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[1] We report on measurements that were specifically designed to determine iron oxides
in mineral dust aerosols needed for improved optical modeling. Atmospheric dust samples
as well as samples generated in a wind tunnel from soils were analyzed by a number
of analytical techniques for their total and free iron content (bulk and size resolved),
hematite and goethite, mineralogy, and size distribution. These samples are representative
of several important dust sources in East Asia and northern Africa. A novel data set
generated from these measurements enables us to perform an in-depth modeling study of
dust optical properties in the solar spectrum. We modeled the iron oxide–clay aggregates,
which are the key light-absorbing species, as well as their mixtures with nonabsorbing
minerals. A volume fraction of iron oxide in aggregates was determined from
measurements. Significant differences in the single-scattering albedo, !0, were found
between hematite- and goethite-clay aggregates, although these calculations involved
several important assumptions about the partition of hematite and goethite in size-resolved
aggregates. Furthermore, we found that variability of the free iron content is large enough
to cause important differences in !0 of mineral dust originating from different sources. In
contrast, this variability has little effect on the extinction coefficient and optical depth.
We demonstrate that for the same size distribution, !0 calculated from data obtained for
Chinese and Tunisian samples show higher values and more distinct wavelength
dependence than those of Niger dust. All the above !0 differ from ones calculated using
the refractive indices of Patterson et al. (1977) or the OPAC model (Hess et al., 1998),
which are often used in radiative transfer studies. We conclude that information on a
size-resolved content of free iron and a fraction of hematite and goethite in aggregates will
need to be known on a regional basis to improve the prediction of the single-scattering
albedo at solar wavelengths and hence the radiative impact of atmospheric mineral dust.

Citation: Lafon, S., I. N. Sokolik, J. L. Rajot, S. Caquineau, and A. Gaudichet (2006), Characterization of iron oxides in mineral dust

aerosols: Implications for light absorption, J. Geophys. Res., 111, D21207, doi:10.1029/2005JD007016.

1. Introduction

[2] During the last decade, there has been a considerable
interest in studying the radiative effects of atmospheric
mineral dust, especially its ability to absorb sunlight. An
understanding of how much dust particles can absorb is
central to many problems of atmospheric sciences ranging
from photochemistry and photosynthesis to climate change
[Sokolik et al., 2001]. Optical properties of dust are also
needed for the interpretation of both ground-based and
satellite remote sensing observations. Although several

quantities can be used for characterizing how absorbing
dust is (such as the imaginary part of the refractive index or
absorption coefficient), the single-scattering albedo !0 is the
most common parameter cited in the literature. Examining
!0 reported for dust in the solar spectrum, one finds a wide
range of values. Some recent studies based on satellite and/
or AERONET retrievals reported !0 as high as 0.95–0.99
in midvisible concluding that dust has low absorption
[Kaufman et al., 2001; Dubovik et al., 2002]. On the basis
of in situ measurements of scattering and absorption coef-
ficients conducted from the NCAR C-130 aircraft during the
ACE-Asia field experiment, Anderson et al. [2003] found
!0 of 0.96 (±0.01) at 550 nm for dust particles in the coarse
size mode (aerodynamic-equivalent diameter is higher than
1 �m). Conversely, studies that modeled !0 using the
refractive index of Patterson et al. [1977] reported much
lower !0 values. The latter is in agreement with !0 from
World Climate Program [1983], d’Almeida et al. [1991] as
well as OPAC models [Hess et al., 1998]. Prior studies have
already pointed out that the existing range of !0 is large

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, D21207, doi:10.1029/2005JD007016, 2006

1School of Earth and Atmospheric Sciences, Georgia Institute of
Technology, Atlanta, Georgia, USA.
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enough to cause either positive or negative direct radiative
forcing [Sokolik and Toon, 1996; Intergovernmental Panel
on Climate Change, 2001]. Given the importance of the
subject, a better understanding of the nature of light ab-
sorption by dust particles is urgently needed.
[3] It has been recognized that optical properties of dust

aerosol particles are controlled by their physicochemical
characteristics. Sokolik and Toon [1999] proposed a tech-
nique to model optical properties of mineral aerosols which
accounts for their composition. The technique considers
dust as an external mixture of individual minerals and their
aggregates. It has been demonstrated that the abundance of
iron oxide–clay aggregates is a key factor controlling the
light absorption of dust at solar wavelengths [Sokolik and
Toon, 1999]. However, their study was hampered by a lack
of data on size-resolved mineralogical composition of
atmospheric dust required for such a modeling. The need
for new data, especially as a function of size and on a
regional basis, provided motivation for our study. Here we
present the results of measurements that, for the first time,
were specifically carried out to provide information on
physicochemical characteristics of regional dust aerosols
needed for modeling of their optical properties. In particu-
lar, this paper, which is the first of a series, reports new data
on iron oxide characteristics along with a new approach for
incorporating this data into optical modeling.
[4] Our study addresses several key problems. First, it is

important to determine the fraction of iron that is involved
in iron oxides (called free iron). Unlike structural iron,
which is a common substitution ion in the aluminosilicate
crystal lattice, free iron is responsible for light absorption
[e.g., Sherman and Waite, 1985; Jepson, 1988]. To this end,
we benefit from a new technique developed by Lafon et al.
[2004] to measure the free iron amount in aerosol samples.
Second, recent studies demonstrated that iron oxides in
atmospheric mineral aerosols occur either as hematite or
goethite [Arimoto et al., 2002]. Thus information on the
relative abundance of these species in regional samples is
needed to investigate how dust optical properties can be
affected by mineralogy of iron oxides. This is an important
issue since the Sokolik and Toon [1999] study as well as
several others considered only hematite in optics modeling
mainly due to a lack of data on goethite. Third, given that

dust is a mixture of various species and that iron oxides are
mainly associated with clays in the form of aggregates, the
relative abundance of iron oxide–clay aggregates and non-
absorbing minerals is clearly important. To address this
problem, we develop an approach for constructing the
composition of aggregates and their mixtures with other
minerals based on measurements of iron oxide character-
istics and mineralogy. Both bulk and size-resolved data
were obtained and used in optical modeling to refine the
methodology for measuring characteristics of dust aerosols
needed in radiative transfer studies.
[5] This paper is organized as follows. Section 2

describes dust samples and analytical methods used for
their analysis. This section also introduces our approach
to modeling the optical properties of iron oxide–clay
aggregates and their mixtures with other minerals. Then
section 3 presents the results of physicochemical character-
ization of dust aerosols focusing on the iron oxide properties
such as free and total iron, mineralogy, and bulk and size-
segregated content of iron oxides in aerosol and soil
samples. The results of optical modeling based on Mie
theory and data obtained in this study are presented and
discussed in section 4. Section 5 summarizes our major
findings.

2. Methodological Approach

2.1. Dust Samples

[6] Two types of aerosol samples are analyzed in this
study: atmospheric dust samples and samples of laboratory-
generated dust aerosols. The atmospheric dust samples
were collected in Northern Africa and East Asia during
several field campaigns under the dust-laden conditions.
The laboratory-generated dust aerosols were produced from
natural Tunisian, Chinese and Nigerian soil samples using a
wind tunnel system [Alfaro and Gomes, 1995]. This system
enables one to reproduce in well-controlled laboratory
settings the complex processes of saltation/sandblasting that
are responsible for mineral dust emission in natural con-
ditions [e.g., Alfaro and Gomes, 2001].
[7] Table 1 introduces all analyzed samples, providing

information on their aging, and time and location of sample
collection. They are classified as source, midrange trans-

Table 1. Summary of Atmospheric and Laboratory-Generated Dust Samples Analyzed in This Study

Sample Abbreviation Collect Location Sampling Time Period
Number of

Analyzed Samples
Transport
Distance

Atmospheric Samples
Niger, Harmattan Ni-Ha Sahel, 13�310N, 2�380E Feb 1996–1998 nine bulk filters midrange
Niger, local erosion Ni-LE Sahel, 13�310N, 2�380E Feb 1996–1998 seven bulk filters source
China, Zhenbeitai Ch-ZBT China, 38�170N, 109�430E Apr 2002 four bulk filters midrange
Cape Verde, Sahel CV-Sl Cape Verde, 16�450N, 22�570W Jan 1992 three bulk filters long range
Cape Verde, south Morocco CV-SM Cape Verde, 16�450N, 22�570W Jan 1993 three bulk filters long range
Cape Verde, central Sahara CV-CS Cape Verde, 16�450N, 22�570W Feb 1994 three bulk filters long range

Generated Samples
Niger, wind tunnel Ni-WT Sahel, 13�310N, 2�380E generated in laboratory

from soil
three bulk filters;
two impactors

source

Tunisia, wind tunnel Tu-WT North Sahara, 33�010N, 10�400E generated in laboratory
from soil

three bulk filters;
one impactor

source

China, wind tunnel Ch-WT China, 39�260N, 105�400E generated in laboratory
from soil

three bulk filters;
two impactors

source
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ported, and long-range transported aerosols. The source
samples are representative of freshly emitted dust in a
particular source region, including dust from local erosion
events and dust aerosols generated in the laboratory. Gen-
erating aerosols in the laboratory is a convenient way to
produce pure desert aerosols representative of an individual
source. Midrange transported aerosols are those collected in
desert areas but at some distance from the source (or
multiple sources), whereas long-range transported dust are
those found at the great distances from the source region.
The latter dust particles are likely to undergo aging via a
number of physical and chemical processes. Thus aging is
an important factor that needs to be taken into account in
comparing bulk and size-resolved physicochemical proper-
ties of dust samples.
[8] Table 1 also gives the number of bulk and impactor-

collected samples used in our study for each dust type. All
atmospheric dust samples were collected on the 0.4 �m pore
polycarbonate filters at about 10 m above the surface.
Sample collection was performed between 15 and 150 min
in Sahel and China and during 24 hours in Cape Verde.
[9] Two different dust events were sampled at the same

