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Abstract. Giant particles transported over long distances areering giant particles. Giant dust particles with high settling
generally of limited concern in atmospheric studies due tovelocity would be the major input into the terrestrial and ma-
their low number concentrations in mineral dust and possi-rine sedimentary and ecological systems of East Asia and the
ble local origin. However, they can play an important role in western Pacific. Analysis of ancient aeolian deposits in Ko-
regional circulation of earth materials due to their enormousrea suggested the common deposition of giant particles from
volume concentration. Asian dust laden with giant particlesAsian dust through the late Quaternary Period. The roles of
was observed in Korea on 31 March 2012, after a migra-giant particles should be reviewed with regard to regional cir-
tion of about 2000 km across the Yellow Sea from the Gobiculation of mineral particles and nutrients.

Desert. Scanning electron microscopy (SEM) revealed that
20 % of the particles exceeded 10 um in equivalent sphere

diameter, with a maximum of 60 um. The median diameter

from the number distribution was 5.7 um, which was larger i

than the diameters recorded of 2.5 and 2.9 um in Asian dust Introduction

storms in 2010 and 2011, respectively, and was consistent

with independent optical particle counter data. Giant parti-Asian dust is composed of soil particles from the surfaces of
cles (>10pm) contributed about 89 % of the volume of the Western China and Mongolia. Asian dust is transported east-
dust in the 2012 storm. lllite—smectite series clay mineralsward across China, Korea, Japan, and the North Pacific. The
were the major mineral group followed by quartz, plagio- Size, morphology, chemistry, and mineralogy of dust parti-
clase, K-feldspar, and calcite. The total phyllosilicate contentcles are important for modeling their transport (Westphal et
was ~52 %. The direct long-range transport of giant parti- al., 1987; In and Park, 2002), radiative impacts (Tegen and
cles was confirmed by calcite nanofibers closely associate#acis, 1996; Reid et al., 2003; Park et al., 2005; Kandler et
with clays in a submicron scale identified by high-resolution &l 2007; Kim et al., 2008), and chemical reactions (Laskin et
SEM and transmission electron microscopy. Since giant par@l-» 2005; Jeong and Chun, 2006; Dentener et al., 1996; Sul-
ticles consisted of clay agglomerates and clay-coated quartzivan et al., 2009; Song et al., 2013). They supply inorganic
feldspars, and micas, the mineral composition varied littlenutrients to marine ecosystems (Meskhidze et al., 2005), and
throughout the fine (<5 pm), coarse (5—-10 ym), giant-S (10-2r€ eventually deposited on land and the ocean floor to form
20 um), and giant-L (> 20 pm) size bins. Analysis of the Syn_aeolian sediments, recording paleoclimatic changes through
optic conditions of the 2012 dust event and its migration in-the Quaternary Period (Bradley, 1999). The Korean Penin-
dicated that the mid-tropospheric strong wind belt directly Sula lies in the main path of the Asian dust transfer and is

stretching to Korea induced rapid transport of the dust, deliv-Suitable for observation of its physical, optical, and chemical
characteristics (Seinfeld et al., 2004).
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In studies of mineral dust, attention is often paid to fine Asian dust was observed in Korea on 31 March 2012. De-
particles because they are more respirable, produce harmfgpite a low TSP concentration, it was laden with giant parti-
effects (Dockery et al., 1993), react with gaseous pollutantxles compared to two previous events (2010 and 2011). The
(Dentener et al., 1996), and reflect light close to solar wave2012 dust provided a unique opportunity to observe the long-
lengths (Tegen and Lacis, 1996). Modeling of the radiativerange transport of the giant particles. We report physical,
properties of mineral dust considers particles <10 um be-mineralogical and meteorological characteristics of the 2012
cause the atmospheric lifetime of particles >10um is lessdust event, in comparison to previous events, and discuss the
than 1 day (Tegen and Lacis, 1996; Seinfeld and Pandistemote origin of giant particles as well as the implications for
2006). Chun et al. (2001) suggested that particles >10 pmegional circulation of mineral particles and elements. Here,
in Asian dust collected in Korea may be derived from local dust particles were classified as fine (<5um in diameter),
sources. Thus, real-time monitoring networks of Asian dustcoarse (5—10 pm), giant-S (10—-20 pum), and giant-L (> 20 pm)
by governmental institutes of Korea (National Institute of En- particles.
vironmental Research and Korea Meteorological Adminis-
tration) measure Pl and PMg, but not total suspended
particulate (TSP) matter. 2 Dust outbreak and migration

Although particles > 10 um have attracted little attention,
they can be transported over long distances, and may plain terms of spatiotemporal evolution of the dust storm, the
significant roles in regional circulation of materials. Long- infrared measurements by geostationary satellites are fairly
range transport of coarse particles has been reported in Saseful to trace the dust outbreak and migration in the short-
haran dust across the Atlantic Ocean and the Mediterraneaterm timescale. To detect dust aerosols from the satellite, the
Sea (Goudie and Middleton, 2001; Diaz-Hernandez and Parbrightness temperature difference (BTD) between 10.8 um
raga, 2008). However, there are rarely reports dedicated tand 12.0 ym bandsT{1 n~T12ym) has been widely used
the research of coarse mineral dusts providing systemati¢Ackerman, 1997). BTD is positive over a thin ice cloud
data of particle size and mineralogy with a meteorologicaland negative over the dust storms (Chaboureau et al., 2007).
interpretation about their outbreak and migration. Although However, since the BTD technique has low sensitivity on the
number concentrations of relatively coarse particles are norecean and discontinuity between daytime and nighttime im-
mally low compared with fine particles, their mass/volume ages, other dust indices have been developed and provided
concentrations can be high (Seinfeld and Pandis, 2006). Thby the Korea Meteorological Administration (KMA).
mass flux of dust via dry deposition can be controlled by a In this study, aerosol index derived from the Communi-
relatively small fraction of aerodynamically large particles cation, Ocean, and Meteorological Satellite (COMS) of the
(Coude-Gaussen et al., 1987; Arimoto et al., 1997). They ar&KMA launched on 27 June 2010 is used for the dust events
absorbers of light at thermal wavelengths (Tegen and Lacisin 2011 and 2012 (Fig. 1). The COMS aerosol index is
1996). On a regional scale near dust sources, the radiativeased on the BTD technique, but derived from the difference
effect of coarser particles is not negligible (Ginoux, 2003). between BTD and the background threshold value (BTV),
The bulk geochemistry and isotopic composition of dust havewhich is defined as a difference between the maximum of
largely been determined for TSP, where the mass is domid11,mfor the past 10 day and observ&ghm at each pixel.
nated by coarse particles (Kanayama et al., 2002). Since BTV and BTD are same in the clear sky condition,

The modal particle diameters of volume-size distribu- the difference between BTD and BTV can be utilized for
tion of Asian dust have been reported to range from 2 tothe detection of the Asian dust (Hong et al., 2010). To re-
4 um as measured with an optical particle counter in Seoulyeal the 2010 dust event, which occurred before the launch-
Korea (Chun et al., 2001, 2003; Jeong, 2008), and Britishing of COMS, we also show (in Fig. 1) the infrared differ-
Columbia, Canada (McKendry et al., 2008), and using a casence dust index (IDDI) (Legrand et al., 2001) derived from
cade impactor in Japan (Mori et al., 2003; Mikami et al., the Multi-functional Transport Satellite-1R (MTSAT-1R) of
2006). However, size distribution curves of Asian dust oftenthe Japan Meteorological Agency launched on 26 February
extend over 10 um. Park and Kim (2006) reported a mean di2005. MTSAT-1R IDDI is based on the brightness tempera-
ameter of 9.12 um on a mass basis using a cascade impactture in the dust-sensitive 10.8 um bafdi(,n) and is derived
in Seoul. In addition, there are probably interevent and in-from the difference betweefi 1 min the clear sky condition
event fluctuations of particle size distribution depending onand observedy;ym
synoptic conditions, which have not been studied in detail. The images of COMS aerosol index during the 2012 dust
Giant particles were observed in the central North Pacific byevent (National Meteorological Satellite Center, 2013) reveal
Betzer et al. (1988), who traced them to Asian sources, inthe dust outbreak in the Gobi Desert of southern Mongo-
dicating global circulation of giant particles. However, there lia and northern China (4645’ N, 90°-10% E) at around
are almost no reports on the occurrence and characterizatioh2:00 Korea Standard Time (KST) on 30 March 2012 and its
of Asian dust heavily laden with giant particles despite nu- migration to the east (Fig. 1). The dust arrived at the west-
merous articles on Asian dust events. ern coast of Korea at around 16:00 KST on 31 March, based
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Fig. 1. COMS and MTSAT satellite images of the Asian dust index of three events observed in Korea. Solid orange circles are the TSP
sampling sites in Korea. The graphs are plots of hourly P&bncentrations over 4 days in the Korea Meteorological Administration aerosol
monitoring stations near sampling sites. Red dots in the 2012 COMS images are the stations of the Korea—China joint Asian dust monitoring
networks.
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on the time series of P\ concentrations in Seoul (KMA, bontape. The filter surface was observed to change from light
2013). The time of flight was about 28 h for the migration of yellow brown to white, indicating transfer of the dust parti-
about 2000 km. The duration of the Asian dust event was 4 ttles onto the carbon tape. Since our goal was to perform the
with a peak PMg concentration of 220 ugn¥. entire morphological, chemical, and high-resolution electron
During the 2011 dust event, the images of COMS aerosomicroscopic analyses from one specimen, the particles were
index images show that the dust outbreak occurred in thdransferred onto the stable substrate of conductive sticky car-
Gobi Desert (40-45 N, 95°-105 E) at around 12:00 KST bon tape. The dust particles collected on the filter were not
on 29 April 2011 and the dust arrived at the sampling sitesuitable for the high resolution SEM and focused ion-beam
(Andong) at 09:00KST on 1 May 2011. The time of flight (FIB) work due to charging even after metal coating.
was about 45 h and the event lasted for about 3 days (ca. 62 h) After platinum coating for electrical conductivity, the mor-
with a peak PMg concentration of 344 ugn. phology and chemistry of particles were analyzed with a
MTSTR-1R IDDI images during the 2010 dust event show TESCAN LMU VEGA microscope equipped with an IXRF
the dust outbreak in the Gobi Desert of southern Mongoliaenergy dispersive X-ray spectrometer (EDXS) at 20kV ac-
(43-46° N, 100110 E) at 11:00KST on 19 March 2010. celeration voltage and 15 mm working distance. The IXRF
The dust arrived at around 22:00 KST on March 20 with the EDXS detects elements from carbon. Numbers of analyzed
time of flight of about 35 h. Time series of Rlylconcentra-  particles were 3085, 1441, and 1689 in 2012, 2011, and 2010
tions indicated short duration (7 h) at the sampling site (An-dusts, respectively. High-resolution imaging of the surface
dong, Korea) with a peak concentration of 1788 [ignAl- microtextures of giant dust particles was performed with a
though the sampling site used for the 2011 and 2010 dus§EOL JSM 6700F field emission gun microscope at 5kV ac-
events (Andong) was different from that used for the 2012celeration voltage and 8 mm working distance. SEM work
dust event, mineralogical and physical differences betweemas performed at the Center for Scientific Instruments, An-
Korean sites were not likely to be significant because Asiandong National University. Then, ultrathin slices (ca. 50 nm in
dust was a nationwide phenomenon over the Korean Penirthickness) of about ca. 6 ug6 um size were cut from dust
sula in both events. particles using a SMI3050TB FIB instrument. Submicron
minerals in the slices were characterized on the basis of lat-
tice fringe spacing, electron diffraction, and chemical com-
3 Dust samples and methods position using a JEOL JEM3010 transmission electron mi-
croscope (TEM) at the National Center for Inter-University
The TSP Asian dust in 2012 was collected using a high-Research Facilities, Seoul National University and an Ox-
volume sampler (Thermo Scientific) fitted with a Teflon- ford EDXS system of a JEOL JEM 2010 TEM. The polished
coated borosilicate glass-fiber filter (8in.x10in. PALLFLEX thin sections of the aeolian sediment from the Paleolithic site
membrane filters). The sampler was installed on a peakvere examined in backscattered electron imaging mode us-
at Deokjeok Island (190m above sea level?B¥59’ N, ing a TESCAN SEM instrument.
1260857’ E) off the western coast of Korea, 85km from  Single particle analysis of mineral dust employing SEM-
Seoul. Sampling proceeded for 24 h from 09:00 on 31 MarchEDXS analysis is basically qualitative because of the irreg-
to 08:00 on 1 April 2012. The flow rate of the sampler was ular shape and wide size range of dust particles (Blanco et
adjusted to 250 L min! to avoid coagulation of particles on al., 2003; Kandler et al., 2007; Fletcher et al., 2011). In ad-
the filter surface. The measured TSP concentration for 24 Hdition, the dust particles are mostly the agglomerates of sub-
was 255 pg me. For comparison, we used TSP samples col-grains of wide-ranging mineralogy and size in varying ratios.
lected by the same procedure on 20 March 2010, and 1 Mayrhus, quantitative mineralogical analysis of single dust par-
2011 in Andong (363234’ N, 1284756" E). The late Qua- ticle is practically impossible. However, the mineral types
ternary sediments of ancient Asian dust were sampled frondominating dust particles can be reliably estimated from the
a Paleolithic excavation site at Jeongok, Korea (Shin et al. EDX spectral pattern, compared with those of reference min-
2004; Jeong et al., 2013). The exact ages of the sediments aegal particles. The mineralogical identification of the Asian
debated but certainly younger than ca. 500 000 yr (Jeong edust particles was greatly facilitated by referring to quanti-
al., 2013). The silty sediments were prepared as polished thitative mineralogical and microscopic data of the source soils
sections after epoxy impregnation for comparison to Asianand the Chinese loess deposited from the Asian dust around
dust particles. desert sources (Jeong, 2008; Jeong et al., 2008, 2011). Addi-
The physical and mineralogical characterization of thetionally, our SEM—EDXS identifications of Asian dust parti-
Asian dust was carried out by the electron microscopic analycles were confirmed by the TEM and EDXS analysis of the
sis of single particles. Mineralogical analysis of bulk dust us- FIB slices of individual dust particles.
ing X-ray powder diffraction was not possible due to the low  Dust particles were classified depending on their predom-
mass of samples. For scanning electron microscopy (SEM)inant mineral using EDX spectra following the identifica-
three layers of conductive sticky carbon tape were attached ttion procedure of Jeong (2008). Quartz and feldspars (K-
Cu—Zn stubs. The filter surface was touched lightly with car-feldspar and plagioclase) were easily identified. However,
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mineralogical classification of clay minerals was more dif-
ficult due to their complex chemistry and structural diversity
(Weaver, 1989). Fine-scale mixing of submicron platelets of
clay minerals made classification more difficult. Clay min-
erals in dust and sediments include illite, smectite, illite—
smectite mixed layers, kaolinite, vermiculite, and chlorite
(Shi et al., 2005; Jeong and Chun, 2006; Jeong, 2008; Jeong
etal., 2008, 2011). Kaolinite and chlorite were readily identi-
fied from their EDX spectra; however, illite, smectite, illite—
smectite mixed layers, and vermiculite could not be posi-
tively identified because of their fine-scale mixing. There-
fore, to avoid over-interpretation they were grouped into
illite—smectite series clay minerals (ISCMs). The EDX spec-
tra of many biotite and chlorite particles show signatures of
partial weathering. Weathered biotite and chlorite that have
partly lost of K, Mg, and Fe are often difficult to distinguish
from ISCMs. Some muscovite grains with high Mg and Fe
contents cannot be readily distinguished from illite. Thus,
ISCMs, kaolinite, chlorite, muscovite, and biotite were fur-
ther classed as total phyllosilicates. ISCM may be under-
estimated by counting the quartz and feldspar grains with
ISCM coatings as quartz and feldspar particles, but overesti-
mated by counting the ISCM agglomerates with quartz and
feldspar inclusions as ISCM particles. Thus, both the errors
will be partly canceled. Obviously, single-particle counting
method is semiquantitative. Nevertheless, the results in Ta-
bles 2—4 are internally consistent, showing the distribution
characteristics of minerals through different dust sizes and
events. Jeong (2008) showed that mineral compositions ob-
tained by the single-particle counting were consistent with
those determined by X-ray diffraction analysis.

Particle diameters equivalent to a sphere were derived
from 2-D images. The shape of particles in 2-D images ap-
proximates an ellipse (Reid et al., 2003). The orthogonal
long and short dimensions of particle ellipses were measured
using Corel Draw®. The surface area and volume of the
spheroids and the diameter of the equivalent spheres were
calculated assuming spheroidal 3-D morphology of the par-
ticles (Reid et al., 2003). Large micaceous (muscovite, bi-
otite, and weathered equivalents) flakes (>20 um) could not
be approximated by spheroidal morphology. Their volumes
were calculated by multiplying the 2-D area by thickness, as-
suming a 7: 1 ratio of area-equivalent diameter to depth, be-
cause the ratios of micaceous flakes in Chinese loess ranged
from 5:1to 10:1 (Jeong et al., 2008, 2011; Jeong and Lee,
2010). Particle sizes were divided into 12 size bins from 0.5
to 60 um. The number, surface area, and volume fractions ofig. 2. Scanning electron micrographs of Asian dust particles.
the bins divided by the width of each bin were plotted against() Giant Asian dust particles, 31 March 2012, Deokjeok Island.
particle diameter on a logarithmic scale (Reist, 1993). Vol- Curved threads are contaminants from borc_;smcate glass-fiber fil-
ume distribution is almost equivalent to mass distribution be-&" (b) Asian dust, 1 May 2011, Andong) Asian dust, 20 Ma.rCh

- . . . 2010, Andong(d) Back-scattered electron image of the polished,
cause the densities of the major minerals fall into a narroWthin section of aeolian sediment from the Jeongok Paleolithic site,
range (2.6-2.99 C”?)' showing quartz, K-feldspar, and plagioclase particles (bright gray
contrast) in the fine clay matrix (dark gray contrast) with pores
(black) impregnated with epoxy resin.

www.atmos-chem-phys.net/14/505/2014/ Atmos. Chem. Phys., 14, 505-522014



510 G. Y. Jeong et al.: Long-range transport of giant particles in Asian dust

Table 1.Particle number, surface area, and volume distribution of three Asian dusts from SEM measurements with basic properties.

Diameter(um) AN AN/(NpAlogD) AS (unf)  AS/(SpalogD) AV (um3)  AV/(V 7 AlogD)
2012(Md=5.7 um, PMo=181 g n3, duration time =4 H

0.5-1 0 0.00 0 0.00 0 0.00
1-2 29 0.03 296 0.00 90 0.00
2-3 296 0.54 6174 0.04 2735 0.01
3-4 481 1.25 18424 0.18 10839 0.04
4-6 849 1.56 65891 0.45 55065 0.13
6-8 494 1.28 76220 0.74 88849 0.30
8-10 325 1.09 82309 1.03 121106 0.53
10-15 365 0.67 169056 1.16 347368 0.83
15-20 143 0.37 134371 1.30 388857 1.32
20-40 91 0.10 187604 0.76 829779 1.17
40-60 12 0.02 84314 0.58 681117 1.63
n 3085

Giant-S % 16.5 36.8 201

Giant-L % 3.3 33.0 59.8

2011(Md = 2.9 pm, PMo =273 ug n7 3, duration time = 62 h)

0.5-1 7 0.02 20 0.00 3 0.00
1-2 308 0.71 2635 0.12 744 0.03
2-3 438 1.73 8706 0.70 3729 0.26
3-4 310 1.72 11635 1.32 6762 0.65
4-6 265 1.04 18925 153 15393 1.05
6-8 70 0.39 10105 1.15 11486 111
8-10 25 0.18 6124 0.90 9145 114
10-15 13 0.05 5755 0.46 11886 0.81
15-20 4 0.02 4173 0.47 12723 1.23
20-40 1 0.00 2369 0.11 11096 0.44
40-60 0 0.00 0 0.00 0 0.00
n 1441

Giant-S % 1.2 141 29.7

Giant-L % 0.1 3.4 13.4

2010(Md =2.5pum, PMo=1518 ug n13, duration time =7 h)

0.5-1 18 0.04 45 0.00 7 0.00
1-2 541 1.06 4864 0.19 1211 0.03
2-3 501 1.68 9713 0.65 4088 0.19
3-4 269 1.27 10158 0.96 5921 0.38
4-6 225 0.76 16917 1.13 14136 0.65
6-8 68 0.32 10346 0.97 12144 0.78
8-10 31 0.19 7365 0.89 10838 0.90
10-15 26 0.09 11961 0.80 25877 1.19
15-20 5 0.02 4716 0.44 13758 0.89
20-40 5 0.01 8995 0.35 36016 0.96
40-60 0 0.00 0 0.00 0 0.00
n 1689

Giant-S % 1.8 19.6 32.0

Giant-L % 0.3 10.6 29.0

2Md is the median particle diameter on number basis; #¥lue is the mean of hourly measurements for 4 h around peak concentration (Korea
Meteorological Administration, 2013).
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Table 2.Mineral compositions of Asian dust TSP collected on 31 March 2012 (unit in %).

