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1. The investigated dust storms have three recognisable stages: initiation,
attenuation and culmination.

2. The high concentration of S in the initiation stage was provided by S containing
minerals from the source area.

3. The secondary chemical reactions in the dust storm are comparable to those in

haze events.

Abstract

It is predicted that changing climate trends on land in northern China will be
associated with increasingly frequent and severe dust storms. These regionally
extensive storms could have a serious impact on the environment and human respiratory
health. A severe dust storm event hit Beijing from March 15" to 20", 2021, and airborne
particles from this dust storm episode were collected. The types, size distributions, and

chemical compositions of the dust storm particles were analysed using individual
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particle analysis techniques. This dust storm episode was divided into three
recognisable stages, which were initiation, attenuation and culmination by the PM10
pollution levels and horizontal visibility. Field Emission Scanning Electron Microscopy
coupled with an Energy-dispersive X-ray Spectrometer recorded three basic particle
groups: minerals, soot, and organic particles, of which minerals were the most abundant.
Over the duration of the dust storm, the relative number percentage of minerals
continuously decreased, while that of soot and organic particles correspondingly
increased. The dust particles were mostly distributed in the 1-2 um size range. In the
attenuation and culmination stages, the number percentage of sub-micrometer particles
was higher than in the initiation stage, probably due to coarser minerals being deposited
and the finer minerals formed by secondary reactions remaining airborne. In
comparison to the initiation stage, the presence of anthropogenic toxic metals increased
over the attenuation and culmination stages. Anthropogenic emissions, both particulate
and gaseous, were mixed with the crust-derived dust, modifying the dust bulk
composition and therefore changing the potential impacts of the dust storm in the later
stages. The sulphur concentration was highest in the initiation stage (27.8 pug/m?), with
sulphur concentrations mainly consisting of gypsum from the source area and
secondary reactions during early transport. In the attenuation and culmination stages,
the overall mass concentration of sulphur decreased significantly, while the various

sulphur-containing minerals increased.
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1. Introduction

Dust storms are a severe and worsening global environmental issue (Huang et al.,
2014; Huang et al., 2015; Soleimani et al., 2020). The Taklimakan Desert, located in
Xinjiang northwest China, re-suspended approximately 70 Tg/yr of mineral dust into
the atmosphere over the Spring periods of 2007-2011, making this desert the highest
airborne emission source in east Asia (Chen et al., 2017). As an important type of
atmospheric aerosol, the dust storm particles can affect climate directly through
scattering, transmission and absorption of solar radiation, and indirectly by acting as a
cloud nucleation nucleus (CNN) when coated with soluble material (Buseck and Posfai,
1999; Manktelow et al., 2010; Wen et al., 2021; Shi et al., 2005), and can further
influence biogeochemical cycles (Li et al., 2017; Uno et al., 2009). Additionally, the
smaller respiratory dust particles can cause serious health issues (Hashizume et al.,
2020), wheras the coarser particles are nuisance dusts causing nose, throat and eye
irritation. It is reported that the aerosol particles can even act as a carrier to spread the
Covid-19 virus (Cao et al., 2021). Dust particles can function as carriers of toxic
elements and organics (Cave et al., 2018; Li et al., 2013; Tang et al., 2018; Wen et al.,
2021) potentially producing free radicals with the resultant production of oxidative
stress in the cardiovascular and respiratory systems (Aghababaeian et al., 2021; Chen
et al., 2018; Hasunuma et al., 2021; Sadeghimoghaddam et al., 2021).

The compositional characteristics of dust storms depend on two main variables,
which are provenance, and the inputs and outputs along the transport route (Li and Shao,

2012; Wang et al., 2022; Zhao et al., 2007). The mineral particles in the dust storms are
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the most abundant; accounting for more than 80% of all particles (Jeong, 2008; Okada
et al., 2005; Wang et al., 2022; Shi et al., 2005). The relative abundances of different
minerals, such as clays, calcite, quartz, and feldspars will vary by source region and
also by the respective mineral grain’s sizes and shapes. The larger mineral grains will
be less likely to be suspended in the dust storms and will drop out more rapidly as the
storm energy levels decrease. Studies have found that there is a significant difference
in the mineralogical composition of dust particles in Asia and Africa, and specifically,
the illite/kaolinite ratio and chlorite/kaolinite ratio of Asia dust particles were higher
than those of Africa (Formenti et al., 2011). The size, morphology and geochemistry of
particles will be modified over the long-distance transport of the storm (Li et al., 2018;
Lietal., 2014; Xu et al., 2020). Alkaline minerals, typically containing Ca, Mg, K, Mn
and Fe, in the dust can react with acidic atmospheric gases by providing an interface
for atmospheric chemical reactions (Fussell and Kelly, 2021; Li and Shao, 2009; Shi et
al., 2012; Wang et al., 2017). Over long-range transport, the relative percentages of
sulphate, nitrate, and chlorine in the dust particles increase when compared to the
original composition (Kim et al., 2012; Ma et al., 2001; Li and Shao, 2012). It is
recognised that the relative proportions of sulphate minerals and other compounds
change in the dust attenuation stage (Wu et al., 2017), and the total sulphur content in
the dust can be lower in the culmination of the storm (Li et al., 2018; Wang et al., 2022).
However, the variations in the different forms of sulphur-containing minerals (all
minerals containing sulphur) over the duration of the dust storm is unclear.

