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Abstract 

Mineral dust is transported over long distances from desert sources, interacting with Earth environments. The mineral-
ogy and microstructures of individual dust particles are required to understand the interactions. Here, I summarize 
recent findings from electron microscopy of dust particles, focusing on Asian and Saharan dust. Dust particles are 
heterogeneous mixtures of clay and nonclay minerals. Clay minerals account for more than half of the mass of min-
eral dust. Fine grains of clay minerals form their own aggregates, coat coarse nonclay minerals, or become a matrix 
of composite particles. The most abundant clay minerals are illite‒smectite series clay minerals (ISCMs) dominated 
by illite and interstratified illite‒smectite. Saharan dust is distinct from Asian dust by the high contents of palygor-
skite and hexagonal kaolinite. Common nonclay silicates are quartz, K-feldspar, and Na-rich plagioclase. Amor-
phous silica is associated with clays in Saharan dust. Calcite occurs as nanofibers as well as coarse grains, reacting 
with atmospheric acids to precipitate gypsum. The submicron grains of iron oxides and titanium oxides are scattered 
through the fine matrix of dust particles. ISCMs, chlorite, biotite, and iron oxides are iron carriers to remote ecosys-
tems. The shapes of dust particles approximate ellipsoids whose aspect ratios increase with clay contents. The min-
eralogical classification of dust particles has led to the determination of the bulk mineral composition of a very small 
quantity of samples. The constituent mineralogy of dust particles is discussed in an environmental context with a brief 
introduction of the geological backgrounds of the minerals in their source areas.
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Introduction
Mineral dust from arid sources migrates long distances 
across the oceans, reaching other continents (Prospero 
1996; Goudie and Middleton 2001; McKendry et al. 2008; 
Uno et al. 2009). During transport, mineral dust interacts 
with electromagnetic radiation, atmospheric gases, liq-
uids, and pollutants and finally becomes terrestrial and 
marine sediments after deposition. The effect of mineral 
dust on Earth environments has attracted the attention 
of broad disciplines, including atmospheric chemistry 
(Seinfeld et  al. 2004; Sullivan et  al. 2009; Karydis et  al. 

2017), climate change (Harrison et  al. 2001; Cruz et  al. 
2021), geochemistry (Pettke et al. 2000; Muhs et al. 2018), 
Quaternary geology (Porter 2001; Jeong et  al. 2013), air 
pollution (Meskhidze et al. 2005), remote sensing (Soko-
lik and Toon 1999), marine productivity (Martin and 
Fitzwater 1988; Myriokefalitakis et  al. 2018), and public 
health (Kwon et al. 2002; Middleton et al. 2008).

Mineral dust cannot be simply defined by size dis-
tribution and chemical composition. Many important 
properties in the Earth environment are related to the 
mineralogical nature of mineral dust. Pristine dust par-
ticles are heterogeneous mixtures of mineral grains 
of varying sizes, equivalent to a soil fragment blown to 
high altitude (Kandler et al. 2007; Jeong 2008; Jeong and 
Nousiainen 2014; Jeong et  al. 2016) (hereafter, grain is 
termed a solid object making up a dust particle). Most 
chemical elements in dust occupy crystallographic sites 
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in minerals. Each mineral has an inherent crystal struc-
ture and a chemical composition often varying in a 
limited range, resulting in characteristic physical and 
chemical properties: color, size, morphology, hardness, 
density, refractive indices, magnetic properties, solubil-
ity, specific surface area, surface charge, and adsorption 
(Klein and Hurlbut 1993; Nesse 2012). The properties 
and mixing of the constituent minerals of dust particles 
affect the interactions between mineral dust and Earth 
environments.

Dust research has increasingly recognized the roles of 
mineralogical properties in the Earth environment. The 
modeling of light–particle interactions requires knowl-
edge of the mineral composition, external morphology, 
and internal microstructures of individual dust particles 
(Sokolik and Toon 1999; Kandler et al. 2007; Nousiainen 
2009; Kemppinen et al. 2015; Li and Sokolik 2018; Conny 
et al. 2019; Huang et al. 2019; Di Biagio et al. 2020; Conny 
et al. 2020). The bioavailability of iron in mineral dust is 
dependent on the solubility of host minerals (Cwiertny 
et  al. 2008; Journet et  al. 2008; Myriokefalitakis et  al. 
2018). The reactivity of calcite is significantly higher than 
that of other minerals (Laskin et  al. 2005). The surfaces 
of certain minerals are more effective in ice nucleation, 
inducing the formation of high-altitude clouds (Atkinson 
et al. 2013). Eolian mineral grains dominate the fine frac-
tion of silty soils and sediments along the migration path 
of dust (Rex et  al. 1969; Mizota et  al. 1991; Jeong et  al. 
2013). Thus, the mineralogy of dust particles broadly 
influences the Earth’s environment. Modeling the effect 
of mineral dust on the environment requires a consistent 
data set of mineral composition and properties (Claquin 
et  al. 1999; Scanza et  al. 2015), which has not yet been 
established due to the very low quantity of samples, the 
lack of systematic analyses and interpretation, and the 
poor mineralogical information on the soils and sedi-
ments in desert sources. Thus, we need to continue the 
build-up of reliable and consistent mineralogical data 
sets.

The major analytical tools for investigating individual 
dust particles include electron microbeam methods such 
as scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). In particular, the application 
of focused ion beam (FIB) technique to sample prepara-
tion has significantly advanced the microanalysis of tiny 
dust particles (Conny 2013; Jeong and Nousiainen 2014; 
Jeong et al. 2016). The combined applications of electron 
microscopy, electron diffraction, energy-dispersive X-ray 
spectrometry (EDS), and FIB sample preparation can 
identify constituent minerals and the microstructures of 
dust particles (Okada al. 2001; Donarummo et  al. 2003; 
Reid et al. 2003; Gao et al. 2007; Kandler et al. 2007, 2020; 
Jeong 2008; Conny and Norris 2011; Jeong et  al. 2014, 

2016; Jeong and Nousiainen 2014; Jeong and Achterberg 
2014; Conny et al. 2019).

This paper summarizes the mineralogical and micro-
structural properties of individual dust particles obtained 
by electron microscopic analyses and discusses their 
implications for Earth environments. In particular, I 
focus on Asian dust migrating to the North Pacific and 
Saharan dust transported over the Atlantic Ocean, which 
are important mineral dust on present interglacial Earth 
and have been previously studied in detail. The paper is 
written based on microanalytical data obtained at my 
laboratory over many years using SEM, TEM, EDS, and 
FIB. Details of experimental methods are also presented.

Applications of SEM and TEM analyses to dust 
research
SEM analysis of dust particles
Sample preparation and morphological analysis
For SEM analysis, dust particles are collected on poly-
carbonate membrane filter mounted on suction system 
(Anderson et  al. 1996; Reid et  al. 2003), sticky conduc-
tive carbon tape attached to the SEM stub on a cascade 
impactor (Kandler et al. 2007), and cellulose filter on con-
ventional air sampler (Jeong et al. 2014). For cellulose fil-
ter, we lightly touch the filter surface with carbon tape to 
transfer dust particles to the tape. Since individual dust 
particles are observed, it is necessary to avoid overload-
ing the filter or carbon tape to form thick agglomerates. 
We should ensure that the dust particles are spaced and 
evenly distributed by adjusting sampling time according 
to the atmospheric dust loading and the type of sam-
pler. For electron conduction, dust particles are coated 
with sputtered metal such as Au, Pt, C, and Os. The Os 
coating, very thin and coating all sides of the particle, is 
preferred for the high-resolution and high-contrast imag-
ing because dust particles are typically loose, porous 
aggregate.

Morphological observation of dust particles is normally 
performed at an acceleration voltage of ~ 15  kV and a 
working distance of 15 mm; however, submicron features 
of the surface are lost under these conditions. High-reso-
lution images of surface features can be obtained at short 
working distances of less than 10 mm and low accelera-
tion voltages of less than 5 kV.

