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Redox cycling of iron in natural seawater is an important process that can affect iron availability to marine
phytoplankton. In this work, luminol chemiluminescence was used to measure picomolar Fe(II) oxidation
rate constants in continental shelf waters and oceanic surface (upper 200 m) waters of the iron-limited east-
ern subarctic Pacific. In both cases, Fe(II) oxidation rate constants were faster within the chlorophyll maxi-
mum than in UV oxidized seawater (UVOS), while rate constants were comparable to UVOS rate constants
in waters from below the mixed layer. The larger Fe(II) oxidation rate constants in surface waters converged
with UVOS rate constants upon stepwise additions of either Fe(II) or Fe(III), while Fe titrations did not affect
Fe(II) oxidation rate constants in waters from below the mixed layer. Direct measurements of hydrogen per-
oxide, a common Fe(II) oxidant in surface waters, do not explain the high Fe(II) oxidation rate constants. We
hypothesize that excess concentrations of strong Fe(III)-complexing organic ligands measured in surface sea-
water increase Fe(II) oxidation, and that titration of these ligands with added Fe explains the observed slow-
ing of Fe(II ) oxidation rates. Given that Fe(III)-complexing ligands are found in both surface and deep waters,
and higher Fe(II) oxidation rate constants were measured only near the chlorophyll maximum, we suggest
that the chemical nature and perhaps origin of natural Fe(III)-complexing organic ligands differ between in
surface and deep waters.

© 2011 Published by Elsevier B.V.

1. Introduction

Marine primary production by phytoplankton is an important fac-
tor regulating net carbon dioxide flux across the air-sea interface, and
thus affects atmospheric CO2 concentrations. It now is well estab-
lished that phytoplankton production is limited by the trace element
iron in up to 40% of the world's ocean, including the subarctic Pacific,
equatorial Pacific, and Southern Ocean, even though total dissolved
iron concentrations in these surface waters (~50–100 pM Fe) in prin-
ciple are sufficient to support a diatom bloom (Wells, 2003; and ref-
erences therein). The bulk of dissolved Fe appears then to be poorly
available to at least diatoms and other large eukaryotic phytoplank-
ton. We still lack fundamental insights into the control and dynamics
of the chemical speciation of iron in seawater, and how these restrict
or enhance iron availability to marine phytoplankton.

It is known that the marine chemistry of Fe, at equilibrium, is con-
trolled by strong organic Fe(III) chelators (Gledhill and Van den Berg,
1994; Rue and Bruland, 1995; Wu and Luther, 1995) but there is a
growing body of evidence that Fe speciation in surface seawater devi-
ates from equilibrium conditions, with Fe(II) becoming quantitatively
significant in oceanic surface waters (Hansard et al., 2009; Johnson et

al., 1994; Rose and Waite, 2003b; Roy et al., 2008). These dynamics
are important because Fe uptake models for marine phytoplankton
predict that Fe(II) is a biologically active species (Salmon et al.,
2006; Shaked et al., 2005). However, our ability to explain Fe acquisi-
tion by marine eukaryotic phytoplankton is challenged by our lack of
understanding of Fe redox dynamics in seawater.

Fe(II) is generated photochemically in surface waters either by di-
rect photolysis of organic complexes and colloids (Barbeau et al.,
2001; Wells et al., 1991), or indirectly through reduction by photo-
produced superoxide (Rose et al., 2005a; Rose and Waite, 2005;
Voelker and Sedlak, 1995). Based on the action spectra of these pho-
tochemical reactions, Fe(II) can be produced deep in the photic zone
(Laglera and Van den Berg, 2007; Wells et al., 1991). In addition to
photochemical production, Fe(II) is thought to be generated through
biological processes, by released superoxide (Kustka et al., 2005; Rose
et al., 2005b) cell surface reductases (Maldonado and Price, 2001;
Wells et al., 2005), and thermal reduction of organically complexed
Fe(III) (Hansard et al., 2009). Once formed, the ephemeral Fe(II) is
reoxidized inorganically in oxic seawater by the four-step Haber-
Weiss process:

Fe IIð Þ þ O2 → Fe IIIð Þ þ O2
•− ð1Þ

Fe IIð Þ þ O2
•− þ 2Hþ → Fe IIIð Þ þH2O2 ð2Þ
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Fe IIð Þ þH2O2 → Fe IIIð Þ þ OH− þ OH• ð3Þ

Fe IIð Þ þ OH• → Fe IIIð Þ þ OH− ð4Þ

Superoxide and hydrogen peroxide can accumulate in the sample
when Fe(II) is at high nanomolar and micromolar concentrations, pro-
ducing a 4:1 product stoichiometry (Fe:Ox). But Fe(II) concentrations
in most oceanic surface waters are too low to generate significant con-
centrations of O2

−, and hydrogen peroxide (H2O2) concentrations also
are low (b200 nM), so dissolved oxygen (O2) becomes the dominant
oxidant for Fe(II) (Santana-Casiano et al., 2006).

Past studies have shown that solution composition has a profound
effect on Fe(II) oxidation rate constants (King, 1998; Millero, 1989;
Santana-Casiano et al., 2005). The overall Fe(II) oxidation rate in sea-
water is well described as the sum of the product of distribution coef-
ficients (αi) and second order rate constants for each Fe(II) species
(ki).

dFe IIð Þ
dt

¼ − Fe IIð Þ½ � O2½ �∑iαiki ð5Þ

Although the traditional assessment from these measurements is
that Fe(II) is a transient species in seawater at pH 8.0 (King et al.,
1995) this perception has been challenged recently, where oxidation
kinetics have been slower than expected in some regions of the ocean
(Croot et al., 2001; Croot and Laan, 2002; Hansard et al., 2009; Roy et
al., 2008). Complexation by Fe(II) binding organic ligands has been
proposed in some cases as an underlying mechanism for these low-
ered Fe(II) oxidation rates (Roy et al., 2008; Kieber et al., 2003).

While organic Fe(II) complexing ligands contribute to Fe redox
dynamics in rainwater (Kieber et al., 2001, 2005; Willey et al.,
2008) and freshwater (Emmenegger et al., 1998; Theis and Singer,
1974), their existence in seawater remains speculative. The potential
effects of model organic ligands on Fe(II) oxidation rates have been
demonstrated in well-defined laboratory conditions at high Fe(II)
concentrations (Rose and Waite, 2003a; Santana-Casiano et al.,
2000). But it is difficult to extrapolate these findings to natural waters
where Fe(II) and ligand concentrations are orders of magnitude lower
than tested in the laboratory.

Here we show evidence that Fe(II) oxidation rate constants in the
eastern subarctic Pacific are markedly higher than rate constants
measured in UV oxidized seawater near the chlorophyll maximum,
and agree with model predictions below the surface mixed layer.
The higher than expected Fe(II) oxidation rate constants converged
with to rate constants measured in UV oxidized seawater with step-
wise Fe additions. In this manuscript, we consider the possibility
that these results are due to the influence of Fe(III) complexing li-
gands, which are found in ubiquitous excess in surface seawater.

