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Abstract This paper reports on the X-ray absorption analysis of samples of mineral dust emitted from or
transported to Western Africa. We found that iron oxides account, by mass, for 38% to 72% of the total
elemental iron. They are composed of minerals in the Fe(lll) oxidation state: goethite (FeO-OH) and hematite
(Fe;03). The apparent fraction of iron oxide attributed to goethite is higher than hematite regardless of the
source region from which the dust originated. The goethite percent content of iron oxides is in the range
52-78% (by mass), the highest values being measured for dust originating in the Sahel. The limited number of
samples analyzed and the sample-to-sample variability prevent us from concluding firmly on the regional
variability of the goethite-to-hematite ratio. Based on the experimental data on mineralogical composition and
on concurrent measurements of the number size distribution, the optical properties of mineral dust have been
calculated in a Mie approximation for homogeneous spherical particles. At 550 nm, the single-scattering
albedo wq ranges between 0.89 and 0.93, the asymmetry factor g ranges between 0.76 and 0.8 and the mass
extinction efficiency ke varies between 0.5 and 1.1 m?g™"; these values are all in the range of those from
independent direct measurements. Neglecting the partitioning between hematite and goethite and the
assimilation of iron oxides by hematite, as it is often done with models, lowers the single-scattering albedo and
increases the asymmetry factor in the UV-visible spectral region below 550 nm. The mass extinction efficiency is
insensitive to the nature of the iron oxides but rather responds to variations in the number size distribution.
The mineralogy of iron oxides should therefore be taken into account when assessing the effect of mineral dust
on climate and atmospheric chemistry, in particular via interactions involving photolysis.

1. Introduction

Mineral dust is emitted in large quantities from arid and semiarid areas of the globe and accounts for
approximately 2000 megatons to the annual aerosol emissions at the global scale [Shao et al., 2011]. Once in
the atmosphere, mineral dust scatters and absorbs radiation, both at solar and terrestrial wavelengths, thus
affecting the Earth-atmosphere radiation balance.

At the global scale, the range of the reported direct radiative effect by light scattering and absorption by
mineral dust is —0.56 to +0.1 Wm ™2 (net, shortwave + longwave) at the top of the atmosphere (TOA)
[Boucher et al., 2013]. However, at the local scale, observations during intense episodes of dust transport,
when the aerosol optical depth exceeded 1, have documented that the instantaneous outgoing radiation at
the TOA can increase by up to 130 W m ™2 in the shortwave and decrease by up to 30 Wm ™2 in the longwave
[Haywood et al., 2003; Highwood et al., 2003; Haywood et al., 2005; Slingo et al., 2009; di Sarra et al., 2011].

Shortwave radiation absorption by dust warms the atmosphere and cools the surface, while longwave
radiation has the opposite response. Lau et al. [2009] have found that a basic “elevated heat pump” feedback
mechanism, playing a role in altering the water cycle and climate states of West Africa and the tropical
Atlantic, can be initiated by the radiative effect of Saharan dust in the atmosphere if the absorption
properties are such that the shortwave absorption exceeds the longwave absorption. These authors found
that that is the case for highly absorbing dust with a single-scattering albedo wq below 0.95. For larger wy,
dust surface cooling can induce a reduction of the Monsoon intensity, therefore in the regional precipitation,
as stated by Solmon et al. [2008].
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However, the shortwave absorption
properties of mineral dust are debated.
A number of measurements, in situ and

PSA1
b by remote sensing, indicate that dust
— PSA4 is less absorbing than previously
PSA2 \ considered based on optical analysis of
PSA3 ) ; ; -
g PSAG the mineralogical composition [Patterson

PSAS Y et al, 1977; Dubovik et al.,, 2002; Sinyuk
+ J g et al,, 2003; Haywood et al., 2003;
McConnell et al., 2008; Otto et al., 2009;
Formenti et al,, 2011; Ryder et al., 2013].
Recent modeling efforts have revised

. o . . . the description of the shortwave dust
Figure 1. Localization of the Banizoumbou ground-based site, Niger . .
(cross) superimposed on the map of the major potential source areas optical properties to take these
(PSA) identified by Scheuvens et al. [2013]. The approximate localization of ~ €Xperimental data into account [Shi et al,,
the Sahelian dust sources is also indicated. Figure reproduced from 2005; Balkanski et al,, 2007]. Model
Scheuvens et al. [2013] with permission from Elsevier. calculations were based on two

hypotheses: (i) iron oxides are the major
absorbing species in the shortwave and (ii) iron oxides can be represented by only one mineralogical species,
hematite (Fe,03). However, on a column-closure experiment, McConnell et al. [2010] have shown that
closure of measured broadband shortwave radiative fluxes (both downwelling and upwelling) is best
achieved when the radiative calculations are initiated by assimilating the absorption properties of iron
oxides to those of goethite (FeO-OH), the most widely distributed iron oxide in soils [Schwertmann, 1971].

