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ARTICLE INFO ABSTRACT

Article history: Mineral dust is a complex entity containing a range of iron minerals including poorly crystalline to crys-
REC?IVEd 17 August 2011 talline iron oxides to clay minerals. Important progress has been made to characterize iron mineralogical
Revised 6 March 2012 compositions in the dust recently. These include the quantification of the content of crystalline hematite

Accepted 6 March 2012 and goethite, which appear to show a regional variation in North Africa as a result of the differences in the

degree of chemical weathering. Fractional Fe solubility (dissolved to total iron, FFS) in the atmospheric
aerosols has been reported to range from 0.1% to 80%. However, FFS is usually less than 0.5% in the
non-atmospherically-processed dust, suggesting that FFS can be enhanced by atmospheric processes.
Chemical weathering One of the atmospheric processes, gravitational settling of dust, which has been previously hypothesized
Acid processing to cause the abovementioned enhancement of FFS during dust transport has been shown to be insignif-
Cloud processing icant. Cycling of dust particles in the clouds, in which pH is usually higher than 4, and in the aerosol
Gravitational settling phase, in which pH is usually substantially lower, can significantly affect iron speciation and FFS. Labo-
ratory experiments showed that a significant amount of iron (>0.5%) can only be solubilized in the dust
when pH is lower than 4. These laboratory data suggest that acid processing rather than cloud processing
might be a prime mechanism to cause an increase in FFS in the dust during transport. Further laboratory
studies, field measurements, and modelling are needed to increase the ability of models to quantify the
atmospheric processing of iron in the dust.
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1. Introduction

In late 1980s, at an informal lecture at the Woods Hole Ocean-
ographic Institution, oceanographer John Martin said, “Give me a
half tanker of Fe, and I will give you an ice age.” These provocative
words were related to a theory subsequently known as the “Fe
hypothesis”, which was proposed by Martin and Fitzwater (1988)
and Martin (1990), based on the inverse relationship of particulate
Fe supply and measured CO, concentration in the Vostok ice core
(Martin, 1990). The first meso-scale Fe fertilization experiment in
1993 confirmed that Fe limitation can control rates of phytoplank-
ton productivity and biomass in the Southern Ocean. Up to 2007,
11 additional meso-scale Fe fertilization experiments have been
carried out in various so-called HNLC (high nutrient low chloro-
phyll) areas. These experiments have unequivocally shown that
Fe supply limits production in one-third of the world ocean, where
surface macronutrient concentrations are perennially high (de Baar
et al., 2005; Boyd et al., 2007) and atmospheric aerosol (dust)
inputs are low (Jickells et al., 2005). The findings of these Fe enrich-
ment experiments showed that the Fe supply controls the dynam-
ics of plankton blooms, which in turn affects the biogeochemical
cycles of carbon and ultimately influences the Earth’s climate sys-
tem (de Baar et al., 2005; Boyd et al., 2007). Furthermore, there is
evidence of the impact of changes in Fe supply on atmospheric CO,
during glacial cycles provided by ice cores (Martin et al., 1989;
Petit et al., 1999; Lambert et al., 2008; Sigman and Boyle, 2000;
Watson et al., 2000; Ridgwell and Watson, 2002; Rothlisberger
et al., 2004).

While it has been recognized that Fe supplied by atmospheric
aerosol is globally a rather small fraction of the total Fe inputs to
the oceans, it is disproportionately important in open ocean waters
because other sources of Fe (Jickells et al., 2005), such as the im-
pact of riverine and resuspension is introduced at the ocean mar-
gins and trapped near the coast (Poulton and Raiswell, 2002;
Croot and Hunter, 1998; Elrod et al., 2004; Raiswell and Canfield,
2012). Globally, mineral dust is the dominant source of Fe in atmo-
spheric aerosol inputs to the open ocean. Mineral dust is mainly
produced in the desert regions of the world. Dust originates from
soils in the desert which are physically separated and uplifted to
the atmosphere. Most of the Fe delivered from mineral dust to
the surface ocean is highly refractory and only some of the atmo-
spheric Fe is bioavailable (Achilles et al., 2003; Rubin et al., 2011;
Visser et al., 2003). The bioavailable Fe fraction of atmospheric dust
has been suggested to regulate and, at times, limit the primary pro-
ductivity in large areas of the open oceans. Even in regions where
phytoplankton growth is not Fe limited, such as the subtropical
North Atlantic, dust input may affect primary productivity by stim-
ulating nitrogen fixation (Mahaffey et al., 2003; Mills et al., 2004;
Moore et al., 2009). As a result, the supply of bioavailable Fe from
mineral dust can influence the CO, uptake from the atmosphere
and affect Earth’s climate (Jickells et al., 2005; Shao et al., 2011).

Such impact on the climate could in turn affect the dust emission
and transport (Shao et al., 2011; Jickells et al., 2005).

One of the major uncertainties of the interplay between the Fe
biogeochemical cycle and phytoplankton biodynamics is the flux of
labile/bioavailable Fe delivered via atmospheric dust to the ocean
surface (Jickells et al., 2005; Mahowald et al, 2005, 2009;
Breitbarth et al., 2010; Ridgwell and Watson, 2002). Since the Fe
bioavailability cannot be directly measured chemically, it is often
assumed that the dissolved Fe or highly reactive Fe in the dust is
bioavailable (e.g., Fan et al., 2006; Raiswell et al., 2008). We real-
ized that dissolved Fe and highly reactive Fe may contain nanopar-
ticles, which are not completely bioavailable (e.g., Chen and Siefert,
2003; Visser et al., 2003). However, there is no better proxy at the
present, thus in the following we mainly discuss dissolved Fe. The
flux of the dissolved Fe can be calculated as

FluXgissolved e = Deposition Fluxg,, x FeT
x Fractional Fe solubility (1)

in which FeT is the total Fe content in the dust and the fractional Fe
solubility (FFS) is the percentage of dissolved to FeT. The estimated
total flux of dust to the ocean is less uncertain (Jickells et al., 2005;
Mahowald et al., 2005; Jickells and Spokes, 2001), except in the
most remote Southern Ocean (Wagener et al., 2008a; Boyd et al.,
2004). FeT in the dust is also less uncertain and is usually from
1% to 5% in dust from different source regions (e.g., Guieu et al.,
2002; Hand et al., 2004; Mahowald et al., 2005). In most atmo-
spheric models, FeT is assumed to be 3.5% (Hand et al., 2004; Luo
et al., 2005; Meskhidze et al., 2005; Fan et al., 2006; Solmon et al.,
2009; Ito and Feng, 2010). However, the FFS term varies consider-
ably from ~0.1% to more than 80%, with higher solubility values
generally observed when dust mass concentrations are low both
over remote parts of the oceans and over polluted areas (e.g., Hand
et al., 2004; Chen and Siefert, 2004; Baker and Jickells, 2006;
Sedwick et al., 2007; Mahowald et al.,, 2005; Kumar and Sarin,
2010; Erel et al., 1993; Sedlak et al., 1997; Theodosi et al., 2010).

The FFS in the dust (before being deposited to the ocean) is con-
trolled primarily by (i) the mineralogy of the soils in the source
area and (ii) atmospheric processes that can convert low-reactivity
Fe-bearing minerals into highly soluble/bioavailable forms of Fe
(nanoparticle for instance). There are a number of processes occur-
ring once the dust is dry deposited to the ocean, which affect the
dissolved Fe supply to the ocean. Such processes were discussed
in Baker and Croot (2010). We will focus on the processes before
the dust being deposited to the ocean.

The key question to quantify the FFS is to understand the influ-
ence of environmental processes that control both the quantity and
the quality of the Fe delivered to oceans via dust deposition.
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Fig. 1. A schematic diagram showing some of the most important processes controlling the speciation of Fe in the atmosphere and its subsequent deposition back to the land
and/or ocean. Processes in the source regions include weathering and aging of Fe oxides, which affect the Fe mineralogy of dust, resulting in dust of different potential
solubilities (Shi et al., 2011b). During transport, dust may mix with soot particles from biomass burning and other anthropogenic aerosols (e.g., Arimoto et al., 2006; Chuang
et al., 2005; Kandler et al., 2007; Mackie et al., 2005, 2008; Luo et al., 2008; McConnell et al., 2008; Haywood et al., 2008; Hand et al., 2010). This mixture of particles may also
take up sulphate, nitrate and organic ligands (e.g., Clarke et al., 2004; Zhang and Iwasaka, 1999; Zhang et al., 2003, 2006; Sullivan et al., 2007; Sullivan and Prather, 2007; Shi
et al., 2008; Dall'Osto et al., 2010). During long range transport, dust undergoes gravitational settling, cloud processing, photo-reduction, and acid uptake/processing (Seinfeld
and Pandis, 2006; Wurzler et al., 2000; Rosenfeld et al., 2001; Matsuki et al., 2010; DeMott et al., 2003; Sullivan et al., 2007; Dall'Osto et al., 2010). Cycles between dust,
particularly aged dust (serving as cloud condensation nuclei, CCN) and clouds through condensation/evaporation processes can occur 5-10 times before the dust is deposited

to the ocean (Seinfeld and Pandis, 2006).

The physical, chemical, and optical properties of mineral dust
have been reviewed in Formenti et al. (2011) and Redmond et al.
(2010). We summarized in this review what is known about the
amount, the form and the mineralogy of Fe in the dust. We com-
piled here the present knowledge of how chemical weathering in
the source area can control the amount and nature of Fe oxides
and clays which are the major precursors of chemically reactive
and hence bioavailable Fe in mineral dust. Once the dust is uplifted
into the air another series of processes occur (Fig. 1) that change
the mineralogy and speciation of Fe. A more detailed description
is shown in Section 4.3. An important aspect of current research
is to integrate observations and datasets into process-based quan-
titative relationships which can be incorporated into large-scale
models to improve the quality of their predictions. Therefore, we
finish this review by briefly summarizing the current work to sim-
ulate the atmospheric processing of Fe in the dust using mathe-
matical models.

We would like to emphasize that, in addition to mineral aero-
sols originating from desert regions, biomass burning and anthro-
pogenic pollution also provide Fe-bearing particles which can be a
dominant source of bioavailable Fe in some areas of the ocean, par-
ticularly at places close to the East Asian continent in the North
Pacific (Luo et al., 2008; Mahowald et al., 2009) and the North
American (Sedwick et al., 2007; Sholkovitz et al., 2009). However
in this review we concentrate on the atmospheric processing of
mineral dust from desert regions and only mention these other
forms of aerosols where they are necessary to understand field
measurements and other observational data.

1.1. Definition and measurement of Fe solubility

Similar to the concerns in Baker and Croot (2010), we note the
important difference in the definition of “solubility” between the
atmospheric and geochemical communities. In the geochemical lit-
erature, the solubility of a specific mineral in a specific solvent and

at particular conditions (e.g., pH, temperature, pressure) is the con-
centration (in fact, the activity) of a solute measured in equilibrium
with a mineral phase and is therefore independent of mineral mass
in the system considered. In that sense, the solubility of a given
mineral is an exact thermodynamic parameter. We will use “solu-
bility” to refer to that in a geochemical context. The solubility of Fe
oxides are widely reported (reviewed in Cornell and Schwertmann,
2003) but that in the dust is not reported.

