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Abstract: Mineral dust interacts with incoming/outgoing electromagnetic radiation in the atmosphere. 35 

This interaction depends on the microphysical properties of the dust particles, including size, mineral 36 

composition, external morphology, and internal structure. Ideally all these properties should be 37 

accounted for in dust remote sensing, the modeling of single-scattering properties, and radiative effect 38 

assessment. There have been many reports on the microphysical characterizations of mineral dust, but 39 

no investigations of the internal structures of individual dust particles. We explored the interiors of 40 

Asian dust particles using the combined application of focused ion beam thin-slice preparation and 41 

high-resolution transmission electron microscopy. The results showed that individual dust particles 42 

consisted of numerous mineral grains, which were organized into several types of internal structure: 43 

single and polycrystalline cores of quartz, feldspars, calcite, and amphibole often with oriented clay 44 

coatings; individual clay agglomerates of nano-thin clay platelets showing preferred to random 45 

orientations commonly with coarser mineral inclusions; and platy coarse phyllosilicates (muscovite, 46 

biotite, and chlorite). Micron to submicron pores were scattered throughout the interior of particles. 47 

Clays in the coatings and agglomerates were dominated by nano-thin platelets of the clay minerals of 48 

illite-smectite series including illite, smectite, and their mixed layers with subordinate kaolinite and 49 

clay-size chlorite. Submicron iron oxide grains, dominantly goethite, were distributed throughout the 50 

clay agglomerates and coatings. Unlike the common assumptions and simplifications, we found that 51 

the analyzed dust particles were irregularly shaped with birefringent, polycrystalline, and 52 

polymineralic heterogeneous compositions. Accounting for this structural and mineralogical makeup 53 

may improve the remote sensing retrieval of dust and the evaluation of radiation effects, but will also 54 

require sophisticated single-scattering modeling. In particular, the observed internal structures of dust 55 

particles such as clay coatings, preferred orientation, embedded grains in clays, and pores, have the 56 

potential to considerably impact on the light scattering by dust particles. The distribution and size of 57 

structural components with contrasting dielectric properties, such as iron oxides, should also be 58 

explicitly accounted for. 59 

 60 

 61 

1. Introduction 62 

 63 

Mineral dust interacts with atmospheric incoming/outgoing electromagnetic radiation, contributing to 64 

Earth’s radiative balance (Sokolik and Toon, 1996; Tegen and Lacis, 1996; Posfai and Molnar, 2000; 65 

Formenti et al., 2011). The net radiative effect of natural and anthropogenic mineral dust, sulfate, and 66 

organic carbon aerosols is considered to be negative (Forster et al., 2007). In the case of mineral dust, 67 

Forster et al. (2007) reported net direct radiative effects ranging from –0.56 to +0.1 W m–2. However, 68 

regional observations showed that the direct radiative effect of dust can vary considerably, ranging 69 

from –130 W m–2 over the ocean off the coast of West Africa (Haywood et al. 2003) to +50 W m–2 70 
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over land in North Africa (Haywood et al., 2005). The uncertainty associated with the net radiative 71 

effect of dust is large (Forster et al., 2007) and is attributed to dust particles’ microphysical properties 72 

such as particle size, shape, and composition; including inhomogeneity and common birefringence, as 73 

well as uncertainties in spatiotemporal global distributions (Nousiainen, 2009). Remote sensing 74 

provides detailed information on the atmospheric loading, distribution, migration, particle size, and 75 

even some mineralogical properties of dust (Seinfeld et al., 2004; Chou et al., 2008; Kim et al., 2008; 76 

McKendry et al., 2008; Chudnovsky et al., 2009; Chen et al., 2011; Haywood et al., 2011; Lenoble et 77 

al., 2013). Therefore, it would be ideal for all microphysical properties to be faithfully accounted for 78 

when computing the dust single-scattering properties that are applied to radiative effect estimations 79 

and remote-sensing retrievals (Sokolik et al., 2001; Forster et al., 2007). For example, an early 80 

inversion algorithm for AERONET (AErosol RObotic NETwork) developed by Dubovik and King 81 

(2000) assumed homogeneous isotropic spherical particles. However, later applications of the 82 

spheroidal particles allowed for more accurate fitting of observed radiation intensity and polarization 83 

(Dubovik, 2006).  84 

Extensive microphysical characterizations have been performed for single dust particles to 85 

determine their chemical composition (Okada et al., 1990; Anderson et al., 1996; Ro et al., 2005; Gao 86 

et al., 2007; Kandler et al., 2007), mineralogical composition (Jeong, 2008; Jeong et al., 2014), and 87 

particle size distributions (Reid et al., 2003). Microphysical properties are determined by the 88 

laboratory analyses of dust samples on a filter or the real-time analysis of particles through means 89 

such as optical particle counting and single particle mass spectrometry, to determine size, morphology, 90 

and chemical or mineralogical types (Kulkarni et al., 2011 and references therein). However, a ‘single’ 91 

particle is rarely a single crystal or mineral, but commonly polycrystalline and polymineralic 92 

(Falkovich et al., 2001; Jeong, 2008; Jeong et al., 2014). Thus, the microphysical data obtained from 93 

‘single’ particles are often the result of the numerous mineral grains, composed of different mineral 94 

species. Nevertheless, dust particles have usually been grouped into several chemical and 95 

mineralogical types based on the resultant properties (Anderson et al, 1996; Gao et al., 2007; Jeong et 96 

al., 2014). However, despite the abundant reports, the microphysical properties of individual dust 97 

particles have not been fully resolved. While information about the chemistry, mineralogy, external 98 

morphology, and size distribution of ‘single’ particles are needed when modeling the single-scattering 99 

properties of mineral dust, they do not offer information about the internal structure of the particles. 100 

All these information are needed to yield the true single-scattering properties. Hereafter, we will 101 

denote the particle size, shape, composition and internal structure as microphysical properties, which 102 

are input to single-scattering models that produce the optical (single-scattering) properties as output. 103 

The geometric characteristics of the internal structure of single dust particles and the varying 104 

dielectric properties of the structural components are largely unknown key factors in the evaluation of 105 

dust-particle single-scattering properties. For example, Vilaplana et al. (2006) found that the linear 106 
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polarization of scattered radiation has fundamentally different size dependence and characteristics in 107 

terms of absorbing dust particles with or without internal structure. Likewise, Nousiainen et al. (2011a) 108 

observed that the single-scattering properties of spheroids with empty cavities could not be mimicked 109 

by solid spheroids of varying sizes, shapes and compositions, suggesting fundamentally different 110 

single-scattering properties as a result of particle porosity. Similarly, a modeling study by Nousiainen 111 

et al. (2011b) found that, for irregular ice crystals, the internal structure had the greatest potential of 112 

all the parameters considered to change single-scattering properties. Nousiainen et al. (2003) and 113 