In fact, hematite and goethite, both in the Fe(lll) oxidation state, are the major iron oxide species in mineral dust
[Torrent et al, 1983] and control its absorption properties toward shortwave radiation [e.g., Sokolik and Toon,
1999; Arimoto et al,, 2002; Claquin et al,, 1999; Lafon et al, 2006]. They have distinct optical properties in the
shortwave, both in terms of intensity and spectral dependence [Bedidi and Cervelle, 1993]. Between 460 and
700 nm, the imaginary part of the complex refractive index (representing absorption) of goethite is up to 3
times lower than that of hematite. The spectral dependence is pronounced for hematite, for which the
imaginary part of the refractive index decreases almost monotonically between 0.35 at 460 nm and 0.15 at
700 nm. For goethite, the imaginary part of the complex refractive index varies between 0.07 and 0.10 except at
520 and 680 nm where it presents a band-like structure with absorption reaching 0.13. As a consequence, the
apportionment of hematite and goethite in mineral dust can potentially change the magnitude and the
spectral dependence of shortwave absorbing properties of mineral dust.

To date, however, only a few, semiquantitative assessments of the partitioning between hematite and
goethite in dust aerosols exist, and they are based on visible spectroscopy on aerosol particles collected on
filters [Arimoto et al., 2002; Lafon et al., 2006; Formenti et al., 2008] or on mapping of the soil mineralogical
composition [Journet et al., 2014].

This paper presents new quantitative data on the distribution of hematite and goethite in African mineral
dust; this is relevant to establishing its light absorption properties, hence its direct effect on the radiation
balance. This research is based on X-ray absorption analysis of dust samples collected in Niger during winter
and summer 2006 in the framework of the African Monsoon Multidisciplinary Analyses (AMMA) program
[Redelsperger et al., 2006]. Niger is in the core of the Sahel and experiences local emissions mainly at the
beginning of the rainy season [Marticorena et al., 2010]. It is also situated downwind of some of the most
persistent Saharan dust sources at the global scale: the Bodélé depression in Chad, the areas in the North of
Mali and the south of Algeria, but also those in Libya, Egypt, and Sudan [Prospero et al., 2002; Laurent et al.,
2008; Rajot et al., 2008; Washington et al.,, 2006].

2. Methods
2.1. Sample Collection and Handling

The field samples discussed in this paper were collected at the ground-based site of Banizoumbou (13.5°N; 2.6°E,
250 m above sea level), a remote location at approximately 60 km east of the capital of Niger, Niamey (Figure 1).
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Table 1. General Information on Sampling Times and Origin for the Samples Analyzed in This Work®

Sample ID Start Date and Time (Local) Stop Date and Time (Local) Origin Smectite
SOP0-4 15/01/2006 09:09 15/01/2006 14:45 PSA5 (Bodélé) N
SOP0-5 15/01/2006 15:56 16/01/2006 08:54 PSAS5 (Bodélé) Y
SOP0-29 29/01/2006 19:22 30/01/2006 07:35 PSA3 + North Niger N
SOP0-31 30/01/2006 13:13 31/01/2006 09:17 PSA3 + North Niger Y
SOP0-38 03/02/2006 17:01 04/02/2006 09:45 PSA3 Y
SOP0-46 08/02/2006 10:30 09/02/2006 09:15 PSA3 + traces of Sahelian dust from local erosion Y
SOP1-15 08/06/2006 10:29 08/06/2006 19:19 PSA3 + traces of Sahelian dust from local erosion N
SOP1-17 08/06/2006 22:33 09/06/2006 06:40 Sahelian dust, posterosion N
SOP1-19 10/06/2006 14:40 11/06/2006 11:00 PSA5 (Bodélé/Sudan) N
SOP1-22 13/06/2006 11:47 13/06/2006 17:23 PSA5 (Bodélé/Sudan) Y
SOP1-37 23/06/2006 12:46 23/06/2006 12:56 Sahelian dust, local erosion N
SOP1-48 01/07/2006 23:50 02/07/2006 00:02 Sahelian dust, local erosion N

@PSA indicates major potential source areas (PSA) identified by Scheuvens et al. [2013] and shown in Figure 1.

Sample collection was conducted during two of the AMMA Special Observing Periods (SOPs): in the winter,
between 13 January and 13 February 2006, and in the summer, between 31 May 2006 and 17 July 2006.

These field samples correspond to the collection of dust either transported from Saharan sources or emitted
locally in Banizoumbou or in close proximity (Table 1). Transported samples represent a diversity of origins,
including the Bodélé depression, whose emissions were sampled during both seasons. Three episodes of
native local emission of Sahelian dust were also sampled and characterized [Formenti et al., 2011]. The
attribution of origin for remote sources was made using a number of indicators (elemental composition, back
trajectories, emission maps, and satellite images) as described in Rajot et al. [2008] and Formenti et al. [2014].

Aerosol sampling was performed using two identical wind-oriented inlets designed purposefully for the
AMMA field campaigns [Rajot et al., 2008]. The cutoff diameter 50% efficiency of these inlets was calculated to
be approximately 40 um by using the standard formulae of particle losses in inlets and tubing as reported in
Baron and Willeke [2001] and Hinds [1999]. Samples were collected on acid-washed 47 mm polycarbonate
Nuclepore filters (0.4 um pore size) mounted on plastic rings and stored in Petri dishes before and after
sampling. As indicated in Table 1, sampling time was on the order of hours, and the duration varied
depending on the aerosol mass concentration measured online by a Tapered Element Oscillating
Microbalance (Rupprecht and Patashnick, Albany, USA) [Rajot et al., 2008].