2. Materials and methods

2.1. Sampling

Seawater samples were collected while underway during two
cruises to the eastern subarctic Pacific Ocean on the R/V Thomas G.
Thompson using a trace metal clean pumping and tow fish system de-
scribed elsewhere (Roy et al., 2008). Samples for Fe(II) oxidation studies
were collected at two stations: Ocean Station PAPA (50 °N 145 °W) on
13 Jun 2006 and 25 May 2007 (hereafter referred to as OSP 2006, OSP
2007) and from a continental shelf station north of Vancouver Island,
British Columbia, Canada (51° 15.3′ N 129° 01.7′ W) on 14 May 2007
(hereafter referred to as Shelf 2007). On the 2006 cruise, all deep
(N5 m) trace metal clean samples were collected by attaching the tow
fish to a 150 m spool of 1 cm inner diameter acid-cleaned high density
polyethylene (HDPE) tubing, lowering the fish to depth, and pumping
the sample directly to a shipboard clean room. The tubing was allowed

to flush for 25 min at each depth and the time delay between depth
and the deckboard instrument was ~1.5 min. On the 2007 cruise, deep
tracemetal sampleswere collected using a 5 L, Teflon-coatedGo Flo bot-
tle (General Oceanics) on a Kevlar line, tripped using a Teflon messen-
ger. Once back on deck, the Go Flo bottle was sampled under a high-
efficiency particle air (HEPA) filter, inside the shipboard fabricated
clean room. The time between closing the Go Flo bottle and sample in-
troduction to the instrument was slightly longer (≤3 min.) for deeper
samples using this approach. Samples for oxidation studieswere filtered
through a 0.2 μm polyethersulfone capsule (PCI Membrane Systems,
Inc.) or 0.45 μm Teflon capsule filters (Sterlitech — Go Flo samples) at
low pressure (b70 kPa) and collected in rigorously cleaned fluorinated
polyethylene (FPE) bottles. Additional filtered and unfiltered samples
were pulled from the Go Flo bottle for later Fe(II) oxidation studies,
that probe the effect of sample filtration. Samples for H2O2 analysis
were collected in black HDPE bottles from Niskin bottles on the sam-
pling rosette.

2.1.1. Reagents
All solutions were prepared using N18 MΩ water from a Barn-

stead Nanopure Diamond Lab Water System. Chemicals were pur-
chased immediately prior to each cruise and used as received;
luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione) (Fluka), fer-
rous ammonium sulfate hexahydrate, ferric iron atomic absorption
standard, potassium carbonate, and sodium sulfite were purchased
from Sigma. Catalase, concentrated hydrochloric acid (Optima), ammo-
nia (Optima), and glacial acetic acid (Optima) were purchased from
Fisher. Acridiniumesterwas a gift fromD.Whitney King. The luminol re-
agent and carrier solutions for Fe analysis are described elsewhere (Roy
et al., 2008) and were stored in acid-cleaned HDPE bottles. The reagents
for H2O2 analysis by acridinium ester chemiluminescence were pre-
pared according to Miller et al. (2005) and stored in black HDPE bottles.

2.2. Flow injection analysis for total dissolved Fe, Fe(II), and H2O2

An automated flow injection-based FeLume system (Waterville
Analytical) was used for analysis of Total Dissolved Fe, Fe(II), and
H2O2 . The optimized analytical methods and steps taken to minimize
contamination for Fe(II) are described elsewhere in detail (King et al.,
1995; Roy et al., 2008), and for H2O2 (Miller et al., 2005). Total dis-
solved Fe was measured by reducing all Fe to Fe(II) in filtered seawa-
ter samples using sulfite prior to chemiluminescent detection
(Lannuzel et al., 2006). We also found that the reproducibility of the
reduction step was improved by first removing oxygen from the
Total Fe samples by bubbling with nitrogen for 30 min prior to adding
the reducing agent. For all reaction chemistries, a seawater sample
mixes with a chemiluminescent reagent (luminol for Total Dissolved
Fe and Fe(II), acridium ester for H2O2) in a reaction spiral seated be-
neath a photomultiplier tube (PMT). The FIA system, reagents, and
samples to be analyzed were kept in a separate HEPA-filtered air
bench surrounded by a heavy black plastic curtain to minimize light
interference with the analyses. Detection limits (3 standard devia-
tions of Chelex-treated seawater blank solutions) for Fe(II) ranged
between 3 and 11 pM , 8–22 pM for Total Dissolved Fe, and between
2 and 4 nM for H2O2.

2.3. Fe(II) oxidation experiments

The FeLume system was adapted to determine apparent Fe(II) ox-
idation rate constants by bypassing the injection valve, thereby
allowing a continuous stream of sample and luminol through the
plexiglas reaction coil. Plumbed in this way, the system enabled unin-
terrupted measurement of Fe(II) over time. All samples (both filtered
and unfiltered) used in the Fe(II) oxidation studies were stored at
room temperature in the dark for 24 h to allow for complete decay
of any Fe(II), O2

−, and other radicals present at the time of sample
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collection (Hansard et al., 2010; Rose et al., 2010). After dark aging,
samples were brought to 25.0 °C by immersing the bottle in a temper-
ature controlled bath (Neslab) while still in the dark and saturated
with O2 ([O2]=200–210 μM) by bubbling with air that had been
passed though a potassium permanganate solution to minimize the
addition of H2O2 from laboratory air. The pH of the sample then was
measured on the free ion scale (Millero, 1986) with an Accumet
AP62 electrode and adjusted to 8.00 at 25.0 °C using dilute ammonia
or HCl. Samples were spiked with Fe(II) to an initial concentration of
100 pM and then pumped directly into the reaction spiral while the
PMT signal was recorded continuously. The decay of the Fe(II) signal
was measured at 1 Hz for 10 min, in triplicate for each sample. Output
from a typical Fe(II) oxidation experiment is shown in Fig. 1A. Naper-
ian log transformation of the chemiluminescence signal yielded linear
fits to the first 1.5 half lives of the decay curve (Fig. 1B), indicating
pseudo-first-order Fe(II) oxidation with rate constant kox. For consis-
tency, data beyond 1.5 half lives were not used for estimating the rate
constants because the signal to noise ratio became unsatisfactory in
some samples. The flow cell was rinsed with 0.01 M HCl between rep-
licates to remove any mineral precipitates that can form at the high
pH in the reaction spiral. The measured Fe(II) oxidation rate con-
stants were compared to rate constants measured in UVOS (irradiat-
ed 48 h) collected from ocean station PAPA in spring of 2006.