Sahel site, Banizoumbou (13�310N, 2�380E) near Niamey,
Niger. The Niger local erosion samples (hereinafter referred
to as Ni-LE) were collected in spring during dust storms that
originated from local erosion [Rajot, 2001]. Therefore Ni-LE
samples are representative of this particular source. In
contrast, Niger Harmattan samples (hereinafter referred to
as Ni-Ha) were collected in the winter when wind blew
from the Sahara bringing dust mainly from the Chad basin
[Herrmann et al., 1999]. The potential sources of this
midrange transported dust are within the Chad basin as
well as other source regions along the transport route.
Chinese dust samples were collected in Zhenbeitai
(38�170N, 109�430E). This site is located downwind of the
Gobi Desert [Alfaro et al., 2003], so these samples (here-
inafter referred to as Ch-ZBT) are representative of mid-
range transported dust. Owing to high concentrations of
local pollution, contamination of dust samples is highly
likely. To avoid this problem, here we analyzed samples that
were collected during the strong dust events when concen-
trations of dust particles were much larger compared to
other aerosols. The samples collected at Cape Verde, Sal
Island (16�450N, 22�570W), are representative of long-range
transported Saharan dust. They have been classified accord-
ing to their region of origin based on both back-trajectories
analysis and their mineralogy [Chiapello et al., 1997;
Caquineau et al., 2002]. These samples were collected
during several dust events originating in the Sahel, south
of Morocco, and central Sahara.
[10] Three different natural soil samples were used to

generate dust aerosols in the wind tunnel system. Only the
first centimeter of the soil surface, consisting of loose grains
prone to wind erosion, has been collected in three different
dust source regions: Niger, Banizoumbou site (13�310N,
2�380E), near Niamey; Tunisia, Maouna site (33�010N,
10�400E), near Tataouine, and China, Ulan Buh area
(39�260N, 105�400E). All these soils are sandy soil types
but have different mineralogical composition as discussed
below.
[11] The soil samples were analyzed with a number

of analytical techniques in order to explore the linkage

between their properties and properties of dust aerosols
generated from them, especially the content of iron oxides.
Soil samples were crushed and suspended in filtered
ethanol in order to prepare a filter of bulk soil that could
be analyzed in a way similar to aerosol samples. For that,
the suspension of soil particles was filtered on the 0.4 �m
pore polycarbonate filter. Three filters of each soil were
prepared for analysis. We also analyzed the clay size
fraction (less than 2 �m particles) and the fine silt fraction
(2 to 20 �m) that were separated by using a liquid
sedimentation method. These two size fractions are of
particular interest to our study because soil particles in
this size range potentially could become dust aerosols
during the emission processes. However, one cannot
expect to find one-to-one relations between soil particles
in clay and silt fractions and atmospheric dust particles.
Emission processes result only in partial destruction of soil
aggregates, whereas the liquid separation technique, which
is a classical way to characterize fine soil particles, causes
their complete disaggregation. Although measurements
made on clay and fine silt soil fractions cannot be used
directly to infer information on dust aerosols, they are
useful in studying the linkage between dust aerosols and
their parent soil. The separation of clay and fine silt
fractions of soil particles was made with the sedimentation
technique based on the Robinson pipette method in deion-
ized water [Baize, 2000]. H2O2 was used to remove
organic mater of the soil which is an aggregating agent,
and to avoid bacterial growth that might lead to a
flocculation process. The suspensions of the clay fraction
and fine silt fraction were then filtered on the 0.4 �m pore
polycarbonate membrane. Three filters were prepared from
each suspension.
[12] The aerosols generated from soils with the wind

tunnel system were collected with an original device called
the isokinetic particle collector (IPC) described by Alfaro et
al. [2004]. The IPC consists of a sedimentor and a collect-
ing chamber. An isokinetic inlet, with the diameter adjusting
to the wind speed in the wind tunnel, feeds the flow into the
IPC. Having the sedimentor with a size cut off of 30 �m,
this system collects only an aerosol size fraction of the
generated samples, excluding large saltating particles. The
collecting chamber includes several tubes which enable one
to perform isokinetic collection of a homogenous sample
simultaneously for several instruments. Both bulk samples
on the polycarbonate filter and cascade impactor samples of
generated dust aerosols were collected using this system.
The bulk samples were collected onto 0.4 �m pore poly-
carbonate filters for 1–4 min. Size- resolved samples were
collected with a Dekati low-pressure multijets cascade
impactor with a flow rate of 30 L/min for about 1.5–3 min.
The impactor has 13 stages with 50% cut points (d50) of
0.03, 0.06, 0.10, 0.17, 0.26, 0.40, 0.64, 1.00, 1.62, 2.47,
4.00, 6.62, and 10.24 �m. To avoid bounce and disaggre-
gation of particles, the surface of impactor stage plates was
coated with grease made of vaseline dissolved in cyclohex-
ane (4% mass dilution). Coated plates were air dried before
particle collection. After collection, plates were rinsed with
cyclohexane and the suspension was filtered onto a poly-
carbonate membrane. Mass of dust aerosols collected on the
finest stages during the wind tunnel experiment was too low
to perform the size-segregated analysis. Therefore the six
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finest stages were combined together on a filter and con-
sidered as one size bin below 0.4 �m. Thus eight impactor
stages were available for the analysis of size-resolved
elemental mass.

2.2. Analytical Methods

[13] Several methods have been utilized in this study to
perform qualitative and quantitative characterizations of
iron oxides in the samples and to obtain size-resolved
information. We used X-ray Fluorescence (XRF) Spectrom-
etry for the elemental analysis; an aerosol-adapted chemical
method based on citrate-bicarbonate-dithionite (CBD)
reagent for quantification of iron oxides; and diffuse reflec-
tance spectroscopy (DRS) for mineralogical speciation of
iron oxides. For each aerosol type, several filters were
collected in order to obtain the amount of material required
for different analyses.
2.2.1. XRF Spectrometry
[14] Using this technique, elemental analysis was carried

out for all samples. The method is nondestructive and
quantitative for elements with atomic number 10 or higher
[Elichegaray et al., 1981]. Analysis was performed directly
on the filters using a Philips PW2404 4 kW spectrometer
equipped with a rhodium tube. The blank polycarbonate
filters were also analyzed for each sampling series. For the
filters used in this study, detection limits varied between
0.005 and 0.15 �g, and quantification thresholds ranged
from 0.02 to 0.5 �g. The results were expressed in terms of
element oxide mass, which is a common approach for
characterizing the minerals: Na2O, MgO, Al2O3, SiO2,
P2O5, SO3, K2O, CaO, MnO, TiO2, and Fe2O3. We then
calculated the percentage of each element oxide in the total
mass, which was obtained by summing up all oxides
considered. The final results are the mean values and their
standard deviations computed for all the filters collected for
a given type of dust aerosols.
2.2.2. Aerosol-Adapted CBD Method
[15] Following Lafon et al. [2004], samples were treated

with CBD to determine the free iron content. This method is
an adaptation for aerosol filters (with typical material mass
less than 500 �g) of the classical method developed
originally by Mehra and Jackson [1960] for soil analysis.
The method uses the CBD reagent to dissolve free iron
oxides selectively via reduction. The remaining iron, called
structural iron, occurs in the crystal lattice of silicates and
does not contribute to the absorption of visible light [Faye,
1968; Karickhoff and Bailey, 1973].
[16] Free iron quantification was performed for at least

three filters for each dust sample, including both atmo-
spheric and wind tunnel bulk samples, as well as for wind
tunnel impactor stages, after they have been transferred to
the filters, provided that there was enough mass of
material.
2.2.3. Diffuse Reflectance Spectroscopy (DRS)
[17] To discriminate between hematite and goethite, we

employed diffuse reflectance spectroscopy (DRS). Previ-
ously, Arimoto et al. [2002] showed that this method is
capable of discriminating hematite from goethite in dust
samples with concentrations typical of those of atmospheric
filters. This speciation cannot be provided by usual miner-
alogical (X-ray diffraction) or elemental composition ana-
lytical methods. DRS uses the characteristic bands of

hematite and goethite in the visible absorption spectrum at
around 565 nm and 435 nm, respectively. Moreover, by
taking the second derivative of the diffuse reflectance
signal, it is possible to determine quantitatively a relative
mass fraction of hematite and goethite [Scheinost et al.,
1998].
[18] Dust aerosol samples were transferred from the

polycarbonate filters to a white Teflon plate. This was a
required step to enable measurements with low aerosol
amounts. The procedure was performed on three types of
dust aerosol samples: Ch-ZBT, Ni-WT, and Tu-WT.
Measurements were carried out at room temperature with
a Cary 5G UV-VIS-NIR spectrophotometer equipped with
a 110-mm-diameter integrating sphere coated with Halon
(Labsphere, Inc.). Analyses were performed for spectra in
the range from 350 to 1200 nm with a step of 0.5 nm.
Reflectance, R, was measured relative to a Halon stan-
dard. The remission function f (R) = (1 � R2)/R, propor-
tional to the concentration of absorber, was calculated
according to the Kubelka-Munk relation. The nature and
relative proportion of the iron oxides were determined
from the position and intensity of absorption bands of
second derivative curves calculated from f (R) [Scheinost
et al., 1998]. The amplitudes of the 6A1 ! 4E transition
band (Agoet) and the electron pair transition band (Ahem)
are commonly used to assess the contents of goethite and
hematite, respectively. The relative proportion of hematite
in iron oxide mass is estimated from the calculated ratio
Ahem/(Ahem + Agoet). By combining this method and the
CBD method, we were able to quantify the mass fraction
of hematite and goethite, unlike the study of Arimoto et
al. [2002] that reported only the presence of these
species.

2.3. Modeling Approach

[19] In order to investigate how iron oxide characteristics
can affect optical properties, we performed extensive cal-
culations of the light extinction coefficient and single-
scattering albedo by considering the range of the iron
oxide content and mineralogy determined in bulk and
size-resolved measurements. In this study we rely on
Mie theory calculations assuming that dust particles are
spherical. The effect of particle nonsphericity will be
addressed in a following paper.
[20] The size distribution required for Mie calculations

was constrained by using impactor measurements. The
impactor provides the particle mass size distribution
(MSD) as a function of aerodynamic equivalent diameter.
Size distributions consisting of two size modes were con-
sidered. Each size mode was approximated by a lognormal
function with a median diameter d0m and dispersion �
(geometric standard deviation) as

dM

d ln d
¼ M0ffiffiffiffiffiffi

2�
p

ln�
exp � ln d=d0mð Þð Þ2

2 ln2 �

 !
; ð1Þ

where M0 is the particle mass concentration of a given size
mode. The particle mass of each size mode and the
parameters of its lognormal distribution were estimated
from measured MSD following Gomes et al. [1990] as
described in section 3.1. Then for each size mode the
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parameters of the particle number size distribution were
calculated as [Seinfeld and Pandis, 1998]

