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[1] A better comprehension of atmospheric iron dissolution
in seawater would be a key advance in understanding the
atmospheric supply of iron to the ocean and its role onmarine
biogeochemistry. So far, different studies have demonstrated
that dissolution of atmospheric iron depends on physical
and chemical properties of the particles, which can be
modified during their transport from the source. Here, based
on a one-year time-series in the Western Mediterranean Sea,
we show that dissolution of iron from a Saharan desert dust
sample in seawater follows the seasonal trend of the
dissolved organic carbon (DOC) variability in the surface
layer. As part of the DOC pool, the role of iron binding
ligands, probably derived from bacteria activity, has also
been investigated. The dust iron dissolution rates are found to
be linearly dependent on iron binding ligands and dissolved
organic carbon concentrations (r2 > 0.65, p < 0.01, n = 9).
Citation: Wagener, T., E. Pulido-Villena, and C. Guieu (2008),
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1. Introduction

[2] At the end of the 80’s, two new concepts brought an
important focus on iron biogeochemistry within the coupled
ocean-atmosphere system: (1) iron limits oceanic productiv-
ity in the large High Nutrient Low Chlorophyll (HNLC)
areas and (2) atmospheric particles (in particular desert dust)
are the main external source of iron for the open ocean. The
‘iron hypothesis’ expressed byMartin [1990] linked these two
concepts over long time-scales. One of the keys for improving
the comprehension and quantification of this link is a better
understanding/parameterization of the dissolution of iron
from atmospheric deposition into the sea surface waters.
[3] The influence of chemical and physical properties of

atmospheric particles, and their aging during atmospheric
transport towards iron dissolution in water has been inves-
tigated in previous studies [e.g., Baker and Jickells, 2006;
Sedwick et al., 2007]. At the seawater pH (pH � 8), the
solubility of iron (III) is extremely low, but is enhanced by
organic binding ligands [Liu and Millero, 2002]. Ligands
have been demonstrated to be in excess compared to dis-
solved iron and to form strong iron-complexes (KcondFe

0L �
1012) [Van den Berg, 1995]. Several experimental studies
have pointed out that ‘‘natural strong iron binding ligands’’
enhance the dissolution of iron (hydr)oxides in aquatic
systems [e.g., Kraemer, 2004]. Iron binding ligands com-

pose a part of the complex dissolved organic matter (DOM)
pool, whose content in seawater is related to the biogeo-
chemical conditions. Since biogeochemical conditions ex-
hibit seasonal variations, it is likely that the dissolution of
atmospheric iron varies accordingly.
[4] The aim of this study is to investigate the influence of

ocean biogeochemistry on dust iron dissolution rather than
to provide absolute values for dissolution. It has to be seen
as complementary to previous studies that have focused
mainly on the influence of the aerosol physical and chem-
ical properties toward the dissolution and ‘‘effective’’ dis-
solution estimates made in surface seawater [e.g., Sedwick
et al., 2007].

2. Material and Methods

2.1. Sampling and Analysis

[5] Seawater sampling was performed monthly between
December 2005 and December 2006 at the JGOFS-
DYFAMED time-series station (43�250N, 07�520E). Seawa-
ter was collected on board the R/V Tethys II at a 10 m depth
using a trace metal clean protocol described by Bonnet and
Guieu [2006]. This water mass is representative of the
oceanic surface layer impacted by atmospheric deposition.
Filtered seawater (<0.2mm –Sartobran cartridge filter) was
collected for measurements of dissolved iron concentration
[dFe], dissolved organic carbon concentration (DOC) and
excess iron binding ligands concentration (cf. Introduction)
[L0]. Additional filtered seawater was sampled to perform
dissolution experiments. Bulk samples were collected for
bacterial abundance (BA). Samples for the dissolution
experiments and [L0] determination were immediately deep-
frozen (�20�C) on board until the experiments or analyses
were performed. The rest of the samples were kept at 4�C.
[6] [dFe] was analyzed by flow injection with online pre

concentration and chemiluminescence detection following
exactly the same protocol and analytical parameters as
Bonnet and Guieu [2006] (detection Limit (DL) = 10 pM
and blank = 50 pM, same instrument used). All filtered
samples for [dFe] determinations were acidified (0.01M HCl
- Merck Ultrapur) at least 24 hours before analysis. DOC was
determined with a Shimadzu TOC analyzer and BA was
determined by epifluorescence microscopy (both described
by Pulido-Villena et al. [2008]). [L0] was determined by a
competitive ligand equilibration with 2-(2-thiazolyazo-)-p-
cresol (TAC) followed by adsorptive cathodic stripping
voltammetry (CL-ACSV) [Croot and Johansson, 2000].
[L0] were calculated with the ‘‘Van den Berg/Ruzic’’ line-
arization method considering only one class of ligands (see
auxiliary material1).