Mineral Total Fine (<5 um} Coarse (5-10 pm) Giant-S (10-20 pm) Giant-L (>20 pm)
Mineral (n =2870) (n = 1555% (n = 1130) (n = 490) (n =95)

No. Area \ol No. Area \ol No. Area \ol. No. Area \ol. No. Area \ol.
Phyllosilicate
Total 523 527 521 52.0 535 54.2 54.2 551 543 49.2 50.7 482 495 53.4 539
ISCMs 421 392 36.1 424 434 441 43.2 433 425 40.2 408 379 33.7 334 336
Kaolinite 2.4 3.0 4.5 35 2.5 2.9 1.7 1.6 1.7 1.0 1.2 1.2 3.2 6.5 7.0
Muscovite 1.5 2.6 35 0.7 0.8 0.7 1.9 25 2.5 1.8 1.4 1.3 3.2 4.4 5.1
Chilorite 35 3.0 2.6 3.1 4.1 3.7 4.3 4.3 4.2 2.7 3.0 3.5 3.2 2.0 1.7
Biotite 2.9 4.9 5.4 2.2 2.6 2.8 3.1 3.4 3.4 35 4.3 4.3 6.3 7.1 6.5
Talc 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Othersilicates
Quartz 19.7 211 25.0 179 176 177 20.1 201 20.7 224 215 20.8 221 218 285
Plagioclase 10.3 119 101 9.1 9.7 9.1 11.2 112 114 10.8 11.3 1338 105 136 7.8
K-feldspar 5.2 5.0 4.4 5.0 5.3 5.1 4.2 4.0 4.0 7.6 6.8 7.2 6.3 35 2.9
Amphibole 0.9 0.9 0.8 0.8 1.1 0.8 0.8 0.8 0.9 1.0 0.7 0.7 2.1 1.1 0.8
Pyroxene 0.1 0.2 0.3 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 1.1 0.6 0.5
Titanite 0.2 0.2 0.3 0.3 0.4 0.3 0.1 0.1 0.1 0.0 0.0 0.0 1.1 0.7 0.6
Zoisite 04 04 0.1 0.2 0.1 0.2 0.6 0.5 0.5 0.4 0.7 0.2 0.0 0.0 0.0
Non-silicates
Calcite 6.7 6.0 5.9 7.2 6.8 6.5 6.3 6.1 6.1 6.3 6.4 7.1 7.4 54 51
Dolomite 12 0.5 0.4 2.0 15 1.7 0.8 0.7 0.7 0.6 0.7 0.8 0.0 0.0 0.0
Iron oxides 1.6 0.6 0.4 2.7 2.0 2.0 0.8 0.7 0.6 1.0 0.8 0.8 0.0 0.0 0.0
Fe—Ti oxides 04 0.2 0.1 04 05 0.4 0.4 0.4 0.4 0.4 0.3 0.2 0.0 0.0 0.0
Ti oxides 0.1 0.0 0.0 0.3 0.4 0.3 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.8 0.1 0.0 1.9 1.0 1.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apatite 0.1 0.1 0.0 0.2 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.1 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Lparticle diameter of equivalent sphere.
2Number of analyzed particles.
3lllite—smectite series clay minerals (illite, smectite, and their mixed layers).

4 Results identified giant particles of quartz and feldspar enclosed in
the clay matrix.

4.1 Particle size 4.2 Particle mineralogy

Phyllosilicates were the most common mineral group in 2012
SEM images revealed that the particles of 2012 dust weralust particles (Table 2). The number and volume abundance
much larger than those in 2010 and 2011 dusts. Giant paref total phyllosilicates were 52.3 and 52.1 %, respectively.
ticles were common in the 2012 dust (Fig. 2a), while theyISCMs were the major phyllosilicates (42.1% of number
were rare in the 2010 and 2011 dusts (Fig. 2b, ¢). Numbembundance and 36.1 % of volume abundance), followed by
distributions of the three dusts showed roughly log-normalmuscovite, biotite, and chlorite. Biotite and chlorite were
distributions (Fig. 3, Table 1). The median equivalent-spherepartly weathered as shown in the loss of cations including
diameter of the 2012 dust was 5.7 um and the maximum wa%, Mg, and Fe. The other silicates were quartz (19.7 and
60 um. The proportion of giant particles (giant-S and giant-L) 25.0 %), plagioclase (10.3 and 10.1 %), K-feldspar (5.2 and
was 20 % on a number basis, but they contributed 89 % of thet.4 %), and amphibole (0.9 and 0.8 %). Calcite was the ma-
total volume. Giant-L particles occupied 60 % of the volume. jor carbonate (6.7 and 5.9 %) with a minor dolomite content
In contrast, the median diameters of the 2010 and 2011 dustél.2 and 0.4 %). The number and volume ratios of dolomite
were 2.5 and 2.9 um, respectively. The number proportions ofo calcite were about 0.18 and 0.06, respectively. Fe, Ti, and
the giant particles were only 2 and 1% in the 2010 and 2011liron-titanium oxides were minor components in Asian dust
dusts, respectively, while the respective volume proportionswith total content of about 1 %.
were 61 and 43 %. The volume contributions of giant-L par- Mineral composition varied little throughout the four size
ticles were 29 and 13 % in both dusts. SEM backscatteredins (Table 2). The abundance of ISCMs decreased from the
electron images of thin sections of the sediment (Fig. 2d)fine bin (44.1 %) to giant-L bin (33.6 %). However, increases
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Fig. 3. Number, surface area, and volume-size distributions of three Asian dusts measured by scanning electron microscopy.

Table 3. Particle number, surface area, and volume contributions of four size bins to major minerals in the Asian dust TSP collected on
31 March 2012 (unit in %).

. Number Area \olume

Mineral
F2 C GS GL Sum F C GS GL  Sum F C GS GL  Sum

Phyllosilicates
Total 40.0 40.8 16.0 3.1 100 46 244 388 322 100 22 108 299 57.1 100
ISCcmst 40.6 404 163 27 100 50 258 420 27.1 100 26 122 339 513 100
Kaolinite 60.3 279 74 44 100 3.7 125 154 685 100 1.4 4.0 85 86.2 100
Muscovite 190 524 214 7.1 100 1.4 225 220 541 100 0.4 73 119 80.3 100
Chlorite 356 485 129 3.0 100 6.1 33.0 405 204 100 3.0 169 441 36.0 100
Biotite 30.1 422 205 7.2 100 24 161 354 46.1 100 1.1 6.5 255 66.9 100
Othersilicates
Quartz 36.6 402 195 3.7 100 38 222 411 328 100 15 86 269 63.0 100
Plagioclase 356 43.1 180 34 100 3.7 219 382 36.2 100 1.9 116 438 42.6 100
K-feldspar 389 322 248 4.0 100 48 18.6 544 222 100 25 94 522 359 100
Amphibole 36.0 36.0 200 8.0 100 55 220 334 39.0 100 21 116 283 58.0 100
Non-silicates
Calcite 43.2 37.0 16.1 36 100 51 235 43.0 283 100 24 107 39.2 477 100
Dolomite 65.7 257 86 0.0 100 13.0 340 529 0.0 100 99 198 704 0.0 100
Iron oxides 68.9 20.0 111 0.0 100 157 26.6 57.7 0.0 100 116 165 719 0.0 100
Sum 40.2 394 17.1 3.3 100 45 233 403 318 100 21 103 323 552 100

1 llite—smectiteseries clay minerals (illite, smectite, and their mixed layers).
2 Fis fine (<5um), C is coarse (5-10 um), GS is giant-S (10—20 um), and GL is giant-L (> 20 um).

in muscovite and biotite contents result in little variation of  The contributions of size bins to the number, surface area,
total phyllosilicate content over the size bins. Quartz contentand volume of each mineral or mineral group are listed in
increased from 17.7 to 28.5%. The fine size bin was rela-Table 3. Their variations with minerals were not significant
tively enriched with trace minerals, such as iron oxides, tita-regardless of number, surface area, and volume. Giant par-
nium oxides, dolomite, and gypsum. ticles accounted for 70—75 % of the volume of mineral and
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Table 4. Mineral number compositions of Asian dust TSPs col- (Fig. 4d, €). Some coarse kaolinite was present with coatings

lected on 1 May 2011 and 20 March 2010 (%). of calcite nanofibers (Fig. 4f), resulting in enhanced kaolinite
content in the giant-L size bin (Table 2).

Mineral 2011 (n=981) 2010 (n=953) TEM images of the FIB slice of the clayey agglom-
Phyllosilicates erate gia_mt particle in Fig. 4e_showed_a fine-scale ag-
Total 59.2 60.3 glomeration of ISCMs with submicron grains of quartz, K-
ISCMsL 48.2 49.4 feldspar, and chlorite (Fig. 5al). Lattice-fringe imaging of
Kaolinite 1.6 1.7 the ISCMs showed the basal spacings of ca. 1.0-1.2nm
Muscovite 0.3 0.9 (Fig. 5a2). Nanofiber calcite grains of elongated morphol-
Chlorite 4.5 5.7 ogy were closely admixed with the ISCM clays in a submi-
Biotite 4.6 24 cron scale (Fig. 5a3, 5a4). The lattice fringe of ca. 0.3nm
Talc 0.0 0.2 (Fig. 5a5) and EDX spectrum (Fig. 5a6) confirmed calcite.
Other silicates TEM image of the FIB slice of the quartz particle in Fig. 4b
Quartz 16.8 16.9

showed thin ISCM clay layers (ca. 1 um thickness) cover-

E{?gﬁg?e 413'5 %00.0 ing quartz grain (Fig. 5b1, 5b2). The ISCMs contain a high
AmphibFZJIe 06 04 amount of Fe (Fig. 5b3). The range of Fe content (8 analyses)
Pyroxene 0'.0 0:0 of ISCMs determined by EDXS was ca. 3—14 w/w % (aver-
Titanite 0.0 0.0 age 7 w/w %). Although the dominant clay minerals were
Zoisite 0.4 0.2 ISCMs (Fig. 5b4), kaolinite and chlorite were also admixed
Non-silicates as shown in the lattice fringes of 0.7 and 1.4 nm, respectively
Calcite 5.8 5.7 (Fig. 5b5, 5b6).

Dolomite 0.2 0.9

Iron oxides 0.6 0.8

Fe—Ti oxides 0.1 0.3 . .

Ti oxides 0.2 0.1 5 Discussion

ggﬁfeum 8 17 (1)'3 5.1 Comparison of SEM particle sizes to optical particle
Pyrite 0.2 00 counter data

Apatite 0.1 0.3

SEM images and particle-size data indicated relatively coarse
* lllite, smectite, and illite—smectite mixed-layer clay minerals. characteristics of the 2012 dust, Compared with 2010 and
2011 dust. Particle-size data measured from SEM images

were compared with real-time data produced with an opti-

mineral groups, while the volume contribution of the fine cal particle counter (OPC) (GRIMM Aerosol Technik Model

size bins was usually <3 %, e.g., the contribution of giant180) at the Korea Meteorological Administration Asian dust
size bins to ISCM content was 85.2 % on a volume basis, buimonitoring station in Seoul. The OPC reports particle num-
only 2.7 % on a number basis. However, the contributions ofbers over 30 size bins from 0.25 to 32 um. The coarse charac-
fine size bins to the volumes of dolomite (9.9 %) and iron teristics of the 2012 dust were confirmed by the volume dis-
oxides (11.6 %) were higher than those of other minerals. tributions of three Asian dusts measured using OPC (Fig. 6).
Mineral number compositions in the 2010 and 2011 dustsThe volume distributions of the 2012 dust revealed almost
were similar to the compositions of 2012 dust (Table 4). monotonic increase toward larger sizes, while distributions
However, the 2010 and 2011 dusts were more enriched witlbf 2010 and 2011 dusts had modes of around 3 um. The vol-

ISCMs by about 10 % compared with the 2012 dust. ume portions of giant particles were 64, 8, and 39 % in 2012,
2011, and 2010 dusts, respectively, while those derived from
4.3 Microtextures and submicron mineralogy of giant SEM measurements were 89, 43, and 61 %, respectively.
particles The orders of enrichment of giant particles were con-

sistent in both SEM and OPC measurements, with highest
The surface details of giant-L particles were imaged usingconcentration in the 2012 dust and lowest concentration in
high-resolution SEM. Quartz (Fig. 4a, b) and plagioclasethe 2011 dust. However, the OPC data were shifted toward
(Fig. 4c) have surface coatings of micron- to submicron-sizedine sizes relative to SEM data. Reid et al. (2003) observed
fine clay platelets. Calcite nanofibers were closely associatedimilar features in comparison between SEM and aerody-
with clay minerals as cross-linked intergrowth (Fig. 4a, b) or namic particle size data for Saharan dust. The differences
single fibers on the surfaces of clay platelets (Fig. 4c). Fineare attributed to assumptions made for SEM measurements,
clay platelets agglomerated to form giant clayey particlesmeasurement objects, or site-specific factors between sam-
(Fig. 4d, e). Cross-linked intergrowth of calcite nanofibers pling and OPC installation site. SEM measurements assume
was also found in the interstices of clayey agglomeratesspheroidal dust particle morphology. The actual morphology
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Fig. 4. High-resolution SEM images of the surfaces of giant-L dust particles. Bottom image was magnified from the box in the upper image.
(a, b) Quartz particles coated with thin layers of clay platelets and intergrowth of calcite nanoft)é?kagioclase coated with thin layers

of clay platelets and calcite nanofibefd, €) Agglomerates of clay platelets with intergrowths of calcite nanofilf§r&aolinite with calcite
nanofibers.

of many particles is not spheroidal but is better approximateddicates the coarser characteristics of the 2010 dust in Seoul,
as an ellipsoid of which the longer axes are parallel to thecompared with the SEM size distribution in Andong.

filter surface. We have no information regarding the third The population of giant particles in the 2012 dust was
shortest dimension and therefore the actual diameters woulthrger than those in 2011 and 2010 dusts. SEM analysis of
be smaller than those measured by SEM. The OPC canndatingle particles enabled determination of mineralogy, chem-
distinguish mineral particles from biogenic, marine, and pol-istry, and size distribution of coarse mineral dust, distinguish-
lutant particles. However, our SEM measurements excludedng them from non-mineral particles. Combined application
sea salt and most submicron particles of organic/inorganiof SEM and the wide-ranging particle counter installed at the
pollutants and soot. The volume of giant-L size particles in-same sampling site optimizes systematic characterization of
creased markedly in the OPC data for 2010 dust (Fig. 6)mineral dusts laden with large particles.

This is possibly due to the presence of coarse non-mineral

particles, such as pollens, which cannot be distinguished by

OPC. However, plants flowering in March are rare around the

sampling site (Seoul). Thus, the OPC volume distribution in-
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Fig. 5. TEM microtextures and lattice fringe images of giant dust particles with EDX spéajrgIB slice of the clayey agglomerate dust
particle in Fig. 4e(b) FIB slice of the quartz dust particle in Fig. 4b.

5.2 Mineral compositions and particle sizes were related to their usual occurrence in coarse-grained ig-
neous and metamorphic bedrocks. Despite these mineralogi-

Fine clay minerals (ISCMs) consistently decreased in thecal variations, the mineral compositions were highly uniform
larger size bins with general increases in quartz, plagioclasefrom fine to giant-L particles as shown by the large ISCM
biotite, and muscovite (Table 2). Concentrations of quartz,yolume of the giant-L size bin (33.6 %). This was primarily

plagioclase, biotite, and muscovite in the giant-L size bin
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Fig. 6. Volume-size distributions of three Asian dusts measured with an optical particle counter at the Korea Meteorological Administration
Asian dust monitoring station in Seoul, compared with those of non-Asian dust days. Dust event periods in Korea Standard Time.

attributed to the occurrence of large agglomerates of fine clagmphibole, and plagioclase (Jeong et al., 2011). Calcite is
minerals (Fig. 4d, e) and thin coatings on large quartz andnore susceptible to chemical weathering than other major
feldspar grains (Figs. 4a—c). ISCMs were the most commorprimary minerals. Thus, even in arid environments, coarse
mineral group throughout all the size bins, even the giant-Lprimary calcite in soils could react with water supplied by
size bin (Table 2). Thus, most of the volume (mass) of fineintermittent rain or melt water. However, leachec?Cions
clay minerals was transported in the form of giant particles.are rapidly reprecipitated to form secondary calcites in soils
Giant-S and giant-L particles contained 34 and 51 % of thedue to high evaporation rates.

ISCMs, respectively (Table 3). The average content of primary calcite in the western Ji-
uzhoutai loess was about 11.7 % (Jeong et al., 2008). Thus,

5.3 Nanoscale evidence of the remote origin of giant calcite dissolution and reprecipitation are the major weather-
particles ing processes in the arid soils of Asian dust sources. The mor-

phological characteristics of secondary calcite are greatly

The size of dust particles transported over 1000 km is gengifferent from those of primary calcite. One of the major
erally below 10 pm (Tegen and Lacis, 1996). Giant particlesforms of secondary calcite is a nano-sized fiber in compar-
are normally transported and deposited over short distanceggon to micron-sized irregular primary calcite (Jeong and
of a few hundred kilometers (Pye, 1995). Thus, itis difficult chun, 2006: Jeong, 2008; Jeong et al., 2011). In the desert
to determine whether giant dust particles, particularly at sitessands and loess silts of Asian dust sources, these nanofibers
on land that are distant from the source, are remote or localgccurred only in samples containing coarse primary calcite
Previous studies at sites on land suggested that Asian dugfarticles derived from rocks, indicating that the primary cal-
particles > 10 um may have been derived from local sourcegite particles were partly dissolved during the occasional
(Chun et al., 2001). The origin of giant dust particles can berajnfalls, and reprecipitated as nanofibers from evaporating
confirmed from the nanoscopic features acquired during theyoj| solutions (Jeong and Chun, 2006).
chemical weathering in source soils. The precipitation of nanofiber calcites from soil solutions

Minerals in soils are subjected to chemical weathering.results in the pervasive infilling of the interstices of coarser
Primary minerals derived from the erosion of rocks are un-gpjl particles, together with submicron clay minerals. Thus,
stable and dissolved by reacting with soil solutions, while the surfaces of the source soil particles are commonly associ-
secondary minerals are crystallized, depending on their solated with calcite nanofibers scattered individually or forming
ubility. The intensity of chemical weathering is largely de- their own clusters (Jeong and Chun, 2006). The agglomerates
pendent upon annual precipitation and temperature, rangingf clay and nanofibers, or the particles of quartz, K-feldspar,
from the least weathering of primary minerals in arid soils and plagioclase with clay and nanofiber coatings, were then
to complete decomposition in tropical soils. The stability of plown to form Asian dust. Thus, calcite nanofibers associ-
minerals against chemical weathering is very diverse (Bradygted with giant particles (Figs. 4, 5a) are the nanoscopic fea-
1990), e.g., on the Chinese loess plateau along the climatigres of Asian dust particles blown from remote arid sources.
gradients, primary minerals were sequentially weathered in 3jowever, secondary calcite is absent from the aeolian de-

progreSSive fashion with increasing annual precipitation eastposits of Korea (Jeong et a|', 2013) This Suggests a Comp'ete
ward in the order of calcite, dolomite, biotite, illite, chlorite,
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leaching of calcite in the acidic soils of Korea under humid if the strong wind belt at 500 hPa (about 5 km) stretches di-
climate conditions compared with the calcareous arid soils inrectly to Korea (Chun et al., 2001).

the Asian dust sources. Thus, the common presence of cal- To examine the synoptic conditions related to the outbreak
cite nanofibers associated with giant dust particles (Fig. 4and migration of dust, we used daily mean of the geopotential
provides the direct evidence of their long-range transport. height and temperature at 850 hPa, wind speed at 500 hPa,

The mineral particles collected on the central North Pa-and 10 m wind speed (as a proxy for the surface wind condi-
cific, north of Hawaii, by Betzer et al. (1988) were excep- tions) derived from the European Centre for Medium-Range
tionally large (>75um), and can be called ultragiant parti- Weather Forecasts Reanalysis Interim (ERA-Interim) data.
cles. They suggested that the particles were transported ovéffe also used the ultraviolet (UV) aerosol index obtained
10,000 km from Asian sources using backward trajectory.from the Ozone Monitoring Instrument (OMI) onboard the
However, the Asian desert origin of the ultragiant particles iSEOS Aura satellite to identify the intensity and locations of
required to be further confirmed by observing the nanoscopic¢he dust. The OMI UV-aerosol index provides qualitative in-
features such as nanofiber calcite. formation on the presence of UV-absorbing aerosols such as

Diaz-Hernandez and Péarraga (2008) reported pinkish mindesert dust or smoke, without interference by ice, snow, and
eral microspherulites referred to as iberulites deposited orclouds (Ahn et al., 2008).
the southern Iberian Peninsula. The microspherulites are gi- The 2012 dust event showed unusual characteristics. The
ant particles with a common size range of 60—-80 um. Theyintensity of dust at the source region was much weaker,
were formed by the evaporation of cloud water droplets thatbut the transport was much faster than the previous events,
collided with Saharan dust particles. Thus, the cloud processeven though the dust source regions in the Gobi Desert were
ing is a possible mechanism of the formation of giant dustalmost identical. The meteorological characteristics of the
particles. However, iberulite is characterized by high spheric-2012, 2011, and 2010 dust events are shown in Fig. 7. During
ity, high porosity (a bulk density of 0.65 g crd), vortex de-  both the 2010 and 2011 dust events, strong pressure gradients
pression, and coarse internal agglomeration grading to fineassociated with strong baroclinic instability at 850 hPa were
thin clay rinds. The irregular giant particles in this study lack observed over the Gobi Desert on 19 March 2010, and 29
the microscopic features of iberulite. They were not the re-April 2011 (Fig. 7). The strong pressure gradients resulted in
sults of cloud processing, but directly transported from thea high surface wind speed (> 12 mi3 over the dust source
Gobi Desert sources. region and thus induced severe dust storms. The dust-laden
air mass followed the eastward-moving low-pressure systems
and took about 1.5-2 days to reach Korea on both occasions.
Despite the similar mechanisms of dust generation and trans-
port in both events, the transport speed was slower, and the
duration for which the dust persisted was longer during the
Since it was revealed that the extraordinary high fraction of2011 event than the 2010 event because of the lower wind
giant particles in 2012 Asian dust was the result of long-speed at 500 hPa and stagnant atmospheric conditions asso-
range transport from the source region rather than local oriciated with a high-pressure system over China. This is con-
gin, we investigated the synoptic meteorological conditionssistent with the number and volume proportions of giant par-
compared with 2011 and 2010 dust events. ticles slightly higher in the 2010 event.