�n ¼ �m ¼ �; ð2Þ

d0n ¼ exp ln d0mð Þ � 3 ln2 �
� �

; ð3Þ

N0 ¼ M0=
�

6�� d30m

� �
; ð4Þ

where subscripts n and m denote the parameters of the
particle number and mass distributions, respectively, N0 is
the particle number concentration of a given mode, and � is
the particle density, which is assumed here to be 2.5 g/cm3.
[21] In addition to the particle size distribution, Mie

calculations require information on the mineralogical com-
position of a dust mixture since individual minerals as well
as their aggregates each have a specific spectral refractive
index [Sokolik and Toon, 1999]. Here we consider the dust
mixtures consisting of two nonabsorbing species (quartz
(SiO2), calcite (CaCO3)), and iron oxide–clay aggregates.
Association of iron oxides with clay has been well docu-
mented in the soil science literature [e.g., Sumner, 1963;
Greenland et al., 1968]. We assume that clay minerals can
be either illite (K0.7,Na0.2,Ca0.1)(Al3,Fe0.6,Mg0.4)(Si7,Al)
O20(OH)4 [Caquineau, 1997] or kaolinite Al4[Si4O10](OH)8
[Deer et al., 1992]. Iron oxides were considered as hematite
(Fe2O3) and goethite (FeOOH). The above assumption of
the external mixture consisting only of three types of
species is an important simplification, because dust is the
mixture of many different minerals. However, it is justified
for this study since our main focus here is on light
absorption of dust. Although simplified, these mixtures
enable us to take into account both light nonabsorbing
species (such as quartz and calcite) and light-absorbing iron
oxide–clay aggregates. We selected quartz and calcite to
represent the nonabsorbing mineral species for several
reasons. Quartz is the major nonclay species in all mineral
dust [Glaccum and Prospero, 1980]. Unlike quartz, calcium
carbonates are more variable depending on parent desert
soils. Thus having calcium carbonate in the dust mixture
allows us to account for the varying amount of nonabsorb-
ing species. Illite and kaolinite were chosen to represent the
clay component because they are the most common type of
clays measured in atmospheric mineral dust. Illite is an
ubiquitous specie, and it has been found to be the major
clay in mineral dust aerosols originating from the Sahara
[Chester et al., 1977] and from the Asian continent [Merrill
et al., 1994]. In turn, kaolinite varies from source to source,
being the major clay in dust originating in the Sahel
[Chester et al., 1972; Caquineau et al., 1998].
[22] To carry out optical modeling, we need to know a

particle number fraction of quartz, Nqzt, calcite, Ncal, and
iron oxide–clay aggregates, Nagg, in each size mode. This
information was obtained from the data of elemental
analysis performed on impactor and bulk samples (see
section 3.2). For each size mode, the relative proportions
(in terms of the particle number) of quartz (abbreviated as

qzt), calcite (cal), and iron oxide–clay aggregates (agg)
were calculated as

Nagg ¼
mAl

fAl�clay � �clay 4=3�r
3
0n exp 9 ln �ð Þ2=2

� 	� 	 ; ð5Þ

Ncal ¼
mAl � Ca=Al

� �
spl

fCa�cal � �cal 4=3�r
3
0n exp 9 ln �ð Þ2=2

� 	� 	 ; ð6Þ

Nqtz ¼
mAl

Si=Al
� �

spl
� Si=Al
� �

clay

� 	
fSi�qtz � �qtz 4=3�r

3
0n exp 9 ln �ð Þ2=2

� 	� 	 ; ð7Þ

where �clay, �cal, and �qzt are the density of clay, calcite, and
quartz, respectively; fAl-clay, fCa-cal, and fSi-qzt are the molar
mass fraction of aluminum in clay, calcium in calcite and
silicon in quartz, respectively; mAl is the mass of aluminum
measured in the dust sample, 4/3(�r0n

3 )exp(9 ln (�)2/2) is the
volume of particles having the lognormal size distribution
with the median radius r0n and dispersion �, and (Ca/Al)spl,
(Si/Al)spl, and (Si/Al)clay are the mass elemental ratio of
calcium and silicon to aluminum in samples (spl) or in the
clay mineral formulae (clay), respectively. In equations (5)–
(7) it is assumed that all Al is involved in clay particles, all
Ca is involved in calcium carbonate (considered as calcite),
and Si is involved in both quartz and clay particles.
[23] We also need to know a volume fraction, �, of iron

oxide in the iron oxide–clay aggregates. The volume
fraction was calculated from the Fe/Al mass ratio by
assuming that all Al is involved in a particular clay species,
and that the partition of iron oxides is homogeneous among
clay particles (i.e., in each size mode, all iron oxide–clay
aggregates have the same �). Then � can be found as

� ¼
VFeOx

Vclay

� 	
1þ VFeOx

Vclay

� 	 ; ð8Þ

where VFeOx/Vclay is the volume ratio of iron oxide and clay.
The latter can be found using the Fe/Al ratio as

VFeOx

Vclay

¼ Fe

Al
� fAl�clay

f Fe�FeOx

� �clay
�FeOx

; ð9Þ

where �clay and �FeOx are the density of clay and iron
oxides, and fAl-clay and fFe-FeOx are the molar mass fractions
of aluminum in clay and iron in iron oxide, respectively.
Thus � depends on both the mineralogy of iron oxides and
clays forming a particular iron oxide–clay aggregate.
[24] Having �, the effective refractive indices of aggre-

gates were computed with the Bruggeman approximation
following Sokolik and Toon [1999]. Spectral refractive
indices of quartz, calcite, kaolinite, illite, and hematite are
available in the solar spectrum from 200 to 1000 nm
[Sokolik and Toon, 1999]. The refractive index of goethite
was reported by Bedidi and Cervelle [1993] in the range
from 460 to 700 nm.
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[25] In the case of the external mixture of three species
(quartz, calcite, and iron oxide–clay aggregates) having two
size modes, the extinction coefficient (or scattering coeffi-
cient) can be calculated as a weighted sum of the extinction
coefficients (or scattering coefficients) of individual species
in each size mode:

Kext* ¼
X
i¼1;2

Ni Nqzt;iKext;qzt;i* þ Ncal;iKext;cal;i* þ Nagg;iKext;agg;i*
� �

; ð10Þ

where K*ext is the normalized extinction coefficient (or
normalized scattering coefficient, K*sc) (here normalized
means for the particle number concentration of 1 cm�3),
Ni is the relative fraction of the ith mode, Nqzt,i, Ncal,i, and
Nagg,i are the relative fractions of the particle number
concentration of quartz, calcite, and aggregates in the ith
mode, and K*ext,qzt,i, K*ext,cal,i, and K*ext,agg,i are the normal-
ized extinction coefficients calculated for quartz, calcite,
and aggregates in the ith mode. Then the single-scattering
albedo !0 is calculated as

!0 ¼
Ksc*

Kext*
: ð11Þ

3. Results of Physicochemical Characterization of
Dust Aerosols

3.1. Particle Size Distribution

[26] Figure 1 shows mass particle size distributions
(MSD) measured for five dust samples: two for Ni-WT,
two for Ch-WT and one for Tu-WT. On the basis of these
measurements, we consider the size distribution consisting
of two modes (hereinafter called fine and coarse modes).
Impactor stages 10 and 13 were selected to represent the
composition of these modes. Observed similarities in size
distributions in terms of position of size modes and their
relative proportions are likely due to the generation proce-
dure (i.e., aerosol samples were generated under the same
erosion condition simulated in the wind tunnel). To delin-
eate the effect of iron oxides characteristics on dust optics,

we use the same size distribution for all samples. Assuming
that each mode can be represented by a lognormal function,
a median diameter d0m and a dispersion � determined for the
fine mode were d0m = 3.4 and � = 2.0, and d0m = 12.4 and
� = 2.15 for the coarse mode. The mass fractions of the fine
and coarse modes were 26% and 74%, respectively. This
MSD was converted to the number size distribution (NSD),
which was used in optical calculations. The NSD median
diameters for the fine mode and coarse modes were d0n =
0.8 �m and d0n = 2.1 �m, respectively. The particle number
fraction was 94% for fine and 6% for coarse modes.
[27] Our size distribution is consistent with some litera-

ture results on dust MSD measured with an impactor. For
instance, Zhang et al. [2003] found a major particle
population for the >16 �m diameter impactor stage and
another one between 3 and 6 �m. Mass fractions are also
comparable to our values: they report 30/70% for fine/
coarse modes. Thus the size distributions measured with
the wind tunnel system are consistent with those measured
for atmospheric dust aerosols. However, it is important to
point out that measurements of dust particle size distribu-
tions as well as the lognormal fitting procedure have a
number of inherent critical issues [e.g., Reid et al., 2003],
especially when measurements are done by means of
different techniques. This is the subject of our ongoing
research, but it is out of the scope of this paper. Since the
focus here is on the role of iron oxide characteristics, the
selection of the above size distribution for optical modeling
seems to be appropriate.

3.2. Reconstruction of the Relative Amount of Quartz,
Calcite, and Aggregates in Fine and Coarse Modes

[28] On the basis of impactor MSD measurements, the
number 10 and number 13 impactor stages were selected to
represent the composition of the fine and coarse modes,
respectively, which is needed for optical modeling (see
equations (5)–(7)). The elemental analysis data were used
to reconstruct the composition of the dust external mixtures.
[29] Table 2 shows the Ca/Al and Si/Al elemental ratios

measured in the bulk aerosol samples as well as in both fine
and coarse modes of the three size-segregated samples. Also
shown is the particle number percentage of iron oxide–clay
aggregates, quartz, and calcite particles calculated with
these elemental ratios. Examining Table 2, one can notice
that wind tunnel generated samples and atmospheric dust
samples have Si/Al ratios over similar ranges. This further
confirms that the wind tunnel system is capable of produc-
ing dust aerosols with physicochemical properties similar to
those of dust observed in real atmospheric conditions.
[30] The values of Si/Al ratios are mainly controlled by

the relative proportion of quartz and clay and, thus, by the
proportion of coarse and fine mode particles. Indeed, we
found that this ratio differs between the two impactor stages
selected to represent fine and coarse modes: the coarse
mode contains much more quartz than the fine one. This is
in agreement with previous studies of atmospheric dust
[Alfaro et al., 1998]. Furthermore, the Si/Al ratio varies
little for bulk filters regardless of the aerosol type (less than
30% of the mean value) but this ratio significantly differs
between samples from different regions. Comparing source
bulk aerosols, generated under the same erosion condition,
one can see significant differences, at the 5% confidence

Figure 1. Mass size fraction (%) measured on impactor
stages for two Niger wind tunnel samples, two Chinese
wind tunnel samples, and one Tunisia wind tunnel sample.
The x axis shows the stage number and size cut diameters
(d50). The y axis is the percentage of the total mass (defined
as the sum of all analyzed elements in their oxide forms).
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level, between the Ni-WT sample and Ch-WT and Tu-WT
samples. The former has the Si/Al ratio of 2.63, whereas the
latter two have 2.93. In this case the difference is only due
to the nature of parent soils.
[31] Note that in addition to the relative proportion of

clays and quartz, the nature of aluminosilicates species
(especially clays) also can control the Si/Al value. The
aluminosilicates species are known to differ in soils of
different geographical regions. Because the two effects,
i.e., size-dependent aging processes and the nature of parent
soils, can affect Si/Al values of atmospheric dust samples, it
is not surprising to observe a larger variability in Si/Al in
atmospheric samples (2.1–2.9) compared to the wind tunnel
generated samples (2.7–2.9). The Si/Al values reported in
the literature for the atmospheric dust vary in the range from
2 to 4 [e.g., Gomes and Gillette, 1993; Chiapello et al.,
1997; Zhang et al., 2003]. Thus our values are consistent
with those reported in the literature and represent quite well
the natural variability in dust mineralogy.
[32] One also can notice the large variability of Ca

among the dust samples. Our measurements show that
Chinese and Tunisian samples are rich in calcium, whereas
Niger samples are not. This variability in Ca reflects the
differences in dust sources. The variability of Ca has been
also pointed out in the literature, at least in terms of the
Ca/Al ratio which can range from less than 0.2 to as high
as 3.8 [e.g., Chiapello et al., 1997; Formenti et al., 2001;
Zhang et al., 2003]. This is also supported by X-ray
diffraction measurements that have been performed on
the wind tunnel samples. These measurements clearly
showed that our Tu-WT sample has the highest calcite
content, while Ch-WT contains some calcite and Ni-WT
has no calcium carbonate [Lafon, 2004]. However, the
above range of calcite amount is not only due to different
sources but also reflects the lost of calcite caused by aging
processes in the atmosphere. All long-range transported
samples considered here show the lowest values of Ca/Al
(see Table 2). In terms of optical properties, the presence
of calcium carbonates may lead to lower absorption of the

mineral mixture because these species do not absorb light
in the solar spectrum.

