respect todnd NOM. The formation of chloride and bromiddicals can
occur through both direct ozone reactions with hdenfHaag et al., 1982; Liu et al., 2001) and
chloride (Haag and Hoigne, 1983b) and through A€#tions with bromide (Haag and
Hoigne, 1983a; von Gunten and Hoigne, 1994) anaoricld (Grebel et al., 2010; Grguric et al.,
1994). The potential bromide and chloride radieaisch are formed following reactions with
O3 are not considered in this study though the AG#trens of bromide and chloride in and
with pure water are well documented (Grebel et2611,0). With respect to the formation of
bromide and chloride radicals which may be forntedgtions involved with OHare used to

encompass any potential reactions that thieBd Cl may undertake.

As the experimental system is a batch reactorether finite concentrations of initiakO
reactants. The finite concentration of most imgace are the iodide and NOM, as when these
are exhausted then the reaction betwegar@ OH, which leads to propagation reactions
(reactions 8 to 16, Table 7.02) become import&rbpagation reactions if they occur in
seawater can lead to the formation gf @nd HO,. Involved in the propagation reactions for
Os decomposition is the AOP reaction between @htl Q. The hydroxide radical is a non-
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specific reactant and as such to mitigate its etiesink term was applied as a fitting parameter
(reaction 16, Table 7.01).

With respect to the main emphasis of the modelsstm being constrained by
observations of kD, and Fe(ll) an important reaction was the productibQ,” through the
oxidation of NOM (reaction 17 \om Table 7.02). This reaction encompasses a range of
reactions. The first mechanism included is thedireaction of @with NOM,; this has been
shown to occur through four reactions, one of whézttls directly to the production o Q(von
Gunten, 2003). The second mechanism to be inclisdége to the reaction between the
hydroxide radical (formed durings@ecomposition) and NOM, this leads to the fornratd
carbon centred NOM radicals which subsequentlycedd to O, (von Gunten, 2003), in a
similar way to that initiated by the photochemieatitation of CDOM (Blough and Del
Vecchio, 2002; Goldstone and Voelker, 2000). Thotlng reaction rate for NOM with OHas
been measured at 2.5 x*{eng L')* s* (von Gunten, 2003), the further reactions havebeen
measured. This reaction rate was also not applitdn the model as the concentration of
NOM in the base seawater was unknown.

Included within the model is a fitting parameteggction 19, kspo Table 7.02) which
covers the formation of #D, due to the catalysed dismutation gf oy NOM (Goldstone and
Voelker, 2000), Cu(l) (Zafiriou et al., 1998) andyanically complexed copper (Goldstone and
Voelker, 2000) and Mn(Il) (Hansard et al., 2011yl arhich also may occur with other redox
sensitive metals. This parameter as with the ahysed dismutation requires 2'Qmolecules

for every HO..

There has been no previous evidence & Esluction by @, though Fe(lll) can be
oxidised by Q under alkaline conditions to Fe(IV) (Perfilievadt, 2007). No work has been
undertaken on the potential for organically compbkke(lll) reduction due to a LMCT during
the two electron oxidation of NOM bys@von Gunten, 2003). Under this hypothesis anfiti
parameter was applied (reaction 23gdkTable 7.02). kep is first order with respect to the;O
and Fe(lll), with the Fe(lll) concentration takemthe measured total iron, Table 7.02. It must
be noted that the total iron concentration will hetrepresentative of the actual concentration of
the species of Fe(lll) available, though undermvirenmental consideration greater than 99 %
of Fe(lll) is complexed by organic ligands (Gledllahd van den Berg, 1994; Rue and Bruland,
1995; Wu and Luther, 1995).
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Fe?* can be oxidised by {Jorming FeG" and @, at pH 0 -2 (Logager et al., 1992).
FeC™ is unlikely to be present at the pH of seawatewould instead be FeGH(Millero et al.,
1995). The understanding of the reaction sequeniasic solutions for the oxidation of Fe(ll)
is not known, therefore the rate of this reacti@ac¢tion 24, Table 7.02) was taken as the total
rate as calculated by Logager et al. (1992) f6f Bridation to F&" under the assumption that

Fe(ll) is in excess of dissolved;O

kNOM

Production of @ has been shown in the marine environment throigiphotochemical
excitation of organic material, forming organicicads which subsequently reduce oxygen
(Goldstone and Voelker, 2000; Zafiriou, 1990). imitar process can occur with bothy @nd
OH radicalising organic material (von Gunten, 200&)om (s*) encompasses all potential
mechanism for @ production from the production of NOM radials, Btjon sequence 7.03.

NOM +O,0or OH® -~ NOM " + products

. . Eqgn. 7.03
NOM " +0O, - O, + products

know is first order with respect togDwhereas @ production is due to organic radical reduction
of oxygen; organic material concentration unknowd &, assumed to be at equilibrium with
the atmosphere. Across the four experimegéskanges between 5 and I8 sThe seawater
only experiment, 60 ppbv had the lowest value f@ik5 s, this is estimated from within aged
0.2 um filtered seawater. The production rate ekes®s as the concentration gfi®the

headspace increases with those experiments cargdinimic acid.

