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ABSTRACT: Size-fractionated dust aerosols (>7.2, 7.2−3,
3−1.5, 1.5−0.95, 0.95−0.49, and <0.49 μm) originating from
source regions, including the Sahara, North America, and the
local marine environment, were collected shipboard in the
Atlantic Ocean. Iron mineralogy, oxidation state, and
solubility were examined using wet chemistry and synchro-
tron-based iron K-edge X-ray absorption near edge structure
(XANES) spectroscopy. The soluble iron concentration
showed a strong positive correlation with calculated aerosol
surface area (R2 = 0.81). The iron XANES spectra, for all size
ranges, were nearly identical for Saharan samples. Spectra
from North American and local atmosphere (marine)
provenances exhibited more variation between size fractions, with no obvious trends with the particle size. Saharan spectra
were distinct from North American spectra, which confirms the different compositions of the two sources. Marine spectra
displayed a range of both North American and Saharan spectral characteristics, likely reflecting that the marine samples are
ultimately derived from these and potentially other sources. However, despite the notable variation in compositions, the surface
area is the predominant factor affecting total iron solubility. Aerosol iron solubilization through acidic surface reactions would
be most effective in samples with the highest surface area, which likely results in the strong positive correlation with soluble iron
concentration in distilled water.
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■ INTRODUCTION

In many ocean regions, atmospheric aerosol deposition
supplies the majority of the key micronutrient, iron.1−8 In
approximately 30% of the world’s oceans, iron supply controls
the growth of photosynthetic microorganisms.1−8 The factors
that control the solubility of aerosol iron and, therefore,
bioavailability of iron to microorganisms remain unclear.9−12

This has hampered our understanding of the role of aerosol
iron in marine primary productivity and the associated uptake
and sequestration of carbon dioxide by photosynthetic
microorganisms.3,13

Studies have considered composition, reactions during
transport, and anthropogenic influences as factors influencing
iron solubility. Composition has been speculated to influence
iron solubility in aerosols; however, a direct relationship has
not been determined.14−16 The absence of a direct relationship
may reflect modification of aerosol composition during
transport through reactions producing acidic species, a

modification known as acid processing.17−24 Such reactions
are often coupled with photoreduction and organic ligand
reactions and typically result in increased levels of soluble iron
in aerosols.24−30 These acidic reactions that increase iron
solubility are prevalent in regions with high levels of
anthropogenic gases, such as SO2.

17,27,31−39 Inclusion of
anthropogenic sources of iron related to combustion processes
in atmospheric models better explains observed global trends
of relative iron solubility.40 The interplay of these factors
confounds direct attribution of increased aerosol iron solubility
to just one process.
Regardless of aerosol composition or anthropogenic

influences, acid-processing reactions that increase iron
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solubility are dependent upon the surface area available for
potential reaction. Previous studies have investigated param-
eters related in part to surface area, such as particle size16,41,42

and surface area/volume ratio.43 Buck et al.16 found that the
absolute aerosol particle size, in general, did not correlate to
the soluble iron concentration. In contrast, Ooki et al.41 found
that fractional iron solubility (ratio of soluble iron concen-
tration/total iron concentration of the sample) increased with
decreasing size, inferring that smaller size fractions were
enriched with Fe(II) species. Although the enrichment of
Fe(II) in smaller particles was not directly measured, the
studies of Johansen and Hoffman44 and Johansen et al.22

discovered that 86% of Fe(II) present in the aerosols occurred
in particles with a diameter less than 3 μm.
In urban aerosols as a result of a combination of factors,

peak metal solubility was associated with 2.5 μm sized particles
rather than the smaller or larger particles.42 Baker and Jickells43

highlighted the surface area/volume ratio of aerosol particles as
a primary control on aerosol iron fractional solubility. On the
basis of these earlier studies, the influence of aerosol surface
area on iron solubility is unclear. This study directly evaluates
the relationship between the aerosol surface area and soluble
iron concentration.