Aerosol index images from the COMS satellite revealed During the 2012 dust event, a strong pressure gradi-
that the outbreak regions, migration routes, and transporéent over the Gobi Desert appeared ahead of an expanding
distances of the three dusts were almost identical: the Gobhigh-pressure system over central China on 30 March 2012
Desert of southern Mongolia and northern Ching{4®> N, (Fig. 7). However, the strong pressure gradient was relatively
9(°—-110 E) (Fig. 1). However, the flight time of the 2012 weak compared with typical dust events. The weak baroclin-
dust was relatively short (28 h) while those of 2011 and 2010icity on the boundary of the anticyclone induced a relatively
dusts were 45 and 35 h, respectively. low surface wind speed (~8m8) over the dust source re-

Asian dust incursions in Korea are closely associated withgion and hence resulted in a weak dust event. The synoptic
synoptic conditions over dust source regions 2—3 days earlieconditions during the 2012 event were similar to the typical
(Chun et al., 2001; Kim et al., 2010). For example, Chun etwinter synoptic conditions produced by anticyclones over the
al. (2001) showed that a strong pressure gradient with strongontinent and cyclones in the east. Between the high and low
baroclinic instability at 850 hPa (about 1.5 km level) over the pressure systems, the contour lines of the 850 hPa geopoten-
dust source region is associated with outbreaks of Asian dudial height and 500 hPa strong wind belt were stretched di-
in spring. Such strong pressure gradients behind the developectly southeastward from the Gobi Desert to Korea. These
ing low-pressure system result in high surface wind speedspeculiar meteorological characteristics ensured much faster
which are necessary for dust uplift (Husar et al., 2001). In ad-migration of dust and resulted in the extraordinary delivery of
dition, the strong wind belt in the mid-troposphere is closely abundant giant particles to Korea during the 2012 dust event,
related to dust migration. Thus, the dust arrival is much fastereven though the dust intensity was relatively weak.

5.4 Synoptic conditions of Asian dust laden with giant
particles
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Fig. 7. Daily evolution of the 2010, 2011, and 2012 dust events with ERA-Interim daily meteorological fields superimposed on an Aura-OMI
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The mechanism of the long-range transport of giant pardar shaped giant particle with a diameter of 50 um and den-
ticles of several tens of micrometers over several thousandsity of 2.3 g cnT3, its settling velocity reaches approximately
of kilometers is unclear so far (Betzer et al., 1988; Goudie0.11ms?! or 9.5kmday! (Reid et al., 2003). However, the
and Middleton, 2001). Giant particles could be transportedlocal updraft can significantly reduce the settling velocity,
over long distances when strong upward advection of airand this mechanism with the fast migration of the 2012 dust
masses lifts dust particles to higher altitudes (Windom, 1985;event is physically consistent with the transport of the giant
Pye, 1995). Betzer et al. (1988) suggested a resuspensiquarticles over the long distance of 2000 km.
mechanism in the isolated storm along the particles’ path.

In the 2012 dust event, the dust outbreak and migration are
accompanied by a locally strong updraft of 0.09Th sat

700 hPa (about 3km level) until its arrival over the Yellow
Sea (figure not shown). If we assumed a sand-like irregu-

Atmos. Chem. Phys., 14, 505-522014 www.atmos-chem-phys.net/14/505/2014/



G. Y. Jeong et al.: Long-range transport of giant particles in Asian dust 519

5.5 Ancient records of giant Asian dust particles in are higher than fine particles. Important inorganic nutrients
Korea (e.g., Fe) are associated with fine particles such as Fe-bearing
clay minerals and iron oxides. TEM imaging and EDX spec-
The enormous volume of giant particles suggests that depoiroscopy of individual clay grains of the Asian dusts and their
sition of Asian dust would occur near the dust source like indeposits (Chinese loess) showed that ISCMs contain ca. 5-
the Chinese Loess Plateau. However, they also contributed % of Fe (Jeong, 2008; Jeong et al., 2008, 2011; this study).
to the formation of an aeolian sedimentary body in remoteAbout 85 % (vol.) of ISCMs are included in the giant ag-
environments. glomerate particles (Table 3, Fig. 4d, e). Large clay agglom-
The particle size and morphology of quartz and feldsparserates are a major source of inorganic nutrients in some re-
in ancient aeolian sediments (Fig. 2d) in the Paleolithic exca-gions of the ocean, in comparison to fine particles with a slow
vation sites of Korea (Shin et al., 2004; Jeong et al., 2013) aresettling velocity and long residence time.
markedly similar to the 2012 dust (Fig. 2a). The origin of the
fine clays forming the matrix enclosing quartz and feldspar i
particles is unknown. However, the common occurrence off Summary and conclusions

giant clay agglomerates in the 2012 dust (Table 2 and Fig. 4d

) : ; ; article size, mineralogy, and meteorological characteristics
€) suggesits that even the fine clays in the sediments (Fig. 2(ij the Asian dust event on 31 March 2012, were investigated

were also derived from giant clay agglomerates. The ONg" And compared with two previous events in 2010 and 2011.

nal morphology and size of clay agglomerates in Asian dUSLI'he median equivalent sphere diameters from the number
may have been altered by post-depositional pedogenic activ-

ity. Thus, the long-term deposition of giant particles through size distributions were 5.7, 2.9, and 2.5 um in the 2012, 2011,

. . - nd 2010 dust events, respectively, and were consistent with
the late Quaternary likely represents major terrestrial input of, : .
) . independent OPC data. Twenty percent of the particles in the
minerals from long-range transported dust to form an aeolial

sedimentary body in East Asia. n2012 dust event were giant (giant-S and giant-L) particles,

. . . : . with a maximum size of 60 um. They contributed 89 % of
The giant particles of ancient Asian dust contributed to thethe total dust volume in the 2012 dust and were either ag-

far and remote sedimentary body out of the Asian region. . ;
lomerates of submicron clay minerals, or large quartz and

Betzer et al. (1988) suggested the recent anthropogenic dig? ) ) ) _
. . : eldspar grains with clay-mineral coatings. The occurrence

turbance as the cause of the giant dust particles delivered tQ : : . . . :
of calcite nanofibers associated with giant particles con-

the North Pacific because giant particles are rare in the deep: . .

. o irmed their long-range transport from remote arid sources.

sea sediment core of the North Pacific. However, Beget ef . . . . ; .
llite—smectite series clay minerals were the major mineral

al. (1993) reported quartz particles as large as 40—60 um in .
. : . roup followed by quartz, plagioclase, K-feldspar, and cal-
the late Quaternary tephric loess deposits on the island of. : . . o
N : . . cite. Mineral compositions showed little variation through
Hawaii. There is evidence supporting the long-range trans-, " . : . .
: : : . . the fine, coarse, giant-S, and giant-L size bins because the
port of large particles, as summarized in Goudie and Mid- ; )
. - fine clay minerals formed larger agglomerates. Mineral com-
dleton (2001), e.g., quartz grains of up to 90 um in diameter_ ~.~ S ,
. positions varied little through the three dust events, but fine
on Sal Island (Cape Verde Islands) off West Africa (Glac- : :
K . clay minerals were more common in the 2010 and 2011
cum and Prospero, 1980) and particles >20 um in diameter, . : . :
. usts. The particle-size characteristics of the mineral dust
transported 4000 km from their Saharan source (Prospero € . -
A . . may be dependent on the synoptic conditions of the dust out-
al., 1970). Thus, mass contribution of giant particles to the Lo ; )

: . ; break and migration. During the 2012 Asian dust event, a
terrestrial and ocean sediments may have been higher than. : :
reviouslv thouaht at least on a reaional scale mid-tropospheric strong wind belt stretched southeastward

P y 9 g ' from the Gobi Desert to Korea, making the rapid migra-
tion of dust possible, and delivering abundant giant parti-
cles. Atmospheric aerosol studies usually focus on particles
. . .. . .. < . -
Iron dissolved from dust particles is important in Fe-deficient .10 Hm _However, the role pf g|an_t part!cles should be re
marine ecosvstems of hiah-nutrient. low-chloroohvll regions viewed with regard to the regional circulation of earth materi-

y 9 ' phylireg 'als through the lithosphere, pedosphere, and atmosphere. For

such as the eastern subarctic North Pacific and the Southern : ) . L
example, analysis of ancient aeolian deposits in Korea sug-

Ocean (Boyd et al., 2004). Fine clay minerals and nanofiber . : . :
. . . ested the common deposition of giant particles from Asian
calcite with a large surface area and cation exchange capa%

ity are sensitive minerals that react with acidic gases/droplets ust through the Quaternary Period.
and organic/inorganic pollutants. The major form of clay

minerals and nano-sized calcites transported are giant clay

agglomerates, as revealed by SEM analyses, which showed

that giant particles accounted for 89 % of the total volume

of the 2012 dust. Mineral dusts supply inorganic nutrients

to remote sea locations. The settling rates of giant particles

5.6 Transport of reactive minerals and nutrients
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Abstract

The circum-Mediterranean area has one of the highest dust accretion rates in the world. We have found pinkish mineral
microspherulites (here referred to as iberulites), a new type of aerosol particle formed under special atmospheric conditions in
periods corresponding to the highest levels of solid additions (summer). Because these particles are labile, they have gone
unnoticed until now.

Image analysis shows that these particles are spherical in shape, most commonly 60-90 um in diameter, and show a typical
depression (vortex). Iberulites are considered complex mineral assemblages with different hygroscopic characteristics and also
contain biological remains (plants, silica shells, plankton and probably viruses). Their bulk mineralogy includes silicates, car-
bonates, sulfates, halides, oxides and phosphate-vanadates. This mineralogical composition indicates that likely source areas
are the Sahara and Sahel for primary minerals (inherited), while other minerals are the result of atmospheric neoformation
(gypsum and alunite-jarosite).

We thus define an iberulite as a coassociation with axial geometry, constituted by well-defined mineral grains together with
non-crystalline compounds, structured on a coarse-grained core and a smectite rind, with only one vortex and pinkish color,
formed in the troposphere by complex aerosol-water—gas interactions.

We suggest the aqueous interphase hypothesis as the mechanism for tropospheric formation of iberulites, mainly in sum-
mer: interactions between water droplets and aerosols create complex hydrodynamic conditions, causing possible collisions
(wake and front capture) that produce the “precursor water droplets” of iberulites. Atmospheric processing is required from
this stage to iberulite maturation.

To date, we do not know to what extent these iberulites are present in time and space or whether they can serve as markers
for environmental or paleoclimatic analyses or even lead to uncertainty in radiative transfer models.
© 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Sources and transport pathways of mineral dust play an
important role in global climate, biogeochemical cycling
and health. Globally, airborne particle mass mostly consists
of minerals of terrestrial, marine, atmospheric and cosmic
origin (Parkin et al., 1977; Keller et al., 1992; Andreae
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and Crutzen, 1997; Buseck et al., 2000; Arimoto, 2001).
Dust from windblown soils (mainly great deserts) is an
important component of the earth-atmosphere system
(Simonson, 1995; Goudie and Middleton, 2001; Ramana-
than et al., 2001). Many studies have evaluated such addi-
tions. Model estimates of the amount of desert dust
generated by the Sahara range from 270 to 670 Tg year ',
and Saharan dust transport to Europe ranges from 80 to
120 Tg year ', reaching distant regions, like South America
(Swap et al., 1996), the North Atlantic-Caribbean area
(Prospero, 1999), Northern Europe (Franzen et al., 1994)
and perhaps as far as the Himalaya (Carrico et al., 2003).
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Guerzoni and Chester (1996), Romero et al. (2003) and Jae-
nicke (2005) reported the presence of marine nanoplankton,
pollen, diatoms and bacteria in aerosols from these areas.
Great importance is attached to the role of mineral aerosols
as a reactive surface in the global troposphere (Wurzler
et al., 2000; Usher et al., 2003), where heterogeneous nucle-
ation phenomena can occur with the creation of new phases
(neoformations), mainly of sulfates and nitrates.

The Iberian peninsula is affected by the North Atlantic
Oscillation (NAO)!, and interannual variations in dust
transport over the Atlantic Ocean and the Mediterranean
Sea are well correlated with large-scale climatic variability
of both atmospheric circulation and the hydrological cycle
in the northern hemisphere (Moulin et al., 1997).

Dust contributes to marine sediments (Mahowald et al.,
1999) or is incorporated into the pedogenic processes of
soils (Rabenhorst et al., 1984; Simonson, 1995; Yaalon,
1997), affecting their biogeochemical cycles (Crutzen and
Andreae, 1990; Stoorvogel et al., 1997). The soils of arid
and semiarid climates typically show pedogenic features
attributed to mechanical weathering and atmospheric depo-
sition of Ca-bearing dust and clays (Ducloux et al., 1995).
Several soil scientists have found that pedogenic carbonates
and a portion of the clay contents of Aridisols originated in
aeolian dust and precipitation-borne solutes. It is therefore
important to monitor zones of direct Saharan influence in
order to determine their effects on soils.

Wet or dry sediment traps (Rabenhorst et al., 1984;
Goossens and Offer, 1994) are routine sampling methods
that provide information on actual quantities deposited
on the earth’s surface or on relevant qualitative aspects.
Using dry passive collectors for short periods (weekly) is
an efficient method for such purposes, although handling
small amounts of samples may be difficult.

The aim of this study is to characterize a group of atmo-
spheric microspherulites, first detected in August 1999 in
the airborne dust of the Southern Iberian Peninsula (Gra-
nada, Western Mediterranean), which we have dubbed
iberulites, and to interpret their evolution. This may con-

U Abbreviations used: o, particle radius; ACE, aerosol character-
ization experiment; ASL, above sea level; BSE, back scattered
electrons; CCN, cloud condensation nuclei; DMS, dimethyl
sulphide; Dp, diameter equivalent; EDX, electron diffraction X-
ray; EMEP, European monitoring evaluation program; FESEM,
field-emission scanning electron microscopy; HIRLAM, high
resolution local area model; HRTEM, high-resolution transmission
electron microscopy; INM, Instituto Nacional de Meteorologia;
MBL, marine boundary layer; MODIS, moderate-resolution
imaging spectroradiometer; NAO, North Atlantic oscillation;
Ngre, Reynolds number; NSS, non sea salt sulfates; SAED,
secondary areas electron diffraction; SAL, Saharan air layer; SE,
secondary electrons; SEM, scanning electron microscopy; TEM,
transmission electron microscopy; TOMS, total ozone mapping
spectrometer; TSP, total suspended particles; XRD, X-ray diffrac-
tion; LITE, lidar in-space technology experiment; MINOS, main
injector neutrino oscillation search; MINATROC, mineral dust
and tropospheric chemistry; SAMUM, Saharan mineral dust
experiment; SHADE, special handheld based applications in
difficult environment; STEM, scanning transmission electron
microscopy.

tribute to the understanding of the behavior in natural sys-
tems (Berstch and Seaman, 1999), particularly the
atmosphere, of complex mineral assemblages that are hard
to detect due to their fragility. To date, no information has
been available regarding these particles, since standard
techniques are not sensitive enough to avoid destroying
such labile components, and in addition, they can only be
obtained by sampling under special climatic conditions con-
ducive to their atmospheric formation. To this end, we
monitored atmospheric dust deposition for the period
1999-2005 near the city of Granada (Spain).

2. SAMPLING AND METHODOLOGY
2.1. Geographic background

The sampling site is located in the Granada Depression
(37°10'N-3°31'W, 640 m ASL), surrounded by dolomitic
limestone and siliceous relief. The soils in the depression
are Calcareous Fluvisols (IARA-CSIC, 1989), with irri-
gated crops within a radius of a few tens of kilometers
around the monitoring station and olive groves and forestry
further away. The area is not heavily industrialized.

The mean annual temperatureis 15.1 °C, ranging from 6.7
to 24.8 °C (January and July, respectively), and mean precip-
itation is 357 mm over the last 30 years, which corresponds to
a semi-arid Mediterranean climate (data from Granada air-
port, Spanish Meteorological Institute, INM). From 1980
to 2005, annual precipitation for S and SE Spain has been be-
low the century average and the mean temperature has
undergone a significant rise of 0.7 °C (Staudt, 2004).

Conventional aerodynamic data show a high annual
percentage (approximately 63%) of calm, with predomi-
nantly gusty winds under 5 km/h up to 10 AM, followed
by an increase up to 20 km/h around midday, dropping
around 4 PM to approximately 0 km/h. These values in
themselves minimize the incidence of local supplies to our
samplers, but they were reduced still further by placing
the traps on top of a building surrounded by irrigated land.

2.2. Sample collection

Weekly samples of atmospheric dust and iberulites were
taken from 1999 to 2005, mainly in the summer months,
using the method described by Diaz-Hernandez and Miran-
da Hernandez (1997). This is a very flexible technique that
uses passive collectors; either dry or wet collectors present
similar efficiency (Goossens and Offer, 1994). We used dry
dust collectors, consisting of 5 cm deep, circular porcelain
trays 14.3 cm in radius. Because material only rises into
the atmosphere by suspension (Tsoar and Pye, 1987;
Mainguet, 1992), it was important to prevent particles from
the surrounding soil from entering the samplers by roll or
creep. The collectors were therefore placed on top of a
building (about 10 m above the ground) surrounded by a
1-m-high perimeter wall and open so as not to restrict wind
movement (Frank and Kocurek, 1994; Offer and Goossens,
1994). This rooftop is covered with coarse gravel (20—
35 mm diameter), which prevents incorporation of dust
particles deposited on it (Goossens, 1994). In addition,
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the plates were placed on a mast 2 m above the rooftop.
The trays, washed with distilled water and dried, were
checked daily mainly during the summer, obtaining varying
rates of iberulite deposition. A record was kept of collection
times.

The deposited dust was carefully collected using a brush,
stored in glass vials and weighed to a precision of 0.1 mg.
Since the porcelain surface is very smooth, the dust was
not embedded and breakage of the iberulites was avoided
by carefully brushing them down the deposition trays. In
summer months, the atmospheric conditions of the area
prevent formation of dew, so dust and iberulite adherence
to the tray and brush was minimal.

Authors including Buat-Ménard et al. (1989), Pye (1992)
and Drees et al. (1993) often used long and irregular sam-
pling periods. In these conditions, rates are normally ex-
pressed on the basis of a sample weight over a certain
time for a sampling surface. In this study, sampling was
scheduled on a weekly basis from 2000 to 2005, and rates
of dust input were converted to an equivalent g m~> day ™!
basis for comparison, although the amount of sample col-
lected was very small and could be a limiting factor for later
analysis.

2.3. Sample selection criteria during the study period

Samples of events with iberulites were selected in order
to better characterize the phenomenon and obtain a general
overview. The selection criteria were having a sufficient
amount of sample, and collection during dryfall, thus
avoiding red rain to prevent dissolution and neoformation.
Table 1 shows the selected events and their main weather
features. Although iberulite events were recorded in 2003,
the quantity of samples collected was insufficient for correct
analysis, so they were not included.

In the same years that these events were recorded, TSP
levels (Total Suspended Particles) were also obtained from
the ambient air quality monitoring network of the Euro-
pean Monitoring Evaluation Program (EMEP network).
These data offer a general framework for our dust collec-
tions. The monitoring station used was ES07 (Viznar),
located 10 km from our sampling station and supervised

by the Spanish Environment Ministry. TSP levels were ob-
tained by weighing the aerosols collected using a high-vol-
ume sampler (MCV, Model CAV-A/HF).

2.4. Sample analysis procedures

A quarter of each sample was taken and the dust sepa-
rated from the iberulites. Each fraction was weighed using
a microbalance (Mettler Toledo, AX26). Amounts of min-
eral dust and iberulites were significantly higher than the
weighing error (d = 0.002 mg/0.01 mg).

2.4.1. Optical observations and image analysis

Sample trays were screened using a stereo-microscope
with oblique illumination at different magnifications. This
routine procedure enabled us to establish the sampling peri-
ods containing iberulites and to separate the iberulites from
the surrounding material (dust) by carefully hand-picking
with a very thin pin, avoiding sample contamination and
breakage. Color was determined by Munsell charts (1995)
and natural light using an iberulite concentrate.

Morphometric features of our iberulites were deter-
mined by digital image analysis. Color photographs of
iberulite concentrate were taken using a stereo-microscope,
opposing mixed light and a black background to remove
shadows and assist in particle selection. These images were
analyzed to determine particle length, surface area, perime-
ter and circularity. The largest and smallest lengths of each
particle were measured, representing the primary and sec-
ondary axes of the best fit ellipse; the area of each iberulite
was obtained in square pixels; perimeter was measured as
the length of the outside boundary of each selection; finally,
circularity was defined as 4w x (area/perimeter®), where a
value of 1.0 indicates a perfect circle.