If the rate of NOM decomposition increases wittr@asing concentration of;&his may
explain why kspodecreases in those experiments with an additib@aing L'* humic acid
(Figure 7.04). kspowould decrease if the rate at which NOM is coreetb a non-reactive
organic (McKay et al., 1992) increases, so remowipgoportion of the potential,O
dismutation catalysts. As the potential fpglodecreases it highlights a failing within the
model, and is why the model is less able to reptetbe observations of &, in the 135 and
180 ppbv experiments. The primary reactants wigin@eawater are iodide (Garland et al.,
1980), constant in all three humic acid experimanis NOM (Hoigne et al., 1985; Staehelin
and Hoigne, 1985; von Gunten, 2003). The modelrwatérm for the reaction of NOM ang O
leading to a removal of both from the system; tta@mmeason in modelling terms was that the
concentration of NOM was not prescribegot was used as the;Oproduction term. What a
variable and finite @sink term would do is increase the length of tmeéore the model output

represents the point of change isd APRs. The sink term was assessed, though thissvas

230



an iodide sensitivity analysis. However, due ® tbquirement of prescribing the iodide
concentration in the models with a similar meditine, iodide concentrations were kept
consistent. A calculation of ang®ink term in relation to NOM would have large atteon the
calculation of kom and at this was not sufficiently constrained.

kPSDO

The catalysed dismutation of'Qto form HO, was assessed througsko The 60 and
180 ppbv experiments indicate low catalytic disrtiatarelative to the other experiments. The
actual relative change indépobetween the experiments is low, one order of madai The
three experiments with additional humic acid hamg&decreasing from 9.2 x TGs* (90
ppbv) to 3.7 x 10 s* (180 ppbv). That the 60 and 180 ppbv experimeate a similar kspo
even with different medium, suggests that theréwaoedifferent types of chemistry occurring.
The first, in the aged filtered seawater, may be tduow concentrations of the catalysts.
Whereas, in the high concentratiop €periment (180 ppbv), even with the additionglamric
material acting as a potential catalyst, therersae rapid organic material oxidation leading to
a non-reactive species (McKay et al., 1992), tlueeeits catalytic effect is minimised due to the
higher Q concentration.

Within the 180 ppbv experiment the actual productdG,”, not involved in Q
decomposition, may also be insufficient to undezgtalytic dismutation, though the rate of O
catalytic dismutation is greater than uncatalyssthdtation (O'Sullivan et al., 2005; Zafiriou,
1990). The form of the #D, observations suggests that the catalytic disnaurtasi occurring
later in the experiment as the® APR increases in the higher concentratigregperiments
(90, 135 and 180 ppbv). .Onon-catalytic dismutation will occur when the centration of
O," is in excess of the potential catalysts (Zafifib®0). However, there still remains the
possibility that Q propagation reactions which lead to an increasginare now occurring,
and this leads to the increaseglhfor APR 2 (Table 7.04).

The same theory as that applied ggdg can also be applied tgdp as itis a LMCT in
the organically complexed Fe(lll) that induces thiease of Fe(ll). With the increase in NOM
decomposition in conjunction with the increase ytli®re was subsequently less Fe(ll)
production; maximum Fe(Il) concentrations achiewade 10, 6 and 3 nM for the 90, 135 and
180 ppbv experiments, respectively.
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The HO; observations (Figure 7.02) are in contrast ta¢iselts of Staehelin and
Hoigne (1982) who suggest thai®} does not accumulate in ozonized solutions abové.pH
Their theory for this is the strong reaction betwé&g and the HO, conjugate base, the peroxyl
radical HQ', 2.2 x 1§ M s* (Staehelin and Hoigne, 1982). However, the regidtagree with
Heikes (1984) who showed,8, production, up to pH 6.8, and attributed this toa@Queous
phase reactions and also to reactions with hydooce. In the model the equilibrium constant
for H,O,, pK, 11.62 was not used, as such the only,Hi®the model was through the reaction
of O; and OH, 7.0 x 18 M* s* (Staehelin and Hoigne, 1982). The reason thatduédibrium
constant was not applied within the model was duéé very high reaction rate between"OH
and HQ, 7.5 x 1§ M s* (Christensen et al., 1982), which has a largdrdetital affect on the
production of HO,. Staehelin and Hoigne (1982) assessed ozone gesiion in ‘pure
water’, whereas in terms of the model the accurnaraif H,O, was within seawater. J@,
accumulation was attributed to the production arzbequent dismutation of,Othrough; i)
ozone oxidation of organic material — the formatidrorganic radicals leading to the reduction
of oxygen to @7; and ii) the presence of reduced metals, if dreyin a sufficiently high
concentration, for example in the redox cycles \dtl{l) (Zafiriou et al., 1998), Fe(ll) (Rush
and Bielski, 1985) and Mn(ll) (Hansard et al., 2D1The change in APR forJ@, formation
and subsequent net loss of Fe(ll) can also bedltieetincrease in the concentration of
hydroxide ions as the threshold limit (NOM decompos rate) of dissolved humic acid

moieties controlling @reactions (Buffle et al., 2006) has been surpassed

From the results of the modelling it is still nagsible to say what mechanism is
involved in the change in the APR in the experimmerithere are three potential mechanisms: i)
A change in NOM from @reactive to @non-reactive due to{2lecomposition — as such there
should probably be a recalculation of the rate tarts. ii) The @chemistry has shifted from
initiation to propagation reactions leading to fbmation of ROS, especiallyQ This then
allows for a higher APR of ¥D,, especially in the later half of the higher cortication G
experiments — as such the model is unable to betreamed by these reactions. iii) The catalytic
dismutation of @ has increased and the concentration of theseysttare now in excess due
to O; decomposition. D, in the initial stages of the experiments shovikelit any
production. With highly reactive {3pecies available during this stage of the batalktor
system it may be suggested that within an environiai€ontext that @does not induce the
production of HO, though it can potentially reduce the availabl@ird@he batch reactor model
system may occur if there was minimal mixing atsheace microlayer (McKay et al., 1992).
However, should there be production gfdd then this occurs under a specific ratio gf O

decomposition to NOM decompositiong @bncentrations of ~ 30 and ~ 68 ppbv for these
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experiments. Only wheng@oncentrations achieve greater than ~ 68 ppbwvtieéllproduction

of reduced iron become limited.