■ METHODS
Sampling. Samples were collected shipboard in the

Atlantic Ocean during the 2011 U.S. GEOTRACES GA03
Atlantic transect using trace metal clean protocols.45 Along the
transect, dependent upon the prevailing wind direction,
particle collectors received aerosols from three primary
sources: North America, the Sahara, or slack air coming from
an undefined location, which is referred to here as the marine
environment. The origin of aerosols collected during each
sampling event was constrained using Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model back
trajectories using the Global Data Assimilation System
(GDAS) half-degree meteorological archive.46,47 HYSPLIT
back trajectories were calculated at 0, 500, and 1000 m above
ground level to confirm North American, Saharan, and/or
marine provenances. Two sampling locations from each of
these three source regions were chosen as representative
samples, for a total of six sampling locations (Table 1).

Size-fractionated aerosols were collected simultaneously
using a volumetric-flow-controlled (VFC) high-volume
sampler (TE-5170VBL, Tisch Environmental)48 mounted on
the deck above the bridge on the R/V Knorr. To avoid
contamination from the exhaust of the ship, the samplers
paused collecting when the wind speed was less than 0.5 m s−1

and when the wind direction was outside ±60° from the bow.
The VFC sampler collected aerosols by filtering air at a flow

rate of ca. 1.2 m3 min−1 over 24−72 h integration periods,
yielding approximately 1400 m3 of filtered air. Size-fractionated
aerosols were collected using a Sierra-type (high-volume)
slotted cascade five-stage impactor (TE-235, Tisch Environ-
mental). This impactor was loaded with Whatman 41 (W41)
filters, to yield a sample set with five nominal particle
aerodynamic diameter cut-offs of >7.2, >3, >1.5, >0.95, and
>0.49 μm, with an additional 20 × 25 cm W41 sheet as a
backing filter to collect ultrafine (<0.49 μm) aerosols. Sample
flow passing through the impactors in the cutoff sequence
listed above, followed by a final filter, results in filters with
particles collected in aerodynamic diameter ranges of >7.2,
7.2−3, 3−1.5, 1.5−0.95, and 0.95−0.49 μm and all particles
smaller than 0.49 μm. Blanks were collected from Whatman
filters loaded into the sampler for 1 h when it was not in
operation. Immediately after each sampling event, all aerosol
samples were transported in clean plastic bins to a high-
efficiency particulate air (HEPA)-filtered clean lab space,
where they were transferred to new zipper-type plastic bags,
kept in the dark, and frozen at −20 °C until analysis.
W41 mixed cellulose ester filters were used as a result of

their low trace element background levels.48−50 The efficiency
of particle collection has been shown to be high for W41 filters,
up to 99% for larger particles, and up to 95% for 0.2 μm
particles.51,52 Filters were acid-washed prior to sampling using
the methods outlined by Morton et al.48 This method
consisted of acid-washing filters in 0.5 M quartz-distilled
HCl (q-HCl) for 24 h at room temperature. After the acid
bath, the filters were soaked in 2 L of ultrahigh-purity (UHP)
water for 24 h and then transferred to a fresh acid bath. This
process was repeated 3 times. Subsequently, the filters were
soaked in fresh UHP water baths for 24 h 5−6 times until the
pH matched that of fresh UHP water (pH 5.4−5.6). Finally,
the filters were rinsed with flowing UHP water, dried for 12 h,
and stored in new plastic zipper bags.

Elemental Analysis. Aerosol samples were processed for
water-soluble and total elemental concentrations as detailed by
Shelley et al.45 and Morton et al.48 Briefly, size-fractionated
aerosols from each impactor stage were subdivided into nine
equivalent component strips.48 Water-soluble elements were
leached from the filter strips by loading the filter sample into a
47 mm polysulfone vacuum filtration rig (Thermo Scientific
Nalgene p/n 300-4100) with an acid-washed (1.2 M HCl)
0.02 μm GN6 backing filter. While under vacuum (∼6 psi),
100 mL of fresh UHP water was poured slowly over the filter.
In this way, the instantaneously soluble fraction was leached
from the aerosol material into a reservoir below the filter. The
100 mL of leachate was carefully decanted into an acid-washed
low-density polyethylene bottle and acidified to 0.024 M HCl
for storage and analysis. Replicate analyses of size-fractionated
impactor strips from this study were determined to produce
relative standard deviations of ∼38% for soluble Fe.
Uncertainty in aerosol iron solubility measurements using a
variety of extraction protocols has been considered in detail53

and is within the range of the error of other solubility
experiments.
Total elemental concentrations were determined on size-

fractionated samples by digesting filter subsamples using a
digestion procedure as detailed by Shelley et al.45 and Morton
et al.48 Briefly, filter subsamples were digested using a
combination of hot HNO3, H2O2, and HF. Final digest
solutions were taken to dryness and redissolved in 0.32 M
HNO3 (∼2%) for analysis. Both water-soluble and total