The dust storm events sourced from the Gobi Desert have direct harmful impacts
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on the environment and people of north China (Huang et al., 2014; Shao et al., 2008).
Beijing experienced three distinct dust storm events in the spring of 2021 (Fig. S1), and
one of them started on 15™ of March 2021, and was the most widespread in China in
the past decade. The dust influence covered an area of 3.8 million square kilometers in
China, affecting more than 19 cities (Filonchyk, 2022; Luo et al., 2022b). The data from
China National Environmental Monitoring Centre showed that the PMo (particulate
matter with mean aerodynamic diameter <10 pm) concentration in six core districts
in Beijing reached 8000 pg/m® and the PM,s (particulate matter with mean
aerodynamic diameter <2.5 pm) concentration exceeded 400pug/m* (China Climate
Bulletin, 2021). This very large-scale dust storm provided a significant research
opportunity for studying the physical and chemical properties of particulate matter in a
highly damaging and impactful event.

In this study, Scanning Electron Microscopy coupled with Energy Dispersive X-
ray Spectrometry (SEM-EDX), a commonly used method of individual particle analysis
(Shao et al., 2022), was used to analyse the number-size distributions, types, and
elemental compositions of individual particles of PMi¢ in Beijing’s atmosphere during
a dust storm episode. The empirical outputs provide data on particle sizes, numbers,
morphologies, elemental compositions, and mixing states, which allows interpretation
of the particle’s provenance and processes that the particulate matter might have
undergone while in the storm. During transport, Asian dust particles can react with
anthropogenic acidic species through heterogeneous processes to produce large

quantities of water-soluble aerosols (Pan et al., 2017; Tang et al., 2017), influencing the
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direct and indirect effects of dust on climate (Wang et al., 2017). Numerous studies
have focused on the level of sulphur and the rate of sulphate reactions during dust and
sand processes (Li and Shao, 2008; Wang et al., 2022; Wang et al., 2021; Wu et al.,
2017). However, there is still uncertainty about the levels of sulphur in dust storms. The
results of many studies have shown that during long-distance transport, the dust plumes
undergo heterogeneous reactions in the atmosphere, producing large amounts of
sulphur-containing particles (Huang et al., 2010; Nie et al., 2012; Zhao et al., 2011).
However, other researchers argue that the sulphur content in dust storms is very
consistent (Wang et al., 2022; Wu et al., 2017), where the sulphur in dust particles
originates from the source area (Hu et al., 2022), and the sulphur content remains
virtually unchanged even over long-distance transport (Wu et al., 2017). This study
focuses on the variation of sulphur mass concentrations at different stages during a
single dust event, providing a reference for the association between dust and

atmospheric sulphur.

2. Sampling and Experiments
2.1 Dust sampling

Tracked by satellite remote sensing, the investigated dust storm was initiated in
western Mongolia around 15:00 (UTC+8) on the 14™ of March 2021, and then crossed
into China by the near-border Chinese town of Erenhot and adjacent areas at around
21:00 (UTC+8) on the 14™ of March. The dust storm continued to move in a

southeasterly direction towards Beijing and arrived in Beijing at around 3:00 (UTC+8)
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on the 15™ of March. During the dust storm, the highest mass concentration of PMio
was recorded on the 15" of March, at a daily mass concentration of 1630 pg/m>. On the
same day, the daily PM2 s mass concentration and the daily AQI value were 207 pg/m’
and 500, respectively. When the dust storm reached the sampling site in Beijing, the
atmospheric pressure, temperature, and relative humidity (RH) were measured and
recorded every 30 minutes. These meteorological data were recorded using a portable
meteorological tracker (Kestrel 5500 Weather LiNK, USA). The temperature and RH
varied from 2.9°C to 19.5°C and 9.6% to 90%, respectively. The data for the levels of
PM; 5, PMio, and AQI in Fig. 1 were derived from the Wanliu state-owned automatic
ambient air monitoring station, which was obtained from the downloaded data of each
monitoring station in Beijing (https://quotsoft.net/air/). As determined by the levels of
PM mass concentration and horizontal visibility (Song et al., 2007), this dust event
consisted of three stages, that were initiation, attenuation, culmination. The initiation is
on thel5™ of March with the PM10 mass concentration larger than 3000 pg/m* and
visibility being less than 500m, the attenuation stage is from the 16" to 17 of March
with the daily PM10 mass concentration changing from 200 to 600 pg/m® and visibility
ranging from 1km to 10km. The culmination stage is from the 19" to 20" of March
with the daily PM10 mass concentration being lower than 200 pg/m?® and visibility
being more than 10km.