SEM measures 2D shape parameters of dust particles, 
such as axial length and circularity (Reid et al. 2003; Gao 
et al. 2007). The height of the particle can be obtained by 
the tilting stage (Conny and Norris 2011). The 3D shape 
of the dust particles can be reconstructed from sequen-
tial 2D images obtained by FIB milling (Conny et  al. 
2020). The cross section of the dust particles exposed by 
FIB milling can reveal the internal distribution of constit-
uent minerals by EDS mapping (Conny 2013).
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Problems with quantitative mineralogical analysis 
of individual dust particles
Dust particles are commonly classified into chemical 
types based on EDS data (Maldern et  al. 1992; Ander-
son et  al. 1996; Ro et  al. 2005; Gao et  al. 2007; Conny 
et  al. 2019). However, the mineralogical classification 
of dust particles has wider implications for the environ-
ment (Jeong 2008, 2020; Jeong et  al. 2014, 2016; Jeong 
and Achterberg 2014). The mineralogical classification 
requires the mineral composition of individual dust par-
ticles converted from EDS data. In principle, the quan-
titative EDS data of a dust particle provide the mineral 
composition of the particle if we know the chemical com-
position of constituent minerals. The mineral composi-
tion of bulk dust can be obtained from the summation of 
the mineral compositions of dust particles.

In the real world, however, the interpretation of SEM‒
EDS data of natural dust particles is complicated due to 
the irregular morphology, diverse particle size, hetero-
geneous internal mixing, pores, and varying chemical 
composition of constituent minerals (Jeong and Nousi-
ainen 2014; Jeong et  al. 2016). A chemical composition 
of thick particles with a flat surface is readily obtained 
by the SEM‒EDS analysis after an established correction 
procedure for the absorption of emitting X-ray, while the 
chemical analysis of natural irregular, heterogeneous dust 
particles using EDS is a challenging issue (Fletcher et al. 
2011), and possible only after full characterization of 3D 
morphology, size, and internal microstructures of dust 
particles as well as the determination of chemical com-
positions of constituent minerals, followed by sophisti-
cated correction procedures. Thus, it is practical to treat 
the EDS data of natural dust particles qualitatively until 
robust procedures are developed.

Semiquantitative mineralogical analysis of bulk dust
Although it is difficult to determine the mineral compo-
sition of an individual dust particle, the mineral species 
or group dominating the particle can be qualitatively 
identified from the EDS spectra referring to representa-
tive patterns (Figs. 1, 2, 3 and 4), taking into account the 
heterogeneous mixing of mineral grains (Jeong 2008; 
Jeong and Nousiainen 2014; Jeong et  al. 2016 Supple-
ment). Dust particles are classified and counted based 
on a predominant mineral species or a mineral group. 
The particle is counted as 0.5 in the case of the EDS pat-
tern intermediate between two minerals. Summation of 
the counts leads to the approximate mineral composi-
tion of bulk dust. The mineralogical classification of dust 
particles can determine the mineral composition of a 
very small amount of dust sample, commonly far below 
the amount of sample required for quantitative X-ray 

diffraction (XRD) analysis. To obtain the bulk mineral 
composition, many particles (n =  103 ~  104) are analyzed 
by the assistance of automated SEM‒EDS operation 
(Kandler et  al. 2007, 2020; Conny et  al. 2019). Manual 
SEM‒EDS analyses can be carried out for a limited num-
ber of particles but can resolve ambiguous EDS spectra 
by quickly adjusting analytical conditions to obtain con-
sistently high-quality spectra. The sorting scheme using 
the chemical composition of minerals selected from 
the literature can be applied to the mineralogical classi-
fication of dust particles, as done by Donarummo et  al. 
(2003). Such sorting schemes, however, are not satisfac-
tory if we do not know the complex aggregation of miner-
als in the dust particle and the real chemical composition 
of each mineral. In addition, the reliability of all SEM‒
EDS methods to determine the mineral composition of 
bulk dust should be checked by XRD analysis. Automatic 
SEM analysis cannot yet replace an analyst’s understand-
ing, critical interpretation, and experience in EDS micro-
analysis problem-solving (Newbury and Ritchie 2013).

TEM analysis of dust particles
TEM specimen preparation
Thin specimens for TEM analysis of minerals have long 
been prepared by argon ion milling. Currently, TEM 
specimens are mostly prepared by FIB milling, which 
is an expensive, complex, but precise method. For FIB 
milling, we should select target particles representing 
the mineralogical, chemical, and textural features of the 
mineral dust (Fig.  1a). Thus, dust particles are prelimi-
narily classified through extensive SEM and EDS surveys 
based on their size, surface textures, mixing state, chemi-
cal composition, and approximate mineral compositions. 
The selected particles are then milled with a focused gal-
lium ion beam to cut thin lamellae (< 100 nm) (Fig. 1b). 
Minerals are weak to ion bombardment, which causes 
amorphization of the lamella surface. The current and 
acceleration voltage of the ion beam are gradually low-
ered with thinning of the lamella over several steps to 
minimize the amorphization of the lamella surface—e.g., 
30  kV 3000 pA (lamella thickness 2 ~ 4  μm), 30  kV 500 
pA (700 ~ 1000 nm), 30 kV 100 pA (100 ~ 700 nm), 10 kV 
50 pA (< 100  nm), 3  kV 10 pA (< 100  nm). Neverthe-
less, some gallium ions are inevitably implanted into the 
lamella surface and detected by EDS. Lamellae of small, 
dense dust particles below 1  μm or less are rather easy 
to prepare. Preparing lamellae from loose, porous, and 
irregular dust particles of several μm in size is a challenge 
(Figs.  1c–d). My experience with several models of FIB 
instruments managed by dedicated operators shows that 
successful preparation of high-quality FIB lamellae seems 
to depend on both instrumental and human factors.
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Dust particles are aggregates of many mineral grains. 
The mineral grains dispersed in methanol by ultra-
sonic agitation are loaded on metal grid covered with 
a lacey formvar support film. Electron-transparent thin 
grains are analyzed by EDS and electron diffraction, 
while electron-opaque large grains and aggregates are 
not suitable to analysis. This simple, cheap specimen 
makes it possible to analyze a large number of min-
eral grains in comparison with the lamella specimen 

prepared by time-consuming, expensive FIB milling—
e.g., chemical analysis of clay minerals in mineral dust 
(Jeong and Achterberg 2014). However, morphologi-
cal and microstructural information of dust particles is 
lost during the sample preparation. Targeted analysis of 
specific minerals is not easy, compared with FIB lamella 
because the grains loaded on grid are commonly a mix-
ture of several minerals.

Fig. 1 Preparation of lamellae prepared from dust particles by FIB milling and TEM analysis. a Selection of dust particle based on SEM–EDS analyses. 
Inset shows a deposition of carbon layer on the selected particle. b Gallium ion beam milling. SEM image. Arrow indicates the direction of ion 
beam. c Electron-transparent lamella. TEM image. d Analyses of internal microstructures. TEM image. e Mineral identification by electron diffraction 
(inset) and lattice imaging. f Mineral identification and chemical analysis by EDS. Cc = carbon coating, Gc = gold coating, Ss = substrate (conductive 
carbon tape). SEM images were obtained at 15 kV using a TESCAN MIRA 3XMH field emission SEM. FIB milling was carried out by a Helios 650 
instrument. TEM images were acquired using a JEOL JEM 2010 and a JEOL JEM ARM 200F instruments

Fig. 2 SEM images of Asian dust particles acquired at an acceleration voltage of 15 kV and a working distance of 9 mm using a TESCAN MIRA 3XMH 
field emission SEM. EDS spectra were acquired at 15 kV using an Oxford X-MAX detector. EDS spectra in the energy range of 0.6–5 keV are added 
on the images. Scale bar = 2 μm. a Dust particles collected on cellulose filter using a TSP sampler. b–l Coarse mineral grains coated with the coatings 
of micron and submicron clay minerals. Coarse minerals are quartz in (b), Na-rich plagioclase (albite) in (c), plagioclase in (d), K-feldspar in (e), illite/
muscovite plate in (f), biotite plate (g). chlorite in (h), amphibole in (i), calcite in (j), dolomite in (k), and iron oxide in (l). m Aggregate of kaolinite. 
n and o Aggregate of ISCMs (illite–smectite series clay minerals). p Amorphous silica (diatom frustule). q Very coarse dust particle. Arrows in (c) 
indicate calcite nanofibers. Arrow in (o) indicates gypsum blade. Dust particles in (a) were collected in Korea, 16 Mar 2009. Dust particles in (b)–(p) 
were collected in Korea, 23 Feb 2015. Dust particle in (q) was collected in Korea, 31 Mar 2012