kFlED

Krep IS @ conceptual construct based on the unprovempal for a LMCT within
organically complexed Fe(lll) as the molecule dueed by @, or even OHleading to the
production of Fe(ll). This reaction is a first erdeaction in respect to both Fe(lll) angl e
rates are similar, 5.3, 3.3 and 2.5 ¥MN0* s* for the lower concentrations@xperiments, 60,
90, 135 ppbv, respectively. These three experisn@isb have reasonable Fe(ll) model fits.
The 180 ppbv model fit is poor in comparison duéhwobservations showing an oscillatory
Fe(ll) behaviour. The model could only produceéemdy-state, as suchde for this experiment

was estimated to be 5.2 xAM™ s*, two orders of magnitude lower.

The rate of kep, ~ 3.6 x 1& M™* s* (mean value for 60, 90 and 135 ppbv experiments)
is two to three orders of magnitude higher thanettpgivalent photochemical reductive
processes, as estimated by Miller et al. (1995)\&eber et al. (2005), respectively. It is also
three to four orders of magnitude higher than éstitmated by modelling the results from the
photochemistry experiments, using 0.2 um filtereavgater only, Section 6.04.01; it is two
orders of magnitude higher than the mean of theng@* humic acid photochemistry
experiments, 1.1 x 10s?, Section 6.04.03. Howeverggs is comparable to photochemical
reduction rates measured in low organic, Arcticerst9.1 x 18 to 5.3 x 10 s* (Laglera and
van den Berg, 2007).

Kro

kro is the linking term between the cycles of (H,O, and Fe(ll). The affect of this
rate constant is that as it increases it not andygases Fe(ll), but also leads to an increase in
H,O,, up to a certain threshold. The reason for thiteé high rate of Fe(ll) catalysed®}
production, 1.0 x 10M™ s* (Rush and Bielski, 1985). To some degreepkand ko should
show similar forms in their estimations when conmpabetween experiments; this is under the
assumption that an amount gkkois due to metal induced catalytic dismutation (stad et
al., 2011; Voelker et al., 2000; Zafiriou et aP9B). Both rates show a large increase with the
addition of organic material, from the 60 to 90 p@xperiment, however, the relative change in
kro With respect to the 135 ppbv experiment does otV the pattern of thedgporates,
though this may be an artefact of the poor relatly®: fit.
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The HO, observations can be split into two groups, thbse indicate HO, production
commencing within the first c. 300 s, (60 and 1Bb\pexperiments) and those that do not have
H,0, production until after c. 1000s (90 and 180 pplkye can also be grouped according to
the observed grouping; low values @bKor the 60 and 135 ppbv experiments, 12 and
7.6 M st respectively, and high values for the 90 and v experiments, 3.8 x 1@nd
3.1 x 10 M s, respectively.

Estimations of ko within photochemical experiments has a large ratige is due to the
organic material used. Estimated ratesgeffor organically complexed Fe(lll) are;
1.2 x 16 M s* (Rose and Waite, 2002) and for non-specific Fg(K 10 M™ s* (Meunier et
al., 2005) and 8.6 x £v™ s* (Steigenberger et al., 2010). Rose and WaiteQR80ggest that
there is little difference between the rate @f @duction of organically and inorganically
complexed Fe(lll). Previous experimental work ilwiag the same medium as the 60 ppbv
experiment calculateckk due to photochemical reactions within the systefnet ~ 7.0 x 10
M™ s (Section 6.04.01) and with a 1.0 mg addition ~ 8.1 x 1bM™ s* (Section 6.04.04).
The resulting estimatedkk for the 60 ppbv experiment 12\, is two orders of magnitude
lower than ko with photochemically produced,Dand organic material affected through
photochemistry. Except for the 135 ppbv experinteetresultant estimates fagds 2.8 x 10
and 3.1 x 16M™ s, 90 and 180 ppbyv, respectively, are of a siméae when humic acid was
included to a concentration of 1.0 mg.L

kOH S

The indiscriminate reactivity of OHlequired that a sink term be utilised. The sakt
was to prevent this radical controlling the modetput, because of its high rate of reactivity, as
evidenced in reactions 12 to 15 and 28 (Table 7-02)5.0 x 1§ M s*. From the 60 ppbv
experiment to the 90 and 135 ppbv experimeptg kcreases by an order of magnitude. This
is attributed to the increased organic materialitie 90 and 135 ppbv experimenggikwas
similar, 5.0 x 1¢ and 4.8 x 18 s*, respectively. In respect to the modgl&was then
increased by three orders of magnitude to allownbeel solution to better represent the 180

ppbv observations.
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7.05 Conclusions

The results of this chapter show that there igptitential for Q which impinges on the
surface microlayer to induce the production of Etliron and ROS, #, and by analogy ©.
The experimental media low in iodide and finiteanz material may be representative of a sea
surface microlayer that is undergoing stagnatiom tddow wind driven mixing. This may then

extending the potential for regions whergr@ay induce KO, and Fe(ll) production.