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL034581.
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2.2. Dissolution Experiments

[7] The fraction <20 mm of a soil composite collected in
the South Algerian Hoggar Region (hereafter ‘‘dust’’) with
iron concentration of 5% ± 0.5% in mass, was used for the
two dissolution experiments. This material has been used in
various studies, as a proxy for aerosol samples. Although
this material has not been subject to atmospheric transport,
its grain-size distribution is representative of dust trans-
ported over the western Mediterranean Sea [Guieu et al.,
2002]. The first experiment was devoted to assess the
seasonal variability of iron dissolution; the second one
was devoted to investigate the iron dissolution kinetics.
All manipulations took place under a class 100 laminar flow
bench and all material was cleaned following trace-metal
clean protocols.
[8] The first dissolution experiment was performed by

adding a fixed amount of the same dust to seawater
collected at 10 different moments of the year at the
DYFAMED site. Seawater was defrosted the evening before
the experiment. In a small Teflon vial, 10 mL of Milli-Q
water was added to 10 mg of dust and vigorously shaken. 1
mL of this ‘‘mother solution’’ was immediately added into
200 mL of seawater (final dust concentration = 5 mg.L�1)
and the bottles were vigorously shaken. 60 mL were
immediately filtered on a 0.2 mm polycarbonate membrane
for the measurement of [dFe]. This represents the time Tinsta
and occurred after ca. 120 s. Bottles with the remaining
5 mg.L�1 dust solution were shaken every 4 to 8 hours.
After 24 hours (T24) and 72 hours (T72), 60 mL were filtered
under the same conditions as for Tinsta for the measurements
of [dFe].
[9] For the second experiment, a ‘‘seawater composite’’

was obtained by mixing together an equal amount of the 10
filtered seawaters used in the first experiment. The exper-
iment was performed in duplicate and was designed to
parameterize the iron dissolution kinetics. For both repli-
cates, 5 mg of dust was added to 1 L of seawater (final dust
concentration: 5mg.L�1). 60 mL of the seawater/dust solu-
tion were filtered on a 0.2 mm membrane for [dFe] deter-
minations at the following 15 times: 1, 5, 15, 30 min and 1,
2, 4, 8, 12, 16, 24, 48, 72, 96, 120h. Between filtrations, the
two containers were placed on a shaker (frequency: 1 s�1).
It has to be mentioned that the final dust concentration used
in this experiment is higher than that expected in the surface
mixed layer after most typical-intensity Saharan events in
the Mediterranean Sea (see range proposed by Bonnet and
Guieu [2004]).
[10] Wall adsorption of iron can be an issue in such

experiments [Fischer et al., 2007] and organic matter
coagulation could have biased the interpretation of the
results; however, all the experiments having being con-
ducted under the same conditions, we assume that compar-
ing the results of these experiments is a valuable exercise.

3. Results

3.1. Temporal Variations of Seawater Biogeochemical
Conditions

[11] [dFe] averaged 0.6 nM during the winter mixing
period, followed by a decrease to 0.2 nM at the end of the
spring bloom in May (Figure 1b). [dFe] then increased to

1.5 nM during the stratification period. [L0] were always in
excess compared to [dFe] with higher values during spring
and summer (May to August) compared to winter and fall
(Figure 1a). DOC and BA followed synchronous trends
with low values from October to April, increasing in May
after the end of the spring bloom (Figures 1c and 1d). TChla
indicated the occurrence of a significant spring bloom
(TChla = 2.5 mg.L�1) at the end of March. Summer values
were typical of oligotrophic conditions (0.02 < TChla <
0.05 mg.l�1, Figure 1e).

3.2. Seasonal Variability of Atmospheric Iron
Dissolution (First Experiment)

[12] [dFe] released from particles (D[dFe] in nM) at Tinsta
was undetectable (DL for D[dFe] being 0.01 nM). D[dFe]
at T24 ranged from <DL to 0.26 nM and at T72 from <DL to
0.69 nM (Figure 1g). This corresponds to a percentage of
iron dissolved in seawater from total iron introduced rang-
ing from <DL to 0.0150 %. D[dFe] at T72 was on average
2.6 ± 0.7 times higher than at T24. From December to
February, dissolution remained undetectable whatever the
contact time considered. Dissolution values increased from
April to July, followed by lower but significant values
between August and October. Dissolution values at T24

and T72 as a percentage of apparent free ligands (as
measured by CSV) that complexed iron (Figure 1f) were
ranging from <DL to ca. 15%.

