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Matthieu Bressac'~ and Cécile Guieu”
Received 29 November 2012; revised 25 July 2013; accepted 1 August 2013; published 30 August 2013.

[1] Abiotic iron removal processes such as scavenging can significantly and rapidly modify
iron distribution in the dissolved-colloidal-particulate continuum. Therefore, these
processes could be considered, in addition to ligand complexation, as a major control on
atmospheric iron dissolution in seawater. In this work, we investigated the seasonal abiotic
processes occurring once dust deposited on surface seawater using a series of artificial
seeding experiments (allowing us to take into consideration the settling of particles ona 1 m
depth layer). Here, we demonstrate that atmospheric dissolved iron concentration ([DFe]) is
driven by the processes governed by the dissolved organic matter (DOM) pool. Following
artificial dust seeding, an order magnitude range increase in the [DFe] (12 — 181 nmol L™ 1)
was observed depending on the season. Under high and fresh DOM conditions (spring and
summer), the rapid formation of aggregates induced a negative feedback on the [DFe]
through scavenging, while a fraction of the DFe was likely organically complexed. In
contrast, in low-DOM surface waters (winter), aggregation was not observed, allowing a
very large transient increase in [DFe] (181 nmol L~!) before being removed by adsorption
onto settling particles. A key result of the findings is that depending on the age and quantity
of DOM, the “lithogenic carbon pump” is likely a major pathway for organic carbon export.
Modeling studies should therefore relate both atmospheric iron dissolution in seawater and

the intensity of the subsequent biological response, to the age and quantity of DOM.

Citation: Bressac, M., and C. Guieu (2013), Post-depositional processes: What really happens to new atmospheric iron in
the ocean’s surface?, Global Biogeochem. Cycles, 27, 859-870, d0i:10.1002/gbc.20076.

1. Introduction

[2] Iron is involved in numerous biogeochemical processes
in the ocean and is recognized as an essential micronutrient
for phytoplankton growth. Iron’s low availability within the
upper ocean limits primary productivity in high-nutrient
low-chlorophyll regions [Boyd et al., 2007], and in oligotro-
phic regions by limiting nitrogen fixation [Falkowski, 1997;
Mills et al., 2004]. Atmospheric deposition constitutes a
major external source of new iron to surface waters [Duce
and Tindale, 1991], and among the different atmospheric
sources dust originating from desert regions is estimated
to represent 95% of global atmospheric iron cycle [Luo
et al., 2008].

[3] Inabiogeochemical context, the atmospheric dissolved
iron (DFe) flux to the surface ocean cannot be derived only
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from the dust flux. Atmospheric iron solubility, not constant
over the global ocean [Mahowald et al., 2005], constitutes a
key uncertainty in our understanding of the iron cycle [e.g.,
Jickells et al., 2005; Mahowald et al., 2009]. While soils
from dust source regions have low iron solubility (~0.1%)
[Fung et al., 2000], numerous small-scale dissolution exper-
iments have reported atmospheric iron solubility values rang-
ing from 0.01% to 80% [Mahowald et al., 2009, and
references therein]. Iron solubilization and the reported
ranges of solubility have been suggested to be driven by a
number of factors such as the aerosol source [Spokes et al.,
1994], mineralogy [Journet et al., 2008], cloud processes
[e.g., Desboeufs et al., 2001; Mahowald et al., 2005; Fan
et al., 2006], and aerosol particle size [Baker and Jickells,
2006; Ooki et al., 2009].

[4] In addition to the atmospheric processes controlling
inherent iron solubility, a number of oceanic processes occur-
ring in surface seawater influence the fate of DFe. However,
as a result of the sporadic character of dust events, field data
are lacking for investigations of oceanic processes at high
time resolutions. In most current oceanic models, an absolute
atmospheric iron solubility value (0.1-2%) is applied for all
regions and over all timescales [Aumont et al., 2003; Bopp
et al., 2003; Moore et al., 2004; Parekh et al., 2004; Moore
and Braucher, 2008].

[5] Atmospheric iron solubility in seawater has been dem-
onstrated to be ultimately controlled by iron-binding ligands
[Wagener et al., 2008; Mendez et al., 2010] that enhance
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extremely low iron “real” solubility in seawater [ Gledhill and
Buck, 2012, and references therein]. However, a significant
portion of ligands resides within the colloidal size range
[Wu et al., 2001; Cullen et al., 2006] and is subject to aggre-
gation and removal on sinking particles [Wells and
Goldberg, 1993; Johnson et al., 1994; Wen et al., 1997].
Field and modeling studies have demonstrated that these
processes are responsible for the substantial removal of
DFe from subsurface waters [Johnson et al., 1997, Wu
et al., 2001; Moore and Braucher, 2008]. The importance
of this DFe sink is such that aggregation is now included in
some biogeochemical models [e.g., Moore and Braucher,
2008; Ye et al., 2009].

[6] Organic complexation and aggregation processes are
initiated by the dissolved organic matter (DOM) pool;
therefore, their intensity should vary according to the
biogeochemical state of sea surface waters. Additionally,
dust deposition is due to episodic events that are highly
spatial and temporally variable [Moulin et al., 1997;
Jickells et al., 2005]. As a result, the waters into which
atmospheric particles are deposited are characterized by
contrasting biogeochemical conditions (i.e., by a wide-
ranging DOM content and age) leading to unpredictable
and contrasted biogeochemical responses. Therefore, con-
siderations of the biogeochemical situation appear to be
crucial to our understanding of oceanic control on atmo-
spheric iron solubility.