That kkep and ko are shown to be of similar rates to that seeniwih environmental
(krep) and laboratory controlled gk) photochemistry context is interesting. Duringées of
decreased photochemistry there exists the potdatitthe reduction of iron by both direcg O
reactions and through the formation of @uring night time and polar winters. Production
rates were calculated in aged filtered seawatematidadditions of humic acid; using fresh

marine organic material may increase both th@&nd Fe(ll) production rates.

With sufficiently high atmospheric £e.g. double the present concentration above the
sea surface microlayer, the reactions gb©the microlayer may lead to enhanced steadg-stat

concentrations of reduced iron.

Experiments show that relatively small change®jmoncentration, ~ 15 ppbv, may
alter the production of #D, and Fe(ll) at the surface microlayer. Seasonalddcentrations in

the tropical North Atlantic can range between 28.40.1 ppbv (Lee et al., 2009).

Modelling of the lower concentrations@xperiments (60 and 90 ppbv) was good
considering the required minimisation to two sdtelservations. Due to the potential reaction
rates of @ chemistry and NOM changing ag Gncentrations increase the model shows an
increasing inability to model the observations whagher concentrations of;@vere used.

With respect to an environmental context, higlhc@ncentrations are approximately two to three

times that measured above the tropical Atlantiocentration 32.1 ppbv (Lee et al., 2009).
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Chapter Eight:

Conclusions
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Due to the physical nature of the surface micralayel the imposed constraint of trace
metal analysis, precise measurements of low corat@rt analytes, the scientific understanding
of the surface microlayer is limited with resperptocesses trace metals undergo therein. This
study aimed to increase both knowledge of and eéalpethe perturbations to redox cycles of
metals within the surface microlayer of aquatidsys. Direct measurements of the microlayer
show temporal and spatial variability of its maomponent, a gelatinous dissolved organic
material (Wurl and Holmes, 2008). With a compleatnx the analyses of trace metals is even
more difficult.

The work has successfully combined the use afvitetk and laboratory studies to
elucidate controlling mechanisms. These mechangsmselated to the dissolved (0.2 pm
filtered) fraction of, aluminium, manganese, coppebalt and arsenic and specifically relate to
reactive oxygen species, especially hydrogen pedeoand dissolved / reduced iron. Though
field and experimental work were undertaken inHrasd marine waters, respectively, the result

from each can still aid in the understanding ofdtieer.

As the first such measurement of the seasonatg@semn of dissolved metals in an
aguatic microlayer the fieldwork (Chapter 4) wascassful. Freshwater systems are unique in
their local and environment, where as marine wateghomogenous and pervasive. However,
the systems follow similar cycles of primary protlae and physical processes such as
overturning. An important message from the rexafithie seasonal variability in the microlayer
is that a single or even integrated measurementnoiglye sufficient to categorically state there
is enrichment of a specific analyte. For all elatsghe results showed that over a seasonally
averaged cycle, elements tended towards unity thehunderlying water. The time series of
calculated enrichment factors showed relativelgdayet well constrained variations in
enrichment with the enrichments factors in goockagrent with published values from the
marine environment, Hunter (1980b) and Cuong €2808). The dissolved fraction of these
metals can also show depletion occurring withinrtherolayer. What this study did show is
that the use of enrichment factors may be a gresssonplification of a system in essence a

comparison of a mean concentration to an arbiglapth.

From using the available literature it was sugegshat the reduction of Mn(lll / 1V) by
reduced iron and arsenic (Scott, 1991) leadingeqotoduction of Mn(Il) was an important
mechanism acting to deplete dissolved iron ancharsad enrich dissolved manganese in the
microlayer (Chapter 4). This theory, especialkatiag to iron and manganese was shown

through the addition of a MnQ particulate phase to a photochemically activeesydeading to
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a reduction of the particulate phase and a deciedke available reduced iron (Chapter 5).
The rate of Mn(ll) production was rapid and highligithe importance of using a
photochemically active system, rather than a systeequilibrium as use by Spokes and Liss
(1995 ) and Sunda and Huntsman (1988), to inittegeeduction from a particulate phase. The
catalysed oxidation of iron by Mn@was also seen to increase the decomposition sbggd
peroxide (Chapter 5). This rate of decompositi@as ween to be faster than the uncatalysed
dismutation of superoxide, estimated to providegparent production of hydrogen peroxide,
under the experimental constraints of 22 nf{@hapters 5 and 6); based on the results of

incubations under PAR and with low reduced ironosortrations.

The experiments also showed that an ionised alumimiarticulate phase will have a
large affect on hydrogen peroxide and iron in tindage microlayer. During the hydrolysis of
the aluminium, reduced iron will be scavenged thialuminium hydroxide matrix (Bertsch et
al., 1989). This then removes a production medmarifom within the catalysed dismutation of
superoxide and through the formation of the stahleninium particulate phase the increased
surface area increases the rate of catalytic degsitiqn of hydrogen peroxide leading to

decreasing concentrations, as seen in Chapter 5.