Additional experimentswere conducted to assesswhether Fe(II) ox-
idation rate constants changed as a function of Fe added to the sample.
Small (~200 pM) stepwise Fe(II) additions on were done to samples
collected from OSP and the shelf station during the May-June 2007
cruise and their sequential oxidation rate constants measured. Water
for these experiments was collected from three depths at each station:
surface (5 m), the chlorophyll maximum, and below the thermocline
(180 m). All samples used in the stepwise Fe(II) addition experiments
were filtered prior to 24 h dark aging, and received the same

temperature, pH adjustment, and bubbling treatment as described
above. Each sample received 7 sequential Fe(II) spikes, allowing
75 min between spike additions for complete oxidation of Fe(II), result-
ing in a cumulative added iron concentration of 1.3 nM . To evaluate
whether the observed changes in Fe(II) oxidation rate constants with
increasing Fe(II) additionswere related to the inorganic Fe(III) generat-
ed, stepwise Fe(II) additions were interspersed with equivalent spikes
of Fe(III) in a separate experiment (i.e., Fe(II) spike, Fe(III) spike, Fe(II)
spike, etc.).

3. Results

3.1. Fe(II) concentrations in surface seawater

Fe(II) concentrations in surface and subsurface waters were deter-
mined in samples collected at mid-day from a number of stations in
the eastern subarctic Pacific and coastal shelf waters (Table 1), but
Fe(II) was not detectable at any location (Table 1).

3.2. Vertical profiles of H2O2

Open ocean and coastal H2O2 concentrations were measured to a
depth of 150 m at the following stations: OSP 2006, OSP 2007, and
Shelf 2007. H2O2 concentrations were highest (~40 nM for OSP
2006, OSP 2007, ~110 nM at Shelf 2007) in the surface mixed layer,
and decreased to less than 10 nM below the mixed layer. The summa-
ry of H2O2 measurements during these cruises and for UVOS experi-
ments is shown in Table 1.

3.3. Fe(II) oxidation rate constants as a function of depth in amended samples

Fe(II) oxidation rate constants (Fe(II)0=100 pM pH 8.00, 25 °C,
O2=saturated) measured in filtered samples varied as a function of
depth at OSP 2006, and OSP 2007 (Fig. 2A, B). The surface (5 m) Fe
(II) oxidation rate constant for filtered samples collected at OSP
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Fig. 1. Example of (A) PMT output during an Fe(II) oxidation rate experiment (B) Naperian
Log transformation of the decay data shown in Fig. 1A. For clarity, every 5th data point is
shown.

Table 1
Concentrations of Fe(II), Total Dissolved Fe, and H2O2 from this study.

Date Station Depth [Fe(II)] [Total Fe] +/− [H2O2] +/−
(m) (pM) (pM) (1 SD) nM (1 SD)

13 Jun 2006 OSP 2006 5 ⁎ 58 17 43 2
20 ⁎ 71 12 41 3
30 ⁎ 76 14 35 4
45 ⁎ 88 13 37 3
60 ⁎ 104 12 38 4
80 ⁎ 99 21 14 3
100 ⁎ 127 9 4 2
120 ⁎ 111 14 3 3
150 ⁎ 124 17 ⁎⁎⁎⁎ 4
180 ⁎ 204 22 ⁎⁎⁎⁎ 2

25 May 2007 OSP 2007 5 ⁎⁎ 78 8 52 2
15 ⁎⁎ 63 9 47 3
20 ⁎⁎ 76 10 44 2
30 ⁎⁎ 80 11 46 4
45 ⁎⁎ 69 20 43 2
60 ⁎⁎ 91 14 35 2
75 ⁎⁎ 87 12 16 3
100 ⁎⁎ 102 20 5 4
150 ⁎⁎ 109 12 6 1
180 ⁎⁎ 210 30 ⁎⁎⁎⁎⁎ 2

14 May 2007 Shelf 2007 5 ⁎⁎⁎ 1900 240 109 6
10 ⁎⁎⁎ 1300 90 114 7
180 ⁎⁎⁎ 3200 410 6 7

23 April 2007 UVOS 7 ⁎ 84 8 17 4

⁎ Below detection limit (3 pM).
⁎⁎ Below detection limit (11 pM).

⁎⁎⁎ Below detection limit (8 pM).
⁎⁎⁎⁎ Below detection limit (2 nM).
⁎⁎⁎⁎⁎ Below detection limit (3 nM).
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2006 was 0.00361 (+/−0.0002)s−1, rose to a maximum of 0.00832
(+/−0.0002)s−1 at 45 m, and decreased to 0.00309 (+/−0.0001)
s−1 at 100 m and 0.00346 (+/−0.0005)s−1 at 130 m. For OSP
2007, surface (5 m) Fe(II) oxidation rate constants were
0.00529 s−1 (+/−0.0006)s−1 , increased to a maximum of 0.00786
(+/− 0.0005)s−1 by 45 m, and decreased to 0.00326 (+/−0.0002)s−1

at 100 m. In general, the Fe(II) oxidation rate constants measured in fil-
tered samples were inversely proportional with chlorophyll biomass in
both years, shown here as in vivo fluorescence in Fig. 2A, B. Fe(II) oxida-
tion rate constants below the chlorophyll maximum in both years were
in good agreement with UVOS rate constants reported by Roy et al.
(2008) . A complete list of all measured Fe(II) oxidation rate constants
are shown in Table 2.

Fe(II) oxidation rate constants (Fe(II)0=100 pM pH 8.00, 25 °C,
O2=saturated) measured in unfiltered samples followed the same

general pattern as observed in filtered samples. The surface (5 m)
Fe(II) oxidation rate constant for unfiltered samples collected at OSP
2006 was 0.0038 (+/−0.0002)s−1, increased to a maximum of
0.00871 (+/−0.0009)s−1 at 45 m, and decreased to 0.00372
(+/−0.0008)s−1 at 100 m and 0.00302(+/−0.0005)s−1 at 130 m.
For unfiltered samples collected at OSP 2007, surface (5 m) Fe(II) ox-
idation rate constants were 0.00501 s−1 (+/−0.0006)s−1 , increased
to a maximum of 0.00743 (+/−0.0015)s−1 by 45 m, and decreased
to 0.002818 (+/−0.0009)s−1 at 100 m. As was the case for filtered
samples, measured Fe(II) oxidation rate constants in unfiltered sam-
ples were inversely proportional with chlorophyll biomass in both
years (chlorophyll data in Fig. 2A, B). Fe(II) oxidation rate constants
below the chlorophyll maximum in both years were in good agree-
ment with UVOS rates reported by Roy et al. (2008) . A complete
list of all measured Fe(II) oxidation rate constants in unfiltered sam-
ples are listed in Table 2.