Muinonen et al. (2009) found that internal structure, assumed in their studies to be random structure in 114 

the absence of observational data, is potentially quite significant for the single-scattering properties of 115 

dust particles much larger than the wavelength. In contrast to considerable efforts expended to 116 

investigate how the single-scattering properties of dust particles depend on particle shape (e.g., 117 

Nousiainen 2009; Nousiainen and Kandler 2014), relatively little attention has been paid to effects 118 

arising from internal structures. Undoubtedly the main reasons for this are the general lack of 119 

information regarding the microphysical characteristics of the particle interiors and the limitations 120 

imposed by the computational methods needed to solve single-scattering properties. 121 

Iron oxides of complex refractive indices with large real and imaginary parts contribute greatly to 122 

the single-scattering properties of mineral dust (Sokolik and Toon, 1999; Lafon et al., 2006; Koven 123 

and Fung, 2006; Balkanski et al., 2007; Derimian et al., 2008; Moosmüller et al., 2012). However, 124 

calculations have shown that their contributions vary greatly depending on assumptions about the 125 

mixing state and mineralogy of iron oxides (Sokolik and Toon, 1999; Lafon et al., 2006). Direct 126 

analyses of mixing state and mineralogy were rarely performed for individual particles (Díaz-127 

Hernández and Párraga, 2008; Conny, 2013; Jeong et al., 2014). Díaz-Hernández and Párraga (2008) 128 

observed the internal structures of the iberulite, an aggregate of Saharan dust particles wetted in 129 

raindrops using a back-scattered electron imaging of polished section. They presented a part of 130 

transmission electron microscopic images of ultramicrotome section. Conny (2013) applied focused 131 

ion beam (FIB) technique to expose the cross sections of urban dust particles which were analyzed by 132 

scanning electron microscopy (SEM). Adler et al. (2013) applied FIB-SEM to analyze the internal 133 

pores of organic aerosol. Jeong et al. (2014) combined SEM and transmission electron microscopy 134 

(TEM) to characterize the physical and chemical properties of Asian dust particles. A combined 135 

application of FIB and TEM is the best method in the high-resolution analysis of mixing state and 136 

mineralogy of dust particles. Despite some attempts, almost no investigations dedicated to the 137 

systematic analysis of the internal structures and mineralogical makeup of individual dust particles 138 

have been published so far. Consequently, the impact of these factors on dust single-scattering 139 

properties and radiative effects, as well as on the interpretation of remote sensing data, remains 140 

largely uninvestigated, or has otherwise been based on hypothetical models of internal structure 141 

(Nousiainen, 2009 and references therein). Yet, these are clearly important factors to consider in 142 
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radiation-related applications. 143 

In this study, we explored the interiors of individual Asian dust particles using high-resolution 144 

TEM. Electron-transparent thin slices were prepared for TEM analysis using an FIB technique. We 145 

report the structural and mineralogical details of the Asian dust particles, and discuss the implications 146 

of our findings for single-scattering properties and, consequently, for remote sensing and radiative 147 

effects. 148 

 149 

 150 

2. Samples and Method 151 

 152 

Asian dust storms occurring in the Gobi desert affect East Asia in Spring (March–May) season. Dust-153 

laden air mass moves eastward crossing Korea, Japan, and North Pacific Ocean. Almost real time 154 

satellite remote sensing data of Asian dust are uploaded with PM10 level on the website of Korea 155 

Meteorological Administration. Dust sampler was operated for several days after dust storm outbreak 156 

was identified in the Gobi desert from the remote sensing data. PM10 data indicate the arrival time of 157 

the Asian dust around the sampling site. Dust particles were collected on a borosilicate glass-fiber 158 

filter using a Thermo Scientific high-volume TSP sampler around Seoul on March 31, 2012 and in 159 

Andong, Korea, on March 17, 2009. Meteorological, mineralogical, and physical properties of the 160 

2012 dust were previously reported by Jeong et al. (2014). Satellite dust-index images (National 161 

Meteorological Satellite Center, 2013) showed that the source of both the 2012 and 2009 dusts was 162 

the Gobi desert, situated around northern China and southern Mongolia. 163 

The individual dust particles on the filter were preliminarily examined using a TESCAN LMU 164 

VEGA SEM, equipped with an IXRF energy dispersive X-ray spectrometer. The SEM analysis 165 

showed that most dust particles were not tightly agglomerated but separated each other. Individual 166 

dust particles were able to be identified on the filter. Since the unstable dust particles lying on the 167 

porous filter were not suitable for FIB milling, they were transferred onto a conductive carbon 168 

adhesive tape. An SEM stub covered with carbon tape was lightly touched onto the filter surface. 169 

After thin platinum coating for 60 s for conduction, the predominant mineralogy of the dust particles 170 

was analyzed using energy dispersive X-ray spectrometry (EDXS). High-resolution SEM images were 171 

acquired with a JEOL JSM 6700F field emission gun (FEG) SEM. 172 

Dust particles for FIB sample preparation were selected on the basis of the predominant particle 173 

mineralogy and morphology determined by EDXS and FEG SEM. We selected only individual dust 174 

particles spaced sufficiently from other particles, excluding particles that are too close, forming a 175 

cluster. The SEM stub was placed on a SMI3050TB FIB instrument for preparing thin slices of 176 

approximately (5~12)  (5~6) μm2 area and about 100 nm in thickness. Carbon was first deposited on 177 

the target particle in a thickness of ~1 μm to protect the loose and porous agglomerates of fine mineral 178 
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grains from ion beam damage and spalling, and then a gallium ion beam was sputtered to cut one thin 179 

slice from each individual dust particle. Amorphous carbon deposition was applied to the surface of 180 

target particle, and normally did not affect the interior of particle. However, in some case, carbon 181 

entered into and filled large pore probably connected to the surface (Fig. 3c). Altogether 35 FIB slices 182 

were prepared from 35 dust particles, and analyzed by TEM. Of these, 26 slices had a good flatness 183 

and a wide area sufficient for the TEM analysis. However, only a limited analysis of a small area was 184 

possible in 9 slices, which had broken due to the cleavage of minerals or loose agglomeration during 185 

the handling of micron-size slices in the FIB instrument or in the TEM chamber. Some of the slices 186 

