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Environmental context. In 2009, at the end of the longest drought period ever recorded in Australia, a major
dust storm blanketed the cities of Sydney and Brisbane for more than 24 h. The source of the dust was inner New
South Wales and South Australia, where large scale open-cut mining occurs together with agricultural practices.
We report results of extensive mineralogical and chemical analyses of the dust, and discuss their significance in
terms of the dust origins and potential human health risks.

Abstract. Ina24-h period from 23 to 24 September 2009, a dust storm passed over Sydney, Australia that produced a red
sky and reduced the visibility to a few metres. It was Sydney’s worst dust storm since 1942. During this period, the PM
(particles measuring 10 um or less) value jumped from 50 to 11800 pgm . The dust storm was sampled and its
mineralogical and organic contents were analysed. Four major particle sizes (0.6, 4.5, 9.3 and 20 um) were observed in the
dust. A multimodal particle distribution indicated a long range of dust transport. Mineralogical analysis showed that the
particles were mainly composed of crustal elemental oxides of Al and Si. The ratio of Al/Si was 0.39 and the organic
content was 10.6 %, which was found to be enriched with humic-type substances. The high Al/Si ratio (>0.3) indicated
that the dust originated from desert land whereas the high organic content indicated that the particles were also derived
from eroded agricultural land. A fluorescence spectroscopic study on the organic matter at excitation and emission
wavelengths of 245-265 and 330-350 nm indicated that biohazardous substances were unlikely to be present in the dust.
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Introduction

Many cities frequently face unusual dust storms travelling from
a long distance. Examples include yellow sand dust storms in
Asia, as well as Sahara dust storms in Northern Europe.[' !

The composition of atmospheric particulate matter (PM) has
become a great concern due to its potential short and long-term
human health and environmental impacts. Earlier epidemiologi-
cal studies have shown that increased levels of ambient PM are
associated with increased lung inflammation, cardiopulmonary
morbidity and mortality.* 7 Dust storms carry tonnes of top soil
from agricultural land and affects the soil resource base and crop
productivity on a long-term basis by damaging plant tissue,
causing delay in plant development™ %! and accelerates land
degradation.!'"'?I Moreover, the deposition of dust on irrigation
canals and rivers affects the water quality of streams, lakes and
oceans.!'> " A study by Lim et al..'® highlighted the contribu-
tion of dust events to the distribution of microbes in the
environment from two dust storms in Australia.

For the last few decades, Australia has also been facing
frequent dust storms and the latest one was during the period of
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22 to 24 September 2009. During this period, many east-coast
Australian cities were covered with dust clouds travelling from
inner New South Wales (NSW) to Sydney and later to Brisbane.
The dust storm hit Sydney on 22 September in the morning and
by the afternoon, the dust cloud slowly headed northwards,
towards Brisbane, Queensland. It was believed that gale force
winds snatched up tonnes of top soil from drought affected areas
in western NSW and the eastern part of the Lake Eyre Basin,
before travelling hundreds of kilometres eastward. It was
reported that during the Sydney dust storm ~75000t of dust
per hour was lost off the NSW coast, north of Sydney.!'”! The
storm caused economic damage in many cities due to lost
productivity and clean-up work afterwards. Tozer®” estimated
that the cost to the NSW economy was in the range of AU$419
million—$438 million due to this dust storm.

This dust storm was the most severe since 1942. Fig. 1 shows
the iconic Sydney Harbour Bridge before and during the dust
storm. During this period, the PM,, (particles measuring 10 pm
or less) values exceeded the threshold limit by several hundred
fold. During the storm period, a massive dust load hovered in the
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Fig. 2. Synoptic weather conditions associated with dust storm development in Sydney on 23-24 September 2009.

sky and deposited on the catchment surface. Visibility was
reduced to 1 km and the 24-h total suspended solids concentra-
tion jumped to over 1500 pgm . This value is several times
higher than the United States Environmental Protection Agency
(US EPA) 24-h PM|, standard of 150 pugm > and PM, 5 (par-
ticles measuring 2.5 um or less) standard of 15 pgm >.[*!1

The dust storm was associated with a deep low pressure
system of 980-990 hPa and a cold front that produced winds
over east and south-eastern Australia in the Sydney region on
23 September 2009. With the movement of wind eastward, it
pushed the dust cloud both eastwards and southwards. Fig. 2
shows the synoptic weather conditions for 23 September (0000
and 1200 hours) and 24 September (0000 hours). This indicates
that cyclonic circulation in the eastern sea may have acted as a
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driving force for the dust storm to move eastward. The average
24-h wind speed on 23 September 2009 was 11ms ™.