3.3. Bulk Iron Content of Dust Aerosols

3.3.1. Total Iron Content
[33] Table 3 presents the total iron content measured in

aerosol bulk samples in terms of the Fe2O3 mass percentage
of the total oxide mass and as the Fe/Al elemental ratio.
Shown are mean values (averaged for all filters of each
aerosol types) and standard deviation (numbers in brackets).
The volume fraction � of iron oxides (calculated with
equation (8)) is also shown.
[34] The total iron content (the Fe2O3 percentage) varies

from 6.2% to 8.7%. The results for atmospheric samples
and wind tunnel generated samples show good consistency.
The three wind tunnel samples seem to reflect well the
variability of our atmospheric samples. The regional and
seasonal variability of iron concentrations in the atmosphere
over oceans was pointed out, for example, by Gao et al.
[2001]. In order to delineate the natural variability of iron in
dust aerosols around the world, we compared our results

Table 2. Elemental Ratios of Ca/Al and Si/Al and Reconstructed Mineralogical Composition (Shown As

Percentage Number of Iron Oxide–Clay Aggregate, Quartz, and Calcite) for All Bulk Samples and for Fine and

Coarse Modesa

Aerosol Sample Ca/Al (SD) Si/Al (SD) Percent Nagg (SD) Percent Nqzt (SD) Percent Ncal (SD)

Bulk Samples
Tu-WT 2.37 (0.06) 2.89 (0.01) 47 (1) 15 (0.1) 38 (1)
Ni-WT 0.06 (0.02) 2.67 (0.07) 78 (2) 20 (1) 2 (1)
Ch-WT 1.38 (0.08) 2.93 (0.05) 56 (1) 18 (0.4) 26 (1)
Ni-Ha 0.33 (0.18) 2.89 (0.61) 71 (11) 21 (9) 7 (3)
Ni-LE 0.04 (0.03) 2.23 (0.16) 88 (4) 11 (4) 1 (1)
Ch-ZBT 0.69 (0.02) 2.77 (0.01) 66 (0.4) 19 (0.4) 16 (0.4)
CV-Sl 0.12 (0.02) 2.33 (0.12) 84 (3) 13 (3) 3 (1)
CV-CS 0.09 (0.02) 2.15 (0.05) 89 (1) 9 (1) 3 (1)
CV-SM 0.16 (0.004) 2.52 (0.04) 79 (1) 17 (1) 4 (0.1)

Size-Resolved Samples
Tu-WT fine mode 2.07 2.58 52 12 37
Tu-WT coarse mode 3.34 3.47 38 19 43
Ni-WT fine mode 0.04 (0.01) 2.14 (0.12) 90 (3) 9 (3) 1 (0.4)
Ni-WT coarse mode 0.09 (0.02) 4.71 (0.17) 53 (1) 46 (2) 2 (0.4)
Ch-WT fine mode 1.23 (0.06) 2.70 (0.02) 59 (1) 16 (0.1) 25 (1)
Ch-WT coarse mode 1.96 (0.04) 3.93 (0.38) 43 (2) 27 (4) 29 (2)

aValues are averaged for all analyzed filters for a given type of sample. The numbers in parentheses are the standard deviations.

Table 3. Measured Total Iron Content in Aerosol Bulk Samples

Presented As the Fe2O3 Mass Percentage of the Total Oxide Mass

and as the Fe/Al Elemental Ratioa

Aerosol
Sample

Percent Total
Fe2O3 (SD)

Total Fe/Al
(SD)

� Calculated From Total Iron

HK GK HI GI

Tu-WT 6.2 (0.1) 0.57 (0.02) 0.079 0.105 0.055 0.073
Ni-WT 8.7 (0.2) 0.55 (0.03) 0.076 0.100 0.052 0.070
Ch-WT 7.0 (0.2) 0.60 (0.03) 0.082 0.109 0.057 0.076
Ni-Ha 6.3 (0.9) 0.43 (0.03) 0.061 0.081 0.042 0.056
Ni-LE 7.8 (0.4) 0.42 (0.03) 0.059 0.079 0.041 0.055
Ch-ZBT 7.7 (0.3) 0.60 (0.02) 0.082 0.108 0.057 0.076
CV-Sl 7.6 (0.1) 0.44 (0.02) 0.062 0.082 0.043 0.057
CV-CS 8.2 (0.2) 0.45 (0.01) 0.064 0.085 0.044 0.059
CV-SM 8.5 (0.2) 0.53 (0.01) 0.074 0.098 0.051 0.068

aShown are mean values (averaged for all filters of each aerosol type) and
standard deviations (numbers in parentheses). Volume fractions � of iron
oxides calculated for hematite-kaolinite (HK), goethite-kaolinite (GK),
hematite-illite (HI), and goethite-illite (GI) aggregates are also shown.

D21207 LAFON ET AL.: IRON OXIDES IN MINERAL DUST

7 of 19

D21207



against the data reported in the literature. Because elemental
analysis is often presented for only a few elements, for
comparison purposes we computed the iron content per-
centage of the sum of Al2O3, SiO2, CaO, and Fe2O3 masses
only. In this way, our values for the iron content vary from
6.8 to 9.2%. Note that the way in which the iron percentage
is calculated could result in nonnegligible differences.
Percentage values of the iron content calculated in the same
way from several data sets reported by previous studies vary
mainly between 4 and 11% [e.g., Gomes and Gillette, 1993;
Chiapello et al., 1997; Zhang et al., 2003]. Our values are
within this range but they are different enough to capture
some of the natural variability among different sources.
Thus with respect to the total iron content, wind tunnel
samples are consistent with atmospheric dust data.
[35] The total iron oxide percentage is not the best way to

characterize the iron amount in the samples because this
quantity is affected by mass of elements associated with
minerals not containing iron (e.g., Si in quartz and Ca in
calcite). Another way to characterize the iron content is to
look at Fe/Al ratios. In our study the Fe/Al ratio was found
to be in the range from 0.4 to 0.6 (see Table 3). The values
agree well with the 0.4–0.7 range reported in the literature
[e.g., Gomes and Gillette, 1993; Chiapello et al., 1997;
Formenti et al., 2001]. The considered set of samples does
not reveal any clear variation in the total iron content
depending on the distance from the source since both the
lower value (0.42 for Ni-LE samples) and the higher value
(0.60 for Ch-WT samples) were found for source dust
aerosols. With regard to the effect of the source region on
dust aerosols, the two Chinese samples seem to have higher
Fe/Al values than the African ones. But because of a limited
number of samples considered here, these results would
need to be further verified for a large number of Asian
samples. Anyway, it appears that the variability of the total
iron content in bulk dust aerosol samples is too complex to
be explained by only one factor alone (either aging during
the transport or origin).
3.3.2. Free Iron Content
[36] Table 4 presents the results of the free iron content

measured for all bulk samples in several different ways:
as the Fe2O3 percentage of the total oxide mass (see
section 2.2.1), as the Fe/Al elemental ratio, and as the free-
to-total iron ratio. The aggregate composition (in terms of the
volume fraction �), calculated using the free-Fe-to-Al ratios,
are also given in Table 4.

[37] The free iron content is around half that of total iron.
Thus this optically active part comprises only a small fraction
of the total aerosol mass. Because there are similar amounts
of structural and free iron, the amount of total is not
representative of the amount of free iron. Furthermore, the
variability of the free iron content (2.8–6.5%) is larger than
that of total iron (6.2–8.7%). Indeed, the relative standard
deviation for the free iron content is 27% versus 12% for total
iron. This suggests that the spatiotemporal variability of
absorbing properties of dust aerosols due to iron oxides could
be more important than that suggested by the total iron
content alone. Moreover, the relative mass proportions of
the two iron types (free and structural) vary from one aerosol
type to another. We found that dust aerosols originating from
Niger soils have the largest free iron fraction of total iron
(65–75%), while Ch-WTand Ni-Ha samples have the lowest
fraction of 43%. The free iron-to-aluminum ratio (free-Fe/Al)
was found in the range from 0.19 to 0.41. These values, as
well as the percentage content, are more variable for free iron
(standard deviation of 12%) than for total iron (standard
deviation of 7%).
[38] Analyzing the results, it appears that there is no

straightforward relation between free-Fe/Al ratios and the
source of dust origin. The free-Fe/Al ratios of 0.26–0.28
found for Chinese samples are not particularly different
from African ones (0.19–0.41). Similarly, we could not
identify the connection between free-Fe/Al values and the
distance from the source. The large differences in free-Fe/Al
values obtained for Banizoumbou, Niger, aerosols collected
in the atmosphere and those generated in the wind tunnel
indicate that the origin is only one of the controlling factors.
In this case, it is likely that different erosion conditions
contribute to observed differences. Thus free-Fe/Al ratios in
aerosols are controlled by both the type of parent soils and
erosion processes that affect disaggregation and size frac-
tionation of soil grains.
[39] Note that the interpretation of total iron variability is

complicated by the fact that structural iron and free iron
exhibit different behaviors. In the case of structural iron, we
found some regional specificity: both Chinese samples have
similar ratios of structural iron to aluminum (struc-Fe/Al),
showing higher values relative to other samples (0.32–0.34).
Similarly, both samples from Banizoumbou, Niger, have
close struc-Fe/Al values (0.13–0.15). The struc-Fe/Al ratio
is controlled by the nature of aluminosilicates and the way
iron is involved in their crystal lattice. Previous studies used