In the atmospheric literature, “solubility” of a sample is an
operationally-defined ratio (as a percentage) of the dissolved Fe
concentration (typically after filtration and passing through 0.2
or 0.45 um pore size filter) in the filtrate relative to the total Fe
contained in the bulk sample. This “solubility” is termed here as
the “fractional Fe solubility (FFS)”, which will be followed in this
review. There is no direct relationship between the geochemical
thermodynamic solubility and the atmospheric FFS for a dust sam-
ple. The FFS is sometimes measured during the transient stage (be-
fore thermodynamic equilibrium) at a particular point where
mineral dissolution kinetics controls the concentration in solution.
Therefore, FFS is heavily dependent on the properties of the sample
and the following parameters:

The first is the extractant/solvent used. A number of extractants
have been used to quantify the FFS for slightly different purposes.
The simplest extractant is MilliQ (18.2Q) water (e.g., Chen et al.,
2006; Paris et al., 2010, 2011) which has a similar pH to that of
the non-acidified cloud water. However the problem with MilliQ
water is that it has a very limited buffer capacity and thus the
pH will change depending on the particular dust sample being
tested (e.g., Paris et al., 2011). It is thus paradoxically rather diffi-
cult to compare the results obtained, unless large amounts of water
were used to avoid the change in pH and the precipitation of dis-
solved Fe. To overcome this problem a number of studies have used
weak buffers such as ammonium acetate, pH =4.7 (e.g., Sarthou
et al., 2003; Baker et al., 2006a,b, 2007), or formate-acetate buffer
at pH 4.5 (Chen and Siefert, 2003, 2004). These extractants allow
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Fig. 2. Concentrations of total dissolved Fe (nmol m~3) extracted by pure water (dark bars, n = 31) and Sargasso seawater (white bars, n = 19) from aerosol samples collected

in the Gulf of Aqaba. Reproduced from Chen et al. (2006) by permission of Elsevier.

the results between different mineral aerosols to be compared
more easily. Seawater has also been used as an extractant. Seawa-
ter has a sufficiently large pH buffer capacity (e.g., Chen et al., 2006,
2008; Bonnet and Guieu, 2004). However, at pH ~8.2, Fe solubility
is at its lowest, reaching usually sub-nM concentration in synthetic
sea water (Liu and Millero, 1999, 2002), although it is typically in
the 1-2 nM range in open ocean seawater (Kuma et al., 1998a;
Schlosser and Croot, 2008) and higher yet in coastal waters (Kuma
et al., 1998b; Schlosser and Croot, 2009). While studies have been
carried out which compare FFS of the same aerosol sample in
MilliQ water to that in seawater, it is always higher in MilliQ water
(Buck et al., 2006, 2010a; Chen et al., 2006, see Fig. 2), which is not
surprising because of the higher pH in seawater. Bonnet and Guieu
(2004) also showed that the FFS in the seawater is dependent on
the amount of dust (e.g., grams) added to a certain volume of sea-
water. Thus although carrying out dissolution experiments in sea-
water is clearly relevant for the actual input of Fe from
atmospheric dust into the surface ocean, it is not very useful for
studying the nature and effect of atmospheric processes on mineral
dust. Also, as Baker and Croot (2010) pointed out, the nature (e.g.,
origin, pH, organic ligand concentration) of the seawater used in
the experiment will also have a strong influence on the Fe solubil-
ity obtained. Finally several studies have determined the solubility
of Fe in pH 2 solution (Trapp et al., 2010; Journet et al., 2008; Shi
et al.,, 2011b). Such studies are useful for determining the potential
solubility of Fe during atmospheric processing since thermody-
namic modelling suggested that a pH of 2 or lower is often
expected in the aerosol water (Zhu et al., 1992; Meskhidze et al.,
2003; Nenes et al., 2011; He et al., 2012).

The second is whether flow-through or batch or mesocosom
methodologies are used (Wagener et al., 2010). In the flow-through
method, the extractant (e.g., seawater) is continuously passed
through the filter with the samples. The flow-through methodol-
ogy was developed to reduce the saturation effect on Fe dissolution
(e.g., Buck et al., 2006; Wu et al., 2007; Ooki et al., 2009; Aguilar-
Islas et al., 2010). Wagener et al. (2010) summarized the advanta-
ges and disadvantages of these two methods, which are summa-
rized below. Flow through protocols have the advantage to be
easy to handle and to bring information on the control of dust
FFS by aerosol characteristics (Buck et al., 2006), but it has limita-
tions in terms of marine biogeochemical perspectives, as the com-
plex equilibrium between adsorption and dissolution that occurs
during particle settling in the surface ocean is not taken into ac-
count. Batch experiments are more appropriate to investigate the
processes that occur when atmospheric particles are mixed into

the oceanic mixed layer. The disadvantage is that these experi-
ments may be subject to another artefact, the adsorption of dis-
solved Fe on dust particles as demonstrated by Zhuang and Duce
(1993). Mesocosms studies are difficult to handle, but they do bet-
ter represent the natural conditions, particularly in considering the
biological compartment and the biogeochemical characteristics of
the large body of water enclosed inside the bags after the introduc-
tion of the particles (Wagener et al., 2010).

The third is the extraction time. In MilliQ water, the quasi-equi-
librium is generally established relatively quickly, e.g., less than a
few hours (e.g., Desboeufs et al., 1999; Deguillaume et al., 2010).
In sea water, Fe in Sharan dust may continue to dissolve after
7 days (Wagener et al., 2008b). At low pH, Fe will continuously dis-
solve over a thousand hours (Trapp et al., 2010; Shi et al., 2011a).
Under these circumstances, the choice of extraction time becomes
important. The question of how to compare resultant FFS with
those from other methods remains unanswered.

1.2. Use of soil samples as surrogates for dust in aerosol studies

Many studies that aimed to understand the processes control-
ling the FFS in mineral dust used samples of desert soils from var-
ious source regions (e.g., Guieu et al., 2002; Bonnet and Guieu,
2004; Lafon et al., 2006; Shi et al., 2009, 2011a,b). These samples,
often called dust or dust precursors are generally size-sorted, to
mimic dust collected in the atmosphere. The most commonly used
size-sorting technique is wet sieving, where less than 20 pum parti-
cles can be obtained (e.g., Lafon et al., 2006; Shi et al., 2009). Wet
sieving has the effect of wetting the surface of the aerosol/dust
and will remove the most soluble and labile Fe fraction from the
samples. Fortunately, unlike volcanic aerosols (Duggen et al.,
2007, 2010), this process only remove small amounts of soluble
Fe in the mineral dust. For example, Desboeufs et al. (1999)
showed that less than 0.04% of Fe is dissolved at pH larger than
4. On the other hand, this is the most soluble and labile form in
sea water. Sometimes, soil is re-suspended in a pre-cleaned air
flow and subsequently the dry dust is collected with size-selective
particulate matter (PM) samplers, in which PM;o (<10 pm) is often
used to represent the atmospheric dust. The principal reason for
using such samples is that they are available in large amounts
(g - kg) compared to atmospheric dust, often only available in
pg-mg amounts. This enables experiments to be carried out on
the same dust-precursor from which results can be directly com-
pared. In addition, such samples are clearly the precursor of atmo-
spheric dusts prior to uplifting and thus have not been subject to
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changes that can happen to mineral dust in the atmosphere, allow-
ing them to be used to investigate how these properties are mod-
ified during simulated atmospheric processing. It appears that Fe
mineralogical composition including the content of the most reac-
tive Fe in the wet-sieved PM,, samples is not affected by the wet
sieving process (Shi et al., 2011a; Lafon et al., 2006). Therefore,
using such size separated soil samples is a practical and often nec-
essary compromise relative to using atmospheric dust samples
although it is preferable not to use wet sieving.

2. Analytical techniques used to study Fe in dust: an
introduction

The key importance of Fe as a micro-nutrient in the world’s
oceans has sparked studies in many different disciplines including
oceanography, atmospheric sciences, mineralogy, geochemistry,
biogeochemistry, and biology. A wide range of methodologies have
been used from nanometer-scale resolution imagery and chemical
analysis in the laboratory, to large, regional-scale satellite observa-
tions aimed to help the development of Earth system models.

A review of methods and techniques used to determine the geo-
chemical and mineralogical properties of Fe in dust is presented in
Table 2. X-ray diffraction (XRD) has been used to identify and semi-
quantitatively assess the mineral composition of dust particles
(e.g., Merrill et al., 1994; Avila et al., 1997; Arnold et al., 1998;
Shi et al., 2005; Shao et al., 2007, 2008; Shen et al., 2006b; Kandler
et al,, 2007, 2011). However, conventional XRD is often not sensi-
tive enough to detect and a fortiori identify or differentiate be-
tween the different Fe oxides often due to the less crystalline
structure (very broad peaks), overlap of the main diagnostic peaks
of Fe oxides and the low amounts of such oxides in the samples
(usually a few % in mass).

Sequential extraction of Fe by chemical reagents has tradition-
ally been used to determine the amount of different Fe phases in
a variety of geological materials including soils and sediments
(e.g., Raiswell et al., 1994; Hyacinthe and Van Cappellen, 2004;
Hyacinthe et al., 2006). The most widely used scheme is based
on that developed by Kostka and Luther (1994) and Mehra and
Jackson (1960) and includes ascorbate and dithionite extractions
for extraction of Fe oxides. Hyacinthe et al. (2006) and Raiswell
et al. (2008) combined these two methods and this is the method
followed in Shi et al. (2009, 2011a,b). Ascorbate extraction (i.e., a
deoxygenated solution of 50g L' sodium citrate and 50 gL™!
sodium bicarbonate to which 10 g L~! of ascorbic acid was added)
dissolve the most reactive and poorly crystalline pool of Fe (FeA),
often mainly composed of ferrihydrite (e.g., Kostka and Luther,
1994; Reyes and Torrent, 1997; Cornell and Schwertmann, 2003;
Hyacinthe et al.,, 2006; Shi et al., 2009, 2011a; Raiswell et al.,
2010). Dithionite extraction quantitatively solubilizes the remain-
ing Fe (oxyhydr)oxides phases including goethite and hematite
(FeD) (e.g., Raiswell et al., 2008). This method has been firstly
developed and applied to dust by Lafon et al. (2004), which has
been confirmed to be an important step in understanding the Fe

Table 1
Species and mineral forms of Fe.