3.4. Fe(II) oxidation rate constants as a function of added Fe

To investigate the nature of the larger-than-anticipated Fe(II) ox-
idation rate constants measured in the euphotic zone, stepped spike
additions of Fe(II) were added to samples from three depths at OSP
2007 (Fig. 3) and Shelf 2007 (Fig. 4): surface (5 m), the chlorophyll
maximum, and deep waters (180 m). In the first series of experi-
ments Fe(II) was added incrementally, re-measuring the oxidation
rate constants each time, to determine if the rate constants converged
with those measured in UVOS. In both years, oxidation rate constants
were significantly higher in surface (5 m) waters [0.00478
(+/−0.0006)s−1 for OSP 2007; 0.00724 (+/−0.0008)s−1 for Shelf
2007] than rate constants measured in UVOS (0.00316 s−1), in rea-
sonable agreement with those measured in the vertical profiles
(Figs. 3A, B; 4A, B). Oxidation rate constants decreased progressively
with each spike addition of Fe(II) to agreement with UVOS rate con-
stants after a total of 0.6–0.8 nM Fe(II) had been added. Results
were similar for the chlorophyll maximum depth (Figs. 3B and 4B),
where the initial Fe(II) oxidation rate constants [0.0076
(+/−0.0005)s−1 for OSP 2007; 0.0079 (+/−0.0007)s−1 for Shelf
2007], slowed to converge with UVOS rate constants after ~0.8 nM
Fe had been added to the sample. When these experiments were re-
peated in UVOS, the Fe(II) oxidation rate constant pattern observed

0

50

100

150

200

250

0 0.005 0.01 0.015

0.1 0.2 0.3

D
ep

th
 (

m
)

0

50

100

150

200

250

D
ep

th
 (

m
)

A

B

OSP 2007

UVOS

Chl a

OSP 2006

UVOS

Chl a

Chl a (mg m-3)

0.1 0.2 0.3

Chl a (mg m-3)

kox (s-1)

0 0.005 0.01 0.015

kox (s-1)

Fig. 2. Pseudo-first-order Fe(II) oxidation rate constants (25 °C, pH 8.0) as a function of
depth for Ocean Station Papa (50 °N, 145 °W) in (A) 2006 and (B) 2007. Data points
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viation. The dashed line indicates the Fe(II) oxidation rate constant in UV oxidized sea-
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Table 2
Measured Fe(II) oxidation rate constants (25 °C, pH 8.0) from Ocean Station Papa as a
function of depth.

Filtered Samples Unfiltered Samples

Depth log kox +/− log kox +/−
Station (m) (s−1) (1 SD) (s−1) (1 SD)

OSP 2006 5 −2.44 0.02 −2.42 0.03
20 −2.21 0.02 −2.24 0.05
30 −2.16 0.03 −2.14 0.03
45 −2.08 0.01 −2.06 0.05
60 −2.12 0.04 −2.13 0.03
80 −2.16 0.05 −2.17 0.02
100 −2.51 0.02 −2.43 0.10
130 −2.46 0.06 −2.45 0.07

OSP 2007 5 −2.32 0.06 −2.30 0.06
15 −2.29 0.06 −2.24 0.05
20 −2.25 0.04 −2.23 0.08
30 −2.23 0.04 −2.20 0.05
45 −2.12 0.03 −2.10 0.09
60 −2.16 0.06 −2.21 0.07
75 −2.23 0.03 −2.19 0.10
100 −2.49 0.02 −2.55 0.16
150 −2.50 0.02 −2.51 0.03
185 −2.46 0.05 −2.44 0.05
250 −2.52 0.01 −2.44 0.09
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at the surface and at the cholorphyll was not observed (rate constants
ranged from 0.00372 s−1 to 0.00295 s−1) as the total amount of Fe
(II) increased (Table 3).

To determine whether the decrease in Fe(II) oxidation rate con-
stants were related to the increasing concentration of Fe(III) in the
sample, the experiment was repeated but this time the Fe(II) spikes
were alternated with equivalent Fe(III) additions. The results yielded
the same pattern of decreasing Fe(II) oxidation rate constants with Fe
addition; i.e., Fe(II) oxidation rate constants changed in synchrony
with the total amount of Fe added (Table 3). In other words, the
changes in Fe(II) oxidation rate constants in waters from the euphotic
zone were dependent on the amount of Fe(III) in the sample and not
the amount of Fe(II) added. In contrast, there were no changes ob-
served in Fe(II) oxidation rate constant with these stepwise alternat-
ing Fe(II)/Fe(III) additions in deeper waters (180 m) (Figs. 3C, 4C;
Table 3). Fe(II) oxidation rate constants in waters below the euphotic
zone were uniform in both offshore and shelf waters, and were in
good agreement with Fe(II) oxidation rate constants measured in
UVOS (Roy et al., 2008). When these experiments were repeated in
UVOS, the results were similar to those measured with increasing Fe
(II) concentrations; no pattern was observed and rate constants ran-
ged from 0.00295 s−1 to 0.00347 s−1.

4. Discussion

Advancements in trace metal analytical techniques enabling mea-
surements of picomolar concentrations of Fe(II) in seawater have
provided oceanographers new insights to the natural chemical speci-
ation of Fe in seawater. Fe(II) can comprise a substantial fraction of
the total dissolved Fe during daylight hours in surface waters (e.g.
Croot et al., 2008; Hansard et al., 2009; Roy et al., 2008), due in
large part to slowed oxidation kinetics of photoproduced Fe(II)
(Croot et al., 2008, Roy et al., 2008). In contrast from the WSAP, no
Fe(II) was detected here in surface waters at OSP during either 2006
or 2007. A marked difference from rate constants measured in the
WSAP, Fe(II) oxidation rate constants in ESAP surface waters were
larger than constants measured in UVOS (Fig. 2A, B), although rate
constants converged with those in UVOS below the euphotic zone in
both studies. Fe(II) oxidation rate constants were fastest at the chlo-
rophyll maximum at OSP in both years indicating that some factor as-
sociated with phytoplankton production was enhancing Fe (II)
oxidation. Given that identical sampling and analytical procedures
were used in both studies (Roy et al. 2008) these opposing results
show real differences in iron oxidation dynamics between these Fe-
limited regimes.
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line indicates the Fe(II) oxidation rate constant measured in UV oxidized seawater
(UVOS) (Roy et al., 2008).
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Overall Fe(II) oxidation rates are influenced by several factors in
seawater. Small differences in pH will sharply affect Fe(II) oxidation
rates but in this case all samples were adjusted to pH 8.00+/−0.01
prior to measurement. Biologically mediated oxidation also can
occur at cell surfaces (Salmon et al., 2006; Shaked et al., 2005). But
this effect was not significant in our study because sample filtration
had no effect on the observed patterns of Fe(II) oxidation rate con-
stants (Table 2), so dissolved factors were responsible for increasing
Fe(II) oxidation rate constants. Dissolved oxygen is a major oxidant
of Fe(II) in surface waters, but oxygen was in gross excess of dissolved
Fe(II) in these experiments and small vertical changes in concentra-
tions O2 had no relationship to measured Fe(II) oxidation rate con-
stants. Hydrogen peroxide is also known to oxidize Fe(II), but if
H2O2 were responsible for increasing Fe(II) oxidation rate constants
in this work, oxidation rate constants would not change drastically

with sequential subnanomolar Fe additions (Figs. 3A, B and 4A, B).
The results of these stepwise Fe addition experiments suggest that
the substance responsible for increasing measured Fe(II) oxidation
rate constants is consumed or deactivated after roughly 0.5–1 nM of
additional Fe is added to the system. Production of reactive oxygen
species via Eqs. (2)–(4) would be negligible at the very low
(100 pM) Fe(II) concentrations used, and the influence from photo-
produced and biological O2

− production before filtration and storage
(Kustka et al., 2005; Rose et al., 2005b, 2008) was negligible, given
that measured oxidation rate constants were unchanged when cells
were removed through filtration. Some unidentified inorganic oxi-
dant might have been responsible for increasing Fe(II) oxidation but
if so it would have to be unreactive enough to persist through 24 h
of dark aging only to react quickly with spike additions of Fe(II). It
also would have to be destroyed or inactivated by UV light, because
Fe(II) oxidation rate constants decreased after UV irradiation, and it
must occur only in surface waters associated with the chlorophyll
maximum. Barring such a persistent inorganic oxidant species, the
findings here are better explained by the presence of Fe(II) reactive
organic compounds.