Table 4. Free Iron Contents Measured in Bulk Dust Aerosol Samples Presented As Fe2O3 Mass Percentage of the Total Oxide Mass and

As Free Fe/Al and Structural Fe/Al Ratiosa

Aerosol
Samples

Percent
Free-Fe2O3 (SD)

Free-Fe/Al
(SD)

Struc-Fe/Al
(SD)

Percent
Free/Total-Fe (SD)

� Calculated From Free Iron

HK GK HI GI

Tu-WT 3.6 (0.2) 0.33 (0.02) 0.24 (0.01) 58.1 (3.0) 0.048 0.064 0.033 0.044
Ni-WT 6.5 (0.1) 0.41 (0.02) 0.13 (0.01) 75.4 (1.0) 0.058 0.077 0.040 0.054
Ch-WT 3.0 (0.2) 0.26 (0.02) 0.34 (0.01) 43.2 (1.2) 0.037 0.050 0.026 0.034
Ni-Ha 2.8 (0.8) 0.19 (0.05) 0.25 (0.05) 43.3 (10.3) 0.027 0.037 0.019 0.025
Ni-LE 5.0 (0.4) 0.27 (0.02) 0.15 (0.03) 64.7 (4.5) 0.039 0.053 0.027 0.036
Ch-ZBT 3.6 (0.4) 0.28 (0.03) 0.32 (0.02) 46.5 (3.3) 0.040 0.054 0.027 0.037
CV-Sl 4.2 (0.2) 0.24 (0.02) 0.20 (0.01) 54.9 (2.8) 0.035 0.047 0.024 0.032
CV-CS 4.5 (0.4) 0.25 (0.02) 0.20 (0.02) 55.0 (4.3) 0.036 0.049 0.025 0.033
CV-SM 4.7 (0.3) 0.30 (0.02) 0.24 (0.02) 55.0 (3.0) 0.043 0.057 0.029 0.039

aRatios of free to total iron are also given. Shown values are averages for all filters for a given aerosol type. Numbers in parentheses are standard
deviations. Volume fractions � calculated for HK, GK, HI, and GI aggregates using free-Fe/Al are also shown.
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the mass ratio of clay species as a source tracer, assuming that
the mineralogical composition of the aerosol clay fraction is
not modified during transport [Caquineau et al., 1998]. If this
is the case, then struc-Fe/Al ratios can be expected to remain
unchanged during transport. Thus struc-Fe/Al values should
be strongly affected by the source region, whereas free-Fe/Al
seems to be affected by both the source and emission or
transport processes as discussed about.
[40] Nevertheless, observed variability of the iron content

is low. The question then arises as to how this variability
can affect the optical properties of dust. This issue is
addressed in detail in section 4.

3.4. Mineralogy of Iron Oxides

[41] By using the second derivative of the DRS signal
(see section 2.2.3.), the relative proportion of hematite and
goethite were determined in wind tunnel samples generated
from Niger (Ni-WT) and Tunisian (Tu-WT) soils as well
as in the atmospheric dust samples collected at Zhenbeitai
(Ch-ZBT). The results are presented in Figure 2. We found
that in all three cases goethite is the more abundant species
comprising about 70(±5)% of the total iron oxide mass.

Since goethite and hematite have different light absorption
spectra in the visible (goethite is known to be yellow and
hematite is red), their relative proportion may play an
important role in controlling dust radiative properties. The
data on hematite and goethite mass proportions along with
the content of iron oxides determined with the CBD method
enables us to quantify hematite and goethite mass in dust
aerosol samples.

3.5. Size-Resolved Iron Content of Dust Aerosols

3.5.1. Total and Free Iron Mass Percentages
[42] Figure 3a shows the iron content expressed in terms

of the Fe2O3 percentage (relative to all oxide mass) for three
samples generated with the wind tunnel. Total bars represent
the total iron content, and free iron fractions are shown as
dashed bars. Similar, Figure 3b gives the iron to aluminum
mass ratio. The data are shown for the two impactor stages
with d50 of 2.47 �m and 10.24 �m that were chosen to
represent fine and coarse modes, respectively.
[43] First, notice that the total iron content varies with

particle size, and that there are some noticeable differences
between the dust samples. For instance, the iron content of
the 10 �m stage of Chinese dust is significantly different
from the 2 �m stage. In turn, the Niger dust sample has the
same iron content regardless of particle sizes. Thus there is
no common tendency for the size dependence of total iron
mass percentage, although when differences do occur in
dust aerosol samples considered, the iron content is larger in
the coarse mode compared to the fine one. Our results are
in agreement, for instance, with those presented by Eltayeb
et al. [2001]. They also reported the higher iron content in
coarser particles of ‘‘pure’’ dust samples collected with the
cascade impactor. However, examining the literature, one
finds that only a few studies describe the size dependence of
iron in aerosol particles. Furthermore, impactor measure-
ments of atmospheric dust can be contaminated by pollu-
tion, in which iron originating from industrial processes
(i.e., fly ash) is often present. Although this may not be
important for bulk mass, elemental ratios in the fine mode
can be affected. Another way to explore the dependence of
the iron content on particle sizes is to use the electron
microscopy. However, previous studies demonstrated some
difficulties in determining directly the size-resolved mass of
iron with electron microscopy [Falkovich et al., 2001].

Figure 2. Diffuse reflectance spectroscopy (DRS) mea-
surements made on the Niger wind tunnel sample, on the
Tunisia wind tunnel sample, and on the China-Zhenbeitai
sample as a fraction of hematite and goethite masses relative
to the total mass of iron. Error bars are the standard
deviations calculated from four measurements made on each
filter.

Figure 3. Iron content expressed in terms of (a) Fe2O3 percentage (relative to all oxide mass) and
(b) iron to aluminum mass ratio for three samples generated with the wind tunnel. Shown are the data for
the two impactor stages with d50 of 2.24 �m and 10.24 �m that were chosen to represent fine and coarse
modes, respectively. Total bars represent total iron, and their dashed parts show the free iron fraction.
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Also, this technique was not capable of separating free iron
from structural iron.
[44] Second, similar to the total iron content, the free iron

content of Niger samples remains the same in different size
classes. In contrast, Chinese and Tunisian samples have
higher free iron in the coarse mode than in the fine one. In
all size ranges the free iron content in Niger samples is
much higher than that in Tunisian and Chinese samples,
unlike in the case of total iron. Thus comparing free iron in
different dust samples reveals more differences among them
than when considering total iron alone.
[45] The above discussion indicates that all processes that

affect the relative proportion of fine and coarse modes can
affect the total and free iron content. Given that optical
properties of dust strongly depend on the particle size
spectrum, below we examine the extent to which differences
between fine and coarse modes affect the spectral light
absorption of dust mixtures.
3.5.2. Ratios of Total and Free Iron to Aluminum
[46] Referring back to Figure 3b, one can notice various

differences between total-Fe/Al and free-Fe/Al ratios. Both
ratios show some dependence on size in all three samples:
values decrease with decreasing size.
[47] For total iron ratios, three types of aerosols show

significant differences for coarse particles but not for fine
ones. Coarse particles of the Ch-WT sample have the
highest total-Fe/Al value, whereas the Ni-WT sample has
the lowest one. But the results for free iron are different: the
Ni-WT sample has higher values than Ch-WT and Tu-WT in
all sizes, and values remain different even in the fine
particles. These differences in free-Fe/Al ratios indicate that
both sources and transport potentially affect dust optical
properties. Considering only total iron would suggest that,
for long-range transported dust aerosols with coarser par-
ticles removed, the Fe/Al ratio may be quite homogeneous

regardless of the sample. But this will not be the case if one
takes into account only free iron. Nonetheless, the natural
variability of finest particles may be less important than that
of bulk samples, and thus values could be more similar after
transport in the atmosphere. This is supported by the long-
range transported samples (Table 4). There are only a few
studies that addressed the evolution of mineral iron in dust
during (dry) transport. For example, Mori et al. [2003]
reported Fe/Al ratios varying from 0.5 to 0.6 for Asian dust
measured along the transport route. These values are in
good agreement with our results. However, their samples
could be contaminated with urban aerosols.
[48] Tables 5 and 6 summarize the values of the total and

free iron contents, respectively, for the two impactor stages
considered as representative of fine and coarse size modes.
Also given are the volume fraction � that will be used in
optics calculations in section 4.

3.6. Relationships Between the Iron Content of
Soils and Aerosol Samples

[49] We suggested previously that both transport processes
and origin of dust aerosols can control their iron content. To
further address the origin aspect, we compared the iron
content in the soils and in dust aerosols generated in the
wind tunnel from these soils. In this fashion we exclude the
effect of transport processes.
[50] First, we examine the variability of the total iron

content in bulk soil samples and compared it to that of bulk
aerosol samples. The Fe2O3 percentage values (and standard
deviation) are 1.6(0.04), 0.5(0.1), and 2.9(0.2) for Tunisian,
Niger, and Chinese soils, respectively, and corresponding
Fe/Al ratios for these soils are 0.43(0.02), 0.53(0.01), and
0.36(0.02). In terms of the mass percentage, the soil values
are very low compared to the bulk aerosols values. This is

Table 5. Total Iron Content of the Fine and Coarse Aerosol Size Modes Presented As Fe2O3 Mass Percentage

of the Total Oxide Mass and As Fe/Al Ratioa

Aerosol Sample
Percent

Total-Fe2O3 (SD)
Total-Fe/Al

(SD)

� Calculated From Total Iron

HK GK HI GI

Tu-WT fine mode 5.5 0.46 0.065 0.086 0.045 0.060
Tu-WT coarse mode 7.4 0.86 0.114 0.149 0.080 0.106
Ni-WT fine mode 8.3 (0.2) 0.44 (0.03) 0.061 0.082 0.042 0.057
Ni-WT coarse mode 7.6 (0.7) 0.78 0.105 0.137 0.073 0.097
Ch-WT fine mode 6.0 (0.1) 0.47 (0.01) 0.066 0.088 0.046 0.061
Ch-WT coarse mode 8.7 (1.1) 0.97 (0.08) 0.127 0.165 0.089 0.117

aValues are averages for all filters for a given aerosol type. Numbers in parentheses are standard deviations. Volume fractions
� calculated for HK, GK, HI, and GI aggregates using Fe/Al are also shown.