Species or mineral Chemical forms or definition

Dissolved <200 or 450 nm in solution
Ferrihydrite Fe(OH)s

Goethite FeOOH

Hematite Fe,03

Magnetite Fes04

Cay minerals
Other aluminosilicate

Fe substituted in the clay lattice
Fe in mineral lattice

Note: dissolved Fe is usually defined as total Fe that passes through a filter with a
certain pore size, for example, 0.2 or 0.45 pm.

mineralogical compositions and optical properties of mineral dust
(Lafon et al., 2006; Redmond et al., 2010). A similar methodology is
followed by Lafon et al. (2006), Formenti et al. (2008), and Shi et al.
(2009, 2011a,b). Direct reflectance spectroscopy (DRS) can be used
to quantify the ratio of hematite to goethite in a particular dust
sample (Lafon et al., 2006; Formenti et al., 2008; Lazaro et al.,
2008; Shi et al., 2011b). The content of hematite and goethite sep-
arately can then be calculated using the total Fe oxides content
(FeD) if assuming FeD is predominantly hematite and goethite.

Many different destructive and non-destructive methodologies
have been used to measure the total Fe content (FeT) in dust sam-
ples (e.g., X-ray fluorescence (XRF) spectrometer and Particle-
induced X-ray Emission (PIXE)) (Formenti et al., 2011 and
references therein). Total digestion of dust samples by HF/HNO3
mixtures following by chemical analyses also gives the total Fe
content. Extraction by 6 N HCI or Aqua Regia gives total Fe except
for the Fe contained in the most refractory mineral phases.

Most common techniques for direct observation of individual
dust particles are scanning electron microscopy (SEM) coupled
with energy dispersive X-ray spectrometry (EDX) and transmission
electron microscopy (TEM) coupled with EDX, selected area elec-
tron diffraction (SAED) and electron energy loss spectrometry
(EELS). Electron microscopic analysis provides size and high reso-
lution morphology of individual particles down to nanometer-
scale. SEM-EDX and TEM-EDX provides information on chemical
composition of individual particles down to sub-micrometer and
nano-meter size, respectively (Buseck and Posfai, 1999; Shi et al.,
2003, 2009, 2011b; Posfai and Buseck, 2010). Combining analytical
TEM with EDX and SAED, the mineralogy of individual dust parti-
cles may be identified (Buseck and Posfai, 1999; Shi et al., 2009,
2011b). TEM-EELS can be used to quantify the ratio of Fe(II)/Fe(III)
(Garvie and Buseck, 1998) as well as the spatial distribution of dif-
ferent elements in individual nano-sized particles by EFTEM.
Recently, synchrotron-based X-ray absorption spectroscopy (XAS)
has been used to study the speciation of Fe in the aerosols. For
example, Majestic et al. (2007) quantified the Fe(II)/Fe(Ill) ratio
in size-separated aerosol samples while Ohta et al. (2006) and
Schroth et al. (2009) used XAS to quantify Fe speciation in dust
and/or other materials.

3. Processes in the dust source regions and their control on Fe
mineralogy

In this section, we will firstly review our current understanding
of the Fe mineralogy and speciation and the physicochemical prop-
erties of Fe minerals in the dust. We will then link the Fe mineral-
ogy found in mineral dust with the weathering processes in the
dust source regions.

3.1. Characteristics of Fe minerals in the dust

Mineral dust from desert regions typically may contain a mix-
ture of several Fe-bearing minerals including: ferrihydrite and
other poorly crystalline Fe phases (Shi et al., 2009, 2011a), crystal-
line hematite (Fe,03), goethite (FEOOH) (Arimoto et al., 2002;
Lafon et al., 2004, 2006; Shen et al., 2006a; Formenti et al., 2008;
Journet et al., 2008; Shi et al., 2009), magnetite (Fe304) (Lazaro
et al., 2008) and Fe-bearing clay minerals, such as illite, mixed
layer illite/smectite, and smectite (e.g., Bergametti et al., 1989;
Avila et al, 1997; Shi et al.,, 2005; Leinen et al., 1994; Merrill
et al,, 1994; Arnold et al., 1998) (Table 1). Although there are many
primary Fe-containing minerals in primary volcanic and metamor-
phic rocks (e.g., amphiboles and pyroxenes), such Fe minerals are
not identified in dusts (e.g., Merrill et al., 1994; Avila et al., 1997;
Arnold et al,, 1998; Shi et al,, 2005, 2011b; Shao et al,, 2007,
2008; Shen et al., 2006b; Kandler et al., 2007, 2011).
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Table 2
Commonly-used methods for characterizing Fe in the dust.

Method Expected information Examples of references
XRD Identity and semi-quantitative Merrill et al. (1994), Avila et al. (1997), Arnold et al. (1998), Shi et al. (2005, 2011b), Shao et al. (2007,
assessment of minerals 2008), Shen et al. (2006b), Kandler et al. (2007, 2011), references in Formenti et al. (2011)

Sequential Content of poorly crystalline and Lafon et al. (2006), Formenti et al. (2008), Lazaro et al. (2008), Shi et al. (2009, 2011b)
extraction crystalline Fe oxides

DRS Ratio of hematite to goethite Lafon et al. (2006), Formenti et al. (2008), Lazaro et al. (2008), Shi et al. (2011b)

XRF/PIXE/INNA Total Fe Formenti et al. (2008), Shi et al. (2009, 2011a,b)

ICP-AES/ICP- Total Fe/dissolved Fe in a solution Baker et al. (2003, 2006a,b, 2007), Cwiertny et al. (2008a)
MS

SEM-EDX/ Fe content and Fe spatial distribution in  Buseck and Posfai (1999), Shi et al. (2005, 2009, 2011b), Posfai and Buseck (2010), Chou et al. (2008),
TEM-EDX individual dust Kandler et al. (2007, 2009, 2011)

TEM and TEM-  Fe mineralogical composition and Buseck and Posfai (1999), Shi et al. (2009, 2011b), Lieke et al. (2011)

SAED crystal order in individual dust

TEM-EELS Ratio of Fe(II)/Fe(Ill) in individual dust No report to date
Synchrotron- Ratio of Fe(Il)/Fe(IIl) in total dust
based XAS
Mossbauer spectrometry
Cwiertny et al.
(2008a)

Ohta et al. (2006), Schroth et al. (2009)

Identification of Fe(Il) and Fe(IIl) in total dust

Note: the definitions of the abbreviated methods are described in the main text.

The most labile form of Fe supplied to the ocean is dissolved Fe
(Table 1), which are present in the dust and in rainwater (e.g.,
Heller and Croot, 2011; Baker and Jickells, 2006; Kieber et al.,
2005; Willey et al., 2000, 2004, 2008, 2009). Dissolved Fe(Il) in
the rainwater was shown to remain stable for 4 hours and there-
fore is a potential source of bioavailable Fe (Willey et al., 2008).
Amorphous Fe minerals including nanoparticles of ferrihydrite
were highly reactive and potentially bioavailable (Nodwell and
Price, 2001; Visser et al., 2003; Chen and Siefert, 2003). Amorphous
Fe oxide particles have been identified in dust precursor samples
and they generally exhibit a grain size in the nanometer range
(Fig. 3a, Shi et al., 2011b). In dust from wet deposition collected
in Western Mediterranean, ferrihydrite was also identified
(Fig. 3b, Shi et al., 2009), but it was suggested that such ferrihydrite
particles were formed during cloud processing. Shi et al. (2011a),
Wagener et al. (2008b) and Deguillaume et al. (2010) all suggested
that there was a highly reactive Fe pool in Saharan dust or urban
particulate matter. Shi et al. (2011a) indicated that such highly
reactive Fe pool in the Saharan dust samples has a reactivity sim-
ilar to aged ferrihydrite. Nanoparticles may also be formed imme-
diately after deposition by the interaction of dissolved Fe with
seawater (e.g., Nishioka et al., 2005; de Baar et al., 2005). These
newly formed or directly deposited nanoparticles (from rainwater)
have a much higher dissolution rate than more crystalline Fe oxide
minerals and therefore potentially more bioavailable (e.g., Nodwell
and Price, 2001; Raiswell and Canfield, 2012).

The most abundant form of Fe oxides in dust or dust precursors
are goethite and hematite (Lafon et al., 2006; Lazaro et al., 2008;
Shi et al,, 2011b). Goethite is by far the most common Fe oxides
in soils and hematite is the second most common one (Cornell
and Schwertmann, 2003). Goethite particles in soils are usually
acicular but, unlike their synthetic counterpart, show defects,
micropores and serrated edges (Cornell and Schwertmann, 2003).
Similarly, some hematite in dust precursor samples show a grainy
structure (Fig. 3c) like synthetic hematite, formed from ferrihydrite
aggregates. This provides support for a similar mode of formation
in dust as in soils (Cornell and Schwertmann, 2003). Sometimes,
however, the conditions are not favourable for crystal growth
and no specific morphology develops (Fig. 3d), although the parti-
cles are still Fe-rich.

The crystal size of Fe oxides in most natural soil samples ranges
from a few nanometer to micrometer (Cornell and Schwertmann,
2003). This appears to be applicable to the soils from which the
Saharan dust is produced (Fig. 3c and d) and for Chinese loess sam-
ples (Cwiertny et al., 2008a). Although the surface areas of Fe oxi-

des in some soils have been estimated (Fontes and Wee, 1996),
those in the dust or dust precursors are not known. It should be
noted that generally synthetic and commercial Fe oxides are usu-
ally well crystallized with characteristic morphologies, larger size
and well-defined surface area (e.g., Fig. 2e and f). This is because
the formation conditions including pH, temperature, and ionic
strength are well controlled (Cornell and Schwertmann, 2003).
Such conditions are rarely found in a natural desert environment.

Clay minerals in dust also contain Fe which can under certain
conditions transform to chemically available forms (e.g., Journet
et al., 2008). In terms of reactivity, clay minerals are considered
the most refractory Fe-containing minerals in dust (e.g., Merrill
et al., 1994; Avila et al., 1997; Shi et al., 2011b; Shao et al., 2007,
2008; Shen et al., 2006b). The Fe content, even in the same type
of clay mineral, e.g., illite, can be highly variable. For example,
the illite standard sample used in Shi et al. (2011b) contained
22% and 66% more Fe than the two illite standards used in Journet
et al. (2008) and Paris et al. (2011). This chemical heterogeneity is
partly due to the parent/primary mineral from which the clay min-
erals originated and partly to differences in chemical weathering
regimes in soils (Meunier and Velde, 2004). The relationship
between Fe oxides and clay minerals in atmospheric dust is so
far unclear. Both are formed during chemical weathering of parent
minerals and are in intimate physical association with each other.
Also, Fe oxide nanoparticles readily attach onto the surface of clay
minerals (Lieke et al., 2011; Scheuvens et al., 2011; Raiswell et al.,
2008; Kandler et al., 2007). Thus, some of the potentially available
Fe in “standard” clay minerals used in previous works is likely to
be the adsorbed Fe oxides particles, and Fe located at the edge of
clay particles while the remainder is refractory Fe held in the clay
lattice structure (Raiswell and Canfield, 2012; Shi et al., 2011b).

Evidence from SEM-EDX analysis of large numbers of individual
dust particles suggests that Fe-rich dust particles are usually finer
in size, e.g., <1 um (Fig. 4a and b, see also Kandler et al., 2007; Chou
et al., 2008; Coz et al., 2009). In the coarse (>1 pum) dust particles,
weight percentage of element Fe is usually less than 20% (Fig. 4).
These results suggest that most of the Fe-bearing coarse dust par-
ticles contain other elements, such as Ca and Si.

