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Abstract. Mineral dust interacts with incoming/outgoing makeup may improve the remote sensing retrieval of dust and
electromagnetic radiation in the atmosphere. This interactiorthe evaluation of radiation effects, but will also require so-
depends on the microphysical properties of the dust particlesphisticated single-scattering modeling. In particular, the ob-
including size, mineral composition, external morphology, served internal structures of dust particles such as clay coat-
and internal structure. Ideally all of these properties shouldings, preferred orientation, embedded grains in clays, and
be accounted for in the remote sensing of dust, the modelpores, have the potential to considerably impact on the light
ing of single-scattering properties, and radiative effect as-scattering by dust particles. The distribution and size of struc-
sessment. There have been many reports on the microphysdral components with contrasting dielectric properties, such
ical characterizations of mineral dust, but no investigationsas iron oxides, should also be explicitly accounted for.

of the internal structures of individual dust particles. We ex-

plored the interiors of Asian dust particles using the com-

bined application of focused ion beam thin-slice preparation

and high-resolution transmission electron microscopy. Thel Introduction

results showed that individual dust particles consisted of nu-

merous mineral grains, which were organized into severaMineral dust interacts with atmospheric incoming/outgoing
types of internal structure: single and polycrystalline cores ofelectromagnetic radiation, contributing to Earth’s radiative
quartz, feldspars, calcite, and amphibole often with orientedP@lance (Sokolik and Toon, 1996; Tegen and Lacis, 1996;
clay coatings; individual clay agglomerates of nano-thin clay Posfai and Molnar, 2012; Formenti et al., 2011). The net ra-
platelets showing preferred to random orientations commorfliative effect of natural and anthropogenic mineral dust, sul-
with coarser mineral inclusions; and platy coarse phyllosil-fate, and organic carbon aerosols is considered to be nega-
icates (muscovite, biotite, and chlorite). Micron to submi- tive (Forster et al., 2007). In the case of mineral dust, Forster
cron pores were scattered throughout the interior of parti-et al. (2007) reported net direct-radiative effects ranging
cles. Clays in the coatings and agglomerates were dominateffom —0.56 to+0.1 W 2. However, regional observations
by nano-thin platelets of the clay minerals of illite—smectite Showed that the direct radiative effect of dust can vary con-
series including illite, smectite, and their mixed layers with Siderably, ranging from-130 W n1 2 over the ocean off the
subordinate kaolinite and clay-sized chlorite. Submicron ironc0ast of West Africa (Haywood et al., 2003) 450 W m 2
oxide grains, dominantly goethite, were distributed through-oVver land in North Africa (Haywood et al., 2005). The un-
out the clay agglomerates and coatings. Unlike the com<Lertainty associated with the net radiative effect of dust is
mon assumptions and simplifications, we found that the anlarge (Forster et al., 2007) and is attributed to dust particles’
alyzed dust particles were irregularly shaped with birefrin- Mmicrophysical properties such as particle size, shape, and
gent, polycrystalline, and polymineralic heterogeneous com£0mposition; including inhomogeneity and common bire-

