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Abstract. The effect of artificial acidic polysaccharides (PS) fertilization experiments have revealed thatid0% of the

and exudates dPhaeodactylum tricornuturan the half-life  surface ocean, the so called High Nutrient Low Chlorophyll
of Fe(ll) in seawater was investigated in laboratory exper-(HNLC) areas, iron is at least partially responsible for limita-
iments. Strong photochemical hydrogen peroxideGp) tion of phytoplankton growth (Boyd et al., 2007). However,
production of 5.2 to 10.9nM (mg C} h—1 was found in the  iron limitation can occur in coastal areas as well (Hutchins
presence of PS and diatom exudates. Furthermore when illuand Bruland, 1998) and here the supply of Fe through up-
minated with UV light the presence of algal exudates had awelling and release from sediments determine its cycling.
net stabilising effect on ferrous iron in seawater (initial value  Free hydrated Fe(lll) concentrations in seawater are very
100 nmol L=1) above that expected from oxidation kinetics. low (< 10-2°molL~1), (Rue and Bruland, 1995) and the
In the dark the PS gum xanthan showed no stabilising effecinore soluble Fe(ll) is rapidly oxidized. (Gonzalez-Davila et
on Fe(ll). The photochemical formation of superoxidg O  al., 2005, 2006; King et al., 1995; Millero and Sotolongo,
in the presence of diatom exudates and its reducing effect o01989; Millero et al., 1987). Thus concentrations of dissolved
Fe(lll) appears to result in greater than expected concentraFe in the ocean should be very low. However, over 99%
tions of Fe(ll). A model of the photochemical redox cycle of the dissolved iron in seawater is reported to be bound
of iron incorporating these processes supported the observesly organic compounds (Boye, 2001; Croot and Johansson,
data well. Diatom exudates seem to have the potential to pla®000; Rue and Bruland, 1995; van den Berg, 1995) and these
an important role for the photochemistry of iron in coastal ligands provide a mechanism whereby the concentrations
waters. of dissolved iron typically seen in the ocean can be main-
tained (Johnson et al., 1997). Iron binding ligands in sea-
water mainly consist of bacterial siderophores (Butler, 2005;
Macrellis et al., 2001) and possibly planktonic exudates like
acidic polysaccharides PS. (Tanaka et al., 1971). Transparent

Marine phytoplankton contribute significantly to the £€x- exopolymer part!cle_s (TE_P), which are rich in acidic polysac-
change between atmosphere and ocean, thus impacting &harides, are ubiquitous |n.the surface ocean (Passow, 2002),
atmospheric C@ concentrations (Falkowski et al., 1998). and have been shown to bifi#Th (Passow et al., 2006) and
Global marine primary productivity shows great spatial and@'e therefore a prime candidate to also bindiron.
temporal variability, caused primarily by variable light, zoo- ~ The main oxidation pathway of Fe(ll) to Fe(lll) is the
plankton grazing and nutrient distributions. In addition to the réaction with @ and R0, according to the Haber-Weiss
macronutrients (P, N), iron is an essential trace element foff€chanism (King et al., 1995; Millero and Sotolongo, 1989;
photo-autotrophic organisms (Falkowski et al., 1998; GeiderMillero et al., 1987). This oxidation can be inhibited (Miles

etal., 1994; Morel and Price, 2003). Several large scale irorRnd Brezonik, 1981; Theis and Singer, 1974) or acceler-
ated (Rose and Waite, 2002; Rose and Waite, 2003a; Sedlak

and Hoigne, 1993) in the presence of organic compounds.

Correspondence tdS. Steigenberger The decrease in apparent oxidation rate is suggested to be
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(Kuma et al., 1995) or stabilisation of Fe(ll) with organic  Diatom exudates were collected as the 0.4 um filtrate of
compounds (Rose and Waite, 2003b; Santana-Casiano et ah,senescent culture &haeodactylum tricornuturgrown in
2000, 2004). f/2 medium. Ford and Percival (1965) separated a significant

In marine systems $D, functions as a strong oxidant amount of a water-soluble glucan from an aqueous extract
or a reductant (Croot et al., 2005; Millero and Sotolongo, of Phaeodactylum tricornutupand their results showed this
1989), and thus it is important for the cycling of organic PS to be a typical chrysolaminarin with essentially similar
compounds and trace metals including Fe (Millero and So-properties to the p-1, 3-linked glucan, laminarin.