3.3. Dissolution Kinetics Study (Second Experiment)

[13] The difference between both replicates for D[dFe]
versus time was not significant (t-test, n = 15, p < 0.05).
This good reproducibility supports that the variability of the
dissolution evidenced from the first experiment was due to
an environmental factor rather than an intra-experimental
issue. We attempted to use simple functions (log, exponen-
tial, power law, linear) to fit the whole data set, by
minimizing the c2 differences between model function
and experimental points. None of these simple functions
were satisfactory and a better and significant fit (p < 0.0001)
was obtained by adjusting the distribution for the two
segments with linear models with a change in the slopes
at time t = 2.6 hours (Figure 2). The first and second linear
segment corresponds respectively to dissolution rates of
1.23 nM-Fe.day�1 and 0.09 nM-Fe. day�1.

4. Discussion

4.1. Temporal Variation of Iron Binding Ligand
Concentrations

[14] The monthly variations of most of the variables
measured at 10 m-depth (Figure 1), follow the trends
described in previous studies conducted at DYFAMED:
[dFe] [Bonnet and Guieu, 2006], TChla [Marty et al.,
2002], BA [Lemée et al., 2002] and DOC [Avril, 2002].
The only existing [L0] values in the western Mediterranean
Sea are from a cruise that took place in July 1993 [Van den
Berg, 1995], where [LT] (Total iron binding ligands) values
at 20 m (4.2–5.85 nM-eqFe) were of the same order of
magnitude as the July value in our study (4.9 nM-eqFe).
Seasonal variations of organic speciation have been dem-
onstrated for copper [Croot, 2003] but, to our knowledge,
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this is the first report of the temporal variability of iron
binding ligands at a yearly scale. Different biogenic sources
for iron binding ligands have been proposed [Hutchins et
al., 1999]: (1) synthesis and release by prokaryotic organ-
isms in iron limited environments and (2) breakdown of
biological material. In the present study, variation in ligand
concentration presents a significant positive correlation with
BA (r2 = 0.73, p = 0.008, n = 10) and DOC (r2 = 0.57, p =
0.01, n = 10) whereas no significant correlation is observed
with TChla or any phytoplankton group. The two maximum
values of [L0] (May and July) coincide with peaks in BA:
one was observed after the spring bloom (in May), probably
fuelled by the high post-bloom DOC pool; the other one,
observed in July was likely induced by a Saharan dust event
recorded 4 days before [Pulido-Villena et al., 2008].

4.2. Atmospheric Iron Dissolution

[15] The low dissolution percentages obtained in this
study are probably due to the use of a Saharan dust end-
member composed of terrigenous particles not submitted to
atmospheric transport/aging. Our numbers are in agreement
with previous studies by Bonnet and Guieu [2004] and
Mendez et al. [2008] conducted with the same dust.
[16] D[dFe] increased significantly with [L0] and DOC

with a constant percentage of free ligands apparently used
to complex iron (Figure 1f). Although the final iron
concentration is expected to be controlled by iron binding
ligands, D[dFe] is not better correlated to [L0] than to
DOC (Figures 3a and 3b). These results are in agreement
with the theoretical approach introduced by Hiemstra and
van Riemsdijk [2006]: the dissolution may not only be seen

Figure 1. Seasonal variations at 10 m between December 2005 and December 2006 at DYFAMED station of (a) [L0] in
nmol.L�1-Fe equivalent, (b) [dFe] in nmol.L�1, (c) DOC in mmol.L�1-C equivalent, (d) BA in cells.mL�1, (e) TChla in
ng.L�1 for micro-, nano- and pico-phytoplankton (data obtained in the frame of the Service d’Observation DYFAMED—
Importance of the different size groups of phytoplankton following the method described by Uitz et al. [2006]), (f)
percentage of apparent free ligands (as measured by CSV) that complexed iron at T24 and T72 and (g) D[dFe] (in nM)
dissolved from the particles (D[dFe] = [dFe]Tx � [dFe]T0) at T24 (grey bar) and T72 (white bar) in nM. The bars are not
stacked. The error bars represent the standard deviation for replicate analysis. Corresponding data available in the auxiliary
material.
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as controlled by one (or two) class of organic binding
ligands measured by CL-ACSV, but rather by the entire
DOM pool which represents a continuum of binding char-
acteristics which could act on dissolution. The obtained
dissolution amounts can be classified in three groups

(Figures 3a and 3b), corresponding to contrasting situations
regarding biogeochemical conditions. Group (H), where the
dissolution is the highest, corresponds to periods when
abundance of heterotrophic bacteria is stimulated (end of
the bloom or after a dust event). Group (M), with a lower

Figure 2. D[dFe] (in nM) as a function of time (in day). The grey circles represent the replicate 1 and the black circles, the
replicate 2.