How feasible is it that organic constituents might reduce Fe(II) ox-
idation rate constants in some regions (Roy et al. 2008), but increase
Fe(II) oxidation rate constants in other regions? In the fundamental
framework of Eq. (5), addition of an Fe(II)-organic complexing spe-
cies would decrease αi for inorganic Fe(II), causing overall Fe(II) oxi-
dation rates to decrease if the complex is less reactive to oxidation, or
increase if the complex acts to facilitate Fe(II) oxidation. We proposed
that picomolar Fe(II) oxidation rates in surface seawaters of the
WSAP are regulated by naturally occurring organic ligands (Roy et
al., 2008), and the findings here suggest that the kox′ of these Fe(II)L
complexes can vary spatially in the subarctic Pacific ocean.

We can examine the likelihood that Fe(II)L organic complexes regu-
late Fe(II) oxidation by using the free energy (ΔGo ) of Fe(II) oxidation
to estimate the relative conditional stability constant of the purported
Fe(II) organic complexes. Marcus Theory has been used to describe the
oxidation of Fe(II) complexed by inorganic ligands (King and Farlow,
2000) and model organic ligands (Rose and Waite, 2003a) in aquatic
systems. In a derivation of the Marcus equation (Eq. 6), the second
order rate constants (kox′) can be estimated if the free energy (ΔGo) for
the one electron transfer is known (Tratnyek and Hoigne, 1994),
which this case is the reaction shown in Eq. (1).

kox′ ¼
kd

1þ kd
KdZ

þ exp λ
4 1þ ΔGο

λ

� �2
= RTð Þ

h i ð6Þ

where kd is the diffusion-controlled limit (1010 mol−1 L), kd
KdZ

=0.1
(King and Farlow, 2000), λ=103 kJ mol−1 (King and Farlow, 2000)
as a fitting parameter related to the energy required to reorganize
the transition state, R is the universal gas constant, and T is tempera-
ture in Kelvin. Eq. (6) provides a convenient means of estimating ΔGo

for the Fe(II) oxidation rate constants measured in our field samples.
The initial kox′ in the chlorophyll maximum at OSP (2007) was

35.5 mol−1 L s−1, which was calculated by dividing the measured
pseudo-first-order rate constant by the oxygen concentration, which
corresponds to a ΔGo ~46 kJ mol−1 (Eq. 6). The free energy change
(ΔGo) for the oxidation of a FeL complex by oxygen is defined as:

ΔGο ¼ −F Eοo2→o−2
−EοFel

� �
ð7Þ

where F is the Faraday constant, EO2→O2
−ο =−0.16 V, and EoFeL is the

half-reaction potential for reduction of the FeL complex (Eq. 8).

Fe IIIð ÞLþ e− → Fe IIð Þ L EoFel KFel ¼
Fe IIð ÞL½ �

Fe IIIð ÞL½ � e−½ � ð8Þ

Table 3
Fe(II) oxidation rate constants as a function of total added Fe(II) and Fe(III) (25 °C, pH 8.0).

All Fe(II) additions Alternating Fe(III)
additions

Total
Depth Fe added log kox +/− log kox +/−

Station (m) (nM) (s−1) (1 SD) (s−1) (1 SD)

OSP2007 5 0.1 −2.32 0.06 −2.30 0.03
0.3 −2.27 0.02
0.5 −2.28 0.02 −2.26 0.04
0.7 −2.31 0.03
0.9 −2.50 0.03 −2.48 0.03
1.1 −2.51 0.01
1.3 −2.51 0.01 −2.54 0.06

OSP2007 45* 0.1 −2.12 0.03 −2.13 0.07
0.3 −2.15 0.05
0.5 −2.18 0.02 −2.15 0.02
0.7 −2.38 0.06
0.9 −2.50 0.02 −2.47 0.05
1.1 −2.51 0.03
1.3 −2.50 0.01 −2.53 0.04

OSP 2007 180 0.1 −2.47 0.05 −2.44 0.08
0.3 −2.49 0.02
0.5 −2.50 0.02 −2.55 0.04
0.7 −2.50 0.03
0.9 −2.51 0.01 −2.48 0.07
1.1 −2.50 0.01
1.3 −2.51 0.01 −2.44 0.06

Shelf 2007 5 0.1 −2.14 0.05 −2.11 0.09
0.3 −2.16 0.04
0.5 −2.20 0.04 −2.14 0.08
0.7 −2.31 0.05
0.9 −2.51 0.02 −2.51 0.04
1.1 −2.51 0.02
1.3 −2.49 0.03 −2.40 0.09

Shelf 2007 10⁎ 0.1 −2.10 0.04 −2.04 0.08
0.3 −2.14 0.02
0.5 −2.17 0.03 −2.09 0.10
0.7 −2.24 0.05
0.9 −2.45 0.05 −2.37 0.07
1.1 −2.51 0.03
1.3 −2.50 0.04 −2.62 0.11

Shelf 2007 180 0.1 −2.51 0.03 −2.47 0.08
0.3 −2.49 0.04
0.5 −2.51 0.01 −2.44 0.06
0.7 −2.49 0.03
0.9 −2.50 0.03 −2.40 0.12
1.1 −2.48 0.02
1.3 −2.46 0.05 −2.44 0.11

UVOS 0.1 −2.51 0.04 −2.47 0.09
0.3 −2.46 0.11
0.5 −2.50 0.08 −2.46 0.12
0.7 −2.43 0.20
0.9 −2.53 0.07 −2.52 0.10
1.1 −2.48 0.05
1.3 −2.50 0.08 −2.53 0.04

⁎ Indicates approximate depth of chlorophyll maximum.
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From Eq. (7) we find that EoFeL, is 0.32 V for ambient Fe(II) oxida-
tion of the 100 pM Fe(II) added at the chlorophyll maximum of OSP
2007. Using EoFeL in the Nernst equation provides an estimate of the
equilibrium constant ratio (KFe(III)L/KFe(II)L) for the purported Fe(II)L
and Fe(III)L complexes:

EοFel ¼ EοFe−0:059 log
KFe IIIð ÞL
KFe IIð ÞL

 !
ð9Þ

Using a standard half-reaction potential of EFeο =0.77 V and the es-
timated EoFeL,=0.32 V yields a KFe(III)L/KFe(II)L ratio of ~107 to 108; the
difference in relative Fe(III)/Fe(II) affinities of a number of known
siderophores (Boukhalfa and Crumbliss, 2002). Siderophore produc-
tion by marine microbes is well-established (e.g. Martin et al., 2006;
Martinez et al., 2003; Reid et al., 1993) and characteristic siderophore
molecular functionalities have been measured in seawater (Macrellis
et al., 2001). Moreover, direct measurement of hydroxamate sidero-
phores in surface waters confirms the existence of intact molecules
(Mawji et al., 2008). It appears feasible then that enhanced release
of siderophores (or siderophore-like Fe(III) complexing ligands)
within the chlorophyll maximum might be responsible for the in-
creasing the measured Fe(II) oxidation rate constants at OSP.