were not suitable for lattice fringe imaging due to their thickness. The FIB slices were imaged using 187 

three microscopes: a JEOL JEM 2100F FEG STEM at 200 kV and a JEOL JEM 3010 at 300 kV for 188 

high-resolution imaging, and a JEOL JEM 2010 TEM at 200 kV equipped with an Oxford energy 189 

dispersive X-ray spectrometer for EDXS analysis. TEM images were recorded using a Gatan digital 190 

camera, and processed with Gatan DigitalMicrograph®. 191 

Combined application of TEM and FIB slicing is the best method imaging the internal structures 192 

of dust particles. Unfortunately, the FIB slicing cannot be applied to a large set of dust particles 193 

because it is expensive and needs complex operation, particularly for irregular, weak agglomerate 194 

particles. However, the 35 particles were carefully selected from thousands of particles which had 195 

been already classified into minerals and mineral groups based on their morphological and chemical 196 

characterization by extensive SEM and EDXS analyses like in Jeong (2008) and Jeong et al. (2014). 197 

In addition, the mineralogical features of the Asian dust varied little through different events over 198 

many years (Jeong, 2008; Jeong et al., 2014). Thus, the internal structures presented here are 199 

representative of the Asian dust particles. 200 

Artifacts reported in the FIB slicing are surface amorphization, Ga contamination, and curtain 201 

effect (Ishitani et al., 2004; Kato, 2004; Mayer et al., 2007). Our FIB slices showed sufficiently clear 202 

TEM images without the destruction of microstructural details and lattice fringes, indicating that 203 

surface amorphization was restricted in very thin surface region, and had little influence on the image 204 

quality. Ga was only detected around the boundary between carbon deposit and dust particle by 205 

EDXS analysis, but not within the particle interior. Curtain effects (stripes of light and dark contrast) 206 

arising from topography and phase property (pores, mineral chemistry, and density) were observed in 207 

some of the TEM images (e.g., Figs. 5c, 7d, 9c, 10c, and 11d), with no significant degradation of 208 

image quality. Finally, pores found in the particle interiors were not formed by FIB milling. In 209 

traditional ion milling, Ar ions bombard the sample surface at higher angles, making a hole in the 210 

center. The thin edge around the hole is then analysed by TEM. Thus, preferred erosion may occur 211 

along the weak parts of the samples such as grain boundary and poorly crystalline phases, resulting in 212 

pore-like features around large center hole. However, in FIB milling, Ga ions are bombarded almost 213 

parallel to the sample surface, without forming artifact pores in most cases. This is one of the most 214 
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important advantages of FIB milling of geological samples compared to the traditional Ar ion milling. 215 

Our TEM images discussed in later section 3.1 preserve the large and small pores of delicate shapes, 216 

all of which are reasonably interpreted on the basis of grain agglomeration and mineral 217 

growth/dissolution. 218 

Mineral identification was based on lattice fringes and EDXS chemical compositions. General 219 

chemical formulas of minerals identified in the Asian dusts examined in this study are provided in the 220 

Supplementary Table 1. The identification of non-phyllosilicate and relatively coarse phyllosilicate 221 

minerals (muscovite, biotite, and chlorite) was straightforward, but that of nano-thin phyllosilicates 222 

(clay minerals) was difficult. The lattice fringes of clay minerals parallel to basal plane were recorded 223 

normally above the magnification of 200,000. The identification of clay minerals was based on the 224 

spacings of lattice fringes corresponding to the spacing of repeat units of the crystal structures: 1.0 nm 225 

for illite, ~1.0 nm for smectite and vermiculite, ~7.0 nm for kaolinite, and ~1.4 nm for chlorite (Fig. 226 

1). Kaolinite and chlorite were directly identified from their EDXS and lattice fringes (Fig. 1). 227 

However, illite, smectite, vermiculite, and illite-smectite (vermiculite) mixed layers could not be 228 

positively distinguished from each other because smectite (1.4–1.6 nm unit layers in hydrated state) 229 

was dehydrated and contracted under the high vacuum of the TEM chamber, showing ~1.0 nm lattice 230 

fringes similar to those of illite (1.0 nm lattice fringe) (Fig. 1) (Peacor, 1992). EDXS can be used for 231 

identifying illite and smectite with interlayer cations K and Ca, respectively. However, although illite 232 

could form a thick plate and be positively identified from the clear 1.0-nm lattice fringe and high K 233 

and Al contents, illite and smectite platelets are normally very thin, consisting of only a few repeat 234 

units. They cannot be separately analyzed using EDXS, even when using an electron microbeam that 235 

is as small as possible. Additionally, mixed layering of illite and smectite is common in the soil and 236 

geological environments (Weaver, 1989, Środoń, 1999). Therefore, in practice, we cannot distinguish 237 

between nano-thin illite and smectite. To avoid over-interpretation, nano-thin platelets of clay 238 

minerals showing ~1.0 nm lattice fringes with varying K and Ca contents were grouped into illite-239 

smectite series clay minerals (ISCMs). ISCMs are likely nano-scale mixtures of nano-thin platelets of 240 

illite, smectite, and illite-smectite mixed-layers. 241 

 242 

 243 

3. Results and Discussion 244 

 245 

In what follows, we will first present the results of our TEM analyses of dust particles. Schematic 246 

models for the common structural types observed will then be proposed. Finally, we will discuss the 247 

possible implications of the structural features discovered on dust optical modeling and on climate 248 

and remote sensing applications. Detailed TEM data of 12 dust particles are presented in Figs. 2–13. 249 

TEM data of other 14 particles are summarized in Supplementary Fig. 1. 250 
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 251 

3.1. TEM observations 252 

 253 

3.1.1. Clay-rich particles 254 

 255 

TEM data for three clay-rich particles showing different internal structures are presented here because 256 

they are the most abundant particle type in Asian dust (Jeong, 2008; Jeong et al., 2014). SEM images 257 

of the clay-rich dust particle #1 show a rough surface composed of submicron clay grains (SEM 258 

images in Figs. 2a, b). Low-magnification TEM images of the FIB slice prepared from the particle in 259 