tolongo, 1989). HO; is the most stable intermediate in the Philips 40TL12 and Philips 40T°05 lamps, respectively,
reduction of Q to H,O and is mainly produced in the water ere ysed as a light source for the irradiation of samples with
column by photochemical reactions involving dissolved or- yyvB and UVA light during experiments 1 and 3. Irradiance
ganic matter (DOM) and ©(Cooper et al., 1988; Scully et \yas measured with a UVA (315-400 nm) sensor type 2.5,
al., 1996; Yocis et al., 2000; Yuan and Shiller, 2001). Light 5 yypB (280-315 nm) sensor type 1.5 (INDIUM-SENSOR,
absorbed by DOM induces an electron transfer to moleculabermany) and a spherical quantum sensor SPQA 2651
oxygen, forming the superoxide anion radical, which under-(_|.cOR) for the photosynthetically active radiation (PAR,
goes disproportionation to form hydrogen pe_roxide. Hence400-700nm). Sensors were coupled to a data logger LI-
light, Oz, H202 and organic compounds are important fac- 1400 (LI-COR). The following irradiance values were used
tors in the very complex chemistry of iron in seawater. for all light incubations during this study: UVB=0.3 WTA,
Increased photochemical reduction of Fe(lll) in the pres- yya=17.6 W m—2 and PAR=3.8 W mZ2. For all experiments

ence of sugar acids has been reported (Kuma et al., 199Zzmpjes were held in UV transparent 3L polyvinyl fluoride

Ozturk et _al., 2004; Rijkenbe_rg et al., 2005) but for PS No (PVF, Tedlar) bags (SKC Inc., USA), fitted with a polypropy-
such studies have been carried out. However, the relativgane hose for filling and sub-sampling.

abundance of PS in marine dissolved organic matter (DOM)

is about 50% (Benner et al., 1992) and in phytoplankton de- . .

rived DOM the fraction of PS can be up to 64% (Hellebust, 2-2 SPecific experiments

1965, 1974). In the study reported here we investigate the

effect of PS and algal exudates on the photochemical redo®.2.1 Experiment 1: effect of polysaccharides on the
cycle of iron and production of $Oo. photogeneration of H,O,

2 Materials and methods Four pairs of Tedlar bags were filled with MQ water and con-
centrated solutions of three different PS were added to three
pairs of these bags. For this experiment carrageenan, gum

Three different types of experiments were conducted to in-xanthan and laminarin were used. The PS were dissolved in

vestigate the effect of PS and diatom exudates with and withMQ water by SOﬂICélltllng for 30 min. The final copcentratlon
out UV light on the speciation of iron and the production of ©f PS was 10mgL* in about 2.3L. The last pair of bags
H,0,. All experiments were conducted at a constant temperS€rved as control and contained no PS. One bag of each pair
ature (about 26C) in the laboratory. In experiments 1 and 3 Was placed in the dark the other was illuminated with UV
samples were exposed to UV radiation using UV transparenfight for 270min. B0, was measured 1 h before illumina-
3L Tedlar bags as incubation containers, whilst in Experi-tion and after 0, 10, 30, 90, 270 min in the light and the dark
ment 2 under dark conditions 30 mL polystyrene screw cap>@mPle:
tubes were used.

The natural coastal seawater (SW) used in the experiment8.2.2 Experiment 2: effect of polysaccharides on the
was collected in July 2006 off Lepe near Southampton (UK), oxidation of Fe(ll) in seawater in the dark
filtered through 0.2 um membranes and stored°&t & the

dark. Organic matter was removed from a portion of this SW+en clean polystyrene screw cap tubes (30 mL) were filled

via photo-oxidation (see below) with strong UV radiation. i the natural Solent seawater (0.2 um filtered) and another
The low dissolved organic carbon water, called “organic- ten tubes were filled with the low organic carbon UVSW.
free” UVSW (Donat and Bruland, 1988), was also stored alGum xanthan was added to 5 tubes of SW and 5 tubes of low
5°C. organic UVSW to give a final concentration of 1 mgiand

we gsed gum xanth.a.nz laminarin and carrageenan (@lfhese samples were sonicated for 30 min. Fe(ll) equivalent
from Sigma) as the artificial PS. The molecular weight of to 200 nmol -1 was added to all tubes, and Fe(Il) ang

laminarin is 770,0 gmot' (Rice etal., 2004) and 43% (w/w) measured after 0, 2, 6, 18, and 54 min. Temperature, salinity,
of the m?!em?'e is carbon. For gum xanthan and carrageenagxygen concentration and pH were measured before the iron
no spemﬁcatu:)ns could be found but we assumed a carboqyjition and at the end of the experiment. Sub-sampling was
content of~40% (w/w). done so that light was excluded.