[7] Atmospheric iron solubility measurements are often
influenced by experimental artifacts (e.g., the adsorptive loss
of iron onto the walls) and suffer from a lack of representa-
tiveness of natural conditions (timescale, contact time be-
tween particles and seawater, particle dynamics, and the
biogeochemical characteristics of seawater). Although
“classical” dissolution experiments yield important values
regarding atmospheric iron solubility, the post-depositional
processes governed by particle dynamics are not included
in such experiments since they may not adequately predict
actual atmospheric iron solubility [Baker and Croot, 2010].
In this work, we designed an original experimental setup that
allowed us to take into consideration the settling of atmo-
spheric particles on a 1 m depth layer using a realistic contact
time between particles and seawater. Artificial seeding exper-
iments were performed under abiotic conditions by spraying
dust at the surface of the 300 L tank filled with seawater
collected during three different seasons (spring, summer,
and winter), representing contrasting biogeochemical situa-
tions. The evolution of particle size distributions, the colored
dissolved organic matter (CDOM) absorption, and the [DFe]
were followed for six days at a high time resolution.
Although, in some respects, our experimental approach dif-
fered from typical natural conditions (the absence of induced
turbulence and photochemical reactions), unconstrained
particle dynamics allowed the different post-depositional
processes (such as aggregation and scavenging removal on
sinking particles) to occur. The high time resolution enabled
us to discriminate amongst these post-depositional processes
and to quantify their impact on the [DFe]. To our knowledge,
the experiment described here constitutes the first attempt
at estimating the fate of atmospheric iron in seawater
by considering post-depositional processes, contrasting
biogeochemical conditions, and realistic and high-resolution
timescales.

2. Material and Methods

2.1.

2.1.1. Seawater Sampling

[s] Artificial seeding experiments were performed during
three distinct periods of the year on 0.2 um filtered seawater
collected in May 2011 (spring conditions), October 2011
(summer conditions), and February 2012 (winter conditions).
For each experiment, 300 L of seawater was collected at a
Sm depth in Villefranche Bay (France) using three trace-
metal clean Teflon pumps connected to polyethylene tubes.
Inline filtration was performed using a 0.2 um cartridge
(Sartorius Sartrobran-P-capsule with a 0.45 pm prefilter and
a 0.2 um final filter) and allowed to directly and rapidly fill
25L trace-metal clean high density polyethylene (HDPE)
containers that were kept in the dark until transfer into the
experiment tank (less than 4h for the entire operation). A
weekly survey at the permanent time series SOMLIT/SO-
RADE (Service d’Observation du Milieu LIToral-Service
d’Observation de la Rade de Villefranche-sur-Mer)
performed at Point B (43.41°N, 7.19°E), in the rade of
Villefranche-sur-mer (France), provided chlorophyll a
(Chla) and temperature at the sampling site. Additionally,
bacterial abundance (BA) and the transparent exopolymer
particle (TEP) concentration were provided by M.L.
Pedrotti (unpublished data).
2.1.2. Experimental Setup: The Minicosm

[s] The cylindrical experimental tank (hereafter referred to
as the “minicosm”; height: 1.09 m, diameter: 0.68 m, surface
area: 0.36 m?, and volume: 0.31 m*) was made of HDPE, was
conical at the bottom, and ended with a sediment trap from
which exported material was collected at the end of each ex-
periment. A cover made of HDPE sealed the minicosm
tightly and avoided light penetration. The three experiments
were performed in a clean laboratory that had a constant tem-
perature of 20°C. Discrete samples were made gravimetri-
cally through three sampling tubes having inlets at the
center of the minicosm. To keep the sampling depths (0.1,
0.3, and 0.6 m) exact throughout the experiment, a system
of “float and weight” was linked to the three tubes. The
minicosm was initially cleaned inside the clean laboratory
by washing it with surfactant (DECON® Neutracon™),
keeping it half filled with a 10% HCI solution for 1 week,
and then keeping it half filled for another week with a 1%
HCI Merck™ Suprapur® solution. Between each step, the
minicosm was abundantly rinsed with ultrapure water and,
prior to each experiment, a final rinse was performed with
collected filtered seawater.
2.1.3. The Artificial Dust Used for Seeding

[10] The same dust that was used during the DUNE
mesocosm experiment [Guieu et al., 2010] was used for
this experiment. The methodology for producing the experi-
mental dust is fully described in Guieu et al. [2010]. Briefly,
soils (< 20 um) collected in southern Tunisia (an aerosol source
region) underwent a physical-chemical treatment that mimicked
the pH gradients and the incorporation of inorganic and organic
acid species normally observed during the cloud processing of
dust. After artificial aging, “evapocondensed dust” contained
2.314£0.04% of Fe in mass (Fegyus) [Guieu et al., 2010].
2.1.4. The Seeding Experiment

[11] Filtered seawater was stabilized inside the minicosm
for one night. Prior to seeding the minicosm, all of the

Design of the Experiment
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parameters were sampled (T) at the three sampling depths in
order to determine the initial conditions. In order to mimic a
wet deposition event using a realistic flux of 10gm™? [e.g.,
Ternon et al., 2010], 3.6 g of dust diluted in 2 L of ultrapure
were sprayed on the surface of the minicosm. For each of
the three experiments, the following high-resolution sam-
pling took place at 1 h, 3h, 6h, 12h, 16h, 24h, and 31h;
and then at 48 h, 72h, 96 h, 120 h, and 144 h. At the end of
each experiment, less than 15% of the initial volume
was removed.
2.1.5. Control of Potential Experimental Artifacts

[12] In October and February, the abiotic conditions were
assessed. On average, 97% BA were removed after the initial
0.2 um filtration and their number stayed constant and low
(5.2+5 10* cells mL™") throughout the experiments (M.L.
Pedrotti, unpublished data). Therefore, these “quasi-abiotic”
conditions should not have impacted the DOM and the DFe
concentrations. Temperature and pH were routinely measured
and remained constant throughout the experiments. Wall ad-
sorption of iron was minimized with the relatively low surface
to volume ratio (6.79 m~ ) of the minicosm. A “control exper-
iment” in ultrapure water or artificial seawater was not
performed as a result of the different ionic strength and pH
of the ultrapure water, and the difficulty of preparing 300 L
of artificial seawater under trace-metal clean conditions.
However, we compared the results from three experiments
that were conducted using the exact same experimental condi-
tions. Hence, parameters not representative of natural condi-
tions (e.g., the wall absorption of iron and the absence of
turbulence) will not modify our conclusions.