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Chemical and microstructural analysis
Minerals in lamellae prepared by FIB are identified by lat-
tice imaging (Fig.  1e), electron diffraction (Fig.  1e), and 
EDS analyses (Fig.  1f ). TEM observations of the lamel-
lae provide rich information on the size, shape, arrange-
ment, and reaction of constituent mineral grains. The 
thin thickness (< 100 nm) and flat surface of the lamella 
simplify the quantitative interpretation of characteristic 
X-rays (Lorimer and Cliff 1976). Elemental compositions 
are quantified from the EDS spectra by adopting k fac-
tors derived from the lamellae of mineral standards of 
known chemical compositions prepared by the FIB tech-
nique (Jeong et al. 2016). A major obstacle is severe beam 
damage when the beam diameter is reduced to analyze 
submicron mineral grains. The reduction in beam diam-
eter results in the fast degradation of thin lamellae and 
severe mass loss of alkali and volatile components (Na, K, 
 H2O,  CO2, and  SO3) included in hydrous clay minerals, 
carbonates, and sulfates, which are all vulnerable to elec-
tron beams. TEM analysts struggle to maintain a balance 
between the reduction in beam diameter and the mini-
mization of beam damage by adjusting the electron dose 
and counting time. In my experiences, the minimum 
beam diameters to analyze common silicate minerals are 
50 ~ 100 nm under conventional analytical conditions.

Morphological features of dust particles
Asian dust particles collected by total suspended particle 
(TSP) samplers in Korea are mostly fine silt up to 20 μm 
in size (Fig.  2a). They are very fine from a geological 
viewpoint but rather coarse from an atmospheric point 
of view. Microscopic hydrous phyllosilicate minerals with 
layered crystal structures are termed clay minerals. Illite, 
smectite, chlorite, and kaolinite are generally recognized 
as common clay minerals in mineral dust, arid soils, and 
sediments. In the source soils of Asian dust, the submi-
cron platelets of cohesive clay minerals tend to aggregate 
or adhere on coarse mineral grains to form silty particles 
(Figs. 3 and 4 of Jeong 2008). Thus, dust particles origi-
nating from arid soils and sediments are mostly fine silt 
particles comprising abundant submicron clay minerals.

Quartz (Fig.  2b), plagioclase (Figs.  2c and d), K-feld-
spar (Fig.  2e), and calcite (Fig.  2j) are common nonclay 

minerals with subordinate muscovite (Fig.  2f ), biotite 
(Fig. 2g), chlorite (Fig. 2h), amphibole (Fig. 2i), and dolo-
mite (Fig.  2k). The surfaces of coarse nonclay minerals 
are covered with submicron platelets of clay minerals. 
Iron oxides (Fig. 2l) and kaolinite (Fig. 2m) rarely occur 
as separate aggregates. Illite‒smectite series clay miner-
als (ISCMs including illite, smectite, and interstratified 
illite‒smectite minerals) are the most abundant group 
of clay minerals forming a clayey aggregate (Figs. 2n and 
o). Gypsum grains occur as well-developed blades on 
the surface of dust particles (Fig. 2o) but rarely as coarse 
grains. Diatom frustules are rare (Fig.  2p). Very coarse 
dust particles exceeding 20  μm in diameter are com-
monly complex, loose, and porous aggregates (Fig. 2q). If 
the particle in Fig. 2q is disaggregated, the daughter par-
ticles may be similar to those in Figs. 2b–o.

Nearly all dust particles include ISCMs as major or 
associated minerals. The EDS spectrum added to Fig. 2n 
is typical of ISCMs, where the contents of K and Ca 
vary depending upon the relative abundance of illite 
and smectite components of ISCMs, respectively. All 
dust particles include ISCMs, as shown in the weak Mg 
peaks of quartz, plagioclase, and K-feldspar-rich parti-
cles (Figs. 2b–e); K and Si peaks of chlorite-rich particle 
(Fig. 2h); Al, Si, and K peaks of calcite, dolomite, and iron 
oxides-rich particles (Figs. 2j–l); and Mg and K peaks of 
kaolinite-rich particles (Fig.  2m). TEM analyses repeat-
edly confirmed the common occurrence of ISCMs in 
dust particles (Jeong et  al. 2014; Jeong and Nousiainen 
2014; Jeong and Achterberg 2014).

SEM images of Saharan dust particles collected on 
polypropylene membrane filter using a low-volume sam-
pler (Jeong and Achterberg 2014) are presented in Fig. 3. 
Saharan dust particles are aggregates of mineral grains 
of varying sizes (Fig.  3) (Reid et  al. 2003; Kandler et  al. 
2007). Coarse nonclay minerals dominating the dust par-
ticles include quartz (Fig. 3a), plagioclase (Fig. 3b and c), 
K-feldspar (Fig. 3d), muscovite (Fig. 3e), biotite, chlorite 
(Fig.  3f ), calcite (Fig.  3g), dolomite (Fig.  3h), and gyp-
sum (Fig. 3k). Magnified images show that the surfaces of 
coarse mineral grains are covered with submicron grains 
of clay minerals. Submicron gypsum blades are scat-
tered on the particle surface (Figs. 3d and h), while coarse 

(See figure on next page.)
Fig. 3 SEM images and EDS spectra of Saharan dust particles collected in Cabo Verde, 29 Feb 2008 (Jeong and Achterberg 2014). Images were 
acquired at an acceleration volatge of 5 kV and a working distance of 7 mm using a TESCAN MIRA 3XMH field emission SEM. EDS spectra were 
acquired originally in the range of 0–15 keV using an Oxford X-MAXN 50 detector. Bottom image of each panel was magnified from top image. 
Coarse mineral grains are coated with the coatings of submicron clay minerals. Coarse minerals are quartz in (a), plagioclase in (b), Na-rich 
plagioclase (albite) in (c), K-feldspar in (d), illite/muscovite in (e), chlorite in (f), calcite in (g), dolomite in (h), gypsum in (k), and palygorskite in (l). i 
Aggregate of kaolinite. j Aggregate of ISCMs. Arrows in (d) and (h) indicate gypsum (Gp) blades. Arrows in (a) and (i) indicate hexagonal kaolinite 
(Kln) plates
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Fig. 3 (See legend on previous page.)
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gypsum grains have a rounded morphology (Fig.  3k). 
The clay particles are mostly the aggregates of kaolinite 
(Fig.  3i) and ISCMs (Fig.  3j). Hexagonal kaolinite plates 
(Figs. 3a and i) and palygorskite fibers (Fig. 3l) are char-
acteristic of Saharan dust. The EDS spectrum in Fig.  3j 
is typical of ISCMs in Saharan dust. Almost all Saharan 
dust particles in Fig. 3 contain ISCMs.

Internal microstructures and mineralogy of dust 
particles
Phyllosilicates
Basic units of phyllosilicates are silicate layers combining 
silica-rich tetrahedral sheets and Al–Mg–Fe octahedral 
sheets in 1:1 and 2:1 ratios. The interlayer is filled with 

fixed cations or filled with exchangeable cations and  H2O. 
Phyllosilicates common in both Asian and Saharan dust 
particles are ISCMs, kaolinite, and chlorite (Fig. 4). TEM 
lattice fringe imaging and EDS analyses readily iden-
tify kaolinite and chlorite, but the clear identification of 
ISCM group minerals is not easy even by TEM because 
of the collapse of hydrated smectite interlayer and similar 
chemical compositions (Fig. 4).