Although intriguing, this simplistic assessment is based on several
assumptions. For example, it depends on all Fe(II) being bound by an
excess of organic ligands during the oxidation experiments, which
may be reasonable given that Fe2+ is the dominant inorganic Fe(II)
species (Millero et al., 1995) and thus readily available to form com-
plexes. But if complexation depends upon metal exchange the kinet-
ics can be slow in some cases, particularly for multidentate ligands
(Hering and Morel, 1989). The model also assumes only a single li-
gand (within the strong ligand class) is responsible, but measured ox-
idation rate constants decreased slightly during the first few stepwise
Fe(II) additions (Fig. 3A, B and Fig. 4A, B), indicating either that the li-
gand may not have been in gross excess or the distribution coefficient
for the Fe(II)L complexes changed slightly with each Fe addition. We
also assume that the affinity ratio for Fe(III)/Fe(II) for thermodynamic
constants KFe(II)L and KFe(III)L hold for the corresponding conditional
constants for seawater, which awaits testing.

Barring any catalytic mechanism, the higher than expected Fe(II)
oxidation rate constants decreased with progressive Fe(II) additions,
ultimately approaching the constants measured in UVOS. This effect
was observed in both surface and chlorophyll maximum waters at
OSP 2007 and Shelf 2007, with rate constants converging with
UVOS rate constants with the stepwise additions of ~0.8 nM Fe(II)
(Figs. 3 and 4). Although this does not rule out the effect of some un-
expected inorganic oxidant, the concentrations are within an order of
magnitude of voltammetrically determined organic ligand concentra-
tions in many offshore surface waters (e.g. Buck and Bruland, 2007;
Rue and Bruland, 1995; Sato et al., 2007). It is important to note
that these free ligand measurements are made after several hours of
equilibration time, instead of the short time scale (b 1 h) used here,
severely limiting the ability for direct quantitative comparisons. But
even so, it is a striking qualitative agreement between the transition
points for Fe(II) oxidation rate constants (Figs. 3A, B, 4A, B) and the
anticipated free Fe(III) complexing ligand concentrations.

In contrast, Fe(II) oxidation rate constants measured in deep
(180 m) samples agreed closely with UVOS rate constants and were
independent of Fe addition (Fig. 3C, 4C). Although excess concentra-
tions of Fe(III) complexing ligands are reported at all depths in the
water column (Gerringa et al., 2006; Rue and Bruland, 1997; Witter
et al., 2000), the stronger ligand class believed to represent sidero-
phores is present mainly in surface waters (e.g., Rue and Bruland,
1995, Cullen et al. 2006), while weaker ligands of perhaps humic-
type composition predominant below the euphotic zone (Laglera
and van den Berg, 2009). The difference measured here in Fe(II)

oxidation rate constants between surface and deep waters provide
additional evidence for dissimilar compositions of these organic li-
gand pools.

If Fe(II) complexing ligands indeed can regulate overall Fe(II) ox-
idation rates, why then might this effect differ between studies in
theWSAP and ESAP. The sluggish Fe(II) oxidation rate constants mea-
sured in sunlit WSAP surface waters are provisionally explained by
the presence of an Fe(II) complexing organic ligand class having a
conditional stability constant of ~108–109 with respect to Fe(II)′
(Roy et al., 2008). A KFe(III)L/KFe(II)L of ~107 to 108 at OSP with a condi-
tional constant for Fe(III)L of ~1012–1013 M−1 with respect to Fe(III)′
(Buck and Bruland, 2007; Gledhill and Van den Berg, 1994; Rue and
Bruland, 1995), yields a KFe(II)L of only ~105–106 M−1, or 3–4 orders
of magnitude weaker than that estimated in the WSAP (Roy et al.,
2008). This difference might be related to the relative degree of Fe
stress of each region, or perhaps the seasonal timing of the respective
studies. ESAP surface waters suffer greater Fe limitation than the
WSAP (Harrison et al., 1999), presumably due to lower aeolian Fe in-
puts (Moore and Braucher, 2008), and so it may be expected that
theremay be a greater release of siderophores, with their ‘hard’, oxygen
containing hydroxamate and catecholate functional groups (Boukhalfa
and Crumbliss, 2002; Martel and Smith, 1982) that have a preferential
affinity for Fe(III) than Fe(II)and would be expected to increase overall
Fe(II) oxidation rates. Alternatively, the WSAP study was conducted
during summer when mesozooplankton grazing was substantial
(Tsuda et al., 2007), with an enhanced release of intracellular Fe com-
plexing ligands (Sato et al., 2007). This phytoplankton debris would
have containedmany relatively ‘soft’ ligandswith π-donor coordination
sites that favor Fe(II) over Fe(III) andpotentially slow Fe(II) oxidation ki-
netics. In any case, the findings here show heterogeneous ligand charac-
teristics within otherwise “uniform” oceanographic HNLC regimes.

In summary, our findings show that kinetics of Fe redox cycling in
surface waters are more complicated than previously realized. In con-
trast to recent work showing that Fe(II) accumulates in surface wa-
ters of the WSAP because of slow oxidation kinetics (Roy et al.,
2008), there was no Fe(II) accumulation in surface waters of the east-
ern subarctic Pacific, and measured Fe(II) oxidation rate constants
were markedly higher. These differences did not exist below the eu-
photic zone, where Fe(II) oxidation rate constants were consistent
with laboratory studies at higher Fe(II) concentrations and in UVOS
at picomolar Fe(II) additions. The disparity in Fe(II) oxidation rate
constants appears to result from naturally occurring organic ligands,
and the relationship between Fe(II) oxidation enhancement and phy-
toplankton biomass indicate that these ligands have specific biologi-
cal origins. Measurements of Fe(II) oxidation kinetics may offer a
new window into the nature of Fe complexing ligands in seawater,
and the ecological processes that regulate their abundance.

Acknowledgements

We thank the Captain and crew of the R/V Thomas G. Thompson, as
well as the contributing scientific party on both cruises to the subarctic
Pacific. This workwas funded byNSF Grant BES-0304523, and addition-
al student support was provided by NSF GK-12 (DGE-0231642) and
IGERT Sensors (0504494) Fellowships. We are also grateful to D. W.
King for his comments on this work and gift of acridinium ester. We
also thank Associate Editor W.M. Landing and two anonymous re-
viewers for their help in greatly improving this manuscript.