2.2. Measured Parameters and Calculations

[13] The experiments were conducted in a clean labora-
tory. Filtrations were performed under a class 100 laminar
flow bench and all of the material used was cleaned following
trace-metal clean procedures [Bruland et al., 1979].

2.2.1. Dissolved Iron

[14] The samples were filtered with acid-cleaned 0.2 um
polycarbonate membranes (Nucleopore, Whatman). Filtrates
were stored in 60 mL low density polyethylene bottles, acidi-
fied to pH 2 (quartz-distilled HCI), and analyzed after at least
24h. DFe concentrations were measured by flow injection
with online preconcentration and chemiluminescence detec-
tion using the exact protocol, instrument, and analytical
parameters as described by Bomnet and Guieu [2006].
Considering the wide range of [DFe], calibration curves were
adapted depending on the sample concentration. One curve
ranged to 9 nmol L™ (DL =9 pmol L~" and a blank = 70 pmol
L"), and the other to 30nmol L~' (DL=13 pmol L' and a
blank =100 pmol L™'). For the highest [DFe] (T, and T; in
October and February), the samples were diluted in seawater
and the preconcentration time was reduced. An internal acidi-
fied seawater standard was measured every day in order to
control the stability of the analysis. The reliability of the
method was controlled by analyzing the D2 SAFe seawater
standard [Johnson et al., 2007]. Blanks, filtered, and treated
samples were performed in duplicate and indicated no
setup contamination.

[15] The percentage of dissolved atmospheric iron (DFe
%= ([DFe] — [DFelinitial) * 100 / [Fel: (1)) was calculated
from the [DFe] (nmol L") measured at each sampling depth,
and the dust concentration (Dc; mg L™') estimated from
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Stokes Law. Indeed, in order to consider only atmospheric
particles in our calculation, Dc was calculated based on the
dust size distribution [Guieu et al., 2010] and by assuming
an average particle density of 2.65 gcm™>. For this calcula-
tion, we partitioned the minicosm into three compartments
corresponding to the three sampling depths (0-0.2, 0.2-0.4,
and 0.4-1m) that we assumed were homogeneous for
[DFe]. Dc was calculated for each sampling time by integrat-
ing the particle mass theoretically present in each compart-
ment during the time interval. In (/), [Fe]w: (nmol L") is
the concentration of total iron if 100% of the atmospheric
iron is dissolved. [Fe],: was calculated according to the
following equation: [Felio;=(Dc X Fegus X 1 107%) / 55.85,
where 55.85 (gmol ) is the atomic weight of Fe.

2.2.2. CDOM Absorption

[16] CDOM absorption (acpom; M~ ') measurements were
performed on the 0.2 pm filtrate kept in the dark until the
analysis (less than 4 h after filtration). acpon Was measured
using a multiple path length and a liquid core waveguide
(UltraPath, Word Precision Instruments Inc.), using an
optical path length of 2m by following the exact protocol,
instrument, analytical parameters, and data corrections as
described by Matsuoka et al. [2012]. Absorbance spectra
were measured from 200 to 735 nm with 1 nm increments,
but only measurements at 320 nm are reported here in order
to illustrate the change in CDOM throughout the experiment.
The spectral slope of the CDOM (Scpom; hm ™) was calcu-
lated by fitting a nonlinear regression to the data from 350 to
500 nm, as described by Babin et al. [2003].

2.2.3. Particle Size Distributions (PSDs)

[17] PSDs were obtained by combining measurements
from an electrical impedance particle sizer (Coulter coun-
ter; Beckman) and a laser diffractometer (LISST-100 type
B; Sequoia Scientific Inc.). The particle size distribution
(N(D); part L") of the 0.7-18 um size range was measured
using a Coulter counter by passing 0.05mL of the sample
through a 30 um aperture tube. The final Coulter counter
PSDs as displayed correspond to the average of five replicate
measurements after a blank measurement (0.2 um of filtered
seawater) was subtracted. The LISST-100 measured the
particle volume concentration (V(D); uL L") in 32 size
classes logarithmically spaced between 1.25 and 250 pm.
Measurements were performed in bench-top mode, with sam-
ples placed within a 100 mL dark container and inserted into
the optical head of the instrument. Gentle stirring was applied
during recording (for at least 2min). Blank determinations
were performed using ultrapure water and subtracted from
sample measurements. Due to overestimations of volume for
the smallest and largest size classes [Agrawal and Pottsmith,
2000; Agrawal et al., 2008], the two bins were further
excluded in the size distribution analysis leading to a final
1.48-212 um size range. By assuming that the particles were
spherical, N(D) was calculated as described by Bressac et al.
[2012] and the resulting data were averaged in order to
produce the final LISST PSDs.

[18] N(D) from both instruments were normalized using
the extent of each size class (AD, where D is the midpoint
diameter of a given size bin): N'(D)=N(D) / AD (part
L' um™"). Both measurements were merged into a single
size distribution (Npergea(D)) in order to reconstruct the
PSD over the 0.7-212um size range. Nmergea(D) was
obtained by scaling LISST data to Coulter counter data at a
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Table 1. The Contrasting Biogeochemical Conditions Illustrated by the In Situ (5 m Depth) Values of Chlorophyll a (Chla), Bacterial
Abundance (BA), Transparent Exopolymer Particle Concentration ([TEP]), and Colored Dissolved Organic Matter Absorption

Coefficient at 320 nm (¢cpom)

Chla® (ugL™") BA?® (cells mL™") [TEP] (umol CL™") acpom (320) (m ™)
May 0.28+0.01 8.26+0.3110° 27.1 0.248
October 0.13+0.01 6.19+0.11 10° 15.38 0.211
February 0.17+0.01 3.90+0.20 10° 2.7 0.188

#Average of Chla and BA measured on the 0-10 m upper layer.

selected diameter in order to reconcile the particle concentration
difference between the two instruments [Curran et al., 2007,
Uitz et al., 2010]. Such case-by-case selection corresponded to
the diameter where both data sets displayed maximum consis-
tency. By assuming that the particles were spherical, the mean
surface area (Sayg; um?) was calculated according to the fol-
lowing equation: Syyg= S(D)/ Nmergea(D).