Airborne particle samples were collected from the 15" of March to the 20™ of
March 2021. Samples were not collected on the 18" of March due to instrument

malfunction. The sampling site was located in the Haidian District, northwest of Beijing,
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1 km from the fourth Ring Road. The sampler was placed on the flat roof of a building
on the campus of the China University of Mining and Technology (Beijing) (CUMTB).
The height of the building roof was 18 m above the ground (Fig. S2). Following the
National Standard of Determination of Atmospheric PMo and PM 5 in Ambient Air by
Gravimetric Method (HJ 618-2011), the vertical distance between the sampler inlet and
the collection surface shall not be less than 1.5 m. The CUMTB campus is surrounded
by residential areas and shopping malls. The airborne particles were collected on a
polycarbonate (PC; Millipore, UK) filter with apertures of 0.67 um using a Minivol™
sampler (Airmetrics, USA) with a particle PMo separation device at a flow rate of 5
L/min. The sampling efficiency of the particle separation device is 50% for particles
with an aerodynamic diameter of 10 um.

Since the study was designed to understand the evolution of PM;o composition and
number-size distribution during the dust storm, eight aerosol samples were collected
from the 15" of March to the 20™ of March 2021. Two samples were collected in the
initiation stage on the 15™ of March, four samples in the attenuation stage on the 16

to 17 of March, and two samples in the culmination stage on the 19 to 20" of March.

The meteorological data recorded during the sample collections are shown in Table 1.

2.2 Analysis Methods
2.2.1 Electron Microscopy
The particle morphology was imaged using Field Emission Scanning Electron

Microscopy (FESEM, SUPRA40, Zeiss, German). The elemental composition of
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individual particles was analysed qualitatively and semi-quantitatively by an Oxford
Link Pentafet energy spectrum analysis system, which can detect elements heavier than
boron (Z>5). The signal acquisition time varied from 80s to 100s. Each filter was cut
into 1 cm? and fixed on a cylindrical copper carrier using conductive adhesive. The
carrier and sample were gold coated to approximately 20 nm. An area was randomly
selected for each sample and more than 300 particles analysed from each filter. Copper
and gold were omitted from the analysis.
2.2.2 Image Analysis

To measure the size of every individual particle analysed, the ‘area measurement’
function of Image-J software was used to process the images taken by SEM. The
software draws a line around the perimeter of each particle, then automatically converts

the measured length of the perimeter to the geometric Equivalent Spherical Diameter

(ESD). A total of 3143 particles were analysed and measured.

3. Results

3.1 Morphologies and chemical compositions of particles during the dust storm
The dust particles showed complex elemental compositions under SEM-EDX. In

addition to C and O which were detected in all the particles, N, Na, Mg, Al, Si, P, S, Cl,

K, Ca, Ti, Mn, Fe, Zn, and Cr were detected in individual particles (Fig. S3). Si and Al

had the highest detection frequency, accounting for 96.0% and 88.4% in the 3143

analyzed particles, respectively, followed by Fe (33.8%), Mg (29.3%), Cl1 (26.5%), K

(21.6%), Ca (19.8%), Mn (15.7%), Na (10.4%), S (4.2%) and Ti (3.9%). Other elements
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were present in less than 1%.

The morphologies and elemental compositions from the FESEM-EDX analysis,
allows the particles to be classified into three main types recorded during the dust storm,
which were minerals, soot, and organic particles (Fig. 2). The minerals are mainly
composed of Si and Al, with minor amounts of Na, Mg, and Fe. Minerals that have
undergone attrition and abrasion in dust storms are likely to have no recognisable
crystalline form (Shi et al., 2005; Shao et al., 2022). The morphologies of the minerals
were mainly irregular with a small number of more elongate grains. The minerals were
extremely stable under the electron beam. Soot and organic particles were mainly
composed of C and O, and could be visually recognised by their characteristic shapes.
Soot particles are typically chain-shaped aggregates containing microscopic spherical
C nanoparticles. Organic particles were typically spherical or nearly spherical, and were
stable under the electron beam.

In the initiation stage on the 15™ of March, the proportion of minerals was the
highest, accounting for 97.76%. During the attenuation stage of the 16 and 17" of
March, the proportion of minerals decreased when compared with the initiation stage,
but was still high, accounting for 78.56%. In the culmination stage of the 19" and 20
of March, the percentage of minerals significantly decreased to 55.75%. The percentage
of soot continuously increased from the initiation stage to the culmination stage. In the
initiation stage, the percentage of soot is only 0.18%, but in the culmination stage, it
has increased to 39.83%. The percentage of organic particles remained low throughout

the three stages of the dust storm. The relative percentage of organic particles was the
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lowest in the initiation stage at only 2.06%. The highest relative percentage of organic
particles was during the attenuation stage at 7.04%. Overall, during the whole storm
event, the relative number percentage of minerals is the highest, ranging from 47.37%
to 99.12%, averaging 77.66%, followed by soot particles, ranging from 0.36% to
46.52%, averaging 17.20%, with organic particles being the least abundant type,
ranging from 0.88% to 17.96%, averaging 5.14% (Fig. 3a).
3.2 Classification and characteristics of minerals

Airborne minerals not only affect climate, but also play an important role in
atmospheric chemical reactions (Shao et al., 2022; Wang et al., 2021). When transported
over a long distance, the dust particles can undergo elemental modifications (Li et al.,
2012a). As the total mass of minerals in the dust plume will not be constant due to
changing inputs and outputs, then this would change the relative percentages of
minerals in that plume. Firstly, the original source minerals could undergo chemical
change, with heterogeneous reactions resulting in the formation of different mineral
types (Aydin et al., 2012; Wang et al., 2017 and 2022; Yu et al., 2020). Secondly, the
mineral composition of the dust mass could change as the original minerals settle out
of the cloud, and are replaced with freshly sourced mineral grains (Raffaele et al., 2020).
Using the results of the elemental analysis, the formula:

P (X) =X/ (Na+tMg+Al+Si+S+CIl+K+Ca+Ti+Fe)x 100%

can be used to divide the mineral particles into different types, where P(X) is the atomic
weight ratio of the element (Li and Shao, 2012; Okada et al., 2005; Shao et al., 2017).