Organic material is the primary constituent of thierolayer and to all respects this was
proven to be of the most importance in both thiel fed laboratory work. With respect to the
fieldwork, all analytes except aluminium were shawmave specific points of either significant
enrichment or depletion in the microlayer. Thesm{s occurred due to changes in (succession)
and / or due to times of phytoplankton growth @slavithin the UEA Broad; changes in iron
and manganese could be attributed to successionsight not yet published but inferred to in
the literature (Kuznetsova et al., 2005). A cawedhe experimental work is that no work was
carried out in organic free media to acts as céstmboth the model microlayer systems and
the base seawater. In the laboratory work orgawaiterial is used as the initiating material for
superoxide production both due to photochemistd/tarough its reduction by ozone and
hydroxide radicals. Organic material can alsolgatathe dismutation of superoxide to
hydrogen peroxide. It is also the source of orgahy complexed oxidised iron, which will lead
to the production of reduced iron due to a ligandchetal charge transfer (LMCT), occurring
due to both photo and ozone induced reductiom (p can also be organically complexed
potentially inhibiting its oxidation.

The experimental work used a range of organic naterhere were two types of

natural marine organic (NMO); 0.2 um filtered cotuesidue fronfragilariopsis cylindrus
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grown in low iron media and 2.0 um filtered cultuesidue fronirhalassiosira pseudonana
Humic acid was also used at 1.0 and 2.0 Mg The NMO are more representative of
autochthonoumaterial and these were judged to be of more irapod with respect to an
environmental context. The results of the ligltfimee comparison experiments show a strong
relationship between the 2.0 um filterEBldalassiosira pseudonaéMO and irradiating

regime.

There is one failing within the work and this isebplicitly prove that dissolved iron is
enriched in the microlayer compared to its undagyiater. The result from the time series for
the mean seasonal enrichment of iron in a freshvmaitrolayer is in contrast to results of
laboratory experiments. Though there are certaigg of dissolved iron enrichment in the
microlayer, generally the results indicated a dipheof dissolved iron. Laboratory
experiments utilised two separate sources, ligitaone, to initiate the redox cycling of iron
with the ROS, hydrogen peroxide and superoxidethWWVB light and a NMO there are high
steady-state concentrations of Fe(ll) relativetteoirradiating regimes. NMO complexes of
Fe(lll) indicated a preference to UVB induced radutwhere as those that initiate superoxide
production appear to favour UVA (Chapter 5). Ozahatmospheric concentrations ranging
between ~ 30 to ~ 70 ppbv was shown to initiatelpetion of reduced iron and potentially
extend its half-life within the microlayer. Howeyéydrogen peroxide production due to the
presence of ozone would only occur in either logamic water or when available organics had

attained a non-reactive status (Buxton et al., 1988

Laboratory experiments utilised a simple adaptattoa well trialled analytical method,
flow injection analysis (FIA) measuring the chemimescence of luminol. The adaptation was
a re-configuration of the load / inject valve table an analysis of two analytes, for this work
they were hydrogen peroxide and reduced iron. sigseem has shown good sensitivity for
hydrogen peroxide 19 = 20 nM and for iron (II) @®.7 nM. The rate of measurement of the
analytes was relatively high at one analysis e2@rgeconds, allowing for a high temporal
measurement of the changes in the analytes asitftgyrwent experimental perturbations. The
simple adaptation proved successful in the measmeaof the analytes and allowed for a more
robust constraining during the modelling of theutess However even this rate of analysis may
have been insufficient to capture the proposedxetianges occurring at the surface of the
particulate additions (Chapter 5). Consideringedults from the laboratory experiments, what
would have improved both that and the modellingkweould have been more time spent on
achieving lower limits of detection for Fe(ll). iBhwould have provided remarkable insight into

the eventual steady state concentrations achieved.

239



Modelling of the laboratory observations was aryducted on two of the three sets of
experiments. Modelling exercises were undertakethe results of the light regime change
experiments and on those with changes to the atmospzone, the model was constrained by
both hydrogen peroxide and iron (II). From thdatigegime changes to the ozone experiment
the basic ROS and Fe(ll) model was enhanced. fihp changes were the addition of the
catalysed dismutation of superoxide to form hydrogeroxide, a reaction between hydroxide
radical and hydrogen peroxide and a sink termieritydroxide radical. Results from low pH,
humic acid experiments suggest that at ~ pH 716wer, the reduction of Fe(lll) by hydrogen
peroxide should be considered and would therefermbre important to freshwater systems.
Though the model behaved well with respect to theeting of the light regime changes it was
still insufficient to predict the changes seenhi® Ee(ll). As the model was simply constrained
to a minimal series of fitting parameters this nmafact be incorrect and instead a suite of

reduced iron organic fitting parameters should Hzeen used as per Meunier et al (2005).

The results in Chapter 6 suggest that UVA and U\ViBaet on different organic groups
/ molecules in the NMO. Different organic stru@siappear to control the production of
superoxide and hydrogen peroxide, and affect retliroa through its production by a LMCT
and through sustaining elevated concentrationsdiced iron through complexation. The light
regime comparison results are not straight forvardterpret due to the three stages of
production — initial stage a warming up period aotkentially the estimated kinetic reaction
rates are unlikely to occur in an environmentalternn The final stage of the light regime
comparison experiments were those which would bst mepresentative of an environmental
context, during this stage the apparent produaidrnydrogen peroxide were in a similar range
to that which has been seen in organic rich tropuediers (Moore et al., 1993).

With respect to the 2.0 um filtered NMO, the prcittan of superoxide is directly related
to both the total energy received and wavelengtihath the total energy received and
wavelengths increase from 315 nm, superoxide ptamudecreases. This then suggests that as
depth from the microlayer decreases superoxideyotah also decreases. However, this

decreased rate of production is balanced by aeaserin the length of time this rate occurs for.