Fig. 2a show an agglomerate of randomly oriented platelets of clay minerals, which are tightly 260 

interlocked with each other (Fig. 2c). EDXS analyses suggest that the clays are mainly ISCM with 261 

some chlorite and kaolinite. Minor quantities of submicron iron and titanium oxide grains are also 262 

randomly distributed in the clay matrix (Fig. 2c). Confirmation of the specific mineral species of the 263 

iron and titanium oxides was not possible because the quality of lattice fringes were poor due to the 264 

large slice thickness. The areal fractions of these oxides in Fig. 2c are approximately 0.9 and 0.3%, 265 

respectively. High-magnification TEM images of the clay show loose, disrupted, and nano-thin clay 266 

platelets (Figs. 2d–f). Lattice fringes confirm ISCMs (Figs. 2e–f) intermixed with coarser platelets of 267 

chlorite (Fig. 2e) and kaolinite (Fig. 2f). There are many pores (total 2.2%) of approximately 1 μm in 268 

diameter (Fig. 2c). Thin lenticular pores may have been formed through the dehydration of subparallel 269 

platelets of expandable clay minerals such as smectite in the high vacuum TEM chamber (Peacor, 270 

1992). However, some of the circular pores (arrow in Fig. 2c) are unlikely to have formed in this way 271 

by dehydration. They may have been formed by soil process, particularly repeated cycles of wetting-272 

drying and freezing-sawing in the dry and cool sources of Asian dust. 273 

The clay-rich agglomerate particle #2 also displays a rough surface with micron-to-submicron-274 

sized clay grains (Figs. 3a, b). The mineral grains are at least to some degree preferentially oriented. A 275 

TEM image of the slice reveals a large pore size of approximately 4 μm (Fig. 3c), which is certainly 276 

not the result of the contraction of expandable clay minerals. The pores (16.3%) are now filled with 277 

carbon that was deposited during FIB slicing. The clay matrix is dominated by nano-thin ISCM 278 

platelets embedded with rather large packets of chlorite, kaolinite, and discrete illite (Fig. 3c). Non-279 

phyllosilicate particles of quartz, plagioclase, epidote, and iron oxides were also scattered within the 280 

clay matrix. Iron oxides are present in minor quantities (0.6%) and approximately 200 nm in size. 281 

The clay-rich agglomerate particle #3 (Figs. 4a, b) has rough surface exhibiting submicron clay 282 

particles. The low-magnification TEM image shows highly oriented fabrics (Fig. 4c). Magnified 283 

images (Figs. 4d, e) reveal submicron particles of quartz, plagioclase, K-feldspar, biotite, discrete 284 

illite, and titanium oxide, the long axes of which were oriented conformably with the fine matrix of 285 

oriented nano-thin ISCM platelets. The platelets are generally curved and subparallel to each other 286 
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(Fig. 4f). Both the lattice fringe imaging and EDXS confirmed that ISCMs are the dominant clay 287 

minerals (Fig. 4f). Some long, thin lenticular pores are certainly attributable to the contraction of 288 

expandable clay minerals under the vacuum (Fig. 4c). However, the other pores were not formed by 289 

dehydration (arrow in Fig. 4c). 290 

The external morphology and surface features of the three clay-rich particles are similar. 291 

However, a TEM analysis of the slices shows that the large differences in fabrics depend on the array 292 

pattern and sizes of phyllosilicate platelets, pores, and coarser inclusions. Nano-thin ISCM-rich clays 293 

are the major constituents of the matrix, scattered with submicron iron and titanium oxides. 294 

 295 

3.1.2. Quartz-rich particles 296 

 297 

A quartz-rich particle in the SEM images (Figs. 5a, b) has an irregular shape and a rough surface 298 

coated with submicron clay plates. A low-magnification TEM image of the slice prepared from the 299 

particle (Fig. 5c) reveals a quartz grain wrapped with thin coatings (~200 nm thick), which are 300 

composed of oriented submicron platelets of clay minerals (Figs. 5d, e). The clay minerals are mostly 301 

ISCMs, based on the ~1.0-nm lattice fringe and EDXS (Fig. 5f). Submicron goethite grains identified 302 

from the lattice fringe and EDXS are scattered within the clay coatings (Fig. 5g). 303 

Another quartz-rich particle shown in the SEM images (Figs. 6a, b) also has an irregular 304 

morphology and a surface coated with micron to submicron clay platelets. A TEM image of the slice 305 

prepared from the particle reveals a thick clay coating (~1 μm thick) with a quartz core (Fig. 6c). The 306 

coating is primarily composed of nano-thin platelets of clay minerals showing a high degree of 307 

preferred orientation (Figs. 6c, d). Submicron quartz particles were also found in the clay coatings 308 

(Fig. 6d). The lattice fringe shows that the clay minerals are mostly ISCMs (Fig. 6e) with some 309 

chlorite (Fig. 6f). The ISCMs were tightly adhered to the surface of the quartz core (Fig. 6e). Fine iron 310 

oxides were also found within the clay coating, but were not common (Fig. 6d). Magnified images 311 

show subparallel, chaotic arrangement of nano-thin ISCM platelets (1–10 nm thick; Figs. 6d–f). 312 

 313 

3.1.3. Plagioclase-rich particle 314 

 315 

A plagioclase-rich particle shown in the SEM images (Figs. 7a, b) has an irregular shape with surface 316 

clay coatings. The slice prepared from the particle reveals clay coatings of ~ 0.2 to 1 μm thick (Fig. 317 

7c). Magnified images of the coating show nano-thin platelets of clay minerals oriented along the 318 

plagioclase surface (Figs. 7d, e). A submicron quartz grain is embedded in the clay coating (Fig. 7g) 319 

and pores are found around the quartz grain. The lattice fringe images show that most of the clay 320 

platelets are ISCMs with some chlorite (~1.4 nm) and kaolinite (0.7 nm) (Figs. 7e, f, h). In the cavity 321 

inside the plagioclase, short tubes of halloysite are found attached to the cavity wall (Figs. 7c, i). 322 
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Halloysite is a kaolin group clay mineral, typically forming during the chemical weathering of 323 

plagioclase (Jeong and Kim, 1993). The cavity in the plagioclase core was formed by dissolution 324 

during weathering in the source soils. 325 

 326 

3.1.4. Calcite-rich particle 327 

 328 

The particle in the SEM images (Figs. 8a, b) is calcite-rich with a clay surface coating. The slice made 329 

from the particle reveals a polycrystal consisting of micron to submicron-sized calcite crystals (Figs. 330 

8c–e). The calcite polycrystal was coated with thin (<200 nm) ISCM clay layers (Figs. 8d, e).  331 

 332 

3.1.5. Amphibole-rich particle 333 

 334 

An amphibole-rich particle is encrusted with submicron clay platelets (Figs. 9a, b). A TEM image of a 335 

slice prepared from the particle reveals that the surface of the amphibole is coated with subparallel 336 

stacks of ISCM platelets subordinately with chlorite, quartz, calcite, and titanium oxide (Figs. 9c, d). 337 