positions. Accounting for this structural and mineralogical fringence, as well as uncertainties in spatiotemporal global
distributions (Nousiainen, 2009). Remote sensing provides
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detailed information on the atmospheric loading, distribu-ing dust particles with or without internal structure. Like-
tion, migration, particle size, and even some mineralogicalwise, Nousiainen et al. (2011a) observed that the single-
properties of dust (Seinfeld et al., 2004; Chou et al., 2008;scattering properties of spheroids with empty cavities could
Kim et al., 2008; McKendry et al., 2008; Chudnovsky et al., not be mimicked by solid spheroids of varying sizes, shapes
2009; Chen et al., 2011; Haywood et al., 2011; Lenoble etand compositions, suggesting fundamentally different single-
al., 2013). Therefore, it would be ideal for all microphysical scattering properties as a result of particle porosity. Similarly,
properties to be faithfully accounted for when computing thea modeling study by Nousiainen et al. (2011b) found that, for
dust’s single-scattering properties that are applied to radiairregular ice crystals, the internal structure had the greatest
tive effect estimations and remote-sensing retrievals (Sokopotential of all the parameters considered to change single-
lik et al., 2001, Forster et al., 2007). For example, an earlyscattering properties. Nousiainen et al. (2003) and Muinonen
inversion algorithm for AERONET (Aerosol Robotic Net- et al. (2009) found that internal structure, assumed in their
work) developed by Dubovik and King (2000) assumed ho-studies to be a random structure in the absence of obser-
mogeneous isotropic spherical particles. However, later apvational data, is potentially quite significant for the single-
plications of the spheroidal particles allowed for more accu-scattering properties of dust particles much larger than the
rate fitting of observed radiation intensity and polarization wavelength. In contrast to considerable efforts expended to
(Dubovik, 2006). investigate how the single-scattering properties of dust parti-
Extensive microphysical characterizations have been pereles depend on particle shape (e.g., Nousiainen, 2009; Nousi-
formed for single dust particles to determine their chemicalainen and Kandler, 2014), relatively little attention has been
composition (Okada et al., 1990; Anderson et al., 1996; Ragpaid to effects arising from internal structures. Undoubtedly
et al., 2005; Gao et al., 2007; Kandler et al., 2007), miner-the main reasons for this are the general lack of informa-
alogical composition (Jeong, 2008; Jeong et al., 2014), andion regarding the microphysical characteristics of the par-
particle size distributions (Reid et al., 2003). Microphysi- ticle interiors and the limitations imposed by the computa-
cal properties are determined by the laboratory analyses dfional methods needed to solve single-scattering properties.
dust samples on a filter or the real-time analysis of particles Iron oxides of complex refractive indices with large
through means such as optical particle counting and singleeal and imaginary parts contribute greatly to the single-
particle mass spectrometry, to determine size, morphologyscattering properties of mineral dust (Sokolik and Toon,
and chemical or mineralogical types (Kulkarni et al., 2011, 1999; Lafon et al., 2006; Koven and Fung, 2006; Balkan-
and references therein). However, a “single” particle is rarelyski et al., 2007; Derimian et al., 2008; Moosmilller et al.,
a single crystal or mineral, but commonly polycrystalline and 2012). However, calculations have shown that their contribu-
polymineralic (Falkovich et al., 2001; Jeong, 2008; Jeong ettions vary greatly depending on assumptions about the mix-
al., 2014). Thus, the microphysical data obtained from “sin-ing state and mineralogy of iron oxides (Sokolik and Toon,
gle” particles are often the result of the numerous mineral1999; Lafon et al., 2006). Direct analyses of mixing state and
grains, composed of different mineral species. Neverthelesanineralogy were rarely performed for individual particles
dust particles have usually been grouped into several chemiDiaz-Herndndez and Péarraga, 2008; Conny, 2013; Jeong et
cal and mineralogical types based on the resultant propertieal., 2014). Diaz-Herndndez and Parraga (2008) observed the
(Anderson et al., 1996; Gao et al., 2007; Jeong et al., 2014)internal structures of the iberulite, an aggregate of Saha-
However, despite the abundant reports, the microphysicatan dust particles wetted in raindrops using a back-scattered
properties of individual dust particles have not been fully re- electron imaging of polished section. They presented a part
solved. While information about the chemistry, mineralogy, of transmission electron microscopic images of ultramicro-
external morphology, and size distribution of “single” par- tome section. Conny (2013) applied focused ion beam (FIB)
ticles are needed when modeling the single-scattering proptechnique to expose the cross sections of urban dust parti-
erties of mineral dust, they do not offer information about cles which were analyzed by scanning electron microscopy
the internal structure of the particles. All of this informa- (SEM). Adler et al. (2013) applied FIB-SEM to analyze the
tion is needed to yield the true single-scattering propertiesinternal pores of organic aerosol. Jeong et al. (2014) com-
Hereafter, we will denote the particle size, shape, composibined SEM and transmission electron microscopy (TEM) to
tion and internal structure as microphysical properties, whichcharacterize the physical and chemical properties of Asian
are input to single-scattering models that produce the opticatlust particles. A combined application of FIB and TEMis the
(single-scattering) properties as output. best method in the high-resolution analysis of mixing state
The geometric characteristics of the internal structure ofand mineralogy of dust particles. Despite some attempts, al-
single dust particles and the varying dielectric properties ofmost no investigations dedicated to the systematic analysis of
the structural components are largely unknown key factorghe internal structures and mineralogical makeup of individ-
in the evaluation of dust-particle single-scattering propertiesual dust particles have been published so far. Consequently,
For example, Vilaplana et al. (2006) found that the linearthe impact of these factors on the dust’s single-scattering
polarization of scattered radiation has fundamentally differ-properties and radiative effects, as well as on the interpreta-
ent size dependence and characteristics in terms of absorlion of remote sensing data, remains largely uninvestigated,
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or has otherwise been based on hypothetical models of intefinstrument for preparing thin slices of approximately (5—
nal structure (Nousiainen, 2009, and references therein). Yetl2) x (5—-6) unf area and about 100 nm in thickness. Carbon
these are clearly important factors to consider in radiation-was first deposited on the target particle in a thickness of
related applications. ~ 1 um to protect the loose and porous agglomerates of fine
In this study, we explored the interiors of individual mineral grains from ion beam damage and spalling, and then
Asian dust particles using high-resolution TEM. Electron- a gallium ion beam was sputtered to cut one thin slice from
transparent thin slices were prepared for TEM analysis usingach individual dust particle. Deposited carbon was amor-
an FIB technique. We report the structural and mineralogi-phous, and normally did not affect the interior of particle.
cal details of the Asian dust particles, and discuss the impli-However, in some case, carbon entered into and filled large
cations of our findings for single-scattering properties and,pore probably connected to the surface (Fig. 3c). Altogether
consequently, for remote sensing and radiative effects. 35 FIB slices were prepared from 35 dust particles, and ana-
lyzed by TEM. Of these slices, 26 had a good flathess and a
wide area, which was sufficient for the TEM analysis. How-
2 Samples and method ever, only a limited analysis of a small area was possible in
nine slices, which had broken due to the cleavage of minerals
Asian dust storms occurring in the Gobi desert affect easpr loose agglomeration during the handling of micron-size
Asia in spring (March—May) season. Dust-laden air massslices in the FIB instrument or in the TEM chamber. Some of
moves eastward and crosses Korea, Japan, and North Ptae slices were not suitable for lattice fringe imaging due to
cific Ocean. Almost real time satellite remote sensing datatheir thickness. The FIB slices were imaged using three mi-
of Asian dust are uploaded with Rilevel on the website croscopes: a JEOL JEM 2100F FEG STEM at 200kV and a
of Korea Meteorological Administration. Dust sampler was JEOL JEM 3010 at 300 kV for high-resolution imaging, and
operated for several days after dust storm outbreak was idera JEOL JEM 2010 TEM at 200kV equipped with an Ox-
tified in the Gobi desert from the remote sensing data;iPM ford energy dispersive X-ray spectrometer for EDXS analy-
data indicate the arrival time of the Asian dust around thesis. TEM images were recorded using a Gatan digital camera,
sampling site. Dust particles were collected on a borosili-and processed with Gatan DigitalMicrogré&ph
cate glass-fiber filter using a thermo-scientific high-volume Combined application of TEM and FIB slicing is the best
total suspended particulate (TSP) sampler around Seoul omethod imaging the internal structures of dust particles. Un-
31 March 2012 and in Andong, Korea, on 17 March 2009. fortunately, the FIB slicing cannot be applied to a large set
Meteorological, mineralogical, and physical properties of theof dust particles because it is expensive and needs com-
2012 dust were previously reported by Jeong et al. (2014)plex operation, particularly for irregular, weak agglomerate
Satellite dust-index images (National Meteorological Satel-particles. However, the 35 particles were carefully selected
lite Center, 2014) showed that the source of both the 201Zrom thousands of particles which had been already classi-
and 2009 dust was the Gobi desert, situated around northerfiied into minerals and mineral groups based on their morpho-
China and southern Mongolia. logical and chemical characterization by extensive SEM and
The individual dust patrticles on the filter were preliminar- EDXS analyses like in Jeong (2008) and Jeong et al. (2014).
ily examined using a TESCAN LMU VEGA SEM, equipped In addition, the mineralogical features of the Asian dust var-
with an IXRF energy dispersive X-ray spectrometer. Theied little through different events over many years (Jeong,
SEM analysis showed that most dust particles were noR008; Jeong et al., 2014). Thus, the internal structures pre-
tightly agglomerated but separated each other. Individuakented here are representative of the Asian dust particles.
dust particles were able to be identified on the filter. Since the Artifacts reported in the FIB slicing are surface amor-
unstable dust particles lying on the porous filter were not suit-phization, Ga contamination, and curtain effect (Ishitani et
able for FIB milling, they were transferred onto a conductive al., 2004; Kato, 2004; Mayer et al., 2007). Our FIB slices
carbon adhesive tape. An SEM stub covered with carbon tapshowed sufficiently clear TEM images without the destruc-
was lightly touched onto the filter surface. After applying a tion of microstructural details and lattice fringes, indicating
thin platinum coating for 60 s for conduction, the predomi- that surface amorphization was restricted in very thin surface
nant mineralogy of the dust particles was analyzed using enregion, and had little influence on the image quality. Ga was
ergy dispersive X-ray spectrometry (EDXS). High-resolution only detected around the boundary between carbon deposit
SEM images were acquired with a JEOL JSM 6700F fieldand dust particle by EDXS analysis, but not within the parti-
emission gun (FEG) SEM. cle interior. Curtain effects (stripes of light and dark contrast)
Dust particles for FIB sample preparation were selected orarising from topography and phase property (pores, mineral
the basis of the predominant particle mineralogy and mor-chemistry, and density) were observed in some of the TEM
phology determined by EDXS and FEG SEM. We selectedimages (e.g., Figs. 5c, 7d, 9c, 10c, and 11d), with no sig-
only individual dust particles spaced sufficiently from other nificant degradation of image quality. Finally, pores found
particles, excluding particles that are too close, forming ain the particle interiors were not formed by FIB milling. In
cluster. The SEM stub was placed on a SMI3050TB FIB traditional ion milling, Ar ions bombard the sample surface
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Figure 1. Identification criteria of clay minerals based on the spacing of repeat units measured from a TEM lattice fringe image (left two
columns) and EDXS spectra (right column). Repeated stacking of silicate sheets in clay minerals viewed along the crystallographic a—b