Table 1. Latitude, Longitude, and Collection Dates of the
Selected Sampling Locations Targeted in This Study

sample
ID

latitude
(N)

longitude
(W) collection dates

North American 6319 39.35 69.54 11.08−09.2011
6677 37.58 68.40 11.13−15.2011

marine 7156 29.70 56.82 11.21−24.2011
7245 27.58 49.63 11.24−26.2011

Saharan 7860 22.38 35.87 12.04−05.2011
7946 20.88 32.62 12.06−07.2011
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solutions were analyzed by high-resolution inductively coupled
plasma mass spectrometry (HR-ICP-MS, Element 2, Thermo),
and the concentrations were quantified using matrix-matched
external standards. The stage 5 impactor on sample 7946
became contaminated during analysis, and thus, the solubility
results from this filter are not included in our discussion.
Replicate analyses from this study were determined to produce
relative standard deviations of ∼32% for total Al and ∼37% for
total Fe.
Surface Area. Using the measured total mass of aluminum

on the filter and the average crustal abundance of aluminum of
8.23%,54 the total mass of aerosol originating from crustal
material on each filter was estimated. The molar iron/
aluminum ratio (calculated from Table 2 and included in
Table S1 of the Supporting Information) for all size fractions
and all regions fell within the expected value for continental
crust (0.30 ± 0.16), which supports the use of average crustal

abundance for aluminum.55 To obtain an approximate aerosol
surface area, particles are assumed to be spherical, with the
understanding that actual aerosol particle morphology is
diverse.56 Aerosol particle volume was calculated using the
geometric mean of the aerosol size ranges as the approximate
particle radius. For the largest size fraction, the minimum size
was used as the approximate particle radius. For the smallest
size fraction, the geometric mean between the sampling cutoff
of 0.49 μm and a near zero value of 0.01 μm was used as the
approximate particle radius. This particle volume, an average
upper continental crustal density of 2.7 g/cm3,57 and total
aerosol mass were used to calculate the total number of aerosol
particles on each filter. The total aerosol surface area was
calculated using the number of particles multiplied by the
average particle surface area.

Synchrotron Measurements. Iron K-edge X-ray absorp-
tion near edge structure (XANES) spectroscopy at the

Table 2. Elemental Concentrations and Calculated Surface Area for Samples from Each Site Based on the Diameters of the
Aerosols Captured on the Filters

aerosol size (μm) Al (ng/m3 of air) total Fe (ng/m3 of air) soluble Fe (ng/m3 of air) surface area (m2/m3 of air)