ISCMs
Illite is a nonexpanding, dioctahedral mica-like clay min-
eral with layer charges of 0.6 ~ 0.85 per  O10(OH)2 that 
are lower than 0.85 ~ 1 per  O10(OH)2 of true mica (mus-
covite and biotite) (Środoń and Eberl 1984; Guggenheim 

Fig. 4 Structural and chemical features of clay minerals common in dust particles. Stacking of layers in clay minerals is viewed 
along the crystallographic a–b plane
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et al. 2006). The chemical formula of illite is  (K0.79Ca0.01)
(Al1.66  Fe0.16Mg0.19)(Al0.64Si3.36)O10(OH)2 on average 
based on data in Meunier and Velde (2004). Smectite is 
an expanding clay mineral with layer charges below 0.6 
per  O10(OH)2 (Brindley 1980). The chemical formula of 
smectite is  Ca0.21(Al1.55Fe0.13Mg0.33)(Al0.16Si3.84)O10(OH)2 
on average after converting Na to Ca from the data of 
Na-saturated smectites in Newman (1987). The unit lay-
ers of illite and smectite are similar except for interlayer 
water and cations, thus resulting in common interstrati-
fication of illite and smectite layers. The complex inter-
stratification between clay minerals has been extensively 
documented in soil, sedimentary, and hydrothermal envi-
ronments (Środoń 1999) but is likely not well recognized 
outside of the mineralogical community.

The best method to identify interstratified illite‒smec-
tite is the simulation of the XRD pattern (Moore and 
Reynolds 1997). The quantities of samples collected 
from the long-range transport dust, however, are usually 
too small to obtain a high-quality XRD pattern required 
for the simulation. Hence, TEM analysis is alternative 
approach. Direct lattice imaging may distinguish the illite 
layer (~ 1 nm) from the smectite layer (~ 1.5 nm) in the 
interstratified illite–smectite. The dehydration of smec-
tite, however, collapses the smectite layer to an ~ 1  nm 
layer under the high vacuum of the TEM chamber 
(Fig.  4), making it difficult to unequivocally identify the 
illite and smectite layers comprising the interstratified 
phase (Peacor 1992). Although the direct identification 
of interstratification is difficult, the K content obtained 
from ISCMs by EDS analyses can be used as an indica-
tor of illite layers of the ISCMs, because the smectite 
interlayer is usually saturated with Ca in desert soils and 
sediments where calcite and gypsum precipitate from 
evaporating solution.

The cross sections of ISCM-rich particles in Asian and 
Saharan dust show oriented fabrics composed of paral-
lel to subparallel layers of ~ 1  nm thickness (Figs.  5a, b, 
e, 6a, and d). Magnified images show that ISCMs con-
sist of two textural types: 1) compact, straight packets 

(CSPs) of mottled darker contrast composed of 5–30 lay-
ers (Figs. 5a, b, and 6d, e) and 2) loose, curving packets 
(LCPs) of weak contrast comprising only several layers 
(Figs.  5a, b, e, 6a, d, and e). Compared with the lattice 
images of the illitic clays of sedimentary rocks (Ahn and 
Peacor 1986, 1989), CSPs are illite, while LCPs are likely 
mixtures of smectite and interstratified illite‒smectite. 
Although some ISCM-rich particles show large internal 
pores (Fig. 5b), such large pores are rare in clay-rich par-
ticles. The subparallel lamella aggregates of ISCMs also 
coat the coarse mineral grains (Figs. 5c, d, 6d, and e) and 
fill the intergranular spaces bridging coarse nonclay min-
eral grains to form composite particles (Figs.  5e, f, and 
6f ). Aggregates of almost pure smectite, as indicated by 
high Ca contents, rarely occur in Saharan dust (Fig.  6f ) 
but not in Asian dust.

CSPs occur as thick packets (Figs. 5e, f and 6c) as well 
as thin packets, while LCPs are always thin. EDS analyses 
of thick CSPs confirm the chemical composition of illite 
(Figs.  5e-right, f, and 6c). EDS analyses of LCPs show a 
variation in K and Ca contents (Figs. 5a, b, e-left, 6a, d, 
and e), which are interpreted as varying proportions 
of illite and smectite layers in the analyzed area. K and 
Fe wt% are quantified from the EDS data of ISCM-rich 
aggregates and plotted on the scatter diagram (Fig.  7). 
The chemical compositions of illite, muscovite, and 
smectite are also plotted for comparison (Newman 1987; 
Weaver and Pollard 1975; Meunier and Velde 2004). The 
chemical compositions of pure smectite plot at 0 wt% K, 
while the compositions of pure illite and muscovite plot 
above 5 wt% K. Data from ISCMs show varying contents 
of K. The ISCM data of > 5 wt% K were largely obtained 
from CSPs that are mostly illite, while the data of < 5 wt% 
K were mostly from the LCP aggregates. The EDS data of 
LCPs largely fall between smectite and illite, supporting 
a common occurrence of interstratified illite‒smectite. In 
Asian dust, LCP data are clustered between 1 and 4 wt% 
K, while in Saharan dust, data are clustered under 2.5 
wt% K. This may indicate that the ISCMs are more illitic 
in Asian dust, while more smectitic in Saharan dust.

(See figure on next page.)
Fig. 5 TEM images of Asian dust particles acquired at 200 kV using a JEOL JEM 2010 and at 80 kV using a JEOL JEM ARM 200F instruments. EDS 
spectra were acquired using an Oxford X-MAX detector. Asian dust was collected in Korea, 18 Mar 2014. Inset in top image of each panel is the SEM 
image of the dust particle obtained just before FIB work. Bottom image of each panel was magnified from the rectangular boxes in top image. EDS 
patterns were acquired from the circled areas. a ISCM-rich particle with goethite (Gth) inclusions. Magnified image shows compact, straight packets 
(CSPs, illite) of mottled strong contrast scattered through thin loose, curving packets (LCPs, smectite, interstratified illite–smectite) of weak contrast. 
b ISCM-rich particle with circular pore and submicron inclusions of quartz, K-feldspar, chlorite, apatite, barite, and iron oxide. Magnified image 
shows CSPs scattered through fine LCP matrix. c Quartz (highlighted with dashed line) coated with clays. d Alkali feldspars (perthite, intergrowth 
of K-feldspar and albite) coated with ISCM-rich clay. e Complex composite particle of clay and nonclay minerals. f Composite particle of clay 
and nonclay minerals. Ab = albite, Afs = alkali feldspars (perthite), Brt = barite, Bt = biotite, Chl = chlorite, Gth = goethite, Ilt = illite, Fo = iron oxide, 
Kfs = K-feldspar, OM = organic matter, Pl = plagioclase, Qz = quartz. Cc = carbon coating, Gc = gold coating, Ss = substrate (conductive carbon tape)
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Fig. 5 (See legend on previous page.)
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Collective data indicate that LCPs are likely the fine-
scale mixtures of interstratified illite‒smectite, thin illite 
(CSPs), and some smectites. We cannot quantitatively 
split LCPs into illite, smectite, and their interstratified 
phases. Illite (CSPs) shows a wide range of sizes from 
nanopackets closely mixed with LCPs to separate plate-
lets. SEM‒EDS analyses are poorer even than TEM 
analyses in discriminating illitic/smectitic clay miner-
als mixed in the dust particle. Even XRD analysis of a 
very small amount of dust sample is not straightforward 
in quantifying illite, smectite, and their interstratified 
phases. Thus, in the TEM, SEM, and XRD analyses of 
mineral dust, it is provisionally safe to lump illite, smec-
tite, and interstratified illite‒smectite into illite‒smectite 
series clay minerals (ISCMs). Recently, systematic XRD 
analyses of clays separated from the Mesozoic bedrocks 
of southern Mongolia which is a major source of Asian 
dust showed the occurrence of randomly interstratified 
illite and smectite (Jeong 2022).

Kaolinite, chlorite, micas, and palygorskite
Kaolinite is a 1:1 type phyllosilicate in which one silica 
tetrahedral sheet is combined with one Al octahedral 
sheet. Kaolinite  [Al2Si2O5(OH)4] can be identified from a 
1:1 Al/Si ratio and a lattice fringe of 0.7 nm (Fig. 6a). Sub-
micron kaolinite packets are enclosed in the ISCM aggre-
gates in Saharan (Fig. 6a) and Asian dust (Figs. 2 and 7 of 
Jeong et al. 2014). Kaolinite is more abundant in Saharan 
dust than in Asian dust.