3.2. Fe mineralogy in North-African dust and soils and its regional
variability

3.2.1. Fe oxide content
The Fe oxide content (the ratio of dithionite Fe (FeA + FeD) to to-
tal Fe (FeT)) in dust and dust precursors is an important parameter
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Fig. 3. Microscopic properties of Fe-bearing particles in dust precursor samples, the dust from a wet deposition sample, and synthetic highly crystalline Fe oxides. (a) TEM
micrograph, EDX spectrum and SAED pattern of a poorly crystalline Fe oxide particle in a soil sample collected from Banizoumbou in Niger; (b) TEM micrograph of a
nanoparticle aggregate in Saharan dust from a wet deposition sample with the corresponding EDX spectrum showing Fe as the dominant metal element; the Cu in the
spectrum is from the Cu grid used as sample holder; (c) and (d) TEM micrographs, EDX spectra and SAED patterns of hematite and goethite particles in two soil samples
collected from the Tibesti Mountains in South Libya and Banizoumbou in Niger; (e) TEM micrograph of a synthetic hematite sample; (f) TEM micrograph, EDX spectrum and
SAED pattern of a synthetic goethite sample. Fig. 3a-d and f are reproduced from Shi et al. (2011b, 2009) and Fig. 3e from Kim et al. (2010) by permission of American
Geophysical Union and American Chemical Society.

to characterize the Fe mineralogy (Lafon et al., 2004, 2006; Shi samples (0.44 £ 0.11) than in Sahelian dust samples (0.65 £ 0.04).
et al., 2011b). This parameter can be measured using the sequential Similar results have been reported by Lazaro et al. (2008), who
extraction techniques mentioned in Section 2. showed that dust originating from the Saharan and Sahel region

There appears to be a systematic trend in this ratio across N. Afri- have a (FeA + FeD)/FeT ratio of 0.35 + 0.07 and 0.58 + 0.03, respec-
ca. Lafon et al. (2004) reported a lower ratio in the Saharan dust tively (calculated from Table 3 in Lazaro et al. (2008)). Formenti
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Fig. 4. Size dependence of Fe-content (weight percent) in individual Fe-bearing Asian dust particles collected at two sites, Amami and Amakusa in Japan (a) and in a dust-
precursor sample (Chinese loess) (b). Solid and open circles in Fig. 4b represent the particles larger than 0.75 pm and less than 0.75 pm, respectively. Fig. 4a is reproduced
from Ogata et al. (2011) with permission of the authors and Fig. 4b from Cwiertny et al. (2008a) by permission of American Geophysical Union.

Table 3
Data on Fe oxides content determined by chemical extractions in Saharan dust or dust precursor samples.
Samples® Number  Sources FeA/FeT  FeD/FeT (FeA+FeD)/ FeT (%)° FeA/ References
of (%) (%) FeT (FeA + FeD)
samples (%)
Sahara: dust precursors 2 Tibest Mountains, South Libya; Western 05+02 353+34 036+0.04 4.7+0.1 14 Shi et al.
Sahara (2011b)
Sahel: dust precursors 3 Banizoumbou; Gourou Goussou; Giraffe 0.5+04 558+4.6 0.57 £ 0.04 57+2.9 0.9
Reserve at Koure (all in Sahel region and in
Niger)
Ephermal lake deposit: 1 Mali 7.30 44,70 0.52 4.20 14.0
potential dust precursor
Palaeolakes: dust 4 Bodele Depression, Chad; Chott el Djerid, 1.5+1.1 18.8+10.1 0.20%0.11 1.6+13 7.4
precursors or potential Tunisia; Wadi al Hyatt, Libya; Wadi Ash
dust precursors Shatti, Libya
Beijing: dry deposition dust 1 Not known 1.7 223 0.24 3.50 7.1 Shi et al.
(2011a)
E. Mediterranean: dry 1 Not known 0.9 35.1 0.36 2.81 2.5 Shi et al.
deposition dust® (2009)
W. Mediterranean: wet 1 Not known 24 35.6 0.38 3.58 6.3
deposition dust?
Sahel, Niger: non-local 9 Mainly from Chad basin NM* NM 0.44 £0.01 4.4 +0.6 NM Lafon et al.
aerosol® (2004)
Sahel, Niger: Local aerosol 7 Sahel region NM NM 0.65+0.04 55%0.3 NM
Zhenbaitai, China: aerosol® 4 Gobi desert NM NM 0.48 £ 0.03 54+0.2 NM
Cape Verde: aerosol® 3 Sahel NM NM 0.55+0.03 2.9+0.1 NM Lafon et al.
(2006)
3 South Morocco NM NM 0.55+0.04 3.2%0.3 NM
3 Central Sahara NM NM 55+0.03 3.2+£0.2 NM
Niger: wind tunnel 3 Banizoumbou near Niamey (Sahel region) NM NM 0.75+0.01 46+0.1 NM
generated aerosols form
soils
Tunisia: wind tunnel 3 Maounanear Tataouin NM NM 0.58 £0.01 25+0.1 NM
generated aerosols from
soils
China: wind tunnel 3 Ulan Buh area, China NM NM 0.43 £0.01 2.1+0.1 NM
generated aerosols from
soils
Canary Island: aerosol® 12 Saharan origin by back trajectory NM NM 0.35+0.07 NM NM Lazaro
et al.
(2008)
2 Sahel origin by back trajectory NM NM 0.58 £ 0.03 NM NM
Banizoumbou, Niger: Not Not shown NM NM 0.59+0.05 Unknown NM Formenti
aerosol® shown et al.(2008)

c
d

e

f NM is not measured.

For details of sample information, please refer to the original references.
FeT is the mass percentage of total Fe in the bulk sample.

A dry deposition sample collected in the East Mediterranean (Israel) after a dust storm event.
A dust sample filtrated from the rainwater in the western Mediterranean.
The sources of the aerosols were mainly based on back trajectory analyses as mentioned in the original papers.



Zongbo Shi et al./Aeolian Research 5 (2012) 21-42 29

Table 4
The arithmetic mean ratios of Hm/(Hm + Gt) in dust or dust precursor samples.
Asian N. African
Dunhuang Yulin Tongliao North Atlantic Canary Islands Canary Islands Canary Islands Saharan Sahel
(Saharan) (Sahel) (Sahara/Sahel)
Number of 29 32 22 9 12 2 5 2 3
samples
Hm/Hm + Gt 0.36 037 032 0.48 0.52 0.45 0.39 0.42 0.49
Range 0.34-0.63 0.29-0.61 0.26-0.51 0.34-0.50 0.41-
0.60
Source Shen et al. Arimoto et al. Lazaro et al. (2008) Shi et al.
(2006a) (2002) (2011b)

et al. (2008) also reported a high ratio in ground-based dust aerosol
particles collected at Banizoumbou, in Sahel region. Finally, Shi et al.
(2011a) reported a high (FeA + FeD)/FeT ratio in Sahel soil samples
(0.57£0.04) and intermediate ratio in Saharan soil samples
(0.36 £0.04) but lower ratio in paleolake samples (from Bodele
Depression) (0.20 + 0.11). The data in Table 3 suggest a systematic
difference in this ratio and hence in the extent of Fe weathering pro-
cessing in dusts or soils in the Sahel region (higher degree of trans-
formation of original Fe-bearing minerals into Fe oxides) compared
to those in the Sahara (see Section 3.3). It needs to be mentioned
that the Bodele Depression is a huge area with both paleolake sed-
iment and the fluvial deposit from the mountains (e.g., the Tibesti
Mountains) during episodic floods. Therefore, a specific sample
from one site should not be considered as representative of the
whole Bodele Depression (see the difference in composition of sam-
ples from Bodele in Shi et al. (2011b), Washington et al. (2009) and
Bristow et al. (2010)).

Shen et al. (2006a) reported the Fe oxide content in Asian dust,
which is close to the Saharan dust (note: not Sahelian dust). Based
on a fitting technique, Takahashi et al. (2011) claimed that most Fe
in a set of Asian dust samples is present in the illite and chlorite.
This does not seem to agree with all the works mentioned above.
In addition, Takahashi et al. (2011) obtained a best fitting without
hematite and goethite. This does not seem to be likely because
without goethite, the Asian dust, called “KOSA” in Japanese (liter-
ally “Yellow Sand”) would not have a yellowish colour.

3.2.2. Ratio of poorly crystalline to highly crystalline Fe oxides

The ratio of the FeA/(FeA + FeD) has been used to characterize
the ageing of Fe oxides (transformation of reactive Fe, e.g., ferrihy-
drite, to less reactive Fe oxides such as goethite and hematite). Shi
et al. (2011b) showed that the FeA/(FeA + FeD) ratio is usually
small in samples from the Sahel and Sahara, i.e., 0.1 (Table 3).
However, during long distance fluvial transport before accumulat-
ing as dust source deposits (McTainsh, 1989), and especially during
the deposition and accumulation of dust in ephemeral lakes, small
amounts of ferrihydrite or poorly crystalline Fe oxides (FeA) may
also form. One example is the sample from an ephemeral lake in
Mali, which had a FeA/(FeA + FeD) ratio of 0.14. In addition, in pal-
eolakes, ferrihydrite can be formed by digenesis and remain pre-
served together with large amounts of carbonate/silica. This is
the reason for the higher FeA/(FeA + FeD) values observed in the
paleolake samples (e.g., Bodele, Table 3) (Shi et al., 2011b).

3.2.3. Ratio of hematite to goethite + hematite

Since the light absorbance properties of hematite and goethite
are different (Redmond et al., 2010; Lafon et al., 2006), it is impor-
tant to know their contents in dust to better calculate the radiative
properties of dust. In addition, the ratio of hematite to goe-
thite + hematite (Hm/(Hm + Gt)) in dust may provide important
information about the conditions during pedogenesis, particularly
temperature and precipitation (Torrent et al., 2007). Shi et al.

(2011b) suggested that higher ratios correlate with lower potential
FFS (fractional solubility of Fe after 72 h contact with pH 2 sulfuric
acid) in dust precursors. Hm/(Hm + Gt) in dust or dust precursors
showed a large variation from <0.3 to >0.6 (Table 4). It was origi-
nally suggested that African dust contained more hematite while
Asian dust was richer in goethite (Shen et al., 2006a; Arimoto
et al., 2002). However, more recent data cast doubt on this simpli-
fied relationship since there are large variations in the ratio of Hm/
(Hm + Gt) in North African dust and dust precursor samples
(Lazaro et al., 2008; Shi et al., 2011b) as this depends primarily
on the nature and history of the source soils.