2.4.2. Particle size distribution

The grain-size distribution of iberulite constituents and
dust was obtained with a CIS-1 Galai® Laser Sizer, because
they are easily dispersible. Distribution was determined
three times, at 15-min intervals, in an ethanol suspension
to prevent dissolution of soluble salts (mainly chlorides).
Acquisition times varied depending on the suspension

Table 1

Event chosen for this study, together with weather observations and summary of main depositional and physical features

Event Sampling period General climatological Red rain  Rates % Major Minor Roundness

(date) observations (gm~2 day~' Iber. axis(um) axis (um) index

010808  5th (6:00 PM)-11th Last day very hot, haze, = No 0.050 34 80 70 0.95
(6:00 PM) threat thunderstorm

020618 13th (4:20 PM)-24th  Haze, cumulo-nimbus, No 0.082 23 80 80 0.95
(8:15 AM) threat thunderstorm

040720  16th (8:00 PM)-23th  Period intensely hot and  No 0.020 23 80 80 0.95
(8:00AM) hazy

040822  20th (3:15 PM)-24th  Heat, haze and threat of  Later 0.001 16 70 60 0.95
(2:15AM) thunderstorms

050401 st (6:00 PM)-2nd Abnormal rise in Later 0.113 47 70 60 0.95
(6:30AM) temperature, cloudy

Event code: 01-08-08 indicates year, month and central day of sampling period. Sampling period means beginning and end of said period in

terms of clock time.
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concentration. The suspension was previously exposed to
ultrasonic dispersion in a water bath for 3 min. The size
range of the instrument was 0.2-150 pm (0.3% resolution
of full scale). The data were expressed in 0.5 pm ranges once
the measurement limit was determined.

2.4.3. Electron microscopy techniques

Scanning Electron Microscopy (SEM) was used with se-
lected iberulite samples to obtain morphological and chem-
ical information. The samples and equipment were set up
according to the specific aim of analysis.

A high-resolution Field-Emission Scanning Electron
Microscope (FESEM, Leo 1530) equipped with a LinK
INCA 200 (Oxford Instruments) microanalysis system
was used for the morphological study and to identify min-
eral phases. For SEM/EDX mapping (Zeiss DSM950), the
samples were soaked in Epon resin and cut with a diamond
knife ultramicrotome (Reichter Ultracut S) to expose their
interior. The same samples were used to obtain SE (Second-
ary Electrons) and BSE (Back Scattered Electrons) in a
LEO 1430VP microscope.

Iberulites were dehydrated in pure ethanol for 15 min
and then placed in an ethanol/Epon resin mixture and
shaken for an hour. They were then polymerized and
cut into thin sections (70-90 nm) with an ultramicrotome.
This process frequently detached some large-size grains;
these samples were examined using a high-resolution Phil-
lips CM-20. Point-to-point resolution was 0.27 nm and
beam sizes were 200 nm (TEM, Transmission Electron
Microscopy) and 10 nm (STEM, Scanning Transmission
Electron Microscopy).

Quantitative microanalyses were carried out in an
EDAX system equipped with a Si (Li) detector, using a 5-
nm beam diameter and a 10 x 20 nm scanning area. Elec-
tron diffraction patterns were obtained from selected areas
(SAED) and High-Resolution Transmission Electron
Microscopy (HRTEM) lattice-fringe images were obtained
as suggested by Buseck et al. (1988).

2.4.4. X-ray diffraction (XRD)

The mineralogy of dust and iberulites was determined
with an Enraf-Nonius Powder Diffraction System 120 (Nat-
ural History Museum, London) and a Brucker AXS DS
Advance (University of Granada), in both cases using dif-
fracted-beam Cu-Koa. The measurement conditions were
3°-70°26, range step scan 0.02° and 8 seg/step as very little
sample was available. Analysis time was about 8 h for both
systems. The diagram, phase identification and profile anal-
yses were carried out using DIFRAC™™ SEARCH, Bru-
ker® and XPowder software (Martin, 2004).

2.4.5. Electrophoretic mobility (Ue) measurements

These measurements were made using an automated
electrophoresis instrument (Malvern Zetasizer, 2000, Mal-
vern, England) at 25 4 0.5 °C. The (-potential was calcu-
lated using the Smoluchowski formula (Arroyo and
Delgado, 2002).

Electrophoretic mobility was carried out on dust and
iberulites (from each event) and pure selected mineral pat-
terns (albite, calcite, dolomite, gypsum, hematite, kaolinite,

muscovite, orthose, quartz, and smectite as major compo-
nents of the iberulites and dust). Determinations were made
in triplicate using suspensions in bidistilled water contain-
ing 0.1-0.2 g/L solids, previously exposed to ultrasonic dis-
persion in a water bath for 1 min. This concentration was
necessarily lower for iberulites and dust.

3. RESULTS
3.1. Deposition levels and periods of appearance of iberulites

We first detected iberulites while investigating the contri-
bution to the soils of a medium-sized forest fire on 16-18 Au-
gust 1999 (Sierra de la Almijara, Granada, Spain), located
some 50 km from the sampling station (Diaz-Hernandez,
2000). Monitoring was carried out regularly during the
months following the fire (including winter) until iberulites
were again collected on 26 June 2000, with no forest-fires
intervening. Dust samples were collected over the period
2000-2005 in order to exactly define the appearance patterns
of iberulites, centering only on studying and monitoring
iberulite events. Table 1 summarizes the dust rates and iberu-
lite percentages in the selected event samples, although these
amounts were probably somewhat higher due to the difficulty
of carrying out complete separation. The amounts of iberu-
lites obtained on 17 and 19 August (1999) was around
0.038 gm~> (i.e., 0.019gm >day'). The deposition of
iberulites on these two days (iberulites were not observed
on successive days) was equivalent to 10-12% of the total
dust obtained on these dates. These deposition rates (includ-
ing rates for 1999) suggest a close relation (R? = 0.66) be-
tween the amounts of dust and the iberulites collected on
these days (higher dust rates imply higher iberulite rates).

Fig. 1 shows the distribution of dustfall rates during
1992, with maxima occurring with winds from the south
(38%), contributing 50% of the total for that year. The dust-
fall rate for this region was thus calculated as
23.06 g m~ 2 year~! (Dfaz-Hernandez and Miranda Herndn-
dez, 1997), with no iberulites screened in any of the sam-
ples. This annual distribution pattern shows a repetitive
tendency (summer and spring maxima coincide) and is sim-
ilar to that obtained in the TSP collected between 1999 and
2005 at the nearby ESO7 monitoring station (Fig. 2). The
value obtained falls within the range of rates described by
Simonson (1995) in a global context and by Loye-Pilot
et al. (1986), Pye (1992) and Biicher (1994) in the Mediter-
ranean area, none of whom mentioned the presence of
iberulites.

Given the difficulty of separating iberulites from dust,
we evaluated the importance of the phenomenon by taking
the number of days they were detected in one month as an
estimate: frequency is high if detected on 15 or more days
(**%), medium between 5 and 15 days (**) and less than
5 days (*) the phenomenon is considered occasional (low).
Fig. 2 shows that iberulites are mainly found during the
summer (driest months); outside the summer months
(November—February) iberulites were only rarely collected
(sporadically in February or March, around springtime),
probably because of the low TSP contents in the atmo-
sphere (lower supply together with scavenging by rainfall)
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Fig. 1. Temporal distribution of dust additions to the southern Iberian Peninsula in 1992. Lines indicate atmospheric dust deposition rates
and letters indicate wind direction regime. Figure data compiled weekly (dust rates and wind directions). No iberulites were collected this year.

Source wind data: Granada airport, INM.
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Fig. 2. Interannual iberulite additions recorded in 1999-2004, indicating low (*), medium (**) or high (***) roughly estimated frequencies.
This monitoring is accompanied by records of monthly precipitation (bars) and TSP levels (lines) obtained at station ES07 of the EMEP

network (Spanish Ministry of the Environment).

and also due to disintegration caused by dew and frost. This
general framework indicates that the appearance of iberu-
lites is a discontinuous phenomenon, occurring mainly in
a dryfall context corresponding to the highest levels of solid
additions (Fig. 2).

In addition, iberulites sometimes coincide with red dust
rains (muddy rains) in the summer period, as long as rain-
fall is not heavy, since this would tend to disintegrate them
and only isolated mineral particles would be collected.

Some iberulites were preserved in these circumstances
(Fig. 3A), but their possible chemical and physical alter-
ation prevented their use in later analyses. Saharan red
rains are related to specific synoptic situations of atmo-
spheric circulation during periods of intense insolation.
These weather patterns can be observed on the synoptic
charts at 850-700 hPa during the monitoring period (syn-
optic surface charts and High-Resolution Local Area Mod-
el (HIRLAM) (Source: INM, data not shown).
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Fig. 3. Appearance of red rain episode (20 August 2005). (A) Panoramic view of raindrop impacts on part of a sampling tray; a variety of
shapes and sizes is observed with variable dust content. Arrows correspond to some iberulites associated with this episode whose diameters
ranged approximately from 18 to 32 um. (B-H) Sequence of raindrop impacts ordered by decreasing size. (B) Aureole of a raindrop whose
dust is concentrated in the annular ring (toroid), leaving a dustless hollow in the center (raindrop impact radius = 1.336 mm). (C and D)
Irregular impacts. (E-H) Muddy raindrop impacts with radii less than 500 pm. Some blackish soot remains are visible (micrographs D-H).

As a demonstration, Fig. 3 shows the images of a typ-
ical warm red rain episode taken between 3 PM on 16
August and 7 PM on 17 August 2005. The larger micro-
graph represents the general appearance of the sampler,
where the impacts of relatively large muddy raindrops
can be seen. Some iberulites deposited in this event are
also indicated. The adjoining details (micrographs B-H)
show a sequence ordered according to the water content
of the raindrop. The higher the water content, the larger
the impact trace becomes, as well as flatter and more
irregular, with higher dilution of the solid charge. On
the other hand, if the water content is low, impact size
is smaller, with more cohesion between its constituent
particles, producing globular forms with jagged edges
and hollow interiors.

3.2. Morphology

In order to avoid repetition, all the compositional pat-
terns mentioned in this section were obtained by EDX.

3.2.1. Global morphology and image analysis
The iberulites are mostly spherical in shape and vary in
size when observed with a binocular microscope (Fig. 4).

Micrograph 5 gives a panoramic view of the iberulites from
the event of 1 April 2005. Details of the iberulites from the
five events analyzed here can be seen in micrographs 1, 2, 3,
4 and 5-2. They are often associated with filaments of plant
matter (3A, 5.1A, 5.2A and 5-2B), in which case their shape
is adapted to the axis of the filament, and are sometimes
associated with crystals (5-1A and 5-2A). They are basically
pink (10YR6/4 color), with frequent reddish and blackish
speckles. Gray and red colors (4A) have occasionally been
observed. The surfaces of most of the iberulites show a typ-
ical conical depression, which we call the vortex (1A, 1B
and 2A), and which can at times be so deep as to be
translucent (1B and 2A). The vortex is roughly conical
with the base at the surface and the vertex inside the
microspherulite.

Morphological patterns of iberulites (Fig. 5) were ob-
tained by image analysis of the iberulite concentrate from
each event. The global sample determined from the event
data obtained (n = 5121 iberulites) shows sphericity: round-
ness index = 0.95, major axis = 75 um, minor axis = 65 pm.
Ninety-six percent presented a roundness index >0.85, 54%
of the population had a 60- to 90-um major axis and 61% a
60- to 90-um minor axis (Table 1). These distribution pat-
terns are similar across the events, although events 020618
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Fig. 4. Iberulite features observed by stereomicroscope at different magnifications. Micrographs 1-5 correspond (numerically also) to details
of iberulite concentrate extracted from the global dust sample of each of the five events (Table 1). We have selected a general view from one of
them (event 5); the other general views (not shown) are similar. The iberulites in this view resemble colored pinheads. Under greater
magnification, typical features can be observed—rounded shape, vortex and color. Micrographs 1A-5.2B are enlargements of the red boxes in
their respective micrographs: the first three give different details of the vortex and the others show variations in shape and color. Black spots

(soot) are also seen here (micrographs 1A and 5-1A).

and 040720 showed more dispersion in their modes,
although always around the same values. The values fur-
thest from the modes were found in elongated iberulites,
associated with plant filaments (4, 3A, 5-1A and 5-2B).
The similarity between the radii of the two axes suggests
that the iberulites are closer to spherical forms than oblate
spheroids.

The equivalent volume was calculated by determining
the projected area of each spherule, which allowed us to
estimate a bulk density of 0.65gcm™ after determining
the total weight of the iberulites in a high-precision balance.
Mean porosity was estimated at around 50%, based on
analysis of SEM images of nine sectioned iberulites from
events in 2001, 2004 and 2005, soaked in Epon resin. We
believe these values are consistent, considering the variety
of constituents in iberulites and the influence of the vortex
on volume calculations.

3.2.2. External and internal morphological features
The structural elements that characterize an iberulite are
the vortex, the core and the rind.

SEM images (Fig. 6) of iberulites show only one vortex
(micrograph A), which does not appear to be either an im-
pact or “‘ejection” crater. The vortex is a typical morpho-
logical features that distinguishes them from other
spheroids, especially from cosmic spherules (Fig. 7). The
microspherulite surface can be relatively rough and porous,
formed by assemblage linking of neighboring mineral parti-
cles, frequently with angular edges. Around the vortex, the
surface is smoother, indicating a predominance of very
small (<0.5 um) laminar habit minerals. The spherical mor-
phology of these iberulites may be distorted by adaptation
to plant filaments, giving them an elliptical shape, with the
axis corresponding to the filament, which can be of highly
variable length (Fig. 6B).

Because iberulites are fragile, it is relatively easy to study
their interiors. Fig. 6C and D shows a core formed by angu-
lar mineral particles of very variable sizes coexisting with
other more rounded particles and apparently without a
cementing matrix. The coarser components are concen-
trated in the core of the spherulite, finer particles occupy
the intermediate zone and the thin, rind-like outer coating
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Fig. 5. Frequency distributions, expressed as percentages, of several morphological parameters obtained from image analysis of iberulites.
Distributions were made for each event and for the global sample (n = n; + n, + n3 + ny + ns = 5121). Distribution patterns are similar. The

high roundness index is noteworthy for all events.

consists of laminar habit minerals (clays and to a lesser ex-
tent gypsum).

3.2.3. Biological constituents

Apart from plant filaments, iberulites are frequently
associated with remains of skeletal structures typically
made of silica (diatoms). The diatoms are distributed any-
where inside the iberulites, but are often found near the sur-
face (Fig. 8A), beneath the rind. We also observed broken
frustules with rounded edges in sectioned iberulites (Fig.
8B), apparently indicating prior erosion.

Although knowledge about fragmented biological parti-
cles in the atmosphere is very limited (Jaenicke, 2005), we
have frequently found biological remains, generally linked
to the outer parts of iberulites, that are probably marine
planktonic forms like coccolithophores (Fig. 8C). These
are biogenic skeletons, formed by calcite in this case, that
present a characteristic pedunculate morphology in a very
good state of conservation (Fig. 8C2). In one case (Fig.
8C1), rounded calcite forms of dubious definition were ob-
served, in whose folds we found a specimen that could
either be an unusual icosahedral capsid from a virus or
an early growth stage of Emiliana Huxleyi.

3.2.4. Crystal growth phenomena

We detected numerous crystals with a well-defined habit
with a formation related to the processes affecting the iberu-
lites (Fig. 9), indicating that recrystallization and mineral
neoformation phenomena occurred.

The halite produced well-developed crystals, probably
due to its availability and facility to participate in processes
of dissolution and precipitation. Micrographs A and Al
show a prismatic halite crystal on a calcium sulfate-covered
filament. Micrograph B shows a halite cube attached to an
iberulite; the halite cube has abundant granular deposits on
three adjoining faces and no dissolution figures can be seen.
The cube is anchored to the iberulite by a thin external rind,
which, in this case, presents a delicate equilibrium. Micro-
graphs C and C1 show accumulations of calcium sulfate

s “toothlike” gypsum crystal growths produced from in-
side the vortex.

3.3. Constituent particle size
The size distribution of constituent particles of the dust

and iberulites are shown in Fig. 10, in which we consider
each event separately, as well as the average event. All dis-
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Fig. 6. SEM images showing morphological aspects of iberulites. (A) External textural differences in a single iberulite; smoothest textures are
around the vortex and the rest of the surface shows adhering mineral grains. (B) Iberulite pierced by long plant filament; in this case the
iberulite is ellipsoidal in shape and its body can be found either at the center or at the ends of the filament. These filaments are of plant nature
and highly variable length and can deform the spherical shape. In this case, the peduncle of the iberulite presents high gypsum content. (C and
D) Internal views of two iberulite halves, formed by mineral particles with angular edges, showing small spaces between them. The external
surface is covered by a thin rind of laminar habit minerals. These mineral particles range gradually from large (core) to small (rind).
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50 um

Fig. 7. Comparative SEM images of two iberulites (A and B) and
two similar cosmic spherules (C and D). We have selected two cases
of cosmic spherules that present the most similar appearance to
iberulites. We underline that the iberulite vortex has a different
shape, number and texture than the pit(s) on the cosmic spherules,
and the shallow features in each micrometeorite are identical, while
in each iberulite they vary. Finally the composition of iberulites
and cosmic spherules are quite different. Cosmic spherules micro-
graphs courtesy of Dr. D. W. Parkin (www.bath.ac.uk/ceos/
index.html).

tributions are roughly similar for all events: events 010808
and 050401 were bimodal (for dust and iberulites), with
modal radii at 1 and 3.5 um; event 020618 was unimodal
for dust (mode 3.5 um) and bimodal for the iberulites
(modes at 3 and 5 um). Due to the lack of a dust sample,
there is only a histogram for the iberulites from event
040720, but it could be considered bimodal (modal radii
at 3.5 and 5 um). Event 040822 presents roughly unimodal
distributions in both cases, with modes around 3.5 pm. The
average event obtained from the preceding data has very
similar, slightly bimodal patterns for dust and iberulites,
with modes at 1 and 3.5 pm in both cases. Generally speak-
ing, the maximum value for all the modes of constituent
particles is around 3.5 um for both dust and iberulites, cor-
responding to a 12-14% range. Analysis of the results ob-
tained with the particle analyzer found very few particles
over 10 um for any of the events, with the exception of
040720, where 2.5% of particles were this size.

The amount of fine particles found for the dust events
(2002, 2004 and 2005) was practically identical at 30%
(Fig. 10). In the 2001 event, the amounts were 45% fine
and 55% coarse. All the iberulite events had higher range
variations for fine particles (24-42%). Since the measure-
ment technique is probably biased, we compared the mea-
sured sizes of constituent particles with SEM and TEM
images (Fig. 6C, D and D1), obtaining an acceptable fit be-
tween both techniques, because the fine particles are mainly
concentrated on the thin rind, whereas the coarser are in the
core: their relative volume abundances are different.

The average dust and iberulite events had similar com-
positions of fine particles (32% and 30%, respectively) and
coarse particles (68% and 70%, respectively) with a very
similar distribution pattern (Fig. 10). The particles making
up the iberulites and dust would thus be included in the clay
(<2 um) and fine silt (2-20 um) fractions.

The abundance of coarse particles (close to the fine size
limit) indicates that these particles are mainly generated by
mechanical processes from soils in and around the Sahara,
whereas the fine particles have different sources (Seinfeld
and Pandis, 2006), and could originate in part from friction
and collision of coarse particles both on the ground and in
the atmosphere. The fine fraction (mainly < 100 nm, Prupp-
acher and Klett, 1997) would assist the formation of cloud
droplets as cloud condensation nuclei (CCN).

3.4. Electrophoretic mobility

Electrophoretic mobility was measured to estimate the
degree of aggregation of iberulites. The {-potential mea-
sured for iberulite particles and dust was similar for each
event and approximately similar taken together. The ex-
treme values for these potentials corresponded to the iberu-
lites of the 2004 (-39 mV) and 2005 (—24 mV) events,
possibly due to mineralogical differences. The {-potential
measured for iberulite particles and dust is the average of
those of their main constituent minerals, which were all
negative, ranging from —43 mV (muscovite) to —23 mV
(kaolinite).

3.5. Mineralogical composition

3.5.1. Iberulite bulk mineralogy (XRD)

The bulk mineralogical composition of the dust in all
events (Fig. 11) consists largely of dolomite and quartz
(>30%), accompanied by calcite, gypsum, halite and illite
in lower proportions (12-2%); minor phases included beid-
ellite, hematite, kaolinite, montmorillonite and albite
(<2%). The bulk mineralogical composition of iberulites
in all events consists largely of quartz (>30%), accompanied
by calcite (7-38%); gypsum, dolomite and halite (3-10%);
and illite, beidellite and hematite (2-4%); in lower propor-
tions, minor phases included kaolinite, montmorillonite
and feldspars. The extremely small amount of iberulite sam-
ples prevented the identification of other phases, especially
in iberulite sample 040822.

All the events had a rather similar mineralogical compo-
sition in both dust and iberulites. However, the iberulites
contained higher amounts of phyllosilicates than the dust:
the iberulites in any event contained between two and four
times as much beidellite (and hematites) as the dust, and the
kaolinite contents of the iberulites are consistently twice
those of the dust.

