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Chapter 3 
 
The influence of UV irradiation on the photoreduction of iron in the 
Southern Ocean 
 
Micha J.A. Rijkenberg, Astrid C. Fischer, Koos J. Kroon, Loes, J.A. Gerringa, Klaas R. 
Timmermans, Bert Th. Wolterbeek, Hein J.W. de Baar 
 
Marine Chemistry 93 (2005) 119-129 
 
Abstract 
 

An iron enrichment experiment, EisenEx, was performed in the Atlantic sector of the 
Southern Ocean during the Antarctic spring of 2000. Deck-incubations of open ocean water 
were performed to investigate the influence of ultraviolet B (UVB: 280-315 nm) and 
ultraviolet A (UVA: 315-400 nm) on the speciation of iron in seawater, using an addition of 
the radio-isotopes 59Fe(III) (1.25 nM) or 55Fe(III) (0.5 nM). Seawater was sampled inside and 
outside the iron enriched region. The radio-isotopic Fe(II) concentration was monitored 
during daylight under three different light conditions: the full solar spectrum (total), total 
minus UVB and total minus UVB + UVA. A distinct diel cycle was observed with a clear 
distinction between the three different light regimes. A clear linear relationship was found for 
the concentration of radio-isotopic Fe(II) versus irradiance. UVB produced most of the Fe(II) 
followed by UVA and visible light (VIS: 400-700 nm), respectively. UVB produced 4.89 and 
0.69 pM m2 W-1 radio-isotopic Fe(II) followed by UVA with 0.33 and 0.10 pM m2 W-1 radio-
isotopic Fe(II) and VIS with 0.04 and 0.03 pM m2 W-1 radio-isotopic Fe(II). 
 
1. Introduction 
 

Phytoplankton growth in the Southern Ocean, known as a High Nutrient Low 
Chlorophyll (HNLC) region, is limited strongly by iron availability (de Baar et al., 1990; 
Martin et al., 1990) and light (Mitchell et al., 1991; Nelson and Smith, 1991). In addition, the 
phytoplankton have to deal with increasing levels of UVB radiation in spring, caused by 
reduction in stratospheric ozone concentration over the Antarctic (Frederick and Snell, 1988; 
Solomon, 1990).  

It has been established that UVB can penetrate to 60 m depth in the Southern Ocean 
during the spring ozone-depletion cycle (Smith et al., 1992). Biological effects of enhanced 
UVB, detected to maximum depths of 20-30 m (Karentz and Lutze, 1990; Smith et al., 1992), 
negatively affect the marine Antarctic primary producers. It has been demonstrated that 
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enhanced UVB increases photoinhibition (Neale et al., 1998), by decreasing photosystem II 
efficiency (Schofield, 1995), and  modifying the RUBISCO pool (Lesser et al., 1996). Also 
much information is available on UVB-related accumulation of DNA damage, as 
demonstrated by the formation of cyclobutane pyrimidine dimers (CPD) in marine 
phytoplankton (Buma et al., 1996; Buma et al., 2001). However, the negative effects of UVB 
radiation on primary production may be outweighed by its potential positive effect of 
releasing sequestered Fe(III) and increasing the Fe(II) concentration in iron limited 
environments. 

Iron(III) has a very low solubility in seawater (Millero, 1998; Liu and Millero, 2002) 
and rapidly becomes hydrolyzed into various iron(III) oxyhydroxides. 99% of the iron in the 
ocean is organically complexed (van den Berg, 1995) increasing the solubility of iron (Kuma 
et al., 1996). Iron(III) is the dominant redox species in natural oxygenated waters, while 
iron(II), although better soluble at seawater pH, becomes rapidly oxidized by O2 and H2O2 
(Millero et al., 1987; Millero and Izaguirre, 1989; Millero and Sotolongo, 1989; King et al., 
1991; King et al., 1995; King, 1998). 

The redox-cycle of iron initiated by photochemical processes is mentioned as an 
important mechanism by which (colloidal) iron is converted in more reactive iron species 
(defined by the method applied) resulting in a higher bioavailability to phytoplankton (Wells 
and Mayer, 1991; Johnson et al., 1994; Miller and Kester, 1994). Furthermore, Fe(II) is 
expected to be a bioavailable species (Takeda and Kamatani, 1989).  