3.2.4. Fe speciation (Fe(Il) and Fe(Ill)) in dust

It is important to understand the speciation of Fe in the partic-
ular dust itself because the solubility of different species of Fe is
different depending on the position and oxidation states in each
mineral lattice. Fe(Il) is in general more soluble than Fe(Ill). Dis-
solved Fe(Il) in the dust, once dissolved in sea water, may be oxi-
dized rapidly to Fe(IIl) or complexed with organics, which are at
least partially bioavailable. As in Deguillaume et al. (2005), we
use the term “Fe speciation” to refer to the relative proportions
of the two oxidation states of Fe (+2 and +3) in the dust. There is
only limited data on the speciation of Fe in dust aerosol particles.
Synchrotron-based X-ray absorption spectroscopy (XAS) (Ohta
et al.,, 2006; Schroth et al., 2009) and Mdssbauer spectrometry
(Cwiertny et al., 2008a) have been used to determine the Fe oxida-
tion state and bonding environment in dust or dust source materi-
als. Chinese loess has been shown to have a significant fraction of
Fe(Il) (47%: Ohta et al., 2006; and 33%: Schroth et al. (2009)).
Cwiertny et al. (2008a) also showed the presence of Fe(Il) in a Chi-
nese loess sample. By contrast no Fe(Il) was detected in the Asian
dust samples (fraction <11 pum) collected during a super dust storm
event in Beijing (Ohta et al., 2006) and in an African dust sample
(Schroth et al., 2009).

3.3. Formation of secondary Fe minerals during chemical weathering

Mineral dust prior to uplift is produced by physical and chemi-
cal weathering in the source regions of primary and secondary
minerals generally over long periods of time. These processes
shape the properties of the dust precursors (the soil that the dust
is produced from) and therefore determine the nature and amount
of Fe in the dust. A particularly important process that is relevant
for Fe mineralogy found in the dust is chemical weathering and
the subsequent aging of Fe oxides.

Fe in the original Fe minerals is released initially as Fe?*, which
is rapidly oxidized to Fe*" in the presence of oxygen and crucially
water at the pH values (>2) commonly found in surface environ-
ments. The Fe** in turn immediately hydrolyzes to form solid but
metasable Fe oxyhydroxides. Once formed, these Fe oxyhydroxides
change with time to form crystalline Fe oxides and their high ther-
modynamic stability usually ensures that they persist for long
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periods of time (Cornell and Schwertmann, 2003). Some of the Fe?*
and Fe** may enter into the structure of aluminosilicate minerals
such as clay minerals, forming secondary Fe-bearing minerals. As
soil develops, more and more of the primary and secondary Fe-
bearing minerals decompose and the Fe of their lattice structure
is converted to Fe oxides in the soil (McFadden and Hendricks,
1985).

In the context of this review, the chemical transformation from
primary to secondary Fe minerals can be quantified by the chang-
ing ratio of Fe (oxyhydr)oxides (including amorphous Fe, hematite
and goethite, FeA + FeD) to the total amount of Fe (FeT). As chem-
ical weathering proceeds, poorly crystalline ferrihydrite (FeA) is
converted into more stable Fe oxides, such as hematite and goe-
thite (FeD). This FeA to FeD conversion process can be relatively
fast at geological time scales and hence the amount of FeA remains
low in the dust precursors while more stable Fe oxides accumulate.
Fe in the clay minerals and other aluminosilicates can also dissolve
and be transformed into oxides. Hence, as the weathering pro-
ceeds, the ratio of (FeA+FeD)/FeT gradually approaches unity
(Leigh, 1996). These parameters have been widely used as an indi-
cator of the maturity of a soil as a function of time (chronosequence)
(Cornell and Schwertmann, 2003). Shi et al. (2011b) found a high
degree of correlation (with R? = 0.86, Fig. 5) between the ratio of
(FeA + FeD)/FeT in dust precursor samples from North Africa with
the Parker weathering index (Parker, 1970) (Fig. 5), suggesting that
the degree of chemical weathering in the source area determines
the amount of Fe(IIl) oxides in the dust produced from that area.

4. Dust processes in the atmosphere and their impact on FFS
4.1. An overview of the atmospheric processing of dust

Atmospheric processes strongly affect and increase the mea-
sured FFS in aerosols (e.g., Mahowald et al., 2005, 2009; Baker
and Croot, 2010; Sedwick et al., 2007; Chuang et al., 2005; Des-
boeufs et al., 2005).

There are a number of processes taking place in the atmosphere
which may affect the Fe speciation and FFS in dust aerosol parti-
cles. These include gravitational settling, mixing with anthropo-
genic and biomass burning aerosols, uptake of acidic gases
followed by hydration/hydrolysis onto mineral particles and chem-
ical changes of the mineralogy of Fe-bearing phases themselves
(Fig. 1). Probably the most important of the chemical changes is
the change of pH in the solution surrounding dust particles (either
in cloud droplet or wet aerosol). It is well known that the solubili-
zation kinetics of Fe oxides and other Fe-bearing mineral phases
are very sensitive to pH variations, with acidic solutions promoting
dissolution (Cornell and Schwertmann, 2003). Other processes that
can cause solubilization of Fe in mineral dust include photoreduc-
tion and the aqueous complexation and chelating effect of organic
ligands such as oxalate and malonate (Cwiertny et al., 2008a;
Wang et al., 2009; Xu and Gao, 2008). The effects of these processes
are also pH sensitive.

Dust particles can act as cloud condensation nuclei (CCN), par-
ticularly after being aged in the atmosphere (e.g., Rosenfeld et al.,
2001; Shi et al.,, 2008; Manktelow et al.,, 2010; Kumar et al.,
2011). The interaction of dust particles with cloud water, or cloud
processing, provides the main mechanism for uptake of acid gases
in the atmosphere (Seinfeld and Pandis, 2006). Water droplets be-
come saturated with CO, and if SO, or NO, are present in the atmo-
sphere, both will dissolve into these water droplets. Both gases can
be formed as a result of pollution and/or from natural processes.
SO, is commonly produced from the burning of fossil fuels partic-
ularly coal while anthropogenic NO, comes from high temperature
combustion. Natural SO, is produced from the oxidation DMS
(dimethyl-sulfide) and other natural reduced sulfur compounds
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Fig. 5. Correlation of (FeA + FeD)/FeT with the Parker weathering index in Saharan
and Sahel soil dust samples. A lower Parker index suggests a higher degree of
chemical weathering. Adapated from data in Shi et al. (2011b).

while NO, is produced in lightning. Acid gases such as SO,, HCl
and other acids can also be found in the atmosphere associated
with volcanic eruptions. The uptake of these acidic gases can lower
the pH of the cloud water. The pH of water in clouds usually ranges
from 3.5 to 6 depending on the balance between acid gases taken
up in the droplets and the chemical nature of the CCN. Carbonate
will also buffer any acids in the droplets. In addition, dissolution
of ammonia can also neutralize the acids and raise the pH of cloud
droplets.

However, an important effect in the context of Fe solubilization
in dust during atmospheric transport is that clouds often evaporate
leaving only a thin film of aqueous electrolyte around each dust
particle (e.g., Seinfeld and Pandis, 2006). This film of water (aerosol
water) has significant different properties as compared to that in
clouds (Table 5). Aerosol water is often very acidic compared to
the cloud droplet. pH values of 2 or even lower are suggested for
such aerosol films (Zhu et al., 1992; Meskhidze et al., 2003). In
addition, this film of water exhibits a much higher ionic strength
than cloud water, while simultaneously the dust-to-liquid ratio is
drastically increased (reaching thousands of grams of dust per litre
of water). This change in dust-to-liquid ratio may result in the
adsorption of dissolved species to the particles, although its effect
decreases at lower pH. Finally, clouds can form and evaporate sev-
eral times (Seinfeld and Pandis, 2006), inducing, for the dust parti-
cles, five to ten cycles of pH alternation before being deposited via
wet deposition or settled as dry materials to the ocean surface.

In the following sections, we will examine these processes as
they affect the FFS in atmospheric systems. We will also examine
the relationship between the mineralogy of Fe phases in dust par-
ticles and how that is affected and, at times, altered by these atmo-
spheric processes. Because of the importance of Fe bioavailability
in ocean carbon processes, we will finally consider how such pro-
cesses can be better included into atmospheric models.

4.2. Gravitational settling

Chen and Siefert (2004) and Baker and Jickells (2006) have noted
an inverse relationship between FFS in Atlantic aerosols and atmo-
spheric dust concentrations (Fig. 6) with the lowest FFS associated
with the highest particle concentration. Some more recent field
data suggest a similar quasi-linear trend (e.g., Sedwick et al.,
2007; Sholkovitz et al., 2009; Kumar and Sarin, 2010), but other
studies do not, such as Buck et al. (2010b). Data reported from
Trapp et al. (2010) indicated that while the highest FFS were found
at the lowest dust loads, consistent with the data shown in Fig. 6,
the FFS increased with increasing dust loading when the dust mass
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Table 5
Differences in properties of water in the clouds and around the aerosols.

Clouds Aerosols Selected references
pH 4-8 0-5 Deguillaume et al. (2005), Collett et al. (1994), Hegg et al. (2002), Straub et al. (2007), Falconer and Falconer (1980), Zhu
et al. (1992), Meskhidze et al. (2003), Nenes et al. (2011), He et al. (2012)
Dust/water 100 pugto 1g/L  >5000 g/L Sarthou et al. (2003), Baker et al. (2007), Ozsoy and Ornektekin (2009), Engelhart et al. (2011), Pikridas et al. (2010)
ratio
Ionic Less than a few A few to Collett et al. (1994), Hegg et al. (2002), Straub et al. (2007), Zhu et al. (1992), Zhang et al. (2007), He et al. (2012)
strength mmol/L 30 mol/L

concentration reached ~5 g m~> or more. Buck et al. (2010b) mea-
sured the FFS in 9 sets of size-fractionated aerosols collected in the
North Atlantic Ocean during June-August, 2003. Their results
showed that the aerosol FFS was somewhat variable with size but
in general, it did not increase with decreasing particle size (Fig. 7).
Baker and Jickells (2006) explained the inverse relationship be-
tween dust mass concentration and FFS (open squares in Fig. 6) in
terms of gravitational settling. They argued that the greater solu-
bility at lower dust mass concentration could be due to a larger
surface area to volume ratio of the finer dust particles. Baker and
Croot (2010) later suggested that, based on field measurements,
it may not be possible to unambiguously confirm that any of these
effects is solely responsible for the relationship shown in Fig. 6.
More recently, Shi et al. (2011c) measured the size distribution
of the FFS in the dust generated from two soil samples collected in
the Saharan desert. Their results showed that the FFS in the dust
generally increases with decreasing size. However, even the maxi-
mum FFS in the finest size fraction (0.18-0.32 um) observed,
which is only ~0.8%, is lower than most of the measured values
in airborne aerosol samples previously reported (e.g., Chen and
Siefert, 2004; Baker and Jickells, 2006). These results indicate that
the size dependence of the FFS can at most explain a small part of
the measured variability in FFS in atmospheric aerosol samples.
The high values of the FFS of >1% in atmospheric aerosols samples
are very unlikely to be seen in non-atmospherically processed dust
particles (Hand et al., 2004; Mahowald et al., 2005) because of the
refractory nature of the Fe in the original dust (Shi et al., 2011b).