Through adapting this method and adding Mn and Cr to the formula, a total number of



263 2343 mineral particles are classified by the formula:

264 P (X) =X/ (Na+Mg+Al+Si+S+CIl+K+Ca+Ti+Fe+Mn+Cr)x 100%.

265  The minerals were classified as Si-rich, Fe-rich, Ca-rich, Al-rich, Ti-rich, Mg-rich, Mn-
266  rich, Cl-rich and Cr-rich. The minerals containing S are further classified into S-
267  containing minerals (Fig. 3b). In this dust storm event, the most abundant mineral types
268  were Si-rich particles, accounting for 85.51% of the total particles. This was followed
269 by Fe-rich, Ca-rich, and S-containing minerals, accounting for 4.23%, 4.13%, and 4.05%
270  respectively. The Al-rich, Ti-rich, Mg-rich minerals, and other mineral types accounted
271 for 2.37%. The relative number percentage of Si-rich particles decreased over the
272 duration of the dust storm. Fe-rich particles had the highest abundance in the attenuation
273  stage, while Ca-rich particles were the least abundant. The relative number percentage
274 of S-containing minerals increased over the duration of the storm.

275 There are 8 sub-types of Si-rich particles (Table S1), among which Si+ Al particles
276  are the most common. According to their atomic weight ratios of Si and Al, minerals
277  can be categorized into several types of alkaline minerals (Li et al., 2018; Lv and Shao,
278  2003; Wang et al., 2022). This presents the opportunity to approximate the percentages
279  of common minerals in the dust cloud when the measured data consists only of
280  elemental data, and no mineralogical data such as X-ray diffraction is available. The
281  mineral with a ratio of Si:Al near 1 may be kaolinite, and when Si:Al is between 1 and
282 2, possible minerals include illite, chlorite, and montmorillonite, in which illite has
283  higher K content, and the value Si:Al of chlorite is closer to 2 (Lv and Shao, 2003;

284  Wang et al., 2022). The Si-rich particles also could consist of potassium feldspar and



285  plagioclase, which have Si:Al approximately equal to 3, and contain K and Na elements,
286  respectively (Lv and Shao, 2003). Si-dominated particles are mainly quartz, which is
287  dominated by Si and O. Si-rich particles are mainly derived from crustal weathering of
288  silicate minerals and quartz, certainly in the initiation stage. (Fig. S4).

289 The majority of the Fe-rich particles were identified as hematite, with peaks of Fe
290  and O elements and an absence of other significant components (Fig. S4). The Ca-rich
291  minerals consist mostly of calcite, dolomite and gypsum. The carbonates, calcite and
292  dolomite, were differentiated according to the relative proportions of Ca and Mg (Fig.
293  S4), with dolomite containing a greater proportion of Mg. The third common Ca-
294  containing mineral was identified as gypsum from the amount of S in the spectra; this
295 is important when considering the chemical evolution of S-containing minerals over the
296  duration of the dust storm from initiation to culmination. There was a second common
297  group of S-containing minerals whose more complex composition of Si, Al, S, and other
298  minor elements was interpreted to be a reaction product between silicate minerals and
299 SO (Jeong 2020; Lietal., 2018; Li and Shao, 2012). These S-containing mixtures were
300 discovered throughout the dust storm. In overall, the relative proportion of total S-
301  containing minerals continually increased over the duration of the dust storm; from 1.06%
302 in the initiation to 6.18% in the culmination.

303 3.3 Number-size distributions of dust particles during the sampling period

304 The size distribution of airborne particles, as determined by image analysis of
305 SEM images (Fig. 4), is an important parameter to understand the impacts of dust

306  storms, and is related to the reactive surface area, volume, mass, and size. The particle
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sizes of all the measured dust samples showed a unimodal distribution with the peak in
the 1-2 pm size range. One sample collected on the 19" of March had a peak range of
less than 1 pm. It is noted that the collector had a 10 pm cut-off device, however the
peak is significantly below this size cut-off. Therefore, the majority of the particles
collected were respirable, less than 2.5 pum, and able to be respired deep into the human
lung. Clearly given the extremely high total dust load of the storm, much of the mass
will have included non-respirable mineral grains acting as a nuisance dust.