6319 North America
>7.2 44.6 ± 14.3 24.9 ± 9.2 0.013 ± 0.005 1.67 × 10−7

7.2−3.0 21.5 ± 6.9 17.2 ± 6.4 0.122 ± 0.046 1.25 × 10−7

3.0−1.5 18.2 ± 5.8 13.4 ± 5.0 0.045 ± 0.017 2.31 × 10−7

1.5−0.95 17.5 ± 5.6 13.9 ± 5.1 0.103 ± 0.039 3.96 × 10−7

0.95−0.49 11.4 ± 3.7 10.0 ± 3.7 0.374 ± 0.142 4.53 × 10−7

<0.49 39.0 ± 12.5 25.4 ± 9.4 0.524 ± 0.199 6.72 × 10−6

6677 North America
>7.2 2.69 ± 0.86 1.81 ± 0.67 0.009 ± 0.004 1.01 × 10−8

7.2−3.0 12.2 ± 3.9 8.12 ± 3.00 0.097 ± 0.037 7.06 × 10−8

3.0−1.5 4.59 ± 1.47 2.56 ± 0.95 0.018 ± 0.007 5.85 × 10−8

1.5−0.95 5.94 ± 1.90 4.25 ± 1.57 0.058 ± 0.022 1.34 × 10−7

0.95−0.49 3.79 ± 1.21 2.79 ± 1.03 0.223 ± 0.085 1.50 × 10−7

<0.49 4.75 ± 1.52 3.30 ± 1.22 0.211 ± 0.080 8.19 × 10−7

7156 Marine
>7.2 0.455 ± 0.146 0.554 ± 0.205 0.005 ± 0.002 1.71 × 10−9

7.2−3.0 1.44 ± 0.46 1.04 ± 0.38 0.020 ± 0.008 8.34 × 10−9

3.0−1.5 0.855 ± 0.274 0.753 ± 0.279 0.009 ± 0.003 1.09 × 10−8

1.5−0.95 0.843 ± 0.270 0.739 ± 0.274 0.027 ± 0.010 1.91 × 10−8

0.95−0.49 0.417 ± 0.133 0.519 ± 0.192 0.029 ± 0.011 1.65 × 10−8

<0.49 0.873 ± 0.279 0.536 ± 0.198 0.029 ± 0.011 1.51 × 10−7

7245 Marine
>7.2 1.44 ± 0.46 0.574 ± 0.212 0.005 ± 0.002 5.39 × 10−9

7.2−3.0 0.891 ± 0.29 1.01 ± 0.37 0.025 ± 0.009 5.18 × 10−9

3.0−1.5 0.890 ± 0.28 0.653 ± 0.242 0.007 ± 0.003 1.13 × 10−8

1.5−0.95 1.88 ± 0.60 0.878 ± 0.325 0.009 ± 0.003 4.25 × 10−8

0.95−0.49 1.07 ± 0.34 0.592 ± 0.219 0.012 ± 0.005 4.25 × 10−8

<0.49 0.372 ± 0.119 0.521 ± 0.193 0.031 ± 0.012 6.41 × 10−8

7860 Sahara
>7.2 387 ± 124 198 ± 73 0.044 ± 0.017 1.45 × 10−6

7.2−3.0 1350 ± 432 715 ± 264 0.567 ± 0.215 7.87 × 10−6

3.0−1.5 955 ± 306 512 ± 190 1.508 ± 0.573 1.21 × 10−5

1.5−0.95 875 ± 280 482 ± 179 0.669 ± 0.254 1.98 × 10−5

0.95−0.49 463 ± 148 259 ± 96 0.781 ± 0.297 1.83 × 10−5

<0.49 600 ± 192 325 ± 120 1.21 ± 0.46 1.03 × 10−4

7946 Sahara
>7.2 237 ± 76 167 ± 62 0.033 ± 0.013 8.90 × 10−7

7.2−3.0 585 ± 187 401 ± 148 0.395 ± 0.150 3.40 × 10−6

3.0−1.5 490 ± 157 332 ± 123 0.663 ± 0.252 6.23 × 10−6

1.5−0.95 450 ± 144 300 ± 111 1.01 ± 0.39 1.02 × 10−5

<0.49 543 ± 174 347 ± 128 0.817 ± 0.311 9.37 × 10−5
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Advanced Photon Source, Station 2-ID-D at the Argonne
National Laboratory, was used to identify aerosol iron
characteristics. Absorption and fluorescence caused by
interactions with the air were reduced by performing all
measurements under a helium atmosphere. An energy-
dispersive Si-drift detector, Vortex EM, with a 12.5 μm Be
window and a 50 mm2 sensitive area, was used to measure X-
ray fluorescence of the samples. Spectroscopy scans were run
from 7100 to 7180 eV in 0.5 eV steps with a dwell time per
step of 0.3−5 s. To measure the average spectra for each
sample, beamline focusing optics, including the zone plate and
the order-sorting aperture, were removed for these analyses,
resulting in a beam area of approximately 0.4 mm2. The energy
was calibrated using an iron foil standard aligned to an energy
of 7112 eV at the inflection point of the absorption edge. The
higher sensitivity and lower background fluorescence signal
was used for aerosols in this study; hence, the term iron near-
edge X-ray fluorescence spectroscopy (Fe-NEXFS) is more
precise. Fe-NEXFS records a fluorescence signal, which is
inversely proportional to the XANES signal. Although Fe-
NEXFS was measured, this term is not as widely used;

therefore, the more common term of XANES is applied here.
Spectral data were normalized to account for variations in
incoming X-ray flux and were normalized to create a relative
intensity value of approximately 1 for the post-edge area of the
spectra for comparison to standard spectra. The data were also
processed using a three-point smoothing algorithm built into
the software package Athena to remove high-frequency noise.58