The dust particulate is important for its morphology and
inorganic and organic contents due to potential human health
and environmental impacts. Understanding the overall chemis-
try of dust particles is not possible by a single analytical method.
Thus, it is important to combine and compare results obtained
through different analytical methods to achieve a better under-
standing of the dust storm that had travelled for a long distance
before hitting Sydney. The aim of the study was to study the
particle sizes, mineralogical content and organic matter associ-
ated with this dust storm. For the analysis of particle sizes and
the mineralogical composition, a particle size analyser, a differ-
ential thermal analyser, a thermogravimetric analyser and
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scanning electron microscopy coupled with energy dispersive
X-ray diffraction spectroscopy (SEM-EDX) were used. For
organic matter analysis, Fourier-transform infrared spectrosco-
py (FTIR), fluorescence spectroscopy and size exclusion chro-
matography were used.

Materials and methods
Sample collection

The dust storm sample was collected in the south of Sydney
(10 km from Sydney airport, NSW) using a borosilicate glass
disc. The collected sample was dried in a dessicator for 48 h at
room temperature and kept refrigerated for further analysis.

Particle size distribution analysis

The dried dust sample was mixed with Milli-Q water and then
subjected to sonification for 10 min to avoid any aggregation of
particles. The particle size distribution of the liquor was mea-
sured by a laser particle size analyser (MALVERN SB.0B, UK).
The instrument was calibrated using glass beads of 63 um (ATA
Scientific, Australia) and was found to be within the standard
limits.

Surface morphology and elemental composition analysis

Scanning electron microscopy (SEM, Environmental Scanning
Electron Microscope) equipped with an electron diffraction
X-ray (Siemens D5000 X-ray Diffractometer, Germany) was
used to obtain particle images and the mineralogical content of
the dust. This was done by applying backscattered electron
(BSE) imagery with an accelerating voltage of 20 kV and a beam
current of 80 pLA. BSE is better for detecting mineral particulates
because of its higher atomic number contrast.**

Wide-angle X-ray scattering (WAXS) measurement of a clay
sample was carried out at the Small and Wide angle scattering
beam line of the Australian Synchrotron. A loosely packed
sample taken into a flat pellet of ~1-mm thickness was exposed
toa 12-KeV monochromatic X-ray beam (1 =1.54 A) for 10s at
room temperature. The scattering pattern at wide angles was
recorded using a Pilatus detector at different goniometer angles
and the complete scattering data were obtained by combining
each dataset obtained at increasing goniometer angles with some
overlap of angles and scaling the intensity of each pattern to
ensure an excellent overlap pattern.

Organic analysis
Thermogravimetric analysis

Thermogravimetric analysis (SETARAM Setsys 16/18,
France) and differential scanning calorimetry (TA Instruments
DSC 2920, USA) were used to estimate the organic contents and
the calorific values of the sampled dust. Nitrogen was used as a
dynamic atmosphere (flow rate =20 cm® min~") and platinum
pans were used. Temperature and enthalpy calibrations were
undertaken using recommended differential thermal analysis
(DTA) standards. The dust sample was heated at a rate of
10°C min~" to 900 °C. The sample was also tested by an ignition
loss method.*!

FTIR analysis

The functional group composition in the storm dust samples
was analysed using a FTIR spectrometer with detector (Perkin
Elmer Spectrum 2000, USA). FTIR spectra were collected in
absorbance mode at wave numbers between 400 and 4000 cm ™!

with a resolution of 1 cm ™",
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Fluorescence analysis

Approximately 1 g of dust sample was mixed with 25 mL of
0.1-M sodium hydroxide and shaken using an end-over-end
shaker for 12 h at 120 rpm. The extract was then filtered through
a 0.45-pm filter. The filtrate was analysed using fluorescence
spectrometry. The excitation emission spectra was obtained
using a spectrofluorometer (Varian Cary Eclipse Fluorescence
Spectrophotometer, USA) with a wavelength range of 200 to
500 nm by increasing the wavelength by 5 nm for excitation and
280 to 500nm by increasing the wavelength by 2nm for
emission. All slit widths were set to 5nm. The excitation
emission value of blank (Milli-Q) data was subtracted from
the extract for blank correction.