4.3. Acid processing of dust
4.3.1. Effect of pH on the fractional Fe solubility in dust particles

Extensive studies in terrestrial/experimental systems show that
the solubility of Fe oxides is highly dependent on the pH of the aque-
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Fig. 6. Percentage of dissolved aerosol Fe as a function of mineral aerosol
atmospheric concentration (mgy) over the Atlantic Ocean. The data were from Chen
and Siefert (2004) (solid triangles) and Baker and Jickells (2006) (open squares).
Note that the dust concentrations for the data of Chen and Siefert (2004) have been
converted from total Fe concentration by assuming that dust contains 3.5 wt.% of Fe.
Reproduced from Baker and Croot (2010) by permission of Elsevier.

ous medium it is in contact with (e.g., Cornell and Schwertmann,
2003; Bonneville et al., 2009 and references therein). Especially at
acidic conditions (e.g., pH <3), the solubility of Fe increases by a
factor of ~1000 for each decrease in pH unit. In 1992, Zhu and
co-authors proposed that acid dissolution in the aqueous thin film
around dust particles is a major factor affecting the FFS. Although
the pH of dust aerosol particles over the remote oceans has never
been measured directly due to technical difficulty, theoretical calcu-
lations and model simulations suggested that aqueous electrolyte
around dust aerosol particles can often have pH of less than 2, par-
ticularly in the finer dust particles (Zhu et al., 1992; Meskhidze et al.,
2003, 2005; Solmon et al., 2009; Ito and Feng, 2010; Nenes et al.,
2011). Motivated by the potential importance of acid dissolution
in dust particles, a number of workers have sought to correlate
the FFS with concentrations of acid species in aerosols from their
field data (e.g., Hand et al., 2004; Baker et al., 2006a,b; Buck et al.,
2010a; Hsu et al., 2010). The results have been ambiguous because
it is difficult to measure or even estimate all of the aqueous species,
or particle adsorption sites and then to predict the pH at high and
variable ionic strength. Baker and Croot (2010) argued that the lack
of a simple correlation between the bulk chemistry and the FFS in
field data does not refute the importance of acidic processing as a
major factor for increasing FFS in dust.

One of the potential factors to consider is the chemical hetero-
geneity of individual dust particles. It is known that mineral dust
often contains a high percentage of carbonate (e.g., Chester et al.,
1977, Shi et al., 2005; Formenti et al., 2011), which can neutralize
the acid in contact with the dust. However, in practice, only some
particles contain calcium carbonate and thus the acidification is
only “neutralized” or buffered in carbonate-rich particles but not
others. Most of the Fe-bearing dust particles also contain Si and
Al and are thus presumably mainly clay minerals (Kandler et al.,
2007; Scheuvens et al., 2011). Individual Fe-rich particles (e.g., Fe

30.0
25.0
20.0 -
15.0

10.0

Fractional Fe solubility, %

5.0

0.0 4
18 316 178 097 056 032 0.18

Size cut, pm

0.098 0.056

Fig. 7. Size dependence of the average FFS measured on 9 sets of size-fractionated
aerosol samples collected over the North Atlantic Ocean. Error bars represent one
standard deviation of the mean solubility percentage for each size fraction. Data
were kindly provided by Dr. Buck from the University of California, Santa Cruz.
Original data were published in Buck et al. (2010b).
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weight percent >50%) are occasionally observed in both Asian and
African dust (less of 3% in number of total observed particles)
(Ogata et al, 2011; Coz et al., 2009; Kandler et al., 2007; Chou
et al.,, 2008). If a ‘dust storm’ had come into contact with acid gases,
although overall the pH may have been neutralized, that would not
have been true for each individual dust particle and thus a pH in-
duced increase in the FFS would still occur on those particles
where acid gases caused decrease in pH. Sullivan et al. (2007) sug-
gested that sulphate is preferably taken up on aluminosilicate Fe
containing particles rather than the carbonate-rich particles, on
which nitrate preferably deposit. This appears to support the
acidification of Fe-rich but carbonate-free dust particles during
transport although more work is needed to confirm this.

Furthermore Baker and Croot (2010) pointed out that the FFS
enhancement during transport over the ocean occurs simulta-
neously with the deposition of acids onto dust particles and the re-
moval of larger dust particles by gravitational settling. Thus, a
simple correlation between acidic anion concentrations and FFS
is unlikely. As a result of the difficulty in understanding field data,
some of the important advances in quantifying the nature of acid-
induced changes in the FFS of mineral dust have been carried out
via laboratory experiments.

4.3.2. Laboratory based studies to understand the nature of pH control
on Fe dissolution in dust

The first detailed studies of this type relevant to aerosols were
carried out by Spokes et al. (1994) and Spokes and Jickells
(1996). They found that dissolved Fe appeared in solution when
a sample of Saharan dust was exposed to acidic solutions at pH 2
which is the pH relevant to wet aerosols (Fig. 8). Furthermore,
when the pH of the solution was increased to 5-6, a range com-
monly measured in cloud water, the dissolved Fe concentration
was considerably reduced (Fig. 8).

Subsequent work has expanded the pH range of such experi-
ments and showed clearly that the dissolution of Fe in mineral dust
is strongly pH dependant (e.g., Fig. 9, Mackie et al., 2006). Similar
pH dependant Fe dissolution behaviour has been reported by Shi
et al. (2011a) using both atmospheric dry deposited dust (Beijing
dust) from Asia and dust-precursors (Tibesti) from Africa.

Cwiertny et al. (2008a) and Fu et al. (2010) also investigated the
Fe dissolution behaviour of a series of soil and/or loess samples
from pH 1 to 3 for up to 30 h. These authors demonstrated that,
in addition to pH, the temperature, type of acids, photo-radiation
and the nature of the dust all affect the Fe dissolution rates.
Rubasinghege et al. (2010) also showed that the nano-sized goe-
thite has a much larger dissolution rate than micrometer-sized
goethite at low pH.

4.3.3. Dependence of potential fractional Fe solubility on Fe mineralogy
and speciation

Schroth et al. (2009) showed that the FFS in mineral dust in
MilliQ water is much lower than in glacial flour and coal fly ash.
Cwiertny et al. (2008a) found a large difference in the FFS in dust
surrogate samples from various deserts of the world. These results
suggest that the nature of the mineral dust material has an impor-
tant impact on its solubility.

A particularly important factor in controlling the amount of dis-
solved Fe during atmospheric transport is the original mineralogy
of the dust. Journet et al. (2008) showed that commercial Fe oxide
(goethite, hematite, and magnetite) samples have a much lower
FFS (pH 2 for 2 h) compared to clay minerals. They argue that clay
minerals are the main source of dissolved Fe in mineral aerosols.
However, Shi et al. (2011b) and Raiswell and Canfield (2012) sug-
gested that these differences can be explained, at least, in part by
the poor reactivity of commercial Fe oxides (often large particles)
and by the potential presence of Fe nanoparticulate and poorly

crystalline (oxyhydr)oxide, formed during chemical weathering,
associated directly with the clay mineral surfaces (see Section 3.1).

Shi et al. (2011b) investigated how the Fe mineralogy of a series
of dust precursor samples from North Africa affects the FFS under
acidic conditions. These dust precursor samples were collected
from various locations representing different types of North
African dust source regions including the main Saharan desert,
the paleolakes, Sahel desert, and ephermal lakes. These results ren-
dered a systematic relationship between the dust Fe mineralogy
and the FFS (defined here as Fepso), which is the percentage of dis-
solved Fe in pH = 2 solution over 72 h to total Fe, and is a measure
of the ease with which Fe in a given sample can be mobilized by
atmospheric processes). Initially, poorly crystalline Fe (oxyh-
dro)oxides, as extracted by oxalate (FeO) or by ascorbate (FeA)
(Reyes and Torrent, 1997) are formed. These are readily soluble un-
der acidic conditions. In a natural sample, if aged, these reactive Fe
phases may crystallize and convert into goethite and hematite,
which are measured as (FeA+ FeD) and are much less soluble
(Fig. 10a). Fig. 10b shows that the FFS decreases with the ratio of
(FeA + FeD)/FeT. Since (FeA + FeD)/FeT increases during the weath-
ering of primary minerals, its inverse correlation with the FFS sug-
gests that long or particularly intense chemical weathering in the
source area tends to decrease the potential of the Fe to be solubi-
lized once transported as dust in the atmosphere. However, the
effects due to different source weathering regime is not big enough
to explain the entire observed range of FFS (0.1-80%) in the atmo-
spheric aerosols. This is supported by Paris et al. (2010) who
showed that FFS in atmospheric African dust ranges from 0.1% to
3.4%.

4.3.4. Kinetics of Fe dissolution in dust

The dissolution kinetics and equilibrium solubilities of a large
range of pure Fe oxides and oxyhydroxide mineral phases have
been measured experimentally (Cornell and Schwertmann, 2003;
Bonneville et al., 2009). However, these datasets cannot be directly
applied in global dust models because dust samples are complex
and variable mixtures of Fe minerals that have a variety of sizes
and mineralogical and chemical compositions (Shi et al., 2011b).
Furthermore, most studies on mineral dust only follow the Fe
dissolution for a few hours to a few days. These experiments are de-
signed to simulate the relatively short period of time during which
atmospheric dust is potentially exposed to acidic pH. This design
however prevented a fundamental understanding of the processes
controlling Fe dissolution under acidic pH conditions to be
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Fig. 8. Concentration of dissolved Fe over time during pH cycling using a Saharan
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Fig. 9. Effect of pH on the release of Fe from Australian dust with time. Figure was
produced from data provided by Doug Mackie from the University of Otago and the
original figure was published in Mackie et al. (2006).

achieved. Recognizing these problems, Shi et al. (2011a) measured
the Fe dissolution kinetics of representative dust and dust precursor
samples in acidic conditions for longer periods of time than done
before in the atmospheric literature in an attempt to measure both
the Fe dissolution kinetics and Fe concentrations to reach dissolu-
tion plateau (i.e., a quasi-equilibrium values). The results on the
concentration curves over time were then fitted to a series of geo-
chemical models. Modelling results showed that the time-depen-
dant Fe concentration were best described by three acid-
extractable Fe pools each dissolving according to a (pseudo)-first-
order kinetic pathway (Fig. 11). The dissolution rate constant k
(h™!) of each pool was independent of the source of the dust
and its grain size (PM,o PM;o or PM, 5). The “fast” Fe pool had a k
(25 h~! for pH 1) of similar magnitude to pure ferrihydrite nanopar-
ticles and/or other poorly crystalline Fe(Ill) oxyhydroxide, while the
“intermediate” and “slow” Fe pools had k values respectively 50-60
times and 3000-4000 times smaller than the “fast” pool. The “slow”
Fe pool may consist of both crystalline Fe oxide phases (i.e., goethite
and/or hematite) and Fe associated with clay minerals. In the sam-
ples analyzed, the initial mass of the “fast”, “intermediate” and
“slow” Fe pools represented respectively about 0.5-2%, 1-3% and
15-40 % of the total Fe in the dust samples (Shi et al., 2011a). These
results are based on typical Saharan and Asian dust samples and the
corresponding values may be different in samples from paleolakes,
Sahel regions or other dust source regions.