[19] In order to follow the size evolution, the mean number
diameter (D,y,; um), a weighted-average particle diameter,
was calculated, as follows: D,ye= Nmerged) D/ Nierged(D).
2.2.4. Sediment Trap

[20] Samples were desalted with ultrapure water and freeze-
dried. Mass flux was measured by weighing the whole freeze-
dried sample five times. Total carbon (TC) was measured with
an Elementar Vario El analyzer on aliquots of the desiccated
samples (5-8 mg). HNO3/HF acid digestion was performed
at 150°C on aliquots of the desiccated samples (20 mg).
After complete evaporation, samples where diluted in 0.1 M
HNOj; and analyzed for calcium (Ca) and aluminum (Al)
concentrations by ICP-AES. The carbonate fraction was
determined from particulate Ca concentrations as follows:
%CaCO3;=100/40 x %Ca. Particulate inorganic carbon
(PIC) was deduced from the carbonate fraction assuming
that %PIC=12/100 x %CaCOj;. Particulate organic carbon
(POC) was determined by subtracting PIC from TC.

3. Results

[21] For clarity, the DFe and acpowm data are presented as
the average of the respective parameters measured at the
three sampling depths. Such an integrated view provides a
clear and synthetic picture of the temporal evolution of these
parameters for the entire minicosm. All of the data are avail-
able in the supporting information.

3.1.

[22] In this study, the term “biogeochemical conditions”
refers to the quality and quantity of the DOM. In February,
the water used to perform the artificial seeding experiment
was representative of a well-mixed water column, character-
ized by low Chla (0.17+0.01 pgL™"), BA (3.90+0.20 10°
cels mL™"), TEP (7umol C LY, and acpom
(0.188m™') (Table 1) consistent with the fact that the
DOM supplied by vertical mixing resulted from “old” degra-
dation products [Hunter and Boyd, 2007].

[23] In May, the water used to perform the artificial seeding
experiment was representative of a postbloom situation when
Chla began to decrease (0.28 £0.01 pgL™"), as compared to
the maximum Chla peak during the bloom that occurred one
month before at 0.49+0.12 ugL~". Also, the abundance of
heterotrophic bacteria was high (8.26+0.31 10° cells
mL~"). Considering the recent Chla peak and the high

Contrasting Biogeochemical Conditions

measured values of BA, TEP (27.1pmol C L™'), and
acpom (0.248m™"), it can be assumed that phytoplankton
and bacterial exudates were at a maximum at the time
of sampling.

[24] In October, the water column was characterized by a
well-established thermal stratification and a lower Chla bio-
mass (0.13+0.01 pgL~"). BA, TEP, and acpowm followed
the same decreasing trend (6.19+0.11 10> cells mL™!;
15.38 umol C L', and 0.211 m™ !, respectively) indicating
that the DOM pool, although still abundant, was likely dom-
inated by degradation products. Therefore, in terms of
biogeochemical conditions, this experiment can be viewed
as representative of a transitive situation between the
other two.

3.2. [Evidence of Abiotic Aggregation

[25] The measured PSDs revealed a high temporal and spa-
tial (as a function of the depth of sampling in the minicosm)
variability, with the presence of significant peaks in the size
distributions. In these types of dynamic particle populations,
the use of a power law provides a relatively poor description
of the PSD [Reynolds et al., 2010]. Temporal and spatial
changes in the PSD were therefore condensed into a single
parameter, Dqyg.

[26] The input of 3.6 g of dust to surface waters of the
minicosm represented a sudden disturbance for the initially
present DOM pool. Maxima in D, (2.44, 1.72, and
2.15 pum, respectively, in May, October, and February) were
observed during the initial 3 h (Figure 1). In a system where
no aggregation occurred, the settling of larger particles was
theoretically followed by smaller particle populations (i.e.,
by a decrease of D,y,). During February, the continual de-
crease of D,,, throughout the experiment conformed to this
expected evolution (Figure 1c), indicating that primary parti-
cles remained unchanged while sinking through the water
column. In contrast, large changes in the D,,, occurred over
short timescales (2 — 12 h) during May (Figure 1a), revealing
the formation and settling of aggregate populations (modal
diameter=2.1 — 4 um). From Ty, the particle population
was characterized by low D,y (0.85 —1.25 um) at the surface
and increased with depth. Although D,,, values were lower
during October, likely due to the dominance of smaller
formed aggregates, the D,,, evolution was similar to that
observed during May, with several rapid increases and low
values from T, (~0.8 um) followed by further increases
(until 1 um; Figure 1b).

3.3. DFe Concentrations
[27] In situ [DFe] (3.7, 3.6, and 3.8nmolL~' in May,
October, and February, respectively) were consistent with

the concentrations measured in coastal waters [e.g., de Baar
and de Jong, 2001]. Most of the changes in [DFe],,, (the
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Figure 1. The temporal evolution of the mean number diam-
eter (Dayg) profile from 0.1 to 0.6 m depths measured in (a)
May, (b) October, and (c) February. The superimposed dotted
curves and the white diamonds correspond to the temporal
evolution of the [DFel],, ([DFe] averaged over the three sam-
pling depths). Gray circles on the y axis represent the initial
values of [DFe].,. Black curves correspond to the power
law model used to calculate DFe loss rates. The error bars rep-
resent the standard deviation for the values measured at the
three sampling depths. The D,,, scale in Figure 1b has been
changed for clarity. Note the logarithmic x-scale.