Iron mineralogy and oxidation state can be investigated using
spectroscopic techniques.19,59−62 Repeated scans of selected
samples showed no changes in spectral characteristics,
indicating that changes in the oxidation state were not
occurring during analysis.

Oxidation State. The pre-edge centroid position of the
bulk aerosol spectra was used to calculate the abundance of
Fe(II) using the equation and procedures from Oakes et al.62

Previous studies have shown that using the pre-edge centroid
position to indicate the oxidation state for iron is more reliable
than using the position of the absorption edge.62−64

Linear Combination Fitting (LCF). The iron XANES
spectra were characterized using the LCF algorithm in Athena.
Samples with high noise relative to signal, as identified by

Figure 1. (a) Total soluble iron concentration versus calculated aerosol surface area. Size of the symbols represents the particle size, with larger
symbols representing the larger particle sizes. (b) Total soluble iron concentration versus total aerosol mass on each filter, with larger symbol sizes
representing larger particle sizes. The lower correlation of total iron solubility for mass, as opposed to surface area, is demonstrated here.
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spectra with peak iron counts below 1700, were removed from
the sample set prior to LCF. LCF to determine unknown
XANES spectra was processed with a robust database of 22
known iron mineral standards that were run on the same
beamline as the samples.62,65 Initially, spectral fitting was
performed using the entire database. After this initial analysis,
the best fitting standards were chosen to constrain the
database. After the database was narrowed, fits were
performed, permitting three and then four combinatorics,
depending upon the quality of the R factor (the lowest R factor
indicates the best linear combination fit58). Through this
iterative process for each sample, the linear combination fits
were selected, which yielded a low R factor, excluding the
standards within these iterations that comprised less than 10%.
The R factor, computed by Athena using a nonlinear, least
squares minimization process with the standard spectra to fit
the unknown samples, yields the goodness of a linear
combination fit.

■ RESULTS AND DISCUSSION

The soluble iron concentration, which covers 3 orders of
magnitude, exhibits a positive relationship (R2 = 0.81) with the
surface area of crustal material for the three source regions
(Figure 1a). The relationship between the surface area and
soluble iron concentration can be fit by eq 1.

y x0.15 0.54= (1)

A relation between estimated aerosol mass and soluble iron
concentration might also be expected, because samples with
higher iron contents would have more iron available for
solubilization. However, the soluble iron concentration plotted
as a function of the calculated aerosol mass has a lower
correlation (R2 = 0.63) than the relation with surface area
(Figure 1b). This is consistent with the idea that reactions
solubilizing iron in aerosols are focused on particle surfaces
that are most accessible to acid processing,20 photoreduction,25

and ligand-promoted iron solubilization processes.12 Similarly,
surface area/volume ratios could be an indication of iron
solubility,66 but the surface area/volume ratio leads to a R2

correlation of only 0.63 (Figure S2 of the Supporting
Information). Although both aerosol mass and surface area/
volume ratios can indicate a relationship to iron solubility, we
demonstrate here that surface area is a simpler and possibly
more accurate indicator of total iron solubility.
The trend in Figure 1a may be influenced by compositional

differences. A comparison of the features of iron XANES
spectra can be used to assess compositional similarities or
differences between samples. To ascribe specific mineral
information to spectra, LCF with known iron-containing
standards is often employed.67,68 Unfortunately, the somewhat
featureless nature of the bulk aerosol spectra of this study
precludes reliable identification of specific mineral phases with
linear combination fits.67−69 LCF of aerosol XANES spectra
revealed that aerosol composition in all sizes is a mix of
compounds, as shown in the Table S2 of the Supporting
Information. The sources were best matched by a mix of iron
phosphates, iron sulfates, and iron oxides, with occasional
occurrences of iron silicates and iron-containing organics.
Other than the iron oxides and silicates, major phases observed
in the aerosols are not common in the source regions. For
example, applying a linear fit routine to the Saharan spectra
yielded results indicating the dominant presence of iron