plane.

at higher angles, making a hole in the center. The thin edgevas difficult. The lattice fringes of clay minerals parallel
around the hole is then analysed by TEM. Thus, preferredo basal plane were recorded normally above the magnifi-
erosion may occur along the weak parts of the samples sucbation of x 200 000. The identification of clay minerals was
as grain boundary and poorly crystalline phases, resultindpased on the spacings of lattice fringes corresponding to the
in pore-like features around a large center hole. Howeverspacing of repeat units of the crystal structures: 1.0 nm for
in FIB milling, Ga ions are bombarded almost parallel to illite, ~1.0nm for smectite and vermiculitey 7.0 nm for
the sample surface, without forming artifact pores in mostkaolinite, and~ 1.4 nm for chlorite (Fig. 1). Kaolinite and
cases. This is one of the most important advantages of FIRhlorite were directly identified from their EDXS and lat-
milling of geological samples compared to the traditional Ar tice fringes (Fig. 1). Howeuver, illite, smectite, vermiculite,
ion milling. Our TEM images discussed later, in Sect. 3.1, and illite—smectite (vermiculite) mixed layers could not be
preserve the large and small pores of delicate shapes, all gfositively distinguished from each other because smectite
which are reasonably interpreted on the basis of grain ag{1.4—1.6 nm unit layers in hydrated state) was dehydrated
glomeration and mineral growth/dissolution. and contracted under the high vacuum of the TEM cham-
Mineral identification was based on lattice fringes and ber, showing~ 1.0 nm lattice fringes similar to those of illite
EDXS chemical compositions. General chemical formulas of(1.0 nm lattice fringe) (Fig. 1) (Peacor, 1992). EDXS can be
minerals identified in the Asian dust examined in this studyused for identifying illite and smectite with interlayer cations
are provided in the Supplementary Table 1. The identifica-K and Ca, respectively. lllite could form a thick plate and be
tion of non-phyllosilicate and relatively coarse phyllosilicate positively identified from the clear 1.0 nm lattice fringe and
minerals (muscovite, biotite, and chlorite) was straightfor- high K and Al contents. However, illite and smectite platelets
ward, but that of nano-thin phyllosilicates (clay minerals) are normally very thin, consisting of only a few repeat units.
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Figure 2. Clay-rich dust particle #1 from 2012 Asian duét) SEM image of the dust particl¢b) SEM image of the particle surface
magnified from the box ifa). (c) Overall TEM image of FIB slice prepared from the particlda) (d) TEM image magnified from the box
in (c). (e) TEM lattice fringe image of ISCM and chloritéf) TEM lattice fringe image of ISCM and kaolinite.

They cannot be separately analyzed using EDXS, even whetures on dust optical modeling and on climate and remote

using an electron microbeam that is as small as possible. Adsensing applications. Detailed TEM data of 12 dust particles

ditionally, mixed layering of illite and smectite is common in are presented in Figs. 2-13. TEM data of other 14 particles

the soil and geological environments (Weaver, 1$8@da, are summarized in Supplementary Fig. 1.

1999). Therefore, in practice, we cannot distinguish between

nano-thin illite and smectite. To avoid over-interpretation, 3.1 TEM observations

nano-thin platelets of clay minerals showirgl.0 nm lat-

tice fringes with varying K and Ca contents were grouped3.1.1 Clay-rich particles

into illite—smectite series clay minerals (ISCMs). ISCMs are

likely nano-scale mixtures of nano-thin platelets of illite, TEM data for three clay-rich particles showing different in-

smectite, and illite—smectite mixed layers. ternal structures are presented here because they are the most
abundant particle type in Asian dust (Jeong, 2008; Jeong et
al., 2014). SEM images of the clay-rich dust particle #1 show

3 Results and discussion a rough surface composed of submicron clay grains (SEM
images in Fig. 2a, b). Low-magnification TEM images of

In what follows, we will first present the results of our TEM the FIB slice prepared from the particle in Fig. 2a show an

analyses of dust particles. Schematic models for the commoagglomerate of randomly oriented platelets of clay miner-

structural types observed will then be proposed. Finally, weals, which are tightly interlocked with each other (Fig. 2c).

will discuss the possible implications of the structural fea- EDXS analyses suggest that the clays are mainly ISCMs

www.atmos-chem-phys.net/14/7233/2014/ Atmos. Chem. Phys., 14, 7Z72%4 2014
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Figure 3. Clay-rich dust particle #2 from 2012 Asian duéi) SEM image of the dust particléb) SEM image of the particle surface
magnified from the box ir(a). (c) Overall TEM image of the FIB slice prepared from the particlgah Pores are filled with carbon
deposited prior to slicing.

