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[1] Atmospheric deposition of mineral dust supplies much
of the essential nutrient iron to the ocean. Presumably only
the readily soluble fraction is available for biological
uptake. Previous ocean models assumed this fraction was
constant. Here the variable solubility of Fe in aerosols and
precipitation is parameterized with a two-step mechanism,
the development of a sulfate coating followed by the
dissolution of iron (hydr)oxide on the dust aerosols. The
predicted soluble Fe fraction increases with transport time
from the source region and with the corresponding decrease
in dust concentration. The soluble fraction is �1 percent
near sources, but often 10–40 percent farther away
producing a significant increase in soluble Fe deposition
in remote ocean regions. Our results may require more rapid
biological and physicochemical scavenging of Fe than used
in current ocean models. We further suggest that increasing
SO2 emission alone could have caused significant Fe
fertilization in the modern northern hemisphere oceans.
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1. Introduction

[2] Marine phytoplankton growth is influenced by dis-
solved iron in seawater [e.g., Sunda and Huntsman, 1997].
Nitrogen fixation and cycling by marine organisms are also
found to depend on the concentration of dissolved Fe
[Falkowski, 1997]. Atmospheric transport and deposition
of dust particles originating from deserts supplies much of
the Fe that sustains biological production in the ocean. The
solubility of Fe in dust is thus an important parameter in the
global iron connections between desert dust, ocean biogeo-
chemistry, and climate [Jickells et al., 2005].
[3] Current global ocean biogeochemical models assume

constant Fe solubilities between 1–10% when specifying
bioavailable Fe fluxes from simulated aeolian dust deposi-
tion [e.g., Gregg et al., 2003; Moore et al., 2004]. However,
available measurements of Fe solubility in aerosols and
precipitation (see Table 1) indicate high variability and a
much wider range. Furthermore, since high Fe solubility has
often been measured at low dust concentrations [Chen and
Siefert, 2004; Baker et al., 2006] and dust concentrations
decrease with distance of transport, Fe solubility would
appear to increase with particle age in the atmosphere. For
example, in Table 1 African dust samples contain soluble Fe
ranging from 6% at Barbados to 26% on the east coast of
North America and from 10% in the Mediterranean to 17%

farther north in France. Realistic modeling of atmospheric
deposition of bioavailable Fe must adequately represent this
observed geographical variability of Fe solubility.
[4] Noting that measured Fe solubility is small near the

deserts where dry deposition dominates, and is larger
downwind where wet deposition dominates, Gao et al.
[2003] estimated aeolian Fe input to the ocean using a
solubility range of 1–6% for dry deposition and 10–50%
for wet deposition. Hematite (a-Fe2O3) is the main form of
mineral Fe in dust originating from the deserts. Hematite
dissolution is very slow at the pH typical of rainwater (3.5–
5.5), and is promoted by protons at low pH (<2) [Meskhidze
et al., 2003]. Here we use a global atmospheric model to
calculate the soluble fraction of Fe in dry and wet
deposition. Unlike Luo et al. [2005], who examined
various processes influencing iron solubility with a single
kinetic rate that, in the case of sulfate, depended on local
sulfate concentrations, we explicitly use a two-step mech-
anism, the conversion of dust from fresh to acid coated
that depends on local SO2 concentrations, followed by the
formation of dissolved phases that does not (see auxiliary
material1).

2. Methods

[5] The Geophysical Fluid Dynamics Laboratory global
chemical transport model (GCTM) driven by NCEP reanal-
ysis is used for this study [Fan et al., 2004]. The model has
28 vertical (sigma) levels, equal-area horizontal grids with
265 km resolution, and modules for mineral dust entrain-
ment and deposition. We assume newly entrained dust
particles are hydrophobic and are subsequently converted
to hydrophilic by gas uptake or cloud processing (see
below). Hydrophobic particles are removed by ice nucle-
ation and raindrop impaction scavenging; while hydrophilic
particles are also removed by droplet nucleation.
[6] Three types of dust/iron tracer are carried in the

GCTM to separate the three life stages for dust particles:
fresh, coated, and dissolved (for Fe). The mass of each type
is distributed in four size bins (0.2–2, 2–3.6, 3.6–6, and 6–
12 mm in diameter). Within each size bin, particle mass is
transferred from fresh to coated, and from coated to dis-
solved, as a first-order kinetic process.
[7] The rate coefficient to convert dust particles from

fresh to coated by heterogeneous reactions is calculated
from kN[HNO3] + kS[SO2] (s

�1), where kN = 0 at RH <
25%, increasing linearly to kN = 5 � 10�6 ppb�1s�1 at
RH � 35%, kS = 0 at RH < 50%, increasing linearly to kS =
3 � 10�6 ppb�1s�1 at RH � 60%, and the gas concen-
trations are given in ppbv. With large uncertainties in the
reaction rates, these values are chosen to obtain agreement
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between the model and observed trends of dust concentra-
tion from Izania to Barbados, and farther to Miami and
Bermuda [Fan et al., 2004], with the relative magnitude of
kN and kS based on laboratory measurements [Underwood
et al., 2001; Usher et al., 2002].
[8] We also consider cloud processing in the transfer of