The high proportion of dolomite in the dust of all events
is noteworthy (over 36%), whereas the most found in iberu-
lites was 7%, probably due to local Iberian inputs. This
dolomite contribution to the dust would explain the relative
decrease of the other minerals, in which case they would
present very similar quantitative compositions. Moreover,
the iberulites collected in the 2002 event showed a high


http://www.bath.ac.uk/ceos/index.html
http://www.bath.ac.uk/ceos/index.html

The nature and tropospheric formation of iberulites

#

o0o0703

3893

010808

Fig. 8. SEM images of biological components of iberulites. (A and B) SEM images of diatoms included in the bodies of two iberulites
collected during different events. (B) Iberulite sections, after soaking spherule in Epon resin. We observe a number of eroded diatoms, with the
chambers frequently broken. (C) Remains of carbonate skeletons, possibly belonging to marine plankton. The skeletons are all found on the
outer surface of the iberulite and belong to the same event. The excellent conservation of these extremely labile forms and the similarity
between them is noteworthy. (C1) Biological specimen (virus or planktonic form) and (C2) detail of peduncular morphology of a biogenic

skeleton.

(38%) calcite content, probably from the source area. It
should be noted that the percentages of beidellite (and
hematites) could be slightly higher through loss of crystal-
linity (amorphization detected by TEM).

3.5.2. Iberulite electron microscopy analysis

EDX analysis of the surface (rind) indicates that the ma-
jor constituents are O, Si, and Al; Ca, Mg and S contents
are also noteworthy. The minor constituents are Fe, K,
Cl, Na, Ti and Sr in decreasing order of abundance, and
more rarely V and Ba. The spectra suggest a great abun-
dance of clay minerals (phyllosilicates), accompanied by
sulfates (Ca, Na, K, Mg and Al) and halides (Na, Ca, K

and Mg) (Fig. 9). In some cases, phosphate-vanadate, bari-
tine and celestine were detected as well.

EDX analysis of the core (Fig. 6) showed the major con-
stituents to be O, Si, Ca and Al (in decreasing order of
abundance); Mg, Na, K and Fe were present in intermedi-
ate amounts, and S, Cl, and P in very minor amounts, but
not in all the iberulites. On the basis of the clear morpho-
logical features of many mineral grains, we identified the
larger ones as calcite, dolomite, quartz, feldspars, micas,
and iron oxides, and occasionally clay minerals, rutile,
ilmenite and apatite, among others.

In order to gain a more comprehensive view of the ele-
ment distribution, we performed EDX mapping (Al, Ca,
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Fig. 9. SEM images of halite and gypsum crystalline growths on microspherulite surface. (A and B) Different sodium chloride crystal habits.
(A and Al) Part of a plant filament of an iberulite covered in gypsum flakes, on which an idiomorphous sodium chloride crystal has
developed. (B) One face of a well-developed cube adhered to an iberulite. (C) “Toothlike” gypsum crystals inside a vortex.

Cl, Fe, K, Mg, N, Na, S and Si). Fig. 12 shows that gypsum
mainly occurs in the rind of the iberulites in all the events
examined, generally associated with phyllosilicates and
occasionally with carbonates. This is corroborated by the
halo shown in S mapping and by the yellow halo resulting
from the superposition of the S (green) and Ca (red) spec-
tra. The maps of N, Cl and Na gave poor resolution images.
The maps of Si, Fe, Mg and K do not show preferential dis-
tribution in the body of the iberulite.

TEM-EDX analyses were carried out on all events. The
individual minerals indicated that major constituents were
0, Si, and Al, followed by Ca, Mg, Na, K, Fe, Ti, Cl and
S; minor constituents were P, Sr, Ba, Ce, La, Y, V, Ni,
Mn, Br, Pb, Mo, and Cr, with the first three (P, Sr and
Ba) being detected on more than one occasion.

This analysis gave similar mineralogical characteristics
to those found by SEM, which agrees with the zonation ob-
served in the sections of iberulites (core, intermediate zone
and rind). However, based on the results of TEM-EDX
spectra and SAED, we identified some mineral grains more
precisely, in particular from the rind and adjacent zones
(more external areas of the intermediate zone), thus estab-
lishing the typology of phyllosilicates presented in Table
2. The most frequent spectra were those of beidellite and

montmorillonite, while those of paragonite, pyrophyllite
and chlorite were very rare. From all the structural formu-
lae calculated, we selected those we considered most repre-
sentative of the species concerned. These were classified
following the criteria of Weaver and Pollard (1973), Borc-
hardt (1989) and Meunier (2005).

Other minor minerals are of interest as they indicate both
the origins of the aerosols and the atmospheric alteration
processes of either individual dust grains or iberulite genesis.
We thus have some minerals considered primary, which are
resistant to alteration and probably originated in highly
weathered soils (rutile, ilmenite, grossular, hematites, alumi-
num oxide-hydroxide and amorphous iron oxides), or which
may be related to volcanic rocks (calcium amphibole, mon-
ticellite). Another group of minerals could be related to
phosphate deposits in the Western Sahara (Bu-Craa).

HRTEM micrographs of iberulite rinds from each event
show an important quantity of small individualized crystal-
lites of several minerals smaller than 0.5 pm. Fig. 13 shows
iberulite rinds of an event. In these images, smectite parti-
cles can be observed whose crystallites are arranged in a
more or less disorderly stacking (tactoids or quasicrystals),
forming the relatively thick walls of a polygonal network.
Micrograph A shows honeycomb smectite (triangular net-



The nature and tropospheric formation of iberulites 3895
Event 010808
Average event % %
16 16 i
14 14 Iberulites:
12 dust: 12 coarse: 61%
10 coarse: 55% 10 fine: 39%
% 8 fine: 45% 8 ratio c/f: 1.5
16 6 6
5 dust: 4 4
12 coarse: 68% 2 2
10 fine: 32% 0 0
ratio c/f: 2.1 01 23 45 67 8 91 0123 45067891
8 um um
6 Event 020618
4 % %
i s s Iberulites:
0 1 2 3 4 5 6 7 8 9 10 12 dust: 12 coarse: 76%
um B fine: 24%
n coarse: 69% 10 ratio cff: 3.2
8 fine: 31% 8 T
6 6
4 4
2 2
% [o [ I T A = O~ ’
16 01234567 8 91 01 234567 8 910
14 Iberulites: = .
12 coarse: 70% Event 040720
10 fine: 30% %
8 ratio cff: 2.3 = Iberulites:
6 o coarse: 76%
4 i fine: 24%
2 8 ratio c/f: 3.2
0 ' 6
0o 1 2 3 4 5 & 7T 8 9 10 4
pm
2
R R e R e B
01 234567 8 910
um
Event 040822 Event 050401
% % % %
s 16 Iberulites: |[|® 16 Iberulites:
:: dust: 13 coarse: 69% 1‘2‘ dust: 1; coarse: 58%
o coarse: 70% b fine: 31% 10 coarse: 70% 10 fine: 42%
B fine: 30% g ratio c/f: 2.1 5 fine: 30% 8 ratio c/f: 1.4
6 6 6 6
4 4 4 4
2 2 2 2
0 0 R ol e e e
01 2 3 4 5 67 8 91 01 2 3 4 5 67 8 9 10 o1 2 3 4 5 6 7 8 910 01 2 3 4 5 6 7 8 9 10
um pm pm um

Fig. 10. Particle size distribution of iberulite constituents and dust Average event was obtained by averaging the data of the other events. Fine
particles are Dp < 2.5 um, and coarse particles Dp > 2.5 um, based on the volume distribution (Seinfeld and Pandis, 2006).

work), where incipient alteration of smectite to amorphous
silica and gypsum can be inferred and chlorides can also be
seen, while micrograph Bl shows smectite or amphibole
alteration to alunite.

4. DISCUSSION

Iberulites were first encountered in August 1999 (Diaz-
Hernandez, 2000) and continue to be collected at the time
of writing. This indicates that their appearance is not acci-
dental, but responds to discontinuous natural phenomena.
The lack of previous references to iberulites may be due
to (1) the most commonly used sampling methods; (2) the
fact that they are exclusive to the study region and/or (3)
because previously non-existent environmental conditions
are conducive to their formation. Loye-Pilot et al. (1986)
and Guerzoni and Chester (1996) presented papers focusing
on African dust transport and impact centering on the
Mediterranean basin, but did not mention iberulites, or
anything similar. None of the LITE, MINOS, MIN-

ATROC, SAMUM and SHADE field experiments have re-
ported any descriptions of particles similar to iberulites.

Satellite imagery (MODIS for example) can only moni-
tor the evolution of Saharan air masses loaded with dust
(plumes) over large sampling periods (Fig. 14) because the
satellites only retrieve total optical thickness from the mea-
sured radiances.

On the other hand, it is well known (e.g., Alarcdn et al.,
1995; Diaz-Hernandez and Miranda Hernandez, 1997;
Moulin et al., 1998; Escudero et al., 2005) that in the wes-
tern Mediterranean basin, the highest levels of airborne
dust additions to soils generally occur when powerful,
advective, high-dust Saharan air masses penetrate into the
troposphere and are transported over the Iberian Peninsula
(many times across the eastern Atlantic Ocean, Fig. 14)
mainly from May to September, induced by anticyclonic
activity over the eastern or southeastern Iberian Peninsula,
and more sporadically in January, February and October
(Figs. 1 and 2). During this transport, atmospheric process-
ing of this material could occur, because these periods coin-
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Fig. 11. Mineralogical composition (XRD) of iberulites (Ib) and associated dust (D) from each event. Contents are given on a logarithmic
scale. Qz, quartz; Dol, dolomite; Ca, calcite; Il1, illite; Ka, kaolinite; Ha, halite; Gy, gypsum; Mon, montmorillonite; Hm, hematite; Ab, albite;

Bei, beidellite.

cide with the collection times of iberulites. In the January—
June period, this dust transport is mainly caused by cyclo-
nic activity over western or southern Portugal (Rodriguez
et al., 2001; Alpert et al., 2004; INM).

In addition, a considerable increase of red rain episodes
has been recorded in the western Mediterranean basin since
the 1980’s (Quereda et al., 1996; Avila and Peniuelas, 1999;
Avila et al., 2007). We too have recorded this phenomenon
between 2000 and 2006, with the following variability: 2000
(3 episodes), 2001 (7), 2002 (7), 2003 (1), 2004 (10), 2005
(11) and 2006 (7). Fig. 3 shows microscope images of drop
impacts from one of these rain episodes, with 2005 in par-
ticular being the driest year in Spain since 1887 (INM).

We have also observed that all the red rain episodes were
closely associated with hazes, although not all the hazes
were accompanied by red rain, and the iberulites were col-
lected during this warm weather. These hazes were not local
or even regional, but coincided with Saharan heat waves
affecting at least all of the southern Iberian Peninsula.
The water for these red rains generally comes from thermal
lows or summertime extratropical convective precipitations
(one of the major moisture sources) due to evaporation
from the land surface (Barry and Chorley, 1998; Fig. 14A
and B). However, in spring or autumn, the water can occa-
sionally come from cooler, moister Atlantic fronts (Avila et
al., 1998; Fig. 14C).
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Fig. 12. Element (Al, Ca, Cl, Fe, K, Mg, N, Na, S and Si) fingerprints of a polished iberulite (central backscattered electron image) using
microprobe X-ray mapping. Note that Cl and N do not present fingerprints, and S + Ca fingerprints would give the calcium sulfate (gypsum)
distribution. Bottom line shows the fingerprints of gypsum in the studied events. Note that the central micrograph presents a lazurite crystal

(green color).

The iberulites collected in all the events were produced
in both wet deposition (red rain) and dryfall contexts.
The images in Fig. 3 show a possible connection between
the specimens collected during a red rain episode (dust,
muddy raindrops and iberulites). The micrograph sequence
shown (B-H) indicates a decrease in water content of the
muddy raindrops, which would be minimal in the case of
the iberulites (which, together with the dust, would be the
smallest objects in micrograph A). The muddy raindrops
in photos E-H could have become iberulites if their water
had evaporated before reaching the ground. All of this
could indicate physical interaction between soil particles
and water droplets.

4.1. Hypothesis

Our interpretation of the morphological, structural and
compositional properties of iberulites will lead to an under-
standing of their formation mechanisms.

4.1.1. Morphology of the Iberulites

Iberulite morphology shows that sphericity is a common
feature, similar to that found in other types of particles pro-
duced in different media. Regarding the atmosphere, parti-
cle aggregation phenomena are common, occurring as
irregular, internally mixed minerals of terrestrial and mar-
ine origin with no patterns of structural organization
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Table 2

Phyllosilicates in iberulite rind detected by TEM-EDX microanalysis®
Species Elemental composition
Phyllosilicates from smectite rind

Beidellite Si, Al, Mg, Fe, Na, Ca, K
Montmorillonite Si, Al, Mg, Fe, K, Ca
Di-trioctahedral smectites Si, Al, Mg, Fe, Ca, K
Magnesian smectites Si, Al, Mg, Fe, Ca, K
Magnesic-ferric smectites Si, Al, Mg, Fe, K

Illite Si, Al, Mg, Fe, K
Paragonite Si, Al, Mg, Fe, Na, K
Pyrophyllite Si, Al, Mg, Fe

Kaolinite® Si, Al, Mg, Fe, K
Chlorite + Smectite® Si, Mg, Al, Fe, Ca

Si3,79A10.21
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Fig. 13. Arrangement of smectite particles and other minerals in the rind, observed using HRTEM images of iberulite sections. The A
microfabric shows moderate alteration with atmospheric neoformation products: the inner part of the rind is more altered (gypsum and
amorphous silica) than the outer (only halite), while the B1 microfabric is strongly altered: an incipient alunite crystallite emerges by starting
to crystallize in an amorphous smectite (gel). Qz, quartz; Si, amorphous silica; Sm, smectites; Ab, albite; Fe, iron oxides; Ha, halite; Gy,

gypsum; Alu, alunite; I, illite; Ru, rutile; Amp, amphibole.

(e.g., Andreae et al., 1986; Buseck et al., 2000). All of these
forms are different from iberulites. One distinctive feature
of iberulites separating them from all of these spheroids
and aggregates is the vortex, whose origin is not due to
the random nature of other phenomena (erosion, impact,
ejection, etc.), but is related to iberulite genesis and is com-
mon to all of them.

Beard and Chuang (1987), Beard et al. (1989) and Prupp-
acher and Klett (1997) studied morphologies with similar
vortices to those of iberulites in the context of airflow around
circulating water droplets: this suggests that water droplets
could act as precursors for iberulites, together with the asso-
ciated mechanisms. These authors examined the drop shapes
and established that the drops clearly maintained their sphe-
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040822

Fig. 14. MODIS images of the transport of Saharan dust towards the Iberian Peninsula. These images represent three types of dust intrusion,
with different densities of aerosols and different cloud cover. The image with highest cloud cover (April 2005) gave the highest deposition rate
and preceded a red rain episode. Image courtesy of MODIS Rapid Response Project at NASA/GSFC (Dr. J. Schmaltz); see http://
visibleearth.nasa.gov/Atmosphere/Aerosols/Dust_ash_2.html (MODIS: Moderate-resolution Imaging Spectroradiometer). Squares show the

sampling zone. (A-C) Events of the date labels (see Table 1).

ricity up to a radius of @ = 500 um, when a breakup mecha-
nism started, beginning with drop base flattening and an
increasingly large concave depression until the equivalent ra-
dius reached 4.5 mm. This can be observed in the raindrop
impacts shown in Fig. 3. Micrograph A presents a large vari-
ety of impacts, with varying sizes and subcircular shapes; all
are less than 1 mm in diameter. Sequences E-H shows the
traces of raindrops decreasing in size, with the smallest hav-
ing equidimensional axes.

As iberulite sphericity is high, their formation mecha-
nisms could be linked to the processes undergone by water
droplets not passing the aforementioned 500 um radius
threshold. On the basis of the studies of Le Clair et al.
(1970, 1972), Pruppacher and Beard (1970) and Lin and
Lee (1973), we understand that the precursor water drops
of the iberulites should have a size range of 150 pm <
a <500 um (Reynolds number regimes 20 < Ng. < 300),
corresponding to the conditions in which the standing eddy
at the downstream end of the water drop (rear) forms as a
result of the wake produced by the drop in free fall. In this
setting, a water sphere falling in air has vigorous internal
circulation with a stagnation ring slightly upstream of the
equator; a simultaneous reverse circulation towards the rear
of the sphere develops for 100 < Ny < 300 (i.e., 300 <a <
500 pm). In these conditions, a vortex could form in the tail
of a falling precursor water drop, and in both its formation
and its fall it could trap dust and other drops. The extent of
development of this vortex would be conditioned by the
strength and size of the wake, which increases according
to the Reynolds number. The iberulite in Fig. 6A shows
an example of this vortex.

Although the average diameter of the specimens col-
lected is 60-90 pm, the larger sizes were probably deposited
before reaching the sampling station.

4.1.2. Structure and particle-size distribution in iberulites

SEM images show that most of the iberulites from all
events have the same structural pattern of three different
parts, following the model shown in Fig. 15: the core (tens
of microns), a medium layer, and a thin (a few microns)
outer rind, considering particle size, the thickness of each
layer and its composition.

Beard and Grover (1974) and Grover and Pruppacher
(1985) suggested that for Ng. = 30 (a ~ 200 pm) droplets,
small particles (<1 pm) captured by the standing eddy on
the downstream side of the drop are favored by gravity
pulling them toward the rear of the drop (wake capture),
whereas relatively large particles (>1 um) may be captured
on the upstream lower side of a falling drop (front capture).
Both capture effects would strongly increase with increasing
collector radius of precursor water drops and so trap other
dust particles and drops (Pinsky et al., 2001). This is consis-
tent with our observations, as the highest concentration of
fine particles is found on the upper hemisphere of the iberu-
lites, acting as a crust or rind around the vortex. On the
other hand, coarse particles concentrate more on the lower
hemisphere, mainly trapped by the lower side of the iberu-
lite (Fig. 6A,C and D).

It therefore appears that the iberulites collected repre-
sent the last stage in precursor water drop evolution. Once
the water drop—dust grain (colloidal suspension) system is set
up, the hydrodynamic phenomena affecting the precursor
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Fig. 15. Sketch of a cross-sectioned pinkish mineral microspherulite (iberulite) showing its internal organization based on morphological
features, mineralogy and the types of microfabrics. Three zones are distinguished: smectite layer (rind) and granular body (core and

intermediate zone).

water drops during fall produce important regimes of
internal circulation inside them (Le Clair et al., 1972;
Pruppacher and Klett, 1997), reaching maximum internal
velocity near the drop surface. These regimes move the con-
stituent particles according to their inertia: the most mobile
are the smallest, tending to become located in the rind,
while the largest and heaviest remain in the core and inter-
mediate zone. The components of the core and intermediate
zone have no cementing matrix, but, because of their colloi-
dal nature, have moderate {-potential surface charges, so
that when new particles are captured by a water drop, elec-
trical repulsion exists between them due to this interfacial
charge, although this may not prevent weak flocculation
in the drop (Hunter, 2000). This explains the high porosity
and the ease with which the iberulite disintegrates when
manipulated or wetted. Nonetheless, the rind does have a
cementing matrix consisting of minerals of laminar habit
(phyllosilicates) connecting small mineral grains; amor-
phous and crystalline iron oxides are also linking agents
of the rind constituents.

We can thus define an iberulite as a coassociation with
axial geometry, made up of well-defined mineral grains to-
gether with non-crystalline compounds, structured on a
coarse-grained core and a pinkish smectite rind with only
one vortex.

4.1.3. Mineralogical transformation processes on the smectite
layer (rind) of the iberulites

EDX spectra and images taken of each of the iberulite
parts show a greater abundance of mineral species in the
rind than in the core. This could be attributed to a profu-
sion of heterogeneous and multiphase reactions in the smec-
tite rind, which has a special distribution due to the thinness
and flexibility of the crystallites. Their aggregates form
“honeycombed” structures in which water can be found
in various states (Meunier, 2005). These clay suspensions
become true gels trapping large amounts of water in the
pores of the alveolar structure (Figs. 6A and D1, and 13A).

The successive processes described below would occur in
a final stage of the evolution of precursor water drops to
iberulites, when they are already structured and formed,
with an aqueous phase restricted to the more hygroscopic
smectite coating, as opposed to an almost dry core.

The non-silicate minerals found in the rind are mainly
sulfates (gypsum and to a lesser extent alunite-jarosite
and other mixed sulfates), sodium and calcium chloride,
amorphous silica and amorphous iron oxihydroxide. The
SEM images show the chlorides to be generally well crystal-
lized (idiomorphs) (Fig. 9A1 and B), whereas the sulfates
(except for those shown in Fig. 9C) are present as pulveru-
lent masses, flakes or, in most cases, impregnations (Fig.
13). The occurrence of chlorides and sulfates in the core
is minimal. This leads us to think that the presence of these
minerals could be the result of two distinct, consecutive
processes in the atmosphere: first H,SO, attack, and second
the incorporation of sea salt into the outermost layer of the
iberulite rind.