References

Barbeau, K., Rue, E.L., Bruland, K.W., Butler, A., 2001. Photochemical cycling of iron in
the surface ocean mediated by microbial iron(III)-binding ligands. Nature 413
(6854), 409–413.

Boukhalfa, H., Crumbliss, A.L., 2002. Chemical aspects of siderophore mediated iron
transport. Biometals 15 (4), 325–339.

121E.G. Roy, M.L. Wells / Marine Chemistry 127 (2011) 115–122



Author's personal copy

Buck, K.N., Bruland, K.W., 2007. The physicochemical speciation of dissolved iron in the
Bering Sea, Alaska. Limnol. Oceanogr. 52 (5), 1800–1808.

Croot, P.L., et al., 2001. Retention of dissolved iron and Fe(II) in an iron induced Southern
Ocean phytoplankton bloom. Geophys. Res. Lett. 28 (18), 3425–3428.

Croot, P.L., Laan, P., 2002. Continuous shipboard determination of Fe(II) in polar waters
using flow injection analysis with chemiluminescence detection. Analytica Chimica
Acta 466 (2), 261–273.

Croot, P.L., et al., 2008. Regeneration of Fe(II) during EIFeX and SOFeX. Geophys. Res.
Lett. 35 (19).

Cullen, J.T., Bergquist, B.A., Moffett, J.W., 2006. Thermodynamic characterization of the
partitioning of iron between soluble and colloidal species in the Atlantic Ocean.
Mar. Chem. 98 (2–4), 295–303.

Emmenegger, L., King, D.W., Sigg, L., Sulzberger, B., 1998. Oxidation kinetics of Fe(II) in
a Eutrophic Swiss Lake. Environ. Sci. Technol. 32 (19), 2990–2996.

Gerringa, L.J.A., Veldhuis, M.J.W., Timmermans, K.R., Sarthou, G., de Baar, H.J.W., 2006.
Co-variance of dissolved Fe-binding ligands with phytoplankton characteristics in
the Canary Basin. Mar. Chem. 102 (3–4), 276–290.

Gledhill, M., Van den Berg, C.M.G., 1994. Determination of complexation of iron(III)
with natural organic complexing ligands in seawater using cathodic stripping vol-
tammetry. Mar. Chem. 47 (1), 41–54.

Hansard, S.P., Landing, W.M., Measures, C.I., Voelker, B.M., 2009. Dissolved iron(II) in
the Pacific Ocean: measurements from the PO2 and P16N CLIVAR/CO2 repeat hy-
drography expeditions. Deep-Sea Research Part I-Oceanographic Research Papers
56 (7), 1117–1129.

Hansard, S.P., Vermilyea, A.W., Voelker, B.M., 2010. Measurements of superoxide radi-
cal concentration and decay kinetics in the Gulf of Alaska. Deep-Sea Research Part
I-Oceanographic Research Papers 57 (9), 1111–1119.

Harrison, P.J., et al., 1999. Comparison of factors controlling phytoplankton productiv-
ity in the NE and NW subarctic Pacific gyres. Progress In Oceanography 43 (2–4),
205–234.

Hering, J.G., Morel, F.M.M., 1989. Slow coordination reactions in seawater. Geochimica
et Cosmochimica Acta 53 (3), 611–618.

Johnson, K.S., Coale, K.H., Elrod, V.A., Tindale, N.W., 1994. Iron photochemistry in sea-
water from the equatorial Pacific. Mar. Chem. 46 (4), 319–334.

Kieber, R.J., Willey, J.D., Avery Jr., G.B., 2003. Temporal variability of rainwater iron spe-
ciation at the Bermuda Atlantic Time Series Station. J. Geophys. Res. 108 (C8), 33/
1–33/7.

Kieber, R.J., Skrabal, S.A., Smith, B.J., Willey, J.D., 2005. Organic complexation of Fe(II)
and its impact on the redox cycling of iron in rain. Environ. Sci. Technol. 39 (6),
1576–1583.

Kieber, R.J., Williams, K., Willey, J.D., Skrabal, S., Avery, G.B., 2001. Iron speciation in
coastal rainwater: concentration and deposition to seawater. Mar. Chem. 73 (2),
83–95.

King, D.W., 1998. Role of carbonate speciation on the oxidation rate of Fe(II) in aquatic
systems. Environ. Sci. Technol. 32 (19), 2997–3003.

King, D.W., Farlow, R., 2000. Role of carbonate speciation on the oxidation of Fe(II) by
H2O2. Mar. Chem. 70 (1–3), 201–209.

King, D.W., Lounsbury, H.A., Millero, F.J., 1995. Rates and mechanism of Fe(II) oxidation
at nanomolar total iron concentrations. Environ. Sci. Technol. 29 (3), 818–824.

Kustka, A.B., Shaked, Y., Milligan, A.J., King, D.W., Morel, F.M.M., 2005. Extracellular
production of superoxide by marine diatoms: contrasting effects on iron redox
chemistry and bioavailability. Limnol. Oceanogr. 50 (4), 1172–1180.

Laglera, L.M., van den Berg, C.M.G., 2009. Evidence for geochemical control of iron by
humic substances in seawater. Limnol. Oceanogr. 54 (2), 610–619.

Laglera, L.M., Van den Berg, C.M.G., 2007. Wavelength dependence of the photochem-
ical reduction of iron in arctic seawater. Environ. Sci. Technol. 41 (7), 2296–2302.

Lannuzel, D., et al., 2006. Development of a sampling and flow injection analysis tech-
nique for iron determination in the sea ice environment. Analytica Chimica Acta
556 (2), 476–483.

Macrellis, H.M., Trick, C.G., Rue, E.L., Smith, G., Bruland, K.W., 2001. Collection and de-
tection of natural iron-binding ligands from seawater. Mar. Chem. 76 (3), 175–187.

Maldonado, M.T., Price, N.M., 2001. Reduction and transport of organically bound iron
by Thalassiosira oceanica (Bacillariophyceae). J. Phycol. 37 (2), 298–309.

Martel, A.E., Smith, R.M., 1982. Critical Stability Constants. Plenum Press, NewYork, pp. 1–6.
Martin, J.D., Ito, Y., Homann, V.V., Haygood, M.G., Butler, A., 2006. Structure and mem-

brane affinity of new amphiphilic siderophores produced by Ochrobactrum sp
SP18. J. Biol. Inorg. Chem. 11 (5), 633–641.

Martinez, J.S., et al., 2003. Structure and membrane affinity of a suite of amphiphilic
siderophores produced by a marine bacterium. Proc. Natl Acad. Sci. USA 100 (7),
3754–3759.

Mawji, E., et al., 2008. Hydroxamate siderophores: occurrence and importance in the
Atlantic Ocean. Environ. Sci. Technol. 42 (23), 8675–8680.

Miller, G.W., et al., 2005. Hydrogen peroxide method intercomparison study in seawater.
Mar. Chem. 97 (1–2), 4–13.