Submicron pores were distributed within the coatings, particularly around the larger grains such as 338 

chlorite and calcite (Fig. 9d). Lattice fringes show that the dominant clay minerals are ISCMs (Fig. 339 

9e). 340 

 341 

3.1.6. Biotite-rich particle 342 

 343 

SEM images (Figs. 10a, b) reveal a biotite flake coated with submicron clay plates. A slice 344 

perpendicular to the plate shows long lenticular iron oxide grains formed along the biotite layers (Figs. 345 

10c, d). The iron oxide was identified as goethite (5.6% area fraction) using EDXS and a 0.42-nm 346 

lattice fringe (Fig. 10e). EDXS analyses showed that biotite was depleted of interlayer K, indicating K 347 

loss during weathering in the source soils. Goethite intergrowth in the weathered biotite is the result of 348 

oxidative weathering of biotite, where iron ions are released from the biotite lattice following 349 

oxidation (Jeong et al., 2006). 350 

 351 

3.1.7. Chlorite-rich particle 352 

 353 

The SEM images (Figs. 11a, b) show a chlorite-rich flaky particle covered with clay minerals. The 354 

slices prepared perpendicular to the flake show that half of the flake consists of subparallel ISCM clay 355 

minerals (Fig. 11c). The other half is chlorite with long lenticular voids (6.2%) that were propped by 356 

submicron crystals of goethite (4.3%) (Figs. 11c, d) as identified by EDXS and a 0.41-nm lattice 357 

fringe (Fig. 11e). The EDXS analysis of chlorite showed a slight increase in silicon (Si) content 358 
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compared with that of fresh chlorite, indicating oxidative weathering of chlorite followed by the 359 

formation of goethite crystals that consumed the iron released from chlorite lattices to maintain a 360 

charge balance. The growth of goethite crystals is responsible for the formation of lenticular voids. 361 

 362 

3.1.8. Iron-oxide-rich particle 363 

 364 

An iron-rich agglomerate particle is shown in Fig. 12a. An overall TEM image of a slice prepared 365 

from the particle shows the association of an irregular magnetite crystal and clusters of iron-oxide 366 

nanograins (Figs. 12b, c), which were identified as goethite by electron diffraction (inset in Fig. 12c). 367 

The micron pores and goethite were likely formed by the dissolution of magnetite during the 368 

weathering in the source soils. 369 

 370 

3.1.9. Polycrystalline/polymineralic rock fragment 371 

 372 

Minerals form compact, heterogeneous solids such as igneous, metamorphic, and sedimentary rocks 373 

in Earth’s lithosphere. Some rocks consist of coarse mineral grains up to several centimeters in size, 374 

while other rocks consist of fine mineral grains, the sizes of which are as small as a few micrometers 375 

in size. The grain sizes of minerals in rocks commonly exceed the particle size of long-range 376 

transported dust. Therefore, original rock fragments composed of several interlocked mineral grains 377 

are relatively rare in long-range transported dust. The TEM image of a slice (Figs. 13b–c) prepared 378 

from the dust particle in Fig. 13a shows a rock-fragment particle composed of quartz, plagioclase 379 

(albite), biotite and chlorite grains of a few micrometer sizes identified by EDXS and electron 380 

diffractions (Figs. 13d–f). The mineral grains are not a loose agglomerate of fine soil grains, but 381 

compactly interlocked with each other to form heterogeneous solids. The rock fragments have some 382 

pores (Fig. 13b) and are coated with ISCM clay layers of ~0.5 μm thick scattered with goethite grains 383 

(Fig. 13c). The particle in Fig. 13c is a polycrystalline/polymineralic rock fragment, whereas the 384 

particle in Fig. 8 is an example of a polycrystalline/monomineralic rock fragment. 385 

 386 

3.2. Structural models 387 

 388 

To facilitate the optical modeling of mineral dust particles, the internal structures observed in Asian 389 

dust particles were grouped into idealized classes. We identified three major types of internal structure: 390 

Type I, coarse non-phyllosilicate minerals; Type II, nanocrystalline clay agglomerates; and Type III, 391 

coarse phyllosilicate plates. 392 

Type-I dust particles have core grains of non-phyllosilicate minerals including quartz, 393 

plagioclase, calcite, K-feldspar, and amphibole in the order of abundance (Fig. 14). They exist as 394 
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either monomineralic crystals (Figs. 5–9) or polymineralic rock fragments (Fig. 13). The 395 

monomineralic particles can also be further described as monocrystalline (Figs. 5, 6, 7, 9) or 396 

polycrystalline (Fig. 8). Although some surfaces of the coarser core crystals are directly exposed, 397 

almost all the surfaces are covered with nanocrystalline ISCM clay coatings (ca. 0.2–1 μm). Therefore, 398 

there are six subtypes, as presented in Fig. 14. In Asian dust sources, all silt-size mineral grains have 399 

been observed to be coated with clay minerals according to an electron microscopic analysis of the 400 

silty soils as shown in Fig. 4 of Jeong (2008). The clay coatings are features acquired in the source 401 

soils via repeated wetting-drying and freezing-thawing cycles. 402 

Type-II dust particles are clay agglomerates composed mainly of nanocrystalline clay minerals 403 

(Fig. 15). ISCM is the most abundant mineral group in Asian dust (Jeong et al., 2014). As shown in 404 

the Figs. 2d and 4d, the orientations of the nano-thin ISCM platelets are always subparallel in the 405 

nano scale. However, at larger scales, fabrics of clay agglomerates are diverse, ranging from complete 406 

lamination (Fig. 2c) to random (Fig. 4c). The clay agglomerates often have micron-scale pores of 407 

lenticular or irregular shapes (Figs. 2c, 3c, 4c). Agglomerates of pure clays are rare. Many clay-rich 408 

agglomerates include larger non-phyllosilicate grains (quartz, plagioclase, K-feldspar, and calcite) and 409 

coarser phyllosilicates (muscovite, biotite, and chlorite). Therefore, clay agglomerates could be 410 

further classified into eight subtypes (Fig. 15). 411 

Type-III particles are coarse phyllosilicates of muscovite, biotite, and/or chlorite (Fig. 16). The 412 

platy morphologies are regulated by the well-developed cleavages along the (001) basal planes. They 413 

are commonly coated with ISCM clays. Another feature of the internal structures is the occurrence of 414 

goethite (iron-oxyhydroxide) along the cleavages in the weathered biotite and chlorite, which is a 415 

feature acquired in the source soils. The lenticular voids occur in the weathered biotite and chlorite. 416 