average of the [DFe] measured at 0.1, 0.3, and 0.6 m depths)
occurred in the 24 h following the seeding (Figure 1). The
large standard deviations (Figures 1b and Ic) likely result
from the unconstrained particle dynamic and the rapid ki-
netics of the system (see the DFe data in the supporting
information). The maximum of iron released from particles,
illustrated as the maximum A[DFe],,, (maximum [DFe],yq
— [DFelinitiai; nmol L™ 1), were observed in the 3 h following

the seeding and differed significantly between the experi-
ments, as follows: 11.9nmolL~" in May, 58.6nmolL~" in
October, and 181.4nmol L™! in February. From these max-
ima, the loss rates of DFe (i.e., the decrease of [DFe],y,)
followed a power law with exponents decreasing from May
(—0.239, *=0.54) to February (—1.037, #*=0.96). [DFe]
avg reached values below 10nmolL™" at T,, during
May and February (Figures la and lc) and T, during
October (Figure 1b). At the end of the experiment,
seeding led to a net DFe loss of 0.71nmolL~" during
February, while during October, it led to a net DFe supply
of 1.77nmolL~" (Table 2). During May, the [DFe]ave
at Ty was closed to the initial concentration
(+0.05 nmol L™1).

3.4. CDOM Evolution

[28] The decrease from May to February of in situ acpom
was consistent with the expected CDOM seasonal trend (cf.
section 3.1., Table 1). In spite of a low sampling frequency
for CDOM’s optical parameters (the first 3h and every
24 h; Figure 2), clear patterns of changing CDOM optical
properties following seeding were observed. Whatever the
season, most of the changes occurred between T, and T,y
(Figure 2a). From Ts, acpom increased by ~30% during
May and ~20% during October, reaching 0.334+0.007 m !
and 0.293+0.013m™", respectively (an average on the
Tp4—Ti44 period), while acpom decreased by 6%
(0.232+0.006 m™ ') during February.

[29] AScpom (Scpom(tx) / ScpoMnitian) followed an oppo-
site trend as compared to acpom (Figure 2b). Indeed,
AScpom decreased after seeding and reached 0.86 at Tiyy
in May. In October, AScpom decreased all along the experi-
ment (0.75 at T;,) before reincreasing at T;44 (0.82). On the
other hand, AScpom decreased in February during the first
3 h and continually increased until Ty44 When Scponm Was
equal to its initial value (AScpom=1).

4. Discussion

[30] Considering the very low theoretical solubility of iron
in seawater (0.1-0.2 nM) [Millero, 1998; Liu and Millero,
2002], its dissolution and sustainability in the dissolved form
are dependent on seawater’s ligand complexing capacity. It
has been demonstrated that atmospheric iron dissolution is
ultimately controlled by the continuum of organic ligands
that comprise the DOM pool [Wagener et al., 2008;
Mendez et al., 2010; Wagener et al., 2010]. However, the
chemical structure and sources of this continuum in the ocean
are still largely unknown [Gledhill and Buck, 2012, and
references therein]. Free DOM polymers such as TEP precur-
sors could also solubilized Fe [ Beauvais, 2003] before initiat-
ing abiotic aggregation [Chin et al., 1998; Passow, 2000;
Engel et al.,2004]. As aresult, iron scavenging may thus also
result from organic complexation. This close link between
scavenging and organic complexation and the strong spatial
and seasonal variabilities of specific iron-binding ligands
[Rue and Bruland, 1995; Boye et al., 2003; Tian et al.,
2006; Buck and Bruland, 2007; Wagener et al., 2008],
TEP, and its dissolved precursors [Passow et al., 2001;
Azetsu-Scott and Niven, 2005] could lead to the contrasting
biogeochemical responses that we determined.
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Table 2. The Initial (To) and Final (T 44) [DFe].g ([DFe] Averaged Over the Three Sampling Depths), and the Change in [DFe],,, and

DFe Stock 6 Days After Each Seeding

[DFe],yg at To

[DFe]avg at Tl 44

Change After Six Days

(nmol Lfl) (nmol Lfl) [DFe],yg (nmol Lfl) DFe stock (nmol)
May 3.68 3.72+1.21 +0.05 +15
October 3.72+0.34 5.49+3.82 +1.77 +531
February 3.68 2.97+0.62 —0.71 —213
4.1. Atmospheric Iron Dissolution atmospheric iron dissolution and the in situ BA [e.g.,

[31] In agreement with previous dissolution kinetic exper-
iments indicating that the maximum dissolution rate from
dust occurs during the first 2.6 h [Wagener et al., 2008], a
net dissolution was mainly observed during the first 3 h fol-
lowing seeding (Figure 1), likely corresponding to the disso-
lution of the labile iron fraction of dust [Journet et al., 2008].
Seasonal variation of iron dissolution in the first hours re-
vealed an instantaneous dissolution range spanning one order
of magnitude (12 to 181 nmol L™"). With seawater biogeo-
chemical conditions being the only variable in this experi-
ment, such an unexpected wide dissolution range highlights
the importance of DOM on iron dissolution. However, when
considering the atmospheric iron dissolution in natural sys-
tems, additional parameters such as UV radiation, turbu-
lence, or atmospheric organic ligands [Kieber et al., 2005;
Cheize et al., 2012] have to be taken into account.

[32] Insuch aclosed system, calculations of the percentage
of atmospheric iron dissolved (section 2.2.1.) can be consid-
ered as robust estimations, especially prior to the particle
transformation caused a too important divergence between
actual particle dynamics and the Stokes law prediction (i.e.,
at T, and T3). Although this calculation remains an approxi-
mation of the actual iron dissolution percentage, consider-
ations of particle dynamics constitute an advance in
estimations of this parameter. Due to particle dynamics and
pronounced seasonal variability, a large range of instanta-
neous dissolution percentages was observed (0.02 —23.11%;
Figure 3). Whatever the season, the highest dissolution per-
centages were systematically observed in deeper compart-
ments (0.4 — I m depths) (not shown) where the particle
concentration and, thus, the adsorption capacity were lower.
The observation is consistent with the inverse relationship,
as previously observed between the dissolution percentage
and the particle load [e.g., Guieu et al., 2002; Bonnet and
Guieu, 2004; Baker and Jickells, 2006]. During May, the
low average dissolution percentage of 0.4% (range: 0.02 —
1.11%) was within the range of the iron solubility values
(0.1 — 2%) generally used in biogeochemical models (see the
references in section 1). The percentage was higher during
October, with an average dissolution of 1.5% (and reached a
value 0f4.6% at T in the deeper compartment), while a higher
average dissolution percentage occurred during February,
with an average dissolution of 5.8% (and reached a value of
23.11% at T; in the deeper compartment).