2.2. Standard Samples

According to concurrent X-ray diffraction measurements [Formenti et al., 2014], Fe in the field samples was
associated with iron oxides, illite, and smectites.

Therefore, five mineral standards representing Fe(lll)-bearing minerals were chosen (Table 2):

1. A standard sample of illite from Le Puy, France, with a relatively high structural Fe content (5% by mass)
and an iron oxide content of <0.1% [Van Olphen and Fripiat, 1979].
2. Natural standards of goethite and hematite, from Minnesota and Niger, respectively.

Table 2. Information on Mono, Binary, and Ternary Mineral Standards Used in This Work

Standard Stoichiometric Formula Origin, Provider Iron Content (%)
Illite du PUy (Si3‘55AI0.45)(AI1‘27Fe0.36 Mgo,44)O1O(OH)2(Ca0‘01 Na().()] K0~53X(|)0‘12)a Puy, France 5
Goethite FeO OH Minnesota (WNSE) 63
Hematite Fe503 Niger (IRD) 57
Montmorillonite (Na,Ca)g 3(Al,Mg);Si4010(0H; - n(H,0) Osage, Wyoming (WNSE) 26
Nontronite Nag 3Fex(Si,Al)4010(0OH), - nH20 Allentown, Pennsylvania, (WNSE) 23
H50G50 Binary mixture of 50% hematite and 50% goethite (by mass) - 67
H25G75 Binary mixture of 25% hematite and 75% goethite (by mass) - 65
130G30H30 Ternary mixture of 30% illite, 30% hematite, and 30% goethite (by mass) - 45

X refers to an exchangeable cation with a composition 93% Na, 3% K, and 2% Ca. IRD = Institut de la Recherche pour le Développement and WNSE = Ward's

National Science Establishment.

FORMENTI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 12,742



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2014JD021668

3. A nontronite standard representing a Fe-rich smectite, and a montmorillonite standard representing a
Fe-poor smectite.

The Fe content in these standards was determined experimentally by wavelength dispersive X-ray
Fluorescence analysis [Journet et al., 2008].

Standards were prepared either as deposit on Nuclepore filters or as pressed pellets diluted to <5% total Fe
(by mass) in quartz to mimic the matrix of a natural dust sample. In the same way, we prepared binary or
ternary mixtures of hematite, goethite, and illite where the standards were mixed in known proportions and
that we used as control. These are listed in Table 2.

2.3. Sample Analysis

2.3.1. Quantification of Fe Oxide Content

The Fe oxide content, defined as the fraction of Fe that is not in the framework of the crystal structure of
silicates [Karickhoff and Bailey, 1973], was determined by applying the classical extraction method of Mehra
and Jackson [1960] for soil analysis in the form adapted by Lafon et al. [2004] to aerosol filters. This method
typically produced a sampled mass smaller than 500 ug.

The Mehra and Jackson [1960] extraction method uses a Citrate-Bicarbonate-Dithionite (CBD) reagent to
dissolve iron oxides selectively via reduction.

The Fe oxide content was estimated as the difference of total Fe content in the samples measured by wavelength
dispersive X-ray fluorescence analysis [Lafon et al, 2004] prior to and after dissolution. We used a PW-2404
spectrometer by PANalytical. Excitation X-rays are produced by a Coolidge tube (/ax = 125 MA, Vijax = 60 kV) with
a Rh anode; the primary X-ray spectrum can be controlled by inserting filters (Al, at different thicknesses) between
the anode and the sample. The full experimental details of these analyses are reported in Formenti et al. [2008].
2.3.2. Speciation of Iron Oxides

The speciation of iron oxides was investigated by X-ray absorption (XAS) at the Fe K-edge. As described in
Wilke et al. [2001] and O'Day et al. [2004], the oxidation state and the bonding environment of Fe in dust
samples give rise to different features in the XAS spectra, in particular:

1. In the preedge region, the shape of the XAS spectra is determined by electronic transitions to empty bound
states, which are strongly influenced not only by the oxidation state of the absorbing atom but also by
the local geometry around the absorbing atom due to hybridization effects. Wilke et al. [2001] found that for
Fe(ll)-bearing minerals the position of the centroid of the preedge is found at 7112.1 eV, whereas it is at
7113.5 eV for Fe(lll)-bearing minerals.

2. In the edge region, which defines the ionization threshold to continuum state, the position of the rising
edge, which depends as well on the oxidation state, is found at approximately 7120 eV.

3. In the X-ray Absorption Near Edge Structure (XANES) region, extending approximately 50 eV above the
K-edge peak, whose features are determined by multiple-scattering resonances of the photo-electron
ejected at low kinetic energies.

The XAS analysis of mineral dust samples described in this paper was performed at the SAMBA
(Spectroscopies Applied to Materials based on Absorption) line at the SOLEIL synchrotron facility in Saclay,
France [Briois et al., 2011].

Samples were mounted in an external setup mode. A Si(111) double-crystal monochromator was used to
produce a monochromatic X-ray beam with 400 mA maximum current and 200 x 200 pm? in size. The energy
range was scanned from 7000 eV to 7800 eV at a resolution varying between 0.2 eV in proximity to the Fe-K
absorption edge (at 7112 eV) and 2 eV in the extended range. Samples were analyzed in the fluorescence mode
without prior preparation. The analysis was repeated three times to improve the signal-to-noise ratio. Each
analysis lasted approximately 30 min.