Figure 3. D[dFe] (in nM) at T72 plotted against (a) [L
0] and (b) DOC. Dissolution rate between T24 and T72 plotted against

(c) [L0] and (d) DOC. For all plots, the point corresponding to ‘‘Dec. 06’’ has been removed due to peculiar hydrological
conditions encountered during this month (J. C. Marty and J. Chiaverini, Drastic changes in hydrology and productivity
observed in the north-western Mediterranean Sea during 1995–2007 period at DYFAMED time-series station, manuscript
in preparation, 2008). The meaning of the data groups L, M and H are explained in the text.
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dissolution, corresponds to situations during which the
bacterial activity is moderate (during the bloom and when
stratification is well established in summer). Finally, group
(L) corresponds to the period of winter mixing with low
productivity and low bacterial activity when no dissolution
could be measured. An intriguing point for this group (L) is
that no dissolution is detectable although [L0] and DOC are
still measurable. Contrary to the theoretical approach pro-
posed by Hiemstra and van Riemsdijk [2006], it seems
necessary to invoke a qualitative description of iron binding
ligands to fully understand their effect on iron solubility in
seawater. This suggests that the organic matter present in the
seawater at that time is not able to dissolve or keep in
solution iron from the dust sample used in this study.
Organic matter supplied by deep water mixing (during
winter months) could be seen in a conceptual way as
‘‘old’’ degradation products which would be ‘‘non effec-
tive’’ to hold iron in solution. In contrast, periods with high
dissolution would correspond to conditions of ‘‘freshly’’
produced organic matter as illustrated in this time-series by
the higher dissolution values encountered in May and July.
This can be compared to [dFe] and [L0] patterns observed
during SOIREE iron enrichment [Croot et al., 2001] where
the post infusion [dFe] increased only when ‘‘new’’ ligands
were produced.

4.3. Dissolution Kinetics

[17] In the second experiment, iron dissolution kinetics
can be modeled by two linear functions. This approach is
insufficient to give a mechanistic description of a ligand
induced dissolution of dust iron. However, these two
dissolution rates imply that a fraction of iron within the
dust particles is more easily prone to dissolve since the first
slope corresponds to a dissolution rate ten times higher than
the second one. When all the ‘‘easily’’ dissolvable iron is
released, the dissolution rate decreases down to 0.09 nM.
day�1. The first slope could consist of the addition of this
slower rate and a faster rate of dissolution of 1.14 nM.
Day�1. This idea of two different ‘‘types’’ of iron in regard
to the solubility is in agreement with previous studies that
have demonstrated that iron solubility depends on the
different solid phases (clays, iron oxides, quartz) that
constitute dust particles [Journet et al., 2008]. No decrease
of the dissolution rate at the end of the experiment could be
observed, but we can suppose that this would occur when
the binding equilibrium between the available ligands and
iron would be reached [Liu and Millero, 2002]. This point is
clearly not yet reached as the [dFe] at the end of the
experiment is equal to 0.77 ± 0.05 nM (n = 2) whereas
[L0] is 2.54 nM-eqFe at the beginning of the experiment.
[18] Since the dissolution kinetics observed in the second

experiment (‘‘slow’’ dissolution after 4 hours) may certainly
apply to the first experiment, we can assume that dissolution
occurred linearly between T24 and T72. Thus, for all
seawater used in the first experiment, we can estimate the
dissolution rate of iron from the slope of the line defined
between D[dFe] at T24 and at T72. This dissolution rate is
linearly dependent on the [L0] and DOC (Figures 3c and 3d).
This control of the dissolution kinetics by DOM is also
supported by the fact that the amount of dissolved iron
represents a relatively constant fraction of the available
binding ligands for all the months in the first experiment

(Figure 1e). Since DOC is a parameter widely determined in
the ocean, such a linear model between the dissolution rate
and DOC could be of great interest for studies at the global
scale. However, the role of aerosol properties and atmo-
spheric transport toward dissolution needs also to be taken
into account in order to thoroughly parameterize the disso-
lution of atmospheric iron in seawater.

5. Conclusion

[19] So far, it has been demonstrated experimentally that
iron-binding ligands affect iron dissolution rates when
siderophore ligands, artificial [Kraemer, 2004] or from
natural bacterial cultures [Yoshida et al., 2002], are added
to pure iron (hydr)oxides. Here, in natural conditions, we
show that this applies to the dissolution of iron from dust
particles when they enter the sea surface. Over a one year
time series, the ultimate control of atmospheric iron disso-
lution by iron binding ligands [Liu and Millero, 2002;
Mendez et al., 2008] is confirmed. However, in this study,
iron binding ligands concentration as determined by CL-
ACSV is not a better parameter than DOC to parameterize
this process. In regard to the importance of organic com-
plexation in the dissolution process demonstrated in this
study, investigating the influence of light seems a promising
perspective, due to the importance of the light induced
processes on organically-bound iron bioavailability
[Barbeau et al., 2001]. Since, the trophic conditions control
the concentration of dissolved organic matter in the surface
ocean, and given the fertilizing potential of atmospheric
iron, dissolved organic matter may certainly mediate a
positive feedback between dust and ocean biogeochemistry.
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