[33] The biogeochemical conditions of the seawater, where
the deposition occurred, therefore, appeared to be crucial for
determining atmospheric iron solubility. However, the
instantaneous iron dissolution seasonal trend observed was
the opposite of that expected and previously observed in
batch experiments (i.e., the synchronous seasonal trends of

Wagener et al., 2008]). Here, the lowest dissolution percent-
ages observed during May, and to a lesser extent during
October (Figure 3), were concomitant with the formation of
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Figure 2. The temporal evolution of (a) CDOM absorption
at 320 nm (acpom(320); m~ ") and (b) the spectral slope of
CDOM (Scpom) in relation to the initial value
(AScpom = Scpomtx) / ScpoMinitian)s both averaged over
the three sampling depths. Insets provide the zoom for the
0-3 h period. For clarity, the error bars in October have not
been added in Figure 2a. Numbers were compared between
the three seasons using a one-way analysis of variance and
a Student’s ¢ test («=0.05). Results indicated that means
are significantly different from each other.
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Figure 3. The range of the dissolution percentages calcu-
lated between T, and T; in the three compartments and dur-
ing each experiment. The average percentages are
represented by the middle lines and the lowest and highest
percentages by both ends of the boxes. The definition and
the description for the calculation of this parameter can be

found in the text (section 2.2.1.).

aggregates (Figures la and 1b), indicating that DOM may
have a negative feedback on [DFe] through its role in particle
transformation.

4.2.

[34] The DFe loss rates, as defined in Figure 1, were quan-
tified by the distinct power law. In order to explain the
nonlinear nature of iron removal processes, DFe could be
conceptually partitioned into two pools characterized by their
residence time within the dissolved phase (Figure 4). First,
we assume that atmospheric DFe (hereafter DFe,,,,,) was sub-
mitted to intense and rapid scavenging removal in agreement
with in situ observations [e.g., Croot et al., 2004]. The nature
of the removal processes that differed depending on biogeo-
chemical conditions is discussed in the next section. The sec-
ond pool corresponds to the DFe initially present (hereafter
DFe;iwa) and is considered as the main DFe fraction still
present at the end of the experiment (T, 44). The chemical spe-
ciation of DFe;q;, and the possible transfer of DFe,,,, toward
DFe;,iw, are discussed in the section 4.3.

4.2.1. DFe Removal on Sinking Aggregates
(May and October)

[35] TEP and its dissolved precursors exhibited a high
affinity to iron [Honeyman and Santschi, 1991]. Therefore,
the aggregation process that includes the formation of TEP
[Chin et al., 1998; Verdugo et al., 2004] leads to a depletion
of the organic ligand pool, increases the scavenging sub-
strate, and favors iron removal from the dissolved phase
[Boyd and Ellwood, 2010]. The large seasonal variability of
D,y evolution (Figure 1) indicates DOM control on aggre-
gate formation and subsequent particulate export, confirming
the fact that DOM acts as a “glue” and serves as a source of
material allowing the generation and the stability of or-
ganic-mineral aggregates [Passow, 2002, and references
therein]. Spontaneous abiotic aggregation from filtered

Iron Removal Processes

precursors (< 0.2 um) has been observed under the same
experimental conditions (for an absence of turbulence and
abiotic conditions) by Chin et al. [1998]. Such a rapid pro-
cess, caused by Brownian motion and differential settling in
the experiment, is favored by the sudden increase of particle
concentration following seeding and the highly dissolved
material concentration present during May and October.

[36] A spectacular dissolution of DFe,,, occurred in
February. The same phenomenon was not observed in May
or October as a result of the fast aggregation process
(Figures 4a and 4b). We suggest that the high DOM content
during May, and to a lesser extent during October, promoted
abiotic aggregation that, in turn, prevented dissolution by
decreasing the number of iron desorption sites and

seeding
(10gm?)

Y

(a) May
i end of the bloom
PFe: i 'fresh’ and abundant DOM

aggregation

+0.05 nM

(b) October
stratification period

e low productivity

aggregation

____________________________________________________ \

+1.77 nM

(c) February

winter mixing

+181 nM

conceptual partitioning between the different pools of Fe

DFe,m

DFeinsitu

3h 24 h
time since seeding (h)

144 h

Figure 4. Conceptual schema of the dynamic exchanges
between the iron phases following the seeding during (a)
May, (b) October, and (c) February. DFe,,: dark gray;
DFe;gir: light gray; the Fe adsorbed on or included by the
particle population (atmospheric particles and organic-min-
eral aggregates): black. The definition of DFe,,, and
DFe;,sit can be found in the text (section 4.2.).
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Figure 5. DFe concentrations (nmol L™') versus the mean
surface areas (um?) measured at 0.1, 0.3, and 0.6 m depths
during February. The black line represents the power law
model used to fit the relationship. The various symbols repre-
sent the following sampling periods: circles, T; — Ts; trian-
gles, T — Tay; cross, Tz — T7y; and diamonds, Tog — T44.

simultaneously transferred sorbed iron from colloids to larger
aggregates. Both combined processes resulted in the net
decrease of DFe,, (Figures 4a and 4b). The reader should
note that the term scavenging, as used here, includes iron
adsorbed onto and included in organic-mineral aggregates.
4.2.2. Adsorption Onto Atmospheric

Particles (February)

[37] In February, the scenario was very different, as a low
DOM content strongly limited aggregation (Figure 1c)
allowing high dissolution to occur. As a result of low iron
solubility in seawater and the low residence time of inorganic
iron species in the dissolved phase (2-6h) [Wu and Luther,
1995; Witter and Luther, 1998], the water column was likely
iron saturated. Interestingly, [DFe] and particle mean surface
area were well correlated, and there was a clear decrease in
the mean surface area with time leading to an increase in the
overall surface area to volume ratio (Figure 5). As a result,
the atmospheric particle population became an important
adsorption substrate, and the relative proportion of surface sites
available for complexing DFe increased [Zhuang and Duce,
1993; Turner et al., 1994]. Therefore, dissolution was followed
by the (re)adsorption of DFe,,, onto settling atmospheric
particles (Figure 4c), indicating that dust successively acted
as an important source, and then a sink, for DFe. Then, progres-
sively, the adsorption efficiency likely decreased as iron-
binding sites in the particle pool became “occupied,” and only
DFe;iro remained within the dissolved phase.