In our case, the H,SO,4 could have three origins: (a) con-
densation of gaseous sulfuric acid on iberulite surface; (b)
absorption of atmospheric SO, into liquid water droplets
in clouds, which would be deposited directly on the iberulite
surface; and (c¢) SO, could be both absorbed onto some par-
ticle surfaces (such as quartz grains, feldspars and calcites;
Fig. 13), and spread to alveolar smectite compartments,
whose water would have an alkaline pH (data not shown).
This would provide a suitable chemical environment for the
aqueous-phase conversion to H>SO,4 (Seinfeld and Pandis,
2006). In addition, due to the ease with which smectites
swell, the SO, could enter more easily into the interlaminar
space since the surface area of the smectites increases (Borc-
hardt, 1989). Adsorption of SO, to active sites with hydro-
xyl groups (octahedral sheets) would occur in the hydrated
interlaminar space and on the edges of the clays, causing
irreversible oxidation to sulfuric acid. Ozone and metal
components (Fe and Ti) would act as catalyzers and the
high pH would make the oxidation reaction proceed at a
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substantial rate (Usher et al., 2003). This would lead to the
rapid transformation of some primary minerals into prod-
ucts of atmospheric neoformation (secondary minerals):
the gypsum crystals would be mainly the product of
H,SO, attack on the interlayer cations of the smectites (Ta-
ble 2). Once these cations are consumed, acid attack could
continue to destroy the octahedral and tetrahedral sheets of
the smectites and other phyllosilicates (illite and kaolinite,
among others), creating mixed sulfates (Andreae et al.,
1986). The alunite-jarosite found in the smectite rind would
be of similar origin. The alunite could also come from acid
attack on orthose or amphibole grains (Fig. 13B1), while
the jarosite could be produced by acid attack on Fe- and
K-rich phyllosilicates. If acid attack progresses further,
the phyllosilicate grains would be completely destroyed,
producing the amorphous silica and Fe observed in the
TEM-SAED. The lazurite could come from the source area
or could also have been formed in the atmosphere by sulfu-
ric acid attack on a grain dust silicate (Fig. 12, central
micrograph in the bottom row).

The incorporation of sea salt into the outermost layer of
the rind would probably occur at the same time as that of
biogenic planktonic exoskeletons. Since these have no signs
of corrosion, they must have been incorporated after the
acid attack described above (Fig. 8C, C1 and C2). As ob-
served in Fig. 9A and B, the sea salts are adhered to the
iberulite surfaces and thus are not the result of atmospheric
neoformation reactions on other components, nor are they
the result of internal mixing of NaCl and original dust par-
ticles (they do not appear in the core).

4.1.4. Space—time sequence of iberulite formation in the
troposphere

Satellites provide an excellent picture of dust transport
on the global scale (Prospero et al., 2002). The most prom-
inent features in Fig. 14 are the large plumes stretching
from the Sahara and Sahel towards the west coast of Africa
and then shifting towards the Azores, Gulf of Cadiz and
southern Iberian Peninsula. The MODIS images chosen
correspond to summer 2004 and spring 2005 and are the
most representative of the events associated with iberulite
formation. The MODIS image in Fig. 16 clearly illustrates
the framework of the process, even though only a few iberu-
lite specimens were collected at the monitoring station dur-
ing this event (5-8 March 2004) (Fig. 2). Other trajectories
exist (Fig. 14), but this one is frequently observed.

Mineralogical composition enables us to establish the
relationship with the likely source areas (Fig. 16, label 1),
which are the same as those established by other authors
in North Africa, mainly consisting of arid soils and stand-
ing out as the strongest and most persistently active dust
sources (Glaccum and Prospero, 1980; Goudie and Middle-
ton, 2001; Prospero et al., 2002 and references therein).

The major minerals of the arid soil surface on a global
scale (Claquin et al., 1999) are quartz, feldspars, illite, smec-
tite, carbonates, gypsum, and iron oxides both for the clay
and silt fractions, as well as our iberulites. The presence of
mineral assemblages like quartz, dolomite and calcite is a
good indication of Saharan origin (Avila et al., 1997), while
a composition of mainly smectites and illite suggests an ori-
gin in the Aridisols of central Algeria and eastern Morocco,

Fig. 16. MODIS image of a dust plume trajectory (pink) from its source area (Central Sahara-Sahel) towards the Iberian Peninsula, over the
Atlantic Ocean. This is one of a sequence of images taken over four days during which the evolution of this aerosol mass was followed. The
dust mass passed above the clouds between Cape Verde and the Canary Islands and, on descent, converged with the depression centered west
of the Iberian Peninsula at a similar altitude, finally shifting towards the Mediterranean. In this case only small amounts of iberulites were
collected. For additional details about labels, see text. Image courtesy of Dr. J. Schmaltz, NASA/GSFC.
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including the southern slopes of the Saharan Atlas Moun-
tains (Paquet et al., 1984; Prospero, 1999). Kaolinite is
more abundant in dust from the lower latitudes of West
and Central Africa. Bearing in mind these references, the
mineral components of the iberulites studied in this paper
may have the same origins. The higher dolomite content
in the dust compared to the iberulites suggests possible local
contamination of this mineral, suggesting that the iberulites
formed before reaching the sampling station.

The coatings of iron oxides and iron oxide domains in
the internal mixtures of iberulites must proceed from the
soils (Ferralsols) of the source area as free oxides (hematite)
or as oxides adhering to the clay minerals, calcite and
quartz (Lafon et al., 2004). North African dust contains
appreciable quantities of iron (Jickells et al., 2005): the
pinkish color can be attributed to these iron coatings.

Pokras (1991) and Romero et al. (2003) reported re-
mains of silica diatom shells in dust samples. Their presence
in the interior of iberulites establishes different source areas,
like the Central and Western Sahara and Sahel, especially
the northern region in the Bodelé Depression (Washington
et al., 2006). Dry lake beds around Lake Chad contain fine
particulate matter (particulate organic matter, minerals and
diatoms) that is easily picked up, eroded and transported by
wind.

Dust is carried from the Sahara within a mixed layer
called the Saharan Air Layer (SAL), which typically rises
to 500 mb (6 km, Kishcha et al.,, 2003; Alpert et al.,
2004). Its base is near the surface over the Central to West
Sahara, but it rises rapidly in a westward direction (Fig. 16,
label 2) to be transported far offshore.

During transit in the atmosphere (several days, often a
week or more, Prospero (1999) and MODIS), the dust
can be transported thousands of kilometers by winds. Stud-
ies of dust mobilization in soils from arid regions show that
particles <10 um in diameter can be released in large num-
bers, but the 5-um mode is attributed to long-distance
transport (Gillies et al., 1996). This is our case (Fig. 10).

Once over the Atlantic Ocean, these large, dense masses
of dust fly towards the Canary and Azores archipelagoes
(Fig. 16, label 3). Because of the high concentration of dust
(our average event has 32% fine and 68% coarse), many
small cloud droplets nucleate that coalesce inefficiently into
raindrops (Rosenfeld, 2000; Rosenfeld et al., 2001), i.e., the
more cloud droplets there are, the smaller they will be and
also much less likely to collide with each other and create
precipitation (Toon, 2003). However, this would not pre-
vent some cloud droplets of about 2-30 pm radius from
coalescing (the minimum size required for the onset of pre-
cipitation is about 20 um; Pruppacher and Klett, 1997).
These authors determined that 12-24 min are necessary to
form raindrops with radii of about 100 um, starting from
a droplet spectrum centered at about 10 um. The water
droplets formed in these circumstances would be precursors
of iberulites, as explained in Sections 4.1.1 and 4.1.2. This
implies that the cloud droplets contain very fine dust grains
partly originating in nucleation (CCN), but that this load
can increase by impaction scavenging. During fall, they
would reach terminal speed with a more or less acute hori-
zontal component (Fig. 16, label 3). According to Andreae

et al. (1986), droplets in marine cumuli have lifetimes rang-
ing from 17 min to 3 h, which allows for the incorporation
of new mineral particles. It is likely that in this stage, local
(marine) muddy rain can occur, similar to that described in
Fig. 3.

Simultaneously, there could be interaction between con-
ducting water drops, charged aerosols and the atmospheric
electric field in a fair weather situation (<150 Vm™!, Harri-
son (2004)). Complex hydrodynamic and electrostatic inter-
actions occur affecting the collision efficiency of
150 < a < 600 pm water drops in air and aerosol particles
of up to 3 um radius (Grover and Beard, 1975). Thus, rear
collision through the vortex between electrically charged
drops and particles is more likely. Gay et al. (1974) found
that 300 um water drops falling in an electrified field be-
tween 25 and 40 Vm ! at 20 °C and 1013 mb experienced
upward motion (experiencing a combined gravitational
and electrical force of mg+ QE, where m = mass,
Q = drop charge and E = vertical electrical field). This in-
creases the atmospheric residence time. Also during fall,
the water in the drop evaporates, which is a sine qua non
condition for iberulite formation; the loss of mass would
cause a gradual loss of speed. Evaporation can occur either
because the precursor water drop leaves a cloudy region or
because it falls to lower, warmer levels of the troposphere.
When it is practically dry (in a matter of minutes), only the
weakly bound mineral components remain, many of them
highly porous (Fig. 8B), with a thin layer of laminar miner-
als on the periphery, mainly on the hemisphere containing
the vortex and with the structural configuration caused by
the hydrodynamic phenomena explained above. Overall,
their bulk density is very low (0.65 grains/cm® and porosity
about 50%), so they could act as flying spheres, possibly
able to remain in the air for a long time and cover large dis-
tances (Fig. 16, label 4). During this transport, the smectite
rind may retain some water or rehydrate because of its high
degree of hygroscopicity. At this point, the iberulites would
be completely formed, but would have not yet acquired the
compositional maturity observed after collection due to the
absence of mineral species later detected in the smectite
layer. According to Glaccum and Prospero (1980), the dust
does not contain any primary halite or gypsum. During the
precursor water droplet stage, water action could cause the
virtual dissolution of mineral cations. However, since the
initial mineral phase (mainly silicates and carbonates) has
low solubility, and environmental humidity should not, in
theory, supply a high saline load at high altitudes as it is still
above the marine boundary layer (MBL), it could be ex-
pected that these iberulites would not yet have the periphe-
ral saline minerals observed. Otherwise, these salts would
be evenly distributed throughout the microspherulite body
and not in specific areas. However, we can see that the salts
are preferentially located in the rind, particularly in the case
of sulfates and chlorides, with the former beneath the latter
(see 4.1.3 and Figs. 9 and 13).

The non-sea-salt sulfates (NSS: gypsum, alunite-jarosite,
among others) were probably not incorporated into the
iberulites like the conventional sea-salt sulfates, but would
be neoformed minerals in the iberulite rind before deposi-
tion of the sea salt: they are mainly found as an outer fringe
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on all iberulites in all events (Fig. 12, bottom row of micro-
graphs) with identical distributions on the smectite rind.
The process causing this sulfate fringe would occur on the
outside of immature iberulites by gas-iberulite transfer reac-
tions and heterogeneous oxidation of SO, (see Section
4.1.3). As the carbonate planktonic skeletons are well pre-
served, they would not yet have been incorporated into
the iberulite surface at the time of the reaction. The miner-
als of the iberulite interior (especially the carbonates) would
therefore not undergo acid attack, as the core is already dry
(no corrosion or coating has been observed).

The presence of NSS in the iberulites of all the events
studied requires transit through areas with high content
of atmospheric sulfur species (Fig. 16, label 4). We must dis-
card anthropogenic emissions due the geographic context in
which the immature iberulites are moving. Alternatively,
there are two main sources of sulfur: the volcanic context
of the Canary, Madeira and Azores archipelagoes, which
supplies a background of diffuse and continuous emissions,
and oceanic dimethyl sulfide (DMS). However, Wang et al.
(1995), Thornton et al. (1997) and Raes et al. (2000) suggest
that DMS contributes only 1-10% of the SO, in the upper
troposphere in the Northern Hemisphere. Given that the
trajectory of the immature iberulites carries them over the
MBL at altitudes of around 5 km, they would come into
contact with the SO, emissions from these archipelagoes,
which in most cases concentrate in the upper part of or
far above the MBL (Graf et al., 1997).

SO, accumulation is therefore probable in the vicinity of
the Teide stratovolcano (3710 m ASL). During the ACE-2
campaign over the Canary Islands area, de Reus et al.
(2000) observed a marked decrease in ozone concentration
linked to high mineral dust concentrations. This means that
dust surfaces provide a sink for the direct removal of ozone;
ozone depletion would in turn boost SO, oxidation (Gobbi et
al., 2000; Usher et al., 2003). In our case, the iberulite smec-
tite rind would appear to be the most efficient sink, as the sul-
fate content of iberulites is higher than that of dust (Fig. 11).

Having flown over the Canary Islands, the plume would
continue to descend gradually towards the MBL (850 mb,
~1.5-2 km, Formenti et al., 2003; Alpert et al., 2004). This
would imply a 22% increase in collision efficiency of drops
with sea salts for a change in ambient conditions (995 mb,
14 °C to 800 mb, 25 °C, De Almeida, 1977), reaching their
final maturation (Fig. 16, label 5).

These chlorides could therefore originate in the sea-salt
particles that either precipitated onto the iberulite surface
or adhered to the smectite layer as idiomorphous crystals
because of their hygroscopicity (Fig. 9A and B). Redissolu-
tion processes have also been observed in these salts (data
not shown). Sea-salt supply would thus occur at the same
time as the incorporation of the planktonic organisms
found on the iberulite surfaces (Fig. 8C), adding weight.
We do not detect any signs of acid attack on these biogenic
skeletons because the SO, concentration in the MBL (from
the DMS) must be much lower than in label 4.

This stage (iberulite maturation) could take place over
the triangle formed by the Canary Islands, the Azores
and the Iberian Peninsula. Specifically, we have observed
(Figs. 14 and 16) that masses of dust frequently enter and

remain stationary in the Gulf of Cadiz before entering the
Iberian Peninsula.

Finally, in the atmosphere of the southern Iberian Penin-
sula, these dust plumes containing iberulites could both pro-
duce a dryfall or become associated with local red rains (wet
deposition) when supplied with more humidity from summer
cumulo-nimbus formation. The muddy raindrops of the red
rains observed in Fig. 3 would form over the sampling station
and could be considered aborted potential iberulites, lacking
many of the attributes mentioned above. It is possible that
gravitational settling may have sedimented larger iberulites
before reaching the sampling station.

As already suggested, the mechanisms most likely to pro-
duce iberulite morphology are based on the theory of fluid
mechanics (Pruppacher and Klett, 1997). However, other
alternative hypotheses, single or combined (electrorotation,
Kelvin—Helmholtz and Von Karman vortices), could be con-
sidered to cause these vortex morphologies, although we be-
lieve that they do not fully explain these features.

5. CONCLUDING REMARKS

An iberulite is a new type of spherical aerosol particle
collected in the southern Iberian Peninsula. It is internally
mixed and structured, mechanically generated, with a diam-
eter ranging from about 30 to 190 um, with a low density
(0.65gem™) and about 50% mean porosity. Iberulites
are different from classic atmospheric aerosols (<20 pm)
(Seinfeld and Pandis, 2006). Because of their features, they
probably have different physical and chemical characteris-
tics than do other aerosol particles.

One of the important features of iberulites is that, to-
gether with the dust from which they are formed, they pro-
vide reaction sites for many heterogeneous reactions
involving SO,, HO,, O;, etc., bringing together other com-
ponents and forming other minerals, as well as permitting
aggregation.

On the basis of these facts, our interpretation is that
iberulites are the result of atmospheric processing that
could last several days. Their stages of formation, matura-
tion and deposition can be summarized as follows:

1. Dust outbreak and elevation to the upper layers of the
troposphere by the SAL.

2. Transport, size selection and flight over land and the
Atlantic Ocean.

3. Formation of precursor water drops and gradual descent
to lower tropospheric levels. This implies several pro-
cesses that can be either simultaneous or consecutive
(coalescence, formation  of  vortex, incipient
downdraught).

4. Flight over areas with volcanic sulfur emissions (Canary
Islands). Incorporation of SO, into the iberulite surface.

5. Descent to the MBL of the Iberian-Moroccan Atlantic
and incorporation of sea-salt particles and plankton.

6. Final sequenced fall of mature iberulites onto the south-
ern Iberian Peninsula.

The foregoing processes would give rise to the pinkish
mineral microspherulites (iberulites), which can be consid-
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ered complex (mixed) mineral assemblages formed in the
atmosphere, are different from those found in other natural
or anthropic ecological environments, and provide a partic-
ularly good opportunity to investigate relevant reactions in
the atmosphere.

We consider that iberulites are tangible evidence of
hydrodynamic theory applied to the interaction of water
drops and dust particles, giving rise to shapes with a vortex
that have until now been confined to and explained in lab-
oratory studies.

6. FINAL CONSIDERATIONS

The key question is whether the newly recognized micro-
spherules are abundant and/or distinctive enough to require
changes in existing models for atmospheric dust deposition
(at least in areas around the Mediterranean). For example,
is there evidence that their formation has been increasing
since 1992? Is there evidence that they accelerate the depo-
sition of dust in unexpected ways, or do mass flux calcula-
tions indicate that they might? Alternatively, if iberulites do
not influence the flux in a major way, do (or could) they
play an important role in some other way, e.g. as a marker
for environmental or paleoclimatic analyses (as long as they
can be found fossilized in the stratigraphic record)?

Because the quantities of iberulites obtained in the sam-
pling station range from 11% to 47%, could they have a
non-negligible direct impact on the radiation budget at
any point of their trajectory?

We do not know the frequency and magnitude of the
processes involved in iberulite formation in the past and
thus do not know if these additions of iberulites to the soils,
particularly those of the Mediterranean, are another reason
for their being different.
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HIGHLIGHTS

o Iberulites are >100 um aggregates of Saharan dust described in SE Spain.

o Iberulites contain quartz, feldspar, carbonate, clay, sulphates and Fe oxyhydroxides.
o Clay appears to be enriched in the iberulites with respect to the aerosol.

e Clay morphology and hygroscopicity are important in shaping the iberulites.

e Variable gypsum in iberulites linked to anthropogenic SO, emissions.

ARTICLE INFO ABSTRACT

ATH'C{E history: Saharan dust can travel long distances in different directions across the Atlantic and Europe, sometimes in

Received 13 May 2015 episodes of high dust concentration. In recent years it has been discovered that Saharan dust aerosols can

ggcjel;’eg(;;‘sre‘”sed form aggregate into large, approximately spherical particles of up to 100 pm generated within raindrops that
uly

then evaporate, so that the aggregate deposition takes place most times in dry conditions. These aerosol
aggregates are an interesting phenomenon resulting from the interaction of mineral aerosols and atmo-
spheric conditions. They have been termed “iberulites” due to their discovery and description from aerosol
deposits in the Iberian Peninsula. Here, these aggregates are further investigated, in particular the role of
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Clay the clay minerals in the aggregation process of aerosol particles. Iberulites, and common aerosol particles
Iberulite for reference, were studied from the following periods or single dust events and locations: June 1998 in

Mineral aerosol Tenerife, Canary Islands; June 2001 to August 2002, Granada, Spain; 13—20 August 2012, Granada; and 1
—6 June 2014, Granada. Their mineralogy, chemistry and texture were analysed using X-ray diffraction,
electron microprobe analysis, SEM and TEM. The mineral composition and structure of the iberulites
consists of quartz, carbonate and feldspar grains surrounded by a matrix of clay minerals (illite, smectite
and kaolinite) that also surrounds the entire aggregate. Minor phases, also distributed homogenously
within the iberulites, are sulfates and Fe oxides. Clays are apparently more abundant in the iberulites than
in the total aerosol deposit, suggesting that iberulite formation concentrates clays. Details of the structure
and composition of iberulites differ from descriptions of previous samples, which indicates dependence on
dust sources and atmospheric conditions, possibly including anthropic activity. Iberulites are formed by
coalescence of aerosol mineral particles captured by precursor water droplets. The concentration of clays
in the iberulites is suggested to be the result of higher efficiency for clay capture than for the capture of
larger mineral grains. The high hygroscopicity of clay minerals probably causes retention of water in the
evaporation stage and some secondary minerals (mainly gypsum) are associated with clays.
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eolian processes affecting mainly arid and semi-arid lands. The
Sahara produces an enormous quantity of aeolian dust that in-
fluences climate and soil composition in vast and distant areas.
Saharan dust is transported at great distances along relatively well-
known trajectories connecting North Africa with Europe and the
Americas (Swap et al., 1992; Franzen et al., 1994; Shinn et al., 2000).
The North Atlantic Oscillation controls the evolution of Saharan air
masses loaded with dust or plumes and therefore the dust trans-
port over the Atlantic Ocean and the Western Mediterranean Sea
(Moulin et al., 1997; Rodwell et al., 1999; Bout-Roumazeilles et al.,
2007). Large dust outbreaks during the summer reach the South of
the Iberian Peninsula, where the duration of individual Saharan
plume events is estimated to vary between 2 and 3 days (Rodriguez
et al., 2001).

The particles from the dust of the Saharan plumes are mainly
composed of silicates, a characteristic that they share with those
from dust storms in the Gobi and Arizona deserts (Goudie and
Middleton, 2001). The average chemical composition of the dust
from these sources is similar to that from all world dust storms and
to the mean composition of the Earth's surface rocks (Goudie and
Middleton, 2001; Lawrence and Neff, 2009). Mineral aerosols
consist of particles with typical size of less than 20 um, which can
undergo long-range transport (Seinfeld and Pandis, 2006). Partic-
ularly, atmospheric aerosols with particle size <2 pm may reside
one week in the atmosphere (Tegen and Lacis, 1996; Miller et al.,
2006; Kok, 2011). These long residence times in the atmosphere
cause interaction with atmospheric components (water, gases,
other aerosols). Given their small particle size, clays are abundant
components in atmospheric dust, especially in longed-lived aero-
sols (Engelbrecht and Derbyshire, 2010). All clays have large surface
areas of predominantly hydrophilic character. Besides, smectite and
vermiculite have swelling layers that admit large proportions of
water between them. As a result, the clay component of dust in-
teracts strongly with atmospheric water, which is retained by the
clay in variable amounts.