2.1 General
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2.2.3 Experiment 3: effect of diatom exudates and of the strong coloured complex of 2, 4, 6-tripyridyl-s-
UVA/B radiation on the oxidation of Fe(ll) triazine (TPTZ) formed with iron reduced by monosac-
in seawater charides or previously hydrolyzed PS at alkaline pH is

measured at 595nm in 2.5cm cuvettes and compared to
Three Tedlar bags were filled with about 1L of organic- a calibration curve prepared from D-glucose in MQ wa-
free UVSW (0.2 um filtered). One bag served as a controlter. Total sugar concentration was determined after hydrol-
and no further additions were made. To the second bagsis of the acidified sample in a sealed glass ampoule at
100 nmol L Fe(ll) was added. To the third bag additions 150°C for 90 min. The detection limit of our measurements
of diatom exudates and 100 nmott.Fe(ll) were made. The was 0.02 mg glucose eq L calculated as 3 of the lowest
amount of diatom exudates added to the sample was chd0.2 mg glucose t1) standard addition and the standard er-
sen in order to reach a concentration of PS similar to thator was 3%. All glassware and reagents were prepared as
found in natural Solent seawater (0.4 mgglucoseed)L  described by Myklestad et al. (1997).
Ferrous iron concentration was measured over a 60 min pe- For the determination of hydrogen peroxide>@®3) a
riod after the iron addition. Samples were UV irradiated for chemiluminescence flow injection analysis (FIA-CL) system
the whole experiment from immediately after the addition as described by Yuan and Shiller (1999) was used. The
of iron to the sample bags. Temperature, salinity, oxygenmethod is based on oxidation of luminol by hydrogen per-
concentration, pH and total iron were measured before the@xide in an alkaline solution using Co(ll) as a catalyst. Our
iron addition and at the end of the experimentQd in the  flow injection system was very similar to that described by
organic-free UVSW was adjusted to an initial concentration Yuan and Shiller (1999) but used a H8443 (Hamamatsu)
of 5nmol L~1 and was measured again at the end of the exphoto-detector with a power supply and a signal amplifier.

periment. The voltage signal was logged every second using an A/D
converter and software (PMD-1208LS, Tracer DAQ 1.6.1.0,
2.3 Analyses Measurement Computing Corporation). The chemilumines-

cence peaks were evaluated by calculating their area. The
Iron concentrations in the samples were determined using detection limit was 0.1 nmolt! calculated as -3 of the
colorimetric method described by Stookey (1970) and Viol- reagent background signal (without sample injection) and the
lier etal. (2000). Briefly Ferrozine (the disodium salt of 3-(2- standard error was 4%. All reagents and solutions were pre-
pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine) forms pared as described by Yuan and Shiller (1999). Since ferrous
a magenta coloured tris complex with ferrous iron. Theiron in the sample shows a significant positive interference
water soluble complex is stable and quantitatively formed(yuan and Shiller, 1999) 50, was measured in parallel sam-
in a few minutes in the pH range 4-9 after addition of an ples without added Fe(ll) or after one hour when any initial
aqueous 0.01 molt! Ferrozine solution. The absorbance Fe(ll) is expected to be reoxidized.
was measured with an Hitachi U-1500 spectrophotometer A WTW 315i T/S system was used to determine tempera-
set at 562nm in 10cm cuvettes, with sample pH main-ture and salinity in the sample. Oxygen was measured using a
tained at 5.5 using an ammonium acetate buffer. Samcalibrated WPA OX20 oxygen meter. The dissolved organic
ple concentrations were calculated using a calibration curvearbon (DOC) content in the 0.2 um filtered samples was
made by standard additions to the sample water. Stanmeasured with a Shimadzu TOC-VCSN system via high tem-
dards were prepared from a 10 mmot'_Fe(ll) stock solu-  perature catalytic oxidation (HTCO) on Pt coverec®¢
tion (Fe(NHy)2(SQu)2-6H20 in 0.1 mol L™t HCI) diluted in  beads. The detection limit of this method-is3 umol L
0.01mol L= HCI. Total iron was determined by previous and the precision i 2 pmol L1,
reduction of the iron present in the sample under acid con- The UV photooxidation system generating organic-free
ditions over a 2 h period at room temperature by adding hy-UVSW consisted of a fan cooled 1 kW medium pres-
droxylamine hydrochloride (1.4 moft* in 5molL"* HCl)  sure mercury lamp (Hanovia), with ZD0 mL quartz tubes
as the reducing agent. The detection limit of this method ismounted around the axial lamp. After 6h of UV irradia-
8nmol L~! of Fe(ll) and was calculated as 3 times the stan-tion the samples were considered organic-free (Donat and
dard deviation ¢) of the lowest (50 nM Fe) standard addi- Bruland, 1988). To remove the resulting high concentra-
tion. The standard error is10%. All reagents were from tions of HO, the organic-free water was treated with acti-
Sigma-Aldrich and at least p.a. grade. All solutions werevated charcoal. The charcoal had previously been washed
prepared in MQ water (18 K- cm) purified with a Millipore  several times with HCI, ethanol and MQ water to remove
purification system. Samples and standards were prepared gontaminants. After stirring for 30-40 min the charcoal was
30 mL polystyrene screw cap tubes. All equipment had beerremoved by filtration through a 0.2um polycarbonate mem-
carefully acid washed prior to use. brane. The HO, concentration in the resulting water was

Concentrations of dissolved mono- and polysaccharidegess than 0.5 nmolt! and no contamination with iron was

were determined semi quantitatively using the colorimetricdetectable.
method of Myklestad et al. (1997). Briefly the absorbance
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Table 1. Reactions included in the model and the corresponding kinetic constants. Rates for processes 3, 5 and 7 were calculated for the
experimental conditions(=22°C, §=34.2, pH 8.1), assuming oxygen saturation.