4.3. CDOM Evolution and Potential
Organic Complexation

[38] As a part of the DOM pool, CDOM includes a signif-
icant contribution from bacterial and phytoplankton exudates
[Boehme and Wells, 2006; Floge and Wells, 2007]. Scpom 18
inversely related to the average CDOM molecular weight
(MW) distribution [Mopper et al., 1996; Yacobi et al.,

2003]. Since CDOM is easily quantifiable, it was used in this
study as a proxy for the quality (Scpom) and quantity
(acpom) of the DOM pool in spite of its imperfect represen-
tativeness. Since photobleaching loss was not an issue in this
experiment and since DOM and CDOM are expected to be
related in such “quasi-abiotic” experiments, the assumption
appeared to be reasonable.

[39] The perturbation, that represented seeding, would dra-
matically change colloid dynamics and impact the CDOM
pool. Although the fact that aggregation—the process
transforming DOM into particulate organic matter—dominated
the first hours of experiments during May and October
(Figures la and 1b), unexpected increases in acpom during
the course of the experiments were observed (Figure 2a).
We concluded that the increase resulted from coupled pro-
cesses. The expected loss of CDOM may have been partially
reversed by the remobilization of CDOM in the first cm of the
water column. Indeed, buoyant particles such as TEP precur-
sors could have contributed to the upward transport of
dissolved material [Azetsu-Scott and Passow, 2004] leading
to an accumulation in the first cm of the water column.
Thereafter, the remobilization of CDOM was possible
through the deposition and sinking of atmospheric particles.
Furthermore, both parameter evolutions during May and
October (i.e., the increase of acpom and the decrease of
Scpom) and the constancy of acpon from T,y suggest the or-
ganic complexation of iron. Indeed, by bridging DOM mole-
cules, iron complexation could increase the formation of
colloids and hence the overall absorptivity [Maloney et al.,
2005], as well as the CDOM MW distribution [Jones et al.,
1993; Maurice et al., 2002; Nierop et al., 2002].

[40] It has been suggested that above the iron-binding
ligand concentration, DFe is rapidly removed through intense
scavenging while scavenging becomes moderate when DFe
is bound to both colloidal and soluble ligands [Johnson
et al., 1997; Moore and Braucher, 2008]. The threshold of
~0.6 nmol L~! proposed by Johnson et al. [1997] varies be-
tween season and oceanic region, especially in coastal waters
characterized by higher organic ligand concentrations [e.g.,
Croot and Johansson, 2000; Boye et al., 2003]. Wagener
et al. [2008] reported temporal variability in the Western
Mediterranean Sea for the iron-binding ligand concentration
on a yearly scale. As expected, the iron-binding ligand
concentrations and the BA followed synchronous trends with
maximal values occurring after the spring bloom and
decreasing from fall to winter. In our study, during May,
the in situ biogeochemical parameters (see section 3.1.)
seemed to confidently indicate that the iron-binding ligand
concentration may have been high. Although only the total
dissolved pool of Fe was measured in this study, we hypoth-
esize that the high iron-binding ligand concentration likely
permitted a reduction in the scavenging rate and maintained
the balance between the maintenance and removal processes
(+0.05 nmol L™ '; Figure 4a). During October, the moderate
BA indicated that the DOM pool was dominated by biologi-
cal degradation products. Such products are a significant
source of iron-binding ligands [Hutchins et al., 1999] that
are likely able to maintain themselves over six days and in-
crease by 1.77nmol L™ in DFe;,, (Figure 4b). Therefore,
DFe;,ira and a fraction of DFe,, (illustrated by the down-
ward arrows on Figures 4a and 4b) were likely organically
complexed in May and October. The difference in DFe; i
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Figure 6.

“Abiotic POC” export, the change in DFe stock six days after each atmospheric deposition

event, and the resulting “biotic POC” export. “Abiotic” and “biotic” POC exports are discussed and defined

in section 4.4.

six days after the seeding between May and October
(Table 2) was likely due to the lower aggregation regime dur-
ing October rather than a higher complexing capacity.
During February, biogeochemical conditions and the loss of
0.71 nmol L' at the end of the experiment suggest that a
fraction of DFe initially present was transferred to the partic-
ulate phase (Figure 4c), likely as a result of complexation by
weak iron-binding ligands that did not provide complete pro-
tection from particle scavenging removal.

4.4. Biogeochemical Implications

4.4.1. Atmospheric Iron and Biological Demand

[41] The interpretation of our results suggests that the input
of new iron can alter the equilibrium between the soluble,
colloidal, and particulate iron phases (Figure 4). As a result
of rapid exchanges between these phases, the proportion of
incoming bioavailable iron is highly dependent on the time-
scale considered. Although numerous dust-addition
experiments have observed a low time lag (hours) between
the iron supply and the biological response [e.g., Bonnet
et al.,2008], [DFe] must remain at or above a threshold value
throughout the mixed layer for a specific period of time in or-
der to initiate a bloom in iron-limited waters [Boyd and
Abraham, 2001; Boyd et al., 2010a]. Such a threshold value
and the assigned time period likely differ with the oceanic
region and season. Although the biological consequences of
atmospheric deposition are highly contingent on the initial
status of autotrophic and heterotrophic communities, the net
DFe stock that was still present once abiotic processes
occurred (Table 2) was an indication of the intensity of the
potential subsequent biological response.