A synergistic affect within the microlayer will ogr between UVB and UVA to produce
an oscillatory behaviour in reduced iron. For éhemrm water experiments the results suggest
this is due a combination of both the organic matand the concentration of hydrogen
peroxide. The periodicity of these oscillationsremses as the concentration of hydrogen

peroxide decreases. Though both UV-R wavelengthlaly to induce a LMCT in organic
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material, resulting in the formation of reducechiiat the microlayer, UVB will be the most

important. UVB by itself was the only wavelengthinduce a rapid production of reduced iron.

Ozone was shown in Chapter 7 to initiate productibhydrogen peroxide and reduced
iron as it impinges on the surface microlayer. phesence of organic material will act to
inhibit this production whilst conversely it wildaance the production of reduced iron. Ozone
due to its reactivity is not likely to directly afft any water deeper than the microlayer.
However, the resulting products of ozone decomjmosidan potentially be drawn into deeper
waters. The Southern Ocean for example with irg@d)VB and gradually increasing, though
presently low @, and lower atmospheric particulate loading mag bbegion of increasing
concentrations of iron in the microlayer. Duelte tow temperature, the oxidation kinetics of
iron would be controlled by £ These oxidation rates decrease with organic texmy of
Fe(ll), if suitable organics are present, and coldédefore lead to a higher steady-state

concentration of Fe(ll) in the SML.

Reduced iron in both sets of modelled work wageel#o the concentration and changes
in hydrogen peroxide. Both the experiments irrwgamarine microlayers, especially with
UV-R and when there were low active-organics indtreospheric ozone experiments, show a
near continuous production of hydrogen peroxidaagr oxidant for reduced iron. However,
the addition of a particulate phase, especiallyfaomg manganese and aluminium, can act to
reduce the concentration of hydrogen peroxide, ikgeghe potential photochemical production
in check. This result has interesting connotatiassexperiments that look at the production of
reduced iron from the particulate phase may algd @ measure the changes in the primary
oxidants of iron. This is due to reactions onghdace of the particulate phase acting to remove
a primary oxidant and hence increase the apparedtption rate of reduced iron due to its

longer half-life.

The light regime experiments indicated that hydrogeroxide and iron (Il) are
controlled by different irradiating regimes, UVB&bWVA, respectively. The ozone
experiments showed a production of iron (ll) evethwo equivalent hydrogen peroxide
production. These results may suggest that thiggna@ molecules which complex Fe(lll) are
more readily able to undertake a LMCT than underthle reduction of di-oxygen and hence
form superoxide. As these molecules are foundth BIMO and humic materials one can
suggest that the majority of reduced iron in tharrsairface waters is formed by a LMCT rather
than from within a redox cycle. However, ther¢his potential for redox cycles to be initiated

especially if the Fe(lll) organic complex is nevitymed. The NMO material was one which
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had been stored at low temperature for many manttsvould be representative of newly
upwelled waters or when there is a break down e@stasonal stratification and deep winter

mixing occurs.

Take Home

Dissolved metals in the microlayer are within ategsthat is kept in balance and
controlled through the influence of light on therm@tion of ROS and the addition of particulate
material. Ozone itself would only influence ROSlencertain conditions, low organic and
iodide circumstances. With respect to reduced, itdmas been shown to have a distinct diel
cycle in surface waters (Weber et al., 2005), tioeecthe affect of ozone can be assumed to be
minimal when UV-R and PAR are present. What itsdoet preclude is the effect of ozone over
night and during polar winters acting to retainighler than predicted steady state concentration
of Fe(ll).

Future Work

The work undertaken in this thesis can be develdpeder. With respect to the
measurements from within the microlayer this camadanced through three potential
mechanisms. The first would be for a longer tiraees to be setup. The second would be to
measure concentrations of wet and dry atmospheposition, deep water and possibly
groundwater inputs to the system to better comstre budgets and fluxes. Finally
measurements of organic and inorganic speciesthendifferent size fractions would better

allow for an understanding of the processes oaagiini the microlayer.

The simple adaptation to the FIA-CI method workedywvell. To further enhance these
style laboratory studies would require specific suaments at a similar temporal scale. Those
of most use initially would be oxygen and superexid he system could then be further
enhanced through the measurements of copper angamese. There is a new luminol
derivative which shows the potential for real timeasurement of copper (Il), however, this
requires photo-excitation (Luo et al., 2009). Aidative of coumarin — umbelliferone, could
also be used for the real time chemiluminescenasorement of manganese (Il) (Watanabe et
al., 2008). Development work on both of these dhemnescence methods could potentially
allow for a high temporal analytical resolution gy their use and be combined into a FIA
system. It would also be interesting to compaeeneints such as arsenic and iron with additions

of manganese. Laboratory work on very fresh caltesidue of different size fractions could
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also enlighten the processes seen in the microlyaquatic systems. Under this auspice the
work could then be applied directly to phytoplamktmltures whilst undergoing short term
stress, due to say the influence of UVB, or temjpeeachange, or from the light to the dark (or
vice-versa) or alterations to the atmospheric ceagni However, all changes to the
experimental work must require a careful considenai the production of chemiluminescence

by luminol.