In some studies, dust has been found to consist of large aggre-
gates (Diaz-Hernandez and Parraga, 2008; Jeong et al., 2014). The
aggregates investigated by Diaz-Herndndez and Parraga (2008)
were from the Sahara, often reaching sizes > 100 um, and were
interpreted to form by a complex process of aerosol inclusion into
water droplets, from which they inherited their external
morphology. They were termed “iberulites” because they are a very
rare phenomenon first described by Diaz-Hernandez and Parraga
(2008) and found in the Iberian Peninsula. They are a new type of
aerosol particle forming in the atmosphere, during Saharan dust
plume events under very specific atmospheric conditions. The ag-
gregates found by Jeong et al. (2014) were from Asia, different in
shape, no larger than 60 um, and interpreted as generated in the
source area.

In this paper we study iberulites and common aerosols from the
Sahara, with special emphasis on clay minerals and their role in the
formation of iberulites and in the physico-chemical processes tak-
ing place within them. The clay mineralogy of Saharan dust has
been addressed in numerous occasions and shown to depend on
sources, trajectory and sampling location (Goudie and Middleton,
2001; Bout-Roumazeilles et al.,, 2007, and references therein).
Recently, chemical and mineralogical investigation of clay minerals
from iberulites (Diaz-Hernandez and Parraga, 2008) and common
aerosols from similar dust sources (Diaz-Hernandez et al., 2011)
show the presence of smectite, illite, kaolinite and chlorite. Our
mineralogical, textural and compositional data indicate that, due to
their particle size, hygroscopicity and physical flexibility, clay
minerals are essential for the formation of these large mineral ag-
gregates within water droplets in the atmosphere. They appear to
be concentrated in the iberulites with respect to the other mineral

phases in the aerosol. Clays influence the fabric and porosity of the
aggregates. In addition, they influence the drying process of the
aggregate and thus salt precipitation within it.

The clay minerals mentioned above have the following charac-
teristics that are used for their mineralogical and chemical identi-
fication. Smectite has two tetrahedral sheets and one octahedral
sheet in each layer (TOT layer). A small negative layer charge is
compensated by hydrated cations in the interlayer space. Smectite
is unequivocally recognized by the expansion of the distance be-
tween layers to ~17 A when treated with ethylene glycol. Illite has
also TOT layers with high negative charge and interlayer K
compensating for it. Interstratified illite-smectite is a group of
minerals in which layers of one and the other mineral stack
together within crystals. Kaolinite has TO layers with no charge and
no interlayer cations. Chlorite has TOT layers intercalated with
hydroxyl layers (total layer unit TOTH). Contrary to smectite, illite,
kaolinite and chlorite do not change their interlayer space with
ethylene glycol treatment.

2. Material and methods

The four studied samples were selected from a collection of
atmospheric dust obtained by dry passive collectors from 1998 to
2014 (Table 1). It must be emphasized that all correspond to at-
mospheric dry deposition. Sample TF6-98 consists of common
aerosol particles with no large aggregates, collected during June of
1998 at the south western slope of the Teide mountain, in the
Tenerife island, Canary archipelago, off the northwest coast of north
Africa. The other samples contain a range of iberulite proportions
(Table 1). All of them were collected in the Granada basin, an intra-
mountain depression in the Betic Cordilleras, southern Spain.
Sample GR6-14 corresponds to an iberulite-rich deposition (Fig. 1).
Sample GR8-12 consists only of iberulites (2.5 mg total weight)
separated from the total aerosol. In all cases, medium-sized trays
(0.064 m? of surface area and 5 cm deep) were used to obtain
quantities suitable for analysis. They were placed in rural areas, on
the roof of buildings ~8 m above the ground, and on structures ~2 m
above the roof (total height ~10 m). In Granada, the dust collectors
were further protected from local dust contribution by surrounding
irrigated land and by a dense tree barrier (Diaz-Hernandez and
Miranda, 1997).

Samples were carefully examined under a stereomicroscope and
classified according to presence and abundance of aggregates. In
the case of sample GR8-12 the iberulite aggregates were hand-
picked under the stereomicroscope. The isolated iberulites were
studied using SEM and EPMA. High-resolution secondary electron
(SE) images and microanalysis of carbon-coated samples of iber-
ulites from sample GR8-12 were obtained with a field-emission
SEM Auriga (Carl Zeiss) equipped with a LinK INCA 200 (Oxford
Instruments) analytical system. During sample preparation, carbon
coating was carefully performed to avoid or minimize the genera-
tion of artifacts at nanometer scale. The interior of the iberulites
was also investigated by embedding them in resin, their prepara-
tion as polished sections and carbon coating. Back-scattered elec-
tron (BSE) images and energy-dispersion X-ray (EDX) spot analyses
(200 nm of diameter) were performed on the polished sections
with the same instrument.

X-ray chemical-element maps were obtained for iberulites in
polished sections from samples GR6-14 and GR8-12, with an EPMA
apparatus CAMECA SX100 operated at 15 kV of acceleration
voltage and 5 nA of probe current. Spot size was 1 um. X-ray images
were obtained by moving the polished section while maintaining
the beam in a fixed position. The step-to-step displacement and
acquisition time were 1 pm and 500 ms respectively. Element
maps were processed with the software DWImager (Torres-Roldan
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Table 1

Location and time of collection of the studied samples, as well as proportion of iberulites in the aerosol.

Sample Location Coordinates Altitute (m ASL) Time of collection Iberulite proportion
TF6-98 Teide mountain, Tenerife 28°5.983'N 16°40.837’W 628 June 1998° No iberulites
GRO1-02 Granada basin, Spain 37°10'N 3°31'W 640 June 2001—August 2002 Low

GR8-12 Granada basin, Spain 37°10'N 3°31'W 640 13—20 August 2012° Only iberulites”
GR6-14 Granada basin, Spain 37°10'N 3°31'W 640 1-6 June 2014° ~30% wt.

@ Single dust event.

b Separated from the overall aerosol. The original aerosol had an iberulite proportion of ~20% wt.

Fig. 1. Pinkish, round aggregates of aerosol particles (iberulites) from sample GR6-14
as seen under the stereoscopic microscope. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

and Garcia-Casco, unpublished) to obtain images where minerals
are identified. Colour mineral-phase maps overlie a grey-scale
base-layer that represents the texture of the analysed surface.
This gray-scale layer is calculated with the formula shade of
grey = = (counts; - A;), (where A is atomic number and i is Si, Ti, Al,
Fe, Mg, Ca, Na, and K).

Further analyses were performed using aerosols with no iber-
ulites (sample TF6-98), aerosols containing diverse amounts of
iberulites (GR01-02 and GR6-14) and the sample containing exclu-
sively iberulites (GR8-12). They were milled with an agate mortar
and pestle for one minute for powder X-ray diffraction (XRD)
analysis. Only samples TF6-98, GR01-02 and GR6-14 were suffi-
ciently large to carry out powder analysis. Their powders were
deposited on a zero-background holder and the XRD diagrams
recorded at the University of Granada using a PANalytical X'Pert Pro
diffractometer (Cu-Ko radiation, 45 kV, 40 mA) equipped with an
X'Celerator solid-state linear detector. This detector covers an angle
of 2.1° and integrates the diffracted intensity over this angle
dynamically as it scans. The diffraction patterns were obtained by a
continuous scan between 3 and 50°26, with a 0.01°26 resolution,
and 15 min total scan time (equivalent to 20 s counting time per
0.01°20). Sample GR8-12 (2.5 mg) was prepared as an oriented
mount, which enhances the intensity of basal diffraction peaks of
clays. The powder was suspended in water, deposited on a zero-
background sample holder and analysed first as air-dried and later
as a glycolated oriented mount (60 °C overnight in an ethylene-
glycol atmosphere). In this sample the resulting oriented mount
was an extremely thin film. The mount was analysed in the Natural
History Museum (London) with a PANalytical X'Pert Pro diffrac-
tometer with the following experimental conditions: continuous
scan between 3 and 50°26, resolution of 0.0167°26, and scanned for
25 h (equivalent to 67 min per 0.0167°20).

For samples TF6-98, GRO1-02 and GR6-14, the fraction < ~2 pm
was extracted from the whole powders by suspending them in
distilled water, decanting the suspension for 8 h and pipetting the

upper 10 cm of the suspension. The clay was concentrated from the
supernatant by centrifugation, oven-dried and ground. Suspensions
of the ground clay were deposited onto circular glass slides to
generate oriented mounts. They were analysed as air-dry samples
only, at the University of Granada, using the conditions indicated
above for the powder samples. All XRD data were processed using
the XPOWDER program (Martin-Ramos et al., 2012) for visualiza-
tion of the XRD patterns and mineral identification.

The <2 um size fraction from sample TF6-98 (that did not
contain iberulites) and a few iberulites from sample GR8-12 were
studied by TEM. The powders or a few iberulite aggregates were
embedded in an epoxy resin and sectioned with a diamond ultra-
microtome (<100 nm thick slides) that were deposited on a copper
grid and coated with carbon. TEM and STEM (HAADF: high-angle
annular dark field) images, selected area electron diffraction
(SAED) patterns, single spot microanalyses and X-ray chemical-
element maps were obtained with a FEI TITAN G2 TEM apparatus
operated at 300 kV and equipped with four energy dispersive X-ray
(EDX) detectors (SuperX system). Fully quantitative analyses
(analytical electron microscopy, AEM) of clays were also obtained
with this instrument in STEM mode using a beam of 5 nm in
diameter and a scanning area of 20 x 100 nm. These EDX analyses
were corrected by the thin-film method of Lorimer and Cliff (1976).
The k-factors were determined using muscovite, albite, biotite,
spessartine, olivine, and titanite standards.

3. Results
3.1. XRD mineralogical analysis

The bulk mineralogy of the powders from samples TF6-98,
GR0O1-02 and GR6-14 is shown in Fig. 2A. In the samples from
Granada (GR01-02 and GR6-14), the most prominent phases are
quartz, dolomite and calcite. Feldspars are prominent in sample
TF6-98. Halite is only observed in the sample from Tenerife. Gyp-
sum occurs in low amounts in all samples. Illite is present in the
three samples, in the order GR01-02 > GR6-14 > TF6-98. Kaolinite is
clearly observable in the three samples. A smectite-like phase is
present in GR01-02 as a small, narrow peak, and possibly also as a
wide peak in the same area. Sample GR6-14 may also present a
wide smectite peak.

The XRD patterns of the oriented mounts of the fraction <2 pm
(Fig. 2B) are similar but the proportion of clay minerals is
enhanced. Smectite becomes more obvious in sample GRO1-02
(small, sharp peak at 14.5 A), but cannot be positively identified
in the other two samples (the hump in the background at low
angle, caused by X-ray cut-off, interferes with a positive detection).
Gypsum and quartz are also present in this fine fraction of the three
samples. Feldspar, halite and polyhalite are present in TF6-98, and
dolomite in GRO1-02.

Sample GR8-12, consisting exclusively of iberulites and with no
particle size separation, was prepared as an oriented mount. The
XRD patterns in air-dry state and after glycolation (to identify
smectite) are shown in Fig. 3. There is a prominent peak at ~13 A
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Fig. 2. Mineralogical composition of aerosol samples from the XRD patterns: A) Powder patterns of the whole samples (common aerosol plus iberulites). B) Oriented aggregates of
the <2 pm size fraction. The intensity increase at 3—6°26 (in B) is partially caused by X-ray cut-off at very low angle. The hump at 15—40°26 (in B) is caused by the glass slide
supporting the oriented mount. The figures on the dash lines are d-spacing values in A. (Mineral abbreviations: Cal = calcite; Dol = dolomite; Fsp = feldspars; Gp = gypsum;

HI = halite; Ilt = illite; KIn = kaolinite; PHI = polyhalite; Qz = quartz; Sme = smectite).

that corresponds to a smectite-like phase. Contrary to what
should be expected, there is no displacement of this peak after
glycolation to ~17 A. However, there are other changes that indi-
cate that this peak does correspond to a smectite-like phase: 1)
the peak sharpens and becomes more intense; 2) a wide band
between 7.5 and 9°20 in the air-dry sample disappears in the
glycolated sample (arrow in Fig. 3). These changes indicate that
the wide band is a smectite-like phase and that glycolation shifts
the d-spacing of these layers to 13.33 A. The lack of expansion to

Sme (001)

I1t(001)

K1n(001)

5 7 9 11 13 15 17 19 21 23 25(220)
Fig. 3. XRD patterns of air-dried and glycolated (EG) oriented mounts for clay mineral
identification in sample GR8-12, containing only iberulites. The figures on the dot lines
are d-spacing values in A. The arrow indicates a wide peak in the air-dry specimen that
disappears in the EG specimen (see text).

~17 A is most likely due to the fact that the corresponding mineral
phase is vermiculite or smectite with a high layer charge, which
causes only partial expansion with ethylene glycol to ~13 A
(MacEwan and Wilson, 1984). The 001 peaks of illite and kaolinite
are also observed, together with the two most prominent quartz
peaks.

3.2. SEM study of iberulite aerosols

Observation of the surface of iberulites with secondary electrons
(Fig. 4A), showed spherical to near spherical objects several tens of
um wide, with a rough surface on which pm-sized particles were
present. EDX microanalysis of the surface shows S and Ca (likely
indicating the occurrence of gypsum) together with the usual
chemical elements corresponding to clays (Fig. 4B). In a more
detailed observation, the surface of the iberulites appeared coated
by clay platelets arranged with their basal surfaces tangential to the
surface of the iberulite (Fig. 4C). Higher magnification images of the
coating clays showed a very rough surface texture, and the occur-
rence of aggregates of nanoparticles adhered to the clays (Fig. 4D).
Most possibly, the nanoparticles are the calcium sulfate detected by
EDX.

BSE images from polished sections of the iberulites (Fig. 5)
shows that in their interior there are grains of quartz several pm in
diameter (no spectra shown), feldspar grains (spectrum 4; the
morphology and chemistry of this grain is interpreted as feldspar,
with the EDX analysis including also surrounding or coating
kaolinite and a sulfate phase), very fine-grained aggregates of clay
platelets more abundant towards the surface of the iberulites
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Fig. 4. SEM secondary electron images and EDX microanalysis of iberulites from sample GR8-12. A) Low magnification image of an iberulite showing an irregular surface formed by
the assemblage of mineral particles. B) EDX spectrum representative of the average composition of the iberulite surface in A, interpreted as clay and gypsum. C) Closer view of the
surface of an iberulite, which appears covered by platy clay particles. D) Close-up image of the surface showing the presence of aggregates of round mineral particles of nanometre

size, interpreted to be gypsum, on the clay particles.

(Fig. 5B and D, spectrum 1), Fe oxides (not shown) and coarser mica
flakes. Mica particles have variable composition, from phengite
(spectrum 2) to muscovite (spectrum 3). Clay packets usually have
sizes <1 pm in length and 100 nm in thickness (Fig. 5B and D). EDX
microanalyses indicate that clays are illite or smectite (spectrum 1)
and kaolinite (spectrum 5; this analysis collected X-rays from
several mineral grains, but the prominence of the Si and Al peaks,
and the relative Si/Al intensities indicate kaolinite). Medium to low
intensity S and Ca peaks appear frequently in the spectra (spectra 1,
4 and 5), probably corresponding to gypsum. Other detected min-
eral phases include monazite (spectrum 5) and Ti oxides (not
shown).

3.3. Mineral distribution and chemistry of iberulite aerosols by
EPMA

A detailed compositional and mineralogical study of the iber-
ulite aggregates was performed by EPMA for GR8-12 and GR6-14
samples. Mineral identification was based on chemistry and
supported by morphology. The ideal structural formulas of
the phyllosilicates found in the iberulites are provided here
to clarify the basis of the identifications. The octahedral cations
are in parenthesis. Smectite interlayer cations are in square
brackets. Muscovite SizAlj(Al;) K;019(OH);; phengite SiszA-
11(AlMgFe);K1019(OH),; illite  Siz 3Alg.7(AlMgFe )2Ko.8010(0OH)2;
smectite Si3 gAlg2(AlMgFe);[CaMgNa]o2019(OH),; kaolinite SirA-
1,05(0OH)y; Fig. 6 shows texture images (where the gray shade is a
function of the average atomic number, Z, with lighter shades
corresponding to higher Z) and Fe, Ti and S X-ray maps of four

iberulites. Iron is widely distributed in the mineral aggregate
whereas Ti is highly concentrated in small particles. The most
intense signal of Fe and Ti Ka X-rays of Fig. 6B and C corresponds
to particles of Fe- and Ti-oxides and mica (elongated particles).
The less intense Fe signal in Fig. 6B is attributed to Fe in smectite
and illite. Sulphur is distributed across the aggregates, most likely
in gypsum. A few particles, with very intense S Ko signal, appar-
ently consist exclusively of S (e.g., arrow in Fig. 6D).

Mineral phase maps show that the coarser components of the
iberulites are quartz, feldspars, carbonates and minor amounts of
some other aluminosilicate (Fig. 7A and B). Illite and smectite
particles (it is not possible to distinguish them chemically in the
images) are distributed within the entire aggregates (yellow in
Fig. 7C). Small kaolinite particles and coarser mica particles with
laminar habit of several tens of um in length are less abundant and
also distributed across the grains. Interestingly, kaolinite appears
as alteration rims in some coarse aluminosilicate grains with
composition Al;SiOs (arrow in middle grain, Fig. 7A). Also, some
muscovite plates appear completely altered to illite + smectite
(arrow in Fig. 7C), and a feldspar grain (arrow in top grain, Fig. 7A)
partially altered to sericite (K- and Al-rich illite; appears as
muscovite in Fig. 7C). The area of each of the detected mineral
phases in these four iberulites is an approximation to their relative
abundance in the aggregates. Averaging the four iberulites studied,
illite + smectite are the most abundant phases with 48% of the area,
followed by calcite (19%), quartz (18%), mica (6%), kaolinite (4%),
feldspars (3%), dolomite (1%) and an Al,SiOs mineral phase (1%).
The average total clay content is 52%. The illite + smectite area in
the four iberulites is fairly constant, 47—49%. The kaolinite content
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Fig. 5. SEM back-scattered electron images and EDX microanalyses obtained from iberulites in polished sections from sample GR8-12. A) Low magnification image of an
iberulite containing mineral particles of several pum with angular shapes (mainly quartz), as well as masses of finer particles (clays) that appear located next to the surface
(composition in spectrum 1). The large void in the centre is most likely caused during sample preparation. B) Detail of the region in the box in A, mainly composed by fine-
grained minerals of laminar habit (clays). C) Iberulite with a well-preserved core, showing the arrangement of mineral particles with very different size and morphology. Large
mica flakes are observed (e.g. spectra 2 and 3). D) High magnification image of box in C, showing the arrangement of clay particles in a clay-rich region. Spectrum 4 most
probably corresponds to a feldspar grain, although contamination with kaolinite and a sulfate phase is likely. Spectrum 5 includes sulfate(s), an LREE phosphate and clay

(probably kaolinite).

varies from 2% in the three iberulites from the 2014 event (three
upper aggregates in Fig. 7) and 10% in the iberulite from the event
in 2012.

The compositional ranges of the several identified minerals is
shown in Fig. 7D—F. The mica composition varies from muscovite
(region 1 in Fig. 7D) to phengite (region 2 in Fig. 7D), in agree-
ment with SEM-EDX results (Fig. 5, spectra 2 and 3). A Ti-rich
phengite also occurs in the iberulites (Fig. 5F, spectrum 2, and
elongated particle in Fig. 6C). The illite plus smectite composition
ranges widely. Presumably, illite occupies the region between
fields 1 and 2 (Fig. 7E), and smectite has the greater composi-
tional variation reaching the Fe + Mg-rich region 3. The compo-
sitional range of kaolinite may reflect the presence of kaolinite-
rich interstratified kaolinite-smectite or kaolinite derived from
smectite pedogenically, which preserve some Fe and Mg from
smectite (Fig. 7F).