Although we have not presented the data of muscovite, it is reportedly highly resistant to oxidative 417 

weathering due to the absence of iron. Thus, goethite microinclusions and lenticular voids are not 418 

expected in the internal structures of muscovite. Coarse phyllosilicates could be further classified into 419 

four subtypes, as presented in Fig. 16. 420 

The diameters of the particles milled by FIB in this study are generally large because most of the 421 

particles were selected from the coarse Asian dust observed in 2012. In future research to refine the 422 

internal structure models, much more attention should be paid to the long-range transport particles 423 

with modes around 2–4 μm in equivalent volume/mass diameter (Reid et al., 2003; Zender et al., 2003; 424 

McKendry et al., 2008). Nevertheless, we think that particles of several micrometers also have 425 

structural features similar to larger particles. In the arid desert soils, fine particles are formed by the 426 

repeated saltation, impact, and fragmentation of soil agglomerates by wind. As shown in 427 

Supplementary Fig. 2, fine particles derived from coarse agglomerate particles likely have internal 428 

structure types summarized in Figs. 14–16. 429 

 430 
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3.3. Implications for the optical modeling of dust particles 431 

 432 

Individual dust particles are often composed of several mineral species. Their mineral grains and 433 

pores are arranged to form several types of internal structures, some of which could contribute 434 

significantly to the single-scattering properties of mineral dust. Our results imply that the presence of 435 

internal structures in natural dust particles is a rule rather than an exception. To quantify their effects 436 

on single-scattering properties, sophisticated simulations should be carried out. While this is clearly 437 

beyond the scope of the present study, we can nevertheless offer our first impressions and speculate 438 

on the possible impacts. 439 

 440 

3.3.1. Internal structures 441 

 442 

In regards to the geometrical characteristics of the internal structure, the most important factor is the 443 

size scale of the structure compared to the wavelength of radiation. This impacts not only the 444 

effectiveness of the structure in influencing single-scattering properties (sub-wavelength structures 445 

interact with radiation only weakly) but also impacts how it should be accounted for in modeling. If 446 

the structures are small compared to the wavelength, and sufficiently randomly located, effective 447 

medium approximations (e.g., Chylek et al. 2000) may be used, after which the particle can be treated 448 

as a homogeneous material with mean dielectric properties. However, as the example in Sect. 3.3.2 449 

shows, the mixing of dielectrically very different materials can lead to strong effects, and to large 450 

errors if all the assumptions are not satisfied. For example, Kocifaj and Videen (2008) investigated 451 

errors arising from the use of effective medium approximations for particles that are mixtures of non-452 

absorbing and absorbing constituents, and showed that all single-scattering properties were affected. 453 

The backscattering quantities relevant for lidar measurements were most affected. Some of the 454 

particles analyzed here also show mixtures of weakly and strongly absorbing constituents. In case of 455 

embedded crystals in an ISCM matrix (Fig. 4), the effective medium approximation may perform well, 456 

because of the small dielectric constrast between the constituents. Likewise, Kocifaj et al. (2008) 457 

reported up to 10 percent error in the asymmetry parameter for coated structures when treated with an 458 

effective medium approximation; coated structures are also present in our analyses, e.g., in Fig. 6. For 459 

particles with large pores inside, which present large structures with high dielectric contrasts, the 460 

effective medium approximations are likely to also fail. Strong effects on single-scattering properties 461 

due to internal pores are shown, e.g., by Nousiainen et al. (2011a). Therefore, the pores with fractional 462 

areas extending up to 16.3% are clearly significant and should be accounted for explicitly. 463 

Another interesting aspect is that in many particles studied, the internal structure is far from 464 

random. Instead, we often see varying types of ordered structure. From the single-scattering point of 465 

view, the most important is whether these structures are also preferentially oriented. For example, the 466 
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embedded constituent crystals may have preferred orientation within the particle (e.g., Figs. 4c–e, Fig 467 

15). Such a structure may act to make the whole particle seemingly birefringent, even if composed of 468 

isotropic materials. Whether this is significant for the particles’ single-scattering properties depends 469 

on the strength of this structural birefringence and the overall shape of the particle. From Nousiainen 470 

et al. (2009) we know that polarization quantities in particles are sensitive to birefringence; whereas, 471 

Dabrowska et al. (2012) reports that the effect increases with increasing particle aspect ratio. For 472 

example, the preferred orientation of the platelets in clay layers (e.g., Figs. 14 and 16) may give rise to 473 

structural birefringence, especially if the particle is elongated, because then there will be more 474 

platelets oriented parallel to the longer particle axis than perpendicular to it. Likewise, ordered layered 475 

structures, such as those seen in Figs. 10c, 10d, 11c, and 11d, may give rise to structural birefringence. 476 

Again, this depends on how preferential the orientations of such structures are in the particle. 477 

 478 

3.3.2. Mineralogy 479 

 480 

Mineral dust particles can be composed of numerous grains of several mineral species with different 481 

refractive indices and sizes. The single-scattering properties of the particles will depend on the 482 

internal mixing state, size, and distribution of the constituent grains. For the effect to be substantial, 483 

however, the refractive indices of the different grains must vary considerably. Iron oxides are 484 

considered to be the most important minerals in this respect, because they are relatively common and 485 

the real and imaginary parts of their refractive indices are considerably higher than those for most 486 

other mineral species typically encountered in atmospheric dust. There are many reports that even 487 

small amounts of iron oxides can be significant for the single-scattering properties of dust. For 488 

example, Sokolik and Toon (1999) found that even 1% hematite mixed with kaolinite was sufficient to 489 

decrease the dust particles’ modeled single-scattering albedo by ~10% when assuming an internal 490 

mixture treated with effective medium approximation instead of an external mixture. Similarly, when 491 

Balkanski et al. (2007) attempted to constrain dust refractive indices by varying the hematite content 492 

in the internal mixture to fit AERONET data, they found that a subtle variation in hematite contents 493 

and their mixing state were critical in explaining the observed refractive indices by AERONET, and 494 

in evaluating the global net radiative effect. Lindqvist et al. (2013) also found that a few volume 495 

percent of hematite was sufficient to impact the simulated single-scattering properties of dust particles. 496 