The number-size distribution (Zhou et al., 2002) of dust particles during the
initiation stage on the 15" of March had a peak in the 1-2 um size range of
approximately 150 dN%/dlog (Dp), and also the smallest size range of the duration of
the storm. During the attenuation stage, thel16™ to 17" of March, the size peak dropped
to approximately 120 dN%/dlog (Dp), and the size range slightly increased. Finally, the
culmination stage, the 19" of March to the 20" of March had the lowest peak at
approximately 100 dN%/dlog (Dp), with those peak particle sizes slightly smaller than
the initiation and attenuation stages. In addition, the culmination stage had the largest
size range of the three stages. It is conjectured that the secondary reaction particles that
formed during the dust transportation and the overall changing nature of the sulphur-
containing minerals is evidenced (Fig. 4) by both the chemical SEM-EDX and the
relatively smaller secondary particle sizes (Liu et al., 2022; Shao et al., 2021). These
results are consistent with previous studies on dust storms and non-dust air pollution

periods (Song et al., 2022; Wang et al., 2021; Zhang et al., 2008).
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4. Discussion
4.1 Possible sources of the particles during the dust storm period

Previous studies have found that dust storm events in northern China are
dominated by minerals, including quartz, clay, feldspar, and carbonates (Formenti et al.,
2011; Shao et al., 2008). Studies on the contribution of minerals in dust storms and non-
dust periods showed that the number and mass concentrations of airborne mineral
particles in Xi’an, Erlianhot, and Zhangbei were higher during the dust storms (Tang et
al., 2018; Wu et al., 2017). The NOAA/ARL Hybrid Single-Particle Lagrangian
Integrated Trajectory Model (Stein et al., 2015) was employed to calculate the
backward trajectories of a dust storm at 500 m elevation that arrived at the Beijing
sampling site on the 15" of March and culminated on the 20™ of March 2021 (Fig. 5).
Fig. 5a shows that the air masses started Mongolia and passed over the deserts of
northern China, before reaching Beijing.

The ratios of different chemical elements are widely used to identify dust
provenance (Zhao et al., 2007). Therefore the Ca:Al ratio can be employed to identify
dust source (Huang et al., 2010; Li et al., 2008; Zhao et al., 2007), and the lower Ca:Al
ratio (0.2740.10~0.73%£0.03) is believed to indicate that the dust originated from a
northern source (Song et al., 2022). In this study, the Ca:Al during the dust episode
ranged from 0.17 to 0.79, which is a similar ratio range to the northern dust. This result
is consistent with the identified source from the backward trajectory.

At the dust initiation stage, strong winds suspend crustal mineral particles

dominantly Si-rich, from erosion-prone desert surfaces (Fig. 3b). In the following
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attenuation stage, soot and organic particles mainly derived from airborne emissions
from coal-burning, biomass burning, and vehicle emissions (Li et al., 2016; Shao et al.,
2022; Xing et al., 2017) mixed into the dust storm. The relative proportions of the
crustal minerals decrease, and anthropogenic particles gradually increase during the
storm, indicating that anthropogenic emissions are continuously incorporated into the
dust storm. March is part of the ‘heating’ season in northern China including Beijing,
Tianjin, and Hebei, and these urban areas contribute considerable amounts of
anthropogenic air pollution to mix into the storms in the attenuation stage (Fig. 5b). The
understanding of the relative contributions of local emissions and the distally-sourced
mineral particles is essential to fully elucidate the impacts of these significant
environmental events (Huang et al., 2010).

Studies on atmospheric chemistry show that reactive gases included in local
anthropogenic emissions will modify the composition of dust particles and typically
generate sulphates and nitrates (L1 and Shao, 2012; Tang et al., 2017; Wu et al., 2017).
sulphur-containing mixtures were seen in the initiation stage, which was probably
caused by secondary chemical reactions during the dust long-distance transport. The
mineral types in the dust storm will be altered constantly as a result of the favorable
conditions for heterogeneous chemical reactions and availability of fresh inputs of
reactive anthropogenic gasses. Typically, when compared with the common crustal
minerals seen in the initiation stage, the altered mineral types in the attenuation stage
are more complex in terms of their elemental compositions. In addition, these secondary

chemical reactions in the storm will increase the relative number proportions of the
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particles with a smaller size range (Shao et al., 2021).
4.2 Variations in elemental compositions in different stages of the dust storm

To elucidate the chemical changes in the dust storm particles during the three
stages of initiation, attenuation and culmination, the relative atomic weight percentage
of elements was analysed. Fig. 6 shows that the elemental atomic weight percentages
of Si, Al, K, and Ti decreased, while Ca, Mg, Fe, Zn, Mn, Cr, and S increased over the
three stages; with S being of the most significant change. Typically, Si, Al, K, and Ti
are considered to be sourced from mineral dust (Huang et al., 2010; Li et al., 2014; Luo
et al., 2022; Shao et al., 2017). Ca and Mg are both sourced from crustal inputs (Huang
et al., 2010; Song et al., 2022). Zn, Mn, and Cr are considered to largely originate from
anthropogenic sources, such as traffic and industrial emissions (Li et al., 2013; Luo et
al., 2022). The atomic weight percentages of heavy metals increase during the
attenuation stage supporting the other evidence that anthropogenic emissions are mixed
into the dust storm. The very significant increase of sulphur atomic weight percentage
shows the important role it plays in the alteration of airborne mineral types. The only
feasible source of sulphur in airborne particulate matter is the gas to solid phase change
from SO: to altered mineral chemistries.