Chlorite has a 2:1 type layer structure whose inter-
layer is occupied by another octahedral sheet. The gen-
eral formula of chlorite is [(Mg,Fe,Al)6(Si3Al)O10(OH)8], 
in which Mg, Fe, and Al contents vary depending on the 
geological environment of formation. Chlorite occurs as 
submicron inclusions in the ISCM-rich clayey aggregates 
(Fig. 6f of Jeong and Nousiainen 2014) and coarse grains 
of several microns (Fig.  11 of Jeong and Nousiainen 
2014). Chlorite is more abundant in Asian dust.

Micas are mostly biotite and muscovite, which 
are 2:1 type phyllosilicates whose interlayers 
are occupied by K. The general formula of bio-
tite is K(Mg,Fe,Al)3(Si3Al)4O10(OH)2, in which 

the cation numbers of Mg, Fe, and Al vary greatly 
depending on the geological environment of for-
mation. The average chemical formula of musco-
vite from Newman (1987) and Deer et  al. (1962) is 
 K0.85(Al1.78Fe0.1Mg0.12Ti0.02)2.02(Al0.83Si3.17)4O10(OH)2 
with little variation. Biotite occurs as submicron grains 
(Figs. 5e and f ) or coarse grains coated with ISCM clays 
(Fig.  10 of Jeong and Nousiainen 2014; Fig.  4 of Jeong 
et al. 2016). The high iron content of biotite is compara-
ble to that of chlorite. Muscovite is a coarse phyllosilicate 
identified by a nearly 1:1 Al/Si ratio and higher K con-
tent from illite of a lower Al/Si ratio and lower K content. 
However, the distinction of fine muscovite from coarse 
illite is not straightforward when their chemical compo-
sitions merge.

Palygorskite occurs as either an aggregate of long fib-
ers or a mixture with other mineral grains in Sahara dust 
(Figs.  5b and c of Jeong et  al. 2016), while it is rare in 
Asian dust.

Nonphyllosilicates
Quartz is the most abundant nonclay mineral in Asian 
and Saharan dust. It has globular to ellipsoidal grains 
of several microns in size coated with ISCM-rich clays 
(Figs.  5c and 6d) as well as submicron grains enclosed 
in the ISCM clays (Figs.  5b and 11c). Amorphous silica 
was identified by electron diffraction and EDS analysis in 
Saharan dust (Fig. 6e and f ) but not in Asian dust. Amor-
phous silica was a major constituent in three of eight 
Si-rich dust particles (Tenerife) selected for FIB mill-
ing. Thus, the content of amorphous silica should not be 
overlooked in Saharan dust. SEM‒EDS analysis cannot 
discriminate amorphous silica from quartz.

Feldspars are not only coarse minerals with clay coat-
ings (Fig.  5d; Fig.  7 of Jeong and Nousiainen 2014) 
but also submicron grains scattered in clay aggregates 
(Figs. 5b, e, f, 6f, 11c, and d). Feldspars in dust particles 
include the K-feldspar group (polymorphs of  KAlSi3O8, 
orthoclase and microcline) and plagioclase group (solid 
solution series of Na and Ca endmembers  (NaAlSi3O8 
and  CaAl2Si2O8)). The plagioclase group is more abun-
dant than the K-feldspar group (Table  1). Albite is the 

Fig. 6 TEM images of Saharan dust particles acquired at 200 kV using a JEOL JEM 2010 and at 80 kV using a JEOL JEM ARM 200F instruments. 
Saharan dust was collected with a cascade impactor in Tenerife, 15 July 2005 (Kandler et al. 2007; Jeong et al. 2016). EDS spectra were acquired 
using an Oxford X-MAX detector. Bottom image of each panel was magnified from top image. EDS patterns were acquired from the circled areas. 
a ISCM-rich particle with interleaved kaolinite packet (0.7 nm lattice). b ISCM-rich particle with the submicron inclusions of hematite, goethite, 
and Ti oxides. c Thick illite coated with ISCM-rich clays. d Quartz coated with ISCM clays that include submicron goethite and Ti oxide grains. 
Magnified image shows thin CSPs enclosed in the matrix of LCPs. e Amorphous silica coated with ISCM clays. Magnified image shows nano-bubbles 
of amorphous silica with coatings of CSPs and LCPs. Inset shows diffraction ring of amorphous silica with no diffraction spot. f Composite particle 
of clay and nonclay minerals. Am-Si = amorphous silica, Chl = chlorite, Gth = goethite, Hem = hematite, Ilt = illite, Kfs = K-feldspar, Kln = kaolinite, 
Sme = smectite, To = Ti oxide, Qz = quartz

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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most abundant mineral species in the plagioclase group 
(Table 1). According to mineralogical analyses of Chinese 
loess, which is a deposit of Asian dust, 63% of plagioclase 
grains were albite (Jeong et al. 2008). Albite and K-feld-
spar also form submicron intergrowths (microperthite) 
(Fig. 5d).

Amphiboles occur as minor coarse minerals coated 
with clays in Asian dust (Fig. 9 of Jeong and Nousiainen 
2014) but were not detected in Saharan dust.

Calcite and dolomite occur as submicron grains 
(Fig.  11) and coarse grains with clay coatings (Fig.  8 of 
Jeong & Nousiainen 2014; Fig.  5b of Jeong et  al. 2016). 
Calcite also occurs as nanofibers (40–50 nm wide) closely 
associated with ISCMs (Figs.  11a and b; Fig.  2 of Jeong 
and Chun 2006; Fig. 4 of Jeong et al. 2014). Calcite fibers 
have not yet been reported in Saharan dust.

Gypsum is common on particle surfaces (Figs. 2o, 3d, 
and h), while it is scarcely encountered in the interior of 
dust particles, probably indicating its precipitation on the 
external surface of dust particles. TEM of some calcite-
rich dust particles in Asian dust shows the replacement 
of gypsum for calcite (Figs. 11c and d).

Iron and titanium oxides are mostly submicron grains 
scattered through clay aggregates (Figs.  5e, 6b, and d). 
They appear as rounded to elongated grains of dark con-
trast in bright field TEM images. Coarse grains of sev-
eral microns in size are rarely formed (Fig.  12 of Jeong 
and Nousiainen 2014; Fig.  6 of Jeong et  al. 2016). Elec-
tron diffraction and lattice imaging characterized goe-
thite, hematite, rutile, and anatase with some magnetite/
maghemite.

Microstructures and 3D morphology of dust particles
Three microstructural groups were recognized by the 
TEM analyses of dust particles (Figs. 8, 9; Fig. 9 and sup-
plement Fig.  2 of Jeong et  al. 2016): (1) aggregates of 
submicron platelets of clay minerals, (2) large nonclay 
minerals coated with submicron clay aggregates, and 
(3) composites of clays and nonclay minerals of vary-
ing sizes. Of course, there are intergrades among the 
groups. Fine platelets of ISCMs are arranged subparallel 
in clay-rich Group-1 particles, resulting in high aspect 
ratios (Figs. 5a, 6a, b, and 9). The laminae of ISCM plate-
lets coat large nonclay minerals in Group-2 particles 
(Figs. 5c, d, 6d, e, and 9) and bridge nonclay minerals in 
Group 3 (Figs. 5e, f, 6f, and 9). The aspect ratios of coarse 
platy minerals (illite/muscovite, chlorite, and biotite) are 
very high (Fig.  6c; Fig.  4 of Jeong et  al. 2014). The sub-
micron inclusions of quartz, plagioclase, K-feldspar, and 
chlorite are scattered through clay aggregates. Group-3 
particles have commonly irregular pores, while Group-1 
and Group-2 particles are less porous. Pore areas of dust 
particles were measured from the TEM images (Fig.  9) 
using the lasso tool of Photoshop®. The median porosi-
ties of Groups 1(n = 14), 2(n = 15), and 3(n = 16) of Asian 
dust particles were 2.2, 0.3, and 6.3% in Groups 1, 2 and 
3, respectively.