phosphate and iron sulfate phases. Calculations based on the
stoichiometry of these phases require concentrations of
phosphorus or sulfur that were well above those expected
from average crustal concentrations. To confirm the
stoichiometry, surface analysis was performed on a few of
the aerosol samples, using Thermo K-Alpha X-ray photon
spectoscopy (XPS), which is described in the Supporting
Information. Using XPS on a few representative samples, it was
confirmed that phosphorus was not present on the surface of
these samples. Raw data of the iron scans from XPS are shown
in Figure S1 of the Supporting Information. Hence, the
mineralogy determined from the LCF algorithm may not
accurately reflect true sample composition, a finding that has
been noted before69 as a result of the similarities of spectra
between different minerals (Figure S3 of the Supporting
Information). Because of this, spectral characteristics alone
were used to compare compositional similarity between
samples rather than linear combination fits.70

Spectra for the Saharan samples had nearly identical
absorption edge positions at 7126 eV and a small peak at an
energy of 7148 eV (Figure 2). The similar absorption edge

position alongside the similar location of the secondary peak
implies that there is only slight variation in composition
between Saharan size fractions.
North American samples had wider variation in absorption

edge position ranging from 7123 to 7126 eV. Some North
American spectra had a post-edge peak at 7148 eV (Figure 3).
Most North American aerosol size fractions have an absorption
edge position of approximately 7124 ± 1 eV, suggesting
compositional similarity among size fractions.
A comparison of absorption edge position and spectral

characteristics indicates that North American and Saharan
aerosols are compositionally distinct. Marine samples were
defined using HYSPLIT models as having no or minimal
interaction with major continental land masses within the 5
day simulation period (slack winds). Absorption edge position
of the marine spectra ranged from 7123 to 7127 eV (Figure 4),
which covers the range observed in the Saharan and North
American spectra.

Figure 2. Saharan spectra for each size fraction sampled.
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On the basis of spectra, marine samples are presumed to
contain a mixture of Saharan, North American, and possibly
European sourced aerosols that remain in the atmosphere after
a long period of slack winds. Higher energy features in the
marine samples were harder to characterize. Marine samples
had lower overall sample mass and, therefore, lower overall
count rates, which decreased signal-to-noise ratios. In all size
fractions from all sources, the iron oxidation state was
predominantly Fe(III). The exception involved four marine
size fractions, which contained between approximately 15 and
20% Fe(II), but the lower signal-to-noise ratios of these
samples could impact the accuracy of this result. Reduced iron
in marine samples has been attributed to photoreduction
processes.24

Different iron-containing minerals, including silicates,
oxides, and sulfides, have a wide range of solubilities with
respect to acid and other extractants.71,72 Thus, it would be
expected that compositional differences as indicated by

XANES spectra would lead to strong compositional controls
on solubility. However, this was not observed. One possible
explanation for this discrepancy is that the spectra are
measuring the form of iron distributed throughout the sample,
whereas the solubility reactions will be focused on the mineral
phases on the surfaces of aerosol particles. During weathering
reactions in surface sediments and aerosols, iron oxides and
iron sulfates form coatings on the surfaces of iron-containing
minerals.39,73,74 These surface coatings would likely comprise a
small percentage of the iron mass in our aerosol samples and
would thus not be a prominent result in spectral LCF. Aerosol
soluble iron concentrations may reflect reaction with these
coatings rather than a full range of iron-containing minerals.
Presumably, such coatings have a much more limited range of
solubility when compared to all iron minerals. Aerosol iron
solubilization through reaction with surface coatings would be
most effective in samples with the highest surface area. These
data show that the aerosol surface area is a key variable in
explaining the 3 orders of magnitude range of total soluble iron
concentrations observed in atmospheric aerosols.
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