Table 6. Free Iron Contents Measured in Fine and Coarse Modes of the Three Wind Tunnel Dust Aerosol Samples Presented As Fe2O3

Mass Percentage of the Total Oxide Mass and As Free Fe/Al and Structural Fe/Al Ratiosa

Aerosol Sample
Percent

Free-Fe2O3 (SD)
Free-Fe/Al

(SD)
Struc-Fe/Al

(SD)
Percent

Free/Total-Fe (SD)

� Calculated From Free Iron

HK GK HI GI

Tu-WT fine mode 2.4 0.20 0.26 43.7 0.029 0.040 0.020 0.027
Tu-WT coarse mode 4.5 0.52 0.34 60.7 0.073 0.096 0.050 0.067
Ni-WT fine mode 5.7 (0.6) 0.30 (0.04) 0.13 (0.03) 69.4 (5.2) 0.044 0.058 0.030 0.040
Ni-WT coarse mode 5.8 0.56 0.22 71.8 0.078 0.103 0.054 0.071
Ch-WT fine mode 4.4 (0.1) 0.18 (0.01) 0.30 (0.01) 37.6 (0.7) 0.026 0.035 0.018 0.024
Ch-WT coarse mode 2.3 (0.1) 0.49 (0.01) 0.47 (0.01) 51.2 (5.8) 0.069 0.091 0.047 0.063

aRatios of free to total iron in fine and coarse modes are also given. Values are averages of all filters for a given aerosol type. Numbers in parentheses are
standard deviations. Volume fractions � calculated for HK, GK, HI, and GI aggregates using Fe/Al ratios are also shown.

D21207 LAFON ET AL.: IRON OXIDES IN MINERAL DUST

10 of 19

D21207



because of the mineralogical fractionation occurring during
the saltation and sandblasting process discussed above. The
Fe/Al ratios are also lower in soils than in aerosols.
Moreover, comparing bulk soils and bulk aerosols, one
cannot find any clear tendencies. For instance, the Chinese
soil sample contains the highest iron content while Chinese
dust aerosols do not have the highest values. This indicates
that it is problematic to directly relate the total iron content
in bulk soils with the total iron content in dust aerosols.
[51] The free iron content of the bulk soils are found to be

0.28, 0.33 and 0.35 g/100g (of soil gravimetric mass) for
Niger, Tunisian and Chinese soils, respectively. Similar to
total iron, the free iron content of aerosols (see Table 4) is
different from soils. For instance, the free iron content is the
lowest in Niger soil samples but it is the highest in Niger
aerosol samples. There is, once again, no clear relationship
between bulk soil and bulk aerosol free iron content,
certainly because of the fractionation effect.
[52] We also explore the possibility of a relationship

between the iron content in aerosols and different size
fractions of soils. This is motivated by the fact that dust
aerosols are generated from soil grains coming from the
finest fraction of the soil texture (clays and fine silts). The
free iron–to–total iron ratio is found to be 0.41 (0.02) and
0.57 (0.01) for Tunisian soil, 0.77 (0.02) and 0.73 (0.01) for
Niger soil, and 0.39 (0.02) and 0.38 (0.02) for Chinese in
clay and fine silt fractions, respectively. Comparing the fine
mode of the aerosol sample with the clay fraction of its
parent soil and the coarse mode of aerosols with the fine silt
fraction of its parent soil, similarities in terms of free iron–
to–total iron ratio are apparent. Since these ratios are often
used in soil science as a good indicator of the weathering
degree of soils [Baize, 2000] and because they should not be
as affected by fractionation (in terms of mass percentage),
they seem to provide a good linkage between aerosol
particles and parent soils.

3.7. Construction of Iron Oxide–Clay Aggregates for
Optical Modeling

[53] The data presented above provide new information
that enables us to explore how the iron oxide characteristics

affect the optical properties of mineral dust aerosols. To
date, the most common approach to compute optical prop-
erties of mineral dust aerosols required for modeling their
radiative effects is to use the refractive indices determined
for several bulk samples. As discussed in the introduction,
this approach has a number of serious drawbacks. An
alternative approach proposed by Sokolik and Toon [1999]
avoids these drawbacks by taking into account the miner-
alogical composition of the dust mixture consisting of
individual minerals and aggregates. In particular, Sokolik
and Toon [1999] demonstrated that the iron oxide–clay
aggregates are a key factor in controlling light absorption by
the dust mixtures. However, due to a lack of data, their
modeling studies relied on a number of critical assumptions
regarding the iron oxide mineralogy (only hematite was
considered), size-resolved composition (the fraction of
hematite was considered size-independent), and the amount
of iron oxides (no measurements of free iron were avail-
able). The data obtained under this study enable us to
address all these issues to provide a better understanding
of the nature of light absorption by dust.
[54] In this study the iron oxide–clay aggregates were

constructed by considering the aggregation of either hema-
tite or goethite with kaolinite or illite resulting in four types
of aggregates: hematite-illite (HI), hematite-kaolinite (HK),
goethite-illite (GI), and goethite-kaolinite (GK). For each
aggregate type, we considered the maximum, minimum and
mean values of the volume fraction � that were determined
from Fe/Al values measured for (1) total iron, (2) free iron,
and (3) size-resolved free iron. Calculated values of � are
presented in Table 7. These values were used to compute the
spectral effective refractive indices of each type of aggre-
gates employing the Bruggeman approximation and the
refractive indices of individual end-members. Then the
optical characteristics of aggregates were calculated and
weighted with those of other species forming the external
mixture to give its optical properties (see section 4). Here
we model several different mixtures composed of light-
absorbing (i.e., iron oxide–clay aggregates) and non-
absorbing species (quartz and calcite). We also use the
size-resolved data for Ni-WT, Ch-WT, and Tu-WT samples

Table 7. Summary of Volume Fractions � of Iron Oxides in Illite- or Kaolinite-Containing Aggregates

Calculated From Free and Total Iron Data Measured for Bulk and Size-Segregated Samples

Fe/Al Values From

�

HI GI HK GK

Fine Coarse Fine Coarse Fine Coarse Fine Coarse

Total iron measured on bulk filters
Maximum 0.057 0.057 0.076 0.076 0.082 0.082 0.109 0.109
Mean 0.049 0.049 0.066 0.066 0.071 0.071 0.094 0.094
Minimim 0.041 0.041 0.055 0.055 0.059 0.059 0.079 0.079

Free iron measured on bulk filters
Maximum 0.040 0.040 0.054 0.054 0.058 0.058 0.077 0.077
Mean 0.028 0.028 0.037 0.037 0.040 0.040 0.054 0.054
Minimum 0.019 0.019 0.025 0.025 0.027 0.027 0.037 0.037

Total iron measured with an impactor
Maximum 0.046 0.089 0.061 0.117 0.066 0.127 0.088 0.165
Mean 0.044 0.081 0.059 0.107 0.064 0.115 0.085 0.150
Minimum 0.042 0.073 0.057 0.097 0.061 0.105 0.082 0.137

Free iron measured with an impactor
Maximum 0.030 0.054 0.040 0.071 0.044 0.078 0.058 0.103
Mean 0.023 0.050 0.030 0.067 0.033 0.073 0.044 0.097
Minimum 0.018 0.047 0.024 0.063 0.026 0.069 0.035 0.091
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to address the regional differences in optical properties. In
addition to quartz which is a common mineral in atmo-
spheric dust, we choose to include calcite to account for the
large variations of its content determined in the samples.
The Tunisian sample (Tu-WT) generated in the wind tunnel
has the largest content of calcium carbonate, while Ni-WT is
very poor one, and Ch-WT still has high calcite amount, but
less than Tu-WT one. For each of these external mixtures,
the composition of the aggregates is taken to vary in the
range shown in Table 7.

4. Results of Optical Modeling

[55] We start by analyzing the effective refractive indices
computed for iron oxide–clay aggregates. Then, we exam-
ine the effects of the iron parameters on the wavelength-
dependent normalized extinction coefficient, K*ext, and
single-scattering albedo, !0, calculated for these aggregates.
Finally, the optical properties of the dust mixtures are
presented and discussed.

4.1. Optical Properties of Iron Oxide–Clay Aggregates

4.1.1. Effective Refractive Indices
[56] Calculations were done for all cases presented in

Table 7. Figure 4 shows some examples to illustrate several

important features in the behavior of effective refractive
indices of iron oxide–clay aggregates that will be helpful
for interpreting their optical properties.
[57] First, note that the volume fraction � of iron oxide in

an aggregate depends on both clay and iron oxide mineral-
ogical speciation. Indeed, for the same range of Fe/Al
(from 0.18 to 0.60), � values vary from 0.026 to 0.082
for hematite-kaolinite aggregates, from 0.035 to 0.109
for goethite-kaolinite aggregates, from 0.018 to 0.057 for
hematite-illite aggregates, and from 0.024 to 0.076 for
goethite-illite aggregates. Note that for the same elemental
iron amount, one always finds a higher volume fraction of
iron oxides if goethite and kaolinite are selected to represent
iron oxides and clays in the aggregate.
[58] Figure 4a shows the minimum and maximum values

obtained for the real part of the effective refractive indices
of both illite- and kaolinite-containing aggregates, as well as
the real part of refractive indices of pure illite and pure
kaolinite. We also show the values obtained for each type of
aggregates with the same iron oxide amount (� = 0.04).
[59] The real part of the refractive index of illite-containing

aggregates ranges between 1.4 and 1.5, while kaolinite-
containing aggregates show somewhat higher values
between 1.5 and 1.6 in the visible spectrum. For the range
of iron oxide amounts considered, illite-containing aggre-
gates always have smaller real parts compared to kaolinite-
containing ones. An increase in the iron oxide fraction results
in the increasing real part. Adding the same amount (for
instance, � = 0.04) of hematite or goethite to either illite or
kaolinite causes an increase of the real part of iron oxide–
clay aggregates, though hematite causes a slightly higher
increase than goethite. Note that the maximum values of the
real part of effective refractive indices of hematite-containing
aggregates are higher than those of goethite-containing
aggregates, even though the volume fraction of iron oxide
is smaller in the latter case. We conclude that the real part of
effective refractive indices is more sensitive to clay mineral-
ogy and amount of iron oxides in the aggregates than to the
iron mineralogy.
[60] In turn, the imaginary part of the effective refractive

index is affected little by the type of clay. Comparing
hematite-illite and hematite-kaolinite aggregates with the
same content of iron oxides (e.g., � = 0.04), we observe
very similar values (Figure 4b). However, one needs to keep
in mind that the clay species plays an important role in
calculations of the volume fraction of iron oxide in the
aggregates. For instance, for the same Fe/Al value (e.g.,
0.60) and for a given iron oxide, the composition of
aggregates varies from � = 0.057 for hematite-illite aggre-
gates to � = 0.082 for hematite-kaolinite aggregates, result-
ing in noticeable differences in the effective refractive
indices (Figure 4b). Thus with respect to the imaginary part
of the effective refractive index and hence light absorption
by aggregates, the type of clays is important in determining
the fraction of iron oxides, while the imaginary part of clay
refractive indices itself plays little role. Compared to pure
clay species, the imaginary part of the aggregates is always
much higher.
[61] Changing the amount of iron oxides involved in

aggregates strongly affects their effective refractive index.
For example, hematite-kaolinite aggregates with a low iron
content (� = 0.026) have an imaginary part of 0.009 at