3D shapes of dust particles overall approximate ellip-
soids. The lengths of the two axes are measured from 
2D SEM images, while the thicknesses of dust particles 
are obtained as the byproducts of TEM analyses of FIB 
lamellae (Fig. 9). The average ratios of the three axes are 
1.25:1:0.53 in Asian dust (n = 45) (Fig.  9) and 1.4:1:0.55 

Fig. 7 Scatter plot of Fe wt% vs. K wt% of ISCMs obtained from FIB specimens using an Oxford X-MAX detector installed in a JEOL JEM 2010 
TEM. Fe and K wt% were based on 14%  H2O. The box of solid lines indicates the approximate domain of ISCMs. Vertical dashed line separates 
approximately coarse illite (CSPs) from interstratified illite–smectite, smectite, thin illite, and their mixtures (LCPs). A number of the CSP anlayses are 
smaller than that of LCP analyses. Data outside the box are those of chlorite, biotite, and their weathering products admixed with ISCMs. Reference 
illite data from Weaver and Pollard (1975) and Meunier and Velde (2004), muscovite data from Newman (1987) and Deer et al. (1962), smectite data 
from Newman (1987). Asian dust was collected in Korea, 17 Mar 2009, 31 Mar 2012, and 18 Mar 2014. Saharan dust was collected in Tenerife, 15 July 
2005, and in Cabo Verde, 28 Dec 2007–14 Mar 2008
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in Saharan dust (n = 48) (supplement Table  1 of Jeong 
et  al. 2016). In Asian dust, clay-rich Group-1 particles 
are more flattened, whereas other Group-2 and Group-3 
particles are more ellipsoidal to spherical (Fig.  9). The 
aspect ratios of Group-2 particles with mica and chlorite 
cores are particularly high (Figs. 6c, 8, and 9). The aspect 
ratios of dust particles are very similar to those measured 
by the TEM shadow technique in arid regions of China 
(Okada et al. 2001).

Mineral composition of bulk dust
The bulk mineral compositions measured by EDS 
analyses are consistent with those determined by XRD 
(Table  1). Some mismatching between EDS and XRD 
data is inevitable because minerals with similar chemi-
cal compositions are poorly discriminated by EDS 
analysis, while minerals with similar crystal structures 
are not distinguished by XRD analysis. Major mineral 

species and groups are similar in both Asian and Saha-
ran dust. ISCMs are the most abundant mineral group 
(~ 50%). The equivalents of ISCMs in the previous 
analyses of Asian dust are the sum of smectite (2%) and 
illite (49%) (2–20  μm range samples) in Arnold et  al. 
(1998), the sum of smectite (3.1%) and illite (32.7%) in 
Leinen et al. (1994), and the sum of interstratified illite‒
smectite and illite (43%) in Shi et al. (2005). The equiva-
lents of ISCMs in Saharan dust are mica (52–65%) in 
Glaccum and Prospero (1980), the sum of smectite 
(11.5%) and illite (37%) in Avila et al. (1997), illite (46–
54%) in Formenti et  al. (2014), illite (49%) in Kandler 
et al. (2007), and the sum of smectite (32%), illite (6%), 
and muscovite (7%) in Boose et  al. (2016) (Tenerife 
airborne). The wide mineralogical variation in previ-
ous analyses indicates that each study treated differ-
ently ISCMs as illite (micas), smectite, or interstratified 
phases.

Table 1 Mineral compositions of Asian dust measured by SEM–EDS single-particle and X-ray diffraction analyses (wt%a)

a Number % obtained by SEM single-particle analyses was converted to weight % on the basis of available data of mineral density
b Qz = quartz, Pl = plagioclase, Ab = albite, Kfs = K-feldspar, ISCM = illite–smectite series clay minerals including illite, smectite, and illite–smectite mixed layers, 
Bt = biotite, Chl = chlorite, Kln = kaolinite, Plg = palygorskite, Amp = amphibole, Cal = calcite, Dol = dolomite, Gp = gypsum, Fe = iron oxides, Ti = titanium oxides. cTotal 
clay minerals: sum of ISCM, biotite, chlorite, and kaolinite
d Data from Jeong et al. (2020) with the addition of biotite, iron oxides, and titanium oxides. eAlbite content in parentesis
f In Table 2 of Jeong (2020), D18 under title ’Mineral compositions by SEM single-particle analysis’ should be repaced by D17
g Not determined
h Jeong et al. (2016) with the addition of biotite, iron oxides, and titanium oxides. iUnpublished data of the author
j The higher contents of ISCM in comparison with XRD data are due to palygorskite-bearing samples counted as ISCMs. kJeong and Achterberg (2014). Samples were 
reanalyzed considering palygorskite content and kaolinite crystallinity

Sample Qzb PI(Ab) Kfs ISCMs Bt Chl Kln Plg Amp Cal Dol Gp Fe Ti Total clay 
 mineralsc

Asian dustd

SEM–EDS

 18 Mar 2014 (n = 1096) 18.8 10.7(8.9)e 3.6 51.0 0.9 2.7 1.1 0.0 0.8 7.8 0.9 0.4 0.5 0.9 55.7

22–23 Feb 2015 (n = 894)f 18.8 8.9(8.4) 3.2 52.8 3.0 3.0 2.2 0.0 0.4 4.8 0.3 1.8 0.6 0.2 61.0

 6–7 Mar 2016 (n = 824) 16.4 7.5(6.5) 2.5 47.6 1.2 5.4 2.3 0.0 0.7 10.3 2.6 2.3 1.0 0.2 56.5

6–7 May 2017 (n = 470) 18.0 10.9(7.4) 3.4 37.5 3.0 6.8 3.3 0.0 0.2 9.3 0.6 2.4 2.8 1.6 50.6

6–7 April 2018 (n = 493) 20.8 9.5(7.6) 4.3 48.5 1.0 4.5 1.5 0.0 1.0 5.4 0.9 1.8 0.3 0.5 55.5

XRD

18 Mar 2014 17.9 12.3 6.1 47.5 –g 3.8 1.3 0.0 1.9 5.5 0.6 3.0 – – 52.6

22–23 Feb 2015 19.7 10.4 4.2 51.5 – 3.7 2.6 0.0 0.7 3.8 0.3 2.1 – – 57.8

6–7 Mar 2016 17.4 9.9 4.5 47.4 – 2.8 2.7 0.0 1.2 6.2 1.5 6.4 – – 53.0

6–7 May 2017 19.9 10.5 4.0 41.3 – 4.4 2.0 0.0 3.8 8.5 2.4 3.3 – – 47.7

6–7 April 2018 19.0 10.6 6.1 46.4 – 4.8 1.3 0.0 3.0 3.8 1.3 3.6 – – 52.5

 Avg. 25 Asian dusts 20.6 12.4 5.1 42.1 – 4.0 2.1 0.0 1.9 5.1 1.5 5.0 – – 48.2

Saharan dust

SEM–EDS

15 July 2005 (n = 1622)h 10.1 2.7(1.8) 2.1 68.0j 0.2 1.0 10.9 – 0.1 1.5 0.4 0.7 1.1 1.1 80.1

29 Feb 2008 (n = 612)i 11.5 1.9(1.7) 1.9 60.6j 0.3 1.1 7.1 – 0.0 9.2 1.6 4.0 0.3 0.4 69.1

XRDk

28–31 Dec 2007 8.8 5.3 1.4 53.4 – 4.8 8.1 4.6 0.0 3.9 1.0 6.1 – – 70.9

18–23 Jan 2008 12.1 5.5 2.0 50.6 - 4.4 11.0 4.2 0.0 3.0 1.0 4.0 – – 70.2
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Despite the overall similarity in mineral composition, 
there are some differences between Asian and Saha-
ran dust. In Saharan dust, the contents of kaolinite and 
palygorskite are high, while the contents of quartz, pla-
gioclase, and K-feldspar are low in comparison with 
Asian dust (Table 1). The high contents of kaolinite and 
palygorskite result in the enhancement of total clay con-
tents in Saharan dust. Amphiboles are present in Asian 
dust as a minor mineral group but are not detected in 
Saharan dust. The mineral compositions of Saharan 
dust vary greatly depending upon the source, reflect-
ing diverse bedrock geology and surface environments 
(Morinaroli et al. 1996; Ganor and Foner 1996; Avila et al. 
1997; Kandler et  al. 2007). In any case, ISCMs are the 
major constituents of Saharan dust.