Confirmations of the specific properties possessed by iron oxides are rare, despite their great 497 

importance and many related assumptions. The identification of iron oxide minerals (hematite or 498 

goethite) has not been attempted other than by the diffuse reflectance spectroscopic analysis of Lafon 499 

et al. (2006). Goethite has different wavelength-dependent refractive indices from hematite (Bedidi 500 

and Cervelle, 1993). In addition, the actual impact of iron oxides depends on the grain size and 501 

distribution of iron oxides within a particle. For example, widely distributed small iron oxide grains 502 
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will lead to stronger absorption than a few larger grains of identical total mass. 503 

The results of our study indicate that iron oxides are evenly distributed in the clay agglomerates, 504 

normally as submicron-size grains. Lafon et al. (2006), using diffuse reflectance spectroscopy, also 505 

showed that goethite was a major iron oxide in dust samples collected near the desert margin of China 506 

(38°17’N, 109°43’E). The estimated areal fractions of goethite range from 0.6% to 5.6% for those 507 

particles where it was present. The even distribution of submicron goethite particles suggests 508 

potentially considerable impacts on the particles’ single-scattering properties.  509 

Biotite, chlorite, and their weathered equivalents have also been found above trace quantities in 510 

Asian dust (Jeong et al., 2014). Their dark color and iron-rich chemical compositions suggest clearly 511 

higher imaginary parts of the complex refractive indices than those of colorless minerals such as 512 

quartz, feldspars, muscovite, calcite, or ISCMs. However, their complex refractive indices have not 513 

been experimentally measured over a wide range of wavelengths (Mooney and Knacke, 1985). In 514 

addition, the grain sizes and spatial distribution of titanium oxides (possibly rutile and anatase) within 515 

dust particles are similar to those of iron oxides. Their high refractive indices (Cardona and Harbeke, 516 

1965) may also significantly contribute to the single-scattering properties of dust, which deserve 517 

further investigation. 518 

 519 

3.4. Implications for climate and remote sensing 520 

 521 

The radiative impacts of mineral dust are ultimately derived from their single-scattering properties 522 

averaged over all sizes and shapes present. In principle, it is possible that the internal structures 523 

observed cause systematic effects on single-scattering dust properties that persist through the 524 

averaging and can therefore be important in radiation-related applications. The most important of such 525 

applications in atmospheric sciences are climate modeling and remote sensing. 526 

For the internal structure of particles to substantially impact climate through radiation, two 527 

prerequisites must be satisfied: (1) the dust single-scattering properties need to be affected sufficiently, 528 

and (2) the dust optical depth needs to be sufficiently large. Räisänen et al. (2013) recently 529 

investigated the impact of dust-particle non-sphericity on climate and found the effect to be negligible 530 

on a global scale, but possibly important locally. We can expect the same to hold for the impact of 531 

internal structure. There exists the potential for large and fairly systematic impacts to single-scattering 532 

properties similar to those due to particle non-sphericity. However, the globally averaged dust optical 533 

depth is too small to allow for significant global impacts. Local and regional effects are possible, but 534 

depend on the impact on the single-scattering properties, which are yet to be quantified. We also note 535 

that atmospheric dust loadings during the last glacial maximum were an order-of-magnitude larger 536 

than today, thereby inducing much stronger global effects (Harrison et al., 2001). 537 

In terms of remote sensing, the potential for important implications is much greater. Remote 538 
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observations are usually directional and therefore dependent on the differential single-scattering 539 

properties that can be quite sensitive to the physical properties of particles. Again, the impacts depend 540 

on how the single-scattering properties are affected, which is yet to be quantified; however, it is safe 541 

to assume that different types of remote sensing measurements will be affected differently. For 542 

example, polarization quantities are more likely to be affected than the intensity (Nousiainen et al. 543 

2009; Nousiainen et al. 2012). Further, we speculate that lidar observations, looking at the exact 544 

backscattering angle, may be particularly sensitive to internal structure. We also emphasize that the 545 

impact may extend to atmospheric remote sensing beyond aerosol measurements, because the 546 

radiative impact of aerosols often needs to be accounted for and corrected even when measuring other 547 

atmospheric constituents, or when measuring through the atmosphere. 548 

Even though the present investigation considered a few dust particles, the major types of internal 549 

structure obtained by TEM analysis can be integrated with statistical data obtained by SEM single 550 

particle analysis as done by Jeong et al. (2014) to estimate the proportions of the structural types, and 551 

followed by the simulation of the optical properties of bulk dust. However, evidently there are long 552 

steps toward the optical simulation of bulk dust. Optical property of each structural type can be 553 

modeled first, and then we may progress to model bulk dust considering the proportions of the 554 

structural types. 555 

 556 

 557 

4. Summary and Conclusion 558 

 559 

Optical models for the interaction between dust and electromagnetic radiation are important in the 560 

evaluation of net radiative effects, and in the processing of remote sensing data. All microphysical 561 

properties, including size distributions, particle morphology, and composition should be known and 562 

accounted for to allow for realistic optical single-scattering treatment. Of the many uncertainties in 563 

bulk microphysical properties, the most uncertain are the properties of individual particles that 564 

ultimately govern the radiative effects. Yet, strictly speaking, true bulk optical properties of mineral 565 

dust aerosol cannot be obtained without this information, because the single-scattering properties of 566 

each particle depend on their size and shape in a composition-dependent way. The use of the same 567 

bulk composition for each particle in the single-scattering computations yields correct results only if 568 

each particle truly has the same composition, which is not the case. For any heterogeneous particle 569 

ensembles, one should compute particle-specific single-scattering properties which, for the additive 570 

quantities, can then be averaged. For the most accurate radiative treatments, single-particle 571 

microphysical properties are thus needed. In the past, optical models have been based on many 572 

assumptions and simplifications of the mineralogical and structural properties of individual particles 573 

such as species, size, mixing state, and arrangement of constituent minerals. This study directly 574 
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explored the interior of individual Asian dust particles, revealing many novel microphysical details of 575 

the constituent mineralogy and internal structures. 576 

Individual dust particles are composed of several mineral species of varying grain sizes. Iron 577 

oxides, known as the most important minerals with large real and imaginary parts of the refractive 578 

index, were scattered as submicron-sized grains throughout clay agglomerates. Goethite was the 579 

dominant iron oxide. In addition, we suggest that submicron titanium oxides, chlorite, and biotite are 580 

worth considering as optically significant minerals. The internal structures of individual dust particles 581 

were formed by the patterned arrangement of nano-to-micron-sized mineral grains and pores. Internal 582 

structures could be grouped into three major types: coarse cores of quartz, feldspars, calcite, and 583 

amphibole with oriented clay coatings; clay agglomerates of nano-thin clay platelets; and coarse platy 584 

phyllosilicates of muscovite, biotite, and chlorite. Nano-thin platelets of clay minerals were dominated 585 

by the illite-smectite series clay minerals with subordinate kaolinite and clay-sized chlorite. 586 