Heavy metals in airborne particulate matter can be harmful to human health (Luo
et al., 2022a; Xiao et al., 2013), especially metals such as Zn, Mn and Cr, which showed
a significantly positive correlation with DNA oxidative damage (Feng et al., 2020 and
2022). The relative atomic weight of Zn, Mn, and Cr in particles were higher in the

attenuation stage than in the initiation stage, and this could be interpreted that the
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sampling site was strongly influenced by local air masses in Beijing, Tianjin, and Hebei
(Fig. 5). Another comparable study on the enrichment factors of heavy metals in dust
particles showed that the increase in Zn and Cr was caused by mixing with local
aerosols in the polluted area (Luo et al., 2022).

The types and relative amounts of heavy metals decreased in the culmination stage
when compared to the attenuation stage. A previous study suggested that airborne dust
masses have the ability to incorporate and remove pre-existing pollutants (Wang et al.,
2021). This could mean that metals were taken-up within the dust mass and then
physically transported out of the area as the dust storm continued along its trajectory.
Anthropogenic airborne metals can only be incorporated into the dust cloud in a solid
phase, however once in the cloud they are able to take part in atmospheric chemical
reactions (Huang et al., 2010). These reactions could make the heavy metals more or
less bioavailable. To properly understand the potential impact of airborne metal-
containing particles in dust storms, it is imperative to understand the mass and size
distributions of these particles, and whether or not they are respirable. In addition, it is
important to know whether the metals are bioavailable once respired into the human
lung. This critical information is currently unknown.

4.3 Sulphur chemistry of the dust storm particles

It is believed that heterogeneous sulphur chemical reactions are limited during dust
storm events (Wang et al., 2022; Wang et al., 2021; Wu et al., 2017), which can result
in a relatively low SO4* content in dust particles. However, it has also been recorded

that sulphur content during dust days is significantly higher than that during non-dust
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days (Huang et al., 2010; Li and Shao, 2012; Xu et al., 2017). Typically, gaseous phase
sulphur in the atmosphere will undergo oxidative reactions with dust particles, resulting
in the formation of sulphate (Sun et al., 2004; Wu et al., 2021). Therefore,
anthropogenic SO; reacts with the alkaline minerals in the dust storm, forming the new
minerals (Jeong, 2020; Li et al., 2018; Wang et al., 2017).

SEM showed that the sulphur-containing minerals consist of rod-shaped gypsum
(Fig. 7a) and a mixture of sulphur and clay, of which the mixture of sulphur and clay
was the most common in the initiation stage. The crystalline shape of rod-shaped
gypsum is probably derived from the erosion of the arid surfaces where well-formed
crystallinity results from changing water availability, groundwater levels, and sufficient
time being available for the growth of recognisable crystals (Garcia-Guinea et al., 2002;
Hu et al., 2022). The most well-known source of the minerals with well-formed
crystalline shapes are the macroscopic so-called gypsum ‘desert roses’ or over-lapping
crystals commonly called ‘swallowtail’; both morphologies can be seen
microscopically under SEM (Jones et al., 2001). The mixture of sulphur and clay could
be the product of the reaction between alkaline minerals and SO> (Jeong, 2020; Li et
al., 2018). During the attenuation stage, the observed gypsum crystals tend to be
irregular and possess a granulated surface, and commonly are mixed with clay minerals
(Fig. 7b, 7¢c, 7d and 7e) visually identifiable from their platy morphologies. This trend
away from well-formed crystallinity continues into the culmination stage (Fig. 71, 7g,
and 7h).

The observation of the overall change in particle morphologies supports the
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interpretation that there were secondary chemical reactions forming new particle types
throughout the dust storm event, with airborne alkaline minerals providing a reaction
interface for heterogeneous reactions with SO». This speculation was also reinforced by
a study of a Beijing dust storm in 2002, which found that the mass percentage of SO4*
during the dust storm in Beijing was higher than the mass percentage in the Gobi Desert
(Zhao et al., 2007). Large amounts of sulphur-containing mixtures were also observed
under transmission electron microscopy in samples collected during a dust pollution
event during the 4™ to 5™ of May 2017 and spring of 2015 in Beijing (Li et al., 2018;
Wang et al., 2022).

To estimate the change of sulphur concentration over the duration of the dust storm
event, the average atomic weight ratio of sulphur in all individual particles was
multiplied by the mass concentration of PM o to obtain the mass of atmospheric sulphur
as pug/m’ (Fig. 8). The mass concentration of sulphur was the highest in the initiation
stage, at 27.9 ug/m?, and decreased rapidly over the attenuation stage, at 3.7 ug/m>. A
similar trend was recorded for sulphur in March of 2015 in Beijing, in which mass
concentration of sulphur in the dust period are higher than that in the following non-
dust period (Wang et al., 2022). In the initiation, gypsum from the source area and
sulphur added during transport together contribute to the high concentration of sulphur.
The rapid decrease of sulphur concentration in the attenuation stage is a possible
consequence of the dust plume sweeping away locally emitted air pollutants (Wang et
al., 2021). The mass concentration of sulphur increased in the culmination stage, which

was caused by secondary chemical reactions in the atmosphere. It also can be seen from
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Fig. 8 that the mass concentration of SO, in the atmosphere is lowest during the
attenuation stage, and the initiation and culmination stages are similar. During the three
dust stages, meteorological conditions varied by 10.07°C, 12.83°C, 11.61°C for mean
temperature, 14.80%, 25.30%, 36.79% for mean relative humidity and 1012.75hPa,
1015.42hPa, 1012.35hPa for mean pressure. The data of meteorological conditions are
shown in Table 1. There are no special trends for air temperature and pressure, however,
humidity increases from the dust initiation stage to the dust culmination stage. Some
other studies have shown a negative correlation between PM o mass concentration and
relative humidity (Csavina et al., 2014; Maleki et al. 2022), and a similar trend was
found in this dust event. The increase in relative humidity during the dust culmination
stage is conducive to the occurrence of sulphate reactions.