No. Reaction Kinetic parameter  Reference

R1  Fe(lll)+hv — Fe(ll)+products kred fitting parameter
R2  CDOM+Q +hv — O, +products  kcdom fitting parameter
R3  Fe(I)+Q — Fe(ll)+O;, 1.7x103s71 (Millero et al., 1987)

R4 Fe(I)+Q, +2HT — Fe(ll)+H, O, 1.0x10’M~1s™1  (Rush and Bielski, 1985)
R5 Fe(l)+H,0, — Fe(ll)+HO+HO~  6.5x10°M~1s1 (Millero and Sotolongo, 1989)

R6  Fe(ll)+Q, — Fe(l)+O, kro fitting parameter
R7 20, +2HY—> H,0; 3.0x10*°M~1s~1  (zafiriou, 1990)
300 the superoxide radical (Rose and Waite, 2003c). The fit of the
model parameters was done using the Nelder-Meade simplex
250 1 algorithm (Nelder and Mead, 1965), minimizing the root-
mean-square (RMS) difference between model and observa-
200 - 1 tions, where the deviations were weighted by an estimate of
S their respective standard error, to make Fe(ll)- antDi
jw 150 1 observations comparable. The Nelder-Meade algorithm is
= susceptible to ending up in a local minimum of the RMS
100 4 ] error; we therefore repeated the optimization several times
with different initial guesses for the parameters, to find the
50 4 | global minimum.
L]
0 T T T T T
0 60 120 180 240 300 3 Results and discussion
time [min]

3.1 Experiment 1: effect of polysaccharides on the
Fig. 1. Photogeneration of $0, during irradiation of a 10 mgt?! photochemical production of H,O»
solution of laminarin (open triangle), carrageenan (open circle),
gum xanthan (filled circle) and of.pure MQ water (filled triangle) The first experiment, examining the effect of PS on the
and the mean of 4 dark controls (filled squares). photochemical production of #D,, showed that within
270 min (4.5h) of UV illumination large amounts (140-
2.4 Numerical model 240 nmol 1) of H,0, were formed due to the presence
of 10mgL~1 of PS in the MQ water (Fig. 1). The 4®>
A simple kinetic model to describe the concentrations of concentrations in all samples increased linearly during the
Fe(ll), Fe(lll), G, , and KOz in experiment 3 was developed experiment, when the samples were illuminated.,OR
on the basis of Weber et al. (2007), similar also to Meunier etformation rates were calculated by fitting a straight line
al. (2005) or Rose and Waite (2003c). Processes included ito the data points and force it through the initiab®b
the model are listed in Table 1, together with the assumed ratgalue atr = 0min (-2=0.974-0.995). Gum xanthan led
constants for the reactions. Model integrations were done irnto the highest photochemical production of®} followed
Matlab, using a variable order integration method for stiff by carrageenan and laminarin, which can be explained by
differential equations. The model contains three parametergheir different absorptivity atc 400nm (Fig. 2). The ad-
that we treat as unknown and that were determined by fittingdition of laminarin led to a net formation rate of,8, of
the model output to the observed concentrations of Fe(ll) and®2.0 nmol L1 h~—1, which was twice as high as that for pure
H»0,, namely the production rate of superoxide from the in- MQ water (12.1 nmol £ h~—1). The HO, formation during
teraction of PS (or more general colored dissolved organidllumination of the pure MQ water was probably due to or-
matter) with light,kcqom the effective photoreduction rate of ganic matter leaching from the resin cartridge of the MQ sys-
Fe(lll) to Fe(ll), kreq, and the reduction rate of Fe(lll) by su- tem. However, the DOC concentration in the MQ water was
peroxide,kro. As in Meunier et al. (Meunier et al., 2005) <« 10umolL=1. H,0, formation rates of 36.6 nmolt: h—1
we do not distinguish between different forms (organically and 42.0 nmol £* h—! were measured in samples with added
complexed or not) of Fe(lll), allowing however Fe(lll) to be carrageenan and gum xanthan, respectively. The photo-
complexed, possibly reducing its effective reaction rate withchemical production of b0, was thus 3—4 times higher in