Dust mineralogy, source geology, 
and environments
Mineral dust is a link in the global cycle of Earth materi-
als through the lithosphere, pedosphere, atmosphere, and 
hydrosphere. Dust particles are silty fragments of source 
soils derived by the weathering of bedrock. All micro-
structures of the dust particles identified by microanalysis 

are compatible with those of the source soils (Fig.  4 of 
Jeong 2008). The mineralogical properties of dust par-
ticles discovered through microanalysis provide insight 
into the geological and soil environments of distant and 
inaccessible dust sources. Dust particles interact with 
radiation, atmospheric gas, and liquid. Any interpretation 
of the interaction should include the mineral composi-
tion, crystal chemical properties, and microstructures of 
the dust particles, improving our understanding of the 
role of mineral dust in Earth environment.

Phyllosilicates
ISCMs are a dominant mineral group in Asian and Saha-
ran dust. The iron contents of ISCMs cluster at approxi-
mately 5 wt%, which is significant because the Fe contents 
of other major minerals (quartz, feldspars, calcite, and 
gypsum) are negligible. Dissolution experiments showed 
that clay minerals were the main source of dissolved iron 
due to their high solubility (Journet et al. 2008). ISCMs 
are traced to geologically young sedimentary rocks 
distributed in desert source areas of Asian and Saha-
ran dust (Graham et  al. 2001; Pastore et  al. 2021; Jeong 
2022). Smectite illitization has been well documented in 

Fig. 8 Models of internal microstructures of dust particles (selected and modified from Jeong and Nousiainen 2014). a Aggregates of clay minerals 
(group 1). b Large nonclay minerals coated with clay aggregates (group 2). c Composite of clays and nonclay minerals of varying sizes (group 3)
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sediment diagenesis research (Hower et al. 1976; Lanson 
et al. 2009; McCarty et al. 2009). Smectite forms during 
the early diagenesis of siliciclastic sediments, while illite 
is formed at the later stage of diagenesis via intermedi-
ate stages of randomly or regularly interstratified illite‒
smectite consuming smectite (Hower et al. 1976; Lanson 
et  al. 2009). The mineral assemblage and microtextures 
observed by TEM in dust particles are comparable to 
those observed in the diagenetic illitization of smectite 
(Ahn and Peacor 1986, 1989). Upper Cretaceous to Ceno-
zoic sedimentary bedrocks enriched with illite, smectite, 
and their mixed layers are widely exposed in the south-
ern Mongolian Gobi Desert, which is the major source of 
Asian dust (Graham et al. 2001; Jeong 2022). The Sahara 

Desert is also covered largely with Phanerozoic sedimen-
tary rocks (Pastore et al. 2021).

The chemical composition of kaolinite varies little 
through diverse geological environments. SEM and TEM 
images show that the morphologies of kaolinite grains 
are very different between Asian and Saharan dust. The 
shape of kaolinite grains in Saharan dust is a hexagonal 
plate, whereas that in Asian dust is an irregular plate 
(Figs. 3a, i, and 10), indicating different geological envi-
ronments in the source areas. Kaolinite in Saharan dust 
at low latitudes is at least partly the product of ancient 
lateritic weathering in the southern Sahara and Sahel 
(Paquet et  al. 1984; Caquineau et  al. 1998; Goudie and 
Middleton 2001).

Fig. 9 External shapes and internal microstructures of 45 Asian dust particles collected in Korea, 18 Mar 2014. a Aggregates of clay minerals. b 
Large nonclay minerals coated with clay aggregates. c Composite of clays and nonclay minerals of varying sizes. Upper drawings: cross sections 
of the dust particles observed by TEM of FIB lamellae. Lower drawings: outlines of 2D particle shapes observed by SEM (dotted lines are traces 
of FIB slicing). Thin lines are 1-µm scale bars for FIB sections. Thick lines are 1-µm scale bars for SEM particle shape. White, gray, and dark gray areas 
of the particles in the upper drawings are pore, aggregates of clay minerals, and nonclay minerals, respectively. Minerals were identified by electron 
diffraction and energy-dispersive X-ray spectroscopy. Ab = albite, Afs = alkali feldspar (perthite), Amp = amphibole, Ant = anatase, Brk = brookite, 
Bt = biotite, Cal = calcite, Chl = chlorite, Dol = dolomite, Ep = epidote, Gp = gypsum, Gth = goethite, Ilt = illite, Kfs = K-feldspar, Kln = kaolinite, 
Mag = magnetite, Mgh = maghemite, Ms = muscovite, Pl = plagioclase, Qz = quartz, Rt = rutile, Spn = sphene (titanite), Vm = vermiculite
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Fig. 10 TEM images of kaolinite grains on lacey carbon grid. a Hexagonal platy grain of kaolinite in Saharan dust (29 Feb 2008). b Irregular platy 
grain of kaolinite in Asian dust (27 Mar 2003)

Fig. 11 Calcite in dust particles. a Fibrous calcite aggregates filling the cracks of dust particles collected in Korea, 18 Mar 2014. SEM image. Long 
needles are borosilicate fibers of dust filter. b Fibrous calcite mixed with ISCMs and discrete illite in Asian dust (11 Mar 2004). TEM image of particle 
loaded on lacey carbon. c Radiating columns of gypsum replacing calcite in a calcareous Asian dust particle (18 Mar 2014). TEM image of FIB 
lamella. d Gypsum and calcite in a composite Asian dust particle (18 Mar 2014). TEM image of FIB lamella. Ab = albite, Cal = calcite, Chl = chlorite, 
Dol = dolomite, Gp = gypsum, Ilt = illite, Kfs = K-feldspar, Qz = Quartz
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Despite the rather low content in mineral dust, the 
contribution of chlorite to iron transport is significant 
due to its high content of structural iron. Reactions with 
atmospheric acids and clouds increase the iron bioavail-
ability of chlorite by enhancing surface area and precipi-
tating soluble iron compounds (Shi et al. 2012). Pristine 
chlorite is derived from bedrocks by physical weathering, 
and partly transformed to vermiculite or interstratified 
chlorite–vermiculite, precipitating iron oxides by oxida-
tive weathering in soils, (Fig. 11 of Jeong and Nousiainen 
2014; Fig. 7e of Jeong et  al. 2016). Chlorite was majorly 
derived from Paleozoic greenschist-facies metamor-
phism of volcanics and volcaniclastic sediments widely 
distributed in the sources of Asian dust (Cunningham 
et  al. 2009; Jeong 2022). Diagenetic chlorite, however, 
may be the major source in Saharan dust.

In sources of Asian dust, the major sources of biotite 
are Paleozoic grainitic rocks. In soil environments, oxi-
dative chemical weathering transforms biotite to ver-
miculite and interstratified biotite–vermiculite even in a 
semiarid climate, precipitating iron oxides (Jeong et  al. 
2006, 2008, 2011). The low K content and goethite inclu-
sions of some biotite grains (Fig. 10 of Jeong and Nousi-
ainen 2014) indicate chemical weathering in the source 
area. Muscovite is inherited from igneous, metamorphic, 
and hydrothermally altered rocks. It is very resistant to 
chemical weathering and remains in mineral dust with-
out significant chemical and size changes.

Palygorskite [(Mg,Al)2Si4O10(OH)∙4H2O] is a com-
mon constituent of Saharan dust (Coude-Gaussen et  al. 
1987; Molinaroli 1996; Alastuey et al. 2002). Palygorskite 
is known to form in soils and sediments of arid surface 
environments in the Sahara (Fedoroff and Courty 1989). 
Palygorskite was not detected in Asian dust and source 
soils (Jeong 2020). However, I have detected palygorskite 
from the XRD analysis of one bedrock (Mesozoic sand-
stone) sample in the dust source of southern Mongolia.