with some chlorite and kaolinite. Minor quantities of sub- rather large packets of chlorite, kaolinite, and discrete illite
micron iron and titanium oxide grains are also randomly dis-(Fig. 3c). Non-phyllosilicate particles of quartz, plagioclase,
tributed in the clay matrix (Fig. 2¢). Confirmation of the spe- epidote, and iron oxides were also scattered within the clay
cific mineral species of the iron and titanium oxides was notmatrix. Iron oxides are present in minor quantities (0.6 %)
possible because the quality of lattice fringes was poor duend approximately 200 nm in size.
to the large slice thickness. The areal fractions of these ox- The clay-rich agglomerate particle #3 (Fig. 4a, b) has
ides in Fig. 2c are approximately 0.9 and 0.3 %, respectivelyrough surface exhibiting submicron clay particles. The low-
High-magnification TEM images of the clay show loose, magnification TEM image shows highly oriented fabrics
disrupted, and nano-thin clay platelets (Fig. 2d—f). Lattice (Fig. 4c). Magnified images (Fig. 4d, e) reveal submicron
fringes confirm ISCMs (Fig. 2e—f) intermixed with coarser particles of quartz, plagioclase, K-feldspar, biotite, discrete
platelets of chlorite (Fig. 2e) and kaolinite (Fig. 2f). There illite, and titanium oxide, the long axes of which were ori-
are many pores (total 2.2 %) of approximately 1 um in diam-ented conformably with the fine matrix of oriented nano-thin
eter (Fig. 2c). Thin lenticular pores may have been formedlISCM platelets. The platelets are generally curved and sub-
through the dehydration of subparallel platelets of expand-parallel to each other (Fig. 4f). Both the lattice fringe imaging
able clay minerals such as smectite in the high vacuum TEMand EDXS confirmed that ISCMs are the dominant clay min-
chamber (Peacor, 1992). However, some of the circular poresrals (Fig. 4f). Some long, thin lenticular pores are certainly
(arrow in Fig. 2c) are unlikely to have formed in this way by attributable to the contraction of expandable clay minerals
dehydration. They may have been formed by soil processunder the vacuum (Fig. 4c). However, the other pores were
particularly repeated cycles of wetting—drying and freezing—not formed by dehydration (arrow in Fig. 4c).
sawing in the dry and cool sources of Asian dust. The external morphology and surface features of the three
The clay-rich agglomerate particle #2 also displays aclay-rich particles are similar. However, a TEM analysis of
rough surface with micron-to-submicron-sized clay grainsthe slices shows that the large differences in fabrics de-
(Fig. 3a, b). The mineral grains are at least to some degrepend on the array pattern and sizes of phyllosilicate platelets,
preferentially oriented. A TEM image of the slice reveals pores, and coarser inclusions. Nano-thin ISCM-rich clays are
a large pore size of approximately 4 um (Fig. 3c), which the major constituents of the matrix, scattered with submi-
is certainly not the result of the contraction of expandablecron iron and titanium oxides.
clay minerals. The pores (16.3%) are now filled with car-
bon that was deposited during FIB slicing. The clay matrix
is dominated by nano-thin ISCM platelets embedded with
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Figure 4. Clay-rich dust particle #3 from 2012 Asian duét) SEM image of the dust particl¢b) SEM image of the particle surface
magnified from the box ifa). (c) Overall TEM image of the FIB slice prepared from the particl¢ah (d, €) TEM images magnified from
the boxes ir(c). (f) TEM lattice fringe image of ISCMs.

3.1.2 Quartz-rich particles Submicron quartz particles were also found in the clay coat-
ings (Fig. 6d). Magnified images show subparallel, chaotic
A quartz-rich particle in the SEM images (Fig. 5a, b) has arrangement of nano-thin ISCM platelets (1-10nm thick;
an irregular shape and a rough surface coated with submiFig. 6d—f). The lattice fringe shows that the clay minerals
cron clay plates. A low-magnification TEM image of the are mostly ISCMs (Fig. 6e) with some chlorite (Fig. 6f). The
slice prepared from the particle (Fig. 5c) reveals a quartzZlSCMs were tightly adhered to the surface of the quartz core
grain wrapped with thin coatings+{(200 nm thick), which  (Fig. 6e). Fine iron oxides were also found within the clay
are composed of oriented submicron platelets of clay minercoating, but were not common (Fig. 6d).
als (Fig. 5d, e). The clay minerals are mostly ISCMs, based
on the~ 1.0 nm lattice fringe and the EDXS (Fig. 5f). Sub- 3.1.3 Plagioclase-rich particle
micron goethite grains identified from the lattice fringe and
EDXS are scattered within the clay coatings (Fig. 59). A plagioclase-rich particle shown in the SEM images
Another quartz-rich particle shown in the SEM images (Fig. 7a, b) has an irregular shape with surface clay coat-
(Fig. 6a, b) also has an irregular morphology and a surfacengs. The slice prepared from the particle reveals clay coat-
coated with micron to submicron clay platelets. A TEM im- ings of ~0.2 to 1 um thick (Fig. 7c). Magnified images of
age of the slice prepared from the particle reveals a thick claythe coating show nano-thin platelets of clay minerals oriented
coating ¢ 1 um thick) with a quartz core (Fig. 6¢). The coat- along the plagioclase surface (Fig. 7d, e). A submicron quartz
ing is primarily composed of nano-thin platelets of clay min- grain is embedded in the clay coating (Fig. 7g) and pores
erals showing a high degree of preferred orientation (Fig. 6d)are found around the quartz grain. The lattice fringe images

www.atmos-chem-phys.net/14/7233/2014/ Atmos. Chem. Phys., 14, 727254 2014
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Figure 5. Quartz-rich dust particle #1 from 2009 Asian dust) SEM image of the dust particl¢b) SEM image of the particle surface
magnified from the box ifa). (c) Overall TEM image of the FIB slice prepared from the particléah (d, ) TEM images magnified from
the box in(c). (f) TEM lattice fringe image of ISCMgg) Goethite spheres magnified from the boXdhwith the EDXS pattern of goethite.

show that most of the clay platelets are ISCMs with some3.1.4 Calcite-rich particle

chlorite (~ 1.4 nm) and kaolinite (0.7 nm) (Fig. 7e, f, h). In

the cavity inside the plagioclase, short tubes of halloysite arelhe particle in the SEM images (Fig. 8a, b) is calcite-rich

found attached to the cavity wall (Fig. 7i). Halloysite is a With a clay surface coating. The slice made from the parti-
kaolin-group clay mineral, which typically forms during the cle reveals a polycrystal consisting of micron to submicron-
chemical weathering of plagioclase (Jeong and Kim, 1993)sized calcite crystals (Fig. 8c-€). The calcite polycrystal was
The cavity in the plagioclase core was formed by dissolutioncoated with thin (<200 nm) ISCM clay layers (Fig. 8d, e).