Figure 4. (a) Real and (b) imaginary parts of the refractive
index of individual clays (illite and kaolinite) and the
effective refractive index of hematite-illite (HI), goethite-
illite (GI), hematite-kaolinite (HK), and goethite-kaolinite
(GK) aggregates. The numbers in the legend show the
volume fraction � (%) of iron oxide in the aggregate.
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0.5 �m, while aggregates with a high iron content (� =
0.082) have an imaginary part of 0.029 at the same
wavelength. Unlike the real part, the imaginary part of
effective refractive indices differs between hematite- and
goethite-containing aggregates. These differences are in
both the different spectral dependence of the imaginary
refractive indices as well as their values. Toward the shorter
wavelengths, hematite-containing aggregates show larger
values of the imaginary part than goethite-containing ones,
while at the longer wavelengths the latter aggregates have
the higher values but not as high as hematite-containing
aggregates at the shorter wavelengths.
4.1.2. Extinction Coefficient
[62] Figure 5 shows the normalized extinction coeffi-

cients K*ext calculated for iron oxide–clay aggregates con-
sidering the free and total iron content. For a given type
of clay, the normalized extinction coefficient varies little
with the iron parameters. Therefore we conclude that the

extinction coefficient is not very sensitive either to the
mineralogy of iron oxides or to their amount in aggregates
(in the range considered). On the other hand, one can notice
some differences between illite- and kaolinite-containing
aggregates: the extinction coefficient of the former is always
higher than that of the latter. Because the main difference
between kaolinite and illite lies in the real part of their
refractive indices and because the imaginary part of the
effective refractive index of aggregates is mainly controlled
by the iron oxide content, one can conclude that the
extinction coefficient (and hence the aerosol optical depth)
is more sensitive to the real part than to the imaginary one.
Nevertheless, some differences between K*ext of illite- and
kaolinite-containing aggregates can be observed that could
become important in the case of a heavy dust load in the
atmosphere. Examining the changes in the normalized
extinction coefficient, we found that relative changes
(DK*ext/K*ext) do not exceed 0.6% regardless of the wave-
length. Moreover, this holds if one considers each size mode
independently, though the coarse mode has larger K*ext
compared to the fine one. Thus our results show that the
mineralogical composition of aggregates has negligible
effect on the extinction coefficient and optical depth in
the visible spectral range.
4.1.3. Single-Scattering Albedo
[63] Unlike the extinction coefficient, the single-scattering

albedo of the aggregates is strongly affected by the iron oxide
parameters. In particular, !0 calculated from the total iron
content shows significant differences compared to one cal-
culated from the free iron content as shown in Figure 6. It is
apparent that the distinction between free iron and total iron
is required to make predictions of !0 and hence the dust
radiative effects of mineral dust more realistic.We also would
like to point out that the retrieval of !0 from the optical depth
(extinction coefficient) measurements is unlikely to give
satisfactory results because of very different sensitivities of
K*ext and !0 to iron oxides parameters.
[64] Figure 7 shows !0 calculated for the fine and coarse

modes using free-Fe/Al and total-Fe/Al data. The differ-

Figure 5. Normalized extinction coefficients as a function
of wavelength computed for HI, GI, HK, and GK
aggregates using the maximum and minimum � values
measured in bulk samples. The numbers in the legend give
the volume fraction � (%) of iron oxide in the aggregate.

Figure 6. Single-scattering albedos as a function of wavelength calculated for HI, GI, HK, and GK
aggregates using the volume � fraction of iron oxides (shown in percentage in brackets) determined from
the measured total iron content or free iron content. Calculations were made for the lowest and highest
values of � determined in all samples considering hematite-containing and goethite-containing aggregates
and in the case of free and total iron.
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ences in !0 observed for bulk samples (Figure 6) in the case
of total and free iron are similar to those in the case of fine
and coarse size modes. Notice that coarse-size aggregates
have much lower single-scattering albedo compared to fine
aggregates. This is due to both size and the fact that coarse
aggregates contain more iron oxides than fine ones. Indeed,
even assuming that fine and coarse modes have the same
iron oxide amount (e.g., � = 0.04 (Figure 7)), !0 of coarse
aggregates are lower compared to fine ones.
[65] Figure 8 compares !0 computed with size-resolved

free iron content against those calculated by using free-Fe/Al
values of bulk samples. Results obtained with size-resolved
free-Fe are not so much different from those of the bulk
ones. This implies that for a given dust aerosol sample,
collected in a particular place at a given time, measurements

of size-resolved free iron content add little to improving the
optical properties, so the information on bulk free-Fe content
seems to be sufficient. However, if one is interested in
predicting the evolution of optical properties of dust particles
as they are transported in the atmosphere undergoing phys-
ical and chemical changes which are size-dependent, size-
resolved data on free-Fe would be critical. Given the large
differences in !0 between fine and coarse modes, one can
expect that the single-scattering albedo changes during dust
transport, and that dust is likely to be less absorbing down-
wind from the source because of the preferential removal of
coarse particles.
[66] Analyzing Figure 6, one can notice the large range of

!0 values in both free and total iron cases. For instance, !0

ranges from 0.71 to 0.84 at 0.55 �m when calculations are

Figure 7. Single-scattering albedos as a function of wavelength calculated for fine and coarse modes of
GI or HI aggregates. Calculations were done with a low and a high iron content (shown as the volume
fraction � in percentage) and for total and free iron-to-aluminum ratios measured on impactor stages 10
and 13 for Ni-WT and Ch-WT samples. The black curve is for the goethite-illite aggregate with the 4%
volume fraction of goethite.

Figure 8. Single-scattering albedos as a function of wavelength calculated for iron oxide–clay
aggregates (HK, GK, GI, and HI) using the free iron content of bulk samples or the size-resolved iron
content. Cases shown are for the maximum and minimum free iron content for both hematite- and
goethite-containing aggregates.
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performed with maximum and minimum values of the free
iron content measured in aerosol samples (assuming that
iron oxide is hematite). Thus in addition to the free status of
iron, the natural variability of its amount is an important
factor controlling the single-scattering albedo of aggregates.
Although the range of free-Fe/Al (0.19–0.41 in our sam-
ples) seems to be not so large, this variability apparently
causes large differences in !0 and thus is of importance to
radiation/climate modeling.
[67] The results shown in Figure 6 are obtained from

calculations made both for illite- and kaolinite-containing
aggregates. By comparing the effective refractive indices of
aggregates (section 4.1.1), we already pointed out that the
clay mineralogy does not affect the absorbing properties
directly (i.e., via the refractive index of clays themselves).
However, the choice of a clay species affects the calculated
volume fraction of iron oxides in aggregates. Thus for a
same iron oxide species, existing differences in !0 between
illite- and kaolinite-containing aggregates are mainly due to
the varying amount of iron.
[68] Another important point to notice is the role of iron

oxide mineralogy: goethite versus hematite (see Figure 6).
Hematite-containing aggregates show a very low single-
scattering albedo at the short wavelengths and a high one at
the longer wavelengths. In contrast,!0 of goethite-containing
aggregates have a low spectral variability. Therefore !0

values of goethite-containing aggregates are higher than
those of hematite-containing aggregates at the short wave-
lengths and lower at the longer wavelengths. These differ-
ences in !0 are similar to those in the imaginary part of the
effective refractive index of these two species discussed
above. Because of the lack of data on the refractive index
of goethite, we are not able to compute !0 of goethite-
containing aggregates at a wavelength less than 0.45 �m
and greater than 0.75 �m. Nevertheless, it seems that existing
differences between hematite- and goethite-containing
aggregates are large enough to be important in predicting
the radiative impacts of dust. Moreover, our measurements

show that both species are present in each dust sample and
that goethite is more abundant than hematite in mineral
aerosols. However, above calculations were performed by
assuming either hematite or goethite because data on mass
fractions of two iron oxides obtained in our study cannot
be used directly to calculate the relative number of hematite-
clay aggregates and goethite-clay aggregates. Indeed, such
calculations would require information on the association
state between hematite and goethite and clay minerals in
aggregates. To the best of our knowledge, no prior studies
reported this information. Here we address this problem
by introducing some assumptions that enable us to model
optical properties of an external mixture containing both
hematite- and goethite-containing aggregates, as described in
the next section.

4.2. Optical Properties of the Mixtures of Iron Oxide–
Clay Aggregates and Nonclay Particles

[69] To test the effect of iron oxide parameters on realistic
mineral mixtures, we calculated optical properties of an
external mixture consisting of iron oxide–clay aggregates
and nonclay particles for the three generated dust aerosol
samples. Unlike quartz and calcite that do not absorb in
the visible, the aggregates exhibit different absorbing
properties as a function of iron parameters chosen to
calculate their optical properties as discussed above. The
composition of the external mixtures as well as aggregates
was constrained by data obtained in our measurements
(see sections 3.2 and 3.5).
[70] We found that the normalized extinction coefficient

computed for the external mixtures of aggregates and non-
clay minerals behaves similarly to that of iron oxide–clay
aggregates themselves. This could be expected since the real
parts of the refractive index of our nonabsorbing species
(quartz and calcite) are close to the ones of illite and
kaolinite [Sokolik and Toon, 1999]. Thus we conclude that
the normalized extinction coefficient has little sensitivity to
the composition of mineral aerosols, neither to the compo-
sition of iron oxide–clay aggregates nor to the composition