Data reduction was performed using the Athena IFEFFIT freeware analysis program, which is available for
download at http://cars9.uchicago.edu/ifeffit/BruceRavel/Horae [Ravel and Newville, 2005]. The Fe speciation
was obtained by the least squares fit of the measured XANES spectra based on the linear combination of the
reference spectra, weighted by an ¢; coefficient (the index representing the mineral standard), and varied
until the best fit of the measured signal is achieved. The “best” a; weights obtained from fitting are
interpreted as apparent component fractions of Fe that can be compared to the expected atomic mass
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fractions of Fe in each Fe-bearing mineral. The error on the estimated apparent component fractions of Fe
was assumed to be equal to the error returned on each «; weight by the linear fit procedure. The relative
goodness of fir for the linear regression is estimated from the reduced 42

According to O’Day et al. [2004], fitting of the first derivatives of the normalized spectral absorbance was
preferred in order to take advantage of the spectral variability of the absorbance. Linear combination fits
were performed on 296 data points (in terms of energy, between 7108 and 7166 eV, i.e., between —20 and
+50eV of the K-edge). The a; weights were constrained to vary between 0 and 1 and to sum equal to 1.
The energy axis was allowed to vary to compensate for small variations during the analysis.

2.4. Optical Calculations

To assess the importance of the goethite/hematite apportionment on the optical properties relevant to the
aerosol direct radiative effect, sensitivity calculations were performed. The calculated optical properties are
the spectral mass specific extinction (kex, expressed in m>g™"), the single-scattering albedo wg, and the
asymmetry factor g [Chylek and Wong, 1995], defined as

(1a)

Oe
kext =7
M
Os

(1b)

wo =

os + 0g
17
g= EJOCOSQP(H)SM 6do (10)
where ¢, o, and ¢, are the particle volume extinction, scattering, and absorption coefficients (units Mm™, i.e.,

10%m™), respectively, M is the aerosol mass concentration (expressed in ug m), P(6) is the angular distribution
of scattered light (the phase function), and 8 is the light scattering angle [Bohren and Huffman, 1983].

These optical properties depend on wavelength, as well as on the aerosol composition, size distribution, and
shape. In the approximation of homogeneous spherical particles, they can be written as

dN

Oe = In r? Qe(m’r)dlogrdIOQr (2a)
dN

05 = Jn- r’ Qs(m,r) —dlogrdlogr (2b)
dN

Oq = In r? Oa(m,r)mdlogr (2¢0)

where dN/dlogr is the number size distribution in particle radius r, m is the particle complex refractive index
depending on particle composition, and Q, and Q, are the single-particle scattering and absorption
efficiencies, respectively [Bohren and Huffman, 1983].

Calculations were performed for those samples for which we had been able to assess both the full
mineralogical composition [Formenti et al., 2014] and the number size distribution. This was measured in the
range 0.3-17 um in equivalent optical diameter (nominal values) by an optical particle counter (GRIMM Inc.,
model 1.108). The measured size distributions were parameterized by a log-fit curve representing nine
lognormal modes described according to

2
dN Niot i logr — logrg;
_ Z tot,i exp 7( g - ¢} gJ)
dlogr V27 logagy, 2log®ay,
where rg; represents the median diameter, o4 is the geometric standard deviation, and Ny, is the total
aerosol number concentration of the i mode [Seinfeld and Pandis, 1997]. Calculations were performed based

on the hypothesis that minerals are in internal mixing. The complex refractive index m has thus been
calculated in the volume-mixed approximation as

m:Zfimi
i

where f;and m; represent the volume fraction and the complex refractive index for the mineral j, respectively
[Bohren and Huffman, 1983]. The volume fractions were calculated from the measured mass fractions
assuming the following mass densities: 2.65 g cm ™~ for illite, kaolinite, quartz, and calcite, 4.28 g cm™> for
goethite, and 5.25 g cm ™3 for hematite [Formenti et al,, 2014]. The complex refractive indices used for each
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Table 3. Complex Refractive Indices of Individual Minerals Used in This Study?

Mineral Reference Spectral Domain (um)
lllite Egan and Hilgeman [1979] 0.185-2.6
Kaolinite Egan and Hilgeman [1979] 0.185-2.6
Calcite Querry et al. [1978] 0.2-25
Dolomite Barthelmy [2007] 0.185-2.5
Albite Barthelmy [2007] 0.185-2.5
Orthose Barthelmy [2007] 0.185-2.5
Gypsum Barthelmy [2007] 0.185-2.5
Goethite Bedidi and Cervelle [1993] 0.46-0.7
Hematite Bedidi and Cervelle [1993] 0.4-0.7
Quartz Longtin et al. [1 988]b 0.2-2

The spectral domains are indicated.
Longtin et al. [1988] have compiled values of complex refractive indices for quartz based on different sources.

mineral are referenced in Table 3. The internal mixing assumption is clearly an approximation as minerals,
except iron oxides, are mostly in external mixing [Formenti et al.,, 2014]. However, this assumption has the
advantage of simplicity of calculation, interpretation, and the possibility of comparing with model results.