A comparison with the mass concentration of sulphur in the 2021 dust storm with
a dust event in 2015 showed that the mass concentration of sulphur in the 2021 dust
storm period was higher than that seen in 2015 (Fig. 8). This could be due to the
difference of source areas and transport pathways. Based on the backward trajectory
results, the source area of the 2021 dust storm is northern Mongolia, but the 2015 dust
originated in southern Mongolia (Wang et al., 2022). The 2021 dust storm was
transported over a longer distance than the 2015 dust storm (Wang et al., 2022). The
mass concentration of sulphur in the initiation stage in this study was much higher than
that on haze and non-haze days. It is well established that there are large amounts of
sulphate particles during haze days due to secondary chemical reactions (Cheng et al.,

2016; Li et al., 2022). If we exclude the gypsum particles derived from the source area
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in the initiation stage, the calculated sulphur mass concentration (8.26 pg/m®) was
similar to that recorded during the haze periods such as one that occurred in 2017 (11.83
ng/m?), indicating that secondary chemical reactions were as significant as those during
the haze period. The important difference is the presence and impact of the mineral dust
particles, and their role as interfaces for sulphates formation and the environmental and
adverse human health impacts resulting from dust storms.

5. Conclusions

(1) The dust storms that occurred in Beijing from March 15% to 20", 2021, consist
of three recognisable stages; initiation, attenuation and culmination, with the initiation
being associated with the highest PMip mass concentration and lowest horizontal
visibility. The dust storm particles can be subdivided into types consisting of minerals,
soot, and organic particles identified microscopically. The relative number percentage
of minerals continuously decreased, while that of soot and organic particles
correspondingly increased. The number-size of particles showed a unimodal
distribution with the peak in the 1-2 pm size range during the initiation and attenuation
stages, whereas the particles were mainly less than 1 pum in the culmination stage.

(2) Dust plumes consisted of mineral particles from the source area, and later
added particles during the transportation. Minerals provide an interface for atmospheric
chemical reactions, which leads to the modification of particulate composition and an
increase in the types of minerals. The predominant mineral type in the initiation stage
was Si-rich particles, followed by Ca-rich, Fe-rich, and Ti-rich particles, with minor

amounts of S-containing minerals. During the attenuation and culmination stages, Al-
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rich, Mg-rich, and other types of minerals became evident. The relative number
percentage of S-containing particles was increasing and the sum of the several
remaining mineral particles was decreasing.

(3) The number percentages of metal-containing dust particles were relatively low
in the initiation stage, but in the attenuation stage, they increased significantly,
demonstrating an increasing trend of anthropogenic emissions mixing into the dust
storm. The heavy metals in dust storm particles should be considered because their
bioavailability and potential oxidative damage to human health.

(4) Over the duration of the dust storm, the mass concentration of sulphur was
highest in the initiation stage, with the main type of sulphur being the crustal mineral
gypsum and a mixture of sulphur and clay. The rapid decrease of sulphur concentration
in the attenuation stage was caused by the dust plume sweeping away air pollutants.
The mass concentration of sulphur-containing mixtures in the initiation stage was
similar to that during haze pollution, suggesting that the secondary chemical reactions
during dust storm periods were as evident as in haze. In the dust culmination stage, the

mass concentration of sulphur slightly increased.
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Fig. 1 The mass concentrations of PMioand PM; 5 and the value of air quality index
(AQI) in dust episode

Fig. 2 The relative number percentage of individual particles in PM10 during the
dust sampling period

Fig. 3 The different types of mineral particles in dust pollution

Fig. 4 Number-size distribution of dust particle

Fig. 5 Air mass backward trajectories in March 2021 at the sampling site in Beijing
Fig. 6 Number-size distribution of mineral particles in different dust pollution stages
Fig. 7 Atomic weight ratio of elements in dust particles at different pollution stages
Fig. 8 Mass concentration of S in different dust storm stages and haze pollution in
Beijing. Data for the dust storm of 2015 were from Wang et al. (2022) and data for the

haze and non-haze days of 2017 were from Shao et al., (2021).
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Table 1. Sampling periods and meteorological parameters during the dust episodes
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Fig. 2. Morphology and elemental composition of different particle types during dust

pollution. (a) soot is mainly composed of C and O, whose morphology is mainly a chain
aggregate being composed of carbon spheres from Sample 3.16-2; (b) organic particles
are also composed of C and O and the SEM image showed spherical or nearly spherical

particles from Sample 3.17-1; (¢) mineral particles are mainly composed of Si and Al,



with a small amount of K, Fe. and their morphologies are mainly irregular shape from
Sample 3.17-1; (d) the sample collected in the dust initiation stage, when the mineral
particles were the dominant. Sample 3.15-2 (number percentage of mineral particles is
97.76%); (e) the sample collected in the dust attenuation stage. The relative number
percentage of mineral particles was lower than that in dust initiation stage. Samples
3.17-2 (number percentage of mineral particles is 78.56%, with minor organic particles);
(f) the samples collected in the dust culmination stage, with obviously lowered number
percentage of minerals. Samples 3.19 (number percentage of mineral particles is