Other silicates
Quartz  (SiO2) is the most abundant nonclay mineral in 
mineral dust. It is a major constituent of felsic igneous 
and metamorphic rocks. Its content is particularly high 
during coarse dust events (Fig. 4 of Jeong 2020). A frac-
tion of silica in Saharan dust is amorphous silica. The 
Bodélé depression is known to be the dustiest site in 
the world, where dust particles originate from diatomite 
strata composed of biogenic amorphous silica (Todd et al. 
2007). However, diatom frustules are rare in the Saharan 
dust samples collected in the Cabo Verde and the Canary 
Islands. The bubbles of amorphous silica (Figs. 6e–f) are 
different from the regularly spaced uniform pores of dia-
tom frustules, indicating that the amorphous silica was 
formed in source soils from silica-rich solution through 

changing climates in the Sahara Desert (Gutiérrez-Cas-
torena 2018).

Experiments on ice nucleation highlighted the remark-
able efficiency of K-feldspars (Atkinson et al. 2013; Boose 
et  al. 2016; Harrison et  al. 2016; Kiselev et  al. 2017). 
K-feldspars, however, are common ‘rock-forming min-
erals’ widespread in bedrock and soils. The K-feldspar 
contents of Asian dust (5%) are not dramatically differ-
ent from those of Saharan dust (2%) (Table  1). Kandler 
et  al. (2020) showed that K-feldspar abundance meas-
ured by SEM‒EDS particle analyses was not consid-
erably different among African, Central Asian, and 
Arctic regimes. Thus, the high ice nucleation efficiency 
of K-feldspar does not indicate considerable variation in 
the ice nucleation efficiencies of regional mineral dust. 
Ice nucleation experiments use freshly exposed surfaces 
of feldspars, although some experiments treated the sur-
face with acids (Kiselev et al. 2017). Kiselev et al. (2017) 
showed that epitaxial nucleation on (100) cleavage sur-
faces of K-feldspar around sharp steps is important for 
ice nucleation. However, the grains of natural feldspars 
do not show such clear platy surfaces and sharp steps. In 
addition, ice nucleation experiments used pure samples. 
The K-feldspar grains are heterogeneously mixed with 
numerous mineral grains and tightly covered with aggre-
gates of submicron clay minerals (Figs.  2e, 3d, 5b, d–e; 
3c and 5a of Jeong et  al. 2016), probably retarding the 
nucleation and growth of ice crystals. Thus, ice nuclea-
tion experiments should be extended to mineralogically 
well-characterized natural dust.

Amphiboles occur as minor minerals coated with clays 
in Asian dust (Fig. 9 of Jeong and Nousiainen 2014) but 
are not found in Saharan dust. Amphiboles were derived 
by the physical weathering of Paleozoic igneous rocks 
(andesitic volcanics and amphibole-bearing granitic 
rocks) and some amphibolite-facies metamorphic rocks 
in the Mongolian Gobi Desert.

Nonsilicates
Calcite  (CaCO3) is a dominant carbonate mineral in 
both Asian and Saharan dust. Although primary calcite 
was derived from carbonate and calcareous sedimen-
tary rocks by physical weathering, secondary pedogenic 
calcite is widespread in arid and desert environments. 
Fibrous calcite is a form of secondary calcite (Figs. 11a–
b) (Verrecchia and Verrechia 1994). Calcite nanofibers 
were found in the desert soils of western China (Jeong 
and Chun 2006). Their abundance is generally high in 
high-carbonate dust originating from calcareous sources, 
depending upon the migration path of Asian dust storms 
(Jeong 2020). Calcite nanofibers have not been reported 
in Saharan dust. However, it is uncertain whether reactive 
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calcite fibers in Saharan dust may have disappeared due 
to atmospheric reactions during transport.

Iron and titanium oxides (magnetite, rutile, hematite, 
and goethite) form either by the weathering of Fe- and Ti-
bearing parent minerals or inherit from bedrock. Hema-
tite is a common pigment mineral of reddish sedimentary 
rocks such as siltstones, sandstones, and conglomerates 
(Jeong 2022). Significant light absorption by iron oxides 
in dust has received much attention (Sokolik and Toon 
1999; Moosmüller et al. 2012). Lafon et al. (2006) showed 
that aggregates of iron oxides and clay minerals play an 
important role in the optical modeling of mineral dust, 
emphasizing the accurate identification and quantifica-
tion of iron-oxide mineral species.

Gypsum  (CaSO4∙2H2O) is a common constituent in 
both Asian and Saharan dust. Gypsum readily precipi-
tates in evaporating lake sediments. Repeated eolian 
processes in deserts erode euhedral gypsum crystals of 
very low hardness to rounded grains. Thus, the rounded 
coarse gypsum grains in Saharan dust (Fig.  3k) likely 
originated from a desert source. On the other hand, sub-
micron gypsum in Asian dust (Fig.  2o) resulted from 
the reaction of calcite with acidic gas in the highly pol-
luted air of heavily industrialized East Asia (Figs. 11c–d). 
Jeong (2020) showed that gypsum contents have greatly 
increased in Asian dust in comparison with those in 
source soils where gypsum content was 0.6 wt% on aver-
age (Supplement Table  S1 of Jeong 2020). On the other 
hand, despite no severe industrial pollution, submicron 
gypsum blades are common on the surfaces of dust par-
ticles around the western coast of the Sahara Desert 
(Figs.  3d and h). Glaccum and Prospero (1980) inter-
preted gypsum as the reaction product of dust calcite 
with dissolved  SO4

2− during sampling on filters where 
abundant sea salts were deposited together. Thus, sub-
micron gypsum grains with clear crystal faces in Saha-
ran dust may be related to the marine environments of 
sampling sites such as Cape Verde (Jeong and Achterberg 
2014), Tenerife (Jeong et  al. 2016), and Fuerteventura 
(Coudé-Gaussen et al. 1987).

Asian dust contains diverse rare minerals with a con-
tent much less than 1%, such as pyroxene, serpentine, 
talc, zoisite, epidote,  Al2SiO5 polymorphs, apatite, Al-
phosphate, dolomite, celestine, barite, ilmenite, titanite, 
and pyrite. Minor minerals have the potential for use as 
mineral tracers for dust provenance studies (Jeong and 
Lee 2010). Rare minerals are rare in Saharan dust and 
deserve further investigation.

Summary
The mineralogy and microstructures of individual dust 
particles are fundamental to understanding the interac-
tions between mineral dust and Earth environments. 

The combined application of SEM, TEM, FIB, electron 
diffraction, and EDS is the best approach to probe the 
microscopic details of individual dust particles. Elec-
tron microscopic analysis of dust particles showed over-
all similarities and subtle differences between Asian and 
Saharan dust. Clay minerals are the basic constituents 
of dust particles, such as clay aggregates, coatings on 
nonclay minerals, and fine matrices. Their submicron 
size, platy morphology, high surface area, and cohesive-
ness control the microstructures and aspect ratios of 
dust particles. The major clay mineral groups in both 
Asian and Saharan dust are ISCMs, dominated by illite 
and interstratified illite‒smectite with minor smectite. 
The mineralogical features of the ISCMs deserve further 
exploration. Saharan dust is distinguished from Asian 
dust by the higher contents of hexagonal kaolinite and 
fibrous palygorskite. The surfaces of nonclay minerals are 
covered with clay minerals. Freshly exposed surfaces of 
pure minerals for mineral–atmosphere interaction exper-
iments are different from the natural mineral surfaces of 
dust particles that experienced long-term weathering and 
eolian abrasion. The submicron grains of iron oxides and 
titanium oxides are scattered through the clay matrix of 
dust particles. The crystal habits of calcite vary widely 
from massive coarse grains to nanoscale fibrous grains. 
Submicron euhedral gypsum is an atmospheric reac-
tion product, whereas rounded coarse gypsum originates 
from a desert source. ISCMs, chlorite, and iron oxides 
contribute to the delivery of bioavailable iron to remote 
ecosystems. Electron microscopic analyses characterized 
the mineralogical details of the Asian dust particles from 
the Gobi Desert and the Saharan dust particles collected 
on islands off the western Sahara, while microscopic data 
are insufficient in the Saharan dust crossing the Mediter-
ranean and originating from the Sahel and other regional 
dust areas. The climatic role of mineral dust during gla-
cial periods requires the microscopic characterization of 
ancient dust preserved in eolian deposits around ancient 
continental ice sheets.

Abbreviations
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