Calculations were performed at discrete wavelengths (440, 660, and 870 nm) coinciding with those of the Sun
photometers of the Aerosol Robotic Network (AERONET) [Holben et al., 1998] and those (450 and 550 nm)
of in situ instruments, such as the integrating nephelometer, the aethalometer and the Particle Soot
Absorption Photometer [e.g., Anderson et al., 1996; Formenti et al., 2011; Ryder et al., 2013], commonly used in
field campaigns on mineral dust, as well as at 370 nm, where hematite absorbs most strongly.

3. Results and Discussion

3.1. Quantification of Hematite and Goethite in Mineral Dust Samples

The normalized XANES spectra and the corresponding first derivatives are shown in Figure 2 for both the
natural and the standard samples. The spectral behavior of the natural samples is rather uniform.

SAMPLES MWM"W SOP1-48
SOP1-48 MW SOP1-37
S0P1-37 -/v\/-/\/\‘\w_w SOP1-22
Sop1-22 —/‘\//dd\h\www SOP1-19
SOP1-19

SOP1-17 W SOP1-17
SOP1-15

-/\«,//\\WM SOP1-15

Vi

SOP0-46 g
S0P0-33 5 _/»\MSOPO-%
- a
$0P0-31 S Msovo-as
SOP0-29 2
8 SOPO-5 ® SOP0-31
s K
g SOP0-4 N WSOPO-ZQ
5 s
4 £ M”m
© o
o c _AV_/"’\\WSOPM
2 2
s S
E STANDARDS E MMM
o [
4 T
‘é MWW
=
|
) )V\/\/\J\/-/\/
M
[}
N
7110 7120 7130 7140 7150 7160 7110 7120 7130 7140 7150 7160

Energy, eV Energy, eV

Figure 2. XANES spectra of (left) the normalized absorbance and (right) its first derivative (top) for the dust samples and
(bottom) for the monomineral standards. The monomineral standards are identified by their first letter (H = hematite,
G = goethite, | =illite, M = montmorillonite, and N = nontronite). Spectra are represented in arbitrary units on a linear scale.
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Figure 3. XANES spectra of (left) the normalized absorbance and (right) its first derivative in the preedge region (top) for
the dust samples and (bottom) for the monomineral standards. The monomineral standards are identified by their first
letter (H = hematite, G = goethite, | = illite, M = montmorillonite, and N = nontronite). Spectra are represented in arbitrary
units on a linear scale.

Nonetheless, some distinctive features can be identified. A double-peak structure corresponding to the edge
region is found at 7124 and 7128 eV on the first derivative spectra. This is also evident in the monomineral
standards, albeit with different peak heights depending on the mineral. As an example, the intensity of the two
peaks is almost equal for montmorillonite, whereas the first peak is less intense than the second in the case of
illite. A second peak in the XANES region between 7132 and 7136 eV is also evident for samples of dust
originating from PSA3 and PSA5 but is almost indistinguishable for samples of Sahelian dust (SOP1-17, SOP1-37,
and SOP1-48). This feature is distinctive for all monomineral standards, except goethite.

Figure 3 provides a closer look at the preedge region, again for both the normalized XANES spectra and the
corresponding first derivatives. The preedge region of the natural samples is characterized by a double-peak
structure due to the 1s— 3d/4p transition [Drdiger et al,, 1988]. Centroids are positioned between 7114

and 7115.8-7116 eV, indicating that iron is found exclusively in the Fe(lll) oxidation state [Wilke et al,, 2001]. The
intensity of the centroid peaks is modulated by the mixing of the different sixfold structures of the mineral
phases. When looking at the standards, the amplitude of second peaks is indeed more pronounced for
hematite and goethite with respect to the group containing illite-nontronite and montmorillonite. This is due to
the increased distortion of the octahedral structure of the O atoms around Fe(lll) [Wilke et al., 2001].

The iron oxide apportionment was first tested by the least squares linear combination fit of the first derivatives
of XANES normalized absorbance spectra of the binary or ternary standard mixtures between hematite,
goethite, and illite (Figure 4). As shown in Table 4, the comparison of the expected and the estimated relative
proportions of Fe is within 9%, which is within one standard deviation regardless of the mixture.

The results of the Fe apportionment of the natural samples are shown in Table 5. The apportionment model was
adapted to the knowledge of the mineralogical composition of the samples obtained independently by X-ray
diffraction (XRD): for samples not containing smectites (SOP0-4, SOP0-29, SOP1-15, SOP1-17, SOP1-19, SOP1-37,
and SOP1-48), the apportion model included illite, hematite, and goethite only. When smectite clays had been
detected by XRD (samples SOP0-5, SOP0-31, SOP0-38, SOP0-46, and SOP1-22), we performed two calculations
with a four-component model, one considering nontronite and a second considering montmorillonite to
represent the possible bounds of variability in this clay type that we are unable to quantify.
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Figure 4. Least squares linear combination fit of the binary or ternary Bodélé (samples SOP0-4, SOP0-5, and
mixtures between hematite, goethite, and illite (H50H50, H25G75, and SOP1-22), whereas the highest value
I30G30H30, see Table 2). Lines represent the experimental first derivative  corresponds to samples of Sahelian dust
of the normalized absorbance (black), the least squares linear combina- emitted locally in Banizoumbou