Figure 9. Single-scattering albedos as a function of wavelength computed for the external mixture of
quartz, calcite, and HI or GI aggregates, reconstructed from measurements of total iron and free iron for
the Ni-WT and Ch-WT samples.
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of the external mixture of aggregates and other nonabsorb-
ing species.
[71] Figure 9 shows examples of the single-scattering

albedo computed for the external mixtures in which aggre-
gate compositions (considering only illite-containing aggre-
gates) were calculated either with total iron or with free iron
data from bulk samples. In these examples, mineralogical
compositions were inferred from the elemental composition
of the bulk Ni-WT and Ch-WT samples. Here considering
free iron content instead of total iron content leads to
significantly different values of the single-scattering albedo
despite the presence of nonabsorbing species in the mixture.
For instance for the Ch-WT sample, calculations made with
hematite-illite aggregates give !0 from 0.84 to 0.90 at
0.55 �m when the iron amount is calculated from total iron
or free iron, and in the range from 0.85 to 0.91 when
calculations are made for goethite-illite aggregates. The
effect of hematite versus goethite on the spectral behavior
of the single-scattering albedo of the mixture is clearly
observed in Figure 9.
[72] Natural variability of the free iron content also

remains important in the case of the external mixture since
the use of high and the low values of free iron content in
calculations resulted in very different values of !0. Calcu-
lations were made with the size-resolved mineralogical
composition of Ni-WT, Ch-WT and Tu-WT samples con-
sidering the cases of the maximum and minimum free iron
content. For both goethite and hematite, we obtained the
spectral behavior of !0 similar to that showed in Figure 9.
At 0.55 �m, the single-scattering albedo for the Niger
sample varies from 0.84 to 0.87 depending on the high or
low free iron content values, while !0 values of the Chinese
and Tunisian samples vary from 0.88 to 0.91 and from 0.90
to 0.92, respectively. Thus despite the differences in relative
abundance of aggregates and nonabsorbing species in
samples considered, variability in the iron oxide content

remains an important factor in controlling the single-scat-
tering albedo of mixtures. The differences in !0 are clearly
seen for the high and low iron contents in each of the three
aerosol samples. Although the Chinese sample has lower
iron oxide content than the Tunisian sample, !0 calculated
for these aerosols are very similar. This indicates that in
addition to the iron oxide amount, the relative proportion of
absorbing aggregates and nonabsorbing minerals is another
important factor affecting the single-scattering albedo.
[73] Up to this point, optical calculations were done for

two extreme cases in which all iron oxides were considered
either as hematite or goethite. However, our measurements
showed that both species can be present in the same dust
sample. Unfortunately, as we explained previously, we do
not have enough data to constrain exactly either the fraction
of these species or how this fraction changes with size.
Instead, we introduce a number of assumptions that allow us
to model the optical properties of mixtures containing both
hematite- and goethite-containing aggregates along with
nonabsorbing species. It was assumed that aggregates are
made of illite and that � is the same for hematite- and
goethite-illite aggregates. The latter assumption is an im-
portant simplification that requires further examination. The
volume fraction � was calculated using measured free-Fe/Al
ratios of bulk samples and hematite/goethite mass ratios
obtained for Ni-WT, Tu-WT, and Ch-ZBT samples. Calcu-
lated !0 are shown in Figure 10. For each of the Ni-WT, Tu-
WT and Ch-WT samples, three cases were considered using
64%, 71%, and 75% goethite mass fractions based on our
measurements (see Figure 2). To compare, !0 computed for
the Niger sample considering iron oxide either as hematite
or goethite are also shown. One can notice large differences
between these !0 and those calculated for the mixtures
containing both hematite-clay and goethite-clay aggregates.
The latter !0 are closer to those calculated with goethite
than those with hematite. However, !0 show stronger
dependence on the wavelength when both HI and GI
aggregates are present compared to the GI only case.
Observed differences between the nine curves shown in
Figure 10 are controlled by three factors: the relative
number of light-absorbing aggregates and nonabsorbing
species (quartz and calcite), �, and goethite mass fraction.
A closer examination of Figure 10 reveals that the varying
goethite mass fraction exerts a relatively small effect. This
suggests that, under the assumptions of the homogeneous
partitioning of hematite and goethite in iron oxide–clay
aggregates (i.e., same �) and given the low variability of
hematite/goethite mass ratios found in our samples, an
assumption that goethite represents 70% of the total mass
of the iron oxides is a good approximation for optical
calculations. In any case, this will need to be confirmed
by additional measurements of the goethite/hematite
mass ratio in different dust aerosol samples as well as by
new studies on the mixing state of the iron oxide–clay
aggregates.
[74] Figure 11 presents !0 computed for Tu-WT, Ni-WT,

and Ch-WT samples using measurements of size-resolved
elemental composition and size-resolved free-Fe/Al ratios.
The Niger sample is rather poor in nonclay minerals,
because it contains little calcite (see Table 2). This implies
that the fraction of iron oxide–clay aggregates is much
higher in the Niger sample compared to other two. At the

Figure 10. Single-scattering albedos as a function of
wavelength computed for the external mixture of quartz,
calcite, GI aggregates, and HI aggregates, reconstructed for
three aerosol samples: Tu-WT, Ni-WT, and Ch-ZBT.
Calculations were done with the three measured values of
the goethite mass fraction: 75%, 71%, and 64% (shown in
parentheses). To compare, single-scattering albedos com-
puted for Niger considering either hematite or goethite are
also shown.
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same time, the Niger sample is rich in free iron and has the
largest number of iron oxide–clay particles. As a result, its
single-scattering albedo is much lower in the visible than
that of Chinese aerosol. Our Tunisian sample, having the
largest number nonabsorbing particles, has the lowest
relative number of aggregates. Although the Chinese sample
has the lowest free iron content, its !0 values are not the
highest. Indeed, the Tunisian aerosols have a higher single-
scattering albedo because they contain many nonabsorbing
particles, though the Chinese sample has less free iron. This
indicates that the single-scattering albedo is significantly
affected both by the quantities of free iron involved in the
aggregates and the relative proportion of these aggregates
and nonabsorbing particles. Both factors depend on the dust
source and thus have the regional nature.
[75] Finally, Figure 12 presents the likely single-

scattering albedo of three dust samples (Ni-WT, Ch-WT,
and Tu-WT) computed for the considered size distribution
by taking into account all relevant data obtained in this
study. In particular, we used the size-resolved information
for both the mineralogical composition and the fraction �
of iron oxides in aggregates. Yet a number of assumptions
were required. On the basis of our measurements and
literature data on the regional abundance of clays (see
section 2.3), kaolinite was chosen to represent the clay
species in aggregates for the Ni-WT sample, whereas

illite was used for both Tu-WT and Ch-WT. Also, it was
assumed that goethite comprises 70% the mass of iron
oxides in both fine and coarse modes. Although these
assumptions affect !0 shown in Figure 12 to some extent,
the importance of regional variability of iron oxide charac-
teristics and the relative proportion of absorbing aggregates
and nonabsorbing minerals is readily apparent. Furthermore,
Figure 12 also shows !0 computed with commonly
used refractive indexes of Patterson et al. [1977] and OPAC
dust-like [d’Almeida et al., 1991; Hess et al., 1998]. One
can notice significant differences in values and spectral
behaviors of !0 compared in Figure 12. Clearly, neither
Patterson et al. [1977] nor OPAC dust-like refractive
indices are capable of reproducing the regional signature
of mineral dust.

5. Conclusions

[76] For the first time several atmospheric dust samples as
well as samples generated in a laboratory wind tunnel were
analyzed for their total and free iron content, iron oxide
mineralogy, and particle size distribution. The new meth-
odology was developed to incorporate this information into
optical modeling. Applying the methodology to the unique
data set obtained in this study enabled us to investigate the
role of iron oxide characteristics in light absorption by dust
aerosols. A summary of our findings and implications are as
follows.
[77] 1. Measurements demonstrated that the total iron

content when expressed as a percentage of total mass varies
little between the samples regardless of their origin or aging.
However, Fe/Al ratios do vary depending on dust origin.
The Chinese dust sample has the highest Fe/Al ratios
relative to Niger and Tunisian ones. Analysis of a larger
number of regional dust samples will be required to further
explore this tendency.

Figure 11. Single-scattering albedos as a function of
wavelength computed for external mixtures of nonabsorb-
ing species and iron oxide–clay aggregates (HI, GI, GK,
and HK), reconstructed from the elemental composition and
free iron content measured on impactor stages for the three
samples generated in the wind tunnel: Ni-WT, Tu-WT, and
Ch-WT. Single-scattering albedos calculated with the OPAC
and Patterson et al. [1977] refractive indices are also
shown.

Figure 12. Single-scattering albedos as a function of
wavelength computed for Niger, Tunisia, and China wind
tunnel aerosol samples by taking into account all relevant
data obtained in this study. Single-scattering albedos
calculated with the OPAC and Patterson et al. [1977]
refractive indices are also shown for comparison.
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[78] 2. Free iron takes between 25% and 75% of the total
iron mass depending on a particular sample. The free iron
content (expressed as a mass percentage) shows more
variability than the total iron content does. We did not find
a clear relationship between variability of free iron and
either dust origin or aging, though they both may be a
factor. Indeed, the linkage between soil and aerosol iron
content is not simple and needs to be further explored. The
free iron content and free-Fe/Al ratios are larger in coarse
particles compared to fine ones.
[79] 3. In each sample, we found more goethite than

hematite. This stresses the need to include goethite in dust
modeling.
[80] 4. Measurements of iron content and mineralogy

were used to reconstruct the iron oxide–clay aggregates.
In particular, a volume fraction of iron oxide in aggregates
was computed in several different ways to investigate how
iron oxide characteristics (free versus total iron, goethite
versus hematite, and bulk versus size-segregated free iron)
affect the effective refractive indices of aggregates and their
optical properties. By considering the mixtures of iron
oxide–clay aggregates with other light nonabsorbing spe-
cies that were constrained by the elemental analysis data,
the effects of iron oxide characteristics on the optical
properties of regional dust mixtures were investigated.
[81] We found that the real part of the effective refractive

index of aggregates depends on the mineralogy of both iron
oxides (hematite versus goethite) and clays (illite versus
kaolinite), while the imaginary part is controlled mainly by
the volume fraction of iron oxides. The extinction coeffi-
cient of aggregates depends little on their mineralogy.
[82] 5. Although a substantial body of data on total iron

exists, considering total iron in modeling the optical prop-
erties results in a lower single-scattering albedo of iron
oxide–clay aggregates compared to that predicted with free
iron. Furthermore, variability of the free iron content can be
larger than that of total iron. Given that it is a key factor in
determining how much dust can absorb, new data on free
iron content in regional dust are urgently needed.
[83] 6. The variability of free iron content not only affects

the single-scattering albedo of aggregates but also !0 of
their external mixtures with nonabsorbing minerals. In
addition, regional differences in relative abundance of
aggregates and other minerals contribute to differences in
!0 between regional dust samples.
[84] 7. We found large differences in the single-scattering

albedo calculated for the fine and coarse modes. They are
due to both size and the fact that coarse aggregates contain
more iron oxides than fine ones.
[85] 8. Considering hematite or goethite in optical calcu-

lation leads to large differences, especially in the wave-
length dependence of !0. New techniques will need to be
developed to quantify the fraction of these species in
aggregates.
[86] Overall, we conclude that information on the size-

resolved content of free iron and a fraction of hematite and
goethite in aggregates will need to be known on a regional
basis to improve the prediction of the single-scattering
albedo at the solar wavelengths and hence the radiative
effects of atmospheric mineral dust. Given the diverse dust
sources, more realistic representation of regional dust prop-

erties will be of great importance to both climate studies and
various remote sensing applications.
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11416, Niamey, Niger.

D21207 LAFON ET AL.: IRON OXIDES IN MINERAL DUST

19 of 19

D21207