Molecular weight distribution (MWD) analysis

The sodium hydroxide extract (filtrate) was used for deter-
mining the MWD of organic matter. The extract was subjected
to high pressure size exclusion chromatography (HPSEC,
Shimadzu Corp., Japan) with a size exclusion column
(Protein-pak 125, Waters, Milford, MA). Milli-Q water with
phosphate (pH 6.8) and NaCl (0.1 M) was used as eluent. The
eluent flow rate was 0.75mLmin~'. A UV detector (254 nm)
and fluorescence detector (Ex: 250 nm, Em: 340 nm) were used
to interpret organic substances present in the dust. Standards of
molecular weight of various polystyrene sulfonates (PSS: 210,
1800, 4600, 8000 and 18 000 Da) were used to calibrate the
equipment.

Results and discussion

Knowledge of the size of dust particles is vital in understanding
the effects of dust on human health. It is well documented
that increased exposure to thoracic PM is associated with
various adverse health effects, such as respiratory diseases,
cardiovascular mortality, morbidity and probably, malignant
lung diseases.”** 2”1 Ambient PM,, represents a complex mix-
ture of anthropogenic and naturally occurring airborne
particles.*%%]

Fig. 3 shows the PM;, behaviour in Sydney before and after
the dust storm on 23 September 2009. Usual PM;, in Sydney
ranges between 10110 pg m . Before the storm the PM, was
below 50 pg m—>. During the storm period, the value jumped to
11800 ugm ™ and then sharply dropped to 60 pgm > within
24 h. The contour diagram in Fig. 3 shows how the concentration
ofthe dust particles hovered in the sky in the NSW region during
the storm period. According to the NSW Bureau of Health
Information,*® the dust did not show acute effects on human
health. However, the economic analysis showed it had huge
environmental and economic effects on the city. It was estimat-
ed that total soil loss from the storm was over 2 000 000 t.*'! The
dust affected land and air transport, construction and retail
service sectors and cost over AU$43 million whereas the overall
loss was estimated as between AU$418 million and $438

Particle size distribution

Particle size (or aerodynamic diameter) is often used to char-
acterise PM as it is associated with the origin of the particles and
their transport in the atmosphere. Previous studies on urban
aerosols have often shown a bimodal distribution in particle
. [32-34]

size.

Fig. 4 shows the PM size distribution and cumulative size
distribution of particles sampled during the dust storm. The



particle sizes display several modal distributions. Four major
peaks appear at 0.6, 4.5, 9.3 and 20 um. This multimodal
distribution in atmospheric PM indicates that the sampled dust
particles were different to normal urban (anthropogenic)
dust.?#351 Out of the total PM, more than 50 % of the particles
were less than 10 um in size indicating potential human health
hazards. This result is supported by reported real time monitor-
ing data.®®! Knight et al.®”! estimated the expected distance
travelled by the particles of various sizes using box models.
Table 1 shows the expected distance travelled by particles of
different diameter.”*”! According to the comparison, the finer
particles (less than 6 pm) in the dust may have travelled a long
distance (>1000 km) before reaching Sydney. This result sug-
gested that the storm may have picked up the particles along the
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Fig. 4. Particle size distribution of the Sydney dust storm (23 September
2009).
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way in addition to its suspected origin, the Lake Eyre Basin, in
inner Australia.l*® %!

Surface morphology and elemental composition

SEM and EDX measurements were performed to determine the
dust particle size, shape and elemental composition.[*' 3! The
elemental composition and a backscattered electron image of
the dust particles are shown in Fig. 5. The particle size analysis
reveals that the dust contains clay and silt particles with dia-
meters up to 12 um, which is very similar to the size measured by
the particle size analyser. The variation in particle sizes indi-
cates a long range of particle transport. The particles were
generally sharp edged and irregular in shape and contained
mostly crustal elemental oxides such as SiO,, Al,05 and Fe,05.
Table 2 shows the distribution of elements in the sampled dust.
The ratio of Al/Si in the Sydney dust storm was ~0.39. A similar
value was reported by Box et al. in his study on the Sydney dust
storm.?81 According to the literature, a ratio of more than 0.3
indicates a desert origin.****1 A previous study on the Lake
Eyre Basin**#%4%! supports the hypothesis of the dust origin.
This suggests that the particles originated from the inland of
Australia and travelled a long distance. Synchrotron X-ray dif-
fraction (XRD) shows a composite mixture of minerals such as
quartz, anatase, calcite, orthoclase, alite, hematite, kaolinite,
muscovite and montmorillonite (Fig. 6).