The observed internal structures and mineralogy are potentially important factors for the single-587 

scattering properties of Asian dust particles. For example, the contrasting dielectric properties of pores 588 

and constituent minerals may greatly impact light scattering by dust particles, while structural 589 

birefringence by the preferred alignment of nano-thin clay-mineral platelets or micron-size 590 

phyllosilicate plates may also produce significant effects. Directional remote sensing, for example 591 

lidar examining the exact backscattering angle, is strongly dependent on differential single-scattering 592 

properties, and may be particularly sensitive to a particles’ internal structure. In addition, local and 593 

regional net radiative effects due to dust may depend on the structural and compositional properties of 594 

dust particles. The microphysical parameters of individual dust particles considered in this study can 595 

be explicitly accounted for in single-scattering modeling if sophisticated methods, such as a discrete-596 

dipole approximation by Draine and Flatau (1994), are used. Such modeling studies can illustrate the 597 

means by, and degree to, which microphysical parameters influence dust particle single-scattering 598 

properties, and will allow for further investigation of the dust radiative effect and remote-sensing 599 

implications. In the future, we plan to both carry out such simulations and to measure the internal 600 

structures for more dust particles and from different sources. 601 
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 800 

Figure captions 801 

 802 

Fig. 1. Identification criteria of clay minerals based on the spacing of repeat units measured from a 803 

TEM lattice fringe image (left two columns) and EDX spectra (right column). Repeated stacking of 804 

silicate sheets in clay minerals viewed along the crystallographic a–b plane.  805 

 806 

Fig. 2. Clay-rich dust particle #1 from 2012 Asian dust. (a) SEM image of the dust particle. (b) SEM 807 

image of the particle surface magnified from the box in (a). (c) Overall TEM image of FIB slice 808 

prepared from the particle in (a). (d) TEM image magnified from the box in (c). (e) TEM lattice fringe 809 

image of ISCM and chlorite. (f) TEM lattice fringe image of ISCM and kaolinite. 810 

 811 

Fig. 3. Clay-rich dust particle #2 from 2012 Asian dust. (a) SEM image of the dust particle. (b) SEM 812 

image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB slice 813 

prepared from the particle in (a). Pores are filled with carbon deposited prior to slicing. 814 

 815 

Fig. 4. Clay-rich dust particle #3 from 2012 Asian dust. (a) SEM image of the dust particle. (b) SEM 816 

image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB slice 817 

prepared from the particle in (a). (d, e) TEM images magnified from the boxes in (c). (f) TEM lattice 818 

fringe image of ISCMs. 819 

 820 

Fig. 5. Quartz-rich dust particle #1 from 2009 Asian dust. (a) SEM image of the dust particle. (b) 821 

SEM image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB 822 

slice prepared from the particle in (a). (d, e) TEM images magnified from the box in (c). (f) TEM 823 

lattice fringe image of ISCMs. (g) Goethite spheres magnified from the box in (c) with the EDXS 824 

pattern of goethite. 825 

 826 
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Fig. 6. Quartz-rich dust particle #2 from 2009 Asian dust. (a) SEM image of the dust particle. (b) 827 

SEM image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB 828 

slice prepared from the particle in (a). (d) TEM image magnified from the box in (c). (e) TEM lattice 829 

fringe image of ISCMs. (f) TEM lattice fringe image of ISCM and chlorite. 830 

 831 

Fig. 7. Plagioclase-rich dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) 832 

SEM image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB 833 

slice prepared from the particle in (a). (d) TEM image magnified from the box in (c). (e) TEM lattice 834 

fringe image of ISCMs and chlorite magnified from the box in (d). (f) TEM lattice fringe image of 835 

ISCM and kaolinite magnified from the box in (e). (g) TEM image magnified from the box in (c). (h) 836 

TEM lattice fringe image of ISCMs magnified from the box in (g). (i) TEM image of internal pore 837 

and halloysite magnified from the box in (c). 838 

 839 

Fig. 8. Calcite-rich dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) SEM 840 

image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB slice 841 

prepared from the particle in (a). (d, e) TEM images magnified from the box in (c). 842 

 843 

Fig. 9. Amphibole-rich dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) 844 

SEM image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB 845 

slice prepared from the particle in (a). (d) TEM image magnified from the box in (c). (e) TEM lattice 846 

fringe image of ISCMs magnified from the box in (d). 847 

 848 

Fig. 10. Biotite dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) SEM 849 

image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB slice 850 

prepared from the biotite particle in (a). (d) TEM image magnified from the box in (c). (e) TEM 851 

lattice fringe image of goethite in weathered biotite. 852 

 853 

Fig. 11. Chlorite-rich dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) SEM 854 

image of the particle surface magnified from the box in (a). (c) Overall TEM image of the FIB slice 855 

prepared from the particle in (a). (d) TEM image magnified from the box in (c). (e) TEM lattice fringe 856 

image of goethite in the pore of weathered chlorite. 857 

 858 

Fig. 12. Iron-oxide-rich dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) 859 

Overall TEM image of the FIB slice prepared from the particle in (a). (c) TEM image magnified from 860 

the box in (b). Electron diffraction patterns of the circled areas in (b) and (c) indicate goethite and 861 

magnetite, respectively. 862 
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 863 

Fig. 13. Rock fragment dust particle from 2012 Asian dust. (a) SEM image of the dust particle. (b) 864 

Overall TEM image of the FIB slice prepared from the rock fragment particle in (a). (c) TEM image 865 

magnified from the box in (b) showing the coatings of oriented nano-thin clay minerals with pore and 866 

goethite nanograins. (d, e, f) Electron diffraction patterns of the areas marked with circles. 867 

 868 

Fig. 14. Type-I structural models for single and polycrystals of quartz, plagioclase, K-feldspar, and 869 

calcite with clear or clay-coated surfaces. Clay minerals are dominated by ISCMs. 870 

 871 

Fig. 15. Type-II structural models for ISCM-clay-rich particles with preferentially or randomly 872 

oriented nano-thin clay platelets, and with pores and inclusions of nonphyllosilicates, micas 873 

(muscovite and biotite), and chlorite.  874 

 875 

Fig. 16. Type-III structural models for plates of micas (muscovite and biotite) and chlorite, which are 876 

either fresh or weathered. Weathered biotite and chlorite contain goethite crystals and lenticular pores. 877 
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