[42] Situation in the ocean where in situ biogeochemical
conditions compare with those encountered in October in this
study appeared to be more suitable for initiating a bloom fol-
lowing dust deposition in a Fe-limited environment. Indeed,
high DFe,, could rapidly relieve iron limitation, and an in-
crease in the DFe stock over six days (+531 nmol; Figure 6)
could sustain “new” primary production. For situation in the

ocean where in situ biogeochemical conditions compare with
those encountered in February in this study, the unusual in-
crease in DFe,,, by two orders of magnitude could also tran-
siently relieve iron limitation, inducing a pulsed enhancement
of biological activity and a shift in biological communities.
Such a scenario could be beneficial for organisms adapted to
episodic atmospheric supplies able to luxuriously take up iron
(i.e., phytoplankton taxa characterized by large cells, such as
diatoms) [Sunda and Huntsman, 1995]. However, total pri-
mary production would not necessarily benefit from this sud-
den spike of DFe, the DFe stock being after six days below
the initial DFe stock (—213 nmol). During May, the net DFe
stock six days following seeding was still slightly higher than
the initial DFe stock (+15nmol). For such a situation in the
ocean, the biological response appeared to be dependent on
the fate of scavenged iron (i.e., on the remineralization process
that remains an important uncertainty).
4.4.2. Consequences on Particulate Organic
Carbon (POC) Export

[43] Biological responses induced by atmospheric deposi-
tion could significantly influence the export of POC to the
deep ocean [e.g., Bishop et al., 2002]. Such export—that could
be named “POC export biotically mediated”—is added to an
“abiotic POC export” induced by aggregation between atmo-
spheric particles and DOM [e.g., Ternon et al., 2010]. This
“lithogenic carbon pump” is dependent on biogeochemical
conditions. In our “quasi-abiotic” experiment, particulate
matter collected at the end of each experiment in the sediment
trap was directly related to this process. The “abiotic POC”
flux (i.e., the total POC flux measured during these ex-
periments) was the highest during May (20.0mgm > d ')
and decreased during October (9.6mgm—2 d~') and
February (6.1 mgm 2 d™'), in agreement with the observed
aggregation trend (Figure 1). As hypothesized in the previous
section, atmospheric iron in seawater will lead to a contrasted
biological response, inducing a different intensity in the
“biotic POC flux” (biological pump) (Figure 6). As discussed,
total carbon export induced by dust deposition was not only
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deduced by the contribution of one process. Under biogeo-
chemical conditions similar to those that occurred during
February, the low flux of “abiotic POC” was likely balanced
by the stimulation and growth of large cells more prone to
export carbon [Aumont et al., 2003]. During May, biogeo-
chemical conditions led to the highest “abiotic POC flux.”
However, since the fate of scavenged iron (and biotic contri-
bution) remains uncertain, the prediction of total carbon export
is hypothetical. Finally, biogeochemical conditions similar to
those in October were suitable for efficiently exporting carbon
through lithogenic and biological pumps.

5. Conclusion

[44] Our new experimental approach appears to be realistic
in terms of particle dynamics and therefore the contact time
between particles and seawater. Our data confirm the impor-
tance of scavenging as a sink of DFe [Johnson et al., 1997,
Wagener et al., 2010; Wuttig et al., 2013] and point out its
seasonal (and by analogy spatial) variability. The intensity
and the nature of scavenging depend on the biogeochemical
conditions of the surface seawater where deposition occurs
and the timescale at which this process is considered. We
suggest that both variables could explain a substantial com-
ponent of the wide range of atmospheric iron solubility
observed in natural systems.

[45] In this study, the large dissolution range (one order of
magnitude) clearly highlighted the importance of oceanic
control on atmospheric iron solubility. However, we have
demonstrated here that this control cannot only be attributed
to iron complexation by organic ligands, as previously
suggested, but that abiotic post-depositional processes must
be considered as a primary determinant in the fate of atmo-
spheric DFe. Under high-DOM conditions (i.e., in produc-
tive periods or areas), the fate of atmospheric iron is
primarily controlled by the intense and quasi-immediate
(hours) aggregation process between atmospheric particles
and DOM. Under low-DOM conditions (i.e., in mixing
periods or in low-productive areas), the absence of aggrega-
tion allows a strong and transient increase in [DFe] to occur
prior to being removed through adsorption on sinking parti-
cles. Finally, the role of organic complexation may become
important on longer timescales since it may allow a fraction
DFe to remain bioavailable at concentrations allowing
bloom longevity.

[46] Our results clearly demonstrate that an identical
natural dust deposition could have contrasting impacts
on the DFe surface concentration as a result of the bio-
geochemical conditions encountered. By considering the
wide range of iron dissolution observed using an identical
deposition scenario, but for contrasted seawater, our ex-
periments highlight the importance of the processes that
occur in seawater linked to iron dust and minimize the
importance of atmospheric processes. In regards to our re-
sults, we propose that the following two processes should
be revisited:

[47] 1. The biological response and subsequently
induced “biotic POC export” should be investigated
using our scenarios.

[48] 2. The fate of scavenged iron is crucial and investigations
of iron remineralization are still required in order to complete our
understanding [e.g., Boyd et al., 2010b].

[49] Changes in atmospheric iron solubility with distance
away from desert sources are known to be caused by atmo-
spheric processing and the preferential removal of larger parti-
cles. In light of our results, atmospheric iron solubility should
be adapted according to the oceanic areas where deposition
does occur in order to take into consideration, in addition to at-
mospheric transit times, surface seawater biogeochemical con-
ditions. Our study constitutes an important step toward the
overall understanding of atmospheric iron dissolution and
the subsequent removal processes; and provides new condi-
tions for the inclusion of atmospheric iron in global-scale bio-
geochemical models for which the use of an absolute value for
the solubility of iron is inappropriate as demonstrated by
Moxim et al. [2011].
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