Organic analysis

Thermogravimetric analysis (TGA)

The TGA method can assist in understanding clay minerals
that may gain or drop in weight upon heating.[*”**) The TGA

method was applied in a nitrogen atmosphere to investigate the
minerals present in the dust (Fig. 7). The analysis shows that the

Table 1. Expected distances travelled by particles of different
diameters'®”!

Box model Average distance Expected particle
travelled (km) diameter (pm)

1 10 21.5

2 175 10.5

3 525 8.0

4 1030 6.75

total organic content in the sample was 10.6 %. This result was
similarly obtained when repeated using the ignition loss
method.'**! The dust showed a rapid mass loss of 2.7 % between
50 and 120°C, 2.9 % between 250 and 400 °C, 2.5 % between
450 and 550 °C and 0.33 % between 670 and 700 °C. The mass
loss between 250 and 440 °C corresponded to dehydroxylation
of goethite, the mass loss between 450 and 550 °C corresponded
to dehydroxylation of kaolinite and the mass loss between
670 and 700°C corresponded to calcium hydroxide being
converted into calcium oxide.'*”**! This high organic content
in the dust shows that agricultural soils from inland were
possibly swept up during the dust storm. DTA displayed two
sharp endothermic peaks at 163 and 588 °C, indicating a resem-
blance to montmorillonite.™”)

FTIR analysis

Qualitative information on the major chemical constituents
of the dust samples was obtained by FTIR. The FTIR spectrum
of the dust is shown in Fig. 8. The observed bands (400-
4000cm ") listed in Table 3 were assigned based on the
published literature.”*>* The spectra were different from
urban dust spectra where the peaks usually appear at ~2980
and 2862 cm ! for alkyl compounds.™]

The peaks for the Sydney dust that appeared at 3698, 3652
and 3627cm ™' show the hydroxy stretching vibration of
alumina.*%* Similarly, wide bands appeared in the region
3300-3500cm™' and 1651cm™', which show H-O-H

Table 2. Elemental distribution in dust particle by energy dispersive
X-ray diffraction spectroscopy

Element Weight (%) Atomic (%)
C 322 5.38
(0] 52.07 65.24
Mg 1.25 1.03
Al 9.25 6.87
Si 24.48 17.47
0.24 0.15
K 2.14 1.10
Ca 0.63 0.32
Ti 0.59 0.24
Fe 6.14 2.20

1 2 3 4

Full scale 2015 cts cursor: 0.000

Fig. 5. X-Ray spectrum of the dust particles.
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Fig. 6. Synchroton X-ray diffraction pattern of the Sydney dust.

stretching.[53] Bands also appeared at 1170, 1034, 790, 694 and
468 cm ™' showing the presence of Si—O and Si—O-Si stretching
and at 914 cm ™' showing AI-OH deformation and Fe-O bond-
ing. Most of the bands such as 3698, 3622, 1033, 914, 791, 694
and 468 cm ' show the presence of kaolinite.>* The vibration
observed at 914cm™' indicates the presence of hematite.
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The presence of bands at 3698, 3622, 1034, 914 and 791 cm !
indicates the possible presence of illite.

Organic functional group bands were also visible in the
spectra. The spectra showed three major peaks at 3430, 1720
and 1250 cm ™" due to humic and fulvic substances.”®>"1 The
peak at 3430 cm ™' was relatively broad showing enriched humic
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Table 3. Fourier-transform infrared spectroscopy bands and their

assignment

Band (cm ") Assignment

424 Si—O bending!®

469 Si—O-Si, Si-O-Fe stretching!>*-33->4!

546 Si~O-Al stretching!>*>¥

694 Si-O stretching., Si-O—Al stretching!®*!

791 OH deformation linked to Al and Mg[?!

800 Si-O stretching, Si-O—Al stretching!>*!

914 Al-OH deformation®!->!

1034 Si—O-Si, Si-O stretching!™*!

1170 Si-O stretching™!

1250 Fulvic, humic band®%>7!

1651 H-O-H stretching,[** C=0 stretching of humics,
hydrogen-bonded conjugated to carbonyl
of humics®®!

1720 Fulvic, humic band?®®>7”!

3300-3500 H-O-H stretching!®!