Much evidence exists that light is responsible for photo-reduction of iron in seawater 
(Hong and Kester, 1986; O'Sullivan et al., 1991; Johnson et al., 1994). For example, Rich and 
Morel (1990) have shown that light with wavelengths less then 560 nm can photo-reduce 
iron. Correspondingly, Wells et al. (1991) have observed increasing lability of colloidal iron 
in seawater, with a spectral dependency that generally increases with decreasing wavelength. 
Furthermore, Waite et al. (1995) have found that the concentration of Fe(II) can be strongly 
related to the light intensity. Kuma et al. (1992) investigated the increase in photochemical 
reduction of Fe(III) in the presence of hydrocarboxylic acids under UV irradiance, e.g. 
hydrolytic products of phytoplankton as glucuronic acid (Parsons, 1961). Glucuronic acid is 
able to aid the photo-reduction of Fe(III) in sunlight. 
 Photoreduction was the most likely candidate mechanism to explain the high Fe(II) 
concentrations during the iron enrichment experiment SOIREE. Suggested maximal 
photoreduction rates at 20 m depth were as high as 370 pM hr-1, despite cloudy skies (Croot 
et al., 2001). The present study investigates the role of UVB and UVA in driving the Fe 
redox-cycle during the in situ iron enrichment experiment EisenEx (Gervais et al., 2002) in 
the Southern Ocean. A combination of iron isotopes and ferrozine preloaded C-18 SepPak 
cartridges was used to detect very small quantities of iron(II) (King et al., 1991; Fischer et al., 
2004). 
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2. Experimental 
 
2.1 Experiments 
 

Surface seawater (pH = 7.94, 4ºC) was pumped into an over-pressurized class 100 
clean air container using a Teflon diaphragm pump (Almatec A-15, Germany) driven by a 
compressor (Jun-Air, Denmark, model 600-4B) connected via acid-washed braided PVC 
tubing to a torpedo towed at approximately 5 m alongside the ship. The seawater was filtered 
in-line by a (Sartorius Sartobran filter capsule 5231307H8) with a cut-off of 0.2 �m.  

Seawater was sampled inside and outside the iron enriched patch. The iron enriched 
patch was situated in a cyclonic eddy of approximately 150 km diameter, separated from the 
Antarctic Polar Front (APF) by detachment of a northward protruding meander. Due to its 
origin, the eddy contained in its centre reasonably high concentrations of macro-nutrients 
([Si] = 14 �M, [NO3] = 23 �M, [PO4] = 1.65 �M, as measured during the North-South 
transect (Hartmann et al., 2001)) typical of the southern APF side (Strass et al., 2001).  

The seawater for experiment I was sampled inside the iron enriched region at ~ 
47°59’08 S, and 20°50’65 E, 11 November 2000 and contained a concentration of 3.83 nM 
dissolved iron. 59Fe(III)Cl3 (Isotope Products Laboratory, BLASEG GmbH, Waldburg, 
Germany; half-life of 44.5 days, emitting both β (0.5 and 1.6 MeV) and γ- rays (1.1 and 1.2 
MeV )) in 0.1 M HCl was added to a concentration of 1.25 nM to the seawater. It was 
incubated under sunny conditions (detailed information about irradiance can be found in 
Figure 2). 

Seawater for experiment II was sampled outside the iron enriched patch but within the 
eddy region at ~ 47°42’79 S and 21°03’22 E, 25 November 2000 and contained 0.852 nM 
dissolved iron. 55Fe(III)Cl3 (Isotope Products Laboratory, BLASEG GmbH, Waldburg, 
Germany; half-life of 2.7 years, 55Fe decays via electron capture emitting röntgen radiation 
with an energy of 4.7 KeV) in 0.1 M HCl was added to this sample at a concentration of 0.5 
nM. This seawater was incubated under cloudy conditions (detailed information about 
irradiance can be found in Figure 2).  

For both experiments sampling started in the dark, 1:45 am local time. Experiment I 
had to be stopped before dark because of a storm. Experiment II ended in the dark, 21:45 
local time.  

The choice of the concentrations of radio-isotopic iron used in the experiments was 
based on the detection limit of the gamma counter (3x3 Scionix NaI(Ti) crystal with a Tracor  
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Figure 1. Transmittance spectra for UV transparent PMMA (�), the glass filter (- - -), and UV-
opaque PMMA ( 

�  -  � ) in % transmittance. 