Biogeosciences, 7, 10949 2010 www.biogeosciences.net/7/109/2010/



S. Steigenberger et al.: The role of polysaccharides and diatom exudates 113

the presence of carrageenan and gum xanthan compared 1.0
pure MQ water. HO, formation rates of similar magni- _—
tude have been reported by Cooper et al. (1988) and Millel &
et al. (1995) in natural seawater samples. The main chem'»
ical and structural differences between the molecules ofz os -
these three PS are that laminarin has a linear structure ¢
linked glucose monosaccharide units, carrageenan has sLs o 1
phur containing groups and gum xanthan has a branche§
structure incorporating uronic acid groups. Most important, & , |
however, are the differences in the absorbance of these P §
at wavelengths<400nm (Fig. 2). The PS concentration
used in our experiment is equivalent to about 4 mg bor-
ganic carbon leading to normalise®, generation rates )
of 5.2nmol L1 (mg C)fl h—1 (laminarin), 9.1 (carrageenan) 100 200 300 400 500 600 700 800

and 10.9 (gum xanthan). These values are up to 29 time wavelength [nm]

higher than the rate of 0.38 nmotL (mg C) 1 h—! reported

by Price et al. (1998) for the- 8000 Da fraction of natural Fig. 2. Absorbance spectra of laminarin (dashed line), carrageenan
DOM in the Western Mediterranean even though the light(dotted line), gum xanthan (solid line) dissolved in MQ water and
sources used in our study typically produced only 25% offiltered through 0.2 um membranes. Absorbances were normalised
the UVB radiation 39% of UVA and 1% of PAR of the calcu- 10 1gL~* concentration and 1 cm pathlength.

lated natural irradiance found in midday summer sun in the
Mediterranean (Zepp and Cline, 1977). The PS in our study 300
caused strong photogeneration ¢gf®} even under low light
exposure probably due to the absence of peroxide destructio 2
processes such as enzymatic decomposition,@,HMof-

fett and Zafiriou, 1990). Reported photochemical produc- oo |
tion rates of HOo in the Atlantic Ocean and Antarctic wa- =

ters are much lower than those reported here, and range froi= 5, |
2.1t0 9.6 nmol 1 h~1 (Gerringa et al., 2004; Obernosterer, 5
2000; Yocis et al., 2000; Yuan and Shiller, 2001). Gerringa et
al. (2004) calculated a net production rate of 7 nnmoth—1

at irradiance levels of 2.8 (UVB), 43 (UVA) and 346 Wth
(VIS/PAR) in 0.2 um filtered water from the eastern Atlantic
close to the Equator. These low rates are presumably du . .
to lower DOC concentrations and higher decay rates due tc 0 500 1000 1500 2000 2500 3000 3500
colloids or enzymatic activity in natural waters (Moffett and time [s]

Zafiriou, 1990; Petasne and Zika, 1997). Given tha©h

plays an important role in the Fe redox-chemistry, our exper-ig. 3. Dark oxidation of 218 nmol t1 Fe(ll) in natural SW (filled
iments suggest that PS may have a significant indirect effectircles) and natural SW with PS added. Model results of oxida-

on Fe redox-speciation due to the enhanced photochemicdibn of Fe (Il) under @ saturation (dotted line) and in the presence
production of HO5. of 5nmol L1 H,0, (solid line) at pH 8.4,5=34.1, 18 C are also
shown.

o

.8 1

0.0 1

normal

a

0 -

100 4

3.2 Experiment 2: effect of gum xanthan on the

oxidation of Fe(ll) in the dark 25 for the ambient O, concentrations (270 nM) and 82 s

under Q saturation. These theoretical values can be com-

Changes in the rate of Fe(ll) oxidation upon addition of gumpared to measured Fe(ll) half-life values of 42s (UVSW)
xanthan were small, both in the natural SW and the UvVSwand 35s (UVSW+PS). The measured values more closely re-
samples when there was no illumination (Figs. 3 and 4).semble the theoretical values under the ambiex@4tondi-
However, the oxidation of Fe(ll) in the natural SW samplestions. This indicates that the high,B; concentrations (due
(with or without gum xanthan) (Fig. 3) was much slower than to prior removal of organic matter by UV photooxidation)
that in the respective UVSW samples (Fig. 4). Half-life val- had a stronger/faster oxidizing effect on Fe(ll) than the dis-
ues and oxidation rates of Fe(ll) in low-organic seawater bysolved Q in the samples.
H20, and oxygen can be calculated according to Millero and  For the natural SW sample the theoretical half-life of 43 s
Sotolongo (1989) and Millero et al. (1987) respectively. Un- under Q saturation does not fit the measured data well.
der our experimental conditions the calculated half-life wasThe half-life of Fe(ll) in the natural SW sample (Fig. 3)

www.biogeosciences.net/7/109/2010/ Biogeosciences, 7,11@32010
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300
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Fig. 4. Dark oxidation of 230 nmolE1 Fe(ll) in UVSW (filled Fig. 5. Oxidation of Fe(ll) in pure UVSW (triangles) and in UVSW
circles) and UVSW with PS added (open circles). Model results of with added diatom exudates (circles) (X2, S=34.2, Q saturated,
oxidation of Fe (1) under @saturation (dotted line) and in the pres- pH8.1, UVB=0.3WnT2, UVA=17.6 Wni 2, PAR=3.8WnT2).
ence of 270 nmol L1 H,0, (solid line) at pH 8.3,5=34.1, 17°C The dotted line shows the detection limit.

are also shown.