during weathering in the source soils. ] ) )
3.1.5 Amphibole-rich particle

An amphibole-rich particle is encrusted with submicron clay
platelets (Fig. 9a, b). A TEM image of a slice prepared from
the particle reveals that the surface of the amphibole is coated

Atmos. Chem. Phys., 14, 7233254 2014 www.atmos-chem-phys.net/14/7233/2014/
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Figure 6. Quartz-rich dust particle #2 from 2009 Asian dust) SEM image of the dust particl¢h) SEM image of the particle surface
magnified from the box ifa). (c) Overall TEM image of the FIB slice prepared from the particléah (d) TEM image magnified from the
box in(c). (e) TEM lattice fringe image of ISCMgf) TEM lattice fringe image of ISCM and chlorite.

with subparallel stacks of ISCM platelets subordinately with 3.1.6  Biotite-rich particle

chlorite, quartz, calcite, and titanium oxide (Fig. 9d). Submi-

cron pores were distributed within the coatings, particularly SEM images (Fig. 10a, b) reveal a biotite flake coated with
around the larger grains such as chlorite and calcite (Fig. 9d)submicron clay plates. A slice perpendicular to the plate
Lattice fringes show that the dominant clay minerals are IS-shows long lenticular iron oxide grains formed along the
CMs (Fig. 9e). biotite layers (Fig. 10d). The iron oxide was identified as
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plagioclase
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m plagioclase

\SCN\ c\ay
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quartz
\

Figure 7. Plagioclase-rich dust particle from 2012 Asian dia). SEM image of the dust particl¢b) SEM image of the particle surface
magnified from the box ifa). (c) Overall TEM image of the FIB slice prepared from the particléah (d) TEM image magnified from the
box in (c). (e) TEM lattice fringe image of ISCMs and chlorite magnified from the boxdh (f) TEM lattice fringe image of ISCM and
kaolinite magnified from the box i(e). (g) TEM image magnified from the box ifc). (h) TEM lattice fringe image of ISCMs magnified
from the box in(g). (i) TEM image of internal pore and halloysite magnified from the bofc)n

goethite (5.6 % area fraction) using EDXS and a 0.42 nm lat-iron ions are released from the biotite lattice following oxi-
tice fringe (Fig. 10e). EDXS analyses showed that biotite wasdation (Jeong et al., 2006).

depleted of interlayer K, indicating K loss during weathering

in the source soils. Goethite intergrowth in the weathered bi-3-1.7  Chlorite-rich particle

otite is the result of oxidative weathering of biotite, where . . o
g The SEM images (Fig. 11a, b) show a chlorite-rich flaky

particle covered with clay minerals. The slices prepared

Atmos. Chem. Phys., 14, 7233254 2014 www.atmos-chem-phys.net/14/7233/2014/
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ADNU

Calcite

Figure 8. Calcite-rich dust particle from 2012 Asian dugt) SEM image of the dust particléh) SEM image of the particle surface magnified
from the box in(a). (c) Overall TEM image of the FIB slice prepared from the particléaj (d, ) TEM images magnified from the box in

(c).

perpendicular to the flake show that half of the flake con-3.1.8 Iron-oxide-rich particle

sists of subparallel ISCM clay minerals (Fig. 11c). The other

half is chlorite with long lenticular voids (6.2 %) that were An iron-rich agglomerate particle is shown in Fig. 12a.

propped by submicron crystals of goethite (4.3 %) (Fig. 11d)An overall TEM image of a slice prepared from the parti-

as identified by EDXS and a 0.41 nm lattice fringe (Fig. 11e).cle shows the association of an irregular magnetite crystal
The EDXS analysis of chlorite showed a slight increase inand clusters of iron-oxide nanograins (Fig. 12b, c), which
silicon (Si) content compared with that of fresh chlorite, in- were identified as goethite by electron diffraction (inset in

dicating oxidative weathering of chlorite followed by the Fig. 12c). The micron pores and goethite were likely formed
formation of goethite crystals that consumed the iron re-by the dissolution of magnetite during the weathering in the
leased from chlorite lattices to maintain a charge balancesource soils.

The growth of goethite crystals is responsible for the forma-

tion of lenticular voids.

www.atmos-chem-phys.net/14/7233/2014/ Atmos. Chem. Phys., 14, 727254 2014
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Figure 9. Amphibole-rich dust particle from 2012 Asian dugi) SEM image of the dust particl¢b) SEM image of the particle surface
magnified from the box iifa). (c) Overall TEM image of the FIB slice prepared from the particléaj (d) TEM image magnified from the
box in(c). (e) TEM lattice fringe image of ISCMs magnified from the box(@).

3.1.9 Polycrystalline/polymineralic rock fragment fragment particle composed of quartz, plagioclase (albite),
biotite and chlorite grains of a few micrometer sizes iden-
tified by EDXS and electron diffractions (Fig. 13d—f). The

Minerals form compact, heterogeneous solids such as igmineral grains are not a loose agglomerate of fine soil grains,

neous, metamorphic, and sedimentary rocks in Earth's lithoyyt rather compactly interlocked with each other to form

sphere. Some rocks consist of coarse mineral grains up tgeterogeneous solids. The rock fragments have some pores
several centimeters in size, while other rocks consist of fingFig. 13b) and are coated with ISCM clay layers-00.5 um
mineral grains, the sizes of which are as small as a fewhick scattered with goethite grains (Fig. 13c). The particle
micrometers in size. The grain sizes of minerals in rocksin Fig. 13c is a polycrystalline/polymineralic rock fragment,
commonly exceed the particle size of long-range transportegyhereas the particle in Fig. 8 is an example of a polycrys-
dust. Therefore, original rock fragments composed of sev+ajline/monomineralic rock fragment.

eral interlocked mineral grains are relatively rare in long-

range transported dust. The TEM image of a slice (Fig. 13b)

prepared from the dust particle in Fig. 13a shows a rock-

Atmos. Chem. Phys., 14, 7233254 2014 www.atmos-chem-phys.net/14/7233/2014/
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Figure 10. Biotite dust particle from 2012 Asian dugh) SEM image of the dust particlé) SEM image of the particle surface magnified
from the box in(a). (c) Overall TEM image of the FIB slice prepared from the biotite particléan(d) TEM image magnified from the box
in (c). (e) TEM lattice fringe image of goethite in weathered biotite.