 
Northern TN-7200 Pulse Height Analyser) on board of the ship and the liquid scintillation 
counter (Packard Tri-carb 2750 TR/LL liquid scintillation counter). For experiment I the 
isotope 59Fe was used, thereby allowing measurement of the samples of the first experiment 
on board of the ship. For the second experiment, II, the isotope 55Fe was used which made it 
possible to use a lower concentration Fe. These samples were measured after the cruise at the 
Interfaculty Reactor Institute, Delft University of Technology, The Netherlands.  

The incubations were performed using acid cleaned 2 liter polymethylmethacrylate 
(PMMA) bottles and PMMA incubators (Steeneken et al., 1995). PMMA has a 50% light cut-
off at 290 nm (Figure 1). The light conditions were accomplished using a glass filter with a 
50% cut-off at 330 nm and a UV-opaque PMMA filter with a 50% cut-off at 380 nm (Figure 
1). The wavelength regions as mentioned in this paper are defined by the experimental set-up. 
Consequently, UVB is the wavelength region 290-330 nm, UVA is 330-380 nm and VIS is 
380-700 nm (Figure 1), although the definitions, as proposed by ISO International Standard 
(ISO/CD 21348), are UVB 280-315 nm, UVA 315-400 nm and VIS 400-700 nm.  
  The bottles were pre-equilibrated overnight with seawater. The incubation bottles 
were kept at a constant ambient temperature of 4°C using running seawater from the ship’s 
pumping system. 
 
2.2 Sampling and measurements 
 

For the determination of Fe(II) concentrations an extracting column method described 
by King et al. (1991) modified by Fischer et al. (submitted) was used. In short, a SepPak 
C-18 cartridge was preloaded with ferrozine (Acros). Samples were taken directly online 
from the PMMA bottles. Tygon tubing was connected to the PMMA bottle and with a 
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peristaltic pump 40 ml sample was pumped in 15 minutes (flow-rate of 2.7 ml min-1) over the 
ferrozine loaded C-18 SepPak cartridge (Waters). The Fe(II) fraction was retained as 
Fe(ferrozine)3 complexes on the column.  

The Fe(ferrozine)3 complex was eluted from the C-18 SepPak with 10 ml methanol 
(Baker, analytical grade) after rinsing the column with 5 ml 0.1 M NaCl (Baker, analytical 
grade)-0.005 M NaHCO3 (Baker, analytical grade) (pH = 8) to remove the sea salts and make 
the samples ready for measurement.  
 
2.3 Light measurements 
 

UVB and UVA were measured by a non-scanning diode array spectroradiometer 
developed at the “Alfred Wegener Institute für Polar und Meeresforschung” (AWI) in 
Bremerhaven (Groß et al., 2001; Hanken and Tueg, 2002). The non-scanning diode array 
spectroradiometer was situated at the observatory deck above the bridge. VIS was measured 
using a LI-COR 192SA cosine quantum sensor. The LI-COR was situated near the 
experimental set up on the helicopter deck. Both instruments were calibrated separately. 
 
2.4 Absorption spectra 
 

Seawater samples were taken before the addition of radio-isotopic iron and frozen at -
20°C. Prior to measurement the seawater samples were thawed at 4°C and left to warm up to 
room temperature. The samples were kept in a light tight bag throughout. The absorption 
spectra were taken using a Cary 300 UV-VIS double beam spectrophotometer (Varian) and a 
10 cm quartz cuvet. 18.2 MΩ nanopure water was used as blank. 
 
3. Results and discussion 
 
3.1 Radio-isotopic Fe speciation 
 

The concentration of dissolved iron was higher than the concentration of dissolved 
organic ligands (Table 1) in the seawater sampled inside the patch (Exp. I, 11th of November) 
(Boye et al., in press). This resulted in the saturation of the assemblage of organic Fe 
complexing ligands with iron. Considering the solubility of Fe(III) oxyhydroxides, which is 
0.07 nM in seawater of 4°C (pH = 8, S = 36) (Liu and Millero, 1999), addition of radio- 
isotopic Fe(III) in concentrations above the solubility of Fe(III) oxyhydroxides resulted in the 
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Table 1. Data on the organic complexation of Fe (Boye, in preparation; Boye et al., in press) 
resembling the seawater as used during experiment I and II. 

date Out-/inside Fe 

enriched patch 

Depth (m) Dissolved 

[L] (nM) 

Log K’ Dissolved [Fe] 

(nM) 

11 November Inside 20 1.61 22.34 2.62 

25 November Outside 50 0.86 21.74 0.11 

 
formation of amorphous iron hydroxides. The difference in the concentration dissolved iron 
determined by Boye et al. (in press) (Table 1) and the seawater sample of experiment I is 
caused by variation of the dissolved Fe concentration in time and space within the iron 
enriched patch. 