3.3 Experiment 3: effect of diatom exudates and UVA/B

was ~17 times (11.9min) and with PS addedl9 times radiation on the oxidation of Fe(ll) in seawater

(13.3min) longer than the theoretical value. The measured
data followed the exponential oxidation curve calculated for .. . .
the low H,O concentration (5 nM) of these samples whereasm.'t'a”y’ the_ half-llves_qf Fe(ll) in both treatments, thos_e
the high Q content seemed to not accelerate the measure&‘('th. and yvlthout addition (_)f_(_j|atom _exudates, was _qwte
oxidation of Fe(ll). similar (Fig. 5). For the initial 5min (300s) half lifes

The DOC content of the natural SW (97 umoft) was of 4.5+ 0.7 min and 4.@: 0.3 min, respectively were deter-

almost 10 times higher than that in the UVSW. The differ- mined for Fe(ll) in the UVSW without and with added di-

ence in Fe(ll) oxidation between the water types might there—atom exudates. These values are in the same range as pub-

fore be due to the stabilisation of Fe(ll) against oxidation by “I\/T'rl}ed vatluels (fgrggt an|_c|i Laan, 2002; Kulingl Etd?‘]]f-’ 1995;
natural occurring compounds of the natural SW (Miles and |tero ebatH treat )- N qwe\ller, Ia r_efgf“ aﬂ € t; ert'el?zcg
Brezonik, 1981; Rose and Waite, 2003a; Santana-Casiano %)e ween both freatments Is clearly visible atter abou s

al, 2000; Santana-Casiano et al,, 2004; Theis and Singec’elrg\]t'r:t)ié)nlgotr?t(ien:e\(/dsggc\:gg]soi% eei%%ifr?tig}g 'r:eea?c!zlirﬁgnt-he
1974). These resuilts show that the added gum xanthan Wac?etection limit after 20 min, whereas in UVSW with added

not a good model for natural occurring substances which StaEJIiatom exudates the Fe(ll) concentration remained at about
bilize Fe(ll) against oxidation. Initial bD> concentrations (11

also differed appreciably, with 5 nmoft H,0; in the natu- 30nmol L1 decreasing only very slightly with time. The
ral SW sample and 270 ,nmoi'E H,0O5 in the UVSW sam- photochemical effect of the exudates was therefore strong
ple. UV oxidation of the seawater during removal of nat- eno.ugh o .res_ult in a net stabilising ef_fect on Fe(ll) aftgr
ural DOC led to formation of bO,. We calculated Fe(ll) _7m|n, confirming results reported by R_ljker_\berg et al. (Ri-
oxidation rates due to £and HO, individually in our ex- jkenberg et _al., 2008) W_ho observed |rrad|ance_ dependent
periment to investigate if the differing rates could have beenphot_orgdustlo,p of Fe(I_II) in the presence of the dlatTdha-_
caused by differing initial RO, concentrations. From the Ie}ssmswa SP. ToFaI Iron (_:oncentratlons from thg bgglr)-
comparison between our measured and theoretically calc?'"Y apd Iend 0: Iih'? exp;nmeni did not change, indicating
lated values we conclude that a strong effect gOblon the no major 0SS O_ elrominhe sys_ em. ] ]

lifetime of Fe(ll) was observed but no obvious effect of gum ~ Differences in HO, production during the first hour
xanthan was found in this experiment conducted without ir-Of irradiation were significant between UVSW with and
radiation. The lower initial HO, concentrations in the nat- Without exudates. In the UVSW sample Vi"th added
ural SW sample (5 nmolt! H,0,; Fig. 3) compared to the diatom exudates 0, mcrefilsed by 33nmolt" (from
UVSW sample (270 nmolt! H,0,; Fig. 4) appears to be initially 4.6 to 37.6 nmol=+) over th.e course of an
the major cause for slower Fe(ll) oxidation, suggesting that?0ur, whereas in pure UVSW the increase was only

_1 s e —l .
H,0, mainly controls the oxidation of Fe(ll) in this system. © nmol L™= (from initially 4.3 to 9.7nmolL~).  This
indicates increased photochemical production ofObl
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Fig. 6. Flow diagram showing the parts of the Fe cycle used to 0% 500 1000 1500 2000 2500 3000 3500 4000
model our results of experiment 3. The numbers refer to the reac time [s]
tions listed in Table 1.