tion fit (light gray), and the residual curve (dark gray). (SOP1-17, SOP1-37, and SOP1-48). This

means that iron associated with clays is
predominant in the samples issued from Bodélé, accounting for 55% (+10%) of the total iron, whereas it
represents only 29% (+2%) of the total iron in the Sahelian samples. The comparison with the independent
estimate of the iron oxide content from the CBD extraction analysis is possible for seven samples, as shown in
Table 5. The agreement is satisfactory. Differences between the two estimates are compatible within one
standard deviation of the combined error, with the only exception being sample SOP0-4 of Bodélé dust, for
which the apparent fraction of Fe attributed to iron oxides estimated by XANES is significantly lower than the
value obtained by CBD, i.e., 38% (+£6%) against 52% (+5%), respectively. Our estimates are also in agreement
with Lazaro et al. [2008], who observed higher iron oxide content in Sahelian than in Saharan dust.

Table 4. Comparison of Expected Relative Abundances of Fe in Binary and Ternary Mixtures With Those Estimated From
Least-Square Linear Regressions of First Derivatives of XANES Normalized Absorbance Spectra

Expected Relative Abundances Estimated Relative Abundances

Sample ID Hematite Goethite lllite Hematite Goethite lllite
H50G50 0.53 0.48 = 0.56 (0.026) 0.44 (0.026) ==
H25G75 0.23 0.77 = 0.29 (0.029) 0.71 (0.026) ==
130G30H30 0.46 0.50 0.04 0.45 (0.034) 0.50(0.029) 0.052 (0.019)
FORMENTI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 12,747
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Table 5. Results of Least Squares Linear Combination Analysis of the XANES Spectra of Dust Samples®
Apparent Fraction of Fe, XANES

Apparent Fe Oxide Fraction

Sample ID Origin lllite Goethite Hematite Montmorillonite Nontronite XANES CBD
SOP0-4 PSA5 (Bodélé) 0.62 (0.02) 0.23 (0.03) 0.15 (0.03) == 0.38 (0.06) 0.52 (0.05)
SOPO0-5 PSA5 (Bodélé) 0.45 (0.02) 0.25 (0.02) 0.15 (0.03) 0.14 (0.04) - 0.40 (0.05) -
0.38 (0.02) 0.21 (0.02) 0.16 (0.03) - 0.26 (0.04) 0.36 (0.05) -
SOP1-19 PSA5 (Bodélé/Sudan) 0.39 (0.02) 0.39 (0.03) 0.22 (0.03) - 0.61 (0.06) 0.55 (0.06)
SOP1-22 PSA5 (Bodélé/Sudan) 0.53 (0.02) 0.31 (0.03) 0.10 (0.03) 0.06 (0.04) - 0.41 (0.05) -—-
0.47 (0.03) 0.28 (0.03) 0.09 (0.03) 0.17 (0.05) 0.36 (0.05)
SOP0-38 PSA3 0.30 (0.02) 0.33 (0.02) 0.18 (0.03) 0.20 (0.04) 0.50 (0.05) 0.59 (0.06)
0.25 (0.02) 0.31 (0.02) 0.20 (0.03) - 0.25 (0.04) 0.50 (0.05) -—-
SOP0-29 PSA3 + North Niger 0.38 (0.02) 0.42 (0.02) 0.20 (0.03) - 0.62 (0.05) 0.65 (0.07)
SOP0-31 PSA3 + North Niger 0.29 (0.02) 0.29 (0.02) 0.24 (0.03) 0.17 (0.04) = 0.53 (0.05) ===
0.22 (0.02) 0.25 (0.02) 0.26 (0.03) - 0.27 (0.04) 0.51 (0.05) -—-
SOP0-46 PSA3 + traces of Sahelian dust 0.25 (0.02) 0.33 (0.02) 0.23 (0.02) 0.19 (0.04) - 0.56 (0.04)
from local erosion 0.20 (0.02) 0.30 (0.02) 0.25 (0.02) 0.25 (0.04) 0.55 (0.05)
SOP1-15 PSA3 + traces of Sahelian dust 0.39 (0.02) 0.43 (0.03) 0.18 (0.03) - - 0.62 (0.06) 0.51 (0.05)
from local erosion
SOP1-17 Sahelian dust, posterosion 0.28 (0.02) 0.45 (0.02) 0.26 (0.03) — 0.72 (0.05) 0.64 (0.06)
SOP1-37 Sahelian dust, local erosion 0.28 (0.03) 0.45 (0.04) 0.26 (0.05) - 0.72 (0.09) 0.70 (0.07)
SOP1-48 Sahelian dust, local erosion 0.32 (0.02) 0.49 (0.03) 0.18 (0.04) - 0.68 (0.07)

@Columns 1-4 show the apparent fractions of Fe estimated for each mineral and the apparent Fe oxide fraction obtained by summing the apparent fractions
attributed to hematite and goethite (column 5). When possible, this is compared with the Fe oxide fraction obtained by CBD analysis. Numbers in brackets are the
absolute uncertainties estimated from the error returned by the least squares linear combination fit in the case of the XANES analysis and to the analytical errors in the
case of the CBD results. Samples for which least squares linear combination analysis was performed once assuming the smectite in the form of montmorillonite, once
in the form of nontronite, are reported twice.
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Figure 5. Box plots of the apparent fractions of goethite and hematite in iron oxides estimated by analysis of XANES spec-
tra of samples sorted by estimated origin. The 5th, 50th, and 95th percentiles of the distributions of values are shown.
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1000 5