Complexation characteristics of the seawater sample used for experiment II (outside 
the iron enriched patch) were taken from data of 25 November (Boye, in preparation). The 
dissolved Fe concentration was 0.11 nM, much lower than the concentration iron of the 
seawater used in experiment II (0.85 nM). Comparing the concentration of dissolved ligands, 
0.86 nM, with the concentration dissolved Fe of 0.85 nM led us to assume that the added 
radio-isotopic Fe(III) mainly formed amorphous iron hydroxides. 

The time between the addition of the radio-isotopic iron and the first sampling in the 
dark was between 1.5 and 2 hours, sufficient time for the inorganic radio-isotopic iron to 
reach a steady state in the formation of amorphous iron hydroxides. Laboratory experiments 
in seawater show that with an addition of Fe(III) to seawater (50 nM) the formation of 
amorphous iron hydroxides reaches a steady state within 1.5 hours (see Chapter 5).  

The radio-isotopic Fe could not reach equilibrium with “cold” (non-radioactive) Fe in 
the organic complexes before the first sampling time in the dark. Since the conditional 
stability constant of the assemblage of dissolved organic complexes is high (K’ = 1022, Table 
1), the exchange between “cold” and radio-isotopic iron on the organic complex is depending 
on the dissociation rate constant (kd) of the complex. Dissociation rate constants in the 
Northwest Atlantic and the Arabian sea for FeL complexes vary by a factor of 400 and range 
in value between 0.10 and 39.2 x 10-6 s-1 (Witter et al., 2000). Using the average of the values 
reported by (Witter et al., 2000), a value of kd = 6.5 x 10-6 ± 10 x 10-6 s-1, the half-life of 
dissolved inorganic iron (Fe’) in seawater (Witter et al., 2000) can be calculated using the 
formula: 
 

     
dk

t
693.0

2/1 =      (1) 

 
T½ is then 29.6 hours.  
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Assuming that all dissolved inorganic iron (radio-isotopic Fe and “cold” Fe) is equally 
available for exchange with ligand sites, it is the proportion of inorganic radio-isotopic Fe 
compared to inorganic “cold” Fe determining the increase of radio-isotopic FeL. The increase 
of radio-isotopic FeL in experiment I would then be 2.7 10-6 nM s-1 59FeL and in experiment 
II 2.8 10-6 nM s-1 55FeL. 

It’s not sure whether the radio-isotopic Fe(II) formed during the experiments 
originates from dissolved inorganic Fe, organically complexed iron or from both Fe species. 
Barbeau et al. (2001) observed photochemical reactions resulting in Fe(II) production 
involving Fe(III) bound to marine siderophores. Although certain siderophores may be photo-
degradable (Barbeau et al., 2003), none of the depth profiles of Fe chelators reported thus far 
(Gledhill and van den Berg, 1994; Rue and Bruland, 1995; Wu and Luther, 1995) exhibited 
shallow mixed layer minima or any other features which would suggest a 
surface/photochemical sink (Moffett, 2001). It is known that inorganic Fe oxyhydroxides; 
e.g. ferrihydrite, goethite, lepidocrocite, hematite and amorphous iron hydroxides (Waite and 
Morel, 1984a; Wells and Mayer, 1991; Sulzberger and Laubscher, 1995) are photoreactive 
and participating in photolytic electron reactions with organic electron donors such as 
carboxylic acids, thiols, and alcohols (Stramel and Thomas, 1986; Waite et al., 1986; 
Cunningham et al., 1988; Siffert and Sulzberger, 1991). The nature of these organic 
molecules in the open ocean is not known, but they can be dissolved humic matter containing 
Fe binding functional groups, the remains of cell lysis or siderophores.  