Fig. 7. Best curve fits of the concentration of Fe(ll) (black) and
H>0, (red) for experimental data of the oxidation of Fe(ll) in
in the presence of exudates. UVSW without exudatesUVSW with added diatom exudates (Experiment 3°€2pH 8.1,
contained 11 pmolt! DOC and no measurable total MS Plack diamonds show Fe(ll), red diamonds showGr). The
and PS, whereas UVSW mixed with exudatesRifaco- dashgd lines show respective model fits for FQ(II_) a@d)i_gi _These
dactvium tricornutumcontained~450 umol =X DOC. in- two different pqrameter sets belong.to.two distinct minima of the
Yy H ,
. 1 1 RMS (Table 2, lines 1a shown as solid line and 1b shown as dashed

cluding 0.4 mgglucose eq-1- (|.e: 13umolCLH) 'total line) model data difference.
MS and PS. The DOC- normalised,8, generation of
6.1 nmol L1 (mg C)! calculated from 1 h of irradiation of
UVSW with exudates indicates that laminarin-like diatom action of dissolved organic matter with ligltgon, the direct
exudates (Ford and Percival, 1965) lead to the photochemphotoreduction rate of Fe(lll) to Fe(llfeq, and the reduc-
ical production of HO,. However, the high DOC content tion rate of Fe(lll) by superoxidé;,. Outcomes of the fit are
suggests that there was also other organic matter contribushown in Table 2. Lines 1a and 1b show two different optimal
ing to the photo-production of #D,. sets of parameters, together with the corresponding minimal

Figure 6 and Table 1 show the part of the iron cycle that wevalue of the RMS difference between model and observations
think is relevant for our experiment. In pure oxygen contain- (weighted by the standard deviations in the data). These two
ing UVSW the added Fe(ll) was oxidized rapidly, but in the different parameter sets belong to two distinct minima of the
presence of diatom exudates either some production of Fe(IIRMS model data difference that both fit the measurements
occurred balancing Fe(ll) oxidation, or Fe(ll) was partly sta- about equally well (Fig. 7): Both fits reproduce the initial
bilized against oxidation through organic complexation. Asdecrease and the subsequent stabilization of the Fe(ll) con-
we have found no stabilizing effect of PS on Fe(lIl) concen-centration, but not the weak tendency in the latter half of
trations in the dark, we assume that the stabilization of Fe(ll)the measurements for a slow decrease in steady-state Fe(ll)
is due to a photoreductive process. Photoreduction can occugoncentration. The modelled accumulation gf@ in the
both directly, presumably as photoreduction of Fe(lll) (Re- medium is also nonlinear with a rapid initial increase fol-
action (R1) in Table 1) bound to some organic ligand con-lowed by stabilisation near the observed value after one hour.
tained in the exudates, and indirectly via a reaction of Fe(lll) Despite the very similar fit to the measurements, the two
with superoxide (Reaction R6) that is produced by a light-sets of optimized parameters belong to actually very differ-
reaction of dissolved organic matter (Reaction R2) (Fujii etent descriptions of the redox chemistry in the experiment
al., 2006; Garg et al., 2007a; Garg et al., 2007b; King et al.,(Fig. 6): The slightly better fit (line 1a in Table 2) has a rela-
1995; Rose and Waite, 2005; Rose and Waite, 2006; Voelkefively large direct photoreduction rate of (presumably organ-
and Sedlak, 1995; Waite et al., 2006). We used a numerically complexed) Fe(lll) kreq, @nd a relatively low produc-
ical model based on these assumptions to model the Fe(Iion rate of superoxide from the interaction of organic matter
and HO> concentrations in our experimental system. Thewith light, kcgom In this model the stabilization of Fe(ll)
initial concentrations for KO, and Fe(ll) in the model were s only achieved by direct photoreduction of Fe(lll), not
set at 4.6 nmol £ and 100 nmol £* respectively, all other  through the superoxide radical. However, this scenario re-
species were set to zero. quires an extremely low value of the reduction rate of Fe(lll)

We fitted the model to the observations of Fe(ll) andd by superoxidekro, on the order of 106 M~1s1 to repro-
by varying the production rate of superoxide from the inter- duce the observed accumulation of®». The reaction rate
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Table 2. Best-fit parameters for different optimisation experiments. Parameters that were prescribed rather than optimized are set in brackets.