mass from fresh to coated: cloud droplets collect dust
particles and gaseous SO2 followed by aqueous oxidation
of SO2 and droplet evaporation in non-precipitating events
[Levin et al., 1996]. Particle scavenging by droplet impac-
tion is based on the cross-section of a spherical particle
colliding with a droplet due to the difference in their
terminal velocities and on measured collection efficiencies
[Kerkweg et al., 2003]. The rate of cloud processing is
proportional to cloud volume fraction (fcld) in a model grid
box that is diagnosed from relative humidity. Here, depen-
dence on SO2 concentration is neglected. A constant num-
ber density of 200 cm�3 and a radius of 10 mm are assumed
for the droplets in all non-precipitating clouds. In this
simplified treatment an e-folding time for fresh particles
of 30 days is obtained at fcld = 0.2.
[9] The rate of dust mass transfer from coated to dis-

solved is the rate of Fe dissolution normalized by a factor of
0.035 (the average mass fraction of hematite Fe in dust).
The production of dissolved Fe from hematite is calculated
from RFe = RdAnM/w, where RFe is grams of Fe dissolved
per gram of hematite Fe per second, Rd is the dissolution
rate in a unit surface area, A is the specific surface area of
hematite, n = 2 (moles Fe/mole hematite), M is (55.8 g
mol�1), and w is the mass fraction of Fe in hematite
[Meskhidze et al., 2003]. A wide range of dissolution rates
have been measured for iron (hydr)oxide at low pH (<2)
and in the presence of light and ligand (Rd = 10�11–10�10

mol hematite m�2 s�1) [Duckworth and Martin, 2001;

Martin, 2005]. We use Rd = 4 � 10�11 mol m�2 s�1 and
A = 100 m2 g�1 to obtain a good global agreement between
model and measured Fe solubility. These values correspond
to an e-folding time of 18 days for dissolution. Much slower
dissolution rates have been assumed previously [Meskhidze
et al., 2003; Hand et al., 2004]. The solubility is calculated
as the fraction of iron (hydr)oxides that has dissolved in the
aqueous shell, and has a lower limit of 0.5% [Zhuang et al.,
1992].

3. Results

[10] Table 2 shows the global total input of dust and
soluble Fe to the ocean calculated in this study. Global
deposition of 592 Tg/yr is within the range of previous
model results [Mahowald et al., 2005]. Wet deposition
accounts for 80% and dry deposition 20% of the total
soluble Fe input to the ocean, compared to the even
partitioning for mineral dust deposition. The mass weighted
global average Fe solubility is 17% for wet deposition, and
is 4.6% for dry deposition. The solubility for total deposi-
tion is 11%, close to the upper limit (10%) assumed in
current ocean biogeochemistry models, however, we find
that the geographic range of Fe solubility is quite large.

Table 1. Measurements of Dust Fe Solubility in Aerosols and Precipitation Defined as the Ratio of Dissolved Fe Passing Through 0.4 mm
Pore Size Filters, to Total Fe Concentration in a Sample and Model Resultsa

Location Date Number of Samples Soluble Fe (Obs, Model), % Referencesb

Rain and Snow
NE Mediterranean (Turkey) Feb 1996–Jun 1997 87 10, 12 1
NW Mediterranean (Tour du Valat) 1988–1989 45 11, 9 2
Britanny, France Sep and Nov 6 17, 22 3
Rhode Island, USA Apr, May and Jul 8 17, 36 4
North Carolina, USA Jul 1997–Jun 1999 81 26, 31 5
Antarctica Aug–Dec 31 32, 20 6
Summit, Greenland Ice core 17 40, 39 7
Bermuda Island Mar and Aug 12 68, 30 8

Aerosols
Atlantic cruise, 26�N Jan–Feb 2001 7 32, 22 A
Atlantic cruise, 15�N Jan–Feb 2001 23 5, 5 B
Atlantic cruise, 5�N Jul–Aug 2001 24 5, 5 C
Atlantic cruise, 15�N Jul–Aug 2001 6 3, 6 D
Pacific cruise Apr 2001 18 2, 22 E
Pacific Islands Jan–Oct 27 56, 27 F
Atlantic cruise (49�N–25�N) Sep 2001,Oct 2002 17 12 (2–54), 20 (4–49) G
Atlantic cruise (21�N–6�N) Oct 2000, Sep 2001 6 8 (2–25), 7 (3–16) H
Barbados (13�N) Sep and Oct 25 6, 4 I
Atlantic cruise (1�N–11�S) Oct 2000, Oct 2001 10 10 (4–24), 21 (13–34) J
Atlantic cruise (16�S–42�S) Oct 2001 9 9 (4–17), 12 (1–22) K

aNote 1–2% of particulate Fe may pass through. As examples of variability, range of solubility is given in parenthesis for each of the Baker et al. [2006]
data.

b1, Ozsoy and Saydam [2001]; 2, Guieu et al. [1997]; 3, Colin et al. [1990]; 4, Zhuang et al. [1992]; 5, Kieber et al. [2001]; 6, Edwards and Sedwick
[2001]; 7, Laj et al. [1997]; 8, Kieber et al. [2003]; A–D, Chen and Siefert [2004]; E, Hand et al. [2004]; F, Zhuang et al. [1992], G,H,J,K, Baker et al.
[2006]; I, Zhu et al. [1997]. The letters and numbers are used to label data points in Figure 1.

Table 2. Global Atmospheric Deposition Fluxes of Dust and Fe to

the Ocean as Calculated in the Modela

Wet Deposition Dry Deposition Total Deposition

Mineral dust, Tg/yr 312 280 592
Extractable Fe, Tg/yr 11 10 21
Soluble Fe, Tg/yr 1.8 0.45 2.3
Average solubility, % 17 4.6 11

a1994–1998 average; 1 Tg = 1012 g.
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