55.75%).
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Fig. 3. The relative number percentage of individual particles in PM1o during the dust
sampling period. (a) refers to the relative proportions of mineral, soot and organic
particles in the total analysed particles. (b) refers to the relative proportions of different

types of mineral particles in the various pollution stages.
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Fig. 4. Number percentage-size distribution of dust particle in PMjo. In the 1-2 pm size
range, the number of individual particles in the dust storm period (3.15) was highest
and the number in 3.17 was higher than that in 3.16, indicating that dust mass carried
the coarse particles. In less than 1 um size range, the number of particles was highest
in non-dust period, followed by that in 3.17, which suggested that secondary reactions

product the smaller particles
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Fig. 5. Air mass backward trajectories from March 15 to March 18, 2021, at the

sampling site in Beijing
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Fig. 6. Atomic weight ratio of elements in PMo during different dust pollution stages.
The elemental atomic weight radios of Si, Al, K, and Ti were decreasing during the dust
storm. Fe, Ca, and Mg were increasing during the dust storm. Zn, Mn, and Cr were least

in the dust initiation stage. S was increasing in the dust storm.
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Fig. 7. SEM images and elemental compositions o of S-containing minerals. (a) Rod-
shaped gypsum collected in March 15; (b) clay mineral with a small amount of S
collected in March 16; (¢) the mixture of S and clay mineral collected in March 17; (d)
irregular gypsum and (e) the mixture of S and clay minerals, both collected in March
16; (f) gypsum attached in clay mineral and (g) S attached in clay mineral collected in

March 20; (h) the mixture of S and clay mineral collected on March 19
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Fig. 8. Mass concentration of S in different dust storm stages and haze pollution in
Beijing. Data for the dust storm of 2015 were from Wang et al. (2022) and data for the

haze and non-haze days of 2017 were from Shao et al., (2021).

Table 1 Sampling periods and meteorological parameters during the dust episodes

Sampling  Sampling Period, Meteorological Parameters
ID Beijing time T (°C) RH (%) P (hPa)
3.15-1 15:30-17:30 11.16 13.94 1010.80
Dust initiation
3.15-2 21:00-2:00 8.98 15.65 1014.70
3.16-1 8:40-12:10 13.16 13.03 1017.94
3.16-2 20:30-2:30 12.26 22.86 1013.85
Dust attenuation
3.17-1 8:30-12:30 13.14 36.16 1015.44
3.17-2 15:13-19:00 12.75 29.13 1014.44
Dust 3.19 10:40-16:40 11.42 47.28 1012.51
culmination 3.20 9:30-21:30 11.80 26.29 1012.18

Beijing time: UTC plus 8 hours, T: temperature, RH: relative humidity, P: pressure.



Supplement material

Figures and Tables:

Fig. S1 The daily mass concentrations of PM10 and PM2.5 and the value of air
quality index (AQI) in Beijing in spring 2021. The value of AQI and PM came from
China National Environmental Monitoring Centre (http://www.cnemc.cn/). The dust
pollution data came from China Meteorological Administration (China
Meteorological Administration, 2021).

Fig. S2  The distribution map of Wanliu state-owned automatic air quality
monitoring station and sampling site

Fig. S3  Overall detection frequencies of elements in dust particles at different
pollution stages

Fig. S4 The different types of mineral particles in dust pollution

Table SI The number of mineral particles in different dust pollution stages
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Fig. S1 The daily mass concentrations of PMio and PM» 5 and the value of air quality
index (AQI) in in Beijing in spring 2021. The value of AQI and PM came from China
National Environmental Monitoring Centre (http://www.cnemc.cn/). The dust pollution
data came from China Meteorological Administration (China Meteorological

Administration, 2021).
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Table S1 The number of mineral particles in different dust pollution stages

Ca-rich Fe-rich Ti-rich Al-rich Mg-rich
Ca- Cat Cat Oth Fe- Fe+ Oth Ti- Ti+ Al- Al+ Mg- Mg+
dominated Mg Si er dominated  Si er dominated Si  dominated  Si dominated Si
Dust 4 2 7 1 7 4 5 2
initiation
Dust 21 8 10 1 21 24 5 11 2 4 4 3 1
attenuation
Dust 22 5 1 1 12 11 4 2 1 3
culmination
Si-rich
S-containing others
Si-dominated Si+Al  SitFe SitCa  SitNa  SitMg  Si+tK  Other
Dust initiation 89 219 20 6 3 1 6 2 3

Dust attenuation 253 645 62 8 34 2 25 3 16 2
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