Optimisation  kregs™3] kedomIMs™] ko [IMs™1]  logig(RMS)

la 1.75¢1073  9.20x10°12  1.47x10® 1.01
1b 1.33%10° 1.34x10°10  g856x106  1.12
2a (0.0) 13410710 857106  1.12
2b (1.0x1073)  6.22x10°11  3.63x10°  1.09
3a 151073  (0.0) 0.96<1073 1.18
3b 1761073 (1.0x107y  1.93x10* 1.01
4a 1741073  1.07x10°11  1.0x10° 1.01
4b 1561073 2.40x10°11  1.0x10° 1.04
4c 6.04<10714 1.43x10°10  1.0x10’ 1.20

of superoxide with uncomplexed Fe(lll) is k8B M~-1s1 duction of ferric iron (Fuijii et al., 2006; Garg et al., 2007a;
(Rose and Waite 2002), but can be lowered in natural wa-Garg et al., 2007b; King et al., 1995; Rose and Waite, 2005;
ters by a few orders of magnitude through organic complex-Rose and Waite, 2006; Voelker and Sedlak, 1995; Waite et
ation of Fe(lll) (Meunier et al., 2005). However, such a al., 2006) with a smaller contribution from direct photoreduc-
low reaction rate is highly improbable in our experimental tion of organically complexed Fe(lll). The formation rate of
setup, where Fe(lll) concentrations on the order of 80 nMsuperoxide was probably in the range betweggm= 1011

are unlikely to be fully complexed. Although they fit the and 1.5¢10-1°Ms~1 but a more precise determination can-
data slighly less well, we therefore think that the model pa-not be made, due to the uncertainty of the rates of direct pho-
rameters described in line 1b of Table 2 are a better descriptoreduction and of the reaction with superoxide and Fe(lll)
tion of the experiment. In this model fit, the stabilization of in our experimental setup.

Fe(ll) is not achieved by direct photoreduction of Fe(lll), but  Since the estimated laminarin concentration-dfmg L1
through the superoxide radical, which is produced at a rateynly accounts for~8% of the DOC content of this sam-
of kedom= 1.34x10-1°Ms~1. The estimate of the reaction ple it is not clear to what extend PS were responsible for
rate of Fe(lll) with superoxideko, is 8.56<1°PM~1s™1,  the photoreduction during this experiment. Some EDTA
between the values for uncomplexed iron (Rose and Waiteiconcentration of~1 pmol L~1) had inadvertently also been
2002) and those for predominantly complexed iron (Meunieradded with the diatom exudates, as it was part of the cul-
etal., 2005). ture media. However, photoreduction of iron from com-

To investigate how the estimate of the different ratesplexes with EDTA seemed to have had only a minor ef-
through our model fit are dependent on each other we perfect. Reported steady-state Fe(ll) concentrations due to pho-
formed a set of parameter estimates keeping one of the fittingoreduction of Fe(ll)EDTA complexes (Sunda and Hunts-
parameters at a fixed value, and optimizing only the otherman, 2003) are lower than the concentrations observed in
two. The results of these additional optimizations are sum-this study. The reaction quantum yield for the photochemical
marized in lines 2a to 4b in Table 2. Firstly, the optimal pa- degradation of Fe(Ill)EDTA increases strongly with decreas-
rameter values fall into two different classes correspondingng wavelength £ 400 nm) (Kari et al., 1995). The UV irra-
to the two results from the unconstrained optimization, with diances (Gehrmann, 1987) of the light source used by Sunda
either low values okcgom and unrealistically low values of and Huntsman (Vita-Lite, Duro Test) were 1.5 (UVB) to
kro, (1a and 3a, maybe 3b), or with high valuescgfom and 13.5 (UVA) times lower than in this study. We calculated the
values ofk;o beween those found by Rose and Waite (2002)concentration of all ferric-EDTA chelate species present in
and Meunier et al. (2005) (the rest). Secondly, the modelthe UVSW sample with exudates added to be 99.7 nméI L
results are also compatible with a higher direct photoreduc{MINEQL v3.0) resulting in a steady-state Fe(ll) concen-
tion ratekyeq, such as the value of 18s1 observed e.g. by tration of maximum 8.1 nmolt!. This accounts only for
Miller et al. (1995). Thirdly, the values df.gom in the sec-  27% of the observed 30 nmot which clearly shows a pro-
ond class of optimizations (1b, 2a, 2b, 3b, 3c, 4a, 4b and 4chounced effect of the added diatom exudates on the steady-
vary by more than an order of magnitude. state concentration of Fe(ll).

We would conclude from these results that the photochem- Steady-state concentrations of photochemical Fe(ll) are
ical formation of Fe(ll) is likely to be dominated by the light linearly related to the irradiation energy especially in the UV
induced (see absorbance spectra Fig. 2) formation of superange (Kuma et al., 1995; Laglera and Van den Berg, 2007;
oxide (DOM + hv — DOM*; DOM* + O, — DOM™ + Rijkenberg et al., 2005; Rijkenberg et al., 2006). In our study
O, and Fe(lll) + G — Fe(ll) + O) and the subsequent re- the light intensity was only 25% of the UVB radiation 39%
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