Processes resulting in the reduction of the added radio-isotopic Fe which formed 
amorphous iron hydroxides containing organic electron donors were probably direct ligand-
to-metal charge transfer (Waite and Morel, 1984b) and reduction by secondary photolysis 
products as the photo-produced superoxide radical (Voelker and Sedlak, 1995). 
 
3.2 The diel cycle of Fe(II) production 
 

A distinct diel cycle of Fe(II) production was obtained in open Antarctic ocean water 
for both experiments (Figure 2 a,   b). The concentration Fe(II) is strongly dependent on light 
intensity with the maximum concentration observed at peak light intensity. The diel cycle, 
although clearly present under all spectral conditions, was more pronounced when UVB and 
UVA were included in the offered light spectrum. These findings are in line with those of 
Emmenegger et al. (2001) for Swiss mountain lake waters. Diel cycles showing the 
photoreactivity of iron in seawater (Hong and Kester, 1986; Waite et al., 1995), in mineral 
particles suspended in the atmosphere (Zhu et al., 1997) and in lakes and streams (McMahon, 
1969; Kimball et al., 1992; Emmenegger et al., 2001) have been observed before. No studies  
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Figure 2. The diel cycle for the concentration radio-isotopic Fe(II) (pM) under three different light 
conditions, UVB+UVA+VIS (�), UVA+VIS (∆) and VIS (�) and the light intensities (W m-2) of 
UVB (x10) (), UVA (�) and VIS (�). (A) experiment I, (B) experiment II. Experiment I, sunrise 
was at ~ 5:05 am and sunset at ~ 19:25 local time, 12th of November 2000. Experiment II, sunrise was 
at ~ 4:45 am and sunset at ~ 20:05 local time, 26th of November 2000. 
 
have been performed using different wavelength ranges to study the result of natural UVB 
and UVA irradiance on the diel cycle of Fe(II) production in open oceanic waters. 
 
3.3 The linear relationship between the radio-isotopic Fe(II) concentration and irradiance 

 
A clear linear relationship consisted between Fe(II) concentrations and the light 

intensities of the different light spectra offered (Figure 3 a, b and c) although, the data points  
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Figure 3. The concentration 59Fe(II) (pM) for experiment I (�), experiment I zenith hour (�) and the 
concentration 55Fe(II) (pM) for experiment II (�) versus irradiance (W m-2): (A) the radio-isotopic 
Fe(II) concentration due to UVB+UVA+VIS versus the irradiance between 290-700 nm (Exp. I: y = 
0.16 x + 5.93, R2

I = 0.981; Exp. II: y = 0.045 x + 1.78, R2
II = 0.919), (b.) the radio-isotopic Fe(II) 

concentration due to UVA+VIS versus the irradiance between 330-700 nm (Exp. I: y = 0.066 x + 
5.88, R2

I = 0.850; Exp. II: y = 0.036 x + 1.68, R2
II = 0.929), and (c.) the Fe(II) concentration due to 

VIS versus the irradiance between 380-700 nm (Exp. I: y = 0.039 x + 6.16, R2
I = 1.00; Exp. II: y = 

0.029 x + 1.86, R2
II = 0.873). 
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at Zenith hour of experiment I do not fit this linear relationship. Several reasons are proposed 
to explain the non-linearity at that high light intensity. It could be caused by a counter 
reaction, e.g. increasing hydrogen peroxide levels, due to the sudden transition from low-light 
to high-light conditions before noon, or by a limiting reactant.  

The concentration Fe(II) as determined is the result of competing kinetics of reduction 
and oxidation. Light is, directly or indirectly, important for the reduction of Fe. A photo-
induced increase in the concentration of hydrogen peroxide would cause an increase in the 
oxidation rate causing thus a net decrease in Fe(II) production. The last data-points of the 
three light conditions of experiment I clearly fit the linear relationship (Figure 3 a, b, c). This 
suggests that the hydrogen peroxide concentration decreases with decreasing irradiance. 
However, although photochemical production rates of H2O2 determined in the Atlantic Ocean 
and Antarctic waters ranged between 2.1 and 9.6 nM h-1  (Obernosterer, 2000; Yocis et al., 
2000; Yuan and Shiller, 2001; Gerringa et al., 2004 and Chapter 2), H2O2 concentrations will 
not decrease until after sunset (Plane et al., 1987; Johnson et al., 1989).  Furthermore, the 
linearity of the Fe(II) concentrations versus the irradiance itself seems to predict that the 
oxidation process remains constant during the experiments. 