The use of a computer model to represent the wésans worked to an extent. Though
better iron models have been developed it is ttezantion between the metals and the organics
which is the unknown. The problem with this sideéh® work is that by including extra fitting
parameters their validity decreases as fitting ipatars would eventually be controlling fitting
parameters. The only solution is to design adetlof experiments modelled at each stage and
then the model is advanced through the knowleddms still leaves the potential unknown of
changes in the organic through the course of deseyperiment and that the model will then

become a very specific system and have less apiphd® an environmental context.
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Chapter Four: Appendix

A4.01 Method of Calculation for the Correction Facor for First Three
Sampling Missions of 2008

During the sampling of the UEA Broad the analytigadtocol on the ICP-MS was
undergoing refinement. The final analytical setasmiven in Chapter 2, section 2.04.09
included the analysis of samples retrieved on #{eNarch 2008 and"®May 2008. These
samples had previously been analysed as a 1:libdilusing a standard calibration with and
without CCT gas. During these previous analysewpses from the 8 of January, 18 of
February and 13of March had also been analysed, however the ezgdur the certified
reference material during these analyses was rat@sate. A successful attempt was made on
producing a linear regression between these sapnipdes the final configuration and the

previous attempts. Figure A4.01 shows the linegrassion comparison of these data.

Al 6000 -
5000 -
= 4000 - "
£ 3000 -
= v=1669x - 4182.9 +
% 2000 R2=0.978
2 1000 -
O T T T T T 1
0 100 200 300 400 500 600
concentration, nlvi
Mn 700 -
600
+
500
=
= 400 v=1184x - 51.02
5 R2=0.947
= 300
3 200
3 100
0 . . . . . .
0 10 20 30 40 50 60

concentration, nM

Figure A4.01. Linear regression comparisons fomahium and manganese
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1400 -
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= 1000 -
2 800 -
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0 50 100 150 200

concentration, nv

Figure A4.02 Linear regression comparison iron

A Fisher, one tailed, F test was also applied éodéita to check the statistit
significance of the regression; it was also usecalculate the error on the linear regres,
Table A4.01.

Table A4.01 Fisher test statistics for comparison of samptedysed using two I-MS
configurations.

F probability degrees of  r? Y error equivalent
freedom estimatec  ordinate axis
(n-2) error concentration,
nM
Aluminium 268 <0.01, F=21. 6 0.98 24¢ 14.9
Manganese 71 <0.01, F=21. 4 0.95 48 4.1
*‘Iron 82 <0.01,F=21. 4 0.95 10C 8.7

Using the standard regression form, y = bx + ayreection was then applied to tdata
from the &' of January, 1" of February and 13of March, Tables A4.02 to A 4.04. The er
for these values was calculated through he promagat errors technique

error = 1/xezqLL +X2q » Wherexequ is the error equivalent ordinate axis ccntration and ¥erq. is

the error for the measured sam

Table A4.02 Original measurement and coried concentrations for aluminit
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y =16.69x —4182.9 original measureeérror corrected error

concentration concentration
nM nM nM nM
8" January 2008, Julian Day 8
Bulk 183 39 262 42
Plate (1) 4144 34 499 37
Plate (2) 1663 37 350 40
Screen (1) X X X X
Screen (2) 1028 38 312 41
18" February 2008, Julian Day 49
Bulk 508 39 281 42
Plate (1) 1699 37 352 40
Plate (2) 3148 35 439 38
Screen (1) 200 39 263 42
Screen (2) 705 38 293 41
13" March 2008, Julian Day 73

Bulk 533 39 283 42
Plate (1) X X X X
Plate (2) X X X X
Screen (1) 1476 37 339 40
Screen (2) 908 38 305 41

Table A4.03. Original measurement and correctedeotrations for manganese

y =11.84x — 51.02 original measure@rror  corrected error

concentration concentration
nM nM nM nM
8" January 2008
Bulk 6170 10 526 10
Plate (1) 7458 9 634 10
Plate (2) 6584 9 560 10
Screen (1) X X X X
Screen (2) 5963 10 508 10
18" February 2008
Bulk 1020 13 92 14
Plate (1) 563 13 52 14
Plate (2) 106 13 13 14
Screen (1) 79 13 11 14
Screen (2) 285 13 28 14
13" March 2008
Bulk 413 13 39 14
Plate (1) X X X X
Plate (2) X X X X
Screen (1) 2613 11 225 12
Screen (2) 407 13 39 14

Table A4.04. Original measurement and correctedeotrations for iron

251



y =11.58x — 231.2 original measureerror

Bulk

Plate (1)
Plate (2)
Screen (1)
Screen (2)

Bulk

Plate (1)
Plate (2)
Screen (1)
Screen (2)

Bulk

Plate (1)
Plate (2)
Screen (1)
Screen (2)

concentration

nM nM
8" January 2008
2403 11
10504 9
1856 11
X X
2939 10
18" February 2008
6205 12
704 12
132 13
787 12
882 12
13" March 2008
930 12
1010 12
X X
1602 11
1555 11
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corrected
concentration
nM

228
927
180
X
274

556
81
31
88
96

100
107
X

158
154

error

nM

14
13
14

X
14

15
15
15
15
15

15
15

X
14
14
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A4.03 Student’s t-test calculations and results

The following section introduces the calculatiom @aesults for a Student’s t-test. There
are two tests: i) bithe statistical probability that a mean sampledtiRe same as a system
value, in this case, unity with a value of 1.0 @&phdr Ho the statistical probability that
comparative data set samples have the same meamheSe calculations the arithmetic mean
for plate and screen sampled microlayers for ebrhent are first compared to unity and then
against each other. The calculation of t staisgas per Miller and Miller (1993).with the
results compared to the statistical tables in Wdled Miller (1993). All tests were conducted as
one tailed tests under the presumption that tlsee@iichment of an analyte in the SML and that

this increases as the depth of the SML samplededses.

t :(7(—#0)9[n Eqn. A4.01

g

Where X is the mean, glis the system value, in the case an EF equalitg, dn0, n is the

sample size and is the standard deviation of the samples.