3430 Fulvic, humic band*®>"!

3622 Al-Si lattice vibration. Al-OHP!3>4]

3650 Al-Si lattice vibration, Al-OH stretching!®'-**

3698 Al-O-H stretching!®"-33-54]

and fulvic substances in the dust. These peaks support the results
of gravimetric analysis.

Fluorescence analysis

Fluorescence spectroscopy has been applied extensively in
water and wastewater analysis to characterise organic matter

Percentage of original weight
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and its origin.®®*’! However, interest in the application of
fluorescence to atmospheric PM has only started relatively
recently.t°*! Its high sensitivity and its specificity to organics
such as amino acids, aromatic amino acids, dipicolinic acid,
cytochrome, etc., has made the technique valuable for quantify-
ing the presence of bacteria and viruses. Predominant fluoro-
phores, with excitation between 245 and 300 nm and emission
between 330 and 340 nm, are tryptophan like molecules that are
found in both bacteria and viruses. ¢!

Fig. 9 shows an extract of the fluorescence spectra of the
Sydney dust. The spectra is broadly categorised into four differ-
ent regions to understand the nature and source of organics.[*™
These major organic regions are amino acids, fulvics, humics,
and proteins and microbial products. The spectra displayed
strong bands in the humic and fulvic regions indicating the
presence of a large amount of humic and fulvic substances in
the dust particles. This also provides additional evidence that a
large amount of agricultural soil was caught up in the Sydney
dust. According to Pan et al.l®” the fluorescence region, with
excitation between 245 and 265 nm and emission between 330
and 350 nm, shown by the dotted circle in Fig. 9, is a biohazard-
ous indicator region. We did not observe any prominent peak in
this region. The appearance of a peak in the protein region is
possibly due to the presence of agricultural organics in the dust.
This result shows that it was unlikely that the Sydney dust storm
carried biohazardous substances.

MWD analysis

High pressure size exclusion chromatography (HPSEC) has
often been applied to the fractionation of macro as well as
micromolecules in soils and sediments to characterise their
nature.!%*%3 Two detectors commonly used in identifying these
molecules are UV and fluorescence. The fluorescence detector
(excitation at 250 nm, emission at 340 nm) is suited for specific
organic material because it can resolve different fluorophores
within organic materials.[*) Ultraviolet light of wavelength
254 (UV,s4) is widely applied to identify aromatic organics.
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These techniques were applied to investigate the organic mole-
cular sizes present in the Sydney dust.

Fig. 10a, b shows the chromatogram obtained using HPSEC
with fluorescence and UV detectors. Fluorescence produced a
large broad peak that covered a broad range of organics (1 Da to
20 kDa), especially humic and fulvic types. The second and third
peaks were mainly due to low molecular weight neutral and
acidic organics. The UV detector produced a few distinct peaks
at 19, 1.7 and less than 1kDa. The first and second peaks are
associated with humic and fulvic type organics. The peaks
below 1 kDa are mostly low molecular weight acids or neutrals.
Both spectra indicated that the dust contained organics less than
20kDa in weight. This result indicated that humic and fulvic
organics were predominant in the dust. Proteins and biomole-
cules are usually >30kDa in size.[®”) The absence of larger size
organics (>30kDa) in the Sydney dust indicated that the
presence of biohazardous substances was unlikely. Organic
substances less than 20 kDa in molecular weight include carbo-
hydrates, humic substances and lower molecular weight organic
substances. (636

Conclusions

Dust particles were collected during the Sydney dust storm on 23
September 2009 in Sydney, Australia and analysed for miner-
alogical and organic contents. The particle size distribution in
the dust was multimodal (0.6, 4.5, 9.3 and 20 pm), which indi-
cated the long range of the dust transport before it reached
Sydney. The mineralogical study showed that the particles
contained Si, Al and Fe in oxide form in which the Al/Si ratio
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was 0.39. The high organic content and Al/Si ratio indicated that
the particles originated from agricultural land as well as desert.
The organic content in the dust was 10.6 % and reflected that the
dust also contained top soil from the inland of NSW. The FTIR
and XRD analyses showed different clays and clay type soils in
the dust. The fluorescence spectroscopy and SEC showed
humic-type organic substances were present in the dust.
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