Our results indicate that goethite
accounts for 52% (£5) to 78% (+7) and
hematite accounts for 22% (+3) to 48%
(£5) of the total iron oxide mass. There
is a difference in the mean values
0.01 —————r —————er - estimated separately for the dry season
o I;adius, um 10 and the wet season samples (57% +6
and 67% =6, respectively). This is likely
Figure 6. Mean number size distribution dN/dlogr for seven of the 12 due to the local erosion samples, which
samples investigated in this study. are predominant during the wet season
and which are richer in iron oxides than
samples issued from PSA5 or PSA3. However, the dependence of the goethite and hematite content on
the dust origin cannot be strictly established due to the low number of samples analyzed and to the large
variability of the measured values when sorting them according to the expected source regions (Figure 5).

Particle concentration, cm™

o
!

Table 6. Parameters of the Log-Fit Used to Approximate the Measured Number Size Distribution: rg (in Nanometer)
Represents the Median Diameter, og is the Geometric Standard Deviation, and Niot (in cm73) is the Total Aerosol
Number Concentration

M1 M2 M3 M4 M5 Mé M7 M8 M9

SOP0-04

Niot 660 140 40 34 10 18 5 16 0.1

rg 120 198 275 450 875 1200 1650 3000 5500

og 14 1.6 13 1.2 1.2 15 13 14 14
SOP1-19

Niot 200 36 2 4 2 14 0.5 0.16 0.026

Ig 120 198 275 450 875 1200 1650 3000 5500

og 14 1.6 13 1.2 1.2 15 13 14 14
SOP1-21

Niot 300 50 6 8 4 4 1 0.4 0.08

Ig 120 198 275 450 875 1200 1650 3000 5500

ag 14 16 13 1.2 12 15 13 14 14
SOP0-46

Niot 200 50 6 8 3.2 4 14 0.8 0.08

rg 120 198 275 450 875 1200 1650 3000 5500

og 14 1.6 13 1.2 1.2 15 13 14 14
SOP1-15

Niot 200 20 2 6 2.400 3 0.2 0.24 0.04

Ig 120 198 275 450 875 1200 1650 3000 5500

og 14 1.6 13 1.2 1.2 15 13 14 14
SOP1-17

Niot 400 40 2 24 4 14 4 1 0.04

Ig 120 198 275 450 875 1200 1750 3000 5500

ag 14 16 13 13 12 14 13 14 14
SOP1-37

Niot 200 30 2 10 4 5 2 1.2 0.26

rg 120 198 275 450 875 1200 1750 3000 5500

og 14 1.6 13 1.2 1.2 14 13 14 1.5
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mineral dust samples. Whereas the
XANES spectra of oxide phases are
significantly distinct from those of

Figure 7. Single-scattering albedo, asymmetry factor and mass scattering
efficiency (m2 g_1) calculated with the measured goethite-to-hematite
ratio (solid line). The single-scattering albedo values are compared to values
published in the open literature. They are referenced as follows: phyllosilicates, O'Day et al. [2004] have
02008 = Osborne et al. [2008], MC2008 = McConnell et al. [2008], questioned the ability of distinguishing
02009 = Otto et al. [2009], S2009 = Schladitz et al. [2009], M2010 = Miiller among the oxide phases because of the
et al. [2010], F2011 = Formenti et al. [2011], and R2013 = Ryder et al. [2013].
Data are also compared to mean values for June 2006 obtained from the
AERONET Sun photometer observations at the site of Banizoumbou.

proximity of the position of peak edges
and inflection points in their spectra.
Nevertheless, it seems to us that the
differences in the spectra both in the preedge (Figure 3) and in the XANES regions at approximately 7130 eV
(Figure 2), as well as the success obtained in apportioning binary and ternary mixtures, demonstrate the
ability to quantify the relative proportions of hematite and goethite in our samples.

It is also true that Fe oxyhydroxides or Fe phyllosilicates formed in soils might differ from those of standards
minerals, both synthetic and natural. Al substitutions in hematite and goethite in tropical soils might reach up to
10 and 30% by mole, respectively [Mendelovici et al., 1979; Murad and Schwertmann, 1988; Wiriyakitnateekul
et al, 2007]. This is the reason we have chosen, as much as possible, standards corresponding to the expected
soil mineralogy of the investigated areas. The hematite standard, from Niger, has an iron content of 57%

(by mass), lower than that expected from the stoichiometric formula (63%), suggesting that approximately 1%
of Fe is substituted. The iron content of the goethite standard is 63%, lower by 9% than that expected from the
stoichiometric formula (70% by mass). As a consequence, we might even be underestimating the apparent
fraction of goethite in the samples.

3.2. Estimate of Optical Properties

Calculations of optical properties were performed on seven samples of dust originating in the Bodélé and
Bodélé/Sudan regions (PSA5), locally from Banizoumbou, or representing mixing between long-range
transport of Saharan dust from PSA3 and Sahelian dust picked up during transit.