3.4. TEM and AEM study of clays from aerosols

Given that the clay mineralogy of all samples is similar (smec-
tite, illite and kaolinite), two samples were selected for the TEM
study, the <2 um size fraction of aerosols with no iberulites (sample
TF6-98), and iberulites (sample GR8-12). Low-magnification STEM
images and X-ray maps from sample TF6-98 (Fig. 8) show a mixture
of nanometre-sized mineral particles as illite (bright elongated
particle in Fig. 8F), plagioclase (spectrum 3), Fe oxy-hydroxides
(small bright particles in Fig. 8E), montmorillonite (spectrum 1),
nontronite (spectrum 2) and either beidellite or albite partially
altered to kaolinite (spectrum 4). Most of the material contains Si,
Al, Mg and Fe, corresponding to montmorillonite (Fig. 8B—D). Iron
enrichment is observed in small and irregular parts of the map
(Fig. 8E), corresponding to Fe oxy-hydroxides. There is also Fe
accumulation in a clay-like particle corresponding to nontronite
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Fig. 6. Chemical maps of iberulite sections from EPMA. The three large iberulites are from sample GR6-14 and the small one from GR8-12. A) Grey-scale base-layer or Z image
containing the basic textural information. B) to D) Element X-ray maps of Fe, Ti and S. Lighter shades represent more intense X-ray signals (see count scales). The arrow in D
indicates a grain apparently containing only S.

flakes (Fig. 8E). Potassium enrichment is associated with illite kaolinite particles in the TEM study carried out on aerosols without
plates (Fig. 8F). Very low amounts of gypsum are detected on one of iberulites (TF6-98). The reason for this is not clear, since XRD
the smectite particles (spectrum 1). There is no positive detection of analysis displays a noticeable kaolinite peak (Fig. 2). Perhaps Fe and

lit+Sme

Fig. 7. Chemistry and distribution of mineral grains within the iberulites shown in Fig. 6, from EPMA data. A—C) Mineral phase maps obtained from grain composition. Illite and
smectite cannot be resolved and they appear together. Arrows in A point to a K-feldspar and one aluminosilicate (Als) particle with their surface altered to clay minerals (see text for
details). There are also grains of albite (Ab) composition. Arrow in C points to a large plate of muscovite completely altered to illite + smectite. D—F) Chemical variations of
muscovite, illite + smectite and kaolinite within the K—Al—Fe + Mg field. Colours in D—F indicate the number of pixels with the corresponding composition (following the scale on
the left). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. TEM image and chemical maps of the <2 pm size fraction of sample TF6-98. A) STEM image (type HAADF) with the spots analysed by AEM (spectra in G). B)—F) Si, Al, Mg, Fe
and K X-ray maps. The spectra and the chemical distribution of elements indicate the presence of montmorillonite (spectrum 1), nontronite (spectrum 2), illite (bright particle in F),
plagioclase (spectrum 3), beidellite or albite partially altered to kaolinite (spectrum 4) and iron oxy-hydroxides (bright areas in E).

Mg substitution or mixed-layering with smectite mask the ex-
pected kaolinitic composition.

In the TEM study special attention was given to illite and
smectite because they were the most frequently observed phases
with this technique. In sample TF6-98, illite occurs as packets
20—100 nm thick (Fig. 9A) that sometimes are partially altered to
smectite flakes (Fig. 9B). Smectite appears in curved packets of
variable size from 3 to 50 nm thick, with imperfect layer termina-
tions and variable fringe contrast (Fig. 9B—D). Smectite packets
sometimes include particles of iron oxy-hydroxides with a marked
dark contrast (Fig. 9C). In some few cases, smectite occurred as
unoriented aggregates of very small packets including nanometre-
sized salt particles containing S and Cl (dark-contrast particles in
Fig. 9D and inset). Compositionally, smectites show a broad range
from beidellite to Fe + Mg-rich montmorillonite, equivalent to the
regions 2 and 3 in Fig. 7E, respectively. TEM-AEM analyses of in-
dividual particles showed that Fe is higher than Mg in the cases of
high Fe + Mg content, so that some analysed particles could be

defined as nontronite. The TEM study of iberulites from sample
GR8-12 provided results similar to those described above, with the
only difference that it was possible to detect kaolinite. The low
magnification TEM image in Fig. 10A corresponds to a clay rich area
of an iberulite of sample GR8-12. There are kaolinite and illite
particles up to 100 nm thick and 400 nm long. The lattice image of
one of the kaolinite packets shows the typical 0.7 nm d-spacing
corresponding to kaolinite layers (Fig. 10B). In some areas the lattice
fringes of kaolinite disappear due to electron damage. The K X-ray
map (Fig. 10E) indicates the location of illite crystals on the right of
the region in Fig. 10A. The Si-rich grains of Fig. 10C correspond to
very small quartz grains with less than 200 nm in diameter (see
that these two grains have no Al, K or Fe). There are Fe oxy-
hydroxides within the clay as indicated by the bright areas in the
Fe X-ray map (Fig. 10F).

The chemical AEM analyses of samples TF6-98 and GR8-12 were
transformed into structural formulas and their values plotted in the
Al-(Fe + Mg)-K field (Fig. 11). This plot compares well with that
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Fig. 9. TEM lattice-fringe images of clay minerals and associated phases from aerosol sample TF6-98. A) Illite packet and its SAED pattern (inset) indicating an average d-spacing of
1.05 nm~"' in the reciprocal lattice, i.e., of 0.95 nm in the original lattice. B) Curved clay platelets of illite (left) and smectite (right), interpreted as an illite packet that has been
opened and altered. C) Iron oxy-hydroxides (dark contrast) within smectite particles. D) Randomly oriented smectite nanoparticles with dark-contrast nanocrystals. The S and Cl
detected by EDX (inset) indicate that the nanocrystals could be gypsum, halite or polyhalite, all of them detected by XRD.

from Fig. 7E. According to the structural formulas, most analysed
particles are smectitic, because their layer charge does not reach 0.6
per half formula unit. Only two crystals displayed a layer charge
>0.6, at 0.61 and 0.73 per half formula unit, both of them from
sample GR8-12. No analysis reached a K content of 0.8 atoms per
half formula unit, a typical value for illite. However, these chemical
values could correspond to mixtures of illite and smectite. Kaolinite
crystals, only detected in sample GR8-12, showed the presence of
some Fe and Mg (data point marked with an arrow in Fig. 11).

4. Discussion
4.1. Mineral composition of iberulite aggregates

The mineralogy of the studied aerosol samples, both iberulites
and common aerosols, matches well previous studies of Saharan
dust (Table 2). Quartz, plagioclase, K-feldspar and carbonates are
always present, and clays are represented by illite, kaolinite and
smectite, with the frequent addition of chlorite. Other phases
identified are salts such as gypsum and halite.

In this contribution, the focus is on the iberulites, and miner-
alogical results from concurrent aerosols are used to contextualize
the composition of iberulite aggregates. It is widely recognized that
the composition of the Saharan dust has a decreasing influence of
the specific source area with increasing distance of transportation

(Chamley, 1989), which means that there is a process of dust mixing
from several sources as it travels. The atmospheric processing by
gravitational settling causes the relative mineral proportions to
change as the travelled distance increases, with the finer-sized
minerals becoming more abundant. This is reflected in Table 2,
which shows a clear increase in the relative proportion of clay
minerals in Saharan dust with increasing distance of travel. Within
clay minerals, Table 2 shows a great variation of composition
depending on plume events and no apparent correlation to trav-
elled distance. Such differences are probably linked to dust sources
and preferential aggregation and deposition during transport.

The mineralogical description of dust aerosols and, in particular,
iberulites, is not exhausted with the major phases that can be
detected and quantified using XRD. In particular, Diaz-Hernandez
and Parraga (2008) describe hematite and amorphous Fe oxy-
hydroxides in iberulites using TEM. We also found Fe oxy-
hydroxide phases of very small size (20—50 nm) clearly discern-
ible only using TEM (Figs. 8E, 9C and 10F) and possibly with EPMA
(small grains in white in the two bottom aggregates in Fig. 6B).
Although these phases are below detection limit for macroscopic
techniques, they may be of importance in aerosols in general and in
iberulites in particular. Most likely, they cause the pinkish colour of
iberulites (Fig. 1) and the reddish colour frequently observed in
Saharan dust. In such a case, Fe oxy-hydroxides would control light
absorption and play an important role in the thermal behaviour of
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Fig. 10. TEM images and chemical data of an iberulite from sample GR8-12. A) Low magnification image of illite and kaolinite crystals. The EDX spectrum corresponds to illite. B)
Lattice fringe image and EDX spectrum of the two kaolinite packets within the box in A. The incomplete fringe contrast in the central area is due to electron damage to the crystal

structure. C) to F) Si, Al, K and Fe X-ray maps of the area shown in A.
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Fig. 11. Composition of smectite and illite particles and one kaolinite particle (arrow)
from samples TF6-98 (common aerosols) and GR8-12 (iberulites; crosses super-
imposed on the dots), plotted in the ternary diagram Al-K—(Fe + Mg), from TEM-EDX
data. Two reference compositions are provided (open dots) on the basis of half formula
unit (or O19[OH],), corresponding to an end-member illite with no Fe or Mg, and to a
typical montmorillonite.

these dust aerosols in the atmosphere (Sokolik and Toon, 1999;
Balkanski et al., 2007).

No quantification of the mineral phases was carried out in our
study because the sample containing only iberulites (from GR8-12)
was so small that no XRD powder analysis could be performed. Its
corresponding XRD study was on an oriented mount that enhances
clay 00l peak intensities and precludes quantification. An approach
to mineral phase quantification was carried out on the mineral

maps developed on EPMA data (Fig. 7) by measuring the surface
area corresponding to each type of mineral phase identified in the
analyses. In order to test whether this result from four iberulite
aggregates is representative there is the need to carry out similar
analyses in many others, which are not available at the moment. In
addition, the cross section of the grains within the aggregate
observed in preparations for EPMA analysis is not identical to their
volume. However, it can be assumed that the volume and cross
section of mineral particles are approximately proportional
because particles with large aspect ratios (e.g., dimension perpen-
dicular to the image/cross section) will be uncommon. Finally, the
density of all minerals involved is not the same although very
similar as the values are within 2.5—2.84 g cm 3, so that ignoring
density differences is a good approximation. Possibly, then, the
main uncertainty in the mineral proportion assessment is the
representativity of the small statistical sample studied, where three
aggregates are from an event in 2014 and one from 2012 (bottom
one in Fig. 7).

The differences in total clay content found between the four
individual iberulites is small (standard deviation of 5.4%) and
provide an argument in support of a representative statistical
sample. It can be observed that the clay mineral content of the
Saharan dust collected in Granada during the entire year 1992 is
~33%, very close to the values of dust collected in the Sahara
(28—29%) and approximately half of that in dust collected in
distant areas (Table 2). As the iberulites were collected in Granada,
our assessment of ~52% clay in iberulites is significantly higher
than the ~33% content in total dust. This large difference suggests
that clays are concentrated in iberulites with respect to the
total mineral aerosol sample. This implies that the formation of
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Table 2

Mineralogy (wt%) of Saharan dust collected in-situ and at different distances from the Sahara. Unless indicated otherwise, the samples were collected on specific plume events.
Place of collection  Event Sme It Kin Plg Chl Qz Fsp Cal Dol HI Gp Am® Total Clay References
NE Spain 1987 10 395 7.5 8.5 15 6 7.5 6 100 65.5 Avila et al. (1997)
NE Spain 1988 12 40.5 9 8.5 15 5 5.5 5 1005 70 Avila et al. (1997)
NE Spain 1991 17.5 26.5 4.5 7 17.5 35 195 6 102 55.5 Avilaetal. (1997)
NE Spain 1992 335 275 13 6.5 13 45 1.7 1.2 100.9 80.5 Avilaetal. (1997)
Cape Verde 1974 8 32 18 49 9 165 2 4.4 6 100.8 67 Glaccum and Prospero (1980)
SE Spain 1992 (all year) 10.2 10.8 8.1 37 276 08 125 137 45 45 4 1004 32.8 Diaz-Hernandez et al. (2011)
Africa 20-27°N 5°E  4—23 May 1974 6 8 8 4 2 32 17 20 3 100 28 Paquet et al. (1984)
Africa 27-35°N 5°E  4—-23 May 1974 7.25 7.83 493 435 58 20 10 40 100.2 29 Paquet et al. (1984)

¢ Am: non-crystalline substances.

iberulites in the atmosphere (Diaz-Hernandez and Parraga, 2008)
selects clay minerals preferentially within the dust plume. We
suggest that this may be due to their higher hygroscopicity or
small particle size, both of which facilitate capture by water
droplets.

It is also clear that gypsum is depleted in the iberulites studied
here as compared to the total aerosol content. XRD patterns of the
latter (Fig. 2) show obvious gypsum peaks, whereas XRD traces of
the iberulites do not display them (Fig. 3). Gypsum or other calcium
sulfate phases are present in the iberulites as detected by SEM-EDX
(Fig. 4) and EPMA S-element analysis (Fig. 6D), although the rela-
tive proportion of such phases is obviously very small and consis-
tent with being below the detection limit of XRD. However, Diaz-
Herndndez and Parraga (2008) did detect gypsum in iberulites
from other events using XRD. A most common origin of gypsum in
mineral aerosols is interaction of atmospheric SO, with (mainly)
calcite (Glaccum and Prospero, 1980; Gieré and Querol, 2010).
However, gypsum derived from the source is a possibility (Table 2,
data from aerosols collected in Africa by Paquet et al., 1984). In our
case, gypsum may have its origin in the aerosol before iberulite
formation, in the iberulite while it forms, and in the dust source.
The variable gypsum content in iberulites from different events
may be due to different atmospheric conditions (in the most broad
sense) affecting the formation of sulfate minerals in the iberulite or
in the transported aerosol before iberulite formation starts. The
presence of gypsum and other sulfate phases and its relation to the
abundant clays observed in the iberulites is further discussed
below.

4.2. Role of clay in the formation of the iberulites

Figs. 4,5 and 7 illustrate the structure of the iberulite aggregates.
The SEM micrographs of their surfaces show that they are covered
by a layer of clay minerals (Fig. 4) with overlapping flakes parallel to
the surface. Even if large non-clay mineral grains are located next to
the surface, the iberulites are typically covered by a thin clay layer
(Figs. 5C and 7). Clay coatings surrounding some K-feldspars and
other aluminosilicate grains (arrows in Fig. 7A) as well as sericite
pseudomorphs after muscovite (arrow in Fig. 7C) formed during
chemical weathering in the source soils, and they are not related to
the particle arrangement of the iberulites. On the clay cover there
are multiple sulfate particles (probably gypsum), typically <100 nm
across (Fig. 4D). Inside the aggregates, there seems to be a rather
random distribution of mineral particles, with clays providing a
matrix of variable thickness surrounding other mineral grains in an
irregular fashion. Such structure is evident in Figs. 7 and 5C. The
empty space in the centre of Fig. 5A was produced during sample
preparation. Gypsum is also distributed within the iberulites,
seemingly in connection with the clay matrix (Fig. 6D). There are a
few S-rich particles of relatively large size (Fig. 6D), notably that
marked with an arrow, near to the iberulite surfaces. These parti-
cles appear to contain only S, which can be interpreted as that they

consist of ammonium sulfate for two reasons. First, this salt has
been reported in dust aerosols. Recent analysis of Asian dust with
X-ray absorption near-edge structure has demonstrated the pres-
ence of ammonium sulfate as a major sulphur species (Ma et al.
(2013) and references therein). Also, ammonium sulfate has been
identified in Saudi Arabia aerosols (Posfai et al., 2013). The second
reason is that our EPMA apparatus is not equipped to detect N.
Thus, the textural features shown in this paper for the distribution
of clays and sulfates in the iberulites, both homogeneously
distributed within the iberulites, are different from those originally
described by Diaz-Hernandez and Parraga (2008), who located
both the clay minerals and the sulfates mainly in the outer part of
the aggregates.

Diaz-Herndandez and Parraga (2008) found a preferential dis-
tribution of sulfates in the outer part of the iberulites using S-Ca
maps from SEM-EDX, in contrast with our uniform distribution
obtained with EPMA S maps (Fig. 6D). They studied iberulites
collected between 1999 and 2005, whereas those studied here
were collected in 2012 and 2014. Gypsum is present in non-
iberulite aerosols deposited during the events of both studies, as
observed by XRD analysis. In contrast, Diaz-Hernandez and Parraga
(2008) found gypsum in the XRD patterns of iberulites, whereas
gypsum was not detected in our XRD analysis of iberulites (Fig. 3).
Also, they found greater quantities of sulfate grains in their iber-
ulites (using SEM) than we did (using EPMA). We interpret that
sulfate-containing aerosol particles are captured by water droplets
(iberulites precursors) and that these sulfates become distributed
uniformly across the iberulites as water evaporates, as described in
the present contribution. The concentration of sulfates on iberulite
surfaces from the 1999—2005 period (Diaz-Hernandez and Parraga,
2008) probably have a different origin, and we hypothesize that
they were the result of processes occurring late during iberulite
formation and thus taking place only at their surface. It is possible
that industrial emissions containing SO, were active in SE Spain
during the collection time span (1999—2005). Reaction of SO, with
the water contained in the iberulite precursors at an advanced
stage of formation would explain the concentration of sulfates on
the surface. These industrial operations in the area may have since
ceased or been modernized to decrease contamination output, thus
explaining the current lack of sulfates on or near the surface of the
iberulites. This possibility could not be confirmed but it is in good
agreement with the known trends of decreased anthropogenic SO,
output worldwide (Sharma et al., 2004; Kelly et al., 2005; Marmer
et al.,, 2007; Quinn et al., 2009; Hirdman et al., 2010; Hand et al,,
2012; Terseth et al,, 2012; Waldner et al., 2014). If the above
interpretation is valid, it is implied that the larger part of the sul-
fates in the iberulites studied by Diaz-Hernandez and Parraga
(2008) was produced by interaction with SO, gases at the last
stages of iberulite formation, and that the capture and/or retention
of sulfate phases by iberulite precursors at an early stage is not
efficient.

The different distribution of clay minerals in iberulites as
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observed in the present contribution and that of Diaz-Herndandez
and Parraga (2008) appears to be related to the analytical tool
used for observation. Cross-section SEM images from Diaz-
Herndandez and Parraga (2008) and in the present paper might
suggest clay aggregation towards the surface of iberulites (Fig. 5).
Also, the thin clay layer on the outer surface (Fig. 4) may bias
the interpretation in this direction. However, the EPMA chemical
mapping of the cross sections reveals high clay contents
throughout the entire aggregates (Fig. 7).

Iberulites cannot be structures generated at the source areas for
several reasons. First, such big particles (>50 um) are not likely to
travel long distances (Jeong et al., 2014). Typical size distributions
of aerosol particles (other than those generated by volcanic erup-
tions) reach a maximum diameter of 50 um (Gieré and Querol,
2010). Second, their spherical shape and the vortexes that can be
observed in some of them (Diaz-Herndandez and Pdrraga, 2008)
match those of water drops modelled by hydrodynamic forces
during fall. Thus, it must be concluded with Diaz-Hernandez and
Parraga (2008) that iberulites are generated by the interaction of
dust aerosol and water droplets, with aerosol particles acting as
condensation points and then by capture of more aerosol particles
as the drops fall. This process does not require them to be formed
exactly above the site where they are deposited, and allows for
certain horizontal travel constrained by their large size and thus
short residence time in the atmosphere.

The enrichment of clay minerals in iberulites as compared to
the composition of the total aerosol sample suggested in our study
could be explained by the greater efficiency of water drops in
capturing clay particles over coarser particles. This is very likely in
the light of the research by Beard and Grover (1974) and Grover
and Pruppacher (1985), as described by Diaz-Hernandez and
Parraga (2008). During the fall of the water drops, there is a
redistribution of the particulate material within them. In the
initial stages, the water drops undergo strong internal circulation
(Le Clair et al., 1972) that relocates the particles. The volume of a
typical raindrop (1-5 mm diameter) is much larger than the
volume occupied by the aerosol particles within it (iberulites have
diameters of up to ~100 um; Fig. 1). In the later stages, the volume
of the raindrop decreases as water evaporates and the particles
are increasingly confined, producing a particle distribution sha-
ped by water flow and the electrical forces between mineral
particles and between water molecules and particles. When the
volume of the raindrop reaches that of the added volume of the
mineral particles inside, the aggregate is shaped by the drop
surface, explaining the spherical shape and the vortexes described
by Diaz-Herndndez and Pdrraga (2008). In this process, the min-
eral grains are distributed in a somewhat random fashion, with
lumps of small clay particles mixing with larger mineral grains.
However, a layer of clay platelets is deposited at the very surface.
It is not clear why this is so but we can conjecture two possibil-
ities. One is that some clay particles remain just below the
water—air interface during the fall, parallel to the surface of the
raindrop. As the water evaporates, these platelets are finally
attached flat on the surface of the iberulite. Another possibility is
that the clay particles at the surface of an iberulite about to dry out
are reoriented by surface tension and/or electrical forces and
located flat on the surface. Given their large surface-to-volume
ratio, the particles cover the aggregate almost entirely. Any dis-
solved species will precipitate in the late stages of drying, more
likely where water takes longer to evaporate. Clay minerals are
hygroscopic due to residual surface charge and large surface area.
Thus, it is plausible that residual water accumulates on clay sur-
faces and within clay lumps, driving dissolved ions to these re-
gions. This would explain the apparent association of gypsum
with clay in the iberulites (Figs. 4, 5D and 6D).

5. Conclusions

In circum-Mediterranean areas, aerosol mineral particles from
Saharan plumes can coalesce by interaction with atmospheric
water into large spherical aggregates (up to ~100 pm), termed
iberulites.

Common and iberulite-rich aerosols from the Sahara contain
mainly quartz, carbonates, feldspars and clays (illite, smectite and
kaolinite). The texture of the iberulites studied consists of coarse
mineral particles embedded in a matrix of clay minerals, which also
surrounds the entire spheroidal aggregate. The clays appear to be
enriched in the iberulites as compared to common aerosols and
play a significant role in their formation. They are responsible for
some particular textural features of the iberulites, such as the
external clay coating and clay distribution between coarser mineral
particles, which is likely to provide mechanical strength to these
aggregates.

Some details of the structure and composition of the iberulites
studied here are different from those of previously observed sam-
ples, suggesting modifications driven by the dust sources and at-
mospheric conditions, possibly including anthropic activity.
Specifically, the comparison of samples from iberulite sets recov-
ered years apart in the Granada area (SE Spain) shows a recent
decrease of sulfate content, which we interpret to be caused by
decreased SO, anthropic emission.

Minor Fe oxy-hydroxides phases, distributed homogenously
within the iberulites and responsible for their pinkish colour, must
be taken into account in relation to radiation absorption processes
and the thermal behaviour of these dust aerosols in the
atmosphere.
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