The argument that dissolved Fe from more reactive Fe pool is
mainly from the highly reactive Fe pool initially is supported by
the results in urban particulate matter in Deguillaume et al.
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(2010) and Saharan dust in Wagener et al. (2010). However, Paris
et al. (2011) argued that this is not the case although these authors
appeared to agree that highly reactive Fe is more soluble. Their
argument can only be valid if there is no pool of highly reactive
Fe in their samples. But Paris et al. (2011) did not measure the con-
tent of highly reactive Fe in the dust samples. They also did not
determine the dissolution or FFS in the highly reactive Fe (similar
to aged ferrihydrite) and calculate the Fe potentially dissolve from
the highly reactive Fe pool in the dust or the dissolution kinetics. A
possible explanation of the abovementioned contradiction is that
the calculation in Paris et al. (2011) is based on a debatable
assumption that “standard” Fe minerals are representative of the
similar minerals in the actual dust (see Section 3.1; Raiswell and
Canfield, 2012; Shi et al., 2011b).

4.3.5. Importance of dust/liquid ratio as a control for Fe solubilization
in dust

For practical reasons, laboratory experiments to quantify acid
processes in dust systems were usually performed at relatively
low dust/liquid ratios (in grams or milligrams of dust per litter of
solution). Spokes and Jickells (1996) found that the FFS is indepen-
dent of dust/liquid ratio <20 mg L~'. However, at higher dust/li-
quid ratio, proportionately, less Fe is dissolved (Fig. 12). Similar
results were also found by Mackie et al. (2006) and Shi et al.
(2011a) using a maximum of 1 gL, These dust/liquid ratios are
approximately 3 orders of magnitude smaller than what is
expected in dust aerosol particles (Table 5), where the dust/liquid
ratio is likely to be more than 5000 gL' (Pikridas et al., 2010;
Engelhart et al., 2011).

The important but previously unconsidered effect of this high
dust/liquid ratio has been raised by Shi et al. (2011a) who calcu-
lated that, at much higher dust/liquid ratios (e.g., 3000 g L"), the
high Fe concentration from the fast pool may suppress the dissolu-
tion of other Fe phases from the dust. Since it is not possible to
experimentally measure the dissolution kinetics at typical dust/li-
quid ratio (>3000 g L) directly in simple laboratory batch exper-
iments, further work combining smog chamber experiments and/
or theoretical calculations are needed to further understand the
implications of this dust/liquid ratio to the natural system.

4.4. Cloud processing and photoreductive dissolution of Fe in dust

Properties of cloud water are fundamentally different to those
of aerosol electrolyte solutions. For example, higher pH (>4), lower
dust/liquid ratio (<50 mgL™!) and lower ionic strength (< a few
mmol L™1) are usually found in cloud water than in aerosol water
(Table 5).
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Fig. 10. Correlation of potential Fe solubility (Feps,) with (a) (FeA + FeD)/FeT; (b) FeA/(FeA + FeD) for soil dusts. Each data point represents a sample name. Tunisia, Bodele,
Libyal and Libya2 samples are from palaeolakes; Tibesti sample is from a flash flood river bed the Tibesti Mountain in Southern Libya; WS sample a palaeosol sample is from
Western Sahara; Niger1, Niger2, and Niger3 samples are surface soil sample from Niger; and Mali sample is an ephemeral lake sediment from Mali. Reproduced from Shi et al.

(2011b) with permission of American Geophysical Union.
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Fig. 11. Measured Fe dissolution kinetics (open circle) compared with the predicted
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Spokes and co-authors (1994) were the first to notice that the
FFS in dust decreases to a very low value (e.g., <0.5%) when the
pH of the solution was increased to 5-6 to simulate cloud pH
(Fig. 8). This was later confirmed in Mackie et al. (2005). Desboeufs
et al. (1999) measured the dissolution rates of trace metals includ-
ing Fe in wind transported Saharan dust samples from pH 3.8-5.3
at a dust/liquid ratio of 5 mg L~! with a rather small fraction of the
total Fe (<0.1%) being dissolved (Fig. 13). Desboeufs et al. (2001)
further examined the factors influencing aerosol solubility during
cloud processes and showed that the FFS depended only on the
pH conditions of the last cloud cycle. Mackie et al. (2005) measured
the Fe dissolution rates of an Australian dust sample across a larger
pH range (pH 2.15 to ~7) and concluded that Fe is only signifi-
cantly mobilized below a threshold of pH ~3.6 (Fig. 13).

It appears that Fe dissolution reaches a plateau (equilibrium)
relatively quickly in the dust suspensions at pH larger than 4, for
example, in 60 min (Fig. 14) (Desboeufs et al., 1999).

Shi et al. (2009) simulated the acid and cloud processing of dust
samples following Spokes et al. (1994). Using high resolution
microscopic techniques, Shi et al. (2009) found that increasing
the pH from 2 to 5-6 in dust suspensions resulted in the precipita-
tion of Fe nanoparticles of ferrihydrite, thus explained the lower
measured FFS at pH of 5-6 in Fig. 8. This was observed directly
by electron microscopy and confirmed by sequential Fe extraction
of the soil samples which indicated an increase in the proportion of
chemically reactive Fe extractable by an ascorbate solution after
simulated cloud processing. Similar Fe-rich nanoparticles were
also observed in wet deposited Saharan dusts from the western
Mediterranean confirming that these processes also occurred in
nature (Fig. 3b). Interestingly, ferrihydrite nanoparticles were not
observed in dry-deposited dust from the eastern Mediterranean,
and the sequential extraction of these dust samples revealed a
higher content of reactive Fe (FeA, Table 3) in the wet-deposited
dust from the W Mediterranean compared to that of the dry-
deposited dust. These results suggest that the cycles between
cloud-aerosol modes can trigger neo-formation of nano-size Fe
particles and an increase in Fe reactivity in the dust.

4.4.1. Photo-reduction and organic complexation

It has long been known that it is possible to photo-reduce solid Fe
oxides in solution to form dissolved Fe** under the conditions of UV
light at relatively low pH, e.g., <4 (e.g., Faust and Hoigne, 1990). Lab-
oratory simulations suggest that a steady state concentration of
Fe?* was quickly established (hours) during exposure of dust

suspensions to solar radiation (Zhu et al., 1993; Spokes and Jickells,
1996). However laboratory simulations of photo-reductive dissolu-
tion of Fe in dust suggest that photoreduction when acting alone has
limited impact on the total dissolved Fe concentration (thus FFS).
For example, Zhu et al. (1993) found that less than 1% of the total
Fe in Saharan dust aerosol particles could be photo-reduced to
Fe?*. Spokes and Jickells (1996) found that dissolved Fe comprised
only 0.9% and 0.25% of the total Fe under light and dark conditions,
respectively. This compares to >5% due to acid processing after 72 h
at pH 2 (e.g., Spokes et al., 1994). Finally, Fu et al. (2010) showed that
photo-reductive dissolution of Fe in surrogate dust sample suspen-
sions at pH 2 only increases the FFS slightly, with the Arizona Test
Dust showing the biggest increase from about ~4.5% to 5.5% after
12 h (Fig. 15). These results suggest that although photo-reductive
dissolution may be important in enhancing FFS in mineral dust in
the clouds, its effect on the total dissolution of Fe from the mineral
matrix appears to be less dramatic (Zhu et al., 1993; Spokes and Jick-
ells, 1996; Paris et al., 2011) when compared to the observed change
in FFS in atmospheric aerosols from 0.1% at high dust mass concen-
trations to 80% at low concentrations (e.g., Mahowald et al., 2005;
Baker et al., 2006a,b). The effect of photo-reduction on Fe dissolu-
tion, however, may be larger in anthropogenic aerosols (Siefert
etal., 1994; Spokes and Jickells, 1996; Upadhyay et al., 2011), poten-
tially because of the difference in mineralogy and speciation of Fe
and/or the presence of organic matter in the material (Faust and
Zepp, 1993; Pehkonen et al., 1993; Spokes and Jickells, 1996; Des-
boeufs et al., 2005; Schroth et al., 2009; Upadhyay et al., 2011).

Furthermore, processing of dust particles in the ice clouds
might be efficient in solubilizing Fe after photoradiation because
this process has been shown to be able to efficiently mobilize Fe
in the synthesized hematite (Kim et al., 2010). However, further
laboratory experiments to confirm this is needed.

Organic ligands such as formate, acetate and oxalate are found
in atmospheric particles and clouds (Ervens et al., 2011; Marinoni
et al., 2004; Gioda et al., 2009; Hegg et al., 2002; Straub et al., 2007)
and they are able to form complexes with dissolved Fe and thus
may increase the FFS in atmospheric waters. Complexation of
Fe3* by such ligands can also promote the photo-production to
Fe?*, which increases the FFS in the dust (Erel et al., 1993; Zhu
et al., 1993; Pehkonen et al., 1993; Siefert et al., 1994). This area
of research has attracted large interest recently. Xu and Gao
(2008) suggested that oxalate adsorbed onto hematite can increase
the dissolution rate by about an order of magnitude. Cwiertny et al.
(2008b) investigated the oxalate assisted dissolution of goethite at
low pH (pH 3). Paris et al. (2011) examined the impact of oxalate
on dissolution of Fe from dust surrogate samples collected from
the Sahara. Their results showed that the FFS increases from
0.0025% to 0.26% when oxalate concentration was changed from
0 to 8 uM (Fig. 16). Although the effect of oxalate on dissolved Fe
concentrations in clouds is not large enough to explain the vari-
ability of field-measured FFS in atmospheric aerosols (ranging from
0.1% to 80%), this effect is as large as two orders of magnitude and
thus a potentially important process to be considered in global
models. Lastly, macromolecular organic ligands, such as humic-like
substances originated from the soil degradation, which are found
in surface river waters (e.g., Stolpe et al., 2010) and may be present
in rainwaters (Muller et al., 2008, 2010), however, have great po-
tential in complexing with Fe at intermediate pH conditions rele-
vant to cloud waters. This remains to be investigated.