The mean number size distributions corresponding to these filter samples are shown in Figure 6. The
corresponding log-fit parameters (the median diameter ry, the geometric standard deviation o, and Ny the
total aerosol number concentration) used to initialize the Mie calculations are reported in Table 6. The modal
median diameters are the same for all the distributions, but their relative intensities change. In particular, the
coarse mode at 5.5 um changes significantly and is most pronounced in the case of local emission of Sahelian
dust (sample SOP1-37).

Results of the Mie calculations of the wq, g, and key; are shown in Figure 7. Values of the single-scattering albedo
measured during the AMMA, DODO, DABEX, SAMUM, and FENNEC field campaigns [McConnell et al., 2008;

Osborne et al., 2008; Schladitz et al., 2009; Otto et al., 2009; Mdiller et al., 2010; Formenti et al.,, 2011; Ryder et al.,
2013] are also shown for comparison. There is a certain spread in the calculated values; this derives both from
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Figure 8. Comparison of single-scattering albedo, asymmetry factor, and mass scattering efficiency (m? 971) calculated with the measured goethite-to-hematite
ratio (solid thick line) and with the hematite (solid fine line).

the variability of the number size distribution and from the mineralogical composition. For the single-scattering
albedo, the highest variability is at 370 nm, where ®q varies between 0.75 and 0.85. At 870 nm, the spread
among values decreases and wg varies between 0.95 and 0.98. At 550 nm, where most of the measurements are
available, our estimates range between 0.89 and 0.93. These values are in the range of those measured during
field campaigns; the SAMUM-1 and the FENNEC ones represent the lower bound and the AMMA, DODO, and
DABEX represent the upper bound. Values of g vary between 0.78 and 0.83 at 370 nm and between 0.73 and
0.77 at 870 nm. Values of ke, vary between 1.1 and 0.5 m2g™", with limited spectral dependence.

All field data (ours included) were obtained for specific and differing atmospheric conditions. Therefore, it is
difficult to assess whether differences are due to regional variability of the composition or to differences in the
size distribution, or both. As already noted by Klaver et al. [2011], there is no systematic relation between the
iron oxide content and/or the relative proportions of goethite and hematite and the magnitude of the single-
scattering albedo, which will also depend on the complex refractive index of the dust matrix in which the iron
oxides are embedded, on their mixing state and on their size distribution. This is does not contradict the
conclusions of Moosmidiller et al. [2012], who found a linear relationship between the single-scattering albedo
and the elemental iron content in fine dust (mass fraction of particles of diameter smaller than 2.5 um) but did
not take into account the fact that not all the elemental iron is in the form of light-absorbing oxides.

To highlight the effect of representing the mineralogy of the iron oxides in mineral dust, Figure 8 shows the
values of g, g, and ke obtained by taking into account the relative proportions of hematite and goethite
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compared to those calculated as if all the iron oxides were in the form of hematite. The predominance of
goethite over hematite reduces the spectral dependence of the single-scattering albedo and the asymmetry
factor. The single-scattering albedo increases at wavelengths below 660 nm (up 12%) but decreases slightly
at 870 nm (within 3%). Conversely, the asymmetry factor is lowered below 550 nm (within 3%) and increases
by 1% above. The mass extinction efficiency is unaffected by changes in the mineralogical composition.

4. Conclusions

Using nondestructive X-ray absorption on natural bulk samples of mineral dust emitted or transported over
Western Africa, we were able to apportion elemental iron in mineral dust between illite, smectite clays,
and iron oxides. We have shown that in the aerosol phase (as in soils), iron oxides are composed of
goethite, an iron oxy(hydro)oxide, and hematite, both of which are in the Fe(lll) oxidation state. Regardless
of the source region, goethite is more abundant than hematite. Goethite and hematite are major light
absorbers in the shortwave spectrum. Therefore, their partitioning is relevant to the direct effect of mineral
dust on radiation, and their quantitative apportionment has to be taken into account by models predicting
the direct radiative effect of mineral dust in the shortwave spectrum. In particular, a sensitivity study shows
that the dominance of goethite over hematite reduces the single-scattering albedo in the UV region where
dust can affect atmospheric photochemistry [Casasanta et al., 2011]. Conversely, the partitioning between
hematite and goethite is not important in the longwave, where iron oxides play a minor role in light
absorption [Di Biagio et al., 2014]. In the same way, the repartition between hematite and goethite is
not relevant to estimating the iron fractional solubility in water [Journet et al., 2008]; this is highly
dependent on the position and oxidation states in each mineral lattice [Shi et al., 2012]. The position
of the preedge peak indicates the absence of Fe(ll) minerals in our samples; this is in agreement with
the poor solubility observed for African mineral dust at the source [Paris et al, 2010, 2011]. This is also
in agreement with various previous studies of soils as well as mineral dust aerosols transported
towards urban areas [Ohta et al., 2006; Prietzel et al., 2007.

This research should be pursued in various ways. A systematic investigation of the regional variability of the
mineralogy of the iron oxides is envisaged in order to increase the statistical representativeness of the current
results, as well as to enlarge the number of source regions investigated. Furthermore, the study of the
dependence of the goethite-to-hematite ratio on particle size will be pursued to improve the representation
of the mineralogy of mineral dust in climate models.
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