3.2 Structural models can also be further described as monocrystalline (Figs. 5, 6,
7, 9) or polycrystalline (Fig. 8). Although some surfaces of
the coarser core crystals are directly exposed, almost all the

To facilitate the Optica| modeling Of mineral dUSt pal’ticles, Surfaces are Covered W|th nanocrysta”ine ISCM C|ay coat-

the internal structures observed in Asian dust particles Wergngs (ca. 0.2—1 pm). Therefore, there are six subtypes, as pre-

grouped into idealized classes. We identified three majoisented in Fig. 14. In Asian dust sources, all silt-size mineral
types of internal structure: Type |, coarse non-phyllosilicate grains have been observed to be coated with clay minerals ac-
minerals; Type I, nanocrystalline clay agglomerates; andcording to an electron microscopic analysis of the silty soils

Type l1I, coarse phyllosilicate plates. as shown in Fig. 4 of Jeong (2008). The clay coatings are fea-

Type-I dust particles have core grains of non-phyllosilicate res acquired in the source soils via repeated wetting—drying
minerals including quartz, plagioclase, calcite, K-feldspar, and freezing-thawing cycles.

and amphibole in the order of abundance (Fig. 14). They ex- Type-Il dust particles are clay agglomerates composed

ist as either monomineralic crystals (Figs. 5-9) or polymin- mainly of nanocrystalline clay minerals (Fig. 15). ISCM is
eralic rock fragments (Fig. 13). The monomineralic particles

www.atmos-chem-phys.net/14/7233/2014/ Atmos. Chem. Phys., 14, 727254 2014
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ADNU

goethite

Figure 11. Chlorite-rich dust particle from 2012 Asian dugk) SEM image of the dust particl¢b) SEM image of the particle surface
magnified from the box ifa). (¢) Overall TEM image of the FIB slice prepared from the particléah (d) TEM image magnified from the
box in(c). (e) TEM lattice fringe image of goethite in the pore of weathered chlorite.

the most abundant mineral group in Asian dust (Jeong et Type-lll particles are coarse phyllosilicates of muscovite,

al., 2014). As shown in the Figs. 2d and 4d, the orienta-biotite, and/or chlorite (Fig. 16). The platy morphologies are

tions of the nano-thin ISCM platelets are always subparal-regulated by the well-developed cleavages along the (001)
lel in the nano scale. However, at larger scales, fabrics obasal planes. They are commonly coated with ISCM clays.
clay agglomerates are diverse, ranging from complete lamAnother feature of the internal structures is the occurrence
ination (Fig. 2c) to random (Fig. 4c). The clay agglomer- of goethite (an iron oxyhydroxide) along the cleavages in the
ates often have micron-scale pores of lenticular or irregu-weathered biotite and chlorite, which is a feature acquired
lar shapes (Figs. 2c, 3c, 4c). Agglomerates of pure claysn the source soils. The lenticular voids occur in the weath-
are rare. Many clay-rich agglomerates include larger non-ered biotite and chlorite. Although we have not presented the
phyllosilicate grains (quartz, plagioclase, K-feldspar, anddata of muscovite, it is reportedly highly resistant to oxida-

calcite) and coarser phyllosilicates (muscovite, biotite, andtive weathering due to the absence of iron. Thus, goethite
chlorite) (Figs. 2c, 3c, 4c). Therefore, clay agglomeratesmicroinclusions and lenticular voids are not expected in
could be further classified into eight subtypes (Fig. 15). the internal structures of muscovite. Coarse phyllosilicates

Atmos. Chem. Phys., 14, 7233254 2014 www.atmos-chem-phys.net/14/7233/2014/
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Figure 12.Iron-oxide-rich dust particle from 2012 Asian du&t) SEM image of the dust particléb) Overall TEM image of the FIB slice
prepared from the particle if@). (c) TEM image magnified from the box ifb). Electron diffraction patterns of the circled areaghipand
(c) indicate goethite and magnetite, respectively.

could be further classified into four subtypes, as presented inmve can nevertheless offer our first impressions and speculate
Fig. 16. on the possible impacts.

The diameters of the particles milled by FIB in this study
are generally large because most of the particles were se8.3.1 Internal structures
lected from the coarse Asian dust observed in 2012. In future
research to refine the internal structure models, much mor&Vith regard to the geometrical characteristics of the internal
attention should be paid to the long-range transport particlestructure, the most important factor is the size scale of the
with modes around 2—4 um in equivalent volume/mass diamstructure compared to the wavelength of radiation. This im-
eter (Reid et al., 2003; Zender et al., 2003; McKendry et al.,pacts not only the effectiveness of the structure in influenc-
2008). Nevertheless, we think that particles of several mi-ing single-scattering properties (sub-wavelength structures
crometers also have structural features similar to larger parinteract with radiation only weakly) but also impacts how
ticles. In the arid desert soils, fine particles are formed by thet should be accounted for in modeling. If the structures are
repeated saltation, impact, and fragmentation of soil agglomsmall compared to the wavelength, and sufficiently randomly
erates by wind. As shown in Supplementary Fig. 2, fine par-located, effective medium approximations (e.g., Chylek et
ticles derived from coarse agglomerate particles likely haveal., 2000) may be used, after which the particle can be treated
internal structure types summarized in Figs. 14-16. as a homogeneous material with mean dielectric properties.
However, as the example in Sect. 3.3.2 shows, the mixing
of dielectrically very different materials can lead to strong
effects, and to large errors if all the assumptions are not sat-
isfied. For example, Kocifaj and Videen (2008) investigated
errors arising from the use of effective medium approxima-
Individual dust particles are often composed of several min-tions for particles that are mixtures of non-absorbing and
eral species. Their mineral grains and pores are arrangedbsorbing constituents, and showed that all single-scattering
to form several types of internal structures, some of whichproperties were affected. The backscattering quantities rel-
could contribute significantly to the single-scattering proper-evant for lidar measurements were most affected. Some of
ties of mineral dust. Our results imply that the presence of in-the particles analyzed here also show mixtures of weakly and
ternal structures in natural dust particles is a rule rather tharstrongly absorbing constituents. In case of embedded crystals
an exception. To quantify their effects on single-scatteringin an ISCM matrix (Fig. 4), the effective medium approxima-
properties, sophisticated simulations should be carried outtion may perform well, because of the small dielectric con-
While this is clearly beyond the scope of the present studytrast between the constituents. Likewise, Kocifaj et al. (2008)

3.3 Implications for the optical modeling of dust
particles

www.atmos-chem-phys.net/14/7233/2014/ Atmos. Chem. Phys., 14, 7Z72%4 2014
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%