5. Modeling the impacts of atmospheric processing of dust on
fractional Fe solubility

A number of modelling studies have been conducted to
understand how different atmospheric processes affect the Fe
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Fig. 14. Solubilization of Fe and Si over time at pH 4 from a Saharan dust sample
(5mgL~"). Figure reproduced from Desboeufs et al. (1999) by permission of
American Geophysical Union.

solubilization in the dust during transport. The processes which
have been examined include cloud processing, acid processing,
heterogeneous uptake of SO, on dust, photo-reduction, and gravi-
tational settling. The first paper that included dust FFS in a model
was published in 2004 by Hand and co-authors, who tested two
simple hypotheses that FFS increases once the dust is (1) exposed
to solar radiation and (2) being processed in the clouds. Luo et al.
(2005) then simulated the effects of cloud processing, SO, hetero-

Time (h)

Fig. 15. Comparison of FFS as a function of time in suspensions of AZTD (Arizona
Test Dust), IS (source material from inland of Saudi Arabia desert), and SS (source
material from Saharan desert) in 0.01 N HCl (pH = 2) under irradiation and in the
dark. Reactors contained a solids loading of 12, 12, and 3 g/L for IS, SS, and AZTD,
respectively. When present, uncertainties represent one standard deviation from
triplicate experiments. Reproduced from Fu et al. (2010) with permission from
American Geophysical Union.

geneous reaction on dust, and sulphate heterogeneous reaction on
dust on the FFS. Both models were able to reproduce the observed
higher average FFS in dust particles transported for longer dis-
tances. However, because of the limited observations and/or labo-
ratory reaction rates available, these models could not evaluate the
relative importance of different mechanisms in matching available
observations.

More recent works focused on the acid processing in the atmo-
sphere as a potentially important reaction in controlling the
amount of bioavailable Fe supplied to the ocean (e.g., Meskhidze
et al., 2005; Luo et al, 2005; Fan et al., 2006; Solmon et al.,
2009; Ito and Feng, 2010; Johnson et al., 2010; Moxim et al.,
2011; Ito, 2012). Several models have been developed (e.g., Mes-
khidze et al., 2005; Luo et al., 2005; Fan et al.,, 2006; Solmon
et al., 2009; Ito and Feng, 2010; Johnson et al., 2010). These models
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were based on calculated aerosol pH values and the FFS was sim-
ulated from the dissolution rate of laboratory-made or commercial
Fe oxides (i.e., hematite). Using the best data available at the time,
Meskhidze et al. (2005) applied a three-stage Fe dissolution kinetic
parameterization based on experimental rates for hematite.

Meskhidze et al. (2005) included the effect of photoreduction by
assuming that the net daytime rate of hematite dissolution was 5-
10 times greater than that at night. In their simulations, the effect
of dust/liquid ratio was considered by applying a function of Gibbs
free energy and the effect of pH was considered by including a
function of the activity of H*. Similar parameterization was fol-
lowed in Luo et al. (2005), Solmon et al. (2009), Johnson et al.
(2010), Ito and Feng (2010) and Ito (2012). The latter authors also
considered the dissolution of Fe from illite in addition to hematite
and the mixing state of Fe with carbonate in individual dust parti-
cles. They found that a significant amount of Fe (1-2%) can only be
dissolved from hematite in the dust when the hematite is exter-
nally mixed (physically separated) from the carbonate in individ-
ual dust particles. Fan et al. (2006) used a simpler
parameterization assuming zero-order dissolution of hematite,
which did not consider the effect of pH changes or the dust/liquid
ratio effect.

These models have all been able to successfully capture the ob-
served higher FFS in dust collected above the open ocean compared
to that observed close to the dust source area (Hand et al., 2004,
Meskhidze et al., 2005; Luo et al., 2005; Fan et al., 2006; Solmon
et al.,, 2009; Ito and Feng, 2010; Moxim et al., 2011). They also
showed that incorporation of the acidic processing of Fe in the dust
significantly affects the global distribution of the bioavailable Fe
deposition fluxes to the oceans (e.g., Fan et al., 2006; Solmon
et al., 2009; Ito and Feng, 2010; Moxim et al., 2011; Ito, 2012).

Most dust Fe dissolution parameterizations used in current mod-
els were based on experiments on laboratory-made or commercial
ferric oxides particles (e.g., Azuma and Kametani, 1964; Zinder
et al., 1986). These models, except in Ito and Feng (2010) and Ito
(2012), also assumed that hematite is the only Fe mineral and that
hematite particles are of single or similar size. These Fe dissolution
schemes as well as the assumptions are debatable. Shi et al. (2011a)
compared the actual Fe dissolution curves of representative dust
samples to those predicted based on the present model parameter-
izations (Fig. 17). The figure shows that the Fe dissolution kinetics
predicted by the parameterizations used in those models are largely
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under-estimating the measured Fe solubilization in the initial phase
(i.e., <~40 h, Fig. 17). This is important as the very beginning of Fe
dust dissolution is most relevant for aerosol processes.

Recent laboratory work on the dissolution of Fe from dust by
acid processing, particularly from the most reactive Fe pool sum-
marized above (Section 4.3.4) should be incorporated in the atmo-
spheric models, as they may be able to increase the accuracy of
these models (Luo et al., 2005). It is important that future experi-
mental work is focused on providing the data and parameteriza-
tion required for the next generation of climate models. The
combined skills of low temperature geochemists and atmospheric
modelers represent a powerful combination, which together will
improve the accuracy of atmospheric models and thus our ability
to reliably predict the effect of global climate and environmental
change in the future.

In addition to the abovementioned atmospheric processes,
gravitational settling has been hypothesized as a cause for the ob-
served increase in FFS with decreasing dust mass concentration
(Baker and Jickells, 2006). Shi et al. (2011c) combined the labora-
tory-measured FFS in size-segregated dust aerosol particles with
model simulated size-resolved dust mass concentration over the
North Atlantic Ocean. These authors estimated the impact of grav-
itational settling of dust particles on their FFS (Fig. 18). The results,
particularly the sensitivity test, clearly showed that once the dust
reaches the Atlantic Ocean, physical size sorting is not the domi-
nant mechanism causing the enhancement of the FFS in dust par-
ticles during transport (e.g., Hand et al., 2004; Baker and Jickells,
2006). It was reported that very large particles (e.g., >20 um) can
be transported for long distances (e.g., Jaenicke and Schutz, 1978;
Reid et al., 2003), but global models including GLOMAP that was
used in Shi et al. (2011c¢) usually underestimate the transport dis-
tance of such large particles. This caveat in the model does not af-
fect our conclusion though because the calculated fractional
solubility would have been smaller if the transport distance of
large particles were better simulated in the model. Shi et al.
(2011c) further suggested that processes such as chemical reac-
tions on the dust particles and/or mixing with anthropogenic par-
ticles are the dominant causes for the changes in FFS in transported
dust.

On the other hand, it should be noted that during long-range
transport, the shift in size will also likely be accompanied by
relevant changes which include: (1) increase in the content of
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Fig. 16. Comparison of soluble iron with oxalate concentration for different source materials. Reprinted from Paris et al. (2011) with permission from American Geophysical

Union.
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Fig. 17. Fe dissolution curves predicted from rate constants used in Meskhidze et al.
(2005) and Fan et al. (2006), and the actual measured dissolution rates for Tibesti-
PM,5 at pH 1 at 60 mg L. Reproduced from Shi et al. (2011a) with permission of
the authors.

more reactive Fe per mass of dust (Shi et al., 2011b); (2) increase in
surface area (Baker and Jickells, 2006); and (3) reduced neutraliz-
ing capacity (less carbonate in the atmosphere) and thus increased
potential for acid processing, photo-reduction and ligand pro-
moted Fe dissolution (Spokes and Jickells, 1996). All these pro-
cesses could potentially lead to an enhanced FFS in dust aerosols.

6. Summary and future work

Fe is a critical micronutrient for the ocean phytoplankton and Fe
in the dust plays an important role in the global biogeochemical
cycles and the climate system. However, Fe in the dust is extremely
complex and in this review we only summarized the current
knowledge in the forms and mineralogical compositions of the
atmospheric dust or dust precursors and the factors that control

them. We also provided a synthesis of the current understandings
on how atmospheric processes affect the FFS in the dust. Important
points from the above discussions are summarized in the
following:

1. Dust contains a range of Fe minerals from poorly crystalline Fe
oxides, crystalline Fe (oxyhydr)oxides such as goethite and
hematite and all the way to clay minerals including illite, smec-
tite, illite/smectite mixed layer, and chlorite. The solubilities of
these Fe minerals vary by orders of magnitude.

2. Existing data suggest that the fraction of Fe oxides to total Fe in
dust shows a regional variability in North Africa, with higher
values being observed in the Sahel regions, intermediate values
in the main Saharan desert and lower values in palaeolakes.
These differences are caused by the variability in the degree
of chemical weathering in the source areas. More data on the
Fe mineralogical composition from the dust source regions, par-
ticularly the Asian dust source regions, are needed to provide a
better constraint for global models.

3. Dust particles may be cycled between clouds, in which pH is
usually higher than 4, and aerosols, in which pH can be substan-
tially lower, e.g., 2. This cycle could happen several times before
the particles are being removed from the atmosphere. Labora-
tory simulation of acid dissolution of Fe in dust showed that
more Fe is solubilized at lower pH. However, the application
of the acid processing of Fe in dust in the current models is
impeded by the simplistic assumption of the Fe mineralogical
compositions in dust and particularly the lack of dissolution
rates under realistic conditions. The presence of three Fe pools
with substantially different reactivity should be considered in
the models. In addition, more geochemical and multidisciplin-
ary measurements combined with modelling should be con-
ducted to provide more realistic formation constants for Fe
complexes with both organic and inorganic ions and the reac-
tion rates at conditions relevant to dust aerosol particles, e.g.,
high ionic strength, high dust/liquid ratio and low pH.
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Fig. 18. Variations of FFS with dust mass concentration. Reproduced from Shi et al. (2011c) with permission of the authors.
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4. Laboratory simulations of (warm) cloud processing indicated
that a significant amount of Fe (e.g., >0.5%) can only be solubi-
lized when the pH is lower than 4. Laboratory simulations of
dust atmospheric processing showed that the FFS increases at
low pH, e.g., 2, but decreases once the pH is raised to 5 or more.
This has been confirmed to be due to the precipitation of Fe
nanoparticles. These results suggest that unless assisted by
photo-reduction and/or organic complexation, (warm) cloud
processing of dust alone is unlikely to cause a large increase
in the FFS. Ice cloud processing might cause the Fe to be
released under photo-radiation in dust, but further work is
needed to confirm this hypothesis.

5. A more recent laboratory and modelling study showed that
physical size sorting alone is not the dominant mechanism
causing the enhancement of the FFS in dust aerosol particles
during transport. This suggests that future studies to model
the dust FFS should focus on dust chemical processing and/or
dust mixing with anthropogenic particles.

6. Photo-reduction and organic complexation appear to be less
important in mobilizing insoluble Fe in cloud conditions for
dust aerosol particles. But photoreduction is pH and organic
matter dependent, and pH also depends on solid/liquid ratios.
Thus, it is not straightforward to simply separate out these
effects. Furthermore, organic matter may keep Fe in a bioavail-
able and organically complexed form after being acid solubi-
lized so again these factors are not easily separated. More
work on the nature of the organic matter in the atmospheric
aerosols and cloud water and their complexing reaction con-
stants are needed. Laboratory work to quantify the rates of reac-
tion of photo-radiation during atmospherically relevant acid
and cloud processing are also necessary. Detailed study of rain-
water will provide useful insights in understanding the Fe solu-
bilization and complexation processes in atmospheric water.
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