The sudden transition from low-light to high-light conditions, 1 hour before noon 
(Figure 2 a), cannot explain the lower than expected Fe(II) concentration with regard to the 
linear relation between concentration Fe(II) and irradiance. A laboratory experiment showed 
an initial photo-production rate of Fe(II) of 1.83 nM s-1. This photo-production rate resulted 
from an addition of 10 nM Fe(III), 12 hours before the start of the experiment, forming 
amorphous iron hydroxides in Southern Ocean seawater (pH = 8, 4˚C, 0.352 W/m2 UVB, 
2.15 W/m2 UVA and 1.93 W/m2 VIS). This rate of Fe(II) production in combination with a 
half-life of ~ 90 minutes for the oxidation of Fe(II) (pH of 8, ~ 4˚C) (Croot and Laan, 2002) 
reveals that an hour is enough time for the Fe redox cycle to adapt to higher light conditions. 

Another explanation is a limited amount of a chromophoric iron species. Fe 
photoreduction, during a diel cycle, limited by available chromophoric iron species has been 
observed before in an acidic stream (Kimball et al., 1992). Similarly, Wells and Mayer (1991) 
found that the photoconversion rates diminished with continued irradiation when ferrihydrite 
was irradiated. Waite and Morel (1984c) found the same decrease in the photodissolution rate 
of lepidocrocite, even with an excess of the chromophore citrate indicating that other factors 
than organic chromophores influenced this process. Wells and Mayer (1991) suggested a 
number of possible reasons for the decreasing photolysis rate with time: i) photolysis could 
become inhibited if residues from the photo-oxidation of chromophores accumulated on 
colloid surfaces over time, thereby influencing active sites against further photoreaction, ii) 
the retention of photoreduced Fe(II) at the surface, or the rapid resorption of the re-oxidized 
Fe(III) species back onto the original surface. In either case, a shell of rapid-cycling Fe might  
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Figure 4. Absorption spectra of the seawater used for experiment I ( ) and experiment II ( ). 

 
form on the oxyhydroxide surface upon prolonged photolysis, iii) progressive photochemical 
alterations of the oxyhydroxide surface would decrease its charge trapping efficiency. 
Possibly that these processes limit the amount of available chromophoric iron species for 
photoreduction. Furthermore, indirect photo-induced reduction of Fe could be limited by a 
limited superoxide production due to low concentrations of CDOM (Micinski et al., 1993) in 
the Southern Ocean seawater. The CDOM concentrations, shown as absorption coefficients at 
375 nm, are 0.14 m-1 for the seawater (inside patch) used in experiment I and 0.05 m-1 for the 
seawater (outside patch) used in experiment II (Figure 4). The absorption coefficients fall 
within the low range (0.05-0.3 m-1 at 375 nm) found for oceanic waters (Bricaud et al., 1981). 
Possibly a concentration CDOM as low as found in the Southern Ocean seawater used for 
these experiments limits the formation of photo-produced superoxide. If the direct and/or 
indirect photoreduction of the Fe is limited by the presence of chromophoric Fe species 
and/or the Fe reducing superoxide, it results in a concentration Fe(II) at noon which is non-
linear with regard to the linear relation between concentration Fe(II) and irradiance. 
 
3.4 Wavelength range dependent photoreduction of Fe 

 
The quantum yield of the Fe(II) production (mole product/ mole photons absorbed) 

could not be determined because we have no knowledge of the nature, concentrations and 
molar absorption coefficients of the reactive Fe(III) species. So, to investigate the influence 
of UVB, UVA and VIS wavelength regions on the photoreduction of iron, the difference in 
Fe(II) concentration for each sample point in time between the data resulting from 
incubations receiving different wavelength regions was determined, according to:  
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and displayed against the irradiance of the responsible wavelength region (Figure 5 a, b, c). 
This treatment of the data resulted in some negative values for the difference in radio-isotopic 
Fe(II) concentration between two different light treatments (Figure 5 a, b, c). These negative 
values are generated by variation in the radio-isotopic Fe(II) concentration possibly caused by 
differences in Fe speciation between the three light treatments and by variation in the 
analytical method. For example, the first point sampled in the dark, a condition similar for the 
three light treatments, resulted in an average radio-isotopic Fe(II) concentration of 5.85 ± 
0.74 pM for experiment I and 1.36 ± 0.18 pM for experiment II. 