ISCM clay
coating

Trioctahedral chlorite

Figure 13. Rock fragment dust particle from 2012 Asian dya). SEM image of the dust particléh) Overall TEM image of the FIB slice
prepared from the rock fragment particle(a. (c) TEM image magnified from the box ifb) showing the coatings of oriented nano-thin
clay minerals with pore and goethite nanogra{ds.e, f) Electron diffraction patterns of the areas marked with circles.

reported up to 10 percent error in the asymmetry parametetion within the particle (e.g., Figs. 4c—e and 15). Such a struc-
for coated structures when treated with an effective mediunture may act to make the whole particle seemingly birefrin-
approximation; coated structures are also present in our anagzent, even if composed of isotropic materials. Whether this
yses, e.g., in Fig. 6. For particles with large pores inside,is significant for the particles’ single-scattering properties de-
which present large structures with high dielectric contrasts pends on the strength of this structural birefringence and the
the effective medium approximations are likely to also fail. overall shape of the particle. From Nousiainen et al. (2009)
Strong effects on single-scattering properties due to internalve know that polarization quantities in particles are sensitive
pores are shown, e.g., by Nousiainen et al. (2011a). Thereto birefringence; whereas, Dabrowska et al. (2012) reports
fore, the pores with fractional areas extending up to 16.3 %that the effect increases with increasing particle aspect ratio.
are clearly significant and should be accounted for explicitly. For example, the preferred orientation of the platelets in clay
Another interesting aspect is that in many particles stud-ayers (e.g., Figs. 14 and 16) may give rise to structural bire-
ied, the internal structure is far from random. Instead, we of-fringence, especially if the particle is elongated, because then
ten see varying types of ordered structure. From the singlethere will be more platelets oriented parallel to the longer
scattering point of view, the most important is whether theseparticle axis than perpendicular to it. Likewise, ordered lay-
structures are also preferentially oriented. For example, theered structures, such as those seen in Figs. 10c, d, 11c, and d,
embedded constituent crystals may have preferred orientamay give rise to structural birefringence. Again, this depends

Atmos. Chem. Phys., 14, 7233254 2014 www.atmos-chem-phys.net/14/7233/2014/
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Quartz, plagioclase, K-feldspar, and calcite crystals

Pore

Coatings of oriented

Monomineralic Monomineralic Polymineralic
monocrystal polycrystals polycrystals

Figure 14. Type-| structural models for single and polycrystals of quartz, plagioclase, K-feldspar, and calcite with clear or clay-coated
surfaces. Clay minerals are dominated by ISCMs.

on how preferential the orientations of such structures are irals (hematite or goethite) has not been attempted other than

the particle. by the diffuse reflectance spectroscopic analysis of Lafon et
al. (2006). Goethite has different wavelength-dependent re-
3.3.2 Mineralogy fractive indices from hematite (Bedidi and Cervelle, 1993).

In addition, the actual impact of iron oxides depends on the
Mineral dust particles can be composed of numerous graingrain size and distribution of iron oxides within a particle.
of several mineral species with different refractive indices gqr example, widely distributed small iron oxide grains will
and sizes. The single-scattering properties of the particlesead to stronger absorption than a few larger grains of identi-
will depend on the internal mixing state, size, and distribu- ¢g] total mass.
tion of the constituent grains. For the effect to be substan- The results of our study indicate that iron oxides are evenly
tial, hOWGVGr, the refractive indices of the different grainS distributed in the C|ay agg|omerates7 norma”y as submicron-
must vary considerably. Iron oxides are considered to be thgjze grains. Lafon et al. (2006), using diffuse reflectance
most important minerals in this respect, because they are rekpectroscopy, also showed that goethite was a major iron
atively common and the real and imaginary parts of their re-oxide in dust samples collected near the desert margin of
fractive indices are considerably higher than those for mosichina (3817 N, 10943 E). The estimated areal fractions of
other mineral species typically encountered in atmospherigyoethite range from 0.6 to 5.6 % for those particles where it
dust. There are many reports that even small amounts of iroyas present. The even distribution of submicron goethite par-

oxides can be significant for the single-scattering propertiegicles suggests potentially considerable impacts on the parti-
of dust. For example, Sokolik and Toon (1999) found thatdes' single-scattering properties.

even 1% hematite mixed with kaolinite was sufficient to de-  Bijotite, chlorite, and their weathered equivalents have also

crease the dust particles’ modeled single-scattering albedgeen found above trace quantities in Asian dust (Jeong et
by ~10% when assuming an internal mixture treated with | 2014). Their dark color and iron-rich chemical compo-
effective medium apprOXimation instead of an external mix- sitions Suggest C|ear|y h|gher imaginary parts of the com-
ture. Similarly, when Balkanski et al. (2007) attempted to plex refractive indices than those of colorless minerals such
constrain dust refractive indices by varying the hematite con-as quartz, feldspars, muscovite, calcite, or ISCMs. However,
tent in the internal mixture to fit AERONET data, they found their Comp|ex refractive indices have not been experimen_
that a subtle variation in hematite contents and their miX-ta”y measured over a wide range of Wave|engths (Mooney
ing state were critical in explaining the observed refractiveand Knacke, 1985). In addition, the grain sizes and spatial
indices by AERONET, and in evaluating the global net ra- distribution of titanium oxides (possibly rutile and anatase)
diative effect. Lindqvist et al. (2014) also found that a few within dust particles are similar to those of iron oxides. Their
volume percent of hematite was sufficient to impact the sim-high refractive indices (Cardona and Harbeke, 1965) may
ulated single-scattering properties of dust particles. also significantly contribute to the single-scattering proper-

Confirmations of the specific properties possessed by irojes of dust, which deserve further investigation.
oxides are rare, despite their great importance and many re-

lated assumptions. The identification of iron oxide miner-
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Figure 15.Type-II structural models for ISCM-clay-rich particles with preferentially or randomly oriented nano-thin clay platelets, and with
pores and inclusions of nonphyllosilicates, micas (muscovite and biotite), and chlorite.

Large plates of micas (muscovite and biotite) and chlorite

Coatings of oriented
ISCM platelets

Goethite . Pore
Fresh Weathered Goethite

Figure 16. Type-Ill structural models for plates of micas (muscovite and biotite) and chlorite, which are either fresh or weathered. Weathered
biotite and chlorite contain goethite crystals and lenticular pores.