Millero, F.J., 1986. The pH of estuarine waters. Limnol. Oceanogr. 31 (4), 839–847.
Millero, F.J., 1989. Effect of ionic interactions on the oxidation of iron(II) and copper(I)

in natural waters. Mar. Chem. 28 (1–3), 1–18.

Millero, F.J., Yao, W., Aicher, J., 1995. The speciation of Fe(II) and Fe(III) in natural waters.
Mar. Chem. 50 (1–4), 21–39.

Moore, J.K., Braucher, O., 2008. Sedimentary and mineral dust sources of dissolved iron
to the world ocean. Biogeosciences 5 (3), 631–656.

Reid, R.T., Live, D.H., Faulkner, D.J., Butler, A., 1993. A siderophore from a marine bacte-
rium with an exceptional ferric ion affinity constant. Nature 366 (6454), 455–458.

Rose, A.L., Salmon, T.P., Kukondeh, T., Neilan, B.A., Waite, T.D., 2005a. Use of superoxide
as an electron shuttle for iron acquisition by the marine cyanobacterium Lyngbya
majuscula. Environ. Sci. Technol. 39, 3708–3715.

Rose, A.L., Salmon, T.P., Lukondeh, T., Neilan, B.A., Waite, T.D., 2005b. Use of superoxide
as an electron shuttle for iron acquisition by the marine cyanobacterium Lyngbya
majuscula. Environ. Sci. Technol. 39 (10), 3708–3715.

Rose, A.L., Waite, T.D., 2003a. Effect of dissolved natural organic matter on the kinetics
of ferrous iron oxygenation in seawater. Environ. Sci. Technol. 37 (21), 4877–4886.

Rose, A.L., Waite, T.D., 2003b. Predicting iron speciation in coastal waters from the ki-
netics of sunlight-mediated iron redox cycling. Aquat. Sci. 65 (4), 375–383.

Rose, A.L., Waite, T.D., 2005. Reduction of organically complexed ferric iron by superox-
ide in a simulated natural water. Environ. Sci. Technol. 39, 2645–2650.

Rose, A.L., Webb, E.A., Waite, T.D., Moffett, J.W., 2008. Measurement and implications of
nonphotochemically generated superoxide in the Equitorial Pacific Ocean. Environ.
Sci. Technol. 42, 2387–2393.

Rose, A.L., Godrant, A., Furnas, M., Waite, T.D., 2010. Dynamics of nonphotochemical su-
peroxide production and decay in the Great Barrier Reef lagoon. Limnol. Oceanogr.
55 (4), 1521–1536.

Roy, E.G., Wells, M.L., King, D.W., 2008. The persistence of Fe(II) in subarctic Pacific sur-
face waters. Limnol. Oceanogr. 53 (1), 89–98.

Rue, E.L., Bruland, K.W., 1995. Complexation of iron(III) by natural organic ligands in
the Central North Pacific as determined by a new competitive ligand equilibra-
tion/adsorptive cathodic stripping voltammetric method. Mar. Chem. 50 (1–4),
117–138.

Rue, E.L., Bruland, K.W., 1997. The role of organic complexation on ambient iron chem-
istry in the equatorial Pacific Ocean and the response of a mesoscale iron addition
experiment. Limnol. Oceanogr. 42 (5), 901–910.

Salmon, T.P., Rose, A.L., Neilan, B.A., Waite, T.D., 2006. The FeL model of iron acquisi-
tion: nondissociative reduction of ferric complexes in the marine environment.
Limnol. Oceanogr. 51 (4), 1744–1754.

Santana-Casiano, J.M., Gonzalez-Davila, M., Millero, F.J., 2005. Oxidation of nanomolar
levels of Fe(II) with oxygen in natural waters. Environ. Sci. Technol. 39 (7),
2073–2079.

Santana-Casiano, J.M., Gonzalez-Davila, M., Millero, F.J., 2006. The role of Fe(II) species
on the oxidation of Fe(II) in natural waters in the presence of O2 and H2O2. Mar.
Chem. 99 (1–4), 70–82.

Santana-Casiano, J.M., Gonzalez-Davila, M., Rodriguez, M.J., Millero, F.J., 2000. The effect of
organic compounds in the oxidation kinetics of Fe(II). Mar. Chem. 70 (1–3), 211–222.

Sato, M., Takeda, S., Furuya, K., 2007. Iron regeneration and organic iron(III)-binding li-
gand production during in situ zooplankton grazing experiment. Mar. Chem. 106
(3–4), 471–488.

Shaked, Y., Kustka, A.B., Morel, F.M.M., 2005. A general kinetic model for iron acquisi-
tion by eukaryotic phytoplankton. Limnol. Oceanogr. 50 (3), 872–882.

Theis, T.L., Singer, P.C., 1974. Complexation of iron(II) by organic matter and its effect
on iron(II) oxygenation. Environ. Sci. Technol. 8 (6), 569–573.

Tratnyek, P.G., Hoigne, J., 1994. Kinetics of reactions of chlorine dioxide (OClO) in water
— II. Quantitative structure–activity relationships for phenolic compounds. Water
Res. 28 (1), 57–66.

Tsuda, A., et al., 2007. Evidence for the grazing hypothesis: Grazing reduces phyto-
plankton responses of the HNLC ecosystem to iron enrichment in the western sub-
arctic pacific (SEEDS II). J. Oceanogr. 63 (6), 983–994.

Voelker, B.M., Sedlak, D.L., 1995. Iron reduction by photoproduced superoxide in sea-
water. Mar. Chem. 50 (1–4), 93–102.

Wells, M.L., 2003. The level of iron enrichment required to initiate diatom blooms in
HNLC waters. Mar. Chem. 82 (1–2), 101–114.

Wells, M.L., Mayer, L.M., Donard, O.F.X., De Souza Sierra, M.M., Ackelson, S.G., 1991. The
photolysis of colloidal iron in the oceans. Nature 353 (6341), 248–250.

Wells, M.L., Trick, C.G., Cochlan, W.P., Hughes, M.P., Trainer, V.L., 2005. Domoic acid: the
synergy of iron, copper, and the toxicity of diatoms. Limnol. Oceanogr. 50 (6),
1908–1917.

Willey, J.D., Kieber, R.J., Seaton, P.J.,Miller, C., 2008. Rainwater as a source of Fe(II)-stabilizing
ligands to seawater. Limnol. Oceanogr. 53 (4), 1678–1684.

Witter, A.E., Lewis, B.L., Luther Iii, G.W., 2000. Iron speciation in the Arabian Sea. Deep
Sea Research Part II: Topical Studies in Oceanography 47 (7–8), 1517–1539.

Wu, J., Luther III, G.W., 1995. Complexation of Fe(III) by natural organic ligands in the
Northwest Atlantic Ocean by a competitive ligand equilibration method and a ki-
netic approach. Mar. Chem. 50 (1–4), 159–177.

122 E.G. Roy, M.L. Wells / Marine Chemistry 127 (2011) 115–122