There are a number of possible reasons why the photo-production of Fe(II) per Wm-2 
in experiment I was higher than in experiment II (Figure 5, a, b, c, Table 2). Firstly, the 
concentration radio-isotopic iron was higher in experiment I possibly resulting in a higher 
concentration of photo-reactive iron. Secondly, the CDOM concentration in experiment I 
(inside the iron enriched patch) was higher than in the seawater of experiment II (outside the 
iron enriched patch). CDOM plays a central and yet poorly understood role in the light-
induced production of Fe(II) in surface waters (Emmenegger et al., 2001), either by providing 
photo-sensitive iron binding organic compounds to form photo-reactive iron complexes 
(Kuma, 1992) or by acting as a source of superoxide (Micinski et al., 1993). Micinski et al. 
(1993) found that the production of superoxide is proportional to the absorption coefficient at 
300 nm of seawater containing terrestrially derived coloured organic matter. The absorbance 
of the seawater at 300 nm used in Experiment I was 2.6 times the absorbance of the seawater 
at 300 nm in experiment II (Figure 4). This implies that, when applied to total oceanic 
CDOM, more superoxide was produced in experiment I, reducing more Fe.  
 

Table 2. The capability of UVB, UVA and VIS to photo-produce radio-isotopic Fe(II) (pM 55,59Fe(II)/ 
Wm-2). 

 Experiment I Experiment II 
Light 
range 

pM 59Fe(II)/ 
Wm-2 

R2 pM 55Fe(II)/ 
Wm-2 

R2 

UVB 4.89 0.999 0.69 0.505 
UVA 0.33 0.770 0.10 0.689 
VIS 0.04 0.844 0.03 0.873 
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Figure 5. The concentration radio-isotopic Fe(II) (pM) produced due to UVB, UVA and VIS versus 
irradiance (W m-2), during experiment I (�) and experiment II (�): (A) �[55,59Fe(II)]UVB 
([55,59Fe(II)]UVB+UVA+VIS – [55,59Fe(II)]UVA+VIS) versus UVB irradiance (Exp. I: y = 4.89 x + 1.32, R2

I = 
0.999; Exp. II: y = 0.69 x + 0.18, R2

II = 0.505), (B) �[55,59Fe(II)]UVA ([55,59Fe(II)]UVA+VIS – 
[55,59Fe(II)]VIS) versus UVA irradiance (Exp. I: y = 0.33 x – 0.63, R2

I = 0.770; Exp. II: y = 0.10 x – 
0.23, R2

II = 0.689), and (C) �[55,59Fe(II)]VIS ([55,59Fe(II)]VIS – [55,59Fe(II)]VIS, first point in the dark) versus VIS 
irradiance (Exp. I: y = 0.04 x – 0.26, R2

I = 0.844; Exp. II y = 0.03 x + 0.35, R2
II = 0.873). 
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4. Summary and conclusions 
 
Incubations of open ocean seawater showed a distinct diel cycle in iron 

photoreduction under the three different light conditions. Fe(II) production was highest for 
the incubation receiving the full solar spectrum, followed by the full solar spectrum minus 
UVB and the full solar spectrum minus UVB and UVA respectively. UVB is clearly 
responsible for the highest concentrations of Fe(II).  

These results indicate that UV has a very important role in the chemical speciation of 
iron in seawater. Wells and Mayer (1991), Johnson et al. (1994) and Miller and Kester (1994) 
already reported that the redox-cycle of iron induced by light formed a more reactive species 
of iron.  

Our experiments show that the UV part of the solar spectrum plays a major role in the 
photoreduction of iron, suggesting that any increases in UV could induce the formation of 
Fe(II) resulting after oxidation in a more reactive iron species. In turn this will increase the 
retention time and the bioavailability of iron in the euphotic zone during springtime when the 
Southern Ocean is subject to ozone depletion. This might be especially important when fresh 
iron is added in large quantities to the ocean, e.g. during a dust event. Moreover, it might 
influence the reactions taking place after an artificial iron enrichment experiment as EisenEx.   
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