3.4 Implications for climate and remote sensing hold for the impact of internal structure. There exists the
potential for large and fairly systematic impacts to single-
The radiative impacts of mineral dust are ultimately derived Scﬁtte_”_rt‘g Eropertles;hsm;labr }IO those dl:jed to tpartt_lclle dno?r;
from their single-scattering properties averaged over all sizegPhericity. owever, the globally averaged dust optical dep
is too small to allow for significant global impacts. Local and

and shapes present. In principle, it is possible that the inter-> "> | effect le. but d donthei tonth
nal structures observed cause systematic effects on singlégg'onal Elects are possioie, but cepend on e Impact on the
ngle-scattering properties, which are yet to be quantified.

scattering dust properties that persist through the averaging\'/ . . :
and can therefore be important in radiation-related appli- € also note that atmospheric dust loadings during the last

cations. The most important of such applications in atmo-glacﬁi mag"”?“(;” Were an cr:rdter-of—ma?ntl)tuldeﬁlartgerl_t'har_] to-
spheric sciences are climate modeling and remote sensing. ay, thereby inducing much stronger global effects (Harrison

For the internal structure of particles to substantially im- et Iall.,tZOOl).f ; . th tential for i tant
pact climate through radiation, two prerequisites must be sat- n terms ot remote Sensing, theé potential for importan

isfied: (1) the dust single-scattering properties need to bémpllcatlons is much greater. Remote observations are usu-

affected sufficiently, and (2) the dust optical depth needsa”y directional and therefore dependent on the differential

to be sufficiently large. Réisanen et al. (2013) recently in_single—scattering properties that can be quite sensitive to the

vestigated the impact of dust-particle non-sphericity on cli- Physical properties of particles. Again, the impacts depend

mate and found the effect to be negligible on a global scale,on how the single-scattering properties are affected, which

but possibly important locally. We can expect the same tolS yet to be quantified; however, it is safe to assume that
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different types of remote sensing measurements will be afthe most important minerals with large real and imaginary
fected differently. For example, polarization quantities areparts of the refractive index, were scattered as submicron-
more likely to be affected than the intensity (Nousiainen etsized grains throughout clay agglomerates. Goethite was the
al., 2009; Nousiainen et al., 2012). Further, we speculate thalominant iron oxide. In addition, we suggest that submicron
lidar observations, looking at the exact backscattering angletitanium oxides, chlorite, and biotite are worth considering
may be particularly sensitive to internal structure. We alsoas optically significant minerals. The internal structures of
emphasize that the impact may extend to atmospheric remotadividual dust particles were formed by the patterned ar-
sensing beyond aerosol measurements, because the radiatrangement of nano-to-micron-sized mineral grains and pores.
impact of aerosols often needs to be accounted for and cornternal structures could be grouped into three major types:
rected even when measuring other atmospheric constituentsparse cores of quartz, feldspars, calcite, and amphibole with
or when measuring through the atmosphere. oriented clay coatings; clay agglomerates of nano-thin clay
Even though the present investigation considered a fewplatelets; and coarse platy phyllosilicates of muscovite, bi-
dust particles, the major types of internal structure obtainedbtite, and chlorite. Nano-thin platelets of clay minerals were
by TEM analysis can be integrated with statistical data ob-dominated by the illite—smectite series clay minerals with
tained by SEM single particle analysis as done by Jeongubordinate kaolinite and clay-sized chlorite.
et al. (2014) to estimate the proportions of the structural The observed internal structures and mineralogy are po-
types, and followed by the simulation of the optical prop- tentially important factors for the single-scattering properties
erties of bulk dust. However, evidently there are long stepsof Asian dust particles. For example, the contrasting dielec-
toward the optical simulation of bulk dust. Optical property tric properties of pores and constituent minerals may greatly
of each structural type can be modeled first, and then we maympact light scattering by dust particles, while structural
progress to model bulk dust considering the proportions ofbirefringence by the preferred alignment of nano-thin clay-
the structural types. mineral platelets or micron-size phyllosilicate plates may
also produce significant effects. Directional remote sensing,
for example lidar examining the exact backscattering angle,
4 Summary and conclusion is strongly dependent on differential single-scattering proper-
ties, and may be particularly sensitive to a particles’ internal
Optical models for the interaction between dust and electrostructure. In addition, local and regional net radiative effects
magnetic radiation are important in the evaluation of net ra-due to dust may depend on the structural and compositional
diative effects, and in the processing of remote sensing datgroperties of dust particles. The microphysical parameters of
All microphysical properties, including size distributions, individual dust particles considered in this study can be ex-
particle morphology, and composition should be known andplicitly accounted for in single-scattering modeling if sophis-
accounted for to allow for realistic optical single-scattering ticated methods, such as a discrete-dipole approximation by
treatment. Of the many uncertainties in bulk microphysical Draine and Flatau (1994), are used. Such modeling studies
properties, the most uncertain are the properties of individ-can illustrate the means by, and degree to, which microphys-
ual particles that ultimately govern the radiative effects. Yet,ical parameters influence dust particle single-scattering prop-
strictly speaking, true bulk optical properties of mineral dust erties, and will allow for further investigation of the dust ra-
aerosol cannot be obtained without this information, becauseliative effect and remote-sensing implications. In the future,
the single-scattering properties of each particle depend omve plan to both carry out such simulations and to measure the
their size and shape in a composition-dependent way. Théternal structures for more dust particles and from different
use of the same bulk composition for each particle in thesources.
single-scattering computations yields correct results only if
each particle truly has the same composition, which is not the ) . ) )
case. For any heterogeneous particle ensembles, one should#® SuPplement related to this article is available online
compute particle-specific single-scattering properties which &t 40i:10.5194/acp-14-7233-2014-supplement
for the additive quantities, can then be averaged. For most
accurate radiative treatments, single-particle microphysical
properties are needed. In the past, optical models have been
based on many assumptions and simplifications of the minerAcknowledgementsiVe are grateful to the anonymous referees for
alogical and structural properties of individual particles suchtheir critical comments and suggestions. This study was funded
as species, size, mixing state, and arrangement of constitueﬁg the National Research Foundation of Korea grant NRF—2011—
minerals. This study directly explored the interior of individ- 0028597, and in part, by the Academy of Finland (grant 255718)
. : . . .__and the Finnish Funding Agency for Technology and Innovation
ual A3|an dust partl_cles, rev_ealmg many n_ovel mlcrophy3|caI(TekeS; grant 3155/31/2009).
details of the constituent mineralogy and internal structures.
Individual dust particles are composed of several min-ggited by: A. Laskin
eral species of varying grain sizes. Iron oxides, known as
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