Calculation of the t statistic comparing between sample arithmetic means is given by
Equation A4.02.

- (>_(plate - )_(screer)

2 2
aplate + O screen
nplate nscreen

The results for the first and second tests areigeoMin the Tables below, Table A4.06 and
A4.07.
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Table A4.06. Student’s t-test comparing samplesaea EF against unity, 1.0.

Al

Mn

Fe

Co

Cu

As

plate
screen
plate
screen
plate
screen
plate
screen
plate
screen
plate
screen

mean
1.26
1.26
1.57
1.14
0.70
0.91
1.05
0.89
0.95
0.94
0.99
0.95

sigma n
0.37 15
0.29 15
0.96 14
0.66 13
0.35 15
0.41 16
0.43 12
0.27 11
0.43 12
0.18 11
0.08 12
0.07 11

t

2.7

3.5
2.2

0.7
-3.3
-0.8
0.4
-1.4
-0.4
-1.0
-0.2
-2.2

df =n-1

14
14
13
12
14
15
11
10
11
10
11
10

P p
265 99%
3.01 995%
218 97.5%
0.69 75 %
3.01 99.5%
0.69 75 %
0.26 60 %
1.38 90 %
0.26 60 %
0.7 75 %
1.8 95 %

Table A4.06. Student’s t-test comparing sampleaea EF, plate versus screen.
df = (nP + nS) -1 P

Al

Mn

Fe

Co

Cu

AS

mean sigma
plate 1.26 0.37
screen 1.26 0.29
plate 1.57 0.96
screen 1.14 0.66
plate 0.70 0.35
screen 0.91 0.41
plate 1.05 0.43
screen 0.89 0.27
plate 0.95 0.43
screen 0.94 0.18
plate 0.99 0.08
screen 0.95 0.07

n t
15 -0.03
15
14 1.39
13
15-1.52
16
12 1.09
11
12 0.04
11
12 1.32
11
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29

26

30

22

22

22

Y
0.26 60%
131 90 %
131 90%
069 75%
NONE
069 75%



Chapter Six: Appendix

Tables of sum of squares error (SSE) concentragéisiduals for model fits to the

observations

Table A6.01. Log(10) SSE,.B; residual fits for NMO repeat experiments
initial =~ intermediate  constant total

sw -(1) 4.0 5.2 5.5 5.7
sw -(2) NC NC 5.2 5.2
Fc 4.4% -(1) NC 3.9 4.6 4.7
Fc 4.4% -(2) NC 1.3 2.2 2.3
Fc 8.8% -(1) NC 5.1 5.7 5.8
Fc 8.8% -(2) NC 5.1 5.5 5.7
mixed 8.8 % -(1)  NC 3.9 5.3 3
mixed 8.8 % -(2) NC 3.8 4.9 4.9

Table A6.02. Log(10) SSE, Fe(ll) residual fits MO repeat experiments
initial  intermediate  constant  total

sw -(1) -11.48 -4.29 -4.44  -4.06
sw -(2) NC NC 241 241
Fc 4.4% -(1) NC -1.53 -0.66  -0.60
Fc 4.4% -(2) NC 0.20 032  0.57
Fc 8.8% -(1) NC -1.26 037  0.38
Fc 8.8% -(2) NC -1.26 179 -1.15
mixed 8.8% (1)  NC -4.06 099  0.99
mixed 8.8 % -(2)  NC -0.83 041  0.44

Table A6.03. Log(10) SSE,.B, residual fits for light comparison experiments
initial  intermediate  constant  total

£ UVB 3.4 4.5 44 48
S Full 3.2 4.5 5.0 5.1
No  UVA+PAR 3.0 4.1 47 48
52 uva 3.3 3.8 45 46
—~ & Z PAR NC 2.1 30 31

UVB 2.5 3.7 50 5.0
w5  Full 1.6 3.8 5.4 5.4
o S UVA+PAR 21 4.9 5.4 5.5
n E UVA 1.9 3.7 52 53
SZ  PAR NC 2.7 33 34

UVB 5.0 5.8 61 63
w5 Ful 4.8 5.5 5.7 6.0
o5 UVAYPAR 47 5.2 56 5.8
5 E UVA 4.5 5.0 57 58
N E  PAR 3.9 4.6 51 5.2
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Table A6.04. Log(10) SSE, Fe(ll) residual fits hgght comparison experiments

11 % 2.0 pum

filtered
NMO

0.5mg L*

2.0mg L*

humic acid

humic acid

uvB
Full

UVA+PAR
UVA
PAR

uvB

Full
UVA+PAR
UVA

PAR

uvB

Full

UVA +PAR
UVA

PAR

initial
1.42
0.80
0.14
0.01
NC

-1.09
1.32
0.03
0.03

NC

-0.14
0.25
0.80
0.44
-0.06

intermediate
1.27
1.26
0.70
0.01
0.50

-0.35
1.86
1.16
0.96
0.70

0.19

-0.36
-0.75
-0.95
-0.21
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constant
0.87
1.41
1.00
0.92
-1.30

0.98
2.30
0.23
2.02
1.80

1.08
0.92
0.16
1.69
1.06

total
1.72
1.70
1.21
1.02
0.50

1.00
2.47
1.23
2.06
1.83

1.16
1.02